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Synthesis of f3-strontium hydrogen phosphate nanosheets and its
effect on thermal and tribo-mechanical properties of
polypropylene composites
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Abstract
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f-strontium hydrogen phosphate nanosheets (SHPs) with a thickness range of
35-50 nm were synthesized by hydrothermal method using strontium nitrate
(Sr(N03)2) and diammonium hydrogen phosphate ((NH4):HPO4) as reagents.
Polypropylene (PP)/SHP nanocomposites were prepared using melt blending
technique with different filler concentrations ranging from 1 wt.% to 7 wt.%.
Composites were characterized primarily by tensile test, flexural test,

thermogravimetric analyses and ball-on-disc sliding wear test. Experimental
results revealed that the inclusion of nanosheets into PP improved the thermal
stability of the composites. In addition, the tensile and flexural properties of the
composites improved with SHP loading. A maximum increment of 6.0 % in
tensile strength compared to pure PP was observed at 7 wt.% SHP concentration,

Keywords:

Strontium hydrogen

II?IZZZZZZZ' and flexural strength qf the compositc_es was found to b_e higher than that of tl_le

’ pure polymer at each filler concentration. However, an increase was observed in
Polypropylene; the friction coefficient and wear rates of the composites due to increased
I;/l/zz/;amcal properties;  hardness and rigidity of the matrix with the addition of SHP, which produced

micro-cutting and micro-plowing actions that caused increased abrasive wear of
the composites.

© 2022 MIM Research Group. All rights reserved

1. Introduction

In today's industry where specific strength is important along with advanced material
properties, polymer composites have drawn significant attention with their high strength,
light weight, good corrosion and chemical resistance properties compared to traditional
engineering materials. In order to endow polymer composites with mechanical and
functional properties, many kinds of micro- and nano-fillers can be added into the
polymers [1, 2]. The micro-fillers usually require high volume fractions to have a
significant influence on the properties of the composites [3]. However, high filler loadings
may cause processing difficulties due to increased viscosity of the matrix material [1]. On
the other hand, the incorporation of nano-fillers in very small amounts give the same or
more contribution to the composites due to enhanced surface area and thus complex
physical interactions between the reinforcement and the polymer matrix [1, 4, 5].
Furthermore, apart from mechanical improvements, thermal and functional
characteristics obtained with nano-fillers make polymer nanocomposites unique
candidates for specific industrial applications [6-8].

Nano-fillers can be classified according to their dimensional morphology as one
dimensional (1D), two dimensional (2D), and three dimensional (3D), which all have their
own advantages, disadvantages, and exclusive properties [1, 4]. The morphology of the
nano-fillers plays an important role in the final nanocomposite performance [9]. It is well
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known that the use of two dimensional (2D) nanofillers (sheets, platelets, or flakes) with
high aspect ratio, significantly improves the thermal stability, mechanical and tribological
properties of the composites [10, 11]. Since 2D nanofillers offer more contact area with
polymer chains than 1D nanofillers, they show higher performance and are therefore more
preferred in nanocomposites [12]. The previous studies revealed that good improvements
in tensile strength, wear resistance and thermal stability of different polymers were
obtained using 2D nanofillers in the structure such as graphene [12, 13], layered silicates
[4, 14], layered double hydroxide [3, 15], hexagonal boron nitride [16], molybdenum
disulfide [17, 18], a-zirconium phosphate [19, 20], and layered metal carbides [11, 21].
Feng et al. [22] have reported that the addition of 1.6 wt.% molybdenum disulfide (MoS:z)
led to remarkably improved thermal stability of PP. In another work, Lonkar et al. [15]
have demonstrated that organomodified layered double hydroxide (LDH) is highly
effective at enhancing the elastic modulus and tensile strength of PP. They found that
tensile strength and modulus of PP/LDH composite with 7 wt.% filler concentration was
about 27% and 26% higher than pure PP, respectively. Sun et al. [19] have successfully
synthesized a-zirconium phosphate (ZrP) nanoplatelets through a hydrothermal method
and then used it to improve the mechanical and tribological performance of polyamide 66
(PA66). Compared to pure PA66, they achieved 10% improvement in tensile modulus and
14% increase in tensile strength in the nanocomposite with 1.0 wt.% ZrP nanoplatelet
content. At this concentration, 43% reduction in the coefficient of friction and 59%
reduction in the wear rate of the composites was observed. In the light of these studies, it
has been well recognized that different nanoplatelet additives may have positive results
on the mechanical and tribological properties of polymer nanocomposites because of their
high aspect ratio, high specific surface area and thin laminated structure. As with other
synthetic 2D nanofillers, SHP nanosheets are also likely to have positive effects on the
thermal, mechanical and wear resistance properties of PP.

In this study, considering the above mentioned advantageous nanosheet structure, the
possible contribution of SHP on the tribo-mechanical and thermal properties of PP
composites were investigated. When the literature is searched, it is realized that there are
a limited number of studies on SHPs. These studies cover X-ray diffraction (XRD) analysis
of different strontium phosphate compound powders including a- and f3- type for their
value in the identification of phosphate materials [23], synthesis of $-type strontium
hydrogen phosphate ($-SrHPO4) nanosheets for using immobilization of lead ions from
acidic aqueous solution [24], preparation of a- and f3-SrHPO4 nanoparticles via a polyol-
mediated synthesis and their characterization using XRD and Fourier transform infrared
spectroscopy (FTIR) [25], and lastly the synthesis of £-SrHPO4 and determining the range
of incorporation of calcium into the structure for biomedical applications [26]. Apart from
above mentioned works, no study has been found in which SHPs are combined with a
polymer matrix and their structural and mechanical properties are examined.

PP matrix was selected in current study because of its advantageous properties such as
being suitable for melt-based production methods, chemical and dimensional stability,
affordable cost, high wear resistance, and its recent applications with several nanofillers
such as graphene, montmorillonite, layered double hydroxide, and carbon nanotubes [27,
28]. Firstly, SHPs were successfully synthesized by a hydrothermal process and then
blended with PP using melt blending via a twin screw extruder. Maleic anhydrite-grafted
polypropylene (MAPP) was used as compatibilizer to enhance interfacial adhesion of the
constituents one step further. The characterization of SHPs has been carried out through
XRD, field emission scanning electron microscopy (FE-SEM), FTIR, and thermogravimetric
analysis (TGA). The effect of SHPs on the mechanical properties of PP was determined
using tensile, flexural and Shore D hardness tests. The thermal and tribological properties
of the composites were evaluated by using TGA and ball-on disc wear test, respectively.
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After all, failure modes and wear mechanisms of the samples were analyzed and explicated.
This work puts forth an opinion, for the first time, about the thermal, mechanical and wear
performance contribution of SHP within a polymeric matrix. Throughout the study, the
main advantages and limitations of the composites have been highlighted with the hope
that this will pave the way for further works on different properties of SHP reinforced
composites.

2. Materials and Methods

2.1. Materials

Diammonium hydrogen phosphate ((NH4)2HPO4) and cetyltrimethylammonium bromide
(CTAB) was purchased from Sigma-Aldrich (USA). Strontium nitrate (Sr(NO3)z2) was
supplied from Tekkim (Turkey). All chemical reagents were used as received without
further purification. Polypropylene (PP) - Ecolen HZ40P in pellet form was obtained from
Hellenic Petroleum (Greece). It has a density and melt flow index of 0.90 g/cm3 (ASTM
D792) and 12 g/10 min (2.16 kg, 230 °C, ASTM D1238), respectively. Maleic anhydrite-
grafted polypropylene (MAPP) in pellet form was provided from Sigma-Aldrich (USA) with
a maleic anhydride content of 8-10 wt.%, a density of 0.93 g/cm? and a melting point of
156 °C. Before using, PP and MAPP pellets were cut into granules with a size of about
millimeter level using a chopper with milling blades to enhance the mixing efficiency
during melt blending process. High-purity deionized water with a resistivity of 18.2 MQ.cm
(at 25 °C) was used in all procedures.

2.2. Synthesis of SHPs

Sr(NOs)z and (NH4)2HPO4 were used as starting materials for hydrothermal synthesis of
SHPs. Firstly, 63 g of Sr(NO3)z and 0.36 g of CTAB were dissolved in 400 ml deionized water
under mechanical stirring for 20 min (solution A). Secondly, 33 g of (NH4):HPO4 was
dissolved in 200 ml deionized water (solution B). Then A and B solutions were added to
each other and stirred at room temperature (800 rpm for 20 min). The resulting
suspension was keptin a pressure vessel at 90 °C for 6 h, and then left at room temperature
for 12 h. The resulting white precipitate was filtered and washed with deionized water and
ethanol several times. The obtained filter cake was dried in a static oven at 100 C for 12
h, then ground, and sieved using a 45 um sieve. $-SrHPO. platelets obtained were then
stored in airtight plastic bags without applying any treatment, until they were dried for
melt blending process. The above-mentioned process is the same as the protocol proposed
by Zhuang et al. [24], but the quantities have been scaled up tenfold considering the
amount of SHP required to produce the composites.

2.3. Production of PP/SHP Nanocomposites

Prior to the mixing step, PP, MAPP and SHPs were dried at 100 °C for 12 h to eliminate
residual moisture. Four different SHPs content (1-3-5-7 wt.%) was used to produce
PP/SHP nanocomposites. MAPP was added to the composites in the amount of 30% of the
filler concentrations, as stated in Table 1. The copolymer/filler ratio is a suggested method
to determine the amount of the required compatibilizer, and 30% ratio is taken from the
literature [29]. The melt blending process was performed by using a laboratory type co-
rotating twin screw extruder with a screw diameter of 12 mm, and a screw length (L) to
diameter (D) ratio of 24 (Gulnar, Turkey). The barrel temperature profile of the extruder
was set at 35-180-185-190-190-180 °C from the feeding zone to the die exit. The screw
speed was fixed at 75 rpm. The rod-shaped composite product extruded from the die tip
was hardened immediately by using a fan and chopped by an in-situ pelletizing unit. The
obtained nanocomposite pellets were dried at a temperature of 100 °C for overnight to
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remove the moisture content. The dried pellets then molded into the shape of test samples
by an injection-molding machine (Xplore IM12, The Netherlands) with a barrel
temperature of 200 °C. The mold temperature and injection pressure were 20 °C and 8
bars, respectively. For using as a control sample, pure PP was treated under the same
conditions.

Table 1. The composition of the samples used in this study

Sample code PP (wt.%) MAPP (wt.%) SHP (wt.%)
PP 100 0 0
PP/ 1SHP 98.7 0.3 1
PP/ 3SHP 96.1 0.9 3
PP/ 5SHP 93.5 15 5
PP/ 7SHP 90.9 2.1 7

2.4. Structural Characterization

XRD patterns of SHPs were measured by using Bruker AXS-D8 Advanced (Germany)
diffractometer using CuKa radiation (A=1.5405 A) and 0.022 angle step. TGA
measurements were carried out using Hitachi High-Tech STA7300 (Japan) under nitrogen
atmosphere from ambient temperature up to 800 2C at a linear heating rate of 10 °C/min.
PerkinElmer Spotlight 400 FTIR (USA) spectrometer was used to examine the functional
groups vibrations of the SHPs at an optical resolution of 4 cm-1. Morphology of the samples
was investigated using Zeiss Gemini 500 FE-SEM (Germany) at 3.0 KV after sputter coated
with gold for conductivity.

2.5. Mechanical Characterization

The tensile tests were performed using a tensile-compression test machine with 5 kN
loading capacity (Devotrans GP/R/DNN/CKS-III, Turkey) according to ASTM D638. Tensile
tests were carried out at 5 mm/min test speed using dog-bone shaped (type-V) samples.
The flexural tests were carried out on the same machine according to ASTM D790 using a
2.54 mm/min cross-head speed. The dimension of the flexural samples was 125 mm in
length, 12.7 mm in width and 3.2 mm in thickness, and a span of 55 mm was used in three-
point bending mode. Shore D hardness measurements were also done according to ASTM
D2240. At least four measurements were made for all tests and their averages and
standard deviations were presented.

2.6. Wear Tests

Wear tests were performed on the cylindrical samples of 8 mm in thickness and 30 mm in
diameter using a custom build ball-on-disc wear tester at dry sliding friction (ASTM G99).
Tribo-tests were conducted at ambient temperature of 25 + 2 °C and the humidity of 25%.
In tests, the ball was loaded horizontally to the ground against a vertically rotating
composite disc to reduce the wear debris and third-body abrasive wear effect, as shown in
Fig. 1. Similar studies on different materials that used similar test configurations can be
found in the literature [30-32]. This type of configuration reduces the debris in the wear
track and therefore contributes to keep the wear mechanism unchanged [33]. The samples
were polished one side up to Ra~0.20 um. g5 mm SizN4 balls were used as counterparts due
to its high hardness and no chemical affinity for the materials tested. Before each test, the
surface of the samples and balls were cleaned by using alcohol and dried carefully. The
normal load was selected as 5 N, and the disc speed was selected as 1100 rpm which
corresponds to 0.7 m/s sliding speed in the center of the wear track. Wear tests were ended
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at 420 m sliding distance which corresponds to a 10 min test duration. The volume loss V
(mm?3) and the wear rate K (mm3 N-! m'!) of the samples were obtained from the Eq. 1 and
Eq. 2, respectively [34]. Here, b and d are the track width and diameter (mm), respectively,
r is the radius of the Si3Ns ball (mm), F is the vertical load (N), and S is the ball sliding
distance (m). Wear track diameter was fixed at 12 mm in all the tests. The average wear
track widths were calculated using the “trapezoidal area model” described elsewhere [35].
The steady-state coefficient of friction (CoF) values of the samples were also obtained from
a load cell sensor and compared according to SHP concentration. After the test, worn
surfaces of the samples were investigated with optical microscopy and their wear
mechanisms were compared.
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Fig. 1 Ball-on-disc test configuration
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3. Results and Discussion

3.1. SHP Morphology and Structure

The XRD results revealed that SHPs successfully synthesized at high purity as seen in Fig.
2a. All the diffraction peaks of SHP were indexed according to the reported crystal
structure of 3-SrHPO4 (JCPDS 12-0368) with hexagonal crystal structure and no foreign
peak was detected. This result is in good agreement with the observations reported by
Zhuang et al. [24]. The morphology of SHPs observed by SEM is composed of regular
nanosheets as seen in Fig. 2b. The thickness of SHPs was in the range of 35-50 nm. FTIR
spectra was used to confirm the presence of characteristic absorption bands of SHPs. The
weak bands at 2998 cm! and 1785 cm! in Fig. 2c arise from the vibration of hydrogen
bridge bonds. The peaks between 1300 cm ! and 500 cm-* are ascribe to v(P0a4), §(P0O4) and
6(0-H) vibrations [25]. TGA is a tool to assess the thermal stability of a material by
monitoring the mass loss during heating of a sample at controlled heating rate. The TGA
and corresponding DTG curves of SHPs are shown in Fig. 2d. It is obvious that SHP
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degrades mainly in two steps with maximum rates at 376 °C and 587 °C, according to
following reactions [23]:

2(B-SrHPO4) - Sr2P207.%2H20 + %2H20 (376 °C) 3)
Sr2P207.%H20 — (-Sr2P207 + ¥2H20 (587 °C) 4)

In the first degradation step, SHPs decompose into hydrated strontium pyrophosphate and
water (Eq. 3). In the second step, dehydrated strontium pyrophosphate continues to
decompose into B-strontium pyrophosphate and water (Eq. 4). According to the results,
total weight loss till 800 °C is only 5.2% which indicates that SHP has a high thermal
stability.
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Fig. 2 (a) XRD pattern, (b) SEM image, (c) FTIR spectra, (d) TGA and DTG graphs of SHPs

3.2. Thermal Properties of PP/SHP Nanocomposites

One of the important features for the detection of the multifunctionality of polymer
composites is thermal stability. TGA and dTGA curves of pure PP and PP/SHP
nanocomposites are shown in Fig. 3a and Fig. 3b, respectively, and related data about
residues and temperatures corresponding to 5% (7Ts%) and maximum degradation rates
(Tmax), which are used to evaluate the decomposition of the samples are summarized in
Table 2. The pure PP only exhibits one step stage (at 457 °C) which is attributed to the
decomposition of macromolecule chains [36]. The addition of SHPs was also found to have
no effect on the thermal degradation profiles of the composites, and they showed one step
mass loss stage with maximum rates at between 458 °C and 464 °C. However, the
incorporation of SHPs leads to a slight shift toward higher Tsy and Tmax values in
comparison with that of pure PP. This behavior indicates that the addition of SHPs leads to
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an improvement in thermal stability of PP/SHP nanocomposites. This is attributed to the
barrier effect of the sheet structure of SHPs which reduces the heat conduction in the PP
and inhibits the diffusion of the volatile degradation products from the polymer onto the
gas phase [12, 13]. The char yield of PP/SHP nanocomposites was increased with identical
filler content. As summarized in Table 2, PP showed a char residue of 3.07% at 800 °C, but
PP/SHP nanocomposites showed an improvement in the char yield in the range of 43.9-
73.8% compared to that of pure PP, possibly due to the catalytic carbonization effect of
SHPs.
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Fig. 3 (a) TGA and (b) dTGA curves of PP and PP/SHP nanocomposites
Table 2. TGA results of the samples

Sample code Tso% (2C) Timax (2C) Char yield (%)
PP 418 457 3.07

PP/ 1SHP 421 458 11.73

PP/ 3SHP 429 464 9.57

PP/ 5SHP 428 460 5.48

PP/ 7SHP 428 463 8.72

3.3. Tensile and Flexural Properties of PP/SHP Nanocomposites

The morphological analysis of the fracture surface of PP/SHP nanocomposites with
different SHP content is presented in Fig. 4. When SEM micrographs are examined, it is
understood that there are different regions where SHPs are uniformly distributed and also
coagulated in PP matrix. It was determined that the number of coagulated particles
increased with the increase in SHP concentration in the composites. While the coagulated
particles are few as seen in Fig. 4a-I, there can be tens of them as indicated by the purple
arrows in Fig. 4b with the increase in SHP concentration. Despite the compatibilizer used,
SHPs were tended to self-aggregate with the increase in concentration and form
nano/micron sized particulates. This is a situation that may adversely affect the
mechanical properties of PP/SHP nanocomposites. However, it is noteworthy that there is
also a linear increase in the number of homogeneously distributed individual particles.
Looking closely at micrographs, it is possible to see homogeneously dispersed particles in
PP matrix for all concentrations as seen in Fig. 4b-II and as indicated by yellow arrows in
Fig. 4d. Similar phenomena have been previously reported in studies using non-polar
polymers [13]. Although various factors may be effective in the low mixing efficiency in
polymer nanocomposites, the insufficient shear stresses in laboratory type twin screw
extruders and screw configuration is considered one of the main reasons. Despite the
partially poor dispersion of SHPs observed in all composites, it is understood that the use
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of compatibilizer increases the adhesion efficiency of even coagulated particles with PP
matrix by forming polymer branches adhering to particulates as seen in the detailed view
in Fig. 4d-111.

Fig. 4 SEM micrographs of the fracture surfaces of the nanocomposites: (a) PP/ 1SHP, (b)
PP/ 3SHP, (c) PP/ 5SHP, and (d) PP/ 7SHP

Hardness is known as an important indicator of mechanical and wear behaviors of polymer
composites. Shore D hardness values of pure PP and PP/SHP nanocomposites is given in
Fig. 5. It was found that the hardness values of the nanocomposites were higher than that
of pure PP for each filler content. It is already known that the addition of hard particles
into a relatively soft structure will result in an increase in hardness and stiffness [37].
Although a linear increase was observed at low concentrations, no significant change was
found after 3 wt.% SHP concentration. At 7 wt.% SHP content, the hardness of 73.1 Shore
D was achieved. Considering the indentation depth and contact area of the Shore D tip used
in the hardness measurement, it is understood that the particles are distributed
homogeneously enough to affect the general rigidity of the structure, even if there is some
agglomeration in the composite structure.

The tensile and flexural test graphs of the samples are given in Fig. 6, and related test data
are summarized in Table 3. PP exhibited a tensile strength of 44.8 MPa, and a tensile
modulus of 582.2 MPa. The incorporation of SHP into the structure caused an increase in
tensile strength of the composites. The highest tensile strength value of 47.5 MPa was
observed at 7 wt.% SHP content. At this concentration, the increase in tensile strength
compared to the pristine polymer is about 6.0%. It is well known that relatively rigid
structure of nanoparticles in a soft polymer matrix causes effects such as absorption of
energy and prevention of crack formation, which has positive results on mechanical
properties of the composites if the particle distribution is homogeneous and the adhesion

650



Savas / Research on Engineering Structures & Materials 8(4) (2022) 643-658

among the constituents is strong enough [21]. Moreover, large surface-active centers of
SHPs cause more physical and chemical interactions with the matrix material [38].
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Fig. 5 Shore D hardness values of PP and PP/SHP nanocomposites

The increment in elastic modulus appeared in different magnitudes at various SHP
concentration. It is thought that the reduction in exfoliation level and increase in rigid filler
content compensate each other. The highest elastic modulus of 698.5 MPa was found at the
composite with 1 wt.% SHP concentration. It is well known that the increment in elastic
modulus is attributed to the high aspect ratio of nanofillers used in polymer
nanocomposites. This behavior has been described in a similar study and explained by the
two-dimensional geometry of nanosheets. Achaby and Qaiss [12] observed the same effect
for graphene nanosheets in polyethylene matrix. Although there is no linear change
according to the amount of reinforcement, it was determined that the elongation at break
values decreased with the increase in stiffness in the composites compared to pure PP.
Although the tensile strength increased, this caused the transition from ductile to brittle
fracture. Conversely, ductile PP showed very high elongation value with the alignment of
polymer chains along the longitudinal axis of the tensile test sample. The elongation at
break of PP reduced from 615% to about 22% at 7 wt.% SHP concentration. Although no
meaningful change was observed depending on the filler concentration, SHPs were seen to
act as physical crosslinking points in polymer matrix and restrict the movement of PP
chains, leading PP/SHP nanocomposites deformed in a brittle manner. A similar behavior
was reported by Roserh et al. [39] where the percentage of elongation at break decreases
with increasing graphite nanosheets content in PP matrix.

Table 3. Mechanical properties of the samples

Tensile properties Flexural properties
Sample Tensile Tensile . Flexural Flexural Elongation
code Elongation
strength modulus at break (%) strength modulus at break
(MPa) (MPa) ®> (MPa)  (MPa) (%)
PP 448+09 5822+264 6149+919 46.3+1.4 1330.5+105.0 -
PP/ 1SHP 46.4+11 6985+43.6 205*6.7 46.2+1.0 1386.8+58.8 -
PP/3SHP 45803 641.7+41.6 23.0+1.3 475+0.4 1465.0+113.4 -
PP/5SHP 455+11 6158+112.2 20.0+1.6 49.1+1.2 1465.5+142.1 -
PP/7SHP 47517 686.6+123.4 224+2.6 46.8+2.7 1477.2+76.2 -
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Fig. 6 (a) Tensile and (b) flexural stress-strain curves of PP and PP/SHP nanocomposites

Apart from the tensile test, flexural tests also give a good outlook on the mechanical
properties of materials under the combination of tensile and compression loads. As seen
in Fig. 6b, all samples reach a maximum loading capacity up to a certain strain value, and
then the stress gradually decreases. The flexural strength and modulus values of PP are
46.3 MPa and 1330.5 MPa, respectively. No significant change was observed in the flexural
strength of the composite with the addition of 1 wt.% SHP. After this concentration,
flexural strength of the composites increased to a maximum value of 49.1 MPa for 5 wt.%
SHP concentration. It is noteworthy that the flexural strength decreased again after this
concentration. Although nano- and micro-agglomerations were evident from the SEM
micrographs of the composites, SHPs were thought to show reinforcing effect and enhance
the flexural strength of PP with the contribution of individual particulates homogeneously
dispersed in the structure. In polymer composites, stress is transmitted from the matrix to
the filler via interface; hence, good adhesion between the fillers and matrix allows for more
efficient transfer of energy and leads to enhanced mechanical properties. The increase in
flexural strength indicates that the efficient load transfer from the matrix to individual SHP
particulates is occurred under the stress applied in the test. However, relatively dense
characteristic of SHP due to the presence of metallic atoms in the structure adversely
influences the final mechanical properties of the composites, thus an inhomogeneous
stress distribution occurs within PP. This behavior was described by Zahibi and co-
workers for 2D bauxite nanosheets in an epoxy matrix [5]. Flexural modulus of the
composites were found to increase with filler concentration, and the highest modulus of
about 1477 MPa was achieved at 7 wt.% SHP content. The composite elastic modulus is
mainly dependent on the volumetric fraction of the filler in the composite, together with
the intrinsic stiffness of the matrix and filler. The increment in the modulus is expected due
to the high stiffness of the SHPs compared to pure PP. At the end of the flexural tests, none
of the samples were broken within a 25 mm strain limit. During flexural test where the
material is exposed to compression and shear forces in addition to tensile forces, the cracks
do not exert such a key role as in the case of tensile test. As said before, decrease in the
elongation at break values of PP/SHP nanocomposites arise from the fact that SHPs restrict
the mobility of PP chains. In the light of these findings, the improvement both in the tensile
and flexural strength of the composites can mainly attributed to the rigid 2D sheet nature
of the filler. These observations are consistent with the conclusions found in previous
studies [5, 10, 12, 17, 38]. It is also thought that the level of homogeneous distribution of
individual particulates in the composite structure is responsible for the improvements
observed at different SHP concentrations. However, along with the results obtained, there
are other factors to be considered such as production method, surface treatment and
concentration of the nanosheets. Although these issues still need to be explored, in
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summary, tensile and flexural test results seem to be promising about the reinforcing
potentiality of SHPs.

3.4. Wear Properties of PP/SHP Nanocomposites

CoF versus sliding time curves of the nanocomposites are shown in Fig. 7a. Average CoF
values and wear rates of the samples with different SHPs concentrations are given in Fig.
7b and Fig. 7c, respectively. Fig. 7a indicates that all the CoFs reach nearly a steady state
condition after about 200 s sliding time, which is corresponding to 140 m sliding distance.
The characteristic structures of the CoF curves of the samples throughout the sliding
distance were generally similar to each other, and no distinctive difference was observed.
However, a slight fluctuation in the CoF curve of the sample containing 5 wt.% SHP is
noticeable, and the highest CoF of 0.47 was reached at this concentration.
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Fig. 7 (a) CoF versus sliding time curves, (b) average CoF, and (c) wear rate values of PP
and PP/SHP nanocomposites

It is clearly seen in Fig. 7b and c that CoFs and wear rates of the nanocomposites are both
higher than those of the pure PP. PP/ 7SHP showed the lowest CoF value of 0.40, but
highest wear rate of K=1151x10-* mm3 N-! m"! among the composites tested. However, no
meaningful change was observed in CoF and wear rates depending on the SHP
concentration. There is generally a close relationship between mechanical properties and
sliding wear resistance of polymer composites. If the strength and modulus of polymers
are increased with reinforcements, improvement in wear resistance should also be
expected [40]. However, the literature regarding the wear mechanisms of nanoplatelet
reinforced composites has been quite scarce. While the wear resistance of particulate
reinforced polymer composites improves with good interfacial bonding between filler and
matrix, it can vary with the volume fraction of fillers depending on the filler and matrix

type.
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In addition, polymers have different wear characteristics from metals and ceramics due to
their viscoelastic nature and their ability to transfer material easily to the counterparts
[41]. In polymer composites, fillers are also included in this phenomenon and may show
abrasive effect depending on sliding conditions as stated before. This explains why the
wear rates of the composites are higher compared to that of pure PP.

Worn surfaces of the samples are shown in Fig. 8. Some color adjustments were made on
the images to expose the wear tracks clearly. It is seen that the worn area in contact with
the ball is much rougher than the unworn sample surface, due to micro-plowing and micro-
cutting actions formed by abrasion. It was also found that micro and macro size scratches
were observed in the sliding direction of the ball in all samples because of the same
abrasive wear mechanism. In addition, the stuck wear debris was found on the wear tracks
of the samples despite the vertical configuration of the test rig. Although the wear tracks
of the samples had similar longitudinal scratches, signs of plastic deformation and
adhesive wear were also observed. However, when the SHP concentration is taken into
consideration, it is seen that there are certain changes in the wear characteristics of the
nanocomposites. It is obvious from Fig. 8d and Fig. 8e that adhesive wear and plastic
deformation observed especially at the edges of the wear tracks at higher SHP
concentrations (5 and 7 wt.%). In polymer composites, beside adhesive and abrasive wear
mechanisms, the fatigue wave or crack formation is another wear phenomenon. Such
findings are often seen due to fatigue wear caused by repeated cycles of an asperity of the
counter material on the worn surface. Fatigue wear also increases with increasing stress
or defect concentration on the sample [42].

S \\\\\&k‘\ unworn ¢
N Q\\\ [ surface :
A ,

OV,
<

unworn
surface

Fig. 8 Optic microscope images of the worn surface of pure PP and the nanocomposite
samples: (a) PP, (b) PP/ 1SHP, (c) PP/ 3SHP, (d) PP/ 5SHP, and (e) PP/ 7SHP (the blank
arrows indicate the sliding direction of the ball)
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Looking closely at Fig. 8a, Fig. 8b and Fig. 8c, while many fatigue waves are observed in PP,
PP/ 1SHP and PP/ 3SHP samples, it is seen that they decrease in higher SHP
concentrations. In addition, segments where the transition from fatigue wear to abrasive
wear occurred in different parts of the wear track were determined in all samples. On the
other hand, it has been found that abrasive wear and micro-scratches are dominant due to
the relatively higher rigidity of the nanocomposites at higher filler concentrations
originating from SHP. As stated before, it is clear that rigid SHP as the third-body element
in the wear system increases the wear rate due to the abrasive wear effect with micro-
cutting and micro-plowing actions.

4. Conclusions

After SHPs were synthesized by hydrothermal method, PP/SHP composites were
successfully produced via melt blending technique for the first time. The effects of filler
concentration on the thermal, mechanical and tribological properties of the composites
have led to the following conclusions:

e SHPs are conducive to improving the thermal stability of PP/SHP composites.
With the loading of 3 wt.% SHPs, Tsy and Tmer values of the composites were
increased by 11 °C and 7 °C, respectively, compared to pure PP. In addition,
introduction of SHPs clearly enhanced the residue formation of PP/SHP
composites.

e SHPs in PP also showed a noticeable difference in mechanical properties of the
samples, even if coagulated particulates are seen in the structure. The highest
tensile and flexural strengths of 47.5 and 49.1 MPa was achieved at the
composites with 7 and 5 wt.% SHP concentration, respectively.

e In addition, an increase was observed in elastic modulus of the composites
compared to pure PP. The improvement in mechanical properties is thought to be
due to the rigid 2D structure of SHPs which leads to more contact area with
polymer chains and leads to higher resistance especially against compression
load, even at high agglomeration rates.

e  From the wear test results, the transition from fatigue wear to abrasive wear was
observed after 3 wt.% SHP concentration due to the increase in composite
hardness. The high rigidity of SHP compared to the pure polymer increased the
micro-plowing phenomenon in contact with the counter material. Therefore, an
increase was observed in the CoF and wear rates of the composites, independent
of the SHP concentration. However, it is thought that the high resistance to fatigue
wear obtained at high SHP concentrations may be advantageous for different
applications.
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microscope (SEM), fourier transform infrared spectroscopy analysis (FTIR) and
optical microscopy (OM). Mechanical analyses reveal that neat PA 66 exhibits the
lowest elastic modulus, 2.11 GPa, and tensile strength, 60.61 MPa, while the
highest tensile modulus, 4.69 GPa, and strength, 87.05 MPa, are exhibited by PA
66/30SGF/MWCNT and PA 66/30SGF, respectively. In other words, with the
addition of MWCNT, tensile strength of PA 66/30SGF decreases by 13.4 %
whereas the elastic modulus increases by nearly 4.7 %. In addition, flexural test
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1. Introduction

Thermoplastics are commonly used in both commodity and industrial applications
covering many industrial fields such as automobile, aeronautic and aviation, defence,
sports industry and so forth [1, 2]. Some thermoplastics are considered to be suitable
substitutes for metallic materials in industrial applications [3]. However, in spite of their
advantages, thermoplastic materials may become deformed during the use or production
[4]. In order to avoid these deformations and to increase their mechanical performance,
thermoplastics can be filled with microscale or nanoscale reinforcing materials such as
carbon fibers (CF), glass fibers (GF), carbon nanotubes (CNTs), nanoclays and so on [5, 6].

Being a thermoplastic, Polyamide 66 (PA 66) is one of the most outstanding materials used
as engineering resin owing to its good mechanical, chemical and thermal performance [7,
8]. Apart from neat PA 66, there are various types of polyamides reinforced with materials
such as glass fibers. The addition of glass fibers is known to increases the mechanical
properties of polyamide-matrix composites [9-17]. The main factors determining the
tensile properties of PA 66/GF composites are fiber fracture, diameter, length, orientation
and interfacial strength [18-21]. In addition, production parameters such as mold
temperature, injection pressure and speed may affect the mechanical properties of the
polymer matrix composite materials [22, 23]. Recently, nanomaterials too have been used
as reinforcement; and one of the most prominent of them are carbon nanotubes [24-26].
In terms of their forms, CNTs are categorized as single-walled carbon nanotubes (SWCNTs)
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[27] and multi-walled carbon nanotubes (MWCNTs) [28]. The use of MWCNTSs as
nanofillers is due to their superior mechanical properties such as very high tensile strength
varying between 11-63 GPa [29] and Young’s modulus, which is approximately 1 TPa [29,
30]. However, polymer matrices have drawn more attention in industrial applications
owing to their light weight, easy machinability and production costs [31-34].

A number of theoretical and experimental studies have been carried out to date regarding
CNTs/polymer composites [35-48]. Majority of these studies indicate that CNTs are able
to improve the mechanical properties of polymer matrix composite systems. Coleman et
al. [25], Miyagawa et al. [49] and F.S.A. Khan et al. [48] provided comprehensive reviews
on the mechanical reinforcement of polymers by the use CNTs. It is suggested that well-
dispersion of nano materials is an important parameter controlling the efficiency of load
transfer and hence determining some of the mechanical properties [50]. Therefore, CNT-
polymer matrix interaction and crack behaviour of CNTs/polymer composites have been
the subjects of several studies [51-56]. Ajayan et al. [57] examined morphology of fractured
epoxy/SWNTs composites by SEM and observed SWCNTs stretching across a crack
opening in the epoxy resin. Liu et al. [58] investigated the morphology and mechanical
properties of MWCNTs-reinforced Polyamide 6(PA 6) composites. The authors reported a
26% reduction in tensile strength, which was explained by the brittleness of polymer
matrix after the addition MWCNTSs. Ferreira et al. [59] explored that addition of CNTs
significantly improves the tensile strength and elastic modulus of PA 6/CNTs composites.
Chopra et al. [60] studied PA 6/MWCNTs nanocomposites and reported that the presence
of MWCNTSs increases the tensile strength of Polyamide 6 by nearly 12%. Similarly, Kartel
et al. [61] studied the tensile properties of PA 6/CNTs composites and reported that the
tensile strength of the composite exhibits non-linear dependence behaviour by the
addition of CNTs up to 0.5 wt.%. The mechanical tests performed by them showed that the
PA 6 matrix composites incorporating 0.25 wt. % CNTs exhibit the highest tensile strength.

Although a great number of studies on CNTs/polymer composites are available in
literature, there are not sufficient amount of studies focusing on the composites reinforced
with the combination of short fibers and nanofillers [62, 63]. Therefore, the full potential
of nanofillers and the properties of their combinations with other reinforcement materials,
such as glass fibers, have not fully become known yet. This paper aims to introduce the
tensile and flexural properties of MWCNTSs-integrated Polyamide 66/short glass fiber
nanocomposites so that the results obtained from this study can be used in designing new
thermoplastic composites with MWCNTs.

2. Experimental
2.1. Composite Constituents

Neat PA 66, 15 wt. % short fiber glass reinforced PA 66 (PA 66/15SGF) and 30 wt. % short
fiber reinforced PA 66 (PA 66/30SGF) granules (Mat Polymer, Istanbul /Turkey) were used
as polymer materials in composite. MWCNTs, which were obtained from the manufacturer,
(Ege Nanotek Kimya Sanayi, Izmir/Turkey) were used as nano reinforcements in
composites (Table 1).

2.2. Fabrication Method

Figure 1 (a) to (h) shows the preparation process of the PA 66/30SGF/MWCNTSs
composite. The plastic injection machine was used to produce the test specimens. The
granules were fed to the machine via a hopper and then pushed towards the nozzle by a
rotating screw in the hot resistances. The temperature in the resistances which was nearly
2859C and the rotary motion of the screw facilitated PA 66/SGF granules to melt and
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adequately mix with MWCNTs. Once this melted mixture reached the nozzle, it was injected
into the moulds being hold between two clamps and took its final shape.

Table 1. Properties of MWCNTSs

Parameter Value
>95 % (CNT)
Purity (%) >97 % (C)
Outer diameter (nm) 10-20
Interior diameter (nm) 5-10
Length (um) 10-30
Surface area (m2/g) >200
Colour Black
Ash Mass <% 1.5
Electrical conductivity (S/cm) >100
Density (tap) (g/cm3) 0.22
Density (true) (g/cm3) 2.1
MWCNTSs on the scale :f,‘:’:,’:; :triléisetigz:-l;gl mixture on 30 wt. % short glass fiber

PA66/30SGF/MWCNTs in
ethanol

PA66/30SGF/MWCNT
granulesin the oven

g)

PA66/30SGF/MWCNTs and

ethanolon the magneticstrirrer

reinforced PA 66 granules

iy .
Tt

PA 66/30SGF/MWCNTs
granules

Fig. 1 Preparation process of PA 66/30SGF/MWCNT composite specimens
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2.3. Characterization

Four types of specimens in accordance with ISO 527-2 type-1A and ISO 178 standards were
produced by plastic injection moulding machine. A JSM-7001 F machine was used to
characterize scanning electron microscope (SEM) (Japan) properties. Tensile and flexural
properties of the specimens were examined using Instron 5982 100 KN (USA) test machine
atroom temperature with a crosshead speed of 5mm/min. Mechanical tests and specimens
are shown in Figure 2 (a) to (d).

(a) Tensile test (b)ISO-527-2 type-1A standard specimens

<—> Neat PA 66

<> PAG6/158GF

<——> PA 66/30SGF
-

H PA 66/30SGF/MWCNT

(¢) 3-point flexural test (d) ISO 178 standard specimens

<&——> Neat PA 66

<—> PA66/158GF

<—> PA66/30SGF

PA 66/30SGF/MWCNT

Fig. 2 Mechanical tests and specimens: (a) tensile test; (b) tensile test specimens in
accordance with ISO 527-2 type-1A standard; (c) 3-point flexural test; (d) flexural test
specimens in accordance with ISO 178 standard

3. Results and Discussion
3.1. Chemical Analysis

The aim of analyzing the molecular configuration of PA 66 by means of Fourier transform
infrared (FTIR) spectroscopy is to correlate the structures to the performance properties
of the final product. With sufficilent knowledge about the chemical structure,
polymerization reaction can be controlled and hence good performance properties can be
achieved. Upon this purpose, FTIR spectra of neat PA66, PA 66/15SGF, PA 66/30SGF and
PA 66/30SGF/MWCNT composites were measured and are shown in Figure 3. Due to very
small weight fraction of MWCNTs in the composite and the affinity in chemical
compositions of PA 66 and MWCNTSs, the signature region did not exhibit a notable
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difference. In neat PA 66, the absorption band at 3267 cm-1 is attributed to the stretching
vibrations of N-H group. The absorption bands at 2912 cm-1, 2843 cm-1 and 1192 cm-1
result from the symmetric and asymmetric C-H stretch vibrations and C-H twisting. The
data obtained from FTIR analysis confirmed the chemical structure of PA 66 and PA 66/GF.
Similar results were obtained by several researchers [64-66].

In this study, FTIR spectra of the composite specimens showed no significant change with
regard to chemical composition of the constituent, which means that there are only
physical interactions between the constituents. However, owing to the high-temperature
(nearly 2850C) and the rotary motion of the screw in the hot resistances of plastic injection
machine, chemical interactions between the constituents might occur as well [67].

Neat PA 66
N N
3267 2912 2843 1283
&
< PAG6/ISSGE 106 13
N 7 i . - \/\/wvyvf‘_‘/\
s
s
‘g
£
=
& PA 66/30SGF
PA 66/30SGF/MWCNT
3850 3450 3050 2650 2250 1850 1450 1050 650

Wavenumber (cm)
Fig. 3 FTIR spectra of the composite specimens

3.2 Tensile Test Results

Figure 4 (a) to (c) represent the load-displacement curves, stres-strain curves during
tensile tests and the tensile test results of the composites, respectively. PA 66/30SGF
exhibits the highest tensile strength (87.05 MPa) whereas PA 66/30SGF/MWCNT exhibits
the highest elastic modulus (4.69 GPa). It can be inferred from the graph that the addition
of glass fibers improves the tensile strength and elastic modulus of PA 66. This

improvement could be explained by the good mechanical performance of glass fibers [10,
13, 68].

In the present study, we note that the addition of 0.4 wt. % MWCNTSs leads to a decline by
14% in tensile strength. This negative effect can be attributed to the poor dispersion and
random orientation of the MWCNTSs as well as their tendency to form agglomerates in the
matrix. Moreover, it is obvious that the presence of MWCNTs increases the elastic modulus
of PA 66/30SGF by 4.7 %. Therefore, it could be suggested that MWCNTSs contributes to
the mechanical performance of PA 66 /GF by sharing the external stress as well as bridging
along the cracks. Moreover, they strengthen the composite system by improving the
surface of glass fibers. As a result of even load distribution along the matrix, mechanical
properties of the specimens increases. The obtained data also show that MWCNTSs are
compatible with glass fibers, which is very promising for the development of hybrid-filler
composite systems.

Similar to this study, Jin et al. [69] noted a slight increase in the elastic modulus of PA 66 /GF
composite with the incorporation of CNTs and MWCNTSs, which was attributed to the
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interconnecting effect between the glass fibers and the PA 66 as a result of MWCNT coating.
Qiu et al. [65] reported that the addition of 1.0 wt.% MWCNTs improves the elastic
modulus of PA 66 by 3.14%. Furthermore, the authors observed that the SCF reinforced
Polyamide 6/MWCNT composites incorporating low MWCNT content behave like polymer
composites containing two different types of fillers whereas those incorporating high

MWCNT content behave like short fiber reinforced nanocomposites.

3500

3000

2500

2000

~——Neat PA 66

——PA 66/15GF

~PA 66/30GF

~——PA 66/30GF/MWCNT

z
T 1500
(=]
— =
1000 T N\
" Crack initiation
500
o
0 0,5 1 15 2 2,5 3 35
Displacement (mm)
(a)
100
o —— PAG6
—— PA66/ 15SGF
= 80 1 —— PA66/ 30SGF
E 70 + —— PA66/ 30SGF/ MWCNT
% 60 1
wv
g so
1%}
o 40
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£ 30 -
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0 0.05 0.1 0.15 02 0.25
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(b)
H Tensile Strength MPa = Elastic Modulus GPa
100
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& 80 65.16 7538
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Fig.4 (a) Load-displacement curves of the specimens after the tensile tests; (b) Stress-
strain curves of the specimens; (c) Tensile properties of the specimens
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3.3 Flexural Test Results

Fig 5 (a) to (c) demonstrate the load-displacement curves and stress-strain curves of the
specimens during 3-point flexural tests and the flexural test results of the specimens,
respectively PA 66/30SGF/MWCNTs composite exhibits the highest flexural strength
(145.11 MPa) and flexural modulus (3.69 GPa) while neat PA 66 exhibits the lowest
strength (65.33 MPa) and elastic modulus (1.07 GPa). Flexural strength and flexural
modulus of the specimens significantly increase with increasing SGF content, which can be
explained by the good mechanical properties of glass fibers as well as their well dispersion
and homogeneous distribution in the matrix. Besides, an increase in flexural strength (by
1%) and flexural modulus (by 12%) after MWCNTSs integration was observed, which can
be attributed to the good surface interaction between the nanotubes and the PA 66 matrix
as well as the surface improvement of glass fibers as a result of the MWCNTSs coating. These
results are compatible with a number of studies in literature. Autay et al. [9] studied the
flexural properties of SGF reinforced PA 66 and reported that reinforcement resulted in an
enhancement in the maximum flexural stress by nearly 36.3% for PA 66/10GF and 47.2%
for PA 66/30GF in comparison to neat PA 66. Koilraj et al. [70] investigated the flexural
properties of injection moulded PA 66/MWCNT and reported that the incorporation of 0.5
wt.% CNT content increases the flexural modulus by 5.8%.

350 -

NeatPA 66

300 - —— PA 66/15SGF
PA66/30SGF

250 - —— PA66/30SGF/MWCNT
~— 200 -
=
=
=
o 150
—

50 7 = Crackinitiation

0
0 5 10 15 20 25 30 35 40

Displacement (mm)

(a)
180
= Neat PA 66
160 ——PA66/15SGF
140 PAG66/30SGF
120 —— PA66/30SGF/MWCNT

Flexural Stress (MPa)

0.00 0.03 0.07 0.10 0.13 0.17 0.20

Strain (mm/mm)

(b)
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H Flexural Strength MPa Flexural Modulus GPa
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Fig. 5 (a) Load-displacement curves of the specimens after three-point flexural tests;
(b) Stress-strain curves of the specimens; (c) Flexural properties of the specimens

Figure 6 (a) and (b) represents the optical micrographs of the tensile fractured specimens
after 3-point flexural tests. Failure modes of the composite specimens are dominantly
matrix cracks along the direction of loading. Compared to the composite specimens with
MWCNTSs, longer cracks are observed in fractured PA 66/SGF.

0.4 wt. % MWCNT integrated
PA 66/30SGF

P

Crack (shorter)

Fig. 6 Optical micrographs of fractured (a) PA 66/30SGF and (b) 0.4 wt.% MWCNT
integrated PA 66/30SGF specimens monitored after 3-point flexural tests

3.4. Fracture Aspects of the Composite Specimens

SEM images of fracture surface morphologies of PA 66/30SGF/MWCNT composite are
shown in Figure 7 (a) to (c). Figure 7 (a) indicates the SEM image of an individual glass
fiber coated with MWCNTs. Higher magnification SEM images of the individual MWCNT
coated glass fiber are shown in Figure 7 (b) and (c).

Uniform distribution of the fillers and their facial interaction with the matrix are key
parameters for an effective reinforcement mechanism. To obtain good mechanical
properties, fillers should evenly share the external stress applied to the matrix material.
Regarding the CNT-polymer composites, CNTs are expected to bridge across the cracks
formed inside the matrix during the fracture. This behaviour of CNTs prevents the crack
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opening and propagation and hence improves the mechanical performance of the
composite. Furthermore, if incorporated together with fibers, CNTs can function as
effective interface modifiers improving the surface area of fibers and facilitate the adhesion
between fiber and matrix.

The monitored SEM images in Figure 7 (a) to (c) demonstrate that some individual
MWCNTs function as bridges between the surface of glass fiber and the PA 66 matrix. This
bridging phenomenon contributes to toughness improvement by allowing the release of
stress and absorbing the fracture energy. Similar observations were made in a number of
studies. Qian et al. [71] observed nanotubes bridging across the cracks in polystyrene
matrix by means of a TEM and noted that the elastic modulus of the composite increases
by nearly 25% with the inclusion of 1 wt.% CNT. Punch et al. [72] examined the fractured
surface morphology of PA 6/SCF/MWCNT composites by SEM and obtained clear images
of nanotubes interconnecting lumps of the PA 6-matrix. Jin et al. [69] too obtained clear
SEM images of CNTs and MWCNTSs bridging across the cracks formed inside the PA 66/GF
composites. The authors also revealed that MWCNTSs coating glass fibers can significantly
improve the interaction between the glass fiber and the matrix.

Fig. 7 SEM images of fractured MWCNTs-integrated PA 66/30SGF specimen

Figure 8 (a) and (b) show MWCNT pull-out, which probably occurred due to the fracture
and poor interfacial interaction. While a crack is opening, nanotube is stretched absorbing
the fracture energy transferred from the matrix. When the fracture ends, the crack
somewhat closes and nanotube loosens getting a curved form as shown in Figure 8 (a) and

(b).

Figure 9 (a) and (b) show the MWCNTs embedded within polymer matrix, which indicates
good interfacial interaction. However, entangled MWCNT agglomerates were also
observed as shown in Figure 9 (c), which restricts the dispersion and adversely affects the
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mechanical properties. MWCNTs are prone to agglomerate. Earlier, agglomeration
tendency of CNTs was attributed to the Van der Waals forces alone; however, the long
length and high polarizability of the CNTs could also be determining factors that enhance
the energy required to disperse a nanotube within the matrix [73].

\ MV'V(‘N T

MWCNT\

MWCNT embedded in PA 66 matrix

\/

Fig. 9 SEM images of (a) MWCNTs embedded in PA 66/30SGF; (b) (higher-
magnification) MWCNT embedded in PA 66/30SGF; (c) agglomerated MWCNTSs

4., Conclusions

In this study mechanical properties of neat PA 66, PA 66/15SGF, PA 66/30SGF and 0.4
wt.% MWCNT integrated PA 66/30SGF were investigated. Furthermore, the effects of
MWCNTSs contents on the micro-structure and morphology of the composites were
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investigated by using a scanning electron microscope (SEM), fourier transform infrared
spectroscopy analysis (FTIR) and optical microscopy (OM). The conclusions based on the
findings are summarized as follow:

e FTIR spectra revealed no chemical interaction between PA 66, SGF and MWCNTs,
which means that there are only physical interactions between the constituents.

e The mechanical tests shows that PA 66/15GF and PA 66/30GF composites exhibit
improved tensile and flexural properties compared with neat PA 66, which is due
to the good mechanical properties of the glass fibers and the sufficient
distribution of the external stress throughout the matrix.

e Regarding PA 66/30SGF/MWCNT composites, the presence of MWCNTSs results
in improvement in elastic modulus by 4.7%, flexural strength by 1% and flexural
modulus by 12%.

e The improvement in the mechanical properties with the addition of MWCNTSs is
explained by i) high mechanical properties of MWCNTs, ii) the bridging
phenomenon of MWCNTSs, which prevents crack opening and propagation during
the fracture of the composite

e Despite the improvement in elastic modulus and flexural properties, a decrease in
the tensile strength was observed. This failure is due to the presence of MWCNT
agglomerates acting as defects or stress concentration sites in PA 66/30SGF
composite system.

e  From the SEM images of MWCNT coated glass fibers, we can deduce that MWCNTSs
modify the surface area of fibers and some individual MWCNTSs function as
bridges between the surface of glass fiber and the PA 66 matrix.

e Considering the improvement in elastic modulus, flexural modulus and flexural
strength, it can be concluded that even a small mass fraction of MWCNT is capable
of enhancing the mechanical performance of glass fiber filled PA 66. This
achievement proves that MWCNTs are quite promising for designing new
thermoplastic composites.

Our future study will be investigating the tensile, bending and Charpy impact properties of
hemp fiber reinforced thermoplastic composite materials.
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Finite Element Method such as Abaqus software is increasingly used to analyze
structures such as the Unmanned Aerial Vehicle Wing. Unmanned Aerial Vehicle
is usually fabricated using synthetic materials such as Glass fibers, Carbon fibers
and Kevlar. The problems with the synthetic fibers are environmental pollution
during processing, energy consumption during processing and cost of
production. Natural fibres can be used as replacement for synthetic fibers due to
their comparable physical and mechanical properties. The research involves the
simulation of an Unmanned Aerial Vehicle wing made from 5% Cold Alkaline
treated 5% SterculiaSetigeraDelile fiber (SSD) at 0-degree orientation and 7.5%
PterocarpusErinaceus (PTE) Wood dust Epoxy composite using Abaqus
software. The wing was subjected to aerodynamic wing loading from 167.57N to
895N (3kg to 16kg). The result showed that the wing produced using the Novel
material could withstand the most critical flight load distribution in
conformation with Federal Aviation Regulation (FAR) part 23 Airworthiness
standards with an ultimate design load of 5.7. At the point of failure, the wing
could withstand an Ultimate load factor of 20.26. Structural physical testing was
performed for a wing loading of 167.75N to 335.50N (3kg to 6kg). The wing
successfully resisted the critical in-flight loading confirming the simulation
result. The Novel material of lower density (1.093g/cm3) could withstand the
wing loading requirement making it suitable for the UAV wing application.

© 2022 MIM Research Group. All rights reserved.

1. Introduction

Unmanned Aerial Vehicles (UAVs) have been used with great success for military
intelligence providing an alternative to manned craft due to their small size, reduced risk
of life and reduced cost. The Vehicles have many civil applications which include search
and rescue missions, exploration, surveying of oil pipelines, forest fires and agricultural
applications [1]. Unmanned Aerial Vehicle wings are in airfoil shape and are designed to
develop lift when they are moved through the air. Unmanned Aerial Vehicles are commonly
produced using synthetic fibres such as Carbon fiber and Glass fiber. The problems with
synthetic fibers include high energy consumption during processing, environmental
pollution and high cost. Natural fibres such as the SterculiaSetigeraDelile fibre have not
been explored for Unmanned Aerial Vehicles but have the mechanical and physical
properties that could withstand the aerodynamic loading requirements. In 1940, spitfire
fuselage was designed and built using flax fibres reinforced in phenolic resin. The material
was stacked together at different orientations and then hot pressed. The material was
known by the name Aerolite. The material was used for the main spar of the Bristol
Breinheim bomber [2].
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The finite element method (FEM) is the numerical method used to solve the boundary
value problem. The finite element method involves the representation of a given domain
as a collection of discrete parts. The essence of the finite element method is to divide the
original continuum of the complicated geometry with infinite numbers of the degree of
freedom (DOF) into several subdivisions of the continuum with specific geometry termed
elements. The elements are interconnected at specific points on the sides of the elements.
These are called nodes in the discretized model. Element equations are derived for each of
the elements in the discretized model based on appropriate physical theories and
principles [3].

Numerical analysis was conducted in predicting the response of structures to given load.
i.e the lift distributed along the wing span following the Schrenk method lift distribution
calculation. The numerical method was conducted for half wing span in order to reduce
the computation time due to symmetry of the UAV wing. The desired output was to find
whether the UAV wing could withstand the given load [4]. The model of the UAV wing was
developed using ABAQUS/CAE Version 6.11 FE analysis commercial software.

An optimized composite material from 5% Cold Alkaline treated 5%
SterculiaSetigeraDelile fibre (SSD) at 0-degree orientation and 7.5% PterocarpusErinaceus
(PTE) Wood dust Epoxy have been produced for the potential application. This research
involves the simulation of an Unmanned Aerial Vehicle wing using wood fiber and wood
dust reinforcements using Abaqus software and Structural testing was used to validate the
model.

Synthetic fibres such as Carbon fibre, Glass fibre and Epoxy Matrix are commonly used for
the production of Aerospace structures but the production of the fibres has negative
impact on the environment. The work is novel in the fact that a new material was made
from wood fibre, wood dust and epoxy matrix was used in the production of the Unmanned
Aerial Vehicle wing. The wing produced can withstand the critical flight load distribution
in conformation with Federal Aviation Regulation. The Novel material could be used as a
potential replacement for Carbon fibres in some aerospace applications.

Sullivan, Hwang, Rais-Rohani and Lacy (2009) investigated the strength and stiffness
characteristics of a carbon composite wing of an ultralight unmanned Aerial Vehicle. The
wing consisted of a foam-core sandwich skin and multiple spars with varying laminate ply
pattern and wall thickness dimension. A three-tier whiffle tree was designed for the
structural testing of the UAV wing and was used to subject the wing to load in a manner
that was consistent with a pull-over-maneuver condition. The wing was loaded
incrementally beyond the limit load and the design ultimate load to the point of structural
failure. Abaqus software was used to develop the finite element model of the wing;
boundary conditions were applied. The static response under simulated wing loading
condition was obtained. The strain and deflection prediction from the finite element
method were found to be in good agreement with the experimental observation. Despite
the Carbon fibre being light, the UAV wing was found to be strong with strength to weight
ratio of at least 40 at failure. The Ultralight UAV structural components were designed
using Federal Aviation Regulation (FAR) Part 23(normal category) airworthiness
standard. The forces applied at each loading condition for the limit load condition of 3.8g
and an Ultimate load condition of 5.7g. At the point of failure, the strength to weight ratio
was 40 times greater. The result obtained at the point of failure was 17% higher than the
Ultimate design load factor [5].

Rumayshah, Prayoga and Moelyadi (2018) designed High Altitude long endurance UAV.
Structural testing of composite wing was performed using Finite Element Method.
ABAQUS/CAE was used to predict the stress and the deformation of the wing when
subjected to loading. The UAV was initially produced using Balsa wood and failed during

676



Tahir et al. / Research on Engineering Structures & Materials 8(4) (2022) 675-694

flight test as a result of extreme side wind leading to extreme bending. A second generation
UAV was designed using composite materials for the wing structure. For the second
generation HALE UAV ITB, the UAV had a wing span of 16m, with a chord length of 0.4m.
The CAD model was first generated using CATIA V5 in 3D. The part was translated into
ABAQUS/CAE. The material used for the UAV was Woven Carbon Epoxy at different fibre
orientation and stacking sequence. Non-linear Prandtl Lifting Line Theory (NLLT) was
used to estimate the lift distribution on the UAV wing. The weight of the UAV wing was
automatically processed considering the material density input in the Abaqus
preprocessing. ENCASTE boundary condition was applied to the wing root rib to prevent
translation and rotations in all directions. The wing tip was free from all constraints. The
overall load and boundary condition are applied to the UAV wing. The global seed was
generated for the whole model with a size of approximately 5Smm. The total displacement
was 3.265m. The new structural configuration had a Tsai-Wu failure criterion is at a value
of 0.865[4].

Kanesun, Mansor and Abdul-latif (2014) performed structural and finite element analysis
on UAV wing. The geometrical modeling of the wing structural components was conducted
in Solidworks and imported into Abaqus/CAE. Only half of the wing was modeled to reduce
the total number of elements used in the analysis. The wing skin was made from Carbon
fibre fabric, Kevlar Veil and Honey comb cores. The experiment was conducted on the UAV
full wing provided by Unmanned System Technology Sdn Bhd. Sandbags weighing 1kg was
used to represent the aerodynamic loads on the wing. The deflection values between the
bending values and finite element analysis using Abaqus was between ranges 0.35% to
16.4%. The span length(b) 5.1257m, chord length, 0.5886m, mass 45.5kg, number of spar
2 and number of ribs 12[6].

Hutagalung, Latif and Israr (2016) performed structural analysis on a composite UAV wing
using Abaqus FEM simulation software. The semi-monoque structure consists of one main
mono-spar, 4 major ribs, carbon tubes and a flap. The CAMAR UAV wing was designed
using solidwork 2014. The internal components consisted of monospar, 5 leading edge
ribs, 5 trailing edge ribs, carbon tubes, carbon support and the wing skin. The geometrical
modeling of the wing structural component was designed using Solidworks 2014 and the
3-dimensional model was imported to Abaqus software for numerical simulations. The
wing was assumed to be symmetrical, therefore only half of the wing span model was used
in the numerical analysis and lead to reduction in computation time. The materials used
for the UAV wing was the Carbon fibre fabric (with Epoxy) and the Carbon fibre braided
(with Epoxy) with various stacking sequence with the skin of the wing having a sequence
of [02, 45, -45, 01/2]s with 9 layers. The total thickness of the components would be
0.002286m. All of the components use the mesh generation which are Quad-Dominated
and automatic structured meshing. The boundary condition ‘Encaste’ was applied at the
fuselage-wing interface and the wing was subjected to wing loading of 8140.35N/m2. The
maximum deflection recorded was 1.780mm, which occurs at the wing tip. A high
deflection means that it would disturb flight performance, thus reducing the battery
management system of UAV ending with shorter range and endurance. The UAV wing has
a Tsai-Hill value 0.1806 and Tsai-Wu value 0.1734. Both failure index showed that the UAV
wing is much capable of handling the load acted upon it as both are less than 1 which brings
meaning that they do not fail. In summary, researchers have used finite element analysis
software Abaqus for structural analysis of UAV wing using carbon fibre of different fibre
orientations and stacking sequence. The results were confirmed by experimental analysis.
Abaqus software was used in this research for the structural analysis of an Unmanned
Aerial Vehicle wing made from SterculiaSetigeraDelile fibre, PterocarpusErinacues Epoxy
composite and structural analysis was used for the confirmation of the results [7].
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2. Material and Method
2.1. Modeling of the UAV

The UAV wing parameters initially used in this simulation consist of 1 spars, 2 ribs, and 2
wing skin.

Table 1. Important parameters for the UAV wing

Parameters Value
Span length, b (mm) 924
Chord length, ¢, (mm) 147
Aspect Ratio (A.R) 6.28
UAV weight(kg) 3
Number of spars 1
Number of ribs 2
Number of Wing Skin 2
Spar Height(mm) 15.40
Spar Thickness(mm) 2.5
Wing Skin Thickness(mm) 2
Spar thickness(mm) 2.5

The geometric modeling of the UAV wing was done using ABAQUS/CAE. The process
involves airfoil selection in which high lift airfoil was selected. The airfoil selected was the
Wortmann FX 63-137 (fx 63137-il) human power aircraft airfoil due to its high lift to drag
ratio and high stall angle [8]. Only half span of the wing was modeled to reduce the number
of elements and to reduce the computation time.

Finite Element Method was used to predict the structural response which becomes overly
complex with calculations. The static structural analysis was performed using Finite
Element Software ABAQUS /CAE. ABAQUS was chosen since it has pre-processing features
that makes composite material property definition easier [4].

The UAV Wing was modeled as follows:

Part module-Abacus Software was used to model the components of the wing for
simulation. The coordinates of the Airfoil were imported from the Airfoiltool website
which was used in creating the Wing skin, Spars and wing ribs.

Material module- The mechanical properties were specified in the module, specifying the
angle of orientation and the specified thickness. The software has a composite layup
manager which allows the stacking of composites at specified angles of orientation and
with varying thickness.

Assembly module- Assembly of the UAV wing.

Load module- ENCASTRE boundary condition was applied to the Root Rib connection to
the fuselage which would prevent translation and rotation in all directions [4,7, 9]. The
load distribution calculated using the Schrenk method was applied on the wing. The wing
was divided into four sections and the pressure was applied to each section.

Meshing - The global seed mesh was generated for the whole model with an approximate
size of 0.5mm. Quad-dominated shape element and structured mesh technique were used
for the whole wing except for the ribs with many curved edges. The mesh technique used
for the ribs was free mesh [4,9]. Tsai Hill and Tsai Wu'’s failure Criterion was to analyze the
failure of the wing.
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Job- The Job process was initiated and after completion, the failure was analyzed using the
Tsai-Hill, Tsai-Wu failure criterion.

Table 2. Mechanical properties of composite materials used for the simulations [4, 10]

Mechanical Properties of Cold SSD 5% WD=7.5% Woven Carbon fibre
optimum composite 0 —270 Epoxy
Tensile Strength
Longitudinal(MPa) 26.90 600
Tensile Strength
Transverse(MPa) 6.63 600
Flexural Strength (MPa) 77.38 -
Compression Strength
Longitudinal direction(MPa) 53.25 >70
Compression Strength
Transverse Direction(MPa) 31.52 570
Poisson ratio, v, 0.41 0.1
Poisson ratio, v, 0.37 0.1
Elastic Modulus E1(GPa) 1.16 70
Elastic Modulus Ez(GPa) 0.9 70
Shear Strength(MPa) 4.16 90
Shear Modulus, Gi2(GPa) 0.411 5
Shear Modulus, G13(GPa) 0.411 5
Shear Modulus, G23(GPa) 0.33 5

Fig. 1 Modeled unmanned aerial vehicle wing using Abaqus software

The wing was subjected to various loadings under the regulations of Federal Aviation
Regulation (FAR) part 23: Airworthiness Standard. The maximum load factor that was
used was 3.8 which is the maximum wing loading that would be experienced during flight
and a safety factor of 1.5 making it an ultimate load factor of 5.7 [11]. For a 3kg UAV, the
ultimate load is calculated as follows:

L =nwW 1)
UL =3%x9.81x3.8x1.5=167.75N .

2.2, Calculation of Lift Distribution Using Schrenk Method

The Schrenk method is simple approximation methods of finding spanwise lift distribution
which has been proposed by Dr. Ing Oster Schrenk and has been accepted by the Civil
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Aeronautics Administration (CAA) as a satisfactory method for civil aircraft. Schrenk
method uses the average between the planform lift and elliptical lift distribution. The
mathematical model for the Schrenk method is shown [12]:

2
. 4L 2
Lelliptical = E 1-(%} (2)
. 2L 2y
L =—— |1+ (-1 3
planform (1+ﬂ)b( b ( )j ( )
I—Ischernk _ I-Ielliptical '; L'planform (4)

where L: total lift force (N), L lift distribution (N/m), 4 : Taper ratio, b = wingspan (m), y:
spanwise distance of section(m) [12]. The formula is used in the calculation of the lift
distribution on the wing.

The Schrenk method assumes that the lift distribution along the wingspan is the average
lift based on the trapezoidal and the lift based on the elliptical wing. To determine the
aircraft lift distribution, the wing was divided into 40 sections each having a span of
11.55mm.

462mm

.&

11.55mm

—
v

147mm

Fig. 2 Half span UAV wing divided into 40 sections for lift distribution calculation

For a 3kg UAV Wing, the Ultimate load was calculated as 167.75N. This was used for the
estimation of the load distribution using the Schrenk method.

Trapezoidal Wing:
2L 2y
L(y) = 1-—(@0-4 5
¥) b(1+/1)[ o )} (5)
Elliptical Lift:
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2
Ly =2 1—[%)

Trapezoidal Wing at y=0 L(0) =

2x167.75 {1_ 2(0) (1_1)}:181.55N/m

0.924x(1+1) | 0.924
2
Elliptical Lift at y=0, L(0) = — 107 -7 (220} _ 231 185N /m
3.141592 x 0.924 0.924

L'(O):M:Z%%N /m

Trapezoidal Wing at y =0.01155m,

L(0.01155 ) = 2x167.75 [1_2(0.01155)(1_1)}

0.924 x (1+1) 0.924
=181.55N /m

2
4x167.75 2x0.01155
Elliptical Lift at y=0.01155, H(O-0159) = o= 0 oo \/1_[ 0.924 j

=231.083N /m

L'(0.01155 ) = M =206.3165N /m

(6)

Where L is the Limit load; b is the span length of the wing; A is the taper ratio; L(y) is the

lift distribution in N/m.

250

N
o
o

=
w1
o

Lift/chord(N/m)

50
: i

0 005 01 015 0.2 025 03 035 04 045
Span Distance(m)

0.5

Fig. 3 Lift distribution over the half-span wing calculated using Schrenk method (3kg

UAV)

2.3. Load and Boundary Conditions

The Load distribution across the wing span was estimated using the Schrenk method. The
weight of the structure is automatically calculated by considering the material input into
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ABAQUS pre-processing. ENCASTE boundary condition was applied to the root ribs which
interfaces the fuselage. This would prevent rotation and translation in all direction. The
wing tip is free from constraint in all degree of freedom. The overall loads and boundary
conditions acting on the model are shown in figure 4:

Fig. 4 ENCASTE boundary condition was applied to the root rib and the load pressure
distribution applied to the lower wing region based on Schrenk method.

2.4. Meshing

Mesh Convergence study was conducted for a global size mesh of 5mm to 0.35mm. The
global size of the mesh was chosen for the whole model with the size of approximately
0.5mm after the mesh convergence study [4]. The mesh control was activated for
regulating the shape of the element and meshing technique. Quad-dominated shape
element and free meshing technique was used. The ribs, contains many curved edges, the
meshing technique used was free meshing technique and triangular element was used.

Fig. 5 Meshed result of the unmanned Fig. 6 Meshed result for the inner
aerial vehicle wing for 5mm global size structure of the unmanned aerial vehicle
mesh wing for 5mm global size mesh

v

L.

Fig. 7 Meshed result of the unmanned aerial vehicle wing for 0.5mm global size mesh
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2.5 Composite Failure Theory Criterion

Failure Criterion is used to measure the ability of the structure to withstand a given load,
whether it fails or not. The Tsai Hill and Tsai Wu failure criterion can be used to examine
the failure of a composite material like the composite Unmanned Aerial Vehicle Wing.

2.5.1 Tsai Hill Failure Criterion

The Tsai-Hill failure criterion is based on distortion energy theory of Von Mises distortion
energy yield criterion. The distortion energy is part of the strain energy of the body. The
strain energy consists of two parts; the first part is as a result of change in volume of the
body and it is known as the dilation energy and the second part of the strain energy is due
to the change in shape of the body and is called distortion energy. The failure of the body
occurs when the distortion energy is greater than the distortion energy of the material.
Based on the distortion energy theory Tsai and Hill proposed that a lamina will fail if it
does not satisfy Equation 7:

(G, + G3)0 + (G + G3)02 + (G, + Gy)02 — 2G30,0, — 2G,0,03 — 2G,0,05 + )
26,712 + 2GsTH + 2G4T, < 1
is violated. Where:

b= E[arzml (muu]] ®)
1
€= E( (@Dl > ©)
1
6= 5( (@Dl ) (10)
Go = ([(T1z)ult] ) (11)

Unidirectional lamina is assumed to be under plane stress, therefore o; = 7,53 = 7,5 =0

The equation reduces to [13, 14]:

o 12 0,07 ) ’ Tz 1P 12
(U1T)ult] (O-l)ult] [(UzT)ult] +[(T12)uu] <1 (12)

Tsai-Hill theory considers the interaction among the three unidirectional lamina
parameter. One of the drawbacks of the Tsai-Hill failure theory is that it does not
distinguish between compressive and tensile strength in the equation. This can result to
the underestimation of the maximum load that can be applied when compared to other
failure theories. Tsai-Hill failure criterion can underestimate the failure stress of a
component because the transverse strength of the unidirectional lamina is less than the
transverse compressive strength.

2.5.2 Tsai Wu Failure Criterion

Tsai-Wu applied the failure criterion to a lamina in plane stress. A lamina is considered to
fail if it does not satisfy the equation 13 [4,10]:

Hioy + Hy0, + HgTyy + Hy 02 + Hyy02 + HegT4, + 2H 5000, < 1 (13)

Tsai-Wu failure criterion is more general than the Tsai-Hill failure criterion because it
distinguishes between the compressive strength and tensile strength of lamina. Where:
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1 1

H=——— (14)
! (0—1T)ult 1 (o-lc)ult

Hy=— (15)
" (Ulf)ult(aqi)uzt

H = ©@Due a (0wt (16)

He=0 (17)

1

H. =—— (18)
o (Hz)iit

Hyp=—— (19)
12 2(U1T)1211t

as per Tsai Hill failure theory [13,14].

Where (0'1T)u|t is the tensile strength in fiber direction, (Glc)u|t is the compressive
strength in the fibre direction, (O'zT)ult is the tensile strength in transverse direction,

c . . . N .
(057 )ik is the compressive strength in transverse direction, and (z,), is the shear
strength.

2.6 Procedure for Loading of UAV Wing During Structural Test

The assembled UAV wing was subjected to structural test. Firstly, a gripping region was
created at the root of the wing. The gripping region was created using the sisal fibre and
the epoxy/hardener in order to simulate a fixed region. The gripping region acts as a holder
during structural testing. The gripping region was used to ensure a fixed wing-fuselage
interface region during testing. The Figure 8 shows the UAV wing being subjected to
loading using sandbags and the deflection of wing being recorded using dial guage. The
gripping region is shown in figure 9 and figure 10 shows the arrangement of the spar and
ribs on the UAV wing skin. Figure 11 shows the fully assembled UAV wing. The UAV wing
was inverted during testing since the wing loading is expected to be acting at the bottom
of the wing. After gripping the UAV wing, the wing was divided into four equal sections.
The UAV wing was subjected to wing loading as calculated using the Schrenk method for
UAV of different masses. The deflection was recorded using a dial guage at the wing tip.
The results were recorded and compared to simulation result.

The wing was subjected to various loadings under the regulations of Federal Aviation
Regulation (FAR) part 23: Airworthiness Standard [8]. The limit load factor that was used
was 3.8. It is used to find the maximum wing loading which would be experienced during
flight and is multiplied with a safety factor of 1.5 to attain the ultimate load factor of 5.7.
For a 3kg UAV the ultimate load is calculated as follows: . The UAV wing is divided into four
sections using Schrenk method. The distributed load is divided into four sections: Section
1: 23.72/9.81=2.42kg; Section 2 = 22.78/9.81= 2.32kg; Section 3: 20.56/9.81 =2.10kg;
Section 4:15.74/9.81=1.61kg. The Ultimate load was divided by 2 since the simulated wing
and tested was a half span [12, 13].

For a 3.5kg UAV the ultimate load was calculated as follows: . The distributed load was
divided into four sections: Section 1: 27.63/9.81=2.82kg; Section 2: 26.54/9.81= 2.71kg;
Section 3: 23.95/9.81 =2.44kg; Section 4: 18.334/9.81 =1.87kg. Refer to Table 4.
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Figure 8 UAV wing subjected to loading using sandbags to determine its structural
strength at the mechanical workshop, Bayero University Kano.

Figure 9 Fixture made from Sisal fibres and Epoxy Matrix attached to the root of the
UAV wing to simulate the fuselage wing interface

Figure 10 Placement of the Spar on the wing skin and image of the ribs
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Figure 11 Complete Unmanned Aerial Vehicle Wing

3. Result and Discussion

3.1 Performance Evaluation of UAV Wing Using Abacus Finite Element Method
Software

Tsai Hill and Tsai Wu'’s failure criterion was used to analyze the failure of the UAV wing
using Abacus FEM software. The Mechanical Properties used for Finite element Analysis
includes Young’s Modulus: E1, E2, Poissons Ratio: v12, Shear Modulus: G12, G13 and G23.
Furthermore, other Strength parameters needed for the Tsai-Hill and Tsai-Wu failure
criterion includes Longitudinal Tensile Strength , Longitudinal compressive Strength, ,
Transverse Tensile Strength and Transverse Compressive Strength , in-plane shear
strength  and density(p). The section shows the images of the simulations results
conducted for the UAV wing while subjecting the wing to various loading. The wing loading
is based on the total mass of the UAV multiplied by ultimate load factor of 5.7 and
acceleration due to gravity 9.81m/s2. The factor is based on Federal Aviation regulation
[11].

Mesh convergence studies was performed using h-refinement by reducing the size of
elements to find the point at which the solution converges. The mesh convergence study
graph is shown in figure 12. The Ultimate load used for the mesh convergence study was
167.5N (3kg). The result from the mesh convergence study is shown in Table 3. The result
shows that as the number of element changes there is a significant change in the Tsai Hill,
Tsai Wu failure criterion and the deflection of the UAV wing. Initially, a Global seed mesh
size of 5mm was used to attain a Tsai Hill Value of 0.1274, as the mesh size was reduced to
4mm, the Tsai Hill value attained was 0.1335. The Tsai Hill value increased by a percentage
0f 4.79% from the 5mm size to 4mm. For the Global seed mesh from 0.5mm to 0.4mm. The
Tsai Hill value increased by a percentage of 2.24%. The result showed a minimum increase
in percentage difference as a result of increasing number of elements. A global seed mesh
of 0.5mm was chosen for other simulations. The Element type chosen was the S3R S4R.
The number of elements used for the simulations are 627574 and the no of nodes used are
606365.

S3R- 3-node triangular general-purpose or conventional shell/displacement shell with
reduced integration and finite membrane strains. The nodes have six degree of freedom.

S4Ris a 4-node quadrilateral, stress/displacement shell element, reduced integration with
hourglass control and a large-strain formulation. The nodes have six degree of freedom [9].

686



Tahir et al. / Research on Engineering Structures & Materials 8(4) (2022) 675-694

Table 3. Mesh convergence study of the UAV wing

Value Tsai Deflection(mm) No of Number of Global
(Tsai Hill) Wu Nodes Elements Seed(mm)
0.1274 0.1319 4.846 6354 6644 5
0.1335 0.1382 4.834 9678 10100 4
0.1415 0.1465 4.826 17382 18055 3
0.1628 0.1700 4.817 151457 156861 1
0.1701 0.1780 4.816 269500 278638 0.75
0.1782 0.1872 4.815 606365 627574 0.50
0.1822 0.1918 4.815 945663 978263 0.4
0.1850 0.1949 4.815 1236069 1278832 0.35
0.2
e —
— 0.15 L?
T o1
g
F 005
0

0 200000 400000 600000 800000 1000000 1200000 1400000

Number of Elements

Fig. 12 Mesh convergence study of the UAV wing

The simulations results show the UAV wing response to wing loading. Tsai Hill, Tsai Wu
failure criterion and deflections of the UAV wing is used to analyze the failure response of

the wing.

The Figure 13-15 shows the Tsai Hill, Tsai Wu failure criterion value and the deflection of
the UAV wing. The result in figure 13 shows that when a load of 167.75N (3kg UAV) is
applied to the UAV wings the wing has a Tsai Hill failure value of 0.1767, Tsai Wu value of
0.1856 and a maximum wing deflection of 4.757mm. The Tsai Hill and Tsai Wu failure

values are both less than 1 meaning that it satisfies their failure criterion.

TSAIH

(Avg: 75%)

SNEG, (fraction = -1.0)

+1.767e-01
+1.619e-01
+1.472e-01
+1.325e-01
+1.178e-01
+1.031e-01
+8.834e-02
+7.361e-02
+5.88%9e-02
+4.417e-02
+2.945e-02
+1.472e-02
+0.000e+00

Fig. 13 Failure analyses of 3kg UAV (Tsai Hill)
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TSAIW

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.856e-01
+1.701e-01
+1.547e-01
+1.392e-01
+1.237e-01
+1.083e-01
+9.281e-02
+7.734e-02
+6.187e-02
+4.640e-02
+3.094e-02
+1.547e-02
+0.000e+00

Fig. 14 Failure analyses of 3kg UAV (Tsai Hill)

U, Magnitude
+4.757e-03
+4.360e-03
+3.964e-03
+3.568e-03
+3.171e-03
+2.775e-03
+2.378e-03
+1.982e-03
+1.586e-03
+1.189e-032
+7.928e-04
+3.964e-04
+0.000e+00

Fig. 15 Deflection of 3 kg unmanned aerial vehicle wing in meters

For figure 16-18, the load applied for a 4.5kg UAV wing was 251.63N distributed over both
wings. Since half span of the wing was subjected to the simulation, half of the load was
distributed over the wing. The result showed that after subjecting the UAV wing to wing
loading, the wing had a Tsai Hill, Tsai Wu and deflection value of 0.265, 0.2784 and
7.135mm respectively. The Tsai Hill and Tsai Wu value satisfies their failure criterions
because both values are less than 1.

For figure 19-21, the load applied for a 16kg UAV wing was 895N distributed over both
wings. The result showed that after subjecting the UAV wing to wing loading, the wing had
a Tsai Hill, Tsai Wu and deflection value of 0.9422, 0.9899 and 25.37mm respectively. The
Tsai Hill and Tsai Wu value satisfies their failure criterions because both values are less
than 1. Simulation was also performed using Carbon fibre epoxy as the material for the
UAV wing. The UAV wing was subjected to wing loading of 167.5N to 951N. The Tsai Hill
value was between 0.004667 to 0.02644 respectively and the Tsai Wu value was between
0.004740-0.0266 respectively for a wing loading of 167.5N to 951N. The deflection of the
UAV wing was between 0.09576mm to 0.5427mm respectively. The results clearly showed
that Carbon fibre epoxy composite has higher resistance to failure and higher resistance to
deflection. The result of the Carbon fibre epoxy wing analysis is shown in table 6. At the
wing loading of 895N, the SterculiaSetigeraDelile fibre- PterocarpusErinaceus epoxy
composite wing had a Tsai-Hill value (0.9425), Tsai-Wu (0.9902) and deflection
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(25.37mm) for deflection while for the Carbon fibre epoxy composite wing had a Tsai-Hill
value (0.0249), Tsai-Wu (0.02528) and deflection (0.5107mm) respectively.

TSAIH

SMNEG, (fraction = -1.0}

(Avg: T7E%6)
+2.650e-01
+2.42%-01
+2,208e-01
+1.988e-01
+1.767e-01
+1.546e-01
+1.325e-01
+1,104e-01
+8.834e-02
+6.625e-02
+4.417e-02
+2.208e-02
+0.000e+00

Fig. 16 Failure analyses of 4.5 kg UAV (Tsai Hill).

TSAIW

SNEG, (fraction = -1.0)

(Avg: 75%)
+2.784e-01
+2.552e-01
+2.320e-01
+2.088e-01
+1.856e-01
+1.624e-01
+1.392e-01
+1.160e-01
+9.281e-02
+6.961e-02
+4.640e-02
+2.320e-02
+0.000e+00

Fig. 17 Failure analyses of 4.5 kg UAV (Tsai Wu)

U, Magnitude
+7.135e-03
+6.541e-03
+5.946e-03
+5.352e-03
+4.757e-03
+4.162e-03
+3.568e-03
+2.973e-03
+2.378e-03
+1.784e-03
+1.189e-03
+5.946e-04
+0.000e+00

Fig. 18 Deflection of 4.5 kg unmanned aerial vehicle in meters
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TSAIH

SNEG, (fraction = -1.0)

(Avg: 75%)
+9.422e-01
+8.637e-01
+7.852e-01
+7.067e-01
+6.282e-01
+5.496e-01
+4,711e-01
+3.926e-01
+3.141e-01
+2.356e-01
+1.570e-01
+7.852e-02
+0.000e+00

i

Fig. 19 Failure analyses of 16kg UAV (Tsai Hill)

TSAIW

SNEG, (fraction = -1.0)

(Avg: 75%)
+9.899e-01
+9.074e-01
+8.249e-01
+7.425e-01
+6.600e-01
+5.775e-01
+4,950e-01
+4,125e-01
+3.300e-01
+2.475e-01
+1.650e-01
+8.249e-02
+0.000e+00

Fig. 20 Failure analyses of 16kg UAV (Tsai Wu)

U, Magnitude
+2.537e-02
+2.326e-02
+2.114e-02
+1.903e-02
+1.691e-02
+1.480e-02
+1.269e-02
+1.057e-02
+8.457e-03
+6.343e-03
+4.228e-03
+2.114e-03
+0.000e+00

Fig. 21 Deflection of 16 kg unmanned aerial vehicle in meters
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3.2 Structural Testing of the Unmanned Aerial Vehicle Wing

Structural test was performed on the wing with a wing loading from 167.75 to 335.50N (3
to 6kg UAV). The result shows the maximum deflection of the Unmanned Aerial Vehicle
wing when subjected to wing loading using sand bag is shown in Table 4. The results were
compared to result obtained from simulation using Abaqus Simulia software. The result
showed that the UAV wing could withstand a wing loading of 335.50N (6kg).

Table 4. Loads placed in different sections of the UAV wing and its deflections

Maximum Deflection at

Ultimate Section  Section  Section Section wingtip(mm)
load(N) 1(kg) 2(kg) 3(kg) 4 (kg) Simulation Experimental
Result Result
167.5(3kg) 2.42 2.322 2.10 1.61 4.757 5
195.71
(3.5kg) 2.82 2.71 2.44 1.87 5.550 6
223.668
3.224 3.10 2.80 2.14 6.342 8
(4kg)
251.63
(4.5kg) 3.63 3.48 3.14 2.40 7.135 10
279.585
(5.0kg) 4.024 3.86 3.49 2.67 7.935 11
335.502
(6.0ke) 4.83 4.64 4.186 3.20 9.519 13

Table 5. Tsai-Hill, Tsai-Wu failure criterion and deflection of UAV wing

Tsai Maximum Deflection at %
. . Tsai Wu wingtip (mm) Difference between
Ultimate Hill . .
. failure . . . Experimental and
load(N) failure . Simulation  Experimental : .
. index Simulation
index Result Result .
Deflection
167.5
0.1767 0.1856 4.757 5 5.11
(3kg)
195.71
(3.5kg) 0.2061 0.2166 5.550 6 8.10
223.668N 0.2356 0.2475 6.342 8 26.14
(4kg)
251i<6g?3(4.5 0.2650 0.2784 7.135 10 40.15
279.585
(5.0kg) 0.2947 0.3096 7.935 11 38.63
335.502
(6.0kg) 0.3535 0.3714 9.519 13 36.57
447.336
(8.0kg) 0.4711 0.4950 12.69 - -
559.17
(10kg) 0.5893 0.6191 15.87 - -
726.921
(13kg) 0.7656 0.8043 20.61 - -
838.755
(15kg) 0.8838 0.9286 23.80 - -
895 (16kg) 0.9425 0.9902 25.37 - -
951 (17kg)  1.002 1.053 26.98 - -

691



Tahir et al. / Research on Engineering Structures & Materials 8(4) (2022) 675-694

The Ultimate load the wing can withstand from Table 5 was 895N based on the TsaiHill
and Tsai Wu failure Index. In order to find the Ultimate load factor, for a 4.5kg UAV the
Ultimate load factor was found using:

UL=nW
895=nx4,5x9.81
n=20.27

Table 6. Tsai-Hill, Tsai-Wu failure criterion and Deflection of UAV wing for woven carbon
fibre epoxy

Maximum Deflection at

Ultimate Tsai Hill . . . wingtip (mm)
load(N) failure index Tsai Wu failure index Simulation Result for woven
carbon fibre epoxy material
167.5 0.004667 0.004740 0.09576
(3kg)
195.71
(3.5kg) 0.005445 0.005530 0.1117
223.668N 0.006222 0.006320 0.1277
(4kg)
251.63
(4.5kg) 0.007000 0.007110 0.1436
279.585
(5.0kg) 0.007778 0.007900 0.1596
335.502
(6.0kg) 0.009333 0.009479 0.1915
447.336
(8.0kg) 0.01244 0.01264 0.2544
s559.17
(10kg) 0.01556 0.01580 0.3192
726.921
(13kg) 0.02022 0.2054 0.4150
838.755
(15kg) 0.02333 0.02370 0.4788
895 (16kg) 0.0249 0.02528 0.5107
951 (17kg) 0.02644 0.02686 0.5427

3.3 Comparison Between Simulation and Experimental Testing of the UAV Wing

The material selected for the composite UAV wing was the Cold SSD 5% PTE wood dust
7.5% at 0-degree orientation. The UAV wing performance was simulated using the ABACUS
software with various wing loadings on the wing. In this research Tsai Hill and Tsai Wu
failure criteria were used to examine the ability of the optimum composite material to
withstand load [15]. The results from Table 5 have shown that the UAV wing produced
satisfies the Tsai-Hill and Tsai Wu failure criterion of being less than 1. Simulation result
shows that the UAV wing could withstand a wing loading from 167.75N to 895N. Structural
test was performed on the wing with a wing loading from 167.75 to 335.50N (3 to 6kg
UAV). The UAV wing successfully resisted the loading. However, for the wing tip deflection
there was a variation between 5.11%-40% between the maximum wing deflection
simulations to the experimental result. The result showed that the wing could withstand
the most critical flight load distribution in conformation with the Federal Aviation
Regulation (FAR) part 23 Airworthiness for a normal category general aviation airplane
with an Ultimate design load factor of 5.7. At the point of failure the wing could withstand
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an Ultimate load factor of 20.27 which is 255.6% higher than the prescribed Ultimate
design load factor of 5.7. This means that the UAV wing can withstand a load factor that is
255.6% higher than the prescribed ultimate load factor 5.7. For good comparison between
the simulation and experimental result, the UAV manufacturer needs to ensure good
bonding at the interface between the wing and the fuselage which is the key to good wing
performance [5, 7].

3.4 Comparison Between Carbon Fibre Epoxy Composite and SSD fibre/PTE
Wood Dust Epoxy Composite Wing

For the Carbon fibre epoxy composite UAV wing an Ultimate load of 251.63N(4.5kg mass
UAV) was applied to the wing, the maximum wing deflection recorded from the Abaqus
simulation result was 0.1436mm as shown in table 6 while result for the SSD fibre/PTE
wood dust epoxy composite wing simulation the recorded result was 7.135mm. There is a
percentage difference of 98% in the maximum deflection between the two materials. The
carbon fibre has greater resistance to deflection. For Carbon fibre epoxy composite an
Ultimate load of 895N (16kg mass UAV) was applied to the UAV wing, the maximum
deflection recorded from the Abaqus simulation result was 0.5107mm while result for the
SSD fibre/PTE wood dust epoxy composite wing simulation the recorded result was
25.37mm. There is a percentage difference of 98% in the maximum deflection between the
two materials. The carbon fibre has greater resistance to deflection. The carbon fibre epoxy
composite UAV wing as expected has higher resistance to wing deflection. However, both
the materials can withstand the wing loading requirement of the Federal Aviation
Regulation. The advantages of SSD fibre/PTE wood dust epoxy composite when compared
to the carbon-epoxy material is that the material is renewable, environmentally friendly,
less pollution in the production of material and lower cost. The SSD fibre/PTE wood dust
performance could be improved by optimization techniques.

4. Conclusion

In this research a 3 dimensional model of UAV wing was drawn, assembled and simulated
using Abaqus software. The simulation results showed that the UAV wing could withstand
a wing loading of 167.75 to 895N (3kg to 16kg UAV) meaning an Ultimate load factor of
20.27. This means that it could withstand an Ultimate load factor of 20.27 for a UAV with a
4.5kg mass. The Ultimate load factor of the wing was found by dividing the Ultimate load
the Wing could withstand which was 895N by the UAV weight of 4.5kg multiplied by the
acceleration due to gravity. The ultimate load factor given by the Federal Aviation
Regulation was 5.7 meaning that the UAV wing should be able to withstand an ultimate
load factor of 5.7. The 167.75 to 895N are the forces distributed incrementally on the UAV
wing to analyze whether the wing could withstand the Ultimate load factor given by the
Federal Aviation Regulation. The result means that components of higher weight such as
weaponry and standard high quality cameras could be attached to the UAV. The UAV wing
was successfully manufactured and structurally tested to validate the results from the
simulation. The UAV wing was subjected to wing loading 167.75N to 335.50N (3kg to 6kg
UAV mass). The UAV wing was able to withstand the pressure applied using sandbags
successfully. The distribution of pressure was found using Schrenk method. In summary
light weight Unmanned Aerial Vehicle wing was successfully produced using Wood fibre
and wood dust epoxy composite and it was able to withstand the estimated wing loading.
The composite produced has the potential to be used in the Aerospace industry due to its
low density. Weight is an important factor in the aerospace industry as it affects the fuel
consumption of aerospace vehicles. Furthermore, the production of synthetic fibres for
composites has a negative impact on the environment. The use of natural fibre hybrid
composite provides locally available wood fibres and wood dust for potential production
of the Unmanned Aerial vehicles.
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This paper presents a new test method, including coated specimen, shear testing
procedure, and algorithm for evaluation of critical intensity of singular stress
for coating, for more accurate and complete characterization of adhesion
strength.

A procedure for determining the critical intensity of singular stress for coating
is presented in this paper. In this paper, the coated specimen has been analysed
in terms of the intensity of singular stress field. The adhesion strength of
plasma-sprayed coatings was estimated in terms of the intensity of singular
stresses in the vicinity of the free edge of the coating. The finite element analysis
for normal and tensile stress distributions of the coated specimens are obtained
by using different mesh sizes (fine, medium, and coarse size). Tensile testing of
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CT‘;ZZIIII]gZ <ting: flat metal samples with plasma-sprayed coatings of Co-Cr alloy of various
.g, thicknesses (90, 100, 160 um) was performed. The results show that the
Coated specimens;

adhesion strength of the tested coatings can be represented by a critical stress

Co-Cr alloy; of 1.34, 0.94, 0.88 MPa m%43 for thicknesses of 90, 100, 160 pum, respectively.
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1. Introduction

Experimental studies of specimens with coatings indicate, that the delamination of the
coating from the substrate initiates from the free edge of the coating even in absence of
an initial crack in the interface [1-4]. The coating delamination of the item initiates from
the free edge due to the singularity of stresses. The existing studies of the stress state in
deformed coating are taking into account only the concentration of shear stresses in the
nearby area of the free edge of the coating [5-7]. So, it is necessary to finally study the
stress fields singularity dependency on the coated specimen geometric characteristics,
as well as the substrate and coating elasticity characteristics.

The study of the singularity of stress fields was initiated in [8], in which the singularity
of stresses in plates of various configurations, from homogeneous as well as composite
materials was determined. The distribution of stress in a body formed by dissimilar
isotropic elastic materials was considered in the work [9]. The distribution of stress in
systems of dissimilar materials was also investigated in the work [10]. The problem for
an anisotropic material consisting of a system of anisotropic layers separated by
isotropiclayers was solved in the work [11]. The problem of determining the singularity
of stress fields for wedges made of two different materials was considered in numerous
works [12-16].
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Research of this field is well covered in reviews [17, 18]. There are various approaches
to assessing the stress state in layered materials, both analytical methods [19-23], and
numerical methods [23, 24]. The investigation of the stress fields singularity in case of
thermal barrier coatings deduced that, if the angle of the free edge is decreases to an
angle of 60 degree, the coating durability increases [25, 26]. The goal of this paper is to
investigate the singular stress fields that cause the coating delamination.

2. The Evaluation of Stress Fields Intensity in A Coated Sample

The field of stress is determinate as [27, 28]:

K .. .
r ',1,)L fr (7\"6)’

c
o =

s K

Gr = 1-2 frs(k’e)’
r
c K c .
c,=— f, (»,0),
r (1)
o= K t(10)
r
c K c
T 0~ 1 fre(x'e)'
r
s K s
T 0~ 1 fro(y\"e)’
r
Ay
LAV AT
[y 5 g’ﬁ
0l-d coati
L6y coating Z)
.es.:.—ll

E, s substrate

» o«

Fig. 1. The detail of “coating”-“substrate” system [28]

c c
The equations for the normal ¢ and shear "o stresses in the coating from (1) can be
written as:

c a1 .
o, =Kr— (2)

c _ a1 )
T, =K,r
Where,

K, =Kf;(4,6);

K, = KfS(1,0);
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Transform the equations (2) to look as:
lgz;, = 19K, +(1—1)lgr (3)
lgo; = IgK, +(2—1)lgr

From equations (3) it can be determined that there is a linear relationship between
stresses and distance r if plotting graphs in logarithmic coordinates. If |ga; is shown
related to Igr , the graph-line has a slope A - 1, the graph will intersects the ordinate axis
at a point with a y-coordinate |g Kl Therefore, knowing the value, Igg; at |g|’ =0,itis

possible to determine the value of K, = 10'9”5 .

3. Methods and Materials

The Co- Cr coating [29, 30] with thickness of 90, 100 and 160 um has been plasma
sprayed on stainless steel substrate (1Kh18N9 stainless steel, containing 0.9% C,
16.7% Cr, 7.8% Ni, 0.37% Si, and 1.47% Mn) thickness 1.5 mm (Fig. 2). The coating was
sprayed only partially on steel substrate so as to leave out free edge of the coating
(Fig.1). The elastic characteristics of the substrate and the coating were determined
under static tension of coated specimen following methodology described in [30].

- =

Fig. 2. Specimen with the plasma sprayed coating (Co- Cr alloy coating; Left view)
before the tensile test.

The thickness of the coating is comparatively thick so it is measure using a micrometre.
Delamination moment can be fixed through visual observation, as acoustic emission
techniques have shown that the moment of coating delamination visually gives an error
within 2% boundaries (Not explained further in this study as it is not the object of the
research).

The thickness of coating was chosen based on both its intended functionality- to
increase wear and corrosion resistance and economic considerations- to not have
wasted material. It was proven that coating thickness of 90 um would start providing
some functionality, while thicker coating, while increasing functionality, would increase
expenditure in larger scale (Not explained further in this study as it is not the object of
the research).

4., Results and Discussion

It should be noted, that the use of the K« value as a criterion is also possible for coatings
in which the angle of the free edge is not equal to 90°. Such coatings are widely used and
the deposition of coatings with a free edge angle 8.<90° is recommended by the
technological process of plasma coating spraying [31]. The results show that the
intensity of singular stresses for the tested metal coatings is dependent weakly on the
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thickness of the coating. It can be seen, that the analytical method for determining the
singularity factor A is more accurate than the method based on the approximation of
stresses obtained using finite element modelling. The critical intensity of singular stress
Ke, measured using the proposed technique, can be used as a criterion to evaluate
adhesion strength for coatings.

To determine the critical singular stresses that would cause the failure of the coating,
the specimen was subjected to tensile load.

The delamination of the coating (sample with coating thickness 90 um) occurs under
stress that corresponds to the moment when the load on the uncoated substrate reach
Osub = 752 MPa.

NN
ELEMENT 3

MAT NUM

Fig. 3. Coated specimen’s finite elements model. Minimal size of mesh 0.2 pm.

ELEMENTS AN

MAT NUM

[ 1
Fig. 4. Part of the finite element mesh model near the free edge of coating and the

stress singularity area

The critical stress intensity factor K- was determined by Finite Element Method
(FEM). Specimen’s finite element mesh is shown on (Fig.3). The mesh was constructed
using half of the specimen. Numerical calculus for elastic solid was made using ANSYS.
The finite element mesh in the area of the singularity was made finer. A fragment of
the finite element mesh in the area of stress singularity is shown in (Fig.4); the tensile
load was applied to the end face of sample. The minimal size of mesh in the area of
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stress singularity is 0.2 pm (Fig. 4). The elasticity characteristics of both the coating,
and the substrate, were calculated after the tension test as listed in [31], see Table 1.

Table 1. Elasticity characteristics of the coating and its substrate.

. Elastic modulus E, Poisson Ratio,
Material
GPa n
Substrate 1X18H9 199 0.28
Coating Co- Cr alloy 70 0.3

The distribution of normal and shear stresses in the area of adhesive contact between
the substrate and the coating at a distance r (0.07 ... 100 pum) from the free edge of the
coating at = 752 MPa are shown in (Fig.5) (logarithmic coordinates). The distribution of
stresses in the sample during the delamination of the coating can be seen in (Fig.6) to

(Fig.8).

lgo.lg S, lgt, mMPa

Ig r, Mm

Fig. 5. The distribution of normal and shear stresses in the area of adhesive contact
between the substrate and the coating at a distance r (0.07 ... 100 pm) from the free

edge of the coating at 0, = 752 MPa

AN

NODAL SOLUTION

STEF=1

8UB =1

TIME=1

x4 (AVE)
rEva=0

DMZ =.165E-04

sMn =-.197E+08
#ME =.Z83E+10

. 251E+10

_B13E+09 125E+10 -188E+10
. 283E+10

-.197E+08
. 297E+09 .929E+09 . 156E+L0 L219E+10

Fig. 6. The distribution of normal stresses o under coating of the specimen during

delamination near free edge (0, = 752 MPa).
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Deviations from linearity seen in Fig.5 are related to the method used to describe
fracture mechanics and estimating the singularity of stresses in the vicinity of a singular
point, in particular it is caused by the logarithmic scale

(Fig.5) shows that the normal tensile stresses o. and shear stresses T vary
approximately linearly in the area corresponding to r = 0.7 pm (lgr = -3.15) to
r=14.4 um (lg r ~ -1.84). This character of the distribution shows that the stress can be
described by the formula given in (2). At r > 14.4 mm the character of these expressions
ceases to be linear till eventually the singularity disappears. Normal stresses of the oy
are linear in a much narrower range of r (0.7 pm < r < 4.8 um).

The stress oy near the free edge of the coating exceeds the shear stresses t (Fig.5),
meaning, in the area of the coating; the free edge delamination occurs due to the
predominant action of normal shear stresses oy. Consequently, the investigation of how
stress singularity affects the coating adhesion failure must be carried out as for normal
delamination stresses oy.

NODAL SOLUTTION

BTEP=1

(AVE)

DMZ =.1635E-04
SMN =-.191E+0%
SME =.Z53E+10

Fig. 7. Normal stresses oy distribution under specimen coating delamination near free
edge (0, =752 MPa)

As a result of the singularity of the stress near coating free edge [28], the value of the
stress might be dependent on how fine the finite element mesh is. To make sure that,
the accuracy of K.rdoes not depends on minimal size of finite element mesh (FEMesh),
the simulation was made for three different FEMeshes: sizes; fine 0,2 ym (Fig.8);
medium 0.7 pm (Fig. 9); and coarse 6.2 um (Fig. 10). These simulations allowed to

evaluate the area of stress singularity under load 0, that causes the metal coating

delamination. In (Fig.11) normal delamination stresses distribution is shown in three
graphs of FEMeshes. Though in the area of the free edge of the coating the stress value
depends on FEMeshes size, the curve slope A-1, does not depend on FEMesh in graph’s

linear part |gay compared to Igr . The stresses change is linear in a wide range of r,
regardless if fine, middle and coarse FEMeshes. The angle of curve slope for expression

(3) can be found analytically [28] or by curve-fitting the linear graph part |gay tolgr

. Usually such approximation is made using The Least Square Method (LSM). The
analytical approach is more accurate than LSM and also allows to determinate two
factors of singularity order (the roots A1 and Az for characteristic equation).
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AN
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TIME=1

axY (AVE)
REVE=0

DME =.1l65E-04

SMN =-.778E+0%
aMX =.493E+07

Fig. 8. The shear stresses 7 area in a specimen during the coating delamination near
its free edge (0, = 752 MPa)

ELEMENTS
MAT  NUM

T
T

Fig. 9. The FEM of coated specimen (minimal mesh size is 0.7 um)

When comparing the singularity order calculated by the analytical method with the
value obtained by linear approximation by the LSM, it can be concluded that the
approximation has errors corresponding to the size of the FEMesh.

AN

ELEMENTS
MAT NUN

Fig. 10. The FEM of coated specimen (minimal mesh size is 6.2 pm)
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The oy values obtained by the FEM can be compared with the stresses in accordance
with equations (1). The error associated with numerical calculations can be reduced by
creating a finer mesh of finite elements.

Table 2. The Results of Adhesion Properties of plasma-sprayed Coating (Co-Cr alloy)
Investigation

1]

%]
;f Factors of stress singularity Ratio Critical Physical
5 o Y stress dimension
2 7 The analytical The LSM T intensity Ker
= method [25] Ao num Ker [MPami]
S

90 0.5517 1.031 1.34

100 0.5687 0.5033 1.130 0.94 MPa-m?043
160 0.5429 1.048 0.88

Plasma-sprayed coatings with a thickness of 100 um and 160 pm delaminates under
loads cause corresponding to stresses of 625 and 340 MPa in the substrate material’s
uncoated area. A specimen with a coating with a thickness of 160 um after tensile tests
is shown in (Fig. 12). The indicators of the critical stress intensity Kc, as well as the
order of the stress singularity, calculated analytically and found using the
approximation method, are given in Table. 2. The stress distribution oy near the free
edge of the coating during delamination of coatings of various thicknesses is shown in
(Fig.13).

34 4
2 4
[u]
s
'F_
1 Ho]
o Fine mesh =.
04 o Medium mesh \ _
o) Coarse mesh g
-1 . . : : :
4 3 2 1
Igr,mm

Fig. 11. Impact of FEMeshes size on stress distribution oy
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Fig. 13. Stress oy distribution during delamination of plasma-sprayed coating of
various thicknesses.

5. Conclusion

Analysis of the test results shows that the value of K for the tested metal coatings is
weakly dependent on the thickness of the coating. Thus, the K¢ value can be used as a
criterion for adhesive destruction of coatings. In addition, it should be noted, that the
use of the K value as a criterion is also possible for coatings in which the angle of the
free edge is not equal to 90°. Such coatings are widely used and the deposition of
coatings with a free edge angle 8¢ < 90° is recommended by the technological process of
plasma coating spraying. The results show that the intensity of singular stresses for the
tested metal coatings is weakly dependent on the thickness of the coating. It can be seen,
that the analytical method for determining the singularity factor is more accurate than
the method based on the approximation of stresses obtained using finite element
modelling. The critical intensity of singular stress, measured using the proposed
technique, can be used as a criterion to evaluate adhesion strength for coatings.
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Nomenclature

E - elastic modulus (index c refers to coating, index s refers to substrate);
K- stress intensity factor,

K.r - critical stress intensity factor;

K1, Kz - mode 1 and mode 2 stress intensity factors;

fof> f, f; f, f
r,or, 0, 70 10 0 correcting factor for stresses (index c refers to coating,
index s refers to substrate);

r, 0 - local polar coordinates;

A - order of stress singularity.

4 - Poisson Ratio (index c refers to coating, index s refers to substrate);

Qsup- the remote stress applying to the substrate in the z direction;

@1, Qo, Qre - stress components (index c refers to coating, index s refers to substrate)
oy - peeling stress;

oz - normal tensile stress;

T - interfacial shear stress;

FEM - Finite Element Method;

FEMesh - finite element mesh;

LSM - Least Square Method
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The increase in population promotes the construction industry to exploit the
conventional building materials. This phenomenon leads to use of alternative
building materials in the construction field. One of the effective natural
materials is bamboo. In this paper, the Bamboo Fibre (BF) is used as an additive
in the mortar at various percentages (1% to 4%) and Bamboo Stem Ash (BSA)
is used as an alternative binder material to replace the cement at different
proportions (2.5% to 10%). To increase the property of mortars, Styrene
butadiene rubber (SBR) is used a super plasticizer from 0.5% to 2%. Due to
high raising demand of river sand, Copper slag (CS) is used partially to replace
the fine aggregate at constant percentage (50%) for all the mix proportion.

Sustainable Building W/B ratio is proportioned from 0.35 to 0.5 at different level. The design of
Material; experiment is conducted through Taguchi’s design and the experimental values
Taguchi’s Design of are validated by Artificial Neural Network (ANN) tool for obtaining the
Experiment; predicted results with respect to dry density, water absorption, compressive
Artificial Neural strength and flexural strength. The experimental investigation proved that BF
Network. and BSA have a potential sign to be used as an alternative sustainable building

material. From the comparative analysis of experimental results with ANN, it is
revealed that the mortars show an acceptable prediction of physical and
strength properties with a maximum error of 8.11%.

© 2022 MIM Research Group. All rights reserved.

1. Introduction

Bamboo is a perennial sustainable grass which falls under “Poaceae” family [1]. The use
of bamboo in construction field is in practice since ancient time due to its significant
engineering properties [2]. Many researches are carried out to replace the conventional
construction materials by many naturally available materials [3-5]especially in the field
of bamboo to use bamboo and its derivatives in the construction industry [6,7]. Bamboo’s
stem can be used as reinforcement and its culm can be peeled off to obtain Bamboo Fibre
(BF) that can be used as an additive in cement mortar and concrete to strengthen its
mechanical properties [8]. The use of bamboo fibre in concrete may result in the
reduction of density and at the same time increases the flexural properties of the
concrete. Though it has significant advantages, it promotes the water absorption and thus
swelling of concrete takes place [[9]. To overcome this phenomenon of moisture content
due to addition of natural fibres into the concrete, proper treatment should be done to
the fibres before adding it into the concrete to serve its need [10]. To replace the ordinary
Portland cement content by alternative pozzolanic materials, bamboo stem ash and
bamboo leaf ash can be a better solution. The waste culm parts and the leaves of bamboo
are abundantly available which the solid waste to be disposed. The bamboo stem and leaf
can be burnt into an ash to be used for the partial replacement of conventional cement
material since Bamboo Stem Ash (BSA) possess good pozzolanic property [11]. The use of
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BF and BSA in cement mortar and concrete influences the compressive and flexural
strength. It also reduces the density and water absorption capacity of the concrete which
therefore, reduces the self-weight and moisture content as well respectively. The
optimization of water-cement ratio and the percentage of superplasticizer was studied by
using bamboo leaf ash to obtain high performance concrete [12]. The experimental
results proved the optimization at 0.128% for superplasticizer and 0.360 for water-
cement ratio.

Due to high raise in the demand of the river sand, there is a need for alternative fine
aggregate. Copper slag is one of the important waste products in the manufacture of
copper. This possesses good mechanical properties to be used as aggregate and also
significant chemical compositions to be used as a replacement of cement [13,14]. Styrene
butadiene rubber (SBR) has a potential to reduce the early strength of the concrete and
also decreases the water absorption capacity of the concrete [15].

In this research, the promotion of the use of bamboo wastes in the construction filed was
addressed. Many researches was undergone for the use of natural fibres (BF) [16] and
ashes (BSA) [14] in the mortar and concrete but the combination of both BF and BSA in
the same mortar and concrete was not addressed. The novelty in this research is to use
BF and also BSA by utilising BSA has a complementary binder and BF has an additive to
the same mortar. BF was added at various percentages (1%, 2%, 3% and 4%) to the
mortar and BSA was used at different percentages (2.5%, 5%, 7.5% and 10%) to replace
the cement. To improve the workability and enhance the property of the mortar, SBR was
used at different percentages (0.5%, 1%, 1.5% and 2%) at different levels. To obtain the
good combination of proportions, Taguchi’s method of design of experiment was
adopted. The experimental values and the predicted results by ANN validation obtained
an acceptable percentage of error.

2.Material Properties
2.1. Bamboo Fibre (BF)

Bamboo fibre was used as an additive in the mortar mix after proper treatment to
remove the wax and moisture content [10]. The bamboo culm was cut into pieces to
extract fibre mechanically. Each fibre was cut for a length of 25 mm by maintaining a
diameter of 1 mm. After the extraction process of fibre, it was treated by immersing in
10% concentration of a sodium hydroxide solution for two days. Then the treatment of
fibre was ended by washing the fibre with water and drying in sun for 48 hours [16]. The
compositions of BF are listed in Table 1.

Table 1.Constituents of bamboo fibre

Constituents of BF Chemical Compositions (%)
Cellulose (%) 73
Hemicellulose (%) 13
Lignin (%) 12
Wax (%) 2

2.2. Bamboo Stem Ash (BSA)

To replace the cement by BSA, the stem of bamboo was cut into small pieces and dried
completely in sun for 24 hours [14]. Then it was incinerated using furnace for about 120
minutes at 800°C. The burnt BSA was sieved using 0.075 mm diameter sieve to replace
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the ordinary Portland cement (OPC). The composition of OPC and BSA are shown in Table
2.

Table 2.Chemicalconstituents of OPC and BSA

Chemical Composition Ordinary Portland Cement (%) BSA (%)

Si02 20 69.74
MgO 0.8 8.83

Al203 5.2 0.25
Ca0 62.7 18.92

Na20 0.35 0.74

Fe203 3.5 0.16
K20 0.74 0.86
LOI 6.71 0.5

2.3. Copper Slag

At the process of extraction of copper metal, the waste material is obtained from the
refinery plants called as copper slag [17]. For the effective use of CS in the concrete or
cement mortar and to get reduced moisture absorption and voids, river sand can be
replaced by CS up to 50% [18]. The properties of CS are observed in Table 3.

Table 3. Properties of Copper Slag

Properties Value

Silica (%) 335
Water absorption (%) 0.24

Bulk density (kg/m3) 1899
Fineness modulus 33
Specific gravity 3.47

2.4. Styrene Butadiene Rubber (SBR)

SBR is a super plasticizer used in the cement mortar and concrete due to its high bonding
efficiency, resistance to abrasion and crack and aging characteristics [15]. It is a
copolymer liquid in white colour with a specific gravity and solid content of 1.04 and
45% respectively [19]. Use of SBR at 1.5% in the mortar performed good compressive
strength.

3. Methodology
3.1. Design of Experiments

In this research, four parameters are considered to study the performance of bamboo
fibre reinforced mortar are: (i) water-cement ratio, (ii) binder (cement+BSA), (iii) Super
plasticizer (SP) and (iv) Bamboo Fibre (BF). Each parameter is concentrated for four
levels and shown in Table 4. To minimise the number of trials, Taguchi’s design of
experiment is adopted [20-22]. The layout of the developed combination of trials is
shown in Fig. 1.

The ratio maintained for Bamboo fibre reinforced mortar was 1:2.75 with respect to
ASTM C109 standard [10]. The sixteen trials obtained from the taguchi’s design of
experiment are illustrated in Table 5. Fine aggregate for all the trials was replaced
constantly by 50% of copper slag.
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Table 4. Description of parameters and variation levels

Parameters Parameter label L1 L2 L3 L4
W/B ratio A 0.5 0.45 0.4 0.35
Binder (Cement + B 97.5 + 95+5 925+75 90 +10
BSA) (%) 2.5
SP (%) C 0.5 1 1.5 2
BF (%) D 1 2 3 4

L3
TI6 N3
T10 J

Fig. 1 Orthogonal array of Taguch’s design of experiment (L16)

3.2. Artificial Neural Networks (ANN)

ANN is a framework designed to analyze and process the information activity like the
human brain. This neural network has an ability to recognize and generalize from the
accessible data and bring pertinent solutions from the incomplete or inaccuracy input
parameters [23-25]. ANN tool is implemented to rectify and distinguish the investigation
results obtained from the other methods. It holds enormous neuron which is interlinked
like networks and each and every neuron from the input (Xi) will produce individual
output (Y) with the mentioned equation (1). The terms (f) represent the activation
function and (H) denotes input parameters that are obtained from the equation (2). The
term (b) in the equation (2) is used to direct the function and commonly known as bias

co-efficient [26-30].

Y = f(H) = (1)

1
1+e~H
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H=XL, XiWi +b (2)

Table 5. Mix Proportion of Mortar

Exp. No W/B Binder (Cement + BSA)  SP (%)  BF (%) FA (Sand + CS)

(%) (%)
Ctrl 0.5 100+0 0 0 50 + 50
T1 0.5 97.5+2.5 0.5 1 50 + 50
T2 0.5 95+5 1 2 50 + 50
T3 0.5 925+75 1.5 3 50 + 50
T4 0.5 90 +10 2 4 50 + 50
T5 0.45 97.5+ 2.5 1 3 50 + 50
T6 0.45 95+5 0.5 4 50 + 50
T7 0.45 92.5+7.5 2 1 50 + 50
T8 0.45 90 + 10 1.5 2 50 + 50
T9 0.4 97.5+ 2.5 1.5 4 50 + 50
T10 0.4 95+5 2 3 50 + 50
T11 0.4 92.5+75 0.5 2 50 + 50
T12 0.4 90 +10 1 1 50 + 50
T13 0.35 97.5+2.5 2 2 50 + 50
T14 0.35 95+5 1.5 1 50 + 50
T15 0.35 92.5+75 1 4 50 + 50
T16 0.35 90 + 10 0.5 3 50

The ANN is identified as Multilayer Perception (MLP) due to its three apparent layers.
The feeding of network with outside data is done in the first layer. The connection
between the input and output layer is performed in the second layer which is commonly
known as computational or hidden layer. The prediction is executed in the output form in
the third component which is preferably known as output layer. The input layer consist
of five independent parameters and the output layer contains four dependent variables
using which ANN predicts the dry density, water absorption, compressive and flexural
strength.

In this research work, the ANN framework was created in MATLAB R2018a to estimate
the mechanical strength developed at 7 and 28 days of experimental mortars. Figure 2
shows the Lavenberg-Marquardt algorithm of the ANN framework.

‘W/B ratio Dry Density

BSA (%)

‘Water Absorption

SP (%) Compressive strength

EEEE
©OO6

BF (%) Flexural strength

Input layer Hidden Layers Output layer

Fig. 2 ANN framework of the present research
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3.3. Test Samples Preparation

All the materials were weighted as per the mix proportions followed by dry mixing. Then
the wet mixing was carried out for 2 to 3 minutes by gradual addition of water. The total
mix was transferred into a flat container and mixing was performed manually so that the
fibre won’t get segregated in the mortar mix. After even distribution of the bamboo
fibres, the fresh mortar mix was casted by filling into the 100 x 100 x 100 mm3 and 40 x
40 x 160 mm3 mould sizes. Then the mortar was kept under curing to get hardened for
testing its flexural and compressive strength.

3.4. Experimental Program

After the curing period of 7 and 28 days for the developed cubes, the compressive
strength was conducted as per ASTM C109 with a compression testing machine of 2000
kN capacity and valued for each trial with an average of three samples. The load was
applied gradually at a loading rate of 0.75 kN/s. The flexural test was performed on prism
samples of size 40 x 40 x 160 mm?3 after 7 and 28 days of curing as per ASTM C348 on all
the samples using 10 kN capacity, universal testing machine under three point loading.
Physical testing of water absorption was done on all the sample cubes as per BS 1881-
122 standard [31]. The water cured mortar specimens were taken at 28 days and dried
using oven at temperature of 100°C for 24 hours. The oven dried mortar specimens were
weighted for its mass to calculate the dry density. To determine the physical testing of
water absorption, the specimens were immersed in water up to 240 minutes [32]. The
wet mortar specimens were taken away from the water and weighted for its mass at 10
minutes, 20 minutes, 30 minutes, 60 minutes, 120 minutes, 180 minutes and 240
minutes, and finally the water absorption percentage was calculated.

4. Experimental and Predicted Results Using ANN Model
4.1. Effect of Addition of BSA and BF on Water Absorption and Dry Density

Dry density results of all the experimental samples with varying percentage of BF and
BSA is shown in Fig. 3. It was observed that the increase in percentage of bamboo stem
ash (BSA) decreased the dry density of the mortar due to its low density than cement.
However, there was marginal increase in the dry density of mortar for 7.5% to 10%
replacement of cement by BSA because of 3% to 4% addition of bamboo fibre. The
replacement of cement by 5% of BSA and 1.5% of bamboo fibre reduced the dry density
of mortar by 22.8% in comparison with the dry density of conventional mortar. The
increase in bamboo fibre content had made cement composite more porous like other
fibres[10]. The porous structure had given accommodation for the water molecules to
occupy[16]. Bamboo fibre concentration seems to be directly proportional to the increase
of moisture content of mortar. However, the water absorption percentage got decreased
for all the trial mortars because of the NaOH treatment adapted to the bamboo fibre
before adding it in the mortar mix. Figure 4 shows that all the trial mortar water
absorption percentage was less in comparison with control mix. The maximum water
absorption at 240 minutes for the conventional mortar was 12.19% and the maximum
and minimum water absorption for the trial mortars were 5.89% and 1.47% respectively.
This showed that there was maximum and minimum reduction of water absorption for
the trial mortars by 6.3% and 11.43% respectively.

4.2. Effect of Addition of BSA and BF on Compressive and Flexural Strength

There was a decline of compressive strength on mortars with the addition of BSA and BF
[10]. The water to binder ratio and dosage of super plasticizer also had significant effect
in increase or decrease of compressive strength. The replacement of cement by 2.5% of
BSA with 0.5% of BF had given equivalent compressive strength of control mortar. The
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strength of this trial mortar was achieved by adding 0.5% of SBR at w/b ratio of 0.5. With
decrease in w/b ratio for the same dosage of BSA% and BF%, the decrease in strength
was observed. However, the increase in SBR% gradually increased the strength of
mortars of 5% to 10% replacement of cement by BSA and 3% to 4% addition of BF at 0.5
w/b ratio. The replacement of cement by 10% of BSA with 2% of bamboo fibre and 2%
of SBR% at 0.5 w/b ratio increased the compressive strength by 77.89% as compared
with the compressive strength of control mortar for 28 days. Figure 5(a) & (b) shows the
compressive strength of control and all the trial mortar of 7 days and 28 days. The
flexural strength was increased up to 20% than control mortar with fibre dosage of 1% at
w/b of 0.5 and the flexural strength results of trials is shown in Fig. 6(a) & (b). The
strength started to gradually decrease in increase with fibre percentage. However, this
phenomenon was overcome by increased percentage of SBR%. For the same w/b ratio of
0.5, the flexural strength of mortar with 4% BF was increased with increase in SBR%. The
treatment of BF with NaOH solution before using in mortar and increased percentage of
SBR% are the important reason for the increase of flexural strength.

3000
2500 \v—_ \\/\
2000

1500

1000

Dry Density kg/m?)

500

0 T T T T T T T T T T T T T T T T
Ctrl TL T2 T3 T4 T5 T6 T7 T8 T9 T10 T11l T12 T13 T14 T15 T16

Experimental Trials

Fig. 3 Effect of BF and BSA incorporated mortar on dry density
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Water Absorption at 240 min

Ctrl
T14
T15
T16

Experimental Trials

Fig. 4 Effect of BF and BSA incorporated mortar on water absorption

4.3. Prediction of Physical and Strength Properties from ANN Model

The selected range of variables of input and output in the ANN database is shown in
Table 6 and the precision in the data obtained from the network are calculated by the
prediction of error percentage formula [33]

Experimental results — ANN results

Prediction of error (%) = X100

Experimental results
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Table 6. Range of variables in ANN database

Variables Range Remarks
W/B ratio 0.35-0.5
BSA (%) 25-10
SP (%) 05-2 )
BF (%) 1-4 Input variables
CS (%) 50
Dry density (kg/m3) 2030 - 2608
Water absorption (%) 1.47-12.19 .
Compressive strength (MPa) 4.1-38 Target variables
Flexural strength (MPa) 0.7-6.19

The error percentage of bamboo fibre reinforced mortars for its dry density, water
absorption, compressive and flexural strength were shown in Table 7. The percentage of
error obtained from the ANN tool is acceptable as it is less than 10%. From all the trials,
flexural strength of T1 for 7 days recorded a maximum error percentage of 8.11%.

Figure 7 illustrates the predicted and experimental dry density values of 16 trials and the
control mortar at 28 days. Also, Figure 8 shows the experimental and ANN results of
water absorption at the end of 28 days at 240 minutes. Figure 9 & 10 depicts the
compressive strength and flexural strength comparison of experimental results with
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predicted results using ANN of all the trial mortars and control mortar at the end of 7
days and 28 days. From all these comparison graphs, it was indentified that the

experimental results and the predicted results are marginal and equivalent.

Table 7. Error percentage values of physical and strength property values from the ANN

model
Mix Dry Water Compressive Strength Flexural Strength
ID density Absorption 7 days 28 days 7 days 28 days
Ctrl 0.22 -2.50 -0.84 -1.96 0.19 0.39
T1 -0.33 -2.72 -0.55 2.11 8.11 -2.10
T2 0.26 -1.13 -0.69 5.13 2.31 -3.56
T3 0.04 1.80 3.32 -0.52 -0.40 -0.57
T4 -0.65 -1.43 0.59 -1.96 1.09 -0.79
T5 -0.33 -1.90 -0.06 1.98 4.22 -0.66
T6 -0.32 -2.03 0.60 2.57 1.00 -5.58
T7 0.20 4.37 -0.65 0.23 -0.30 -0.55
T8 0.27 -2.34 -0.20 -2.18 -2.80 -0.26
T9 -0.03 -1.14 -2.52 0.26 -5.37 -2.61
T10 -0.27 191 -0.88 -2.45 3.07 -5.18
T11 0.26 -0.81 0.26 0.79 -4.65 2.23
T12 -0.36 5.35 -2.57 -0.79 2.50 -0.10
T13 0.11 -1.30 -7.60 0.34 -3.43 -0.65
T14 0.12 4.07 0.34 -2.31 -0.93 2.14
T15 0.21 -2.88 1.38 -0.14 0.30 -0.24
T16 0.13 -1.04 -6.83 -1.49 3.24 1.10
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Fig. 7 Comparison of actual and ANN

O 171

Ctrl TL T2 T3 T4 T5 T6 T7 T8 T9 T10T11T12T13T14T15T16

Trials

Fig. 8 Comparison of actual and ANN results

results of dry density of water absorption

Figure 11-16 shows the ANN predicted execution (regression plots) of dry density, water
absorption, compressive and flexural strength (target variables). The three-phase
combination correlation co-efficient recorded for compressive strength test at 7 days and
28 days are 0.96801 and 0.95995 respectively as shown in Fig.11 & 12. Similarly, the
three phase combination correlation co-efficient obtained for flexural strength for 7 and
28 days are 0.97585 and 0.97686 respectively and for dry density and absorption are
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0.96015 and 0.9683 respectively. This reveals the less error results of experimental
results and ANN outcomes depicted in Fig 7-10.
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5. Conclusions

This research focuses on incorporating an alternative sustainable building material by
utilizing waste bamboo materials (BF and BSA) in mortar to enhance its mechanical
strengths. Here are the following conclusions drawn from this experimental research.

Bamboo stem ash (BSA) has potential to reduce the density of the mortar due to
its low density than cement[11]. Due to addition of bamboo fibre (BF) from 3%
to 4%, there was a marginal increase in the dry density of mortars for 7.5% to
10% replacement of cement by BSA. The BSA with 5% and BF with 1.5% can be
chosen has an optimum dosage since it reduced the dry density by 22.8% than
control mortar.

The 10% concentration of NaOH treatment for BF as per the literature
[16]reduced the water absorption capacity. For the control mortar, the
maximum water absorption percentage was recorded as 12.19% at 28 days
whereas, the maximum and minimum percentage of water absorption of trial
mortars were 5.89% and 1.47%. The recorded results revealed that treated
bamboo fibre reinforced mortar with the bamboo stem ash as a complementary
binder has potential to reduce the water absorption capacity of the mortar.

It is observed that compressive strength got declined with increase in the
percentage of BF [10]and BSA. However, by increasing the SBR% at higher water
cement ratio of 0.5, gradually increased the strength of mortars of 5% to 10%
replacement of cement by BSA with 3% to 4% addition of BF. The mortar sample
with 10% of BSA, 2% of BF and 2% of SBR% at water cement of ratio of 0.5,
increased the compressive strength by 77.89% as compared to the control
mortar.

The flexural strength gradually decreased with increase in fibre percentage[10].
However, the flexural strength was raised up to 20% than control mortar. This
was achieved by treatment of BF with NaOH solution and increased percentage
of SBR.

The ANN framework construction in this research was noticed to be suitable
with results in judging the dry density, water absorption, compressive and
flexural strength values of bamboo fibre reinforced mortar mixes.
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Future Work

The output obtained from the experimental investigation should be analysed and
validated through Taguchi’s approach. The analysis of variance is to be performed to
identify the percentage of contribution of each parameter. Finally the experimental
program should be executed for the obtained optimum dosage of the mortar based on the
output performance indices.
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The study aimed to reduce the high biodegradability of magnesium (Mg) as well
as local infections due to the hydrogen gas formation because of pH
increasement around biological tissues. Composite coatings of poly- (lactic
acid) /hydroxyapatite (PLA/HA) are commonly employed, although their
adhesive strength to the metallic substrates are insufficient. In this study,
PLA/HA-zirconia (ZrO2) hybrid coatings were successfully coated on Mg surfaces

by means of dip-coating method to enhance this insufficient adhesion strength
at the coating - Mg substrate interface with desired surface morphology.

Keywords: . > - :
Scanning electron microscopy (SEM) micrographs were used to examine the
M S surface morphologies of the coatings, both energy dispersive spectroscopy (EDS)
agnesium; . ) .
. and X-ray diffraction (XRD) analyses to characterize them elementally and phase
Hydroxyapatite;

formation, respectively. Micro-Vickers hardness measurements were taken on
coatings and tape tests were carried out following ASTM D3359 standard to
reveal the adhesion strengths. The agglomeration size on the coating surfaces
decreased as the ZrO2 reinforcement increased, and the Mg surface was entirely
sealed with 30 wt% ZrO2 reinforcement, according to the SEM micrographs. The
presence of both HA and ZrO: in the coating was confirmed by XRD analysis,
which also demonstrated that it was crystalline. Adhesion strengths were
determined 1B, 3B, 4B, and 5B for HA, HA-10%Zr02, HA-20%Zr02, and HA-%30
ZrO: reinforced hybrid coatings, respectively. As a result, it was concluded that
hybrid coatings which reinforcements of ZrO: particles to the PLA/HA composite
coatings reduced agglomeration and enhance the coating - substrate adhesion at
the interface.

Zirconia (ZrO:);
Poly- (lactic) acid;
Hybrid dip-coatings
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1. Introduction

Materials, used in a living environment, are expected to be able to withstand mechanical
reactions (muscle movements and body weight), chemical interactions (corrosion and
degradation), factors originating from temperature and radiation, and osseointegration
(interacting with tissues) properties. In this way, biomaterials can be defined as any
material that is safe, harmless, economically, and physiologically acceptable to the body
during use as a part of the body [1]. They are also in contact with the surrounding living
tissues from the moment they are placed in the body and fulfil the task of the missing limb.
Biocompatibility is also another important term that can be defined as the chemical
interaction of this biomaterials with body fluids during use in the body and whether the
physiological consequences of these interactions cause harm to the body [2]. For this
reason, it is a prerequisite for the biomaterial to be accepted by the environment in which
itis defined as biocompatible.
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Metals and their alloys are frequently used in biomedical fields as biomaterials. Today the
most commonly used metallic biomaterials are titanium and its alloys (such as
commercially pure titanium, Ti6Al4V), stainless steels (such as 316L), and cobalt-
chromium (such as Co-Cr) alloys [3]. They are used in the body in many places such as hip
prostheses, orthopaedic applications, heart valves, stent applications, and dental implants
[4]. These materials also have a high load-carrying capacity with sufficient wear and
corrosion properties [5,6]. Thus, the plastic deformation of the metallic biomaterials will
be delayed and their life cycle can be extended in the body. On the other hand, two features
have come to mind in terms of compatibility with the surrounding tissues. The first one is
structural compatibility, which means the most suitable adaptation of the material to the
mechanical behaviour of body tissues. When we consider the structural integrity, it is
necessary to mention the Young's modulus mismatch (Wolf's law) between the implant
and the bone. As Wolf's law mentioned, when Young’s modulus (also known as the Stress-
Shielding effect) between bone and metallic biomaterial is increased, osteoporosis which
isinadequate regeneration of bone can occur [7,8]. The second one is surface compatibility:
it means that a biomaterial should have physically, chemically, and tribologically suitable
for tissues. Magnesium (Mg) and its alloys are preferable among metallic biomaterials for
low density, lower Young’s modulus, and high specific strength features [9]. On the other
hand, Mg and its alloys are not very advanced in terms of surface compatibility due to their
high biodegradability properties. One of them can be explained with its high corrosion
tendency. As a result of corrosion that may occur on the Mg implant, the material loss may
occur which will reduce the strength of the implant, and more importantly, the interaction
of metal ions with the surrounding tissues may lead to undesirable results [10]. On the
other hand, the high degradation rate of Mg in the physiological environment is
encountered as a significant drawback in clinical applications [11]. Some reactions occur
because of the interaction of Mg with the surrounding tissues which most important one
is the formation of H: gas (Mg + 2H,0 - Mg(OH), + H,) resulted in undesired
interactions at implant-tissue interface [12]. Furthermore, the formability of this reaction
increased with implant-tissue interaction with body fluids, because of this reason, itis very
important to seal Mg and its alloys from surrounding tissue with biological compounds.
However, as a result of recent studies, especially coating with organic polymers, these
desired surface compatibilities can be increased [12-15].

Polymer coatings are preferred in many applications to ensure that the interface to be
formed between the implant material and the living tissue has the desired properties [16].
Thin and enhanced adhesion properties of polymeric coatings not only isolate the material
against direct contact with body fluid but also provide the desired biological response. For
this reason, choosing the right polymer coating can both improve the corrosion behaviour
of the Mg and prevent any complications during the application. Poly- (lactic) acid (PLA)
has received considerable attention due to its controllable properties such as
biodegradability - biocompatibility, well-defined formulation techniques, easy handling,
thermal barrier properties, and high machinability with traditional technologies
(extrusion, injection moulding, compression moulding, and blow moulding) [17,18].
Certain properties such as poor mechanical properties of PLA can be increased with
composite blending, co-polymerization, etc. [19]. Owing to these advantages of PLA,
absorbable fixation components have been studied for decades experimentally before
clinical use [20]. The mechanical properties and bioactivity of PLA materials are decisive
for bone regeneration and degradation rate [17]. On the other hand, as a result of PLA’s
high hydrophobic properties, adequate wettability cannot be achieved during implant-
tissue interaction [21]. For this reason, researchers have generally been carried out on
PLA-hydroxyapatite (HA: Ca10(P0O4)s(OH)2) composites [22]. Owing to its similarity to bone
structure in terms of calcium: Ca- and phosphor: P- with the Ca/P ratio (1.67), HA is
frequently used in biomaterial applications, especially to increase the biocompatibility of
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coating applications [23-25]. Studies conducted by many researchers aim to use the
advanced biocompatibility features of HA together with the high corrosion resistance and
adhesion strength of PLA in coatings. Nowadays, researchers have widely investigated
hybrid composites to further improve these properties by addition of various
reinforcements to PLA/HA coatings [11,26,27]. Zirconia (ZrO:) ceramics have been
commonly used as coating reinforcements due to its non-cytotoxicity to the human body
(except for an acidic environment like an oral cavity), non-degradable in-vivo conditions,
high fracture toughness, and chemical durability [16].

The method used in the surface coatings should be selected by taking into consideration of
thickness, surface roughness, crystallinity, price of the equipment, and safety. Recently,
many methods commercially used for surface coatings on metallic materials such as
plasma spray [28], cold spray [29], magnetron sputtering [30], electrochemical deposition
[31], and dip-coating [23,24]. The dip-coating method is notable among them since not
dependent on the shape, high purity and homogeneity can be obtained, and inexpensive
[32]. The dip-coating method can be defined as immersing the substrate material to be
coated into the prepared solution under certain atmospheric conditions and speed and
then removing it again. When the material is withdrawn from the coating liquid, a stable
liquid film is carried along with the material surface due to surface tensions. To obtain a
thin film on the material surface, the thin liquid film must be evaporated without allowing
any chemical reaction. Normally, post-treatments such as curing or sintering are required
to obtain thin coatings [33]. With the dip-coating method, the coating can be obtained in a
few seconds depending on the volatile components. In this way, the method is frequently
used in industrial and laboratory applications due to its simple processing stages, and high
coating quality.

As stated a recent study conducted by Harb et al [34], suggested that poly (methyl
methacrylate) (PMMA)-TiOz and PMMA-ZrO: reinforcement to organic-based additives
such as HA and B-tricalcium phosphate (-TCP) could enhance implants surface features.
They stated that the surface roughness, hydrophilicity, surface free energies, and corrosion
resistance were increased with HA reinforced PMMA-Zr0: coatings. While no adhesion test
was performed in the study, the effect of the ZrO: fraction was also not investigated. Unlike
the aforementioned study, PLA/HA-ZrO2 hybrid coatings were successfully coated on Mg
substrates as a possible candidate for biomedical applications in this study. Investigation
of both morphological and adhesive effects of ZrO; in PLA/HA composite coatings on Mg
substrates was investigated in detail. In this way, it was aimed that the hybrid composite
coatings which were reinforced with both HA and ZrOz, prolonged the lifetime of the
implant.

2. Materials and Methods
2.1. Substrate and Coating Preparation

In all coated specimens, high purity (99.9%) Mg was employed as the coating substrate
(Merck, 7439-95-4). Cylindrical specimens were cut from rod-shaped Mg with a precision
cutter machine (Metkon, Micracut 152) in dimensions of 12.7 x 3 mm. All substrates were
sandblasted (Mikrodental, MKK975) with 250 um sized Alz0s3 particles at 6 bar for 1 min
to promote adhesion at the coating-substrate interface [32]. A series of ultrasonic surface
cleaning in distilled water and ethanol for 15 min each was applied for degrease and
remove sand particles from the substrates. Chloroform has been used in coating
procedures to dissolve PLA. While the size of irregular shaped and agglomerated HA
powders ranges from 3-5 pum, sharp-edged ZrO: powders have a maximum size of 49 pm
and a purity of 99.7% (Fig. 1). PLA was first dissolved in chloroform at room temperature
for 2 h. To synthesize PLA/HA composite coatings HA reinforcement was held constant at
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50% by weight. On the other hand, 10, 20, and 30 wt% ZrO2 reinforcement to HA balanced
of 50 wt% (Table 1). Both possible delamination and sedimentation occurrence were
effective in using the 50 wt% PLA fraction in the coatings. The hybrid mixture was stirred
for another 2 h to ensure uniform dispersion of the reinforcement powders (HA and Zr02)
in the PLA. To avoid particle agglomeration, it was then homogenized for 5 min in an
ultrasonic homogenizer (MTI, MSK-USP-3N). The coating was carried out by using the dip-
coating method, substrates kept in hybrid mixtures for 5 s, and pulled up at 45° to prevent
clumping at the corners of Mg substrates. Finally, to prevent absorbing moisture from the
atmosphere, coatings were stored in a desiccator containing silica gel at room temperature
until the tests were carried out. On behalf of clarification, the abbreviations for PLA/HA
and 10, 20, and 30 wt% ZrO2 reinforced PLA/HA-ZrO2 coatings will be used as PH, PHZ1,
PHZ2, and PHZ3, respectively (Table 1).

Table 1. Abbreviations and compositions of coatings

Composition
Substrate Coatings Abbreviation (wt%)
PLA HA Zr0;
PLA/HA PH 50 50 0
Magnesium PLA/HA-Zr0O2 10 wt% PHZ1 50 40 10
PLA/HA-Zr02 20 wt% PHZ2 50 30 20
PLA/HA-Zr02 30 wt% PHZ3 50 20 30

R 223 :
£ 20pm 8

Fig. 1 SEM morphologies of the (a) HA and (b) ZrO2 powders

2.2. Characterization

The morphological changes on coatings were investigated by scanning electron
microscopy (SEM, Zeiss Sigma 300). In SEM morphological investigations, a thin Au-Pd
coating was applied to coatings to increase the electrical conductivity of coatings for better
observation. Energy dispersive spectroscopy analysis (EDS, Oxford INCA) was used for the
elemental evaluation of coated Mg substrates which attached to the SEM. The phase
analysis of hybrid composite coatings was determined using X-ray diffraction (XRD,
PANalytical Empyrean) analysis. XRD analysis was carried out with a K-tube and a step
rate of 0.02 at a wavelength of 1.5406 (between 25 and 55 26 angles). Following adhesion
tests, optical microscopy (OM) was used to better clarification of the adhesive behaviour
of coatings.
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2.3. Micro-Vickers and Adhesion Tests

The micro-Vickers hardness (DMHV100EDV, HARDWAY) device was used to determine
the hardness values of the coatings. In the hardness measurements, a load of 100 gf
(HV.0,1) was applied for 20 seconds and the hardness value was measured from five
different regions. Adhesion testing was conducted according to ASTM D3359 [35]. In short,
the test method covers the evaluation of the adhesion strength of the coatings on the
substrate, using pressure-sensitive tape with several scratches. Adhesion tests were
conducted with method B which claimed that firstly lattice patterns with numerous
scratches (preferably more than 6) in every 90° directions were made on a coated
substrate then pressure-sensitive tape (Elcometer 99, Elcometer, USA) is applied over
scratches, finally removed from coated specimens. Adhesion resistance was evaluated by
comparison with local delamination of coatings as visually. According to the separation
rate of coatings from substrates as spatially, less than 0%, 5%, 5-15%, 15-35%, 35-65%
and greater than 65% were defined as 5B, 4B, 3B, 2B, 1B, and 0B, respectively.

3. Results and Discussion

In Fig. 2a-d, SEM surface morphology images of PH, PHZ1, PHZ2, and PHZ3 coatings are
presented, respectively. The first striking point of the SEM surface morphologies is the
presence of agglomeration structures on all surfaces. While this agglomeration size is large
in the PH coating, it is seen that the agglomeration size decreases with the increase of ZrO-
reinforcements to PLA/HA composite composition (Fig. 2b, c). Moreover, with the 30%
ZrOz (PHZ3) reinforcement, it was determined that these agglomerations were
considerably reduced and were almost completely covered with PLA. Similar surface
morphologies have been obtained by other researchers [12]. Considering the general
morphology, it is predicted that while the smaller size of agglomeration is a desirable
morphology for implant-tissue interaction in the biomedical usage of coatings, the
biodegradability may increase but the adhesion strength of the coatings, which important
parameter for coatings, may decrease. On the other hand, it has been stated in other studies
that these properties will increase in PHZ3 coatings as a result of both the reduced
agglomeration size and the fact that PLA completely covers the Mg surfaces [12]. It was
concluded that ZrO:z decreased the agglomeration rate between PLA/HA as a result of the
increasing weight fraction. It is thought that the total agglomeration on the surface
decreases as a result of the particle size of ZrO: is quite large compared to HA and resulted
in HA agglomeration around the ZrO2 particles. The main reason for this is thought to be
inorganic - organic interactions between ZrO; and HA [36]. The increase in the tendency of
this interaction with the increasing ZrO: fraction may have resulted in SEM morphologies
which are presented in Fig. 2b-d. It can be said that morphological changes in PLA, HA, and
Zr02 composition are highly affected by the components and their fractions. On the other
hand, it is thought that the decrease in micropores on the surface together with the
increasing ZrO: reinforcement will increase the stability of the coatings in the body fluid,
thus increasing the service life of the implant (Fig. 2a-d). According to a study conducted
by Jin et al. [11], similar surface morphology was obtained with the increasing PLA fraction
in the coating, while it was mentioned that the completely sealed Mg would increase the
possible corrosion resistance. Unlike the aforementioned study, it is thought that the
similar coating morphologies obtained with the increase of the ZrO: fraction rather than
increasing the PLA fraction will be more effective on the adhesion strength.

The EDS analyses carried out to reveal the elemental compositions in the coatings are given
in Figs. 3a-b. As seen in Fig. 33, in the analysis of the point indicated by the white square,
no elemental finding was found for the base material Mg, while Ca and P elements were
found due to their HA structure. In Fig. 3b, in EDS analyses taken from a surface similar to
the PHZ morphology (Fig. 2d), the Zr element was also found in addition to Ca and P.
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Among these findings, the presence of Ca, P, and Zr in the structure as well as the absence
of Mg substrate and the fact that the coatings are crack-free and homogeneous can be
presented as proof that the coatings can be successful in use as implant material.

40pm

Fig. 2 SEM surface morphologies of coatings with different compositions: (a) PH, (b)
PHZ1, (c) PHZ2, and (d) PHZ3

Fig. 3 EDS elemental analysis of (a) PH and (b) PHZ3 coatings

The elemental composition of the coatings on Mg substrates is given in EDS elementally.
However, the results of XRD analysis carried out to investigate the presence of these
elements formed in the HA phase are presented in Fig. 4. As indicated by the black line in
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Fig. 4, characteristic HA peaks were encountered in the 30-32 26 angle range in PH
coatings and the accuracy of the HA phase in the structure was revealed (ICDD: 01-074-
9780). Itis well known that compared to other Ca-P bio ceramics (such as TCP: Caz(P04)2),
HA exhibits lower solubility as a result of its high crystallinity. Due to these features, the
coating dissolves more slowly and is more stable in the body, and increases the service life
of the implant material. On the other hand, the presence of ZrOz in PHZ coatings was found
at ~30.4, ~31, 31.2, and ~35.1 26 angles (JCPDS: 81-1314), respectively, as shown by the
red line in the figure [37]. Unlike the study by Yuan et al. [26], the crystallinity of the HA
phase is quite high, although no heat treatment was applied to the coatings. As a result,
since HA will reduce the dissolution rate of the coatings, it provides controllability of the
implant service time [38].

0 4 -Zr0,
i ————_ M s |

0 |
0 |
[°° b |
= J\\&/‘ i

____________________________________________________________________

Intensity (a.u.)

r = PR e e = T T
25 30 35 40 45 50 55
2 Theta (0)

Fig. 4 XRD analysis results of coatings: (a) PH and (b) PHZ, with detailed peaks at 30-
31.8 and 34-36 26 degrees

In Table 2, the micro-Vickers hardness and thickness results of the coatings are presented
with standard deviations. It is seen that the hardness increases with the increasing ZrO:
fraction ratio. The reason for this is thought to be due to the higher hardness value of ZrO2
compared to HA. On the other hand, it is noteworthy that the coating thickness increased
with ZrO2 10 wt% reinforcement, but remained almost constant with 20 wt% and 30 wt%
reinforcements, but the standard deviation decreased. With such a decreasing standard
deviation, it can be said that the coating thickness was found to be the most stable in the
PHZ3 coating. The surface morphologies in Fig. 2 confirm this change in coating thickness.
As it is known, the increase in coating thickness is an important factor that will decrease
the adhesion strength between the substrate and the coating film. However, as can be seen
from Figs. 5-6, the adhesion strength of the coatings increased with the addition of ZrO-. It
is predicted that this may be the result of both ZrO: preventing agglomeration and the
higher affinity of ZrOz to Mg than HA.

Table 2. Micro-Vickers hardness and thickness of coatings

Coatings Hardness Thickness
(HV) (pm)
PH 135.6 +3.8 74 + 14
PHZ1 219.8+4.1 94 +11
PHZ2 2414 +2.6 97 +9
PHZ3 279.2 +4.7 96 + 4
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Undoubtedly, it is very important for the coating to remain on the substrate for a long time
after any coating on Mg alloys, in protecting the Mg from the physiological environment
against aggressive media. Accordingly, the coatings must be firmly attached to the
substrate (advanced adhesion property). Tape test results, which are an indication of the
adhesion strengths performed in this direction, are given for PH, PHZ1, PHZ2, and PHZ3
coatings in Fig. 5a-d, respectively. In the figure, the black areas represent the substrate
material (Mg), while the orange areas represent the presence of coatings. The first finding
that draws attention after the adhesion tests is the coating structure that occurs in PH
coatings and deforms completely in some parts in various areas (Fig. 5a). On the other
hand, partial black coating removal was observed around the scratches on the PHZ1
coating (Fig. 5b). In Fig. 5c, black areas were found on the scratches on the PHZ2 coating,
and no coating remained around the scratch. As a result of the increased ZrO:
reinforcement fraction, on the PHZ3 coating, there were no areas of the substrate material
either on the scratch or around the scratches (Fig. 5d). In some studies, a similar adhesion
strength increase was observed with increasing PLA fraction [11]. Based on this, it has
been revealed that the adhesion strength is not only affected by the PLA fraction, but also
by the agglomeration of PLA matrix composite coatings. Briefly, it is thought that high
adhesion strength can be obtained as a result of the smoother surface morphology and lack
of agglomeration with the increased ZrO: reinforcement in this study.

Fig. 5 Tape test results of (a) PH, (b) PHZ1, (c¢) PHZ2, and (d) PHZ3 coatings,
respectively, in accordance with ASTM D3359 standard

In Fig. 6a-d, OM images are presented to reveal the behaviour of the PH, PHZ1, PHZ2, and
PHZ3 coatings, especially around the scratches, after the adhesion tests, respectively.
Based on this, the adhesion strength of the coatings, as specified in the ASTM D3359
standard, is 1B, 3B, 4B, and 5B for PH, PHZ1, PHZ2, and PHZ3, respectively [35]. In Fig. 63,
the presence of both substrate and partial coatings in the PH coating is shown. The partial
coating in the middle of the scratches is thought to have higher strength in the middle part
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of the coating. The reason for this result is that the adhesion strength is weak in the sharp
corners close to the scratch traces. Although the traces of scratches are not fully visible in
Fig. 5b, c, these traces are visible in Fig. 6b, ¢, so it has been determined that the scratch
traces have reached the base material. It is thought that increased adhesion strength with
the increased reinforcement fraction of ZrO: may be the result of the decreased
agglomeration presented in Fig. 2. Another factor is that the polymer and ceramic
structures of PLA and HA have less affinity with the metallic substrate (Mg), and metal-
polymer/ceramic bonding may have increased with the reinforcement of metal oxide
(ZrOz). The last phenomenon that increases the adhesion strength is thought to be the
result of decreasing PLA/HA agglomeration with increasing ZrO: fraction and increasing
the contact angle between PLA and HA-ZrO2 reinforcement.

Substrate ;| Partial
2 coating

v/
J
i
]
N

250 um 1 ; 250 ym

250 pm

Fig. 6 OM microphotographs of (a) PH, (b) PHZ1, (c¢) PHZ2, and (d) PHZ3 coatings for
the examination of adhesion scratches, respectively

In Fig. 7, a mechanism is proposed for the relationship of coatings with different
compositions and fractions to the proposed surface morphology, such as morphology,
possible implant-tissue interface interaction, solubility, and adhesion behaviour. A
smoother surface was obtained as seen in Fig. 7 with ZrO2 reinforcement (also can be seen
in Fig. 2d). As a result of the proposed mechanism, there are agglomerations and micro
porosities in PLA/HA coatings that will increase the implant-tissue interaction. However,
this surface morphology can also lead to fast biodegradability and low adhesion strength
of coatings. On the other hand, it has been determined that the decrease in the size of these
agglomerations as a result of increasing ZrO2 contribution and the fact that the coatings
are increasingly smooth and homogeneous lead to an increase in the biodegradability and
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adhesion strength of PLA/HA-ZrO: coatings. Similar surface morphology and coating
interface were reported by Chen et al [39], which can be said that the high adhesion
strength obtained has a similar mechanism.

Agglomerations
- '-\ —

* Non-homogeneous morphology
v Better implant-tissue interface
x Fast degrability

x Decreased adhesion behaviour

Smooth surface

* Homogeneous and smooth morphology
* Optimum implant-tissue interface

v Slow degrability

¥ Increased adhesion behaviour

ZrO, reinforcement

Fig. 7 The proposed mechanism for the effects on the surface morphology and coating
structure as a result of ZrO; reinforcement

5. Conclusions

The morphological and adhesion properties of poly- (lactic) acid/hydroxyapatite-zirconia
(PLA/HA-Zr02) coatings were successfully proven within the scope of the study, with the
goal of both limiting the rapid biodegradation process of Magnesium (Mg) biomaterials
and minimizing the Hz gas formation. To investigate the ZrO; reinforcement in PLA/HA-
ZrO2 hybrid coatings, 10, 20, and 30 wt% ZrOz doped coatings, were successfully coated on
Mg using the dip-coating method. In SEM surface morphologies, a large agglomeration was
observed in PLA/HA coating, it was observed that these agglomerations’ sizes decreased
with increasing ZrO: reinforcement (10 and 20 wt%). Furthermore, it was discovered that
the surface has a smooth structure and entirely seals the Mg substrate with the 30 wt%
Zr0: reinforcement. Additionally, EDS analyses confirmed the presence of Ca, P, and Zr in
the coating. XRD analysis revealed the HA and ZrO: phases, confirming that the elemental
presence of Ca and P in the coatings is HA and revealing their amorphous-crystalline
characteristics. It was found that HA did not decompose into different structures such as
TCP as a result of not applying heat treatment in the production of coatings. While the
hardness values of the coatings increased with the ZrO2 reinforcement, they increased
further with the increasing ZrO: fraction. On the other hand, it was concluded that the
coating thicknesses did not change much with the increasing ZrO: fraction, but the
roughness on the surfaces of the coatings decreased, also confirmed by the decrease in the
standard deviation in thickness. As a consequence of the adhesive strength, which is
arguably the most expected feature of all biomedical coatings, it has been discovered that
the adhesion strength of the coatings increased with the increase of ZrO: reinforcement
(1B, 3B, 4B, and 5B for PH, PHZ1, PHZ2, and PHZ3, respectively). The OM examinations
performed after the adhesion tests corroborated these findings. The study found that
adding a third-phase reinforcement to PLA/HA composite coatings can modify the physical
properties of the coating. High biodegradability and Hz gas evolution, which limit the use
of Mg in biomedical applications, are prevented by polymer-based hybrid composite
coatings on it, and its prevalence is assumed to rise.
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The weldability of the interlocked-end friction stir welding (IFSW) of aluminum
plates was studied via the use of single and double-sided welding procedures.
The abutting ends of the Al plates were milled into equidistant slots (with 5 mm
rise and 10 mm span) and an interlocked/meshed end profile was formed when
two slotted plates were brought together. The friction stir welding of the
interlocked end of the plates was carried out at different tool rotational (700 -
1120 rpm) and traverse (21 - 63 mm/min) speeds while the structure, tensile
strength, and fracture behaviors of the resultant welds were examined. The

results showed the presence of flow-induced defects in the welds irrespective of
the adopted welding procedure. Relative to the single-sided welds, the severity
of the weld defect was significantly reduced in the double-sided welds due to
dual material plasticization, material consolidation, and twofold
recrystallization advantages. Improved tensile strength (from 39.6 to 69.1 MPa),
reduced area fraction of flow-induced defect, and a large area with ductile

Weldability;
Interlocked end friction
stir welding;
Aluminum alloy;

Weld' structure; ] features are obtained in the double-sided IFSW weld. A double-sided welding
’7__-3"5;/3 strength; procedure is recommended for the interlocked-end friction stir welding process.
racture
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1. Introduction

Aluminum alloys are used in automotive, aerospace, marine applications, and high-speed
train manufacturing because of their high strength, corrosion resistance, and high ductility
[1]. Welding of Al alloy with fusion and other means always introduces challenges like
distortion, porosity and blowholes, hot cracking, and excess heat to aluminum welds [2].
Solid-state friction stir welding (FSW) of Al alloy can effectively remove these challenges
as the FSW process takes place at a temperature below the melting point of Al alloys [3][4].
Tool design modifications [5][6], process parameter optimization [7-10], and variance of
the FSW/FSSW process [11-15] have been successfully utilized in improving the
mechanical properties of friction stir welds of Al alloys in literature. Meanwhile,
modification of joint-line/configuration is adjudged as a worthy alternative/route for
improving the performance of dissimilar and similar friction stir welds, which is yet to
receive concerted efforts in literature. Limited studies have been carried out on the
alteration of joint-line/configuration for the improvement of weld strength [5][16][17].
Thus, this paper attempts to modify/change the abutting line of the conventional friction
stir welding process to an interlocked end and studies the weld strength and fracture
behavior of the resultant joints under varied process parameters.

Some of the existing works in the literature on the modifications of joint-line /configuration
have shown good prospects while improvements are still pertinent via continuous studies.
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For instance, cuboid-shaped grooves were machined at the abutting ends of the Ti-6Al-4V
and aluminum alloys before the lap-butt friction stir welding of the alloys in the studies of
Lietal. [18]. It was reported that up to 92 % of the Al alloy’s tensile strength was achieved
as the tensile fracture resistance of the joint. Kumar et al. [11] also utilized the same lap-
butt joint configuration (cuboid-shaped grooves) to join AA6061-T6 and AZ31B
magnesium alloys, and a joint efficiency of 61% was obtained. Acharya et al [19]
investigated the double-butt-lap (DBL) joint configuration of the AA6061-T6 Al alloy and
the obtained result was compared with that of the single-square-butt (SSB) joints. The DBL
joints showed better tensile strength as compared to the SSB joints. Pankul et al. [5]
investigated the friction stir welding of the AA6063 aluminum alloy by changing the
conventional butt geometry to an inclined butt (scarf configuration). This welding
approach was reported to be susceptible to undesirable flow defects such as tunnel,
hooking, kissing, and zigzag line due to the inherent low inclined angle of 26° to the vertical.
In addition, the scarf configuration-produced joint was acknowledged to have low
loadbearing resistance in comparison to the butt/conventional friction stir welded
counterparts. In the search for better strength in scarf configuration, Sethi et al. [20]
increased the angle of inclination to 60° using AA6061-T6 Al alloy as the base material. The
increase in the angle of inclination improved the tensile strength of the joint by 13.5% over
the sample produced by the square butt configuration. Similarly, Reza-E-Rabby et al. [16]
also investigated the dovetail (head-tail) FSW of the rolled homogeneous armor steel (as
the head) and AA6061 Al (as the tail) alloys. An improvement in tensile strength (4000
N/mm) was obtained via this welding approach.

Recently, Zhang et al [21] conducted tooth-shaped joint configuration-based friction stir
welding on dissimilar copper and aluminum alloy. The tooth was designed to have equal
width and height of 3 mm. It was reported that the disparity in the properties of the base
materials negatively affected the flowability and the resultant metallurgical bonding of the
joint. The impact of tooth-shaped joint configuration on the properties of similar alloys is
yet to be explicated in the literature. This study utilizes a somewhat similar joining
approach, otherwise referred to as the interlock-end friction stir welding process to join
Al alloy sheets having equal thicknesses to unravel the gap in literature. Rises and spans
were machined along the abutting ends of the Al plates in such a manner that when the
plates were brought together, they formed an interlocked end. The rise of the interlocked
end was designed to be higher than the span to form a symmetric profile after the
machined ends of the sheets were brought together in this study. The AA1050 aluminum
alloy has industrial applications in the fabrication of chemical process plant equipment,
architectural flashings, lamb reflectors, and food containers due to its high corrosion
resistance [22]. Thus, the AA1050 Al alloy was employed as the base material for this study.
This paper investigated the weldability of the interlock-end friction stir welding (IFSW) of
AA1050 Al alloy while areas such as the structure, tensile strength, and fracture behaviors
of the IFSW joints were covered.

2. Materials and Method

Commercial rolled AA1050 aluminum alloy plates having a thickness of 6 mm were utilized
as the base metal. Table 1 reveals the chemical composition of the base metal. The as-
received Al plates were cleaned with acetone to remove the inherent dirt and were
subsequently cut into the dimensions of 100 x 50 mm x 6 mm on a guillotine machine.
Before the interlocked-end friction stir welding (IFSW) process, the preliminary edge
preparation (or cutting of the rise and span) was performed on the abutting ends of the Al
plates on a milling machine. Fig. 1 shows the equidistant slots (having a rise of 5 mm and
a span of 10 mm) that were milled out along the 100 mm length of the cut Al samples.
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Table 1. Chemical Composition of base metal (Wt %)

Element Mg Si Mn Ni Zn Fe Ti Ga Al
Wt% 0.011 0.065 0.003 0.004 0.003 0.336 0.026 0.018 Bal

Fig. 1 Interlock-end configuration for the welding process: (a) schematic of the milled
ends showing rises and spans, (b) schematic of the meshed/interlocked ends (c) actual
meshed/interlocked-ends

The interlocked-end friction stir welding (IFSW) process was then carried out along the
interlocked/meshed end of the plates. A 20 mm diameter HSS tool steel was selected for
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the welding process. Pin and pinless tools were fabricated from the HSS tool for the
welding process. Meanwhile, the design of the pin tool was based on the joint
configurations. Since the rise in the interlock-end was 5 mm (see Fig.1), the pin diameter
of 7 mm was fabricated to accommodate the interlocked zone and ensure proper
intermixing when the pin is plunged into the setup of the workpiece. Fig. 2 shows the
welding tools (pin and pinless) that were utilized for the IFSW process. The application of
the pin tool in welding the setup (shown in Fig.1c) at one side is referred to as a single-
sided IFSW welding while the welding of both Al sides with a pin tool (upper side) and
pinless tool (bottom side) is referred to double-sided IFSW welding in this paper. The
single and double-sided IFSW processes were performed at varied tool rotational speeds
(710, 900, and 1120 rpm) and traverse speeds (21, 40, and 63 mm/min) based on the
outcomes of the preliminary study. The preliminary studies were based on the visual
assessment of the stirred paths and the hammer impact-knock-off (HIKO) assessment.
First, the process parameters of the welds having no surface flow-induced discontinuities
or defects were accepted and the resultant/accepted weld samples were subjected to
hammer impact-knock off (HIKO) processing. Before the HIKO test, an accepted weld
sample was clamped to a bench vice in a manner that the weld line /path was left above the
jaws of the vice. Repeated hammer impact loads were progressively employed to bend the
weld sample to the righthand side and the reverse/opposite side of the vice respectively
until the knockoff of the unclamped section of the weld sample ensued. The weld samples
that could not bear up to 3 side-bends were rejected. Based on this, the process parameters
were selected for this study. The plates in the single-sided welds were first welded together
using a pin tool as shown in Fig.3a and 3b. The double-sided IFSW welding was carried out
in a step-wise manner under the same welding conditions except that the pin tool was
replaced with the pinless tool for the welding of the bottom side of the Al plates. It should
be noted that the plate was turned over in such a way that the advancing side (AS) during
the single-sided IFSW welding became the retreating side (RS) during the pinless welding
of the opposite/bottom side.

1

L‘”,"“ “"“‘4

Fig. 2 Welding tool used for the IFSW process: (a) Pin tool with collet, (b) Schematic of
the pin tool (c) Pinless tool with collect, (d) Schematic of the pinless tool (All
dimensions are in mm)

The single- and double-sided IFSW’ed samples were cut perpendicular to the welding
direction, ground, polished, and etched in Keller’s reagent (1 ml HF + 1.5 ml HCL + 2.5
mINHO3 + 95 ml H20). The microstructure of the etched samples was examined under an
OMAX computerized optical microscope (OM). The tensile samples were obtained
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according to the illustration shown in Fig.4a. The samples for the tensile test were cut in
triplicates perpendicular to the welding direction (see Fig.4b) and subsequently wet milled
to the dimensions provided in Fig.4a. For the preparation of the tensile samples, the start
and stop (keyhole) ends of the weld sample were cut off via the use of a guillotine machine,
and additional 3 cut samples were obtained for the wet milling process. The obtained 3 cut
samples were stacked together with two (2) unwelded Al plates. The unwelded plates were
placed above and below the weld samples and rigidly clamped before the start of the
machining process. The stacked samples were gradually milled to the dimensions provided
in Fig.4a under the continuous flow of the soluble oil cutting fluid. The removal of the heat
generated (by friction and metal shearing) during the cutting process was aided by the
cutting fluid to mitigate the impact of the cutting zone temperature on the samples. The
INSTRON 5582 model Universal Testing Machine (UTM) was used to determine the tensile
properties of the joint at a strain rate of 5 mm/s according to the ASTM E8M/B557
standard. Scanning Electron Microscope (SEM) was then used to examine the fracture
surfaces of the joints.

Fig. 3 Schematic representation of the IFSW processes: (a) single-sided IFSW welding
(welding of the first side), (b) schematic illustration of the single-sided IFSW, (c)
double-sided IFSW welding

3. Results and Discussion
3.1 Surface Appearance and Structure of Welds

The front and back views of the single- and double-sided IFSW welds are shown in Fig.5.
The front views of the single and double-sided welds appear to be the same in Fig.5a and
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5c due to the processing of the welds with the same pin tool. Deformation/plasticization
and tool travel-induced onion rings, exit pinholes, and shearing-induced weld flashes are
present on the top surface of the welds in Fig.5a and 5c. The high strain and strain rates
attributable to the welding process aid the extrusion of the deformed/plasticized material
as the weld flash at the retreating side (RS) of the weld. The interlocking profile remains at
the back of the single-sided IFSW weld (see Fig.5b) while the pinless friction stir welding
process eliminates this profile in the double-sided IFSW weld (see Fig.5d).
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Fig. 4 Tensile test samples: (a) Schematic representation of the tensile sample (b)
regions where the tensile samples were taken from on the welded plate (c) sample of
the actual tensile sample

traverse speed of 40 mm/min and different rotational speeds (710, 900, and 1120 rpm)
are shown in Fig. 6. It is obvious that a change in the tool rotational speed and welding
choice (single and double-sided welding) significantly influences the level of flow-induced
defects in the IFSW welds (see Fig.6). A similar defect was referred to as a cavity defect in
the studies of Du et al. [23] and it was reported that the defect was material flow-related
due to the inherent material flow’s converging line. The flow-induced defect owing to the
new joint configuration shows up as a crack-like defect in the double-sided IFSW weld (see
Fig.6d) and as twin crack-like paths along the rise of the joint configuration in the single-
sided IFSW welds (see Fig.6a) at 710 rpm. The least area fraction of flow-induced defect is
obtained in the IFSW welds produced at 710 rpm in both single and double-sided welds.
The increase in the tool rotational speed (from 710 to 900 rpm) caused an increase in the
area fraction of the inherent flow-induced defect in the IFSW welds while a decrease in the
area fraction of the flow-induced defect ensued as the tool rotational speed was further
increased to 1120 rpm (see Fig.6). This behavior could be linked to the non-traditional
joint-line morphology (new configuration), variance in heat input, and complex material
flow at the interlocked ends of the IFSW welds. To a certain degree, a better inter-material
flow (at the joint-lines) and bonding between the interlocked ends of the welds are
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obtained in Fig.6a and 6d in relation to the other welds due to satisfactory plasticization at
low heat input (at 710 rpm). A further increase in the heat input (at 900 rpm) caused an
unsatisfactory flow and a wider flow-defect or flow-induced unbonded span and partly
bonded rise (in the single-sided weld in Fig.6b) while tunnel-like flow defects at the
corners of the rise were found in the double-sided weld in Fig.6c. The highest heat input
(at 1120 rpm) further reduced the inherent flow-induced defect at the joint-
line/interlocked end of the joint relative to the samples welded at 900 rpm. It can be
affirmed that the increase in the tool rotational speed (from 710 to 1120 rpm) does not
have a direct relationship with the area fraction of the inherent flow-induced defect in the
IFSW welds owing to the joint configuration.

Fig. 5 Surface appearances of IFSW welds: (a) front view of the single-sided IFSW weld
(b) Back view of the single-side weld (c) front view of the double-sided IFSW weld (d)
Back view of double-sided IFSW weld.

The macrographs of the interlocked friction stir welded (IFSW) joints made at a constant.
Meanwhile, some degree of flow defect is found along the interlocked-ends/joint-lines of
all the IFSW weld samples (both single and double-sided welds) but the severity of the
defect is to some extent reduced in the double-sided welds as compared to the single-sided
weld counterparts fabricated under the same process parameters. The double-sided IFSW
process is considered to have provided a synergetic combination of pin and pinless-
assisted (dual) material plasticization, consolidation of material flow, and twofold
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recrystallization effects on the IFSW joint. These phenomena are reckoned to have favored
the reduction in the area fraction (level) of the flow-induced defect in the double-sided
[FSW welds as compared to their single-sided counterparts in Fig. 6.

Single Sided Weld Double Sided Weld

\ Flow|defect /

P Flowddefect — -

Fig. 6 Macrographs of IFSW welds obtained at constant 40 mm/min and different
rotational speeds: single-sided welds at (a) 710 rpm, (b) 900 rpm, (c) 1120 rpm, and
double-sided welds at (d) 710 rpm, (e) 900 rpm, and (f) 1120 rpm

Overcoming flow-defect is important for the integrity of the IFSW welds. There are many
strategies for lessening or eliminating flow defects such as flash, void, and tunnels in
literature [24]. Optimization studies and parameter settings that eliminate abnormal
stirring, and excessive or insufficient heat input are required for the prevention of defects
in FSW welds [25] [26]. As a result, the flow defect found in this study could be further
mitigated via process parameter optimization with appropriate tool designs. It has been
reported that optimized heat input and flow behavior, effective selection of FSW
parameters, and relatively large tool shoulder with sufficient pin length are necessary for
the mitigation of flow defects in FSW Welds [27]. Flow enhancing features such as
threading was also acknowledged to aid the elimination of void defect in the studies of
Mohammadi-pour et al. [28].

3.2 Tensile Strength of IFSW Welds

Fig. 7 shows the average tensile strengths of the single and double-sided IFSW joints
obtained at different processing parameters. The stress-strain curves obtained from the
tensile tests are presented in the appendix (Fig. A1 and A2). It is obvious from the plot that
the double-sided welds have better tensile strengths compared to that of the single-sided
counterparts. The maximum tensile strengths of the single and double-sided IFSW welds
are 39.6 and 69.1 MPa respectively (at 700 rpm and 40 mm/min). This is due to the lesser
area fraction of flow-induced defect together with the additional pinless tool-induced
material consolidation and twofold recrystallization effects in the double-sided IFSW
welds. This phenomenon favors a better loadbearing resistance of the double-sided IFSW
welds compared to the single-sided IFSW welds having profound and larger area fractions
of flow-induced defects along the joint-line/interlocked ends of the IFSW welds. Also, the
strengthened welding interface has been reported as a factor responsible for strength
improvement in the double-sided friction stir spot welded joints in the studies of Wang et
al. [29].

742



Ojo and John / Research on Engineering Structures & Materials 8(4) (2022) 735-749

80
70 =0 Single (G)
< —e—Double (J
€ e )
2
< 50
)
(@]
S 40
j -
b7
@ 30
G
S 20
|_
10
0
" QD > " S > " S >
N AT R S\ AN S A A\ R\
AN NG S OO

Tool rotational speed (rpm)/travel speed (mm/min)

Fig. 7 Effect of varying welding parameters of the tensile strength of single and double-
sided IFSW welds of Al-alloy

The assessment of the plot (see Fig.7) reveals that the welds fabricated at 40 mm/min
irrespective of the levels (700, 900, and 1120 rpm) of the tool rotational speed show an
improvement in the weld strength. The traverse speed of 40 mm/min produced the
maximum tensile strength at different tool rotational speeds (see Fig.7) owing to
ideal/sufficient material stirring, and heat input required for good metallurgical bonding
in the IFSW joints. The tensile strength of the IFSW welds increases as the traverse speed
increases from 21 to 40 mm/min and a further increase in the traverse speed to 63
mm/min causes the strength of the welds to decrease. A decline in the tensile strength of
the IFSW joints is obtained at traverse speeds below and beyond 40 mm/min due to the
prolonged tool stirring (excessive heat input) and insufficient stirring (low heat input)
effects respectively.

The increase in tool rotational speed beyond 710 rpm also caused a decline in the tensile
strength of the IFSW welds. This occurrence might be attributed to the direct correlation
between heat input and tool rotational speed. Elevated temperature or heat input at higher
tool rotational speed has been reported to aid thermal softening, and grain coarsening
effects in Al alloys [30][31]. This attribute is adjudged to have impaired the tensile strength
of the IFSW welds as the tool rotational speed of the weld was increased. Also, the area
fraction of the flow-induced defect has been revealed to increase as the tool rotational
speed was increased to 900 rpm. These stress-raisers (flow defects) are crack initiation
sites in welds and the coalescence of the inherent defects in the samples having profound
flow-induced defects leads to quicker weld failure and reduced tensile strength.

3.3 Weld Fracture Behavior

The fracture paths and their equivalent illustrations for the single and double-sided IFSW
welds are studied in Fig.8 to understand the fracture behavior of the IFSW welds. The role
of the advancing side (AS) and the retreating side (RS) on the weld failure/fracture of the
[FSW welds (single and double-sided welds) cannot be ascertained in Fig.8. This might be
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due to the dominant influence of the inherent flow defects (at the joint lines) on the failure
mode of the IFSW welds.
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Fig. 8 Fracture paths and their equivalent illustrations for the IFSW welds: (a) single-
sided weld at 1120 rpm/40 mm/min, (b) single-sided weld at 710 rpm/40 mm/min,
(c) double-sided weld at 1120 rpm/40 mm/min, (d) double-sided weld at 710 rpm/40
mm/min

The fracture path of the single and double-sided IFSW welds takes place along the stirred
zone of the joints in Fig.8. However, it is important to note as observed in Fig.8a that the
fracture path of the single-sided joint (1120 rpm/40 mm/min) occurred along the joint-
line or interlocked ends of the IFSW weld. This is a confirmation of the presence of stress-
concentration along the interlocked ends of the weld, and this also provides evidence that
the weld offers little loadbearing resistance before its eventual failure upon tensile
loading/test. Tang et al. [32] reported that the micro-void features (of the zigzag line
defect) in the FSW weld promoted crack propagation under loading. Meanwhile, the single-
sided IFSW weld fabricated at 710 rpm/40 mm/min (see Fig.8b) shows a fracture path
across the bonded joint-line of the weld, which is contrary to that of Fig.8a. The deviation
of the fracture path away from the interlocked ends/paths (see Fig.8b) confirms that the
tensile strength of the single-sided weld (obtained at 710 rpm/40 mm/min) to be better
than that of Fig.8a. On the other hand, the fracture paths of the double-sided IFSW welds
(see Fig.8c and d) are close to that of the single-sided one in Fig.8b, which also confirms
that the weld failure is not significantly influenced by the bonded joint-line (interlocked
ends). The inherent flow defect in the double-sided IFSW weld produced at 1120 rpm/40
mm/min (see Fig.8c) aids the failure across the joint whereas some level of ductility is
experienced by its counterpart welded at 710 rpm/40 mm/min.

Fig. 9 shows and compares the fracture surfaces of the failed IFSW samples after the tensile
tests. Flow-induced macro/micro-defects and mixed fracture (brittle and ductile)
characterized the fracture surfaces of the single-sided welds in Fig.9a-c whereas the
surfaces of the double-sided welds were predominated by ductile fractures in Fig.9d-f. The
single-sided weld fabricated at 710 rpm and 40 mm/min had a flow defect (tunnel-like)
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surrounded by uneven fracture layers having large dimples and brittle-like appearances in
Fig.9a. Apart from the stress raiser (flow defect) in Fig.9a, the fracture features of the weld
confirm that mixed fracture (with a large area fraction of ductile mode) ensued in the
single-sided IFSW weld. This occurrence justifies the improved tensile strength of the
single-sided joint fabricated at 710 rpm and 40 mm/min as compared to the other single-
sided welds having brittle/mixed fracture appearances in Fig.9b and c. Flow-induced
cavities with minimal ductile features are present in the single-sided weld produced at 900
rpm and 40 mm/min (see Fig.9b) while the presence of brittle facets and a few dimple
appearances are found in the single-sided weld produced at 1120 rpm and 40 mm/min
(see Fig.9¢). It can be concluded that mixed fracture mode occurs in Fig.9b and c. On the
other hand, the double-sided welding process significantly improved the IFSW welds (see
Fig.9d-f) by significantly reducing the flow defects and making the welds exhibit some level
of ductility and loadbearing attributes. For instance, the double-sided welds produced at
710 rpm and 40 mm/min (see Fig.9d) and at 900 rpm and 40 mm/min (see Fig.9e) have
predominantly shallow and some large dimples. This observation is a confirmation of
ductile fracture modes in the welds. This is in agreement with the studies of Xu et al [33]
as large dimples on the fracture sites were reported as evidence of ductile fracture mode.
Fig.9f also confirms the presence of some fine dimples and a flow defect (see the enclosed
orange circle in Fig.9f) in the double-sided weld produced at 1120 rpm and 40 mm/min.
This occurrence validates that the double-sided welding process improves the weld
strength of the IFSW joints via attributes such as reduction in flow-induced defects,
improved plasticization/material flow, and twofold recrystallization phenomena.

4. Conclusion

Weldability of the interlock-end friction stir welding (IFSW) of the AA1050 aluminum alloy
was successfully investigated by employing single- and double-sided welding procedures.
The structure, tensile strength, and fracture patterns of the single- and double-sided IFSW
welds fabricated at different process parameters were studied and compared. The
following findings were observed from this investigation:

e The joint lines of the interlocked friction stir welded (IFSW) joint have flow-
induced defects in both weld categories (single- and double-sided IFSW welds)
owing to the interlocked morphology.

e The severity of the inherent flow defect in the [FSW welds is significantly reduced
in the double-sided IFSW welds as compared to the single-sided counterparts due
to the advantage of dual material plasticization, material consolidation, and
twofold recrystallization effects in the double-sided IFSW welds.

e The increase in the tool rotational speed (from 710 -1120 rpm) does not have a
direct correlation with the area fraction of the inherent flow-induced defect in the
[FSW joint.

e The double-sided welds have better tensile strengths compared to the single-
sided weld counterparts due to the lesser area fraction of flow-induced defect or
stress raiser. The maximum tensile strengths of the single and double-sided [FSW
welds were 39.6 and 69.1 MPa respectively.

e The tensile strength of the IFSW welds increases as the traverse speed increases
from 21 to 40 mm/min and a further increase in the traverse speed to 63 mm/min
causes the strength of the welds to decrease.

e The fracture path/location of the single and double-sided IFSW welds takes place
along the stir zone. The rotating tool-aided advancing and retreating sides do not
influence the weld fracture location of the IFSW welds owing to the dominant
influence of flow defect on the weld failure.
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e Alarge expanse of ductile fracture features and brittle appearances characterized
the fracture surfaces of the single and double-sided IFSW welds respectively.

Single Sided Weld Double Sided Weld

y

! I‘.l;'}"w
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Fig. 12. Fracture surfaces of the IFSW welds: the single-sided welds at (a) 710 rpm/40
mm/min, (b) 900 rpm/40 mm/min, (c) 1120 rpm/40 mm/min; and double-sided
welds at (d) 710 rpm/40 mm/min, (e) 900 rpm/40 mm/min, (f) 1120 rpm/40
mm/min
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1. Introduction

Almost all metals and alloys, some ceramic and polymer materials are liquid at some stage
of their production and start to solidify when they are cooled below the melting
temperature. The control of thermo-mechanical events that occur during casting is of great
importance to increase the quality of the casting. Studies, in which the solidification during
casting is analyzed theoretically and experimentally, reveal that thermo-mechanical
phenomena at the solid/liquid interface (moving interface) has significant effect on the
thermoelastic unstable growth that occurs during solidification. When the experimental
studies are examined, it is seen that some undulations occur at the moving interface during
the solidification of metals as an inevitable result of cooling [1]. The experiments reveal
that these undulations continue from the beginning of solidification to a certain stage and
then disappear. This behavior is explained as the thermal and mechanical phenomena
occurring at the mold/shell interface affects the thermo-mechanical conditions at the
moving interface and this situation gradually disappears with the increase of the solidified
shell thickness. These non-uniform undulations occur because of the uneven heat flux at
the mold/shell interface. This unstable undulation causes important faults such as
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micro/macro scaled cracks in the final casting [3]. This phenomenon during the
solidification, which is called thermoelastic instability, is theoretically examined in two
parts such as thermal and mechanical problems. The thermal problem and its solution are
discussed in this study in detail.

The phase-change problems (moving interface problems) have great importance for the
applications such as purification of metals, casting/welding processes and thermal energy
storage systems [4]. The common property of phase change problems is a moving interface
that occurs between the solid and liquid phases during the solidification or melting process
and the location of this moving interface have to be determined with the solution. Stefan
[5] dealt with the first theoretical work on solving the phase-change problem for the ice
formation process. Evans [6] and Douglas [7] studied the existence and uniqueness of this
problem’s solution, respectively. Since then, despite many phase change problems
appeared in literature but exact solution to this problem has been limited to idealized cases
containing semi-finite or infinite regions with simple boundary and initial conditions. The
history and some classical solutions to the Stefan problems were collected in Crank [8] and
Hill [9]. Due to the nonlinear behavior of this problem, the superposition principle is not
applicable and all cases are evaluated separately.

Barry and Caunce [10] solved Stefan type problem numerically and analytically by taking
into the account of linear and nonlinear diffusivities. Song et al. [11] solved the Stefan
problem by an underlying iso-geometric approximation with a sharp interface. For the
solution of one-dimensional Stefan problems with moving boundaries, Reutskiy [12]
developed a delta-shaped function based meshless numerical. Juric and Tryggvason [13]
used the front tracking method and the fixed grid in space was used for determining the
moving boundary’s location and the interface heat sources were calculated by using the
moving grid on the interface. An adapted grid procedure is applied by Murray and Landis
[14] and they found that the moving interface location is determined more accurately with
the adapted grid method. Also, an adaptive grid method is used by Segal et al. [15] for the
free boundary in the 2D phase change problem and the movement of the grid was
introduced into the system equations by use of Arbitrarian Lagrangian-Eulerian (ALE)
approach. Kutluay et al. [16] obtained a solution of Stefan problem by using boundary
immobilization techniques with variable space grid. Caldwell et al. [17] solved 1D Stefan
problem by using the nodal integral method with finite difference (FD) scheme. The
methods for the numerical solution of one-dimensional Stefan problems for different
geometries are compared in Caldwell and Kwan [18] in detail. A simple level set method
was used to solve the Stefan problem in the dendritic solidification process by Chen et al.
[19]. Font [20] solved the one-phase phase-change problem with size-dependent thermal
conductivity. The boundary immobilization and finite difference scheme are used for
numerical solution. Moreover, the phase-field modeled Stefan problems are investigated
by Mackenzie and Robertson [21] and Sun and Beckermann [22]. Vynnycky and Mitchell
[23] developed an algorithm for 1D time-dependent problem by use of the Keller box FD
scheme and boundary immobilization technique. Myers and Mitchell [24] developed a
solution method for solving Stefan problem based on the heat balance integral method that
is called the combined integral method. This method breaks down like other integral
methods when the boundary temperature approaches zero or oscillates.

The problem of solidification of metals with phase-change heat transfer has been
specifically addressed in this paper and some studies about heat transfer during
solidification are summarized below. Zabaras and Mukherjee [25] solved the phase change
problem during the pure metal solidification process by convolution integrals and Green'’s
functions based boundary element method. In Dursunkaya and Nair [26], the motion of a
solidification front is analyzed by using a semi-analytical approach during the solidification
of a finite one-dimensional medium with boundary temperature with oscillations.
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Skrzypczak and Wergrzyn-Skrzypczak [27] studied the mathematical and numerical
modeling of the heat transfer problem during the pure metal solidification process by using
the finite element method and the front tracking method based on the level set method
were used for determining the position of the moving interface. Another useful method for
analyzing Stefan problems is the perturbation method. Caldwell and Kwan [28] solved
Stefan problems, which have time-dependent boundary conditions, by using perturbation
method. Yu et al. [29] obtained a perturbation solution to the planar solidification problem
with time-dependent heat generation. Yigit [30] used the linear perturbation method for
solving a 2D phase-change Stefan problem during the solidification process in which the
planar mold’s outer surface has a periodic temperature boundary condition. Also, Yigit [31]
used the same method to determine the heat transfer problem'’s solution during pure metal
solidification on a mold with sinusoidal surfaces, and the governing equations were
discretized by using the finite difference approach. A linear perturbation solution was used
to obtain approximate analytical and numerical solutions of the 2D heat conduction
problem for solidification on a planar mold surface by Yigit [32] and the effects of thermal
diffusivity of shell on the unstable growth were determined. The previous paper was
extended by taking into account the thermal diffusivity of the mold in Yigit [33] and the
linear perturbation and the finite difference methods are used for the solution.

As it is mentioned above, the uneven shell growth leads to defects in the cast product
because of the uneven heat transfer during the solidification. Mold coating is the one of the
most used and effective techniques to control the heat transfer. It plays an effective role in
ensuring controlled solidification by reducing the solidification rate of the liquid metal in
the mold. Thus, the liquid proceeds without freezing in the metal mold and fills the entire
mold. On the other hand, the mold coatings are used to prevent direct contact with the
liquid metal with the mold steel and to increase the life of the mold by preventing corrosive
effects and soldering. Another advantage of using mold coating is that it assists with casting
release from the mold [34]. In the literature, there are many experimental studies in which
the coating’s effects are investigated in detail. However, the number of theoretical studies
are much less than the experimental ones. Jafari et al. [35] studied experimentally on the
mold coating effects on the thin-wall ductile iron casting. The effects of coating thickness
on porosity percentage and imperfection during the casting process of Al-Si-Cu alloy are
studied experimentally by Karimian et al. [36]. Also, the effects of mold coating properties
and alloy composition on the heat transfer during the casting of Al alloys are determined
by Hamasaiid et al. [37]. Demir and Yigit solved the heat transfer problem for the pure
metal solidification on a coated planar mold in [4,38-40] for coupled and uncoupled
processes by neglecting the effects of thermal diffusivities. The same problem is modeled
for a sinusoidal mold and coating in Demir and Yigit [41] and the linear perturbation
method was used to solve it analytically.

In this study, the numerical solution of the heat transfer problem for the early stages of the
full solidification problem, in which the pure metal solidification occurs on the coated
planar mold, is made by considering the finite thermal diffusivity of the materials. The
previous studies are extended by investigating the combined effects of the properties of
the coating layer and thermal diffusivities of the materials. The problem is modeled with
the linear perturbation method for reducing the complexness of the problem and then, it
is discretized by the variable time and grid size based Lagrangian finite difference scheme
for numerical solution. After that, the effects of the coating properties are investigated
theoretically and the key question is that how can be adjusted the coating layer’s
properties depending on the other process parameters. Also, other system parameters
associated with the presence of the coating layer such as thermal contact resistances,
specific heats of the layers, and thermal conductivity ratios between the materials are
investigated in detail. This problem has extended the dissertation work given in [4] by
adding the heat capacities of the materials and the solution obtained as a result of this
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problem will be used in the realization of the thermo-mechanic solution, in which the
thermal problem affects the mechanical problem.

This paper is organized as follows. The two-dimensional modeling and the perturbation
analysis for simplifying the problem by reducing dimensionality are described in Sections
2 and 3, respectively. Section 3 introduces the terminology used throughout this paper. In
Section 4, dimensionless variables are introduced which are used to simplify the
complexness of the problem and generalize the solution. Section 5 shows the numerical
algorithm used to solve the problem and Section 6 includes the results and their
discussions which indicate the reliability of the proposed numerical algorithm and the
effects of the system parameters. The conclusions of the study are given in Section 7.

2. Mathematical Formulation

The geometry of the considered solidification process is shown in Fig. 1. The coating, shell
and mold layers are denoted with superscripts b, c and d respectively.

Coating 1 u \ T(x.t)

Mold h TU(x.0)

J,lll¢¢V¢irlll¢¢v¢¢lll¢¢“’¢¢lll¢¢‘"¢¢

Q(x,t)=Qo(t)+Q1(t)cos(mx)

Fig. 1 Geometry of the casting process

There is a moving surface between the liquid/solid phases of shell material and it has a
sharp structure. The reason for this is that the phase change during the pure metal
solidification process occurs at a distinct temperature. The materials’ properties don’t
change depending on the time and temperature. The temperature fields in these solid
layers (T(x,y,t),i = c, b, d) and instantaneous location of the freezing front (s(x, t)) are
determined as a result of the solution. The liquid shell’s temperature is assumed to be at
the melting temperature T, during the process. For this reason, the thermal effects of the
liquid phase of the metal are not taken into account. This assumption provides us that the
moving interface’s temperature is always equal to T,,.

Since the thermal diffusivities of the materials are taken into account in this study, the
solution is obtained numerically due to the non-linearity. In this numerical solution, a
limiting solution to the problem is used for initial conditions. The limiting solution is
obtained analytically [38] by assuming the thermal diffusivities of the materials are
infinite. This makes the thermal capacitance of the solid layers are zero and the general
heat conduction equations are solved analytically with boundary and initial conditions.
The solution procedure is explained in Appendix and Ref. [38].
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In Figure 1, h and u symbolize thicknesses of the mold and its coating, respectively. As it is
mentioned that the thermal diffusivities are assumed to be finite and therefore, the
distribution of thermal fields in the solid layers varies parabolically. The temperature
fields have to satisfy the equations in Eq. (1).

T ey =~y
ay? NV =0 o Y
2b 1 aT?

t) =— — t 1
3y7 Cyt)=—5 -yt (1)
92T¢ 1 9T°®
ayz (x;Y;t)=ﬁ at (X,y,t)

where a' (i = b, c,d) denotes the thermal diffusivities of the materials. These equations
are solved depending on the boundary conditions. The moving interface’s temperature,
which is equal to Ty, is defined in Eq. (2).

TC(x,s,t) =T, (2)

The energy balance at the moving interface due to heat conduction and the latent heat is;

c

ds
K¢ (x,s,t) = Lp°© x (x,t) (3)

dy
where L€ and p°denote latent heat and density of the shell, respectively. K¢, (i = ¢, b, d)
represents the thermal conductivities of the materials. Egs. (4) and (5) show the heat flux
continuity at the interfaces between the solid layers, respectively.

oT*¢ aT?

KC (xlolt) =Kb_(x’0' t) (4)
dy dy
aTb T4

K? —(x,—u,t) = K*—(x,—u,t) (5)
ay ay

In the model, there are thermal contact resistances at the interface between the solid layers
due to contaminant films and roughness. R, and R, symbolize these constant thermal
resistances at the interfaces. The subscript “sc” denotes the shell-coating interface and
subscript “cm” indicates the coating-mold interface. These contact resistances are assumed
to be independent of the contact pressure. This is true for the uncoupled process in which
the thermal problem affects the mechanical problem but vice versa does not come true.
The uncoupled model is applicable for the early stages of the process and this means that
the solution of this full solidification problem is eligible for very early stages. Eq. (6) define
this relation between heat flux and thermal contact resistances.

c

KC

1
(x,0,t) = =—[T(x,0,t) — T?(x,0,t)]
dy Rsc

aT? 1 ()
K —(x,—u,t) =

dy Rem

[TP(x, —u,t) — T%(x, —u, t)]

At the mold’s lower surface, there is a heat flux, Q (x, t), and it has small spatial variation to
perform the uneven heat transfer. The heat flux extracted from the mold is given in Eq. (7).
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, 0T
—(x —u—h,t) =Q(x,t) (7

3. Perturbation Analysis

The conditions at the interfaces between the solid layer control the resulting properties of
the final cast and the solidification rate. In this method, it is assumed that an x-dependent
perturbation grows on the unperturbed process. The parameters of the unperturbed
process affect the development of this perturbation. The unperturbed and perturbed
processes are called as zeroth-order and first-order processes, respectively. The
amplitudes of the perturbed quantities are very smaller than the zeroth-order quantities
and the perturbation is linear. So, this provides us to use Fourier transformation in x and
the dimensionality and complexness of the problem are reduced.

The new forms of the heat flux, the temperature fields, and the moving interface’s position
are

Q(x, 0) = Qo(t) + Q1 (t)cos(mx) (8)
T(x,y,t) =To(y,0) + T, (y, t)cos (mx) 9)
s(x, t) = 50(t) + s1(t)cos(mx) (10)

Subscript 0 and 1 define the zeroth-order process and the first-order process, respectively.
The constant m and A denote the wavenumber and the wavelength and they depend each
other with 4 =2n/m. Also, the slope of the moving front, ds/dx, is very much less than
unity. If the readers need more information about the perturbation method, they refer to
Yigit's paper in Refs. [32] and [33].

Accordingly, the perturbation added forms of temperature field in Eq. (9) substitutes into
Eg. (1), and then the periodic and uniform terms are separated. The obtained uniform
(zeroth-order) terms from heat conduction equations are;

OZTO
W= t)
LIS 5 (1
% ab 6t
02 T0 018 (e = 1 0T ( 0
y’ a y;
The obtained periodic (first-order) terms from separating heat conduction equations are;
62T1 e
0T1<t> 20,0 == 2Ly, 0) (12)
3y? Y, mir Wt =7 Y,
OZT1

1 0T
(y!t) mTl (y't)_a_—(y' )
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Temperature fields are expanded in form of Taylor series at the vicinity of y = s,(t). The
boundary conditions are rearranged similarly to heat equations and the second and
higher-order terms are eliminated due to their negligible effects. The zeroth and first order
boundary conditions to be used in the solution of the equations in Egs. (11) and (12) are
determined by using perturbed forms in Eqs (8)-(10). The procedure is described in detail
in Ref [33]. See this reference for details.

The zeroth-order boundary conditions are;

T5 (S, t) = Ty, (13)

k9T (s 0 = 15 5 e ) 14
ay 50' - cpc dt X, ( )
aT¢ aTY

K¢—=(0,t) = K> —=(0,t) (15)
ay ay
oTY aTg

KP = (—u,t) = K —=(—u,t) (16)
dy dy

Kﬁmmﬂ—l TE(0,8) — TL(0,t) 17
5y 00 = OO =100 (17)

Kbgzg(—wtt)= [T¢(—u, ) — T (—u, t)] (18)
ay ' Rcm 0 ' 0 ’
aTg

K¢ W (—u—ht) = Qo(t) (19)

The first order boundary conditions are;

aTE .
5;(t) W (S0, t) + T (S0, t) =0 (20)
L OTE 92T¢ ds,

K [6y (S0, ) + 51 (t)a—yz(s"’ ] = chcE(x' t) (21)
aT¢ aT?

K¢—=(0,t) = K®—=(0,t) (22)
ay dy
oTY aTe

Kb —(-u,t) = K¢ —(-u,t) (23)
ay dy

Ke ki 0,0) = ! [T£(0,8) — TL(0, )] (24)
ay ’ RSC ! ’ ! ’

K® ale( t) [TP(—u,t) — TE(—w, )] (25)
— (-, = —u, - —-u,
dy Rem ! !
oTg

K¢ W (—u—ht) = Q.(t) (26)
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4. Dimensionless Presentation

To reduce the complexness of the problem and generalize the solution, the dimensionless
parameters are described as follows.

5 KT,
Y =my, S(B) = ms(t), H = mh, U=mu, B=m Wt' 27)
T(y,t) - Q = =
TY,p) = T , Q= mKeT’ Rsc = mK®Rs, Rem = MK Rep, (28)
m m
K¢ Kb K¢ K°T,, K°T,, K°T,,
G = ﬁ' 0 = ﬁ; (3 = F: €c = acchc‘ €p = O(bchc’ €4 = O(dchc’ (29)

The dimensionless forms of the zeroth order heat conduction equations are given below.

92T¢ v g = oT¢ v

av? Y,B) =€ ﬁ( B)

oy Y,B) = Y, 30
aw(ﬁ)%aﬂ(m (30)
°T¢ v.8) = v

av? Y,B) = €4 — aﬂ ( B)

The dimensionless zeroth-order boundary conditions used to obtain zeroth-order
temperature distributions (Tol(x, y,t),i =c,b, d) from these equations are;

Ts (S0 B) =1 (31)
6To _dS(B)
S0 B) = =g (32)
9T
= (16—Y(0,,3) (33)
—( Ub’)—(z ( U,B) (34)
(0 B) = ﬁ [T5(0, ) — T3 (0, )] (35)
Ty G
oy CUA =% [To”( U,p) — T (-U,p)] (36)
o U-HB) =0 (37
W(_ —H,B) =3300(8)
The dimensionless forms of the first order heat conduction equations are given below.
TR TP = e S (38)
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PTL(Y.B) _ oy
vz TP(Y,B) =€ W(Y.ﬁ)
*TE(Y,B) -, 0Tt
—oyz  h Y,p)=¢€ ﬁ(yﬁ)

The dimensionless first-order boundary conditions used to obtain first-order temperature
distributions (Tll(x, y,t),i =c,b, d) from these equations are;

Tl (SO' ﬁ) (SO' ﬁ) + Tl (SO' ﬁ) =0 (39)
ds,

s 5,0 5 50 =50 (40)
E(o p-a 0 (41)
oy ! ay
aTh
= CUB =14, ay( ) (42)
aT1

—7 OB ==— [Tl ©.8) =T (0. 8)] (43)
—( U,8) = = [T (~U, 5) ~ TA(~U, B) (44)
aT? U—HB) = 0.5 (45)
— U= H,B) = &0:(B)

After obtaining dimensionless equations, the numerical solution procedure for the heat
transfer problem has been obtained due to a non-available closed-form solution.

5. Numerical Solution Procedure

In the heat transfer problems, the exact solutions are generally obtained just for idealized
cases in which semi-finite or infinite regions are considered with simple initial/boundary
conditions. Since the nonlinear behavior of this problem, the superposition principle is not
applicable and all cases are evaluated separately. When the exact solution of the full Stefan
problem is not calculated analytically, the numerical methods are developed to solve these
problems. In this study, zero and first-order heat conduction equations (Eq. (30) and Eq.
(38)) do not exist in closed form with their respective boundary conditions. For this
reason, the temperature distributions and the position of the moving interface have been
obtained with a numerical solution. In the current study, the Lagrange scheme, which is an
explicit finite difference method, was applied to obtain the solution to the heat transfer
problem during the solidification.

In the numerical solution algorithm, the shell’s thickness is divided into N elements at each

step. Thus, the space step width at each time step becomes § = O(B) with the N + 1 number

of nodes in the average solidified metal thickness (0 <Y < SO(B)) In this case, the final
node (N + 1) in the solidifying solid always corresponds to the position of the zero-
order solid-liquid moving surface. Due to the increase in the average solid thickness as time
progresses, the nodal points change for each new time step, and space is recalculated for
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the step width. The average solidified metal thickness in the next time step depending on
the time increase (1) is calculated by the backward finite difference formulation of Eq. (32).

Jj+1 _ cJ T
S =5 +§(3T0 N = ATSL+ TS ) (46)

In this equation, the temperature in the moving interface (TOJNH) is constant during the
process according to Eq. (31). The temperature distributions in the solidified metal are
obtained for the space variable values Y = (i — 1)§, (i = 1,2, ... N + 1) for N+1 nodes. The
temperatures in the nodes in the solidified metal (i = 2,3,... N nodes) are found for each
time step with Eq. (47) which is the central finite difference formulation of the general heat
conduction equation in Eq. (30a).

Tl =15 + — (Tocfﬂ — 2§ +T)), (i=23,.,N) (47)

wsn

Here the subscript “i
solidified shell while the superscript “j

refers to the i*" node location to derive the temperature in the
“j” is the time step counter.

In this problem, it is necessary to update with the inclusion of the convective terms in the
algorithm to calculate the temperatures at the node points whose positions change
depending on fixed elements number, as the thickness of the shell solidifies as time
progresses.

C]+1 JH 6j c1+1 —Cj+1 .
T¢) T G- 1)5—(T0 I 1 ) (=23, ..,N) (48)
c

Similarly, the coating layer and mold are divided into a fixed number of elements ] and M,
respectively. Therefore,/ + 1and M + 1 number of nodes are formed in the coating and
mold for temperature distribution derivation. As time progresses, the locations of the
nodes in these layers are fixed because there is no change in coating and mold thicknesses.
The temperatures for nodes (k = 2,3, ...,/ and p = 2,3, ..., M) in these layers are calculated
by Eq. (49), which is the central finite difference formulation of Equation (30b) and Eq.
(30c).

—pj+1 = _
W =Tt o (T, -2 AT ), =230
(49)
T =T+ —— (T8, - 2T + T ), (p=23,...M)
0p 0P " g,82\ 0 pt1 0p T 10pg y0r e

After determining the temperatures at the nodes in the solid layers, the temperatures at
the interfaces and at the mold’s bottom surface are derived by using boundary conditions.
For nodes,i = 1and k = J + 1 corresponding to the solidified shell/coating interface,
the temperatures are found using Egs. (33) and (35). Similarly, the temperatures at the
k = 1landp = M + 1nodes at the coating and mold interface are obtained using finite
difference formulations of boundary conditions in Eqs. (34) and (36). Finally, the
temperature of the node at the mold’s lower surface (p = 1) is found by using Eq.(38).

The first-order solution is made using the same method as the above zeroth-order solution
and the first-order temperatures at the nodes in the solid layers are obtained with S; (83).
S:(B) is found by Eq. (50) which is derived through the backward finite difference
formulation of Eq. (40).
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Similar to the zeroth degree solution, the first order node temperatures are calculated

using the heat conduction equations in Eq. (38) and the first-order boundary conditions in
Eg. (39) and Egs. (41) - (45).

Another important factor is the adjustment of the time increment variable (7) in the
algorithm. The discretization of both time and dimensional variables is of great importance
for the reliability of the results obtained by the numerical solution. For this reason, when
choosing the value of 1, attention should be paid to the acceptance of numerical
convergence, to maintain stability and to provide calculation efficiency. The maximum time
step for stability is proportional to €,62. Therefore, the stability condition imposes a
restriction on T when good spatial accuracy is required, which usually requires very small
6 values. In this case, the numerical stability for this model occurs when the conditions in
Eq. (51) are provided.

<0.5,

T
— < 0.5,
€62 €p07

T
?(55 <05 (51)
When solidification begins, S,(f8) and § are of very small values. Hence, a very small time
step is needed to fulfill the requirement in Eq.(51a). But choosing the time step so small
causes the algorithm to be very slow. In the continuation of solidification, the time step is
allowed to increase without loss of stability due to the increase in Sy(£) and 6. However,
the conditions in Eq.(51b) and Eq.(51c) significantly limit this increase in T due to the
constant §, and §,; during solidification. Therefore, it is necessary to use a very small initial
6 value during the solidification process to keep both space and time steps under
conditions and obtain a reliable result.

Also, the nodes must not overlap for the algorithm used for the numerical solution. For this
reason, solidification is not desired to start at S;(8) = 0. To overcome this problem, an
appropriate initial condition must be created and the solution of the limiting problem
under certain assumptions is used for this purpose. In the early stages, the limited solution
is of acceptable accuracy. Therefore, the numerical solution of the considered problem, in
which the material thermal diffusivities are included, was started by using this limiting
solution with a very small finite S, (). The solution to this limiting problem is presented
by Demir and Yigit [38] and the expressions used as the initial condition for the numerical
solution are given in the Appendix.

6. Results and Discussion

In this study, the numerical solution of the heat transfer problem, which is one of the sub-
parts of the thermoelasticity problem that occurs during solidification, was carried out,
and especially the roles of the coating layer on the thermoelastic instability were dealt
with. The theoretical model developed by Demir and Yigit [38], which examines the heat
transfer problem at the early stages of the process, was used as the initial condition in the
solution of the full heat transfer problem, in which the thermal capacities of the solidifying
metal, coating layer and mold materials are not considered zero (the thermal diffusivities
of the materials are assumed to have finite values).

At the beginning of the analysis, obtained numerical results are compared with the
previous results in Yigit [33] in which the heat transfer problem during the solidification
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of pure metal on planar mold without a coating layer. Therefore, the coating layer’s effects
on the process is neglected for proving the correctness of the solution by assuming U +
H=10,R, <1, {=1,6,=€6;=10, {; = =2, R, =R, when R, = 0.3, {; = 2 for
approaching the model in Yigit [33].

x10°®
,

T T T T
= Solution of Problem in Ref. [33] when r|-5

8 = Numerical Solution when ¢, =6
Solution when «, =50
-1+ Solution of Problem in Ref. [33] when ¢ =50

0 1 2 C‘l 4 5 6 '; é 9 10
S,(0)
Fig. 2 The comparison between the numerical solution and the limiting solution in
Yigit [33] whene; =5ande; =50 (U+H =10,R, K1, {, =16, =63 =10, {; =
{3 =2, Rgc =Ry =0.3)

The mold and coating are assumed to make of the same material and R, is considered
very small. Thus, we converge to the solution given in Fig. 4 in Ref [33] where H = 10,{ =
2,R, = 0.3,¢; = 5ande, = 10. The comparison results are given in Fig. 2 for different
values of €;. Fig. 2 shows the variation of S;(8) as a function of S,(8) for the numerical
solution and Yigit's problem solution when €; = 5 and €; = 50. The results of the present
model go to limiting solutions due to Yigit [33] and it is indicated that these results are
important in terms of proving the accuracy and reliability of the developed finite-
difference algorithm and the numerical solution procedure. Thus, it can be said that the
results examining the effects on the problem of heat transfer during solidification in which
the coating layer is included in the later stages are reliable and reflect the actual process
within certain assumptions. After that, the influences of the coating’s thickness on the
thermoelastic stability during the solidification are examined.

6}10'4

Fig. 3 The variation of S; (8) as a function of S, (), at selected values of U when H =
5(=0,=05¢6=¢,=€;=10and R,, = R, = 0.3
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Fig. 3 shows the variation of S; () for different coating thickness. Other parameters are
assumedH =5,(;, =, = 0.5,6; = €, = €; = 10and R, = R, = 0.3. The results indicate
that the coating layer controls the heat transfer during solidification and it leads to
stabilizing effect. In other words, the thicker coating layer should be chosen as much as
possible to achieve more stable growth and better quality final casting. It should also be
mentioned here that increasing the coating thickness for all solidification parameter
combinations creates a stability-enhancing effect. These effects of the coating layer are
shown in the following figures in detail. Likewise, it is seen that the thickness of the mold
has a similar effect and it is concluded that this supports the fact that increasing the layer
thickness directly enables the heat transfer rate to be controlled.

0.06
25 x10°
\ : P —
' —— (=05, (,=0.5 |
0.05 “‘ 2 i\ - =(,=3, (=05
1) * \
0.04 \ - N -
\ x ~
x 1 \"_ 1 ~
g \, ¢,=3, (=3 » ~ o
T 003F \ ~ <o ]
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L . 0 J
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(,505, (=3 \\ u
. .
0.01 —k/ \\ 1
(% ~.
......... ~..___-~
0— el L P Uyt ppityrlTrrlmtrrltrritrridrritrrisrrisrrcd
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Fig. 4 The variation of S; (8) 4 as a function of U for four combinations of ; and ¢,
(H=5€6 =2,6,=€3; =5R,, = R., =0.3)

Then, the effect of the thickness of the coating layer is focused depending on the other
important process parameters such as conductivity ratios and thermal capacities. Fig. 4
shows the variation of S; (8)mqx as a function of coating thickness, U, for different values
of thermal conductivity ratios between materials of the shell, mold and its coating when
€, =2,6, =63 =5R;. =Rey = 0.3. 5;(B)1max denotes the maximum amplitude of the
perturbed undulation on the mean shell thickness. The aim here is to establish the
relationship between the choice of mold, coating, and casting materials and the coating
thickness and to create clues for the most efficient casting. The results show that the
thermal conductivity ratios have an important effect on growth instability and the
sensitivity to coating thickness. It is indicated that the coating’s thickness has stabilizing
impact for all combinations of {; and {,. However, it is seen that this effect varies
considerably according to the values of these parameters. The ¢; and ¢, values selected in
this figure represent various orders of material thermal conductivities relative to each
other.{; =05-(,=05,(,=3-{,=0.5,; =05-, =3 and {; = 3-{, = 3 represent
the cases in which the values of the thermal conductivities are ranked as K¢ > K? > K¢,
K¢ >K?%>KP KP > K®>K%and K¢ > K? > K¢, respectively. The results show that {; =
0.5- ¢, = 0.5 case leads to more uniform growth than the other cases and the most
unstable growth occurs when {; and {, are equal to 3. In other words, K¢ > K” > K¢ state
causes the most unstable growth, while K¢ > K? > K¢ the condition causes the most
stable growth. Also, much lower amplitude perturbations occur when K¢ > K? > K¢ and
K¢ > K% > K?. This means that if the coating material is chosen from a material whose
thermal conductivity is smaller than that of the mold material, the growth instability is
minimized to obtain the best quality casting piece, regardless of the shell’s thermal
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conductivity. Besides, the smaller thermal conductivity of the casting material compared
to that of both the mold and the coating material ensures the most efficient solidification.
The most unstable growth occurs when the mold’s thermal conductivity is the smallest. In
those cases, where the shell’s conductivity is greater than that of the mold, the coating’s
thermal conductivity should be chosen higher than that of the material to be cast for quality
solidification.

Furthermore, it can be seen from this figure that the sensitivity to the change of coating
thickness varies according to the thermal conductivities. For {; = 3 - {, = 3, itis seen that
the change in x according to the change of the coating thickness of the process is the most
and the sensitivity to the coating thickness is the most in this case. Following this case,
coating thickness sensitivity for {; = 0.5 - {, = 3 is also higher than in other cases. Thus, it
can be said that in the case where the mold’s thermal conductivity is the smallest, the
sensitivity of the solidification process to the thickness increases. Relatively, for cases
where {; =0.5- {, = 0.5, { =3- {, = 0.5, it is seen that the sensitivity to the coating
thickness decreases. Therefore, in cases where the sensitivity to coating thickness is to be
lowered, the mold’s thermal conductivity should be chosen greater than that of the coating
regardless of the thermal conductivity of the metal to be solidified. However, it should be
studied where the coating’s thermal conductivity is greater than that of the other solid
layers to minimize the sensitivity to the coating thickness. According to the results, the
thermal conductivity ratios play an important role on the growth instability. Fig. 5 shows
the variation of S; (8)mqax depending on the thermal conductivity ratios ({; and ;) when
U=05H=05,6, =€, =¢€6;=5 and Ry, = R, = 0.3. The curves in the figure were
obtained by keeping one of the thermal conductivity ratios constant and changing the other
so that the effects of the change of thermal conductivity of the materials relative to each
other on the growth instability were observed.

0.35 -

Fig. 5 The variation of S; ()4 as a function of {; and ¢, for the case where U =
0.5H =56 =€, =€3 =5and R,c = R, = 0.3

The results show that the increases in both {; and {, increase the amplitude of the
perturbations at the moving interface and have negative effects on the growth instability.
It can be also seen that it is seen that the change of {, varies the amplitude of the
perturbations least when {; = 0.5. In this case, it appears that the solidification process
has less sensitivity to {,, and changing the value of K¢ for K? > K° has less effect on growth
instability. It is observed that an increase in ; leads to increase in the sensitivity of the
process to change of ¢,. This means that the variation of the mold’s thermal conductivity
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affects the thermoelastic stability much more when the shell’s conductivity is higher than
the coating’s conductivity. Similarly, for {, = 0.5 and {, = 3, the effect of changing {; also
appeared to increase instability. Again, according to the value of {,, the sensitivity of the
process to {; varies. It is seen that the sensitivity to {; increases when (, is greater than 1
than the case where {, is less than 1. This means that both growth instability and sensitivity
to the coating’s and shell’s conductivities are increased when the coating thermal
conductivity is greater than that of the mold, compared to the case where it is smaller than
the mold’s conductivity.

On the other hand, the specific heats of the materials vary the coating layer’s effects on the
process. Fig. 6 shows the variation of S;(8).qx as a function of coating thickness for the
different combinations of the specific heat values of the solid layer’s materials when H =
5,{; = {, = 2 and R, = R, = 0.3. All specific heat values are taken as 3, 10 and 50 and
compared with the case where all specific heat values are equal to 10. As mentioned earlier,
the stability-enhancing effect of the coating thickness is seen for all considered specific
heats combinations and it is seen that the change of the specific heat values changes the
sensitivity to the coating thickness.

0.025 - T T 9
0.02- B

0.015

S1(’6)max

0.01

0.005 | """eem J

€ =10, ¢, =10, ¢, =3 1 e
e =10, ¢, =50, ¢ =10

0.5 0.6 0.7 0.8 0.9 1 11

Fig. 6 The variation of S; (8)nqx depending on U for the different values of €;, €, and €5
(H=5,¢ = =2and Ry, = R, = 0.3)

The results show that the increase in €; appears to cause larger amplitude perturbation for
a given coating thickness, while the increases in €; and €, cause lower amplitude
perturbations. Therefore, the decrease in S; (8).,4x due to the increase in coating thickness
occurs when the value of €5 is large. Thus, it can be said that increasing the specific heat of
the mold material increases the sensitivity to coating thickness. Considering the stability-
enhancing effects of €; and €,, it is seen that the sensitivity to coating thickness is high
when €; and €, are small, It is also observed that the sensitivity to the coating thickness is
reduced for large values of €; and €, and for small values of €;. Physically, this result raises
the requirement that certain temperatures of the solidified metal and the material of the
coating layer should be low or the mold should be selected from the material with a certain
temperature in order to reduce the dependence of the solidification process on the coating
thickness. It can be also noted that the effects of the specific heat of the materials of the
solid layers on the growth instability are opposite and these effects of the specific heats
have been examined in Fig. 7.

The variation of S; (8),4» depending on the specific heat values of materials (€4, €,, €5) is
shown in Fig. 7 when U = 0.5,H = 5,{; = 0.5 and {, = 3. The specific heats change from
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0.1 to 20 for each curve in the figure and the curves are drawn for the cases where each
specific heat changes, whereas the other two specific heats are equal to 10. The results
indicate that the specific heat of each solid layer has different effects on the unstable shell
growth and the sensitivity of the solidification process to these specific heat variations is
also different. It is seen that the specific heats of solidified shell and coating materials have
stabilizing effects on the growth stability during the solidification. This means that they
should be selected higher specific heats (lower thermal diffusivities) for more uniform
growth and higher quality final cast. However, the higher specific heat of mold material
causes an increase in S; () max, and hence, it reduces growth stability. As can be seen, while
€, and €, increase stability, e; has an increasing effect on unstable shell growth for the
considered case. When analyzes are made for all cases, it is seen that the specific heats of
the materials have a similar effect on the process. Therefore, it can be said that the effects
of the specific heat of the solidified metal and the coating layer (€, and €,) and the mold’s
specific (€3) on the perturbation growth neutralize each other. It can also be stated that
the sensitivity of the growth instability to €, variation during the solidification process is
quite low, but the sensitivities to €; and €5 variations are high.

-3
26 x10

24

2.2

€45 €95 €5

Fig. 7 The variation of S; (8) .4 as a function of €;, €, and €5 for the case where U =
0.5,H =5,{, = 0.5,{, = 3and Ry. = R.y = 0.3
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Fig. 8 The variation of S; (8),,4x as a function of R, for the different values of system
parameters
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The effects of the thermal contact resistances (R, R.) are analyzed in Fig. 8 and Fig. 9,
respectively. These figures show the variation of S; (8) 4, as a function of thermal contact
resistances. They are changed from 0.1 to 2 because the aforementioned effects were found
to be unchanged for the values greater than 2. Additionally, it was observed how the effects
of thermal resistances on growth instability changed for different values of other system
parameters. Firstly, the variation of S; ()4 is observed as a function of R in Fig. 8. The
straight line curve represents the case in which the other system parameters are assumed
tobeequalas U = 0.5,H =5,{; =, = 2,R,, = 0.3and e; = €, = €5 = 10.

The result indicates that an increase in R causes a decrease in the maximum amplitude
of perturbation at the freezing front. This indicates that the thermal resistance at the
shell/coating interface should be increased for more stable growth and better quality final
cast. The other cases in the figure show the cases that occur by changing only one of the
values of the system parameters given for the situation specified with the straight-line
curve. It also appears that the same stabilizing effect applies to all cases in the figure.
Although the variation of system parameters generally does not change the stability-
enhancing effect of R, it has been observed that the sensitivity of the process to Ry varies
with the values of the system parameters. It is seen from the results that the decrease in ;
and {, has decreased sensitivity to R.. Similarly, it was found that the increase in U and H
decrease this sensitivity. Then, if the sensitivity to thermal contact resistance at this
interface is to be reduced, it is necessary to increase the thickness of the coating and mold,
to choose the thermal conductivity of the casting material smaller than the coating
material, and to choose the coating material from the material with thermal conductivity
less than the mold’s conductivity. When the specific heats of materials are examined, it is
seen that the sensitivity to R, increases with the decrease of €, but does not change
significantly with the decrease of €, and €. From this situation, it is seen that the sensitivity
to thermal contact resistance between this layer and the coating layer can be adjusted by
changing the shell’s specific heat.

-
——U=0.5, H=5, (,=0.5, (,=0.5, ¢,=10,¢,=10, ¢,=10
=—U=1 without changing other parameters
¢ =1 H=8 without ing other p:

-0 -C2=2 without changing other parameters

- -F1=3 without changing other parameters
52=3 without changing other parameters
[— ‘3=3 without changing other parameters

+C1=1 without changing other parameters

AAAAAA

Fig. 9 The variation of S; (8)mqx With respect to R, for the different values of system
parameters

The effects of R.,, are investigated in Fig. 9 in which the variation of S; (8) 4y as a function
of R.,, for different values of other system parameters. Similar to Fig. 8, the straight-line
curve is the main curve in which the system parameters are assumed to be equal as U =
0.5H=5,{, = =0.5R, =0.3 and ¢; = €, = €; = 10 and other cases represent the
cases in which only one system parameter is changed. The results show that S; (8)max
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decreases when R, is increased. This means that both R, and R, have stabilizing effects
on the shell’s growth. Physically, these thermal contact resistances should be increased for
better quality final cast. It is also seen that the sensitivity of the process to R, is greater
than the sensitivity to R, Similar to the results in Fig. 9, the sensitivity of R, decreases
when {; and {, decrease. Moreover, increases in U and H also decrease this sensitivity. It
is also noteworthy that decreases in €, and €, cause an increase in the sensitivity of R,
but on the contrary, the decrease in €; decreases the sensitivity. Therefore, it can be said
that the shell’s and coating’s specific heats should be selected higher and the mold’s specific
heat should be selected lower for reducing dependence to R,,,. These results mean that
thicker coating and mold lead to a decrease in the effect of R, on the proses and the
coating’s thermal conductivity should be selected higher than the shell's conductivity for
reducing the dependence on changes of R,. Also, this dependence of the process can be
reduced by the selection of the mold’s thermal conductivity greater than the coating’s
conductivity.

7. Conclusion

A theoretical model is developed to study the effects of the coating layer on the growth
instability mechanism during the solidification of pure metal on a coated mold of finite
thickness. The phase change heat transfer problem, which is one of the two main sub-
problems of thermoelastic instability during solidification, is considered, modeled, and
solved numerically in this study. This study extends previous studies by taking into
account the combined effects of coating layer properties and thermal capacitances of solid
layers. The spatial dimension of the modeled heat transfer problem was reduced from two
to one dimensional with the linear perturbation method. The finite acceptance of thermal
diffusivities provides that the obtained full solidification model has to be solved
numerically due to the nonlinear behavior of phase change problems. Therefore, the
governing equations are discretized by the Lagrangian finite difference scheme for
numerical solution. In this numerical solution, a limiting solution is used as initial
conditions, and this limiting solution is obtained analytically in [38] by assuming the
thermal diffusivities of the materials are infinite. The key question is how the properties of
the coating layer are selected according to the other parameters.

The results show that an increase in the coating’s thickness causes a positive effect on the
thermoelastic instability and the thicker coating layer should be chosen as much as
possible to achieve more stable growth and better quality final casting. Also, a thicker
coating layer creates a stability-enhancing effect for all solidification parameter
combinations. But, it is observed that the stabilizing effect of this thickness varies
considerably according to the values of other parameters.

The sensitivity to coating thickness is to be lowered when the mold’s thermal conductivity
should be chosen greater than that of the coating material regardless of the thermal
conductivity of the metal to be solidified. However, it should be worked in the cases in
which the coating’s thermal conductivity is greater than that of the other solid layers in
order to minimize the coating thickness’s dependence of the process. When the effects of
the specific heats on this coating thickness dependence of the process are investigated, it
is also observed that the sensitivity to the coating thickness is reduced for large values of
€, and €, and for small values of €5. On the other hand, it is also stated that the increases in
both {; and {, increase S;(B) and have negative effects on the thermoelastic stability.
Moreover, €; shows an increasing effect on growth instability while €; and €, increase the
stability for all cases and this means that the effects of the shell’s and coating’s specific
heats and the mold’s specific heat neutralize each other. Finally, the thermal contact
resistances have stabilizing effects for all cases but the sensitivities of the process to these
resistances vary according to other parameters.
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The solution of this study can be used in uncoupled and coupled problems in which the
thermos-mechanical problem is investigated for analyzing the full solidification process.
Appendix

In this section, the limiting solution of the heat transfer problem during the pure metal
solidification process on a coated planar mold is given. The limiting solution is obtained
when the thermal diffusivities of the materials are assumed to be infinite (¢, — 0, €, —
0 and €; — 0). An analytical solution for the temperature fields in the solid layer and the
position of the moving interface are derived for the limiting case in which the effects of the
materials’ thermal capacity are negligible. This model is valid for only the early stages and
in the full problem, in which thermal diffusivities are finite,-this limiting solution is used as
initial conditions. The limiting solution is obtained in Demir and Yigit [38] and the readers
refer to this study for more details. In summary, the expressions that are important for this
study and give the average shell thickness and node temperatures in solid layers for a very
small time interval are given below.

Zeroth-order temperature fields are;
Ts(Y,B) =1+ Qo(B)(Y = S, (B))
Tob(y' ﬁ) =1+ Q_o(ﬁ)@lY - So(ﬁ) - Esc) (A1)
TOd(Y' ﬂ) =1+ Q_O(ﬁ)(<3Y - le - SO(:B) + <3U - Esc - Ecm)

The mean shell thickness is;

So(B) = QBB (A2)
First-order temperature fields are;
TE(Y, B) = €, (B) sinh(Y) + C,(B) cosh(Y)
Th(Y,B) = C5(B)sinh(Y) + C,(B)cosh(Y) (A3)
TA(Y, B) = Cs(B)sinh(Y) + C4(B)cosh(Y)
The perturbed undulation on the mean shell thickness is given in Eq. (A4) as follows.

C7 So(B)
Cs cosh(So(B)) + Cosinh(S,(B))

S1(So(®) = (A4)

The coefficients are;

Cp = Az, + A335.(B), € = Ay + A3sS:(B), C3 = Agy + A3sS:(B)
64 = Azo + A405:1(B) C:5 = Ayq + A4S (B), 56 = Ay + A435,(B) (A5)
57 = Ao, (js = Ay, 59 = Az

The coefficients A, _,5 are given in the Appendix part of Demir and Yigit [38] paper.
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Nano-fillers are bringing impeccable development in the area of materials
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science and natural fibers reinforced composites. In this study, a composite
consisting of banana-carbon fiber reinforced epoxy matrix filled with 1%, 3%,
and 5% weight percentage of nano-clay particles (NC) and carrying a
transverse load is investigated for its mechanical and elastic properties. Nano-
clay layer with interphase are arranged in layers called nano-clay platelets. The
elastic properties such as longitudinal elastic modulus, transverse elastic
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the proposed composite are calculated by using different analytical models
Analytical models; namely, Mori-Tanaka, Bridging, Generalized Self-Consistent, and Modified
Composite material; Halpin-Tsai model. The strength and deformation of the proposed composite
EffeCtiV‘? elastic are analyzed by using the ANSYS APDL application. The proposed composite is
properties; modeled using two layers of banana fibers, two layers of carbon fiber, and one
Nano-clay; layer of nano-clay platelet. The fibers and nano-clay platelet are arranged in a
Natural fibers specific sequence of banana fiber at 90°, carbon fiber at 0°, nano-clay platelet at

909, carbon fiber at 09 and banana fiber at 90° The proposed composite
reinforced with 3% nano-clay is showing the least deformation as compared to
1% and 5% reinforcement. It is also observed that the modified Halpin-Tsai
model outperforms all the other models as it is yielding the most effective
elastic properties for the proposed composite and Mori-Tanaka model is found
to be the least effective model for the calculation of elastic features of the
proposed composite. Additionally, the hybridization effect for the composite is
also calculated to analyze the tensile failure strain characteristics for banana
and carbon fibers in the hybrid composite.

© 2022 MIM Research Group. All rights reserved.

1. Introduction

Banana fibers come under the category of bast fibers and find applications in automobile
and aviation industries due to their availability, high rigidness, and fire-defiant features
[1-3, 10]. Natural fibers reinforced green composites are being extensively used these
days due to their excellent features and eco-friendly aspect [15, 16]. For attaining
sustainable development, Green Operations Management (GOM) is gaining wide
attention from community [32]. Banana fibers blended with carbon fibers reinforced
composites improves ductility and imparts high degree of flexibility. Carbon fibers due to
their high strength and lightweight attributes find wide applications in aerospace, cycles,
motorcycles, etc., where high strength-to-weight ratios are required [4]. Research has
been carried out on enhancing the physical features of composites. Mechanical features of
the composite like tensile, bending, and crushing strength get enhanced by increasing the

“Corresponding author: tanvi002phd18@igdtuw.ac.in
*aorcid.org/0000-0002-3229-6294; borcid.org/0000-0001-7386-1838
DOI: http://dx.doi.org/10.17515/resm2022.403me0219

Res. Eng. Struct. Mat. Vol. 8 Iss. 4 (2022) 773-798 773


mailto:tekin.3@osu.edu
http://dx.doi.org/10.17515/resm2022.403me0219

Saxena and Chawla / Research on Engineering Structures & Materials 8(4) (2022) 773-798

core diameter of the composite structure [5]. A new invariant-based technique for
describing the elastic features and failure of composites and laminates was found to be
commendable in enhancing the design and manufacturing of carbon/epoxy composites
[27, 28].

In the past few decades, nano-composites have witnessed a tremendous growth in
gaining the attention of researchers. It is observed that among various nano-fillers
reinforced natural fiber composites, the most favorable and encouraging nano-composite
could be the one reinforced with nano-clay consisting of silicate MMT(montmorillonite)
layers [4, 6]. Nano-clays have certain remarkable features like large aspect ratio and large
surface exposure that can improve the mechanical features of the polymer. The infusion
of 6 wt% of nano-clay particles into banana fibers with the help of alkaline (NaOH)
chemical analysis gives superior tensile, thermal, and interfacial properties as compared
to untreated banana fibers. A threefold rise in tensile modulus and a 53% rise in tensile
strength were noticed in nano-clay-blended treated banana fibers over untreated banana
fibers [7]. The nano-clay particles blended banana fibers blended epoxy polymer
composites resulted in a rise of 25% in Young's modulus, 11% in yield stress, and 26% in
ultimate tensile strength when compared with untreated banana fibers blended epoxy
composite [8]. The mechanical strength of nano-clay filled carbon fiber reinforced
interpenetrating polymer networks (IPN) matrix composite was studied by varying the
percentage of nano-clay to 0%, 1%, 3%, 5%, 7% & 9%. The inclusion of nano-clay
enhances the mechanical strength of the composite to many folds but only up to 5%
nano-clay addition. Beyond that, 7% and 9% nano-clay infusion showed a decline in
mechanical strength [9].

The factors that affect the structure of nanomaterials are very complicated. The factors
include the substance type, particle size, arrangement of nano-crystals, and preparation
methods. The structure of nanomaterials can be divided into two categories: the first type
is composed of two forms of structure that consist of particles and grain boundaries, and
all structural components have the size in nanometers [11]. The second type of
nanomaterial has a less dense random network of structure material having numerous
nano-sized cavities. The whole layout has nano crystalline fragments and nano systems. A
continuum non-local modified gradient theory was proposed and found to be suitably
implemented for examining nanoscopic static and dynamic behaviour of nano-sized
elastic beams [17]. A non-local gradient theory of elasticity theory was proposed which
found to be beneficially employed in the severe analysis of nano-technological devices
[18]. A higher order elasticity theory was found to be utilized effectively for
characterizing advanced nano-materials and structural components of nano-systems
[19]. The non-local modified gradient elasticity theory was found to be suitable for
providing a practical outlook to the nanoscopic examination of the field variables [20].

Numerical method approach have been used by the researchers for evaluating Young's
modulus of a nano-clay particle blended nano-composite [21], simulation methods [22-
25], or using both together [26]. Numerical procedures are being opted more nowadays
due to the advancement of computational techniques; however analytical methods are
always preferred first for multivariable problems [26, 31]. Experimental work has other
limitations also like, considering all aspects of well-defined systems, like particle
dimensions, particle distribution, and shape arrangements. The mechanical features of
composites can be achieved better using analytical modeling methods [29]. Continuum
micromechanical models like Halpin-Tsai [12], ROM [13, 14, 30], have been used
successfully for determining equivalent elastic properties of polymer silicate nano-
composites and structural study of micro composites.
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From the above literature, it is evident that the composite of banana-carbon fiber and
epoxy matrix blended with nano-clay particles had never been explored for its elastic and
mechanical properties. Also, the value of the hybridization effect for the proposed
composite has never been calculated before by any researcher. Therefore, to bridge the
aforementioned research gaps, in this paper following research problems are addressed.

e A new composite banana-carbon fiber reinforced epoxy matrix filled with
different weight percentages of nano-clay particles carrying a transverse load of
200KN (along -z direction) is modeled in ANSYS APDL.

e The elastic and mechanical features for the newly proposed composite are
calculated by employing the Mori-Tanaka, Bridging, Generalized Self-Consistent,
and Modified Halpin-Tsai model.

e The strength and deformation of the proposed composite reinforced with 1%,
3%, and 5% of nano-clay particles are analyzed at different orientation angles by
using the ANSYS APDL application.

e The hybridization effect for the composite is also calculated to analyze the
tensile failure strain for high and low elongation fibers for the proposed
composite.

2. Background

2.1. Modeling of the Banana-Carbon Fiber-Reinforced Nano-Clay Epoxy
Composite

The layers of banana fiber, carbon fiber, and nano-clay layers along with interphase are
arranged to form a sandwich intercalated composite structure. Epoxy is used as a matrix.
Intercalated nano-composite has a single layer of interphase, while exfoliated has two.
Clay particles are arranged in layers composed of silicate platelets (having nano-
thickness) and an interphase layer. The interphase layer is naturally developed due to
physical interactions between the nano-clay and polymer matrix [71]. Nano-clay platelet
is 0.5mm thick and length of the nano-clay platelet and interphase are considered as
same (Fig. 2). The average particle size of nano-clay particles is between 50-100nm [33].

Both numerical homogenization and analytical models have been used consequently for
determining the mechanical features of the nano-composite [16, 34]. Depending upon the
structure and chemical constitution of nano-particles, nano-clay can be classified into
various categories like illite, bentonite, kaolinite, and montmorillonite. Homogenization
micromechanical models like Mori-Tanaka (M-T) [35, 36, 67], self-consistent [37, 34],
and Lielen's model [38] have been employed for computing various properties of short
fiber composites. Self-consistent and Mori-Tanaka models were employed for short fiber
composites and the M-T model was found to give the best values for fillers with a large
aspect ratio. For higher fiber volume fractions and strength parameters, Lielen's model
[38] proved to be better than the M-T model.

3. Analytical Modeling Methods

The proposed composite is designed using semi-empirical and homogenization models,
by varying the composition percentage of nano-clay and epoxy while keeping the percent
weight of banana and carbon fiber fixed as given in Table 1. The elastic features of carbon
and banana fiber, epoxy, and nano-clay are given in Table 2. The volume fractions of the
fibers, matrix, and filler are evaluated using the following equations [3] and are given in
Table 3. The volume fraction of the interphase is about one percent of the volume fraction
of the nanoparticle [72].
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W,
fb/mx/NC x

Ve jmxjne = Pc (1)
pfb/mx/NC
Where
1
Pe = Wer  Wer | Wep | Winc (2)

PCcF PBF PEP PNC

3.1. Homogenization Models

Analytical homogenization models depend on the comprehensive mechanical
performance of the composite structure that belongs to the macroscopic frame and
heterogeneous microscopic frame of materials (e.g. composition, properties, shape,
volume fraction, inclination, etc.) [45]. Homogenization models aim to obtain the stress,
and strain behavior at the microscopic and macroscopic frames [46, 47].

3.1.1. Mori-Tanaka Model

The Mori-Tanaka model was originally formed by [35]. This model is reckoned for
developing various kinds of composite systems. This model uses the theory of Eshelby
inclusion. The aim is to define the average behaviors of the fiber and matrix. As reported
in [48], the longitudinal and transverse Young's moduli, in & out-of-plane moduli of
rigidity, and in-plane Poisson's ratio is given by equations.

Table 1. Weight percentages of fibers, matrix, and nano-clay

Sequence Banana fiber (%) Carbon fiber (%) Epoxy (%) Nano-clay (%)
I 20 60 19 1
I 20 60 17 3
I11 20 60 15 5

Table 2. Elastic features of fibers, matrix, nano-clay, and interphase

Properties Carbon Banana Epoxy Nano-clay Interphase
fiber [42] fiber [42] [43] [44] [44]
E, P/ = (GPa) 230 3.48 35 Ey. =176 E,=116
E/" = EjMP 15
(GPa)
Gy, o™ = 15 1.58 0.32 G, =704 G,, =455
G13fb/mx (GPa)
G,3'" (GPa) 7
Uy, O/ME = gy, fo/mE 0.2 0.28 0.35 Uy =025  p,=0275
v,57P 0.07 --- - --- -
pfP/Mx (kg /m3) 2260 1350 1270 1980 1590

Table 3. Evaluated volume fractions of the fibers, matrix, nano-clay, and interphase

Sequence  Carbon (CF)  Banana (BF) Epoxy Nano-clay Interphase (IP)
(NC)
Ver Ver Vep Ve Vip
I 0.47 0.26 0.26 8.89x103 8.89x10-°
11 0.47 0.26 0.24 0.027 2.7x10*
111 0.48 0.27 0.21 0.045 4.53x10+*
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Ey = VBV + (1= Vi )E™ + 2V, (1 — Vi) Z4 (v12/ — 0™)? (3)
E, = £ 4
= = oA, + 1) )
— 2V, Z fb mxyr] — mx\2
V12 = v + b Tmax Emx (Ulz -V )[ ( ) ] (5)
G E™ 14V, Hro (6)
12 = — fb —
2(1 = Vpp)(A + ™) 1V, + 21— V) S0 (1 4 )

-1

G, =E™|2(1+0™ Vi (7
B Y )+ 1-V, Gzafb
+
g1-(v™)"] E™-2G,"(1+0™)
Where:
V=77 (Elfb)[l +u™ 2 N 1 +u23fb]
1= Vrpla -
f Emx Emx E1fb Esz
€]
Ey fb _ 2 ymx
Y, = (vm") P /S ( 2) 1+ vy me ) 9
fby2 — . fb
Z, = {—2(1 - Vﬂ,)u +(1- Vf,,) =
E 10)
(L +v™)[1+ Ve (1 — 2vm") (
+ me
Z, = EJP (3 + Vi — 40™) (1 + 0™) + (1 — Vi )E™ (1 + v,57?) (11)

Thus for 1% nano-clay, the elastic features of the banana-carbon fiber-reinforced nano-
clay epoxy composite can be evaluated using Egs. (3)-(7):

E, = 119797.9MPa

Where: Z, ., = 16638.9;Z,,, = 52356; Z;,,. = 2586.9;Z,,, = 28423.25 (Values
calculated using Eq. (10))

E, = 1.7100 X 10'3MPa;v,, = 0.24
Where: y, =5.2;y, =4 (Values calculated using Eq. (8) & (9))

G, = 13882.08MPa + Gycp1,
= 13882.08MPa + 6.92 x 10° = 6.93 X 10°MPa
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Gy = 10485.6MPa + Gycpas
= 10485.6MPa + 6.92 X 105MPa = 6.93 X 10°MPa

Likewise, similar elastic properties of the proposed composite are evaluated for 3% and
5% nano-clay and are given in Table 4.

3.1.2. Generalized Self-Consistent Model

The generalized self-consistent (GS-C) model was initially evolved by [49, 34] to
determine the elastic features of isotropic spherical inclusions blended composite
materials. This model can be further utilized to find out the elastic features of short fiber
composites [50, 68]. In this model, a particulate having elastic properties of short fiber is
supposed to be placed in a homogenous medium, where the surrounding medium has the
undetermined elastic features of the composite that requires to be solved.

AVpp (1 = Vi) vy " — 0™)?

—_r fb
Ey=E, Vfb +E™(1- Vfb) + (1-Vsp) Vip 1 (12)
TKl? i T gm
23 23
1 1
i . Vip (1 = Vpp) (12" —0™) (W - m)
Uiy = U PV + 0™ (1 = Vpp) + GV T 1 (13)
237P Kz3™*  GMX
V
_ fb
KZ3 - K23mx + 1 1-Vyp (14)
Kps/P-kos  Kpa™ 46X
e G2’ (L Vi) + G™ (1= V)
G2 =G 7D (15)
Gro P (1= Vpp) + G™ (1 + V)
—B +VB?% — 4AC
Gy =G™ (—) (16)
2A
Where:
A=ag+aVp + a;Vp? + asVi® + agVpt (17)
B = by + bV, + byVyy? + bsVp® + byVy* (18)
C=co+c, Vi +cVip” + csVi® + iV (19)
Where:

o = —2(G™)*(26™ + K™)[2G3" ™ + Kp3"" (G" 20
+ Gmx){2623fb(;mx + Kmx((;23fb + Gmx)}] ( )

a; = 8(G™)2(Gs”” — G™)[2G,5""C™ + K,y3'" (Gps"" + G™)][(G™)?
+ GMX gmx + (KmX)Z] (21)
@y = =12(6™)2(K™)?(Gas® = G™) 262" 6™ + Ky (Ga” + ™)) (22)
a3 = 8(G™)?[(Gy3""G™)?Kps"" + (G ) G™K™ (Kys!" — G™) + 23)

(K™)?{G25"" 6™ (Gas"" = 2G™) + Kys" (G23"" = 6™ (Gos”" + 6™}
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a, = Z(Gmx)Z(ngfb _ Gmx)(ZGmx + Kmx)[K23bememx

— Gy (26™ (Ka™® — K™) + Ky PK™)] (24)

by = 4(G™)3[2G25""G™ + Ky3"" (Gos”” + G™)][26,5""G™ + K™ (Gp5""
mx (25)

+ G™)]

by = 8(G™)2K™ (Gy5"" — G™)[2G5""G™ + (Go5”" + G™) K5 1 (G™
_ KmX) (26)
b, = —2a, (27)
by = —2as (28)
by = —4(6™)*(Gos™ = 6™ [Kz3" G K™ — G (26 (K" — K™) -
+ Ky P K™Y (29)
= 8(Gmemx)2(Gz3fb - Gmx)[2623fb6mx + K23fb(G23fb + G™)] (30)
c, =a, (31D
3 =az (32)
€y = _Z(GmX)ZKmx(GZ3fb _ GmX)[K23bememx _ G23fb{2Gmx(K23fb (33)

— K™) + Ky K™Y
Thus, with 1% nano-clay, the elastic features of the banana-carbon fiber-reinforced nano-
clay epoxy composite can be evaluated using Egs. (12)-(16):
E, = 119703.74MPa
Where:

CF E 15000
K23 = =
3(1-21)  3(1-2x0.07)

K,3N¢ = 117333.3MPa, K,5'¥ = 12888.9MPa, K,;™ = 38888.9MPa

= 5814MPa; Similarly, K,;*" = 2636.4MPa,

Uy, = 0.27; Gy, = 8510.27MPa + Gycp 1, = 6.92 X 10°MPa
Gy3 = 65040650.2MPa + Gycp,3 = 7.2 X 10°MPa

Where: A, B, and C are calculated using Egs. (17)-(19) and are given below:
A=-123%x10%;B =-25x1032;,C = —1.44 x 1028

Where:
a, = —2.43 X 10%8,a, = 5.32 X 10%8,a, = —7.35 x 102%%,a; = 2.98 X 10%8,q,
= 2.89 x 10?7
by = 6 X 10?7, b; = —4.5 X 10%8,b, = 14.7 X 10%8,b; = —5.96 x 10?8, b,
= —5.2x 1033

co=1,c;, =49 x10%,c, = —=7.35 X 10?8, ¢c; = 2.98 x 10%8,c, = —4.9 X 10%° (Values
calculated using Egs. (20)-(33))

Likewise, similar elastic properties of the proposed composite are evaluated for 3% and
5% nano-clay and are given in Table 4.
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3.1.3. Bridging Model

The bridging micromechanical model (BM) was evolved by [51, 52] to determine the
strength and rigidity of unidirectional composites. An easy version of this model was also
developed [53] that gave closer results when compared to experimentally obtained
values. The elastic features of the composite based on the bridging model are as follows
[54]:

Ey = E,“"VEF + E,PFVBF 4 Emxymx 4 ENCYNC 4 pIPYIP (34)
U12 — UlZCFVCF + UlzBFVBF + vmxvmx + UNCVNC + UIPVIP (35)
E;
_ WVEF +V™a, ) (VEF +V™ay,) (36)
Ver + mean)(VCFSzzCF + A V™S, ™) + VEFYmx (S, ™ — 521CF)a12
Where:
1 Uz —Usz
S0 =—,85,, =—,85,3 =—— (37)
22 E, 21 E, 23 E,
me mx
a;; = F,azz =a33 = a4, = 03+0.7 (ﬁ)'alz
1 2
E1CFUmX _ me.U12CF (38)
= ( . — g )(all — d32)
VEF + V™ a66)Gy, " 6™
Glz = ( CF rmx 6;613 - CF (39)
VEeEGM* 4 Y™Mxq . Gy,
0.5(VCF 4 ymxg
623 = CF CF C(F 44) mx mx (40)
VEF(S3"" — 837 ) + V™ ags (S50 — Sp37 )
Gmx
age = 0.3+ 0.7 (—CF> (41
Gz

Thus for 1% nano-clay, the elastic features of the banana-carbon fiber-reinforced nano-
clay epoxy composite can be evaluated using equations (34)-(36):

E, = 119670.47MPa; v,, = 0.26

E, = 20609.87MPa

“a;; = 0.152,a,, = 1.933,a,, = —0.6713,5,," = 6.67 x 107%,5,,™ = 2.86 x 1075,
S,y ™ =—-1%x1075,5,,F = —-8.69 x 1077

= 20609.87MPa + Eycp,;

=1.7342 x 103 MPa

G1, = 8645.6MPa

" (g = 0.45

= 8645.6MPa + Gycp, 12

= 6.93 x 10MPa

G,3 = 9262.83MPa

Q= Ay = 1.933,5,,°F = 6.67 X 1075,5,,F = —4.67 x 1076, 5,,™*
=-1x1075,5,,"* = 2.86 x 1075
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= 9262.83MPa + GNCP.23
= 6.93 X 10°MPa

Likewise, similar elastic properties of the proposed composite are evaluated for 3% and
5% nano-clay and are given in Table 4.

3.2. Semi-Empirical Model

Semi-empirical models also known as semi-physical models are found to rely on
parameters having natural significance [55, 56]. Semi-empirical relations have corrected
or fitting parameters that make design procedures simple and easy [57, 58].A semi-
empirical micromechanical model, also known as the modified Halpin-Tsai (Mod. H-T)
model is developed by exhibiting the matrix modulus in terms of fiber diameter and by
establishing an equivalent constant. This model helps in deciding the threshold weight
and volume fraction of the inclusion so that the matrix modulus can be maintained more
the needed level [56].

3.2.1. Modified Halpin-Tsai

This semi-empirical model was developed by Halpin-Tsai (Modified Halpin-Tsai) to
rectify the Young's modulus in transverse direction as obtained by the rule of mixture
method (ROM). A modified Halpin-Tsai method based on finite elemental research was
suggested, considering the possibility of a numerous fiber arrangements [59]. The
transverse Young's modulus and in-plane modulus of rigidity as proposed by [60] are
given by:

1+ & ng VEF
2
1+ &6,,m6,,VEF
GlZ =™ <W (43)
Where, V¢F < 0.3
E,CF
(me - ; 3
T]E2 = EZT; EEz = {4.924— 35.888VCF + 125.118VC¢F° — 145,121V ¢F } if
(EW>+ Ez

Ver 2035 &, = {15+5500v " if Ve, 0.3

(G-
n _ Gmx
Gi2 — GlZCF

( Gmx ) + {:012

The longitudinal elastic modulus and in-plane Poisson's ratio will be the same as that in
ROM.

F10

166, = 1 +40V¢

Ey = E,“TVF 4+ E, PPV EF 4 pmxymx 4 ENCYNC 4 plPyIP (44)
Uy = UlZCFVCF + UlZBFVBF 4 pmxXpymx 4 yNCpyNC + PP (45)

Thus for 1% nano-clay, the elastic features of the banana-carbon fiber-reinforced nano-
clay epoxy composite can be evaluated using Egs. (42)-(43) and Egs. (44)-(45):
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15
N &
E; — /15 - .
(E) + 1.5
v &g, = 1.5+ 5500 x 0.47%8 = 1L.5(VF = 0.47)

< Ez = 5179.63MPa + ENCP,ZZ
= 1.7342 x 10*MPa

(135200000) -1 0.65

N6, = (135200000) +1.02

&g, = 1+ 40 X 0.471° = 1.02(VEF = 0.47)
< Glz = 6034.13MPa + GNCP,lZ
= 6.94 X 10°MPa

E, = 119670.47MPa
vy, = 0.26

Likewise, similar elastic properties of the proposed composite are evaluated for 3% and
5% nano-clay and are given in Table 4.

3.3. Calculation of Elastic Properties for Nano-Clay Platelets

In an intercalated banana-carbon fiber-reinforced nano-clay epoxy composite, the nano-
clay platelet is surrounded by a layer of interphase at the top surface, and epoxy is used
as a binding medium. The relation between the thickness of silicate layer (ts;), number of
silicate sheets (N), and the interlayer gap between nano-clay plateletsd,, in composites
are as follows [61].

t=(MI—1Ddggp + s, (46)

The following formulae wereproposed as per modified ROM for calculating elastic
properties of nano-clay platelets (consisting of nano-clay and interphase) [62].

Encp11 = Encps = XncEnc + XipEp (47)
EncErp
XncEw + XipEnc — XncXipBEncEp

(48)

ENCP,ZZ =

Uncp,a2 = Uncp,32 = XncVlip + XipUnc (49)

_ XncUncEnc (1 —vp?) + xipVipErp (1 — vpne?)

v = (50)

Neps IncEnc (1 —vp?) + x1pUp Erp (1 — vnc?)

GncGrp

G =G = (51)

Nep2 Nepsz XncGip + XipGne — XneXipNGncGrp

Encp i1

G = 52

NEPI3 T 21 + Uncp,13) (52)
Where:

Une? 22 + 02 2 — Qv
Enc Erp

XncEne + xipEip
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2 Gip 2 GNC
— 4 Upp° —=——— —2UpNcUp
Gnc Gip

XncGne + XipGrp

Unc

r]:

For 1% nano-clay:
Encpaz = 1734.22 x 10°MPa

Where f = 6.49 x 10™*
Gueras = Grepas = 6.92 X 105MPa

Where:
n=1.65x1073
Uncpaz = 0.27
4. Finite Element Work
4.1. Model Configuration

The composite sampleis modeledand examined for its mechanical properties on ANSYS
Mechanical APDL software. The sample measurements used in this examination are as
per ASTM D3039 standards [42]: length of the sample = 30 mm, width of the sample =
200 mm and thickness of lamina = 0.5mm/layer. Number of sheets = 5.

The total depth of the samples = 2.5mm, Degree of Freedom = zero,

Both sides of the samples are constrained. After modeling the sample, it is meshed using a
mesh tool. Number of mesh: Number of vertical element divisions = 20; Number of
horizontal element division=15. Meshed model is shown in Fig. 1.

Fig. 1 Meshed model

4.2 Loads and Orientation of the Fibers

The examination of the properties is carried out by using element 3D 4 Shell 181. A point
load of 200KN [42] is applied to the model at 21 nodes in a perpendicular direction
(along -z axis) as shown in (Fig. 4). The sample is configured in the sequence of layers:
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banana fiber - carbon fiber - nano-clay platelet - carbon fiber - banana fiber at orientation
angles of 90°, 0°,90°,0°, and 90° respectively also portrayed in Fig. 2. The modeled layers
in ANSYS APDL are shown in Fig. 3. The vector sum distortion for the proposed
composite material is analysed for the proposed composite reinforced with 1%, 3%, and
5% nano-clay particles and is given in Table 4. The vector sum deformation plots
developed by using the ANSYS APDL application for NC composition of 1%, 3% & 5% are
also shown in Fig. 5.

| 200 KN
- A
v
# . i 2.5 mm
& 7 / Silicate layer
Banana ¢ /// ¢ thickness (ts)
fibers <
> / V_\
/ Nano-clay

Carbon fibers platelet

30 mm

A

Interphase layer
200 mm

Fig. 2 Application of load on arrangement of fibers and nano-clay platelet.

Fig. 3 Modelled layers in ANSYS APDL
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Fig. 4 FE model showing point load at 21 nodes (along -z axis)

.440311

NODAL SOLUTION

(b)
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(c)

Fig. 5 Vector sum deformation for banana-carbon fiber reinforced nano-clay epoxy
composite having (a) 1 percent, (b) 3 percent and (c) 5 percent nano-clay.

Table 4. Elastic properties, vector sum deformation and FE model results for different
percentages of NC filler in the proposed composite

Nano- . Mori- Generalized . Modified Vector sum
Elastic Self- Bridging - . deformation FE
clay . Tanaka - Halpin-Tsai
% Properties Model Consistent Model Model from model
Model ANSYS(mm)
E1 (MPa) 119797.9 119703.74  119670.47 119670.47 116223.71
U, 0.24 0.27 0.26 0.26 0.28
1%  E,(Mpa) 17100107 o 1734200 1 7342010 056485 1,6602x10 12
G, (MPa)  6.93x10¢ 6.92x106  6.93x106 6.94x106 6.66x106
G, (MPa)  693x106 7.2x106 6.93x106 o 6.66x106
E,(MPa) 1222789 113792.3 122160 122160 117575.8
Uy, 0.24 0.27 0.27 0.26 0.28
3% E,(MPa)  3.86x105 o 3.97x105 392467.5 0.10141 3.67x105
G,,(MPa)  7,02x10¢ 7.02x106  7.02x106 7.03x106 6.75x106
G,, (MPa)  702x106 6.12x106 7.02x106 ok 6.75x106
E1 (MPa) 126742.3 130573.9 126614.8 126614.8 123050.7
vy, 0.25 0.26 0.26 0.26 0.27
E, (MPa) . wx . : .
50 2 412231.3 402651.4 432231.2 0.13883 396376.2
G,,(MPa)  811x106 8.11x106 8.11x106 8.20x106 7.87x106
Gas 8.11x106  7.09x10°  8.11x106 o 7.87x106
(MPa)
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5. Fiber Hybridization and Its Effect

The hybridization of fiber is a technique for improving the composite properties [63, 64].
The study of hybrid effect is significant in the analysis of the property of the proposed
composite. The hybridization is important in understanding the behavior of the fibers in
the hybrid composite. It, in general, predicts that the failure strain of a hybrid composite
differs from the composites blended with either of the parent fibers alone. Fiber-hybrid
composites are composed of high and low elongation fibers. In this study, high and low
elongation fibers are banana and carbon fiber respectively. The outcome of placing a
carbon fiber sheet in between glass fiber sheets was first reported by [65]. Carbon fiber
layers failed in tension. The strain (e.) was noted to be increased by 40% (g,). This
increase is termed as the 'hybrid effect’, that is normally expected for failure strain [65].
The hybrid effect (Eq. (53)) is the ratio of the failure strain of the hybrid composite to the
failure strain of the low elongation fiber-blended composite [66].

Hybridization effect = SCS—:E” (53)
Where ¢, =increased tensile strain of the hybrid compositeat breaking point.
&, = tensile strain of the carbon fiber at breaking point.
The hybrid effect R,y 3 given by [66] is:
1

Enec /EHEF 5k, 1) [ 549
Rhyb == =W = p
ELEC ELEF 25(k —1)

Where €, ;= mean strain of the least elongated fiber at breaking point.

&, gr= mean strain of the highest elongated fiber at breaking point.

g= Wei bulls shape parameter.

-1
NE)
Ry = Sk, -1 (55)
26(k*-1)
The ineffective length §and Jy for the hybrid composite is given by [66]:
y2
5 =1.531(wJ (56)
gh
2 (EAdY” m,2 —m>
h = > 3 (57)
P Gh m(2-m")-m,(2-m,")

Where: the ratio of fibers' extensional stiffness(p) is given by [66]:

E1A1
P~ EA,
3.48
p = m = 0.015
Where
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E,A; =Denotative stiffness of LE fibers.
E,A, =Denotative stiffness of HE fibers.
h= Matrix depth.

d= Fiber spacing.

G= Shear matrix modulus.

The strain and strain concentration parametersK and K, respectively and a constant m,,

are given by [66]:
K =1.293
K, =1+ n:z il . (58)
m(2-m°)-m,(2-m,”)
1
e (p +1+ F()PZ + 1)%)2 (59)

Substituting the value of pobtained above in Eq. (59), we get:
m; =11.5 andm, =1.0.

Substituting the values of m,&m,obtained above in Eq. (58), we get:

K, =1007=1.01

0 & 0, are calculated using Egs. (56) and (57) as:

1
230 x 103 x (200 x 30) X 30)5 ee

= 1.531
=153 ( 3200 x 1 x 10002

1.0°-11.5°
5, = (3.6) y _ |-
J0.015 11.5(2-11.5%) —1.0(2 —1.0%)

~5

hyb

[ sas@or-1 |7 .
2x5.5(1.293° —1) ’

0.263
= -1

2875

The tensile failure strain of the banana-carbon fiber blended epoxy composite is 1.6 times
more than the composites fabricated from carbon fibers alone.

6. Results and Discussion

In this study, the proposed composite reinforced with 1%, 3%, and 5% nano-clay
particles is modeled in ANSYS APDL and various analytical equations are employed to
find its effective elastic features. The main purpose is to analyze the comparison among
the different elastic properties obtained using homogenization and semi-empirical
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models, to calculate the average error and deformation for 1%, 3%, and 5% nano-clay
reinforcements. The average error (g, ) is calculated using the following equation [70]:

Xc—Xm

m

Eu= x 100 (60)

Where: x.= Elastic values obtained by calculations
X, = elastic values obtained by Finite element results

The average value of the tensile modulus obtained by different analytical models for the
proposed composite blended with 1 wt% of nano-clay (with interphase) shows an
increase of 88.35% on comparing it to the value of tensile modulus of 13950MPa for
carbon fibers reinforced with 1 wt% of nano-clay filled IPN matrix [9]. For 3 wt% of
nano-clay (with interphase), the average tensile modulus shows a rise of 88.1%, as
compared to the tensile modulus value of 14550MPa [9]. From the results, it is observed
that the inclusion of banana fibers increases the strength and toughness of nano-clay
reinforced banana-carbon fibers composites.

The inclusion of 5 wt% of NC (with interphase) to the proposed composite shows an
increase of 66 % on comparing it to the value of tensile modulus of 43000MPa obtained
for NaOH treated banana fiber composite infused with 6 wt% of NC [7]. Therefore the
results of FE model obtained for the proposed composite is validated with the analytical
models used in this study and with experiments in literatures [7] and [9].

For 1%, 3% and 5% reinforcements of NC fillers, the average error values are evaluated
for all the analytical models and for different elastic properties and are presented in Fig.
6. These errors show the percent deviation from the elastic values obtained from FEM
results. The following points are highlighted from the results presented in Fig. 6(a) and 6
(b) for longitudinal elastic modulus(E;) and in-plane Poisson's ratio (v;,):

6.1. Longitudinal elastic modulus(E,)

It can be observed from Fig. 6(a), that for 1% NC, all the models are in good concurrence
with the FEM results as all the models are showing low average errors. For 3% NC
reinforcement, the Mori-Tanaka model is yielding the largest variation from FEM value
and for 5% NC, the Mori-Tanaka model gives the least percent error among all the other
models used. It is evident from Fig. 6(a), that all the models for 1% NC are showing the
best agreement with FEM results as compared to the error percent of all the models for
3% and 5% NC reinforcements. From the elastic values obtained for Ej, it is found that
among 1%, 3% and 5% reinforcements, the proposed composite reinforced with 5% NC
gives the stiffer composite

In-plane Poisson's ratio. (v;,): It can be observed from Fig. 6(b), that for 1% NC, only
Generalized-Self Consistent model is showing good concurrence with FEM result. For 3%
NC, both Generalized-Self Consistent model and Bridging model are yielding less
variations from FEM values as compared to Mori-Tanaka and Modified Halpin-Tsai
models. For 5% NC, the Mori-Tanaka model is showing the highest percent error. It is
clear from Fig. 6(b) that all the models for 5% NC reinforcement, are showing the best
agreement with FEM results as compared to error percent obtained for 1%, 3% and 5%
NC.

The highlights for the result presented in Fig. 6(c) for transverse elastic modulusE, are
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. Longitudinal elastic modulus (E;) e In-plane Poisson’s ratio (v.:)
B 50
= 7 S
2 " M-T = EMT
o
Z 5 GS-C N " GsC
=
o 3 # BM ) » BM
5, = MOD.H-T 520 # MOD.H-T
= =
= <
1 10
1% 3% 3% 1% 3% 5%
Nano-clay percentage Nano-clay percentage
(@) (b)
i Transverseelasticmodulus (E;) In-plane shear modulus (G.;)
9
8
T g
= aMT = M
& % "GSC £ = Gs-C
?n 4 » BM % = BM
£ 3 ¥ MOD.H-T 3 ¥ MOD.H-T
Z 2 Z
1
0
1% 3% 5% 1% 3% 3%
Nano-clay percentage Nano-clay percentage
() (d)
i Out-of-plane shear modulus (G:s)
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= BMT
o
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=
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<
2
0
1% 3% 5%
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(e)

Fig. 6 Results for the average error for (a) Longitudinal elastic modulus (b) In-plane
Poisson's ratio (c) Transverse elastic modulus (d) In-plane shear modulus (e) Out-of-

plane shear modulus

6.2. Transverse elastic modulus(E,)

From Fig. 6(c), it is clear that for 1% NC filler, all the models are showing good
concurrence with the FEM results. For 3% NC, all the models are yielding high variations
and for 5% NC, the Bridging model outperforms all the other models as it is showing the
least percent error. It is evident from Fig. 6(c) that all the models for 1% NC are showing
the best agreement with FEM results as compared to the error percent obtained for 3%
and 5% NC reinforcements. From the elastic values obtained for E,, it can be deduced
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that the proposed composite reinforced with 1% NC is stronger in the transverse
direction as compared to 3% and 5% NC reinforcements.

The main highlights for the results of in-plane shear modulus (G;,) and out-of-plane
shear modulus (G,3), presented in Fig. 6(d) and 6(e) respectively are:

6.3. In-Plane Shear Modulus (G4;)

From Fig. 6(d), it is clear that all the models are showing good agreement with FEM
results except the Bridging model for 1% NC reinforcement. It indicates that the NC
reinforcement percentage does not have a significant influence on this property.

Out-of-plane shear modulus (G,3): All the models for 1%, 3% and 5% NC fillers are
yielding low percent errors, as it can be observed from Fig. 6(e), except the Generalized-
Self Consistent model is showing very high deviation from FEM results.

For the values of vector sum deformation given in Table 4, the following is observed:
6.4. Vector Sum Deformation

Banana and carbon-reinforced nano-clay epoxy composite for 3% nano-clay
reinforcement is found the most suitable and for 1% nano-clay, the least suitable in terms
of strength and deformation resistance as it is showing the lowest and highest total sum
deformation respectively.

7. Conclusions

A novel composite material banana-carbon fiber-reinforced nano-clay epoxy composite is
developed. The proposed composite is analyzed by using analytical models, namely Mori-
Tanaka, Bridging, Generalized Self-Consistent, and Modified Halpin-Tsai model for the
calculation of elastic properties like longitudinal and transverse elastic modulus, in-plane
and out-of-plane shear modulus, and in-plane Poisson's ratio. The average error is
calculated for all the elastic properties obtained from different models for 1%, 3%, and
5% nano-clay reinforcements. From the results of this study, the following points are
deduced:

e The modified Halpin-Tsai method is yielding the most effective elastic properties
for the proposed composite as it gives the lowest average error percent on
comparing with FEM results, and the Mori-Tanaka model is giving the least
effective results.

e The composite reinforced with 5% NC is stiffest, as it yields the higher values of
longitudinal elastic modulus than the corresponding values obtained for 1% and
3% NC reinforcements.

e For different weight percentages of NC reinforcements, GS-C model is yielding
the best elastic properties for 5% NC as compared to all the other models used in
the study.

e On arranging fibers in the sequence of banana at 90°, carbon at 0°, nano-clay at
90°, carbon at 0°, and banana at 90°, the total sum deformation for 3% nano-clay
composition is found to be least, so it can be deduced that the proposed
composite reinforced with 3% NC can sustain the maximum load and is of higher
strength as compared to the composite blended with 1% and 5% NC. The
composite reinforced with 1% NC reinforcement is weakest in terms of strength
as it gives the highest deformation.

e The value of hybridization obtained for the proposed composite is 1.6. It depicts
that banana fiber (HE fiber) in the hybrid composite is 1.6 times stiffer than
carbon fiber (LE fiber) in the hybrid composite. It is found that the inclusion of
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banana fiber in the carbon fiber reinforced composites improves the failure
strain rate of the hybrid composite. The hybrid composite becomes much
stronger in terms of strength as the tensile failure strain characteristics
increasesin comparison to the failure strain of carbon fiber (LE fiber) blended
non-hybrid composite.

Abbreviations
Vb jmax e The volume fraction of fiber, matrix, and nano-clay.
W The weight percentage of fiber, matrix, and nano-
fb/mx/NC cla
y.
Pfb/mx/NC The density of fiber, matrix, and nano-clay.
Pc The density of composite.
The weight percentage of carbon fiber, banana fiber,
Wer /Wer/Wee/Wnc epoxy, and nano-clay respectively.
Jpse/ e/ The density of carbon fiber, banana fiber, epoxy, and
Per/Psr/Pep/Pre nano-clay respectively.
The volume fraction of carbon fiber, banana fiber,
Ver/Ver [Ver [Vac/Vip epoxy and nano-clay, and interphase.
Eye/E Elastic modulus of nano-clay and interphase
Ner=p respectively.
Guc/G Shear modulus of nano-clay and interphase
Nes e respectively.
eV Poisson's ratio of nano-clay and interphase
Nesmip respectively.
F Fb/mx Elastic modulus of fiber and matrix in longitudinal
! direction.

F b = g b Elastic modulus of fiber and matrix in transverse
22 33

direction.

Gy, /™ = G, M In-plane shear modulus of fiber, matrix.
Gy'? Out-of-plane shear modulus of fiber.

vy, 0/ME =y, fP/mx In-plane Poisson's ratio of fiber, matrix.
v,577P Out-of-plane Poisson's ratio of fiber.
p/b/mx The density of fiber, matrix.
KppTP/mx Strain bulk modulus of fiber, matrix.
K3 F /K, P Strain bulk modulus of fiber, matrix.
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The usage of advanced high strength steels (AHSS) presents important
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1. Introduction

Springback can be defined as deviation from the designed target shape after removal of the
load. This phenomenon causes to difficulties in the subsequent manufacturing processes
and assembly of the parts [1]. Accurate prediction of springback by finite element analysis
(FEA) is a complicated task since numerous numerical and process parameters have effect
on the prediction accuracy of springback. An accurate finite element modeling of a
stamping process eliminates time-consuming stages especially at die compensation
procedure [2-4]. From this perspective, finite element modelling stages must be well
defined and optimized by means of accuracy and solution time. A great number of
calculation parameters in finite element simulations effects the accuracy and the solution
time of the simulation [5, 6]. Mesh design of the geometries and plasticity modeling steps
dominates the accuracy of the simulations [7-9]. Mesh design generally includes element
type, element number, and number of integration points (for shell elements). In the
literature, Lee and Yang [10] investigated the effect of contact damping, penalty
parameters, mesh size in the blank, number of elements on tool corners and punch velocity
on springback prediction. They performed finite element (FE) simulations of U bending
process with different values of the mentioned numerical parameters and determined that
mesh size in the blank and number of elements on tool corners are the most important
factors influencing springback prediction. Xu et al. [11] studied the effect of nodal damping
value, number of integration point, mesh size in the blank and punch velocity on
springback prediction of U bending process and determined the optimum values of the
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numerical parameters. Chen et al. [12] performed finite element (FE) simulations of slit-
ring cup and three automotive parts, namely fender load beam, a rail and a cross member
in dynamic-explicit finite FE program Ls-Dyna. They studied the effect of mass scaling,
contact method and material model on springback prediction. Authors determined that
accuracy of springback prediction is improved by using selective mass scaling, smooth
contact method and Yoshida-Uemori [13] nonlinear isotropic-kinematic hardening model.
Yao et al. [14] investigated the effect of loading curve, mesh size, number of through
thickness integration points and mass scaling factor. They determined that the decreasing
of punch velocity, increasing of adaptivity level and number of integration points improve
the springback prediction accuracy. Trzepiecinski and Lemu [15] researched the influence
of a number of integration points, integration rule, the orientation of the blank and friction
coefficient on the amount of springback in V bending process. From the numerical results,
they determined that minimum five elements through the thickness direction for Gauss’s
integration rule are required to obtain compatible results, while similar results were
obtained both Gauss and Simpson rules with seven or nine integration points. A
comprehensive study was carried out by Firat et al. [16]. They investigated the effects of
both numerical and process parameters on the springback prediction accuracy of U
bending and an engine suspension bracket. The effects of element size and punch speed
from numerical parameters and blank holder force (BHF), draw bead penetration and
friction coefficient from process parameters were evaluated in their study. The
interactions between the parameters and their effects on the springback and thinning
behavior were determined by multi-linear regression and the optimum parameters were
presented. Esener et al. [17] performed a sensitivity analysis for stamping process of a roof
stiffener part manufactured from dual phase-DP600 steel and determined optimum
numerical and process parameters which minimize the amount of springback. They
investigated number of integration points through the thickness direction, shell element
formulation, friction coefficient and BHF values and found the optimum parameters by
using meta-model-based design of experiment.

As it seen from the literature studies, the effect of integration points through thickness was
evaluated by several researchers in the past [10, 11, 14, 15]. However, comparisons were
generally restricted to only the performance of the mesh sizes. The solution times were
mostly ignored for the determination of the optimum mesh size. This study investigated
the effect of the mesh size on spring-back prediction in terms of prediction performance
and solution times. Moreover, an implicit solver was utilized in this work which is rare
because explicit solvers have been preferred extensively for spring-back prediction due to
the lower solution times.

On the contrary, implicit solvers have to calculate the stiffness matrix at all increments of
the simulation, which increases the solution time. Therefore, implicit solvers provide
consistent results for applications of plasticity. In addition, this study focuses on the effect
of an anisotropic yield criterion on spring-back prediction. Although the influence of
kinematic hardening is well known [13], the influence of the anisotropic yield criterion on
spring-back prediction was not extensively investigated.

It can be seen that there is numerous studies that models the blank geometry using shell
and solid elements. However, investigation of solid element number trough the material
thickness and number of integration points in shell elements for springback predictions is
a challenge for process engineers. For this reason, presented study focused on finite
element through thickness modelling for springback prediction. In this study, springback
of TWIP980 sheet from advanced high strength steel (AHSS) was investigated by
considering anisotropic plasticity model. U-draw bending process was performed and this
process evaluated by using solid and shell elements with different trough thickness
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modeling parameters. Finite element (FE) analyses were performed with a commercial
implicit FE code and the predicted results were compared with experimental results.

2. Material and Method

In this study, U-draw bending process from the Numisheet93 benchmark is performed. Die
tool geometries can be seen in Fig. 1. TWIP980 steel was used as material. TWIP steels
consist of high manganese content and therefore it is fully austenitic at ambient
temperature. The plastic deformation of this steel is carried out by both twinning and
dislocation slip mechanisms [18]. Mechanical properties of the material can be seen in
Table 1.

Holder Punch Holder
50 mm
6.5 mm
R: 5 mm R: 5 mm 55
¥ ey 55 mm
A A A A T
Blank jaN R: 5 mm
Die Die

53 mm

Fig. 1 Tool dimensions for U-draw bending [20]

Table 1. Mechanical properties of TWIP980 steel [20]

Angle (9 Young modulus (MPa) Yield Stress (MPa) r-value
00 207000 941.1 0.678
450 896.9 1.147
900 938.8 1.279

According to the additive plasticity approach, strain increment can be decomposed into
the elastic and plastic components, as seen in Eq. (1).

deyj = def; + def; 1)

Cauchy stress tensor components can be decomposed into deviatoric and hydrostatic
parts.

do-ij = dSU + dO'mI (2)

The deviatoric part is responsible for the shape-changing, while the hydrostatic part is
responsible for the volume change. om and I represent the mean stress and Kronecker
delta, respectively. Eq. (3) establish a correlation between the elastic strain componentand
the deviatoric stress components.

Ultimately, the yield criterion separating the elastic and plastic regions from each other in
stress space can be expressed by Eq. (4).
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f (1) = equ(o) = 0o(ej) = 0 4)

In this study, initial anisotropy of the material was defined with orthotropic quadratic
Hill48 yield criterion [21] and the relationship between the plastic strain increments and
stresses was defined with associated flow rule. The criterion has six coefficients for three-
dimensional stress state and it could be written as follows:

f(Uij) ={(F(0y; — 033)2 + G(033 — 011)2 + H(oyq — 022)2 + 2140232 + (5)
2Moys? + 2Noy, 2} 2
where F, G, H, L, M and N are constants which define anisotropy. In this study, Lankford
based identification was considered and F, G, H and N were determined by following
equations. The remaining coefficients L and M were used as 1.5 due to neglecting of
anisotropy along thickness direction.

o 1 To _ (rot790)(1+2745)

Too(1+70) 6= 147y’ H= 1+7g 27190 (1+70) (6)

ro, I4s and roo denote Lankford coefficients along the three main directions. Hill48 plasticity
model coefficients were given in Table 2 for TWIP980 steel. Prediction performance of the
Hill48 model was evaluated with directionality estimations for TWIP980 steel. Fig. 2
illustrates the r value, the yield stress ratio and the yield surface predictions of Hill48
plasticity model for TWIP980 steel.

Table 2. Hill48 coefficients of TWIP980
F G H L M N

0.316 0.596 0.404 1.5 1.5 1.502

The experimental r values were accurately captured as expected (Fig. 1a). Nevertheless,
some deviations were seen between the analytical yield ratio predictions and the
experimental ones (Fig 1b). The associated flow rule (AFR) was employed to establish a
relation between the Cauchy stress components and plastic strain components, and the
AFR is given in Eq. (7).

df
dGi]'

dsfj =dA (7

In the equation above, dA is the proportionality factor. In the study, isotropic hardening
assumption and was considered and hardening of the material was defined with Swift
hardening law. The hardening parameters are given in Table 3 and the Swift law was given
in Eq. (8).

o = K(go +gp)" (8)

Table 3. Swift model parameters of TWIP980 [20]

K(MPa) £ n

2349.9 0.167 0.502
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14 ° 1.2 ® Experiment
12 g 11 —Hill4g
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31 S 1 °
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—Hill48 2
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Angle (degree) Angle (degree)
(a) (b)

15

Normalized stress along TD

-1.5

Normalized stress along RD

(c)

Fig. 2 (a) r value, (b) yield stress ratio, (c) yield surface predictions of the Hill48
criterion for TWIP980 steel

3. Application Study

In this study, U-draw bending process was modeled with implicit FE code Marc [21]. Blank
part was modeled as deformable body, while other die tools were modeled as rigid body.
Control nodes were assigned for punch and blank holder so as to apply the necessary
boundary conditions. In simulations, two element types were considered, and blank was
separately meshed with shell and solid elements. Bilinear, four-node fully integrated shell
elements, including transverse shear effects, were adopted for shell element formulation.
On the other hand, fully integrated hexahedral constant dilatational elements were used
for solid element formulation. Both elements are free from shear locking [21, 22]. In the
first case, 1, 2, 3, and 4 solid elements were used through the thickness and in the second
case shell elements with 3, 5, 7 and 9 integration points were evaluated. For both element
type, half of the geometry was modelled due to symmetry conditions. The Coulomb bilinear
friction model was employed, and the friction coefficient between the blank and the tools
was assumed to be 0.13 [20]. Node to segment contact algorithm coupled with penalty
factor was utilized to eliminate the penetration. The FE model of the process was shown in
Fig 3. In the FE model, blank holder force was assigned as 10 kN, 25 kN, and 50 kN
separately and the punch displacement was performed as 70 mm.

Cross section of the deformed geometry was investigated following FE analyses, and three
parameters were taken into account for springback measurement recommended in the
literature studies that used U-draw bending [23, 24]. 61 and 02 angles and the sidewall
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radius (p) can be seen in Fig. 4. 81, 0z and p parameters were predicted for each FE analysis
and the results were compared with experiments obtained in Numisheet93 benchmark.
The comparison between the numerical and experimental results for shell and solid
elements were shown in Fig. 5 and Fig. 6, respectively.

Punch ‘ ‘ ‘ \
‘ ‘ Blankholder

Fig. 3 FE model of U-draw bending

Symmetry axis

6,

Fig. 4 Springback parameters in U-draw bending process

() ENIP=3 ENIP=5 ENIP=7 ENIP=9 M Experiment mm
140

120

0, 0, P

Fig. 5 Comparison results for shell elements with different integration point numbers
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H1l W2 W3 W4 MExperiment mm
140

140

120

100

80

80

40

20

0, 0

Fig. 6 Comparison results for different number of solid elements that used trough the
thickness

It can be seen from the figures, for shell elements, no significant differences were observed
between the predicted and experimental springback angles (61-62) when the more than
5 integration points were used. However, minor differences were observed for sidewall
radius. When it comes to solid elements, it was observed that increasing of the number of
elements in thickness direction has not an important effect on the prediction accuracy of
springback for U-draw bending process. The solution times of different element numbers
and integration points through-thickness directions were also compared, and Table 4
shows the CPU solution times.

Table 4. CPU solution times

Element Number 1 2 3 4
Solid Solution Time (s) 642486 11106.77 11805.89 13856.98
Iteration (Cycle) 2816 2694 2367 2135
NIP 3 5 7 9
Shell Solution Time (s) 6564.08  4149.25 5418.34 10902.21
Iteration (Cycle) 2818 1865 2016 2132

It was observed that higher solution times were obtained for the simulations with the solid
element formulation. In addition, the solution times increase with the increase in through-
thickness element number or NIP. However, for the results obtained by the 3 NIP in
thickness, the solution time was increased. It may be a consequence that the models have
difficulty converging because the total iteration number of 3 NIP was considerably higher
than the others. Correspondingly, an increase in the NIP through-thickness may lead to an
improvement in the convergence performance. Moreover, for shell element formulation,
after the 3 NIP iteration numbers suddenly decreased and from 5 NIP to 9 NIP, iteration
numbers increased.

The equal number of integration layers in thickness was considered to properly compare
the performances of shell element and solid element formulations. From this point of view,
the FE models with 2 elements in thickness for solid and 5 NIP through-thickness for shell
element formulations were selected for further studies. In order to evaluate the
performance of the Hill48 criterion on the spring-back prediction, U draw bending
simulations were carried out for BHF 10 kN and 25 kN as well. The results were compared
with the experimental results and literature studies [20]. Fig 7 demonstrates the numerical
and experimental spring back outcomes for 10 kN, 25 kN, and 50 kN BHF.
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Fig. 7 Springback parameters for a) BHF = 10 kN, b) BHF = 25 kN, c) BHF = 50 kN
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The von Mises results were taken from the Ref. [20]. Hill48 results obtained by solid and
shell element formulations were compared with the reference Mises results and
experimental results simultaneously. For all BHF values, Mises overpredicted the 61 while
underpredicted the 62 and p. On the other hand, Hill48 results for both element
formulations improved prediction performance and better agreed with the experimental
results for all spring back parameters. However, a slight difference between both element
formulations of Hill48 was observed. Shell element formulation was found to be more
suitable and practical for spring-back prediction when considering the CPU solution times.

4. Conclusions

In this study, the effect of FE parameters on the prediction accuracy of the springback was
investigated. U-draw bending process was selected as benchmark study and springback of
TRIP980 sheet from AHSS was predicted with implicit FE code Marc. Element type, NIP,
the number of elements in thickness direction were taken as variables and FE analyses
were performed with different numerical parameters and different BHF values. Two
angles between the sidewall and the deformed profile and also sidewall radius was
selected as springback measurement. The predicted results from FE analyses were
compared with experimental results and numerical results obtained from the literature
study. The conclusions are as follows.

e Itwas found from the comparisons that increasing of NIP has no significant effect
on the springback angle predictions. However, only minor differences were
observed in sidewall radius predictions.

e It was determined that the usage of 5 integration points through the thickness
direction was adequate for shell elements. When comparing the CPU solution
times, the model with 5 NIP was found to be lower than the others. This situation
is attributed to the improved convergence performance.

e Significant differences between the predictions were not observed when the
number of elements in thickness direction increased for solid elements. When the
solution times were regarded, a noticeable difference was not observed for
different element numbers through the thickness.

e Simulations were repeated for different BHF values using solid, and shell element
formulations utilizing the models with the optimum element numbers and NIP
through the thickness. The models with 2 elements and 5 NIP through-thickness
for solid and shell element formulations were selected for these analyses.
Numerical results were compared with the experimental results and reference
isotropic criterion results. The prediction accuracy was enhanced for both
element formulations when the Hill48 criterion was employed.

e A noticeable difference was not observed between the solid and shell element
formulations in terms of predicted spring back angles and sidewall radius.
However, shell element formulation was found to be more practical and suitable
for spring-back prediction in terms of CPU solution times.
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Article Info Abstract

A prolonged earthquake series hit the regions of Albania on September 21 and
Article history: November 26, 2019, causing loos of live and extensive damage to the civilian

structures. The main aim of this study is to investigate the structural and earthquake
Received 31 May 2022  response of a template design, commonly encountered in the region, which was
Revised 13 Jul 2022 seriously damaged by the 2019 Durres/Albania earthquake. A 3D mathematical
Accepted 22 Jul 2022 model of the entire structure was prepared, implementing macro-modeling

approach to simulate its response under seismic shakings. Inherent material
Keywords: properties of its constituents were determined experimentally and adopted for the

analytical model. Initially, an eigenvalue analysis was deployed to identify the
Unreinforced masonry; dominant vibrations modes of the structure. Then, pushover analyses were
Macro-modeling; performed to assess the earthquake response of the template designed structure,
seismic assessment; and possible failure mechanisms were examined. Finally, the obtained results from
the software were compared with the real-life damage experienced by the building.
In the end, it was observed that the analytical model proved to accurately estimate
the earthquake behavior exhibited by the structure during the seismic shaking.

pushover analysis

© 2022 MIM Research Group. All rights reserved.

1. Introduction

Recent seismic events have shown that URM buildings are prone to damage induced by
earthquake shakings. The earthquake performance assessment of these structures
becomes a demanding task because of various understandable reasons including the
complicated geometry and structural arrangements of connections, flexibility of the
diagrams, and its mechanical response [1-4]. In literature, several methods are proposed
for the structural evaluation of existing URM buildings having different degrees of
complexities [5]. With improvement of computational tools, analytical modeling strategies
started to be used frequently for the estimation of the masonry response under different
loading cases [6]. On the other hand, several uncertainties arise for the development of a
structural model due to the inherent material characteristics, complex geometry
arrangements, and the lack of available experimental data. Accordingly, mathematical
models need to be validated to confirm their ability to realistically capture structural
behavior of URM buildings. One way to accomplish this task is the comparison of calculated
modal parameters estimated from the dynamic identification tests following a process of
model updating until the mode shapes and frequencies match with the experimental test
results. Another way can be used when the structure under consideration experienced
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considerable damage induced by the seismic shakings, by comparing the mathematical
model with the observed damage pattern on the real building.

This study aims at evaluating the earthquake response of a commonly used template
designed buildings, an URM structure located in several cities of Albania. This building
typology experienced extensive damage due to November 26, 2019 Durres/Albania
earthquake sequences and it was decided to demolish afterwards since the upgrading
intervention was not found to be economically feasible. Firstly, the authors conducted
several site visits to the earthquake-stricken area to monitor and investigate the reasons
of the damages. Then, the inspections and several experimental tests performed on the
selected buildings provided documentation regarding the construction details of the
selected building and used for the characterization of the material properties. The
importance of this study lies in the use of such detailed dedicated works by the authors,
for the seismic performance of a real building. Based on the post-earthquake survey data
integrated with the information about the geometry, structural configurations, and past
interventions, authors are enabled to develop an accurate mathematical model of the
structure, which was believed that its response was validated according to the obtained
results. On the other hand, using the availability of the ground motion data allowed to
check the validity of the mathematical model by comparing the real damage and the
estimated damage for the seismic input which the building was subjected to.

1.1. Seismic Hazard Assessment of Albania

Albania has a long history of code-adjusted seismic design, as shown in Table 1. The first
seismic regulations, accompanied by the first Map of Albania's Seismic Zone, were adopted
in 1952. The 1963 revision increased the requirements of seismic design. The first code of
seismic design considered the seismic charge based on static method, regardless of the
dynamic properties of the structures. With the introduction of the 1963 standard, the
seismic charge is defined considering its dynamic internal effect on structures. In 1978,
another amendment was issued with the name of KTP 2-78 that did not bring significant
improvements. In 1989, the new seismic design code, KTP-N.2-89 was released and is
currently the official code in Albania. It is essential to mention that despite the existence of
the seismic design code, many buildings are not in accordance with the code and many
buildings have been subjected to illegal interventions in their holding systems.

Table 1. Seismic design codes of Albania and corresponding enforcement period

Seismic Design Code of Albania Time Period
KTP 52 1952 -1963
KTP 63 1963 -1972
KTP 72 1972 -1980
KTP 2-78 1978 - 1989
KTP -N2-89 1989 - Present

In the Albanian Seismic Zonation Map the hazard is categorized in three areas:

e Areas with main intensity VIII (for low soil conditions, areas with expected
intensity IX are expected such as in Vlore, Lushnje, Durres, Korce, Pogradec,
Shkoder),

e Areas with main intensity VII,

e Areas with main intensity VI,

The first category comprises the greatest part of Albanian territory 57.8 %. The lowest
intensity of VI is mainly in the northern part of Albania 1.3 % only (Fig 1).
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SEISMIC REGIONALIZATION OF ALBANIA

Fig. 1 Albanian Seismic Zonation Map [7]

The November 26, 2019 earthquake Mw6.4 was generated with the activation of reverse
faulting of Frakull-Rodon Cape fault zone in western Albania [13]. Due to many complex
tectonic fault lines (Fig 2), Albania is currently lying on an active movement with a

813



Bidaj et al. / Research on Engineering Structures & Materials 8(4) (2022) 811-834

potential of producing Mw = 6.5 ground shakings [8]. A complete list of previous important
earthquakes is given in Table 2.

Table 2. Earthquakes in Albania After [7]

No. Year Place Magnitude/Intensity
1 1905 Shkodra M =6.6
2 1911 Pogradec Ms = 6.7
3 1919 Leskovik Ms=6.1
4 1920 Tepelene Ms = 6.4
5 1920 Elbasan Ms;=5.6
6 1921 Peshkopia [o= VIII-IX
7 1926 Durres Ms=5.8
8 1930 Llogara Ms=5.8
9 1935 Librazhdt Ms=5.7
10 1942 Peshkopi Ms =6.0
11 1948 Shkoder Ms=5.5
12 1959 Lushnje Ms =6.2
13 1960 Korce M;s = 6.4
14 1962 Fier Ms =6.0
15 1967 Diber Ms=6.6
16 1969 Tepelene,Fier lo=VII
17 1979 Malii Zi Ms=6.9
18 1982 Fier, Berat Ms=5.7
19 2019 Durres M;s = 6.4

In the first probabilistic spectral hazard maps for Albania ten seismic source zones were
used to define the seismicity, and 5% damped spectral acceleration values at 0.2, 0.5, 1.0,
and 2 seconds for a 10 % chance of non-exceedence in 50 years [9].

Table 3. Peak ground and spectral accelerations for cities of Albania [7]

City La-N  Lon-W  S.(02)  S.(0.5)  Sa(1.0)  S.(20)  PGA
Tirana  41.33 19.83 77 58 28 9.6 32
Durres 4134 19.44 86 66 31 10.3 35
Elbasan  41.12 20.09 90 66 30 10.1 38
Shkodra  42.07 19.52 75 57 28 93 30

Vlora 40.47 19.48 88 69 33 11.0 36

Fier 40.73 19.57 86 68 32 10.8 35
Korca 40.62 20.79 99 75 34 11.0 41
Kukes 42.08 20.43 81 58 26 8.6 34
Burrel  41.63 20.02 48 40 20 7.6 18

A new probabilistic seismic hazard assessment of Albania observed that the updated
seismic hazard map (Fig 4) yields higher design accelerations that the values introduced
in the current regulation [10]. For the 475-year return period, ground motion across
Albania represented by PGA is in the range 0.20 - 0.24 g almost over all the territory, up to
0.30 - 0.38 gin NW and SW part of the country [10]. But the reality is that for 33 years it's
officially approved the 1989 code. Recently, these probabilistic seismic hazard maps

814



Bidaj et al. / Research on Engineering Structures & Materials 8(4) (2022) 811-834

produced by different authors has gained much consensus among the community of
seismologists. But from the limited seismological, geological, and geophysical data, the
problems with PSHA, and the increasing exposures, it is necessary to adopt the advanced
approaches for seismic hazard assessment, such as a scenario-based neo-deterministic
(NDSHA) that utilize seismological, geological, and geophysical data directly and
implement them as unified SHA tool at international scale [11]. There are also serious
efforts to adopt Eurocode 8 [EN 1998-1, 2005, "Eurocode 8] as Albania's official code of
seismic design. Currently significant part our country population is concentrated in two
cities, about 34% of the Albanian Population lives in Tirana-Durres area. These cities with
hundreds of thousands of buildings and millions of people at stake should receive at a very
minimum the same consideration as critical facilities [12]. The last generation of standards
(codes) for earthquake resistant design and construction - the common European standard
EN1998-1 (Eurocode 8) - has been endorsed in Albania after the earthquake of November
26, 2019. As a conclusion a new seismic hazard maps needs to calculate. The assessment
of seismic hazard by the NDSHA method or combined to PSHA, is closer to reality [11].

210 2L5

41.0

10.5

Fig 2 Albanian Seismotectonic map [7]
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Fig. 4 Probabilistic seismic hazard map for PGA [10]
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1.2 The November 26, 2019 Earthquake

The Mw = 6.4 magnitude earthquake that occurred on 26 November 2019 at 03:56 local
time struck western Albania with a focal depth about 38 km and caused severe damage to
many public and residential buildings in Durres, Tirana, Lezha, Shkodér and Berat districts
[13]. There are several factors that determined just how destructive this earthquake was:
location, magnitude, depth, distance from epicenter, local geological conditions, secondary
effects and architecture. The depth of Durres earthquake of 26 November 2019
determined as 38 km is less damaging than an earthquake with 8 km because their energy
dissipates before it reaches the surface. The depth generated by earthquakes represents
an interest for seismotectonic studies especially in seismic hazard assessement [14]. [t was
recorded by Albanian Seismological Network, at seven stations [15]. Figures 5a-b show the
North-South and East-West components of ground motions measured by the
accelerometer station in Tirana, Albania's largest city. This accelerometer station is located
at a distance of 34 km from the epicenter. It is located on ground Type C sites according to
EC 8 with average shear wave velocities in the upper 30 m Vs3o =312 m/s [16].

Based on the earthquake time histories, the horizontal PGA recorded in Tirana was around
0.10 g, while in Durres it was around 0.20 g. However, the accelerometer station in Durrés
was only able to record the earthquake for the first 15 seconds, due to a power outage
caused by the earthquake (Fig 6). To make a clear interpretation of the earthquake impacts,
Figures 6 shows the response spectra from recorded ground motions versus elastic
response spectrum functions derived as per KTP-N.2-89 (Albanian seismic design code)
for soils Il and III, represents the ground types at the locations of the stations in Tirana and
Durres cities.

Figure 6 clearly shows that spectral ordinates recorded in Tirana station reaches up to two
times more than the spectrum of the seismic code provisions at spectral periods 0.2 to 0.7
s. Buildings having a period in that range are expected to be experienced damages. On the
other hand, the recorded spectrum values in Durres were below the code enforcements
except around 1 sec. However, this representation might not be realistic due to the missing
data after 15 seconds.

2. Description of the Studied Building

Built in 1970s, this building (Fig 7) is located in Tirana near "Rruga e Kavajes" and was
constructed using red clay bricks as one of the most used template design unreinforced
masonry (URM) building in Albania [17]. The building had five levels above the ground
with the given planimetry (Fig 7-8). It has a regular story height of 2.80 m and an attic floor
about 1 m, resulting in a total height above the ground of 15.00 m in corresponding of the
main facade. There is no irregularity along the height of the building.

The structure of the studied template design consists of load-bearing walls that were
continuous along the height of the building. The prevalent type of masonry is brick
masonry, whereas the rare presence of stone masonry is observed in some pillars around
staircase. The thickness of the load bearing walls is 38 cm from bottom to top of the
building, as shown in Fig 8. Foundations are made of the stone masonry till the planking
level of the basement. The floor slabs are lightweight precast slabs with a thickness of 15
cm each. The staircase is made of reinforced concrete and is supported by masonry load-
bearing walls on three sides.

This building was lightly damaged by the September 21, 2019 seismic events that struck
the regions of Albina. Cracks were mostly on non-load bearing elements and there was no
strengthening intervention performed after the event.
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Fig. 5 Ground motions recorded in Tirana during the November 26, 2019 earthquake
(www.geo.edu.al/newwe b/?fq=bota&gj=gj2&kid=20)
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Fig 7. Plan view of the studied building

3.2019 Earthquakes and Induced Damage

The 2019 Albania seismic sequence started on September 21, 2019, with moderate
shakings (Mw 5.6) generated from a shallow focal depth by causing a widespread damage
to the built environment at the outskirts of Durres city [14]. This first event had relatively
slight effects without causing any casualties. Most of the damage was concentrated on non-
structural elements of the RC and URM buildings structures [18-19]. Second severe
shaking with Mw 6.4 struck the wider regions of Albania on November 26, 2019 (Fig 9). Its
focal depth was about 20 km [20] causing an extensive damage with 51 fatalities and about
3000 injured [16]. The tremor was felt strongly in Tirana where the significant duration of

819



Bidaj et al. / Research on Engineering Structures & Materials 8(4) (2022) 811-834

the earthquake strong motion was estimated as 24 seconds. The most important damage
was observed on masonry structures built mostly before 1990s.
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Fig. 9 Epicenters of main- and aftershock shakings of September 21, 2019 (right) and
November 26,2019 (left) Durres/Albania earthquakes [21]

The closeness of the main fault to the cities of Tirana and Durrés caused severe damage or
partial collapse of many buildings, resulting in loss of life and extensive damage to both
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newly designed and old buildings. Damage patterns commonly encountered in masonry
building typologies are shown in Figure 10-12.

(a) (b)

Fig 10. Heavy shear cracks on load bearing walls of the two multi-story masonry
buildings

As shown in Figure 10, the load bearing walls were affected by serious cracks at both the
raised-up ground and first floors. Most of the damaged buildings presented shear cracks
which are diagonal developed along the entire thickness of the walls in both spandrels and
piers (Fig 11a-12). Flexural cracks were also observed in several buildings. Moreover, out-
of-plane mechanisms were very common both in URM and RC buildings resulting in partial
or total collapse of masonry walls (Fig 11b). One of the commonly encountered highlights
after the November 26, 2019 earthquake was the out-of-plane collapse of masonry walls
(Fig 11b). In some cases, masonry walls collapsed without any vertical load other than
their own weight. The most important reason for the out-of-plane collapse of URM walls
was the lack of sufficient fastening of the wall with the diaphragm.

(a) (b)

Fig. 11 (a) Extensive shear crack on load bearing wall and seperation of two
orthagonal masonry walls, (b) Heavily damaged partiton wall in an URM building
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Diagonal shear cracks were observed in several URM walls of residential buildings. Many
masonry constructions had diagonal cracks in the infill panels and in the URM piers
between the door/window openings (Figure 12). On-site examination of the mortar used
on the part of the destroyed URM building has been carried out and the mortar can be
easily crushed with naked fingers, indicating that the mortar has relatively low strength
[22].

Figure 12 shows a typical diagonal "stair step” cracking of a solid brick wall; this is a sign
that the wall has not been able to withstand shear stress from in-plane forces.

(a) (b)

Fig. 12 (a) Heavily damaged load bearing wall (built by silicate bricks) and seperation
of wall and slab edges, (b) Heavily damaged load bearing wall in an URM building built
by red clay bricks

4., Material and Mathematical Model

A 3D finite element model (FEM) of the template design was prepared in 3Muri [23]. A
macro-modeling approach was adopted to simulated response of masonry. Based on the
blueprints and site surveys done on the template design building, numerical model of the
building was developed for structural analyses.

There are various analysis procedures to assess the nonlinear response of structures in
which the geometric and material nonlinearity are taken into consideration (Fig 13).
Analytical modeling of URM structures has always been a demanding task due to the
presence of connections as the main source of material weakness, nonlinearity and
discontinuity. A suitable model must consider both the response of the mortar and brick
units and the interaction between them.

Two types of structural response need be considered in a suitable model: (1) response of
masonry units; and (2) the response of the combined material. In recent years, great
research has been done on theoretical methods supported by experimental tests.

822



Bidaj et al. / Research on Engineering Structures & Materials 8(4) (2022) 811-834

Analytical techniques can be reviewed at the following three levels of refinement for wall
models [24]:

composite brick joint
brick mortar
. o mortar/int
brick
a) b) c)

Fig. 13 Modelling techniques of masonry (a) Macro modelling, (b) simplified micro
modelling, (c) micro modelling [20].

e  Macro-modeling: In this approach, bricks, mortar and the brick-mortar interface
are spread in a uniform band. Masonry is considered as a homogeneous, isotropic
or anisotropic field. The influence of mortar joints as the main cause of weakness
and nonlinearity cannot be taken into consideration using this approach.
Although this method may be ideal for the analysis of large-scale masonry
structures, it is not appropriate for the detailed analysis of small masonry panels,
because of the difficulty of capturing all its expected failure modes.

e Simplified micro-modeling: In this approach, the structural components are
considered as imaginary extended sections by uninterrupted members of the
identical size as those of the original bricks merged with the actual joint thickness.
The mortar joint is also modeled as a zero-thickness interface. This technique
leads to a reduction in computational cost and gives a model applicable to a
broader range of structures.

e  Micro-modeling: In this method, bricks and mortar in the joints are described by
continuum elements whereas the unit-mortar edge is characterized by
discontinuum elements. While this approach yields more accurate results, the
degree of refinement and the consequent analysis is computationally demanding,
limiting its use to small-scale structures.

In this study, a simplified geometry of the building was adopted by following the macro-
modeling technique since it is mostly used for analyzing large-scale structures and the
effect of global factors. Such approach was followed by several researchers [25-26]. 3Muri
[23] is utilized to execute the numerical analysis. The nonlinear macro-element method,
suggested by Gambarotta and Lagomarsino (1996), allows with a partial number of DOF
to describe the two main in-plane failure modes, shear-sliding, and bending-rocking
mechanisms on the basis of mechanical characterizations. Deformations are assumed to be
lumped on piers and spandrels, and they are connected with rigid nodes.

The macro-element applied for nonlinear static analyses is outlined with the kinematic
model shown in Fig. 14. The 3D model of the studied masonry building, where itis apparent
that masonry walls are modelled through a mesh of masonry piers and spandrels, is
depicted in Fig 15.

In this software, piers are vertical load bearing elements that supports gravity loads and
spandrels are straight components positioned between two vertically aligned openings.
This a multi-purpose FE program dedicated for the linear and non-linear analysis of
masonry buildings (Table 4).
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Fig. 14 Macro-element kinematic models in 3Muri

Fig. 15 Three-dimensional model of the building

Table 4. Brief outline of the strength criteria adopted by TREMURI

Type of mechanism Ultimate Strength
Spandrel Shear strength v, = f,,;_,lht i
elements Rocking/Crushing M, = [1 - W;ffhu Tp
Vs =t + aN
Cracking (diagonal) . _ 1.57, L N \Y?
Pier wder = = ( 1.5‘:0lt)
elements Rocking/Crushi M. = Nl (1 N)
ocking/Crushing w= 54257, m
Bed joint sliding Vipjs = U'té + uN
where;

e h:height of the spandrel (transversal section),

e  Hp: minimum value between the tensile strength of elements coupled to the
spandrel

e  criterion with:fi and ¢ equivalent cohesion and friction parameters,
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e 7, :masonry shear strength and

e b:reduction factor as a function of slenderness,
e [':length of section,

e t:thickness

e fm:masonry compressive strength,

e  Mohr-Coulomb criterion with:

e ["length of compressed section,

e u:friction coefficient of mortar joint,

e  (:cohesion of mortar joint.

Masonry is a conventional composite building material which consists of masonry units
and bonding material. Depending on the composition, it is grouped as unreinforced
masonry [URM], confined masonry and reinforced masonry. URM consists of masonry
blocks connected with mortar. The dominant type in the Albanian building stock is of
unreinforced masonry like in many other European countries [27].

To define the strength and structural integrity of the building, fundamental mechanical
characteristics of the masonry material are evaluated based on the experimental tests for
the studied building. It comprises of compressive tests on brick units and mortar samples,
as well as shear tests on small masonry triplets [28-29]. For the determination of the
mortar compressive strengths, mortar samples were extracted from the areas where the
connection between brick units and mortar has failed. Based on to the several
experimental test results, bricks, mortar and masonry wall unit features to be used in
mathematical modelling are summarized in Table 5:

Brick tests results: forick=7.48 MPa, for =1.71 MPa
Mortar test results: fmortar =4.80 MPa, fine =1.10 MPa.

The earthquake performance level of structures can be determined using linear and
nonlinear analysis techniques. The response of the structure under seismic loads can be
obtained more realistically with nonlinear analysis. This method can be broken in two
ways as the nonlinear static (pushover) analysis and nonlinear time-history analysis. In
this study, pushover analyses are deployed to estimate the seismic capacity of the
structure.

In literature, various methods have been developed for the seismic performance of
masonry buildings [30-33]. The earthquake capacity assessment of the studied URM
building in this paper is performed through the recommendations provided by Eurocode
8 [34]. Three limit states, namely Limited Damage (LD), Significant Damage (SD), and Near
Collapse (NC) are defined as stated in this code.

The modal analysis was performed, and the obtained results were presented for twelve
modes of vibrations. The results of the linear modal analyses were synthesized in Table 6
in terms of periods and modal mass participating ratios.

Then, nonlinear static analyses were carried out to assess the seismic performance. The
building was pushed by two lateral load patterns (Fig 16) in both orthogonal directions;
namely: first mode shape distribution based on the fundamental mode shape of the
structure, and a uniform load distribution to all stories. These analyses were done for three
more combination: without eccentricity of gravity load and with eccentricity of two
different levels. 24 analyses were deployed for all load combinations, along x- and y- global
axis of the mathematical model, corresponding to the transverse and longitudinal
directions of the building (Fig. 17-18).
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Table 5. Material (masonry wall) properties considered in mathematical model

Masonry
Material Property wall
properties
Specific weight (KN/m?3) 19.6
Modulus of Elasticity (N/mm?) 2420
Compressive fracture energy (N/mm?) 3.87
Shear Modulus (N/mm?) 605
Poisson’s ratio (-) 0.20
Compressive strength (N/mm?) 2.42
Shear strength (N/mm?) 0.36
Initial Shear strength (N/mm?) 0.20
Tensile strength (N/mm?) 0.12
Shear drift 0.004
Bending drift 0.008
Flexural strength with a plane of failure parallel to the bed joint (N/mm?2) 0.26
Flexural strength with a plane of failure perpendicular to the bed joint (N/mm?) 0.19
Table 6. Modal analysis parameters
Mode T [s] Mx [%] MY [%] M: [%]
1 0,24719 0,03 76,97 0,00
2 0,21997 77,01 0,10 0,02
3 0,18609 1,93 0,95 0,06
4 0,09254 0,02 14,67 0,00
5 0,08298 13,94 0,04 0,85
6 0,07251 0,03 0,40 6,44
7 0,06949 0,56 0,02 19,71
8 0,06151 0,02 0,00 1,50
9 0,05878 0,02 0,00 35,10
10 0,05489 0,00 0,14 0,55
11 0,05313 0,02 3,25 1,24
12 0,05168 0,07 0,11 3,90
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Fig. 16 Load patterns and different cases of pushover analysis

Control points located at the top of the building were adopted as control nodes during the
analyses.

The worst cases were chosen as representing the pushover curves for both x- and y-
direction of buildings and bi-linearized (Fig. 19). The seismic performance of the building
was evaluated considering capacity curves and failure mechanisms.
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Fig. 18 Pushover analysis in y-direction
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Fig. 19 Normalized bilinear capacity curves

In Figure 19, the maximum displacement attained were marked for both x- and y-
directions. The building has a remarkable higher load bearing capacity in x- direction
whereas the y- direction exhibits a more ductile response (Table 7).

Table 7. Response parameters for the studied URM building

Direction Initial Yield shear Yield Max Ductility
stiffness Force/Weight Disp./Height  Disp./Height
X- 2386 0.413 0.00079 0.00181 2.30
y- 1334 0.333 0.00105 0.00303 2.89
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5. Discussion of Analyses Results

The capacity curves estimated from the nonlinear static analyses in both orthogonal
directions are presented in Figs 17-18. The load bearing capacity and the stiffness in x-
direction is higher compared to y- direction of the building. These results could be
expected since the intensity of the load bearing walls are dominant in this direction. Based
on the capacity curves, a max load factor (base shear/seismic weight) of about 41% is
observed in x- direction, while a max load bearing load bearing capacity of 0.33 is obtained
in other orthogonal direction (Table 7).

With the objective to compare the damage observed induced by 2019 Albania earthquakes
and estimated from numerical model, the damage evaluation was performed for the values
of applied load comparable to the peak ground acceleration values recorded during the
seismic events of September and November 2019. The seismic event of September 21 (Mw
5.6) was not considered since it did not cause a structural damage to the structure. It is
essential to highlight that no damage accumulation because of the series of seismic events
(Table 8) could be accounted for in the assumed mathematical approach.

Table 8 Recorded PGA values from the strongest shakings of 2019 Albania earthquakes

Date Moment magnitude Tirana station (g) Durrés station (g)
September 21 5.1 0.03 0.10
September 21 5.6 0.18 0.12
November 26 5.4 0.02 0.04
November 26 6.4 0.12 20.20*

*: Itis important to highlight that the Durrés station only recorded the event for the first 15 seconds due to
an electricity cut triggered by the earthquake, thus the 0.20 g could be considered a lower bound value of
the actual peak ground acceleration felt at the site.

In Figure 20, the damage state of the building from the last step of the pushover analysis is
depicted. Bending damage and tension failure are dominant while a couple of walls and
spandrels are damaged in shear.

. Undamaged
Shear damage
Shear failure

. Bending damage

Bending failure
Compression failure

. Tension failure
- Failure during elastic phase

Fig. 20 Damage at maximum deformation capacity in 3D

Detailed damage distribution along the height of the walls of the studied building is shown
in Figure 21. Building reached failure when perimeter walls reach their load bearing
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capacity in both orthogonal directions. Failure is reached when all the right part of the
perimeter wall fails in bending and also in the wall in the back part on upper levels.

In pushover analyses, it is assumed that appropriate connections are achieved between the
connected elements and floors to accomplish the building’s global in-plane response.
However, the 3Muri software does not take into account the out-of-plane loos of stability
of the walls.

= BB B& i
il

=it =l I

Fig. 21 Distribution of damage and the failure mechanism of perimeter walls from
pushover analysis

For the November 26 earthquake sequences, a global in-plan damage mechanism was
observed for the template design building. The findings of the numerical analysis (Fig 20-
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21) were compared to the real-life damage (Figs 23-25). The damage observed for the
studied building comprise of bending, tensile and shear cracks occurring in both internal
and external walls, in agreement with the damage observed on-site. From the comparison
of the failure mechanism estimated by the pushover analyses and the modal behavior of
the structure, it is observed a good consistency. First three modes of vibration did not
include a local mechanism and ensure a global response. On the other hand, estimation of
the out-of-plane response induced in a number of walls by the November 26, 2019
earthquake sequences was difficult in the numerical model since the presence of bond
beams helps to prevent such behavior. It is believed that such failures occurred due to the
fragmentation of materials, that was not considered in the mathematical model.

Fig. 22 The examined building

Fig. 23 Typical damage patterns observed at several locations of the studied template
design

As mentioned before, the first event did not cause a visible damage whereas the November
26 produce slight-moderate damage on load and non-load bearing walls. Figure 12 and 13
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exhibits a correlation between the mathematical model and real damage occurred in a
number of walls induced by November 26, 2019 earthquakes.

Template building, which was damaged during the 26 November 2019 earthquake, has a
5-story unreinforced masonry building constructed by using solid clay bricks (Fig 12.). The
construction of the buildings was completed in 1981. Generally, they have regular plans in
elevation supported by load bearing unreinforced masonry walls. The load bearing walls
were formed by solid clay bricks and the partition walls with hollow bricks. This building
underwent changes including some plaster renewals and paintings after the September 12,
2019 earthquake. For that reason, from the outer parts, damages are not clearly observed
with visual inspection.

As seen from the photos, the material quality especially the mortar is very weak and could
not prevent the segregation of the bricks in several parts. Damage was concentrated on the
1st, 2nd and 34 floors. Level of the damage on load bearing walls was severe whereas the
partition walls were heavily damaged. Typical damage patterns like bending and shear
cracks, spalling of mortar, separation of the load bearing wall segments especially over or
under the openings are observed all over the first three floors and are shown in the Figs
23-25.

Fig. 24 Diagonal cracks extending over the height of the wall (left), spandrel damage
patterns below the openings

Fig. 25 Heavy cracks (more than 3 cm separation) on load bearing walls and extensive
damage on non- load bearing wall (left), serious damage observed on outer facade of
the building in lower stories (right)

On the upper floors, it was observed that the doors are not closed properly due to the
possible drift concentrations on load bearing elements. According to the inspections and
damage surveys done on the buildings, the buildings have serious deficiencies which do
not meet the conditions stipulated in Eurocode 8. Especially, on the first 3 floors, severe
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damage patterns were observed on load bearing walls and very heavy damage was
observed on partition walls. Material quality is extremely weak and caused degradation by
time.

Using the capacity curves and the following the criteria in Eurocode 8-3, damage limit
states of was assessed, and seismic capacity of the template design was predicted. Three

limits states levels, i.e, “Damage Limitation (DL)”, “Significant Damage (SD)” and “Near
Collapse (NC)” are identified for performance assessment (Table 9).

Table 9. Seismic spectral acceleration capacities for the corresponding performance
levels

Estimated Earthquake level [17] ag DL ag SD ag NC
2.0-2.2m/s2 1.18 m/s? 2.02m/s? 2.614 m/s?
Passed Passed Not reached

Based on the detailed inspection on the studies area [17], the level of the PGA acceleration
was found to be in the order of 2.0-2.2 m/s2. The performance of the studied building is
slightly exceeding Significant Damage and corresponding to Near Collapse level. The
inspected damage and performance are in accordance with the results of analysis results
from the numerical model.

6. Conclusions

This study presented the seismic evaluation of a commonly used template designed URM
masonry building for residential purposes in Tirana, Albania. Template designs were
developed during the communist era to save architectures fees and ensures quality control
all of the country till 1990s. Selected template design is an interesting one to evaluate the
ability of numerical methods to accurately estimate the behavior of existing masonry
buildings under horizontal loads.

This URM building was damaged slight-moderate level by the seismic shakings that struck
the central Albania during November 2019. The accumulated damage experienced by the
template design building because of the serious seismic shakings was investigated in terms
of damage patterns and story drifts. Based on the detailed site visits, it was observed that
the buildings showed a global failure mechanism associated with the in-plane behavior of
load bearing walls. Slight-moderate damage was induced by the November 26, 2019
earthquake sequences, which produced several cracks throughout the structure and
triggered out of plane mechanism in some of the non-load bearing walls. The most
important in-plane damage occurred on load-bearing walls of the located in y- direction of
the building, in line with the PGA values and drift ratios in this orientation compared to the
x- direction.

To represent the earthquake behavior of the building, a 3D finite element model was
prepared, following a macro-modeling approach. Inherent material characteristics were
determined through the experimental tests recommended in in the international
guidelines. Then, nonlinear static analyses were deployed in both orthogonal axes of the
building. Based on the results of the pushover analyses, weak orientation of the building
was identified in y- axis as the vulnerable direction. Relatively lower stiffness and load-
bearing capacity were observed in y- direction. The damage was evaluated for values of
lateral load considering the PGA values recorded during the November 26, 2019 seismic
shakings.

To sum up, observed damage and the estimated failure mechanism in the mathematical
model are consistent with each other. As for the out-of-plane mechanism triggered by the
November shakings, it is assumed that its occurrence in the mathematical model was
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prevented by the presence of bond beams modeled to remain in elastic mode. Moreover,
such a response may have occurred from the possible disintegration of the masonry
materials, that was not taken into consideration in the numerical model. On the other
hand, it should be kept in mind that pushover analysis is an approximate method and
findings from such a method may not perfectly simulate the structural performance of the
buildings under a particular ground motion. Especially, buildings having irregular floor
plans may lead to misleading results due to the influence of torsional mode effects even
though this problem might be partially resolved with the use of rigid diaphragms.
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In this study, the reinforced concrete moment-resisting concentrically braced
frames (RC-MRCBFs) were used with V braced frames in new constructions. The
core objective of this study is to understand the earthquake behavior of the RC-
MRCBEFs in steel V braced frames. The buildings were assumed to be located in
Indian city and were designed by using Indian seismic code. The study also
investigates the overstrength and ductility reduction factors, failure mapping
and collapse mechanism to understand the seismic behavior of the capacity
curve, maximum top story displacements and inter-story drift of the buildings.
After studying the parametric study of the 4 to 16-story buildings with a
nonlinear analysis tool it was observed that to get the effective braced frame with
expected failure mechanism, ductility, the columns should be designed such that,
it resists at least 50% base shear in a dual system. In conclusion, it was shown
that a story yielding Ay = 0.0024 was the limiting value obtained for RC-MRCBFs
when V shape steel bracings were used. It needs some improvements in the

Indian seismic codes to develop adequate seismic behaviors of RC-MRCBFs for
any steel braced frames.

© 2022 MIM Research Group. All rights reserved.

1. Introduction

Construction of RC structures with a shear wall (SW) and steel structures with steel
bracing are common practices in India. Moment resisting frame (MRF), SW and steel
braced frames are used to resist the earthquake load and wind load to increase the seismic
performance of the structure. It seemed that the earthquake load damaged the buildings
and also sometimes collapse. It is because if the buildings do not resist the lateral seismic
force, the buildings collapse or fail easily. To improve the lateral load capacity of the
buildings, the generally designer used the shear wall in the RC structure. However, after
successfully assigning the steel bracing in RC building as a retrofitting technique the result
shows good seismic behaviors, the steel bracing is used as new construction as well. In the
late 1980 and 1990, most of the research studies were focused on the retrofitting and
strengthening of the RC frame with a different type of steel bracing. Both experimental and
numerical studies are presented in existing buildings. Steel bracing improves seismic
behaviors which are economic to use as compared to others. There are several types of
steel bracing systems of which mainly concentrically braced and eccentrically braced
frames are the most popular form of bracing. The concentric bracing frame consists of the
bracing which is located in the plane of the frame and both the end of the bracing joined at
the end of the frames. It provided the stability and stiffness of the building and reduce the
lateral displacements effectively. In RC structure the concentric bracing is widely used
because it is very easy to use and is also economically sound. Different configurations of
bracings are used in a structure such as X bracing, V bracing, inverted V bracings (chevron),
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diagonal bracing, multi-X bracings and K bracings. Some other concentrically braced
frames such as Buckling restrained braced (BRBs) frame, post-tensioning braced,
lightweight BRBs, etc. are used in building construction as lateral load resisting systems.
Bracings are also classified, based on the connection with beam and columns which is
external bracing and internal bracings. When the bracing member is directly inserted into
the enclosed space of the columns and beams, this is knowns as internal bracing and if the
members of bracing are connected to the face of the beam and columns externally known
as external bracings.

The retrofitting technique is generally used in the existing buildings to improve the
strength and stiffness of the member or whole buildings [1]-[3]. It is necessary to retrofit
the building. There are several methods of retrofitting such as column jacketing, providing
shear wall, and damping. Some researchers found that applying the bracings in the RC
structure, improves the seismic performance [4-6], and also is a cheap and effective
method for restrengthening the buildings. Providing the steel bracing with a suitable
slenderness ratio in RC frames shows the good seismic behaviors [7, 8]. Another
researcher Bush TD et al. (1991) [9] implemented the experimental analysis of X braced
non-ductile 2/3 scaling two bays frames. The experimentation was performed under the
lateral loading and cyclic loadings and the researcher found that when 40-30% of base
shear was carried by the columns and the remaining base shear in bracing. And researcher
suggested that for best performance and result in the frame, it needed at least 50% base
shear capacity in columns. Canales MD and R.B. de la (1992) [10] observed the telephone
structure which was retrofitted by the steel bracing in 1992 Mexico. The paper concluded
that when the steel bracing was applied in the existing RC buildings, it reduced the inter-
story drift and displacement effectively under the earthquake loading. Rahimi, M.R. Maheri
(2018), (2020) [11, 12] investigated the positive and negative effects of steel bracing in the
RC frame when bracing is used in retrofitting techniques. The paper observed that the
bracing improves the shear capacity, and ductility capacity, and also helps in the reduction
of drift and top story displacement easily.

Many researchers have done very good research on the RC frame with steel bracing as
lateral load resisting members [13-16]. The research gives very useful information about
the braced behaviors in RC MRCBFs with different types of steel bracing [17-19]. It was
observed that when the X and knee steel bracing was applied in the ductile RC frame, its
strength (yielding capacity) and base shear capacity increased and also the maximum
displacement of the building was decreased [20]. Godinez. E.A., and Tena-C. A. (2008) [21]
performed the four to sixteen-story RC buildings with chevron shape bracing. The
researcher considered the ductile RC-MRCBFs and analyzed with pushover analysis. The
structures were considered the soft soil profile in Mexican cities with their won code and
conduct. The paper observed the overstrength factor, yielding mechanism, drift curves and
successfully designed the RC-MRCBFs when columns resist at least 50% of the total base
shear strength. In the structures, the researchers also considered the three case studies
such as the 25% base shear in bracing, 50% and 75% base shear in bracing, and remained
base shear considered in moment resisting frames such as columns. Paper successfully
designed the ductile RC-MRCBFs with an inverted V bracing frame when the minimum
base shear force was resisted by the columns. The researcher also observed that structure
only shows required suitable failure mechanisms such as weaker bracing, weak beam, and
strong columns when the columns resist a minimum 50% base shear of the slender
structure [22, 23]. For serviceability limits paper gives the acceptable drift limits 0.2% for
new construction of the RC-MRCBFs buildings. Alike previous research by the same
researchers they found that medium-rise building only gets required failure mechanisms
such as the weaker bracing- weak beam and strong columns [23]. Researchers used the
hysteretic energy dissipation device (HEDD) attached in inverted V braced configurations.
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Researchers observed the structural behaviors when it was attached with steel bracing,
HEDD, base shear and seismic weight ratio (V/W) considered as 1/10 [24]. Godinez, EA
and Tena (2016) [25] studied the redundancy factor of the RC-MRCBFs having inverted V
braced frames. Eskandari et al. (2017) [26] studied the four-story, eight-story, 12 stories
and sixteen-story RC frame with diagonal bracing that was used and analyzed by the time
history analysis and Nonlinear pushover analysis (NPA) for seismic analysis. The ground
motion was selected so that they were far faults and near faults motions and studied the
inter-story drift of the buildings. E. A. Godinez, A. Tena (2019) [27] in this paper, the
researcher studied the RC-MRCBFs in a Mexican city and used Mexican codes. The
structures have 4 to 20-story RC buildings with X bracings. K. Du, et al (2020) [28] studied
the RC frame with the BRBs and observed the effect of forwarding directivity and fling step.
The researchers used the diagonal, inverted chevron and chevron types of steel bracing in
the RC frames.

In previous research of Godinez and Tena, (2010) and (2016) Godinez et al., 2012, [22],
[23], [25], [29] they were focused on pushover and dynamic analysis of RC/MRCBFs using
the chevron SB and applied MFDC-04 codes. Eskandari R. et al. (2017) [26] investigated
the diagonal steel bracing in concrete frame structure and analysis based on the Iranian
Seismic Design Code. K. Du, et al., (2020) [28] investigated the inverted V, diagonal, and V
and observed the effect of forwarding directivity (FD) and fling-step (FS) on the RC
structure having buckling-restrained braces (BRBs). E. A. Godinez and A. Tena (2019) [27]
studied X steel bracing in MRCBFs by using MFDC-04. Except the K. Du, et al (2020) [28]
other literature mainly focused on developing the guideline of the new design of RC braced
frames. Therefore, the research on the moment-resisting frame with concentrically braced
frames using V-shape steel braced with ductility property permits to completion of the
research, which is commonly used in bracing arrangements in India and world.

In this paper the nonlinear lateral load behaver of low (4 story) to medium-rise (16 story)
moment-resisting RC frames with a concentrically braced structure where steel V bracing
(inverted chevron), situated high earthquake zone in India. The study focused on the
Indian standard code and some international design codes. The study of key design
parameters such as building capacities, strength and overstrength and ductility factors and
story displacement corresponding to various states, failure mapping and plastic hinge
formation in beams and columns are estimated. The study considers the provision, which
is mentioned in IS 1896 (part 1) clauses 7.2.7 dual system, MR frames (columns) are
designed to resist at least 25% designed base shear independently and suggested some
findings based on the results obtained.

2. Methodology and Analysis

To design the ductile RC-MRCBFs, a capacity design methodology is used to get the
excepted failure mechanism of a weaker brace-weak beam-strong column. There is a lack
of general design guidelines for many international codes and IS codes to design ductile RC
moment-resisting concentrically braced frames. The methodology proposed by Godinez
and Tena, published in (2010), (2012), and (2019) [22, 23, 25] is known as the ‘Conceptual
capacity design’ methodology which is used in this study. In a previous study, Godinez
Dominguez and Tena-Colunga used this methodology in inverted V and X bracing, also R.
Eskandari et al. (2017) [26] used the same method to design diagonal bracing in RC
buildings. The bracing which is the main earthquake resisting member is designed as the
weakest member in the RC-MRCBFs system. Other members Beam and columns are
considered the strongest member. It is because of getting an expected failure mechanism
for ductile design. There are four elements for earthquake resisting which are designed in
such a way, to get the expected failure mechanism. These elements are bracings, beams,
columns, and connection design of beam, columns, & bracing.
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2.1. Lateral Shear Strength Contribution

According to IS 1896 (part 1) clauses 7.2.7 dual system, MR frames (columns) are designed
to resist at least 25% designed base shear independently. In this study, at each building
height, three different lateral shear strength values are assigned in the moment-resisting
frame and bracing system. In RC-MRCBFs, lateral shear strength percentage resist by the
columns are given below:

e In RC-MRCBFs up to 25% of shear force is provided in a MR frame (column). This
is the almost minimum shear force balance in columns and which is less than the
strength provided in the bracing system. However, this balance is allowed in IS
code but some international codes do not allow for ductile design.

e Nearly up to 50% of shear force resist by the MR frame (column).

e Upto 75% of the shear force is provided in the moment-resisting frame (column).

Above three shear strength balances are used to know the seismic behavior of the RC-
MRCBFs at the different shear values in their dual system in both structural systems and
the height of the building [20, 22]. It also reviews the minimum strength requirement in
the dual system, especially in V braced RC-MRCBFs according to the IS code for ductile
designing.

2.2. Geometry and Design Parameters of the Buildings

12 RC-MRCBFs of V braced buildings are designed by using the Indian standards code. For
seismic design IS 1896 part1 [30], reinforced concrete design IS156, ISB00 for steel design,
ductile design guideline IS 13920:2016 [31], IS 4923:1997, are used to achieve the
required seismic behavior. The regular RC buildings with the concentrically braced frame
using V-steel bracings are designed for the soft soil's condition, using response reduction
factor R=4.5 [30]. Which is corresponding to a 5% damping ratio. The building models are
four-story, eight-story, twelve-story, and sixteen-story regular RC-MRCBFs having 7m
spans in each X and Y direction and 3.2 m story height. Outer RC frames consist of steel
bracing which is used to resist earthquake loads. The plan and elevation view is given in
Figure 1. RC-MRCBFs are designed using various lateral force ratios of base shear in
columns/base shear in bracings. The H/L (slenderness ratio) mainly affects the seismic
behavior of the building so different height ranges of buildings are studied carefully. The
live load and dead load are considered as follows:

Live load = 5 kN/m? (business and office building)
Live load at roof level= 2 kN/m?
Finishing dead load = 2.5 kN/m?

The material property used in the RC and steel members for design are given in Table 1,
where Ec and fo are the modulus of elasticity and compressive strength for concrete
respectively, f; is the yield strength for steel reinforcement bar used in RC structure, fys and
Es are the yield stress and modulus of elasticity of steel bracing respectively.

The design section of RC-MRCBFs changes along the height to reduce the strength and
stiffness irregularities along with the height as much as possible. The sectional of columns
and beams change their steel reinforcement or cross-section every four stories for eight,
twelve, and sixteen-story buildings. The box cross-sectional of steel V-bracing changes its
thickness every four stories for eight, twelve, and sixteen story frames, to get the design
optimum as much as possible. The designed section of beam, columns and bracings are
taken from the thesis (see Tables 2 to 5) [14].
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Table 1. Material Properties

; Steel b
Concrete member properties eel member

Building properties
height fex, fy, fys,
MPa Ec, MPa MPa MPa Es, MPa u
4 to 16-story
models 25 5000y/fe 415 55 210000 0.3

To design the RC MRCBFs, the following seismically design procedure was considered.

e Initially all design factors and modeling parts are determined.

e Calculate the design equivalent lateral force.

e C(Calculate the percentage of shear strength provided separately in the moment
frame and steel bracing.

e Design the braces according to their lateral base shear contribution.

e Now design the beams and columns for their base shear contribution in frame
structure and also consider the strong column weak beam principle.

e Checktaallowable inter-story drift limit and some of the steps are repeated to get
the required design section.

Table 2. Detailing of 4 Story Buildings

Columns
Model Story Beams Bracing .
Section
1-3 350X450 180X180X8 450X450
VF25D4
300X350 180X180X5 350X350
1-3 350X450 113.5X113.5X6 500X500
VF50D4
4 300X350 113.5X113.5X4.5 400X400
1-3 350X500 72X72X4.8 600X600
VF75D4
300X400 72X72X4 500X500
Table 3. Detailing of 8 Story Buildings
. Columns
Model Story Beams Bracing .
Section
1-4 210X210X16 570X570
VF25D8 5-8 350%450 210X210X12 400X400
1-4 400X500 180X180X6 600X600
VF50D8 5-8 180X180X5 550X550
1-4 400X500 100X100X5 700X700
VF75D8
5-8 100X100X4 650X650

To categorize the 12 models, a cryptogram is well-defined as VFpDn, where VF specifies V
bracing frame, p known as shear strength percentage provided in columns, D represent the
direction (X and Y axis) as shown in (Figure 1), and ‘n’ defines the number of floors. For
example, VF25X4.
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Table 4. Detailing of 12 Story Buildings

. Columns
Model Story Beams Bracing .
Section
1-4 400X500 300x300x22 650x650
VF25D12 5-8 400X450 300x300x20 570x570
9-12 375X450 300x300x18 500x500
1-4 400X500 200X200X8.5 675X675
VF50D12 5-8 400X450 200X200X6.5 625X625
9-12 375X450 200X200X5 550X550
1-4 400X500 113.5X113.5X6 780X780
VF75D12 5-8 400X450 113.5X113.5X5.4 750X750
9-12 375X450 113.5X113.5X4.8 725X725
Table 5. Detailing of 16 Story Buildings
. Columns
Model Story Beams Bracing -
Section
1-4 400X550 350X350X30 700X700
VF25D16 5-8 400X500 350X350X28 650X650
9-12 400X450 350X350X26 600X600
13-16 400X450 350X350X24 575X575
1-4 400X550 200X200X14 750X750
5-8 400X500 200X200X12 700X700
VF50D16 9-12 400X450 200X200X10 650X650
13-16 400X450 200X200X8 600X600
1-4 400X550 125X125X8 900X900
5-8 400X500 125X125X6 875X875
VF75D16 9-12 400X450 125X125X5 850X850
13-16 400X450 125X125X4 825X825
Yo : JE—
STm=1 m==1m--1 m—'_l 7 T
5
T
o T Ix
E o5 LN
ol T
T e &) Floor plan (b) Frame elevationinY direction (6 Fame levaton X decton

Fig. 1 Floor plan and elevation view in dual systems under study (all units are in meter

(m))

3.1. Nonlinear Static Analysis

Mwafy and Elnashai (2001) [32] studied both nonlinear static and time history analysis of
the RC building one of the conclusions is suggested that NPA is more appropriate for the
low period that is low to medium-rise regular RC frame structure. A similar result also
suggested by Goel RK, Chopra AK (2004) [33]; Chopra and Goel RK. (2002) [34]; Godinez
& Tena (2010) [22] used NPA to study the behavior of 4 to 24 stories, RC-MRCBFs with
chevron steel bracing. Eskandari et al. (2017) [26] conducted nonlinear static analyses for
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4- to 16 stories in RC-braced, Eber Alberto Godinez et al. (2019) [27] in 4 to 20 stories RC,
X braced frame. Nonlinear static analyses help to obtain the story and global shear, drift
curve, yielding mapping, overstrength factor, ductility factor, peak story drift, and global
ductility capacity. Uang CM (1991) [35] developed the design of the formula of response
reductions factor (R) and displacement factor (Cd). And also studied the structural
strength factor and structural ductility factor (Rp).

Table 6. Characteristics of the Investigated Buildings

Slende Shear distribution ‘ Slend Shear distribution A

Time Time

Model rness period Model ernes period
ratio Columns  Bracing (©s sratio  Columns  Bracing ©s

H/L % % H/L % %

VF25X4 0.46 25 75 0.425 VF25X12 1.37 25 75 1.12
VF50X4 0.46 50 50 0.512 VF50X12 1.37 50 50 1.34
VF75X4 0.46 75 25 0.547 VF75X12 1.37 75 25 1.54
VF25Y4 0.61 25 75 0.426 VF25Y12 1.83 25 75 1.11
VF50Y4 0.61 50 50 0.514 VF50Y12 1.83 50 50 1.35
VF75Y4 0.61 75 25 0.552 VF75Y12 1.83 75 25 1.55
VF25X8 0.91 25 75 0.754 VF25X16 1.83 25 75 1.61
VF50X8 091 50 50 0.908 VF50X16 1.83 50 50 1.74
VF75X8 091 75 25 1.035 VF75X16 1.83 75 25 1.99
VF25Y8 1.22 25 75 0.752 VF25Y16 2.44 25 75 1.61
VF50Y8 1.22 50 50 0.914 VF50Y16 2.44 50 50 1.75
VF75Y8 1.22 75 25 1.047 VF75Y16 2.44 75 25 2.01

This paper used the NEHRP and the Uniform building code (1988) recommended
provision. One of the conclusions of this paper is ‘the structural overstrength factor which
is governed by on structural redundancy, the story displacement or Inter story drift
limitations, load combination, strain hardening, and other parameters’. 4- to 16 stories
buildings were analyzed in ETABS 2018. To know the seismic behavior of the buildings,
NPA is used. In beam and columns, flexural and shear hinges are provided and in bracing
axial hinges are provided. Where the maximum lateral load and resultant moments are
present, the flexural (M3) plastic hinges are assigned to each end of the beam and in
columns, axial biaxial moment (P-M2-M3) plastic hinges are placed on each end. In the
ETABs software, the hinge length is defined to obtain the inelastic performance by the
integration of the plastic curvature and plastic strain. The hinge properties in the software
are defined as a force-displacement or moment rotation way and assigned in the fixed
location in the length of beam bracing or columns. The number of hinges and location of
hinges is highly affecting the analysis time and behavior of the structure so assigning the
hinges needs to be careful. In the ETABs, the hinges are defined the various way. Auto
hinges property, user-defined hinges property, and program generated hinges properties
are the way to provide the hinges in the ETABs software. Structures show different
performance levels according to their structural and non-structural components. The
capacity curve help to understand the performance level of the structures, different
structural and non-structural members have their performance level under the loading.
Figure 2. AB- linear range from the unloading state (A) to the yield state (B). B to C
represents inelastic ranges CD indicates the rapid decrease in strength resistance and
followed by a reduced resistance from D to E. some key points Immediate Occupancy (10),
Life Safety (LS), and Collapse Prevention (CP) are also considered. These points are
generally found when dividing B-C into four parts as shown in Fig. 2, and represent 10, LS,
and CP which are states of each hinge. At the Operational level in structure means, in the
building, there is no major damage or crack in structural members. The structure has its
original strength at this level. At the immediate occupancy level, the structural members
and walls have some minor cracks observed. The structure has no any permeant drift and
also has original strength. At the life safety level, the structure loses some original strength
and stiffness. The structure shows some drift and the nonstructural members are under
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failure stages. The structure has large displacement and the failure of members is observed
in the collapse prevention level.

The NPA is used to get the strength capacity of the building its limit state up to the failure
strength. The lateral load is distributed along with the height with a predefined pattern
vertically. The lateral load along with the height looks like an inverted triangular shape.
The lateral load pushes the structure and the base shear is recorded for every push that is
displacement and the graph is plotted. At the displacement where the buildings behave the
in-elastically and known as the target point also known as the performance point. The
analysis is completed when two things are observed one target point and another is the
capacity curve. The analysis predicts potential weak areas.

Y

2210,
=]

o s P D E

v

Displacement

Fig. 2 Performance level for pushover analysis

3.1.1. Capacity Curve

The curve plotted between base shear and displacement known as a capacity curve which
is obtained after pushover analysis is performed in each designed model. The curves are
obtained from the 4 stories, 8 stories, 12 stories, and 16 story models as shown in Figs. 3
to 6. The curve represents the lateral shear strength in columns and bracing and is plotted
to understand the behavior of each structure. Previous literature provided that the sum of
each individual strength (columns and bracing) indicate the total lateral shear force for the
RC-MRCBFs [20]. It is obtained that the base shear is increased as height and lateral force
contribution in columns decrease. For the observation, the three (25%, 50%, 75%) cases

of each story (4, 8, 12, 16) are put in the same graph. The x-axis and y-axis are separated
and observed nonlinear behaviors.
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i
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Fig. 3 Base shear vs displacement graphs for 4 story steel braced RC frame along both
axes with different base shear in columns
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Fig. 4 Base shear vs displacement graphs for 8 story steel braced RC frame along both
axes with different base shear in columns
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Fig. 5 Base shear vs displacement graphs for 12 story steel braced RC frame along both
axes with different base shear in columns
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Fig. 6 Base shear vs displacement graphs for 16 story steel braced RC frame along both
axes with different base shear in columns

When the base shear contribution in the bracings is increased the structural strength also
increased. The 50% base shear contribution configurations have shown the uniform
distribution of the energy decapitation capacity. Models VF25X4, VF25X8, VF25X12 and
VF25X16 have the main line of defense is steel and these model have high strength. The
models VF75X4, VF75X8, VF75X12 and VF75X16 have the main line of defense in the
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columns and have low shear strength. The steel bracing increased the strength of the
structure and reduced the maximum top story displacement which is shown in Figures 3
to 6. Also observed is that the V bracing in the 4-story building shows irregular behaviors.
It is because in the lower story the gravity load plays the main role in the structural
response. While the base shear increases up to 25% in columns the seismic response is
quite different. The first hinges are formed in the bracing then it may be in columns or
beams. Hence it is observed, that higher contribution in the bracing should be avoided as
possible in the new construction of the RC-MRCBFs. Also when the columns get a high
lateral shear contribution (75% or more than 75%) the bracing loses its contribution
importance. The bracing easily comes in fail and it does not resist the more seismic forces.
To get the balance seismic behaviors and economic column sections, there should avoid a
lower shear contribution in the bracing as well. From an economical point of view, the
heavy cross-section of the columns and steel bracing should not be used in new
constructions. However for the retrofitting, there is already the column sections are fixed,
at that condition, may use the heavy cross-section of the steel. As a sectional area of the
bracing increased the lateral shear resisting capacity also increased as shown in Figures 3
to 6.

3.1.2. Collapse Mechanism

The failure mapping shows the hinge formation in the structure at the final stage where
the structure shows collapse behavior. The collapse mechanism study shows that the
nonlinear behavior of the structures and energy dissipate capacity for input earthquake
force. For the observation of the failure mechanisms, it helps to conclude the weaker brace-
weak beam and strong-column collapse mechanisms can be obtained or not by the
observation of the plastic hinge in the columns, beams, and bracing. It is observed that the
percentage of the strength provided in the columns increases, the rotation demands
decrease in columns and increased in a brace.

Failure mapping is the development of plastic hinges in the structural members (beam,
column, and bracing) in a different stage in NPA. The plastic hinges in the bracing are
divided into compression bracing hinges and tension bracing hinges. The yielding in steel
bracing due to the compression force is also known as buckling failure. The maximum
bracings are failing due to buckling failure.

In the observation of the graph and the development of the plastic hinges pattern, it is
found that the models having 25% base shear contribution are the non-ductile models and
the model having 50% and 75% base shear contributions in the columns are the ductile
models. These models VF25 are the non-ductile failure and other models VF50, and VF75
have ductile failures. However, the Indian standard code allowed the 25% base shear in
columns in the duel system structures. In the study of each model], it is found that only
ductile models show the expected failure mechanism. In the models VF50 and VF75, only
the first failure is seen in the steel bracing than the beam and last in the columns. Which
followed the adequate failure pattern such as weaker bracing, weak beam and strong
columns. This type of failure pattern not seen in the models when the model (VF25)
contributes the 25% base shear in the columns. However, the first plastic hinges are
formed in the steel bracing in all the models. It is also noticed that the failure mechanism
in the VF25 models the unsuitable and irregular pattern of the development of the plastic
hinges. In the models having 50% and 75% base shear contribution, the formation of
plastic hinges is formed in a regular pattern.

In previous research in the inverted V bracing [22], diagonal [26] and X bracings [27], the
same results are obtained in the V bracing RC frame as well. The result of this section is for
getting a suitable failure mechanism, the shear stress contribution in the columns should
be a minimum of 50% of the total lateral shear. Also in IS 1893:2016, a dual system for

844



Bohara and Saha / Research on Engineering Structures & Materials 8(4) (2022) 635-651

steel bracing in RC frame should be reviewed and consider the minimum 50% base shear
contribution of the moment-resisting frame to get adequate failure and ductile buildings.

3.1.3. Ductility Reduction Factor and Ductility Capacity (1)

Displacement capacity, ductility, and ductility ratio are the interrelated seismic response
parameter. The ductility factor depends upon the story level and system. The ductility
reduction factor (R) is used for the calculation of the nonlinear seismic response of the
buildings which is caused by the hysteretic energy. The term ductility reduction factor
depends upon the damping, ductility, and the fundamental time period. Equations give the
ductility reduction and ductility capacity respectively.

However, in this study to calculate the response ductility factor, Newmark and Hall (1982)
[36] proposed equations are used (Egs. 1 - 5). Newmark, Hall (1982) [36] proposed the
essential study in ductility reduction factor. This method is widely accepted by other
researchers for their study.

Periods (T) < 0.03 sec:
Ru=1.0 (1)
T:0.03<0.12 sec:

Rp

1y (T-003).(JCp=1-1) (2)

0.09

T:0.12<T<0.5sec:

Ru=,/2p-1) (3)

T: 0.5< T<1.0 sec

Ru=,/(2.u—1)+2(T—0.5).(u—,/(2.u—1)) (4)
T >1.0 sec:
Ru=p (5)

Where T is the natural time of the buildings (also known as the fundamental time period).
Vo and Vg4 are the maximum base shear and design base shear respectively. Amand Ay are
the maximum displacements and first yield displacement respectively from the pushover
curve. |, Ry, Rs and R are the ductility ratio (u= Am /Ay), ductility reduction factors,
overstrength factors (Rs=V./V4), and response modification factors (R= RuXRs)
respectively. In this method, it is assumed that redundant factors are taken 1.

It is observed that the ductility ratio () is greater than 3 or 4 which is generally assumed
as a have a high deformation demand. The models VF50 and VF75 have a value greater
than 3, which shows the ductile behaviors of the buildings. It is observed in shown in Figure
7 that when the H/L value increased, the ductility ratio decreased. Same results also
observed in the paper E.A. Godinez, A. Tena (2010) [22] for inverted V braced RC frame
and Godinez Dominguez et al. (2019) [27] for X steel braced RC frame for the relationship
between the p and H/L. For 4 to 16 story buildings, the ductility ratio decreases when the
base shear contributions by the columns increase. Thus observation suggested that for
suitable ductile and failure mechanisms of the buildings, minimum of 50% lateral base
shear contribution by the columns should be used in dual systems. As shown in Figure 8
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(a) for the monotonic pushover load, the ductility reduction factors increase as the FTP of
the buildings increases. In the other words, for the short time period buildings, the ductility
reduction factors are low for V-shaped steel bracing RC frame buildings. It is also noted
that greater shear strength contributions in the columns have higher ductility reduction
factors. However, in the paper, Godinez and Tena (2010) [22] for inverted V braced RC
frame the result is opposite as compared to the V braced RC frame results. In this paper
the ductility reduction factors increased as a FTP of the buildings decreased. When the H/L
ratio increases the ductility reduction factors also increase as shown in Figure 8 (b).
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Fig. 7 Relationship between the ductility ratio and slenderness ratio
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Fig. 8 Relationship of the ductility reduction factors with fundamental time and
slenderness ratio

3.1.4. Strength Factor and Response Modification Factors

It is the ratio of the maximum base shear and design base shear which are obtained by the
NPA. The individual members of the buildings have over reserved strength, it's due to the
redundancy of the structural members. Many things affect the strength factors, such as
actual and practical construction differences actual strength of the materials, seismic zone,
and gravity loads. Generally, the actual strength of the structures is high as compared to
the design strength. It's the main reduction factor used in response modification factors
(R). It is observed that the strength contribution of the columns increases, the Rs factors
decrease ways. The observation is similar to the previous study in paper E.A. Godinez and
A.Tena (2010) [22] for inverted V braced RC frame. However, the result is the opposite for
the X-bracing RC frame in the paper Godinez et al. (2019) [27]. The buildings with
increasing the natural time period (4 stories to 16 stories) have lower the overstrength
factors as shown in Figure 9 (a). The result is also similar to the Godinez and Tena (2010)
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[22]. Figure 9 (a) is the relationship between the FTP of the structures and overstrength
factors which help to understand the behaviors of the Rs factors with time versions. To
know the geometrical property related to the Rs factors the second plot Figure 9 (b) used,
which shows the relation to the Rs and slenderness ratio. The slenderness ratio of each
model lies between 0.46 and 2.44 (0.46<H/LL2.44). It is shown in Figure 9 b, the strength
factors are decreased as the aspect ratio (H/L) increases. When the H/L ratio has a larger
value the Rs factors have a lesser value. The linear relationship is obtained as shown in
(plot H/L vs Rs) Figure 9 (b). Response modification factors (R) are the function of the
ductility reduction factors, overstrength factors, and redundancy factors. The product of
the Rs, Ry, and redundancy factors (=1) gives the R. In the IS 1893:2016 the response
modification factor is named as ‘response reduction factor’. The response reduction factors
in the Indian code seem incomplete such as the code does not tells as R factors for RC frame
with concentrically braced steel bracing. It just tells as a concentrically braced frame with
R factors 4.5. In the observation, it is noticed that the increases in the response
modification factors as increasing the aspect ratio (H/L) as shown in Figure 10. It means
increasing the story (4-16 story) also found increases in the R factors. The linear
relationship observed between the R factors vs H/L ratio is shown in Figure 10.
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Fig. 9 Overstrength factors having a relationship with natural period and slenderness
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3.1.5. Maximum Drift at a Yield Level

It is observed that the story drift at the yielding level is lesser than the 0.004 which is
proposed by the code. The 0.004 drift is generally known as the drift limit at the service
level and this value is generally proposed for the simply moment-resisting frame. This is
because the maximum drift value for RC-MRCBFs is lesser than the service limit value.
Yielding drift is computed by using the pushover curve with a bilinear idealized curve. It is
observed that as the height of the building increases the maximum yield drift also increases
(Figure 11). Figure 11, which is the relation between the yielding drift and slenderness
ratio. The yielding values are only considered for the 50% and 75% of the base shear
contribution of the columns. It is because the 25% base shear contribution by the columns
is quite unfavorable for design and these models (VF25) show the unexpected failure
mechanism. [t is also noticed that the maximum yield drift is shown in the middle height of
the structures. The average of each maximum drift at the yield level is 0.0024 which is
nearly similar to the previously calculated value of 0.002 in [22] for inverted V braced RC-
MRCBEFs.
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Fig. 11 Relationship between the maximum yielding drift and slenderness ratio for the
VF50 & VF75 models

4. Conclusions

The nonlinear analysis was performed in 4 to 16-story buildings with three cases (25%,
50% and 75% base shear contributed by the columns) to study the nonlinear seismic
behaviors of the structures. The RC-MRCBFs with steel V bracing structures were assumed
to locate in the soft soil in India with high seismic zone factors. In this study the “moment
resisting frames are designed to resist independently at least 25 percent of the design base
shear” was considered for the design of the RC-MRCBFs. Based on the result obtained the
conclusion are made as follows:

e Providing the steel V bracings in RC frames improves the seismic performances
such as stiffness, strength and ductility of the structures effectively.

e  The results shows that when the columns are designed to resist 25% base shear
in dual systems, it is not possible to design columns as a strongest member. Many
international codes suggested that columns are designed to resist minimum 50%
base shear. So the Indian standard code should be revised. IS 1893:2016, a dual
system for steel bracing in RC frame should be reviewed and consider the
minimum 50% base shear contribution of the moment-resisting frame to get
adequate failure and ductile buildings.

e The study observed that in the RC-MRCBFs for V shape steel bracings system
when the moment-resisting system (columns) resists at least 50% base shear,
those frames show the strong-column, weak-beam and weaker-bracing system. It
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also improves the ductility and capacity of the structures for 4 story to 16 story
structures.

e Asincreasing the strength of columns that is when base shear contributions of the
columns increase, the capacity of the structures is decreased. However, when
columns resist less than 25% base shear, the steel bracings are the main line of
defense, which means, the structures do not show expected failure mechanism
and non-ductile behaviors.

e Higher the shear force contributions in columns, the higher the ductility reduction
factors, and the lower the ductility ratio obtained.

e  When the aspect ratio (H/L) ratio increases, the ductility ratio of the structures
decreases. It is also observed that the overstrength factors decrease as the aspect
ratio (H/L) decreases. In the observation, it is noticed that the increase in the
response modification factors as increasing the aspect ratio (H/L).

e When the base shear capacity increases in the columns, it decreases the
overstrength factors and increases the response modification factors.

e The study shows that the story yielding Ay = 0.0024 which is the limiting value
obtained for RC-MRCBFs when V shape steel bracings is used. This value is
obtained for the service limit state.

e As increasing the height of the structures (in this study 4 to 16 stories), to get
ductile and expected failure mechanism (weaker bracing, weak beam and
strongest columns), it is ensured that to avoid the formations of plastic hinges at
the lower stories columns end, it is done by the increasing the base shear capacity
contributions in the columns to resist the lateral load.

This research is mainly focused on the regular buildings with 4 to 16 story buildings. The
study is limited to nonlinear static analysis (pushover analysis) of up to 16 story RC
buildings with V braced frame and a future study is needed to study the tall buildings with
steel bracing with a suitable design methodology. The future research is needed to insure
and to observe the effectiveness the design of RC-MRCBFs by using the nonlinear time
history analysis of the models with different acceleration record. Further study is needed
in the field of irregular buildings with different steel bracing with different shear
contributions in the columns to understand the failure pattern of the structures.
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In today’s world, renovation and demolition is very common. This creates an
aggregate waste. One can recycle this waste. Most of the waste that is generated
from demolition of structures is dumped in landfills to reclaim land. These create
a waste which contain concrete, bricks and other construction material which is
of no use. By gathering all these waste and recycled it. The recycled concrete
aggregate is created. Transport costs is very high that’s make it even worse.
Therefore, recycling of RCA (Recycled Concrete Aggregate) is eco-friendly, which
reduces the harvesting of Natural concrete and that aggregate might be used for

Keywords: . .
the production of concrete for new construction. Recycled Aggregates Concrete
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NAC: . this research work the demolition waste is used in concrete and the properties
. were discussed using Compressive strength test, Flexural strength test, Split
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X g tensile test with 0, 30, 60 and 100 percent RAC.
Mechanical properties;

Flexural strength test;

Split- tensile test;

Demolition Waste;

Compressive strength
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1. Introduction

All the man-made construction needs to be demolished after certain period, these create a
waste which contain concrete, bricks and other construction material which is of no use.
By gathering all these wastes and recycled it. The recycled concrete aggregate is created.
Recycled concrete aggregate can be of two type coarse or fine depending upon the
application. This can mix with natural concrete aggregate in varying proportion for new
construction. This paper includes the study of RCA with coarse aggregate. In 20th century,
at the time of wars when there was unnecessary demolition of buildings and roads comes
aneed to getrid of the waste material. From that time, research has been conducted in RCA
(Recycled Concrete Aggregate) for instead of NCA (Natural Coarse Aggregate). Two of the
main reason to do so is that to dump demolition waste large space is used, which is
increasing day by day. The capacity, area to store such waste is limited. Secondly, use of
RCA is eco-friendly, which reduces the harvesting of Natural concrete. As stated by
Oikonomou (2005) about main problem linked with use the NCA “NCA takes 50 percent of
raw materials from nature, takes 40 percent of total energy and created 50% of total
waste.” It is necessary to know about the strength, durability and different parameters [1].
Therefore, In this research work first the properties of NCA is discussed. The properties
discussed are impact value, crushing value, Bulk density, water absorption, specific gravity.
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Secondly, different test such as compressive strength test, flexural strength test, split
tensile test were determined with different proportions of RCA and NCA such as 0%, 30%,
60% and 100% and their comparison is studied.

Need to reuse recycled aggregates

e Many old buildings and other structures have exceeded their limit of use and have
to be demolished.

e Different structures suitable for use are disconnected because there are new
requirements and needs.

e Construction and demolished waste material are present in large amount. The
estimated C & D (Construction & Demolished) around a globe is shown below.

ESTIMATED CONSTRUCTION AND DEMOLITIONWASTE (C&D)

B Residential construction

® Non-residential construction
® Residential renovation

B Non-residential renovation

H Residential demolition waste

B Non-residential demolition waste

Fig. 1 Shown above it is clear that the use of RCA proves to be effective way to reduce
pollution and save space as well Pavan P.S. [1]

Following are the Worldwide Estimated Construction and Demolished waste is as
observed from the study in the paper Pavan [1].

Residential construction: 6%
Non-residential construction: 3%
Residential renovation: 21%
Non-residential renovation: 20%
Residential demolition waste: 11%
Non-residential demolition waste: 39%

It means Construction and Demolition (C&D) materials consist of the debris generated
during the construction, renovation and demolition of buildings, roads, and bridges.
Sustainable Materials Management approach that identifies certain C&D materials as
commodities that can be used in new building projects, thus avoiding the need to mine and
process virgin materials.

2. Literature Review

Pavan [1] In this research work, the RAC has been used with OPC(Ordinary Portland
Cement) and PSC(Portland Slag Cement) with 7 and 28 curing days to study the different
mechanical properties such as split tensile and compressive strength test. The concrete is
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used is hardened concrete. The recycled concrete is made by using the demolish concrete
and natural concrete in 60:40 ratio. The results were compared with naturally available
aggregates.

P.C. Yong [2] RCA from site- tested concrete samples was employed in the research. These
are 14-day concrete cubes from a local building site after compression testing. These cubes
are split into required sizes. Around 200 Kg of recycled concrete aggregate was used in this
study. The results shows that RCA has good quality concrete. The compressive strength
test of RCA is also higher than Natural recycled aggregate. In terms of split tensile strength,
wet density, flexural strength test RA is comparable to regular concrete.

M.C Neil [3] In this research paper, RCA is studied which includes its properties, effects
and its production on a major scale. To study the RCA concrete material properties
compressive strength test, splitting tensile strength test, crack width and spacing, modulus
of rupture and elasticity, structural performance of RCA cubes were discussed. Overall, it
is concluded that the RCA properties can vary with different materials admixtures, it can
be used to build a structural concrete.

Yehla S. [4] This research paper focuses on the both the properties of RCA that is
mechanical and physical of recycled aggregate concrete. The research provided the impact
of RCA quality on concrete characteristics. From the time range of around six months
sample was collected from an any place, both the aggregate property indicated an
acceptable change in properties. All admixtures except three shows the acceptable values
in compressive, tensile, flexural, splitting strength test.

M. chakradhara [5] In this paper, the properties of RCA is studied using a various strength
test in four grade, M 20, M 25, M 30, M 40 as a NCA concrete and four recycled aggregate
RCA 20, RCA 25, RCA 30 AND RCA 40. The study demonstrates that the Mechanical
property like compressive strength test of the different M- Grade samples is lower than the
RAC grade sample, but the same test conducted with more mixing ratio of M20, M20, M25,
with RCA 20, RCA gives acceptable results. RAC absorbs more energy than controlled
concrete under flexural test.

3. Objective

There are following objective are to be expected from the present work

e This study demonstrates a method to use Recycled Course Aggregate instead of
natural concrete aggregate in ratios 0%, 30%, 60% and 100% and their
comparison is studied.

e Secondly, both the concrete properties is discussed and evaluated and their result
is compared such as mechanical (compressive, tensile and flexural strength test)
and physical property. (water absorption, bulk density, impact value etc ).

4. Methodology

The research methodology is divided into three steps:

Step 1: Evaluation of aggregate properties and material use

Step 2: Evaluation of Concrete properties with different grade combination.

Step 3: Mechanical properties test:

e Compressive strength test
e Split tensile strength test
e  Flexural strength test
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4.1. Material Use

The size of natural and recycled aggregate is around 20 millimeters. The cement used in a
research work is grade- 43 PPC cement, sand of 4.75 millimeter passing through IS sieve
which retain IS sieve of 150 micron of potable water available in the campus.

Source: The demolition waste of our campus is used in the present work, the waste first
smash into pieces with hammer, dried, separation of distinct size takes place the mixed
with M25 grade in different proportions such as 0%, 30%, 60% and 100% and their
comparison is studied.

4.2, Aggregate Physical Property

The physical property of the recycled and natural concrete aggregate is obtained below as
per process discuss in the standard BIS 2386-1963 [14], the various substantial properties
of aggregates were tested and BIS 383-1970[11], Specification for coarse and fine
aggregates from natural sources for concrete (second revision), Bureau of Indian
standards, New Delhi, India.

Table 1. Physical properties of Natural and recycled coarse aggregate

Sr. No. Particulars Natural Aggregate Recycled Aggregate
1 Specific Gravity 2.64 2.73
2 Density (in kg/m3) 1677.2 Kg/m3 1470.2 Kg/m3
3 Water Absorption 0.29 % 0.32 %
4 Crushing Value 18.8 % 353 %
5 Impact Value 17.89 % 35.67 %
6 Fineness Modulus 2.86 2.82

Manufacturing process of RAC

The waste obtained from building demolition sites were taken and tested

The taken concrete is smashed into smaller fragments using a hammer.

The fragments are then crushed with an abrasion machine before being removed
The sample is then dried any amount of wetness has been eliminated.

Sieve analysis is used to divide aggregates into distinct sizes.

A 150 mm grade were prepared and used.

4.3. Design of Concrete Mix
As per standard IS: 10262 -2009 the designing is done using M25 grade.
Table 2. Designing of Concrete using M 25 cubes

Weight w/C Cement Fine aggregate Coarse aggregate
Kg/m3 186 415 550 1170
Ratio 0.45 1 1.35 2.83

4.4, Property of Hardened Concrete

According to the BIS 516-1959[13], methods of tests for strength of concrete. The
mechanical properties of concrete were tested and are given in figure 5.1(Compressive
strength), 5.2(Split tensile strength) and 5.3(Flexural strength) respectively.

Cubes of size 15 cm, cylinders of size 7.5 cm radius and 30 ¢cm length and beam of size 50
x 10 x 100 cm were mold, cured and 3 samples were tested at 7 days and 3 samples were
tested at 28 days after curing to evaluate the mechanical properties of concrete specimens
with and without recycled aggregates using 0%, 30%, 60% and 100% replacement of RCA
and NCA respectively.
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Following test are conducted to understand the mechanical properties of the RCA:
I. Compressive strength test (CS):

The capacity of a matter to bear failure in the form of cracks gives its compressive strength.
The maximum compression that concrete can withstand be without failure is determined
using this study by applying a load to both sides of the concrete mold.

I1. Split tensile strength test:

To check the tensile strength of a concrete is test is done. It is a ability of a material to resist
a force that tends to pull it apart. Universal testing machine is used to evaluate the split
tensile strength test. First the cube is cured then the specimen is dried and placed
Longitudinally in the machine and aligned. Then load is applied and values are noted down
for any cracks the tensile strength is calculated using the formula

TS=2Q/nDL,
where Q is the load at which specimen breaks.
I1I. Flexural strength test:

The compressive and tensile strength of concrete are both developed as it starts to bend,
The flexural strength is the strength per unit area. The modulus value is determined by the
beam’s size as well as the loading configuration. It is also known as modulus of rupture. It
is determined by either central point loading or two-point loading machine. In which steel
rollers are connected for different specimen. The concrete is prepared after a mold is
removed, specimen is cured, dried and specimen is placed longitudinally in a machine and
a load is applied of fixed parameters. Note down the reading of load at which the crack
appears. Flexural strength is noted using the formula:

Fb= P*L/ bd2,

Where P is the pressure at which specimen breaks, b is the width of the beam in milli meter
mm, d is the failure point in mm.

5. Results

Following results are calculated to evaluate the mechanical property of the RAC, and its
comparison is shown with natural aggregate concrete.

From figure 2 it is concluded that the compressive strength test is comparatively high for
60% replacement.

From figure 3 it is concluded that the split tensile strength test is maximum for 60%
replacements in both 7- and 28-days curing period.

From the tests of compressive strength, tensile, flexural test quality it is predicted that with
0% and 30% RCA the outcomes are comparatively low, with 60% RCA a results are
moderately good. With 100% substitution because it acts as a normal quality. So it is
concluded that the RCA and NCA in half proportions gives a acceptable result for any
acceptable construction which is essential for demolition waste management as well as
environmental friendly.
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6. Conclusions
The study can leads to following points mentioned below:-

e Presently Recycled concrete aggregate is treated as waste material and is
economical than fresh aggregate. Therefore, concrete made up of Recycled
aggregate will natural be economical.

e Itis observed that the water absorption of natural aggregate is 0.29% and that of
recycled aggregate is 0.32%. This indicates that the workability of concrete mix
will reduce at same water cement ratio, as the percentage of recycled aggregate
in cement concrete increases.

e The replacement % of RCA and NCA is to be around 60% i.e. 60% use recycled
aggregate and 40% use natural aggregate.

e The compressive strength and split tensile strength of concrete is comparatively
high.

e Recycled concrete aggregate can be easily used in the low to moderate level
constructions.

e Various mechanical tests such as split tensile test, Compressive Strength test, and
flexural strength test shows that the partial use of RCA and NCA (in 60:40 ratio)
is the finest reasonable, cost-effective way for justifiable and smart technology in
future.

e It has been found that the recycled concrete aggregate are more angular and
higher specific gravity than Natural coarse aggregate it may result of increase in
strength.

e Various tests conducted on recycled aggregates and results compared with
natural aggregates are satisfactory as per IS 2386.

e Due to use of recycled aggregate in construction, energy & cost of transportation
of natural resources & excavation is significantly saved. This in turn directly
reduces the impact of waste material on environment.
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1. Introduction

Strength endurance of construction materials with increasing temperature exposure is
critical for constructions. Reinforced concrete (RC) structures may sustain fire damage
during their service life [1]. It is a universal fact that molecular structures are stable only
up to a certain temperature. This constancy may be compromised as temperature
conditions change as the temperature is the deep-seated characteristic influenced by
exposure duration and heating rates to impact the molecular structure; thus, it is
responsible for concrete deterioration [2]. Concrete's material properties and stiffness
decline drastically as a result of physical and chemical changes, resulting in a loss of
strength at extremely high temperatures. [3,4].

Reinforced concrete (RC) structures made of traditional concrete, unlike structures made
of other construction materials such as steel, have good fire resistance, which can be
attributed to low conductivity, greater temperature capacity, and slower degradation of
tensile properties with temperature [5,6]. However, owing to changes in microstructure
that occur during fire exposure, the newest concrete types, especially High-Strength
Concrete (HSC) and Ultra High-Strength Concrete (UHPC), show quicker strength decline,
culminating in concrete spalling [1,7]. Spalling of concrete as a result of fire exposure is a
well-known phenomenon with consequences for fire safety, building integrity, and the
cost of rehabilitation after a fire. During rapid heating and unsuitable conditions,
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fragments of concrete can explode off the surface, and a whole cross-section heated from
two sides can disintegrate completely by spalling [8]. The surface of a concrete structural
part will come off when subjected to fast heating conditions, such as during a
catastrophic fire. Spalling happens when a fire-exposed concrete section with limited
permeability experiences high amounts of pore pressure generated by high temperature
gradients [9]. The primary disadvantage of using HSC in reinforced concrete buildings is
that it has a higher tendency for heat-induced concrete spalling when exposed to high
temperatures, which is due to its thick matrix and refined pore structure [10]. Thermo-
hydro-mechanically related heat-induced concrete spalling is affected by thermal dilation
and pore pressure gradients [11]. The unlimited water inside the concrete condenses as
vapor when exposed to high temperatures, resulting in vapour pressure bubbles and, as a
result, tensile stresses that exceed those supported by the concrete. When these concerns
are not addressed, the civil structure suffers massive harm [12].

To ensure the safety of reinforced concrete structures designed with HSC, several
technological solutions have been implemented, which include limiting the use of HSC to
low exposure to firerisk structural components, considering the use of external fire
protection systems, and even reducing thermal effects on structural components through
design options. [13,14]. Synthetic(polypropylene—PP) and natural (sisal, basalt) fibers
distributed in the cement structure, on the other hand, have been effectively employed in
concrete to change its microstructure and mitigate the effects on high - temperature
cement structural damage [15]. Even though worldwide obligations to the manufacturing
process of reusable, recyclable, or biodegradable manufacturing goods originate from
greater public concern over inordinate waste production and ineffective disposal
practices, waste plastic has also been probed for valuation application fields in concrete
buildings, fibres concrete beams, and concrete walkways [16]. Many countries' municipal
recycling systems collect but do not recycle plastic waste, resulting in tonnes of plastic
being burned, transferred to landfills, or even dumped into the seas. Another source of
worry is that dumping plastic waste in landfills pollutes and contaminates soil and water,
potentially causing human health concerns due to high levels of lead and
cadmium.[17,18]. Despite the fact that the use of High-Strength Concrete (HSC) is
increasing dramatically around the world, the use of plastic waste in the manufacture of
HSC has not been properly investigated. The paper's main contribution is as follows:

e Improve the stability of concrete in a thermal environment by adding plastic
wastes with polycarboxylic-based superplasticizer as aggregates.

e Investigate the spalling behavior of concrete with and without plastic wastes
under various environmental conditions and compositions.

Aggregates and plastics increase the thermal stability of concrete to reduce the pore
pressure generated inside the concrete when exposed to a heated environment. The
structure of the paper has been developed as follows out of which section 1 is the
introduction; Section 2 presents the recent works of literature; section 3 depicts the
detailed description of the materials and processing methods involved; section 4
deliberates the experimental results and finally, section 5 discusses the conclusion.

2. Literature Survey

Camilo et al [19] in their work, investigated the impacts of high temperature on the
residual qualities of concrete, as well as the physical, chemical, and mechanical properties
of concrete comprising rejected recyclable plastic waste (RRPW), were explored. After 2
hours of exposure to 200°C, 400°C, and 600°C, concrete compressive and tensile
strengths, Young's modulus, crack width, mass loss, water absorption by capillarity,
chemical composition, and evidence of heat-induced concrete spalling were measured in
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concrete samples made with RRPW particles and compared to those made with
commercial polypropylene (PP) fibres. Workability and durability difficulties connected
to the use of RRPW in high-strength concrete should be investigated.

Hager et al [20] in their work evaluated the effect of high temperatures (up to 1000
degrees Celsius) on the microstructure and mechanical characteristics of geopolymer
mortars With fly ash as the major precursor and four degrees of slag substitution (0, 10,
30, and 50 wt of %), four blends were examined. Ultrasonic pulse velocity, scanning
electron microscope, mercury intrusion porosimetry, thermal stresses measurements,
differential thermal analysis, and thermogravimetry were used to analyze damage
evolution and identification tests. The goal of the study was to create a mortar that is
thermally stable at high temperatures. However, further work on green materials is
required to advance the technology of building structures in a sustainable manner and to
minimize gas emissions.

Mohammad hosseini et al [21] in their work studied the impact of waste metalized plastic
(WMP) fibres and palm oil fuel ash (POFA) on concrete performance at high
temperatures of 200, 400, 600, and 800 degrees Celsius Four concrete mixes were cast,
with 0 and 0.5 percent WMP fibres and 0 and 20% POFA content. The characteristics
evaluated include mass loss, compressive strength, and ultrasonic pulse velocity. When
compared to ordinary concrete mixes, adding WMP fibre to concrete mixes improves
concrete performance at elevated temperatures by reducing the rate of strength loss and
eliminating explosive spalling behaviour. Spalling analysis for varied structures, on the
other hand, has not been concentrated.

Rohden et al [10] in their research studied the possible use of difficult-to-recycle plastic
waste as a polymeric addition in elevated concrete, with a focus on the capacity to reduce
thermal concrete spalling and its impact on mechanical properties The garbage correlates
to soft and hard plastic, particularly domestic polymers, which are typically disposed of
in landfills, while being theoretically recyclable. Mechanical and physical properties,
cracking, mass loss, and the incidence of spalling in high strength concrete specimen
constructed with either plastic waste or polypropylene fibres were tested after a 2-hour
exposure to 600 C. Moreover, the spalling effect of the plastic aggregate induced concrete
for beam structures and other structural members has to be analyzed.

Umasabor et al [22] in their work experimentally investigated the PET pulverized mix
with the concrete. Crushed PET was used in concrete at weight percentages of 5%, 10%,
and 15% of conventional fine aggregate. There were four distinct types of concrete
specimens made, including a control. The concrete specimens' flexural and compressive
strengths were assessed after 3 days, 7 days, 14 days, and 28 days of curing, respectively.
The concrete specimen containing 5% by weight PET had a better compressive strength
than the other specimens, according to the findings. However, spalling effect for samples
due to increased thermal gradients were not investigated in the work.

Oluwarotimi et al [23] in their study examines the effect of elevated temperature on the
strength of concrete containing glass powder (GWP) as Ordinary Portland cement
replacement. They partially replaced by 0, 15, 18, 21, 24, 27 and 30 % of cement with
GWP. The cube samples are curing in water for 90 days were exposed to 60, 150, 300 and
500°C temperatures increased at a heating rate of 10°C/min. They measured a
compressive strength values of unheated samples and after air-cooling period of the
heated samples by scanning electron microscope to examine alterations in the matrix and
interface. The compressive strength of the concrete matrix should be concentrated for
higher temperature.
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From the survey, for [19] issues with workability and durability when using RRPW in
high-strength concrete, for [20] more development on green materials is required for a
sustainable environment and to minimize gas emissions, for [21] analysis of spalling for
various structures has not concentrated, for [10] the spalling effect of the plastic
aggregate induced concrete for beam structures and other structural members has to be
analyzed and for [22] spalling effect of the specimens due to increased thermal gradients.
Hence as a result to overcome the issues in spalling effect of reinforced plastic wastes has
to be experimentally investigated.

3. Experimental Program
3.1. Materials and Methods

In this investigation, the binder was composed of Portland cement (CEM II 52.5 R) and
plastic wastes. The sand-to-binder ratio of 0.4 was employed. Silica sand with a mesh size
of 106 to 120 Im (120 to 150 mesh) was included in the mix. A polycarboxylic-based
superplasticizer was present in all of the combinations (30 percent solid content). To
explore the influence of plastics on the spalling resistance of concrete with appropriate
workability of the new mixture and aggregate plastic dispersion, the concrete was
prepared with 0 to 40% plastic wastes in the size up to 20 mm to get adequate ductility.
The post consumed waste plastic is collected, after grinding and melting it, again cut in to
small pieces. The same pieces after cooling are used as coarse aggregate for the concrete.

Fig. 1 Plastic waste aggregate

3.2. Mix Proportions and Batching

To make the specimens five different proportions of plastic wastes are added to the
concrete which are 0%, 10%, 20%, 30% and 40% respectively. The 0% indicates the pure
concrete specimens without the addition of plastic wastes. The specimens are prepared
and tested in such a way to investigate the addition of plastic wastes to the conventional
concrete. Three types of specimens are prepared with the above-mentioned proportions
which are a cube, cylinder and beam specimen. The cube is prepared with dimensions
150x150x150 cm3 so that the surface area of the cube is 22500 cm2. The cylindrical
specimen is made with dimension having diameter as 150 cm and height of 300 cm with
a surface area of 176625 cm2 and the rectangular beam is made with dimensions
150x150x500 cm3.The numbers of samples prepared for each of variation are 6. Mix
design proportions were shown in Table 1.
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Table 1. Mix design proportions

Plastic waste Specimens

(%) (size) Cube Cylindrical Rectangular beam

0 to 40% 20 mm 150x150%150 cm3 150%x300 cm3 150x150x500 cm3

(©)

Fig. 2 Fabricated specimens

3.3. Testing Methods

BS EN 12390-2, 3:2009 was used to create the concrete cube samples. The concrete cubes
were dismantled after 24 hours and submerged under water for 90 days. The cubes were
then taken from the water tank and left to dry at room temperature, with the mass of the
specimens being monitored until they reached a constant weight. Before the heat
exposure test, the starting mass of all concrete specimens was recorded, and the
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specimens were then examined for a non-destructive UPV test in line with ASTM C597-09
requirements. This test is carried out by sending an ultrasonic pulse into the concrete
being tested and measuring the time it takes for the pulse to pass through the
construction. Slower velocities suggest concrete with many fractures or voids, whereas
higher velocities indicate good quality and continuity of the material. The concrete cubes
were then placed inside a furnace that was gradually heated from ambient temperature
to 600 and 800 degrees [26]Celsius at a pace of 10 degrees Celsius per minute. The
furnaces used for higher temperature have temperature control arrangements, with the
help of that temperature inside furnace were kept constant. To establish thermal
equilibrium inside the concrete cubes, the peak temperature [26]was kept for 1 hour for
each temperature range[25].

The modest temperature increase was intended to avoid substantial temperature
gradients in the specimen and, as a result, severe micro cracking, which would have
changed the experimental results. The samples were tested to ensure that the pre-
heating temperature was reached throughout the specimen. The exposure temperature
was kept constant for one hour (1h), and cooling to room temperature was accomplished
in the closed and disconnected furnace (about -0.3°C/min). In the oven chamber, the
controlled temperature is measured (i.e. not in samples).To investigate the influence of
qualities of reinforced plastic wastes, the samples at thermal gradient are compared to
the specimen sample at room temperature. Low temperature gradients are used in this
procedure and the majority of mortar damage is physicochemical in nature. the samples
are prepared in such a way that they represent specimens with and without addition of
plastic wastes.

3.4. Effect of Temperature on Conventional Concrete

Even if the temperature is only somewhat raised, the concrete built with portland cement
is subjected to heat, which causes a variety of transformations and reactions. Because
aggregate materials account for 65 to 75 % of the volume of concrete, the aggregate type
has a significant impact on the behavior of the concrete at increased temperatures.
Thermal stability of commonly used aggregate materials ranges from 300°C to 350°C.
Physical qualities (e.g., thermal conductivity and thermal expansion), chemical properties
(e.g., chemical stability at temperature), and thermal stability/integrity are all important
aggregate features for concrete behavior at high temperatures. Crystal transitions in
aggregate materials result in considerable volume increases [e.g, crystalline
transformation of -quartz (trigonal) to -quartz (hexagonal) between 500 and 650 C with a
5.7 percent increase in volume]. With rising temperature, some siliceous or calcareous
aggregates with some water of composition display considerable dehydration, which is
accompanied by shrinkage (e.g., opal at 373 C shrinks by 13% by volume). Most non-
siliceous aggregates may withstand temperatures of up to600°C.Results show that when
the temperature is raised above 600 degrees Celsius, the weight loss of specimens gets
increases. Aggregates such as Calcareous aggregates (Calcite - CaCO3), magnesite
(MgC03), and dolomite (MgC0O3/CaC03) were breakdown into oxides and carbonites
CO2 (CaO + CO2) at higher temperatures [25]. Calcium carbonate is a white colored
powdered compound which on strong heating (calcination) produces calcium oxide along
with a release of carbon dioxide. Magnesium carbonate is also a colorless powdered
compound which on thermal decomposition produces magnesium oxide and releases
carbon dioxide gas.

A mixture of calcium carbonate and magnesium carbonate is heated strongly. The
reaction that takes place is as follows:

CaC03(s)+MgC03(s)-—ACa0(s)+MgO(s)+2C02(g)
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Evaporable water occupies between 30 and 60 percent of the volume of saturated cement
paste and 2 to 10% of the volume of saturated structural concrete at room temperature.
Evaporable water is pushed out as the temperature of the cement paste rises, until at a
temperature of around 105°C, all evaporable water is lost after a sufficient exposure
duration. The firmly absorbed and chemically combined water (i.e., water of hydration) is
gradually lost from the cement paste hydrates at temperatures over 105°C, with
dehydration virtually complete at 850°C. Calcium hydroxide dehydration is nearly
negligible up to around 400°C, accelerates quickly around 535°C, and is complete at
about 600°C.Hence at these elevated temperatures, the concrete undergoes complete
dehydration and the bond strength decreases, thereby the concrete materials at the face
of the structures loses its adhesive property and tends to de-bond thereby creating a
failure of the structures which is termed as spalling.

3.5. Effect of Temperature on Plastic Reinforced Concrete

The concrete specimen which is raw without any plastic mix deteriorates much faster at a
lower temperature and hence to improve its stability, plastic wastes are added to it. The
specimens are made and are tested for its stability in the furnace over a while. The
samples are exposed to temperature range of normal temperature, 600 and 800 degrees
Celsius in the furnace. The cube specimens have a maximum spalling effect which is
denoted by the breakage of the mold specimens under thermal loading. At normal
temperature, cube specimen, cylindrical specimen and rectangular beam specimen of
concrete samples remains in the same weight. When the weight is increased to 600 to
800 degree Celsius, there is a significant effect on temperature is observed at the
specimens with more weight loss. Moreover, the specimens are also observed to undergo
a variation of weight due to elevated thermal gradients. the results of the observed
investigation are discussed in the following section.

4. Results and Discussion

The section elaborates the results obtained from the fabricated specimens which are
subjected to different temperature zones.

4.1. Weight Loss

In all cases, the spalling process began with a violent event affecting the entire heated
region. The spalled layer appeared rather homogeneous after cooling, corroborating the
idea that spalling is not strictly related to local mechanisms involving aggregate-to-
cement paste interaction under substantially uniform heating and loading conditions, and
that a more general explanation based on temperature, pressure, and stress fields can be
provided. The evolution of the thermal field was rather constant across genera. This
result implies that moisture transport mechanisms play a little impact in concrete
thermal behavior. The weight loss at the end of the test for the mortars is nearly identical.
The weight loss for the cube specimens are identified and are represented in the graphs.
From Fig 3a to 3e, 4a to 4e, 5a to 5e X-axis is showing the specimen’s number.

The graphs plotted in fig 3 represents the weight loss of the cube specimens at room
temperature, 600 and 800 degrees Celsius for 0%, 10%, 20%, 30% and 40 % plastic
addition. From the graph it is clear that the specimens at room temperature has a
maximum weight of 9.3 kg at 0% plastic addition. When the specimen is subjected to
6000 C the weight loss obtained for the specimen is 8.09 kg which indicates a 13% weight
reduction. the minimum weight of specimen obtained is 7.970 kg. When subjected to
8000C the weight reduced for the specimen is 8.045 indicating a 13.5% weight reduction.
Moreover, the minimum weight of the specimen is 7.680 kg.
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Similarly, for 10 % addition the maximum weight is 8.97 kg for room temperature and
when subjected to 6000 C the weight for the specimen is reduced to 6.99 kg and for 8000
C the weight loss is observed to be 6.60 kg which indicate a weight loss of 22.1% and 26.4
% when increasing temperatures respectively. For 20 % the maximum weight
corresponds to 8.32 kg and the weight loss percentage during elevated temperatures
corresponds to 17.7% and 28.1% respectively at 6000 C and 8000 C. The values of
maximum weight loss at the corresponding temperatures are 6.95 kg and 6.580 kg.

The weight loss percentage for the 30% addition is 17.3 % and 28.2% for 6000 C and
8000 C respectively as the maximum weight losses denoted the value of 8.05 kg at room
temperature to the increased temperature are 6.66 and 5.78 kg respectively. For
maximum 40% weight addition the specimen at room temperature is 7.87 kg and weight
loss in maximum for 800-degree and 600-degree temperature which is 29.6% and 25.2 %
respectively while the maximum weight corresponds to 5.89 and 5.54 kg respectively.
From figure 3, it is clear that when temperature raises from 600 to 800, there is a weight
loss of concrete samples. Hence, in this research, plastic wastes were added to concrete
samples to reduce weight loss by reducing the pore pressure generated inside the
concrete subjected. When the addition of plastic waste is increased from 0 % to 40%, the
weight loss decreases since plastic waste in concrete reduces the direct effect of high
temperature on concrete surface.

—=—RT
—_ —e— 600
—a— 3800

Specimen (Number)

(a) 0% plastic waste
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Fig. 3 Weight loss in cube specimens
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Fig. 4 Weight loss in cylindrical specimens

The graphs plotted in fig 4 represents the weight loss of the cube specimens at room
temperature, 600 and 800 degrees Celsius for 0%, 10%, 20%, 30% and 40 % plastic
addition. From the graph it is clear that the specimens at room temperature has a
maximum weight of 13.85 kg at 0% plastic addition. When the specimen is subjected to
6000 C the weight loss obtained for the specimen is 12.09 kg which indicates a 11%
weight reduction. the minimum weight of specimen obtained is 11.87 kg. When subjected
to 8000C the weight reduced for the specimen is 12.12indicating a 11.12% weight
reduction. Moreover, the minimum weight of the specimen is 11.82kg.

Similarly, for 10 % addition the maximum weight is 12.655 kg for room temperature and
when subjected to 6000 C the weight for the specimen is reduced to 11.31 kg and for
8000 C the weight loss is observed to be 11.11 kg which indicate a weight loss of 10%
and 12 % when increasing temperatures respectively. For 20 % the maximum weight
corresponds to 12.24 kg and the weight loss percentage during elevated temperatures
corresponds to 17.2% and 15.9% respectively at 6000 C and 8000 C. The values of
maximum weight loss at the corresponding temperatures are 10.14 kg and 10.29 kg
respectively.

The weight loss percentage for the 30% addition is 20.1 % and 19.3% for 6000 C and
8000 C respectively as the maximum weight losses denoted the value of 12.700 kg at
room temperature to the increased temperature are 10.08 and 10.25 kg respectively. For
maximum 40% weight addition the specimen at room temperature is 11.45 kg and
weight loss in maximum for 800-degree and 600-degree temperature which is 34.9 %
and 45.6 % respectively while the maximum weight corresponds to 7.45 and 6.22 kg
respectively. It is observed that the maximum amount of weight loss is observed at the
40% plastic addition which indicates that as the amount of plastics increase, they get
converted into ash upon elevated temperature which indicates the maximum weight loss.
From figure 4, it is observed that for cylindrical specimen, the weight loss is increased
with addition of plastics and increase in temperature. Hence, for this type of specimen,
the additions of plastics reduce the effect of high temperature on concrete but conversion
of plastic into ash cause maximum weight loss.
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Fig. 5 Weight loss in beam specimens

The plots in fig 5 depict the weight loss of the beam specimens at room temperature, 600
and 800 degrees Celsius for 0 percent, 10%, 20%, 30%, and 40% plastic addition. The
graph clearly shows that the specimens at room temperature have a maximum weight of
13.35 kg with0% plastic addition. When the specimen is exposed to 6000 C, the weight
loss obtained is 11.67kg, indicating a 12 percent weight drop. The minimum specimen
weight obtained is 10.83 kg. When exposed to 8000C, the weight of the specimen is
reduced by 11.27, suggesting a 15% weight reduction.

Similarly, for 10% addition, the maximum weight is 12.24 kg at room temperature, and
when subjected to 6000 C, the weight for the specimen is reduced to 10.1 kg, and when
subjected to 8000 C, the weight loss is observed to be 9.8 kg, indicating a weight loss of
17.1% and 19.4% when increasing temperatures, respectively. The maximum weight for
20% amounts to 11.90 kg, and the weight loss percentage with elevated temperatures
relates to 15% and an average of 14 percent at 6000 C and 8000 C, respectively.
Maximum weight loss values at the corresponding temperatures are 10.02 kg and 9.850
kg, respectively.

The weight loss percentage for the 30% addition is 10 % and 25.5% for 6000 C and 8000
C respectively as the maximum weight losses denoted the value of 11.14 kg at room
temperature to the increased temperature are 9.9 and 8.3 kg respectively. For maximum
40% weight addition the specimen at room temperature is 11.11 kg and weight loss in
maximum for 800-degree and 600-degree temperature which is 14.2% and 34.7 %
respectively while the maximum weight corresponds to 9.5 and 7.25 kg respectively. It is
obvious from the preceding results that as the temperature rises, the weight loss of the
beam specimen decreases due to the addition of plastic wastes. This is because when
plastic waste deteriorates at high temperatures, it turns into ash, which has a lower
density than plastic and hence causes low weight loss in concrete specimens.
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4.2. Edge Spall

All of the data on spalling are reported below after the edge effects have been neutralized,
as seen in Figure. These effects are mostly caused by stress patterns along the edges,
which is frequently referred to as the "corner effect." The results in Table[2] indicate the
corner effect and the deterioration of the molded sample which provide a valuable
assessment of the phenomenon's variability. The depth of the damaged concrete ranges
from 4 to 15 cm, with a considerable degree of variability. Spalling frequently reaches or
even through the reinforcing mesh. Figures show the quantitative influence of the edge
effect on the test results.

From the graph the edge spalling of the cube specimen is described for room
temperature, 600 degrees and 800 degrees Celsius for various specimens with 0 %, 10%,
20%, 30% and 40% addition of plastic aggregates. All the edge spalling for room
temperatures are zero as it does not show any deviation of specimens. Hence the
specimen is considered to be zero at room temperature. At 600 degrees the cube
specimen has deteriorated to an edge effect of 11 cm and for 800 degrees it is indicated
to be 15 cm for 0% plastic addition. For 10% addition the value is found to be maximum
at 12 cm for both temperatures. for 20% addition of plastics the edges of the cubes
deteriorated to 15 c¢cm and 11.5 cm respectively for the 600 degrees and 800-
degreeCelsius elevation of temperature. The edge was found to remove from the mold for
a measurement of 11 cm and 12.5 cm in the 30% addition and as the temperature
increases the 40percent addition showed an edge effect of 11.6 and 12 cm respectively.
From the graphs it is clear that the addition of plastic wastes reduces the edge spalling till
20% and beyond that the spalling increases at elevated temperatures and hence the 20%
plastic addition is depicted to the optimum value of spalling.

Figure 7 depicts the edge spalling of the cylindrical specimen at room temperature, 600
degrees and 800 degrees Celsius for various specimens with 0 percent, 10%, 20%, 30%,
and 40% addition of plastic aggregates. All of the edge spalling for room temperatures is
0 because there is no specimen variance. As a result, the specimen is found to be zero at
room temperature. The cube specimen has degraded to an edge effect of 3 cm at 600
degrees and 8 cm at 800 degrees with 0% plastic addition. The value for 10% addition is
determined to be greatest at 5.5 and 7 cm for both temperatures. The edges of the cubes
degraded to 4 cm and 5 cm for the 600degrees and 800-degree Celsius temperature
elevations, respectively, with a 20% increase of plastics. The edge was found to remove
from the mold for measurements of 8 cm and 7 cm in the30% addition, and as the
temperature increased, the edge effect was 7 and 8 cm in the 40% addition. From the
results the addition of 20% plastic addition depicts the optimal addition of reinforcement
in the concrete.

The values for spalling depths in these figures were calculated on a series of six
specimens built with five concretes of proportions and values are calculated from the
only measured depth within the center zone. When the edge effect is considered, the
deviation decreases slightly, the distance between maximum and minimum values
decreases slightly, but average spalling increases. This is supported by the observation of
the exposed specimens which shows that the edges are less influenced with addition of
plastic wastes.

From the results obtained, the addition of plastic waste (0% to 40%) in three specimens,
namely cube specimen, cylindrical specimen and rectangular beam specimen of concrete
samples, can tolerate the effect of high temperature on concrete surface up to 800
degrees Celsius. However, Calcium carbonate break down when the temperature exceeds
7000 C. At higher temperatures that is more than 600 degree celsius, aggregates such as
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calcite (CaC03), magnesite (MgC0O3), and dolomite (MgC0O3/CaC03) were broken down
into oxides and carbonites CO2 (CaO + CO2) [25].

From the graph the edge spalling of the cube specimen is described for room
temperature, 600 degrees and 800 degrees Celsius for various specimens with 0 %, 10%,
20%, 30% and 40% addition of plastic aggregates. All the edge spalling for room
temperatures are zero as it does not show any deviation of specimens. Hence the
specimen is considered to be zero at room temperature. At 600 degrees the cube
specimen has deteriorated to an edge effect of 11 cm and for 800 degrees it is indicated
to be 15 cm for 0% plastic addition. For 10% addition the value is found to be maximum
at 12 cm for both temperatures. for 20% addition of plastics the edges of the cubes
deteriorated to 15 c¢cm and 11.5 cm respectively for the 600 degrees and 800-
degreeCelsius elevation of temperature. The edge was found to remove from the mold for
a measurement of 11 cm and 12.5 cm in the 30% addition and as the temperature
increases the 40percent addition showed an edge effect of 11.6 and 12 cm respectively.
From the graphs it is clear that the addition of plastic wastes reduces the edge spalling till
20% and beyond that the spalling increases at elevated temperatures and hence the 20%
plastic addition is depicted to the optimum value of spalling.

[ raximum spalling

maximum spalling thickness (cm)

44

maximum spalling thickness {cm)

tem perature (Celcius)

(a) 0% plastic waste (b) 10% plastic waste

[ lmaximum spaling thickness ] - ing Il m aximum spaliing thickness | ¢

maximum spalling thickness {cm)
I

maximum spalling thickness (cm)

tem perature (Celcius)

temperature (Celcius)

(c) 20% plastic waste (d) 30% plastic waste

878



Pawar et al. / Research on Engineering Structures & Materials 8(4) (2022) 861-884

maximum spalling thickness (cm)

maximum spalling thickness (cm)

maximum spaling thickness | ¢

maximum spalling thickness (cm)

50 om0 0 T TER

temperature (Celcius)

(e) 40% plastic waste

Fig. 6 Edge spalling of cube specimens

maximum spalling thickness ¢ — ¢
(M maximum spallng thickness ] ¢ maximum spaling hickness | ¢

maximum spalling thickness (cm)

20 550 800 50 70 750 200 900

temperature (Celcius) e 0 50
temperature (Celcius)

(a) 0% plastic waste (b) 10% plastic waste

maximum spalling thickness (cm)

temperature (Celcius)

tem perature (Celcius)

(c) 20% plastic waste (d) 30% plastic waste

879



Pawar et al. / Research on Engineering Structures & Materials 8(4) (2022) 861-884

I maximum spalling thickness t

maximum spalling thickness {¢m)

temperature (Celcius)

(e)
Fig. 7 Edge spalling of cylindrical specimens

Figure 7 depicts the edge spalling of the cylindrical specimen at room temperature, 600
degrees and 800 degrees Celsius for various specimens with 0 percent, 10%, 20%, 30%,
and 40% addition of plastic aggregates. All of the edge spalling for room temperatures is
0 because there is no specimen variance. As a result, the specimen is found to be zero at
room temperature. The cube specimen has degraded to an edge effect of 3 cm at 600
degrees and 8 cm at 800 degrees with 0% plastic addition. The value for 10% addition is
determined to be greatest at 5.5 and 7 cm for both temperatures. The edges of the cubes
degraded to 4 cm and 5 cm for the 600degrees and 800-degree Celsius temperature
elevations, respectively, with a 20% increase of plastics. The edge was found to remove
from the mold for measurements of 8 cm and 7 cm in the30% addition, and as the
temperature increased, the edge effect was 7 and 8 cm in the 40% addition. From the
results the addition of 20% plastic addition depicts the optimal addition of reinforcement
in the concrete.

The values for spalling depths in these figures were calculated on a series of six
specimens built with five concretes of proportions and values are calculated from the
only measured depth within the center zone. When the edge effect is considered, the
deviation decreases slightly, the distance between maximum and minimum values
decreases slightly, but average spalling increases. This is supported by the observation of
the exposed specimens which shows that the edges are less influenced with addition of
plastic wastes.

From the results obtained, the addition of plastic waste (0% to 40%) in three specimens,
namely cube specimen, cylindrical specimen and rectangular beam specimen of concrete
samples, can tolerate the effect of high temperature on concrete surface up to 800
degrees Celsius. However, Calcium carbonate break down when the temperature exceeds
7000 C. At higher temperatures that is more than 600 degree celsius, aggregates such as
calcite (CaC03), magnesite (MgC0O3), and dolomite (MgC0O3/CaC0O3) were broken down
into oxides and carbonites CO2 (CaO + CO2) [25].

4.3. Aggregate Variation Effect

The results enable the examination of the impact of aggregate nature of the added plastic
wastes at varying proportions. Part of the variation in recorded spalling depths for the of
aggregates is very definitely due to material loss during the cooling phase. It should be
noted that, as stated, spalling depths were assessed following the test. Materials may fall
off the tested elements during the cooling phase. The thickness reduction measured after
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the test includes every phenomenon that resulted in material loss, whether it occurred
during the heating or cooling phases. Material loss might be seen during the cooling
period. Calcium carbonate breakdown occurs when the temperature exceeds 700° C. This
is followed by re-hydration and carbonation during the cooling phase, which causes
material separation resulting in spalling. Which identified by a phenolphthalein solution
to determine the carbonation depth in concrete as an indicator.

Table 2. Corner effects of cubes

% Cube
Plastic (normal Cube at 600°C Cube at 800°C
addition temperature)
. . Spalling
Spallin Spallin
C(l))rnerég C(I:rnersg corners
brokes brokes (cm x cm x cm) brokesc(rcnr;l xemx
No change 2.5x6.5x9 corner broken
No change 5.5x7.5x1 3x15x4.5
0 No change 2x6x10 3x14x4.6
No change 5.5x7.5x2 3x12x4.7
No change 2.5x6.5x11 3x15x5
No change 5.5x7.5x3 3x13x4
No change 2.5x12x1.5 3.5x11x2.5
No change 9.5x11.5x5.5 8.5x11.5x6.5
10 No change cracks and plastic burns 3.5x11x2.6
No change 2.5x11x2 8.5x12x6.6
No change 9x11x5 3.5x11x2.7
No change 2x10x1 8.5x11.5x6.7
No change 7.5x15x10 8.5x11x7.5
No change small corner broken 9.5x11.5x7.5
20 No change 9x10x6.5 8.5x11x7.6
No change 9x9x7 9.5x11.5x7.6
No change 8x8x11 8.5x11x7.7
No change 7x10x10 9.5x11.5x7.7
No change 15x10x11 15x11x11
No change 4x11x7 6x11x7
30 No change 5x6x10 5x10x11.5
No change 7x6x11 6x11x8
No change 8x9x11 6x12x10
No change 10x8x7 10x10x12.5
No change 13x10x11.5 15x10x11
No change 5.5x11x7 4x11x7.5
40 No change 5x8x10 5.5x8.5x10
No change 13x10.5x11.6 15x10x12
No change 5.5x11.5x8 4x12x7.6
No change 5x8.5x11 5x8x11

The specimens' sections were identical, but their thickness varied. The position of the
plastic in the concreate identified by passing ultrasonic wave through the specimens.
Plastic on the surface which is exposed to high temperature melts early as compare to the
plastic which in not exposed to high temperature. At room temperature as the slabs are
not loaded, thickness may have an effect on stress distribution due to thermal non-linear
gradients. On the other hand, it can contribute to water migration. Because the
reinforcement is so dispersed, there is no clear trend toward thicker specimens. This
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discovery is almost definitely owing to the fact that numerous phenomena, such as
mechanical strength and thermal gradients, are fighting for attention.

Table 3. Corner effects of cylindrical specimens

% Cylinder
Plastic (normal Cylinder (600°C) Cylinder (600°C)
addition temperature)
Spalling Spalling Spalling
corners corners corners
brokes brokes brokes
No change 2x2 6x7
No change corners broken 6.5x8
0 No change 1.5x2 7%x6.5
No change 2.5x2 7x5
No change 2x3 6x6.5
No change 3x1.5 7x7
No change 3x5.5 5x3
No change cracks 4x5.5
10 No change 4x4 5x4
No change 3.5x4.5 4x6
No change 5x4 5x5
No change 5.5x3.5 4x7
No change small croner 5x4.5
No change 3x4 3.5x4.5
20 No change 2x3 5x4.6
No change 2.5x3.5 3.5x4.6
No change 3x2 5x4.7
No change 2.5x2.5 3.5x4.7
No change 8x2.5 5.5x6
No change 4x6.5 6.5x5
30 No change corner broken 5x6
No change 3x7 4x7
No change 2x6 6.5x7
No change 3.5x7.5 5.5x6.5
No change 5.5x6.5 6.5x6.5
No change 6x6.5 7x6.5
40 No change 5.8x6.6 6.5x6
No change 6.5x6 7x6
No change 6x7 6.5x8
No change 6x6 6.5x7.5

5. Conclusion

Cracking and spalling can occur as a result of sudden temperature fluctuations, and
aggregate expansion can cause friction in the concrete. Concrete's compressive strength
is also affected by high temperatures due to inherent material features such as unstable
fracture behavior and limited permeability. Hence experimental investigation of spalling
effect of elevated temperature on concrete containing waste plastic aggregates utilized
the addition of aggregate waste plastics to concrete in order to minimize the pore
pressure formed inside the concrete when it is exposed to a thermal environment,
thereby boosting building thermal stability. Plastics are added to the concrete mix in
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various weight proportions, such as 0%, 10%, 20%, 30%, and 40%, resulting in three
types of specimens: cubes, cylinders, and rectangular beams which are then tested for
volumetric degradation stability under various thermal gradients including room
temperature, 600°C, and 800°C. The spalling of the edges in the specimens were
identified and concluded based on the findings. For 600°C and 800°C temperature
elevations, the margins of the cubes deteriorated to 15 cm and 11.5 cm respectively with
a 20 percent plastic addition, and therefore the 20 percent plastic addition is depicted to
the optimal value of spalling for cubes and cylindrical specimens. A 40 percent plastic
addition results in the largest weight reduction because as the number of plastics grows,
they are turned into ash at high temperatures, resulting in the greatest weight loss.
Plastic position in the specimens is also essential; when exposed to higher temperatures,
it degrades more quickly than specimens with plastic that has not been exposed to higher
temperatures. In the future, researchers should concentrate on different types of
aggregates and plastic wastes to be added to the concrete surface in appropriate size and
concentration to tolerate high temperatures of more than 800 degrees Celsius thereby
analyze the spalling as well as cracking effect on concrete.
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Article Info Abstract

The production of fly ash is mounting steadily every year all over the globe, but

Article history: the rate of recovery is insufficient compared to its production. The disposal of fly

ash is becoming more and more difficult in India. Reusing fly ash for some
Received 5 Oct 2021 valuable uses is one of the most convenient solutions to this problem. As a result,
Revised 13 Apr 2022 the present study has focused on the use of high volume fine grain fly ash as a

Accepted 12 May 2022  partial alternative material for cement and sand with a low volume fraction of
glass fiber. Glass fiber reinforced concrete mixtures consisting of up to 40%
replacement of cement and sand by fly ash were produced for making
sustainable concrete. The experimental work was carried out by preparing
diverse mixes with a 0.40 water-cement ratio and analyzing the fresh as well as
hardened properties of mixes. The experimental results reveal that the separate
and combined replacement of cement and sand by fly ash together with glass
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Sustainable;
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glassbf'l/l')erj; fiber, enhance the durability and strength of concrete. When combining 20% of

ura ”tY' cement and 40% of sand replaced by fly ash together with glass fiber, better
Uljra?n/c pulse result was observed than all other mixes. The compressive strength, electrical
velocity;

resistivity (ER), and ultrasonic pulse velocity (UPV) increased by 36.33%,
65.82%, and 7.25% over control mix (C0-0). This discovery is very useful for
making dense, durable and sustainable concrete by using proposed mixes.

Electrical resistivity

© 2022 MIM Research Group. All rights reserved.

1. Introduction

Concrete is the utmost versatile and widespread construction material throughout the
world, in which cement and sand (fine aggregate) are, basic components. The main role of
cement in concrete is as a binding material while sand is used as a filler material. The
sources of lime curtail due to the huge production of cement as the demand for
infrastructure increases gradually. But during the production of cement, CO: is released
into the atmosphere which creates environmental issues. Besides cement, the demand for
natural sand also increases day by day due to the huge developmental work. The growth
of society demands the generation of a wide range of waste items and industrial by-
products. These materials end up in the environment, producing major issues. [1]. Today’s
need is to utilize these industrial-by-products for reducing the adverse effects on the
environment. Researchers have thoroughly investigated the use of industrial by-products
as supplementary cementitious materials in concrete, as well as their influence on strength
and durability criteria. But the combined replacement for cement and fine aggregate by fly
ash and their influence on strength and durability characteristics are lacking in the
literatures. The recent efforts of researchers, concrete technologists and construction
industries are to produce high strength, high performance and sustainable concrete at the
lowest possible cost. Hence the present research was taken up to study the feasibility of
and for purpose of comparison of locally available industrial by-products like fly ash as a
partial alternative material for cement and fine aggregate along with glass fiber for making
durable and sustainable concrete.
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For generating one ton of cement, almost one ton of CO:zis released [2], which is harmful
to our society. Therefore, to reduce cement utilization, cement producers should use
supplementary cementitious materials such as fly ash up to 25% to 35% in Portland
Pozzolana Cement (PPC). On the other hand, due to government restriction on sand mining
from a river bed, projects are delayed which increase the total cost of construction, thus
the contractor always requires partial or full replacement material for sand. Presently,
India is having about 167 major coal-based thermal power stations with an installed
capacity of 177,070 Mega Watt (MW) which produced over 196.44 million tons (MT) of fly
ash, out of which 131.86 MT is utilized [3]. According to the notification after 3rd
November 2009 by the Ministry of Environment and Forest (MoEF), the utilization of fly
ash should be 100% after four years from the date of commissioni.e.at 2013, butat present
consumption of fly ash is 67%, that means still 33% fly ash is unused creating
environmental problems. The Indian government's Ministry of Energy estimates that
around 600 million tons of fly ash will be produced annually between 2031 and 2032 [4].
Management of fly ash will pose a serious issue in the upcoming year if not handled
properly, and it will require a huge land area for dumping. To fulfil this requirement,
present paper discusses the use of high-volume fine grain fly ash as a partial alternative
material for cement as well as fine aggregate with the addition of a low quantity of glass
fiber for making durable and sustainable concrete.

Numerous researchers disclosed that fly ash is used as a supplementary cementitious
material due to its major advantages. One of the most important results of fly ash in a
concrete is to improve its workability, as the fly ash particles are comparatively spherical
than cement particles. Researcher’s concluded that, Fly ash has a ball bearing effect due to
its spherical shape hence, the flowability of fly ash concrete increases [5]. By substituting
30% of the cement with fly ash, 7% less water was required than the control mix of an
equal slump [6]. By using 50% ultra-fine fly ash the rheological properties such as yield
stress and plastic viscosity were increased by 76% and 169% respectively [7]. An
improvement in rheological parameters and workability is due to increase in fly ash
amount in the mix [8]. Researchers found that with increasing fly ash percentage in
concrete as cement replacement (50% to 60%) the strength decreases [9-14]. The
reduction in strength with the addition of high-volume fly ash could be largely associated
with the slow pozzolanic reaction of fly ash. However, author also reported that in concrete
with 50% fly ash as cement replacement including 0.5%, 0.75% and 1% steel fibres, the 28
days compressive strength increased by 7.3%, 7.46% and 9.2% respectively [15]. The
laboratory experiment using 35%, 45% and 55% of class F fly ash as a replacement of fine
aggregate, conclude that depending upon the fly ash content the compressive strength,
splitting tensile strength, flexural strength and modulus of elasticity increased by 25 to
41%, 12 to 21%, 14 to 17% and 18 to 23% correspondingly at 28 days. Also, the
enhancement in strength was continuous at 91 and 365 days [16]. By using fly ash as a
partial alternative for fine aggregate (20% -30%) it is possible to preserve the supposed
technological properties of cementitious composites and to greatly limit the costs of these
undesirable residues for the environment [17]. By adding fly ash to the desalinated ocean
sand mortar, the performance and mechanical properties of modified cement were
extensively improved [18]. The researchers mention that, the inclusion of different fibers
gives an excellent concrete performance, whereas fly ash in the mix can make up for the
loss of workability owing to the incorporation of fibers and boost the strength [19-20].

Also, the investigators find that, the addition of finest particles such as the fly ash in mixture
improves the durability of concrete. With the addition of 50% fly ash through cement
replacement, the ER value of concrete samples increased after 28 and 365 days of curing
period [21]. When 50% of cement was substituted with fly ash the ER of concrete samples
increased by about 4.8 times over plain concrete [22]. Replacing 20% of cement with a
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varying fineness of class C fly ash reduced the alkali-silica reaction by more than 50% at
14 days [23]. To know the outcomes of fly ash on carbonation depth (CD), the author
concluded that, with the increasing replacement of cement with fly ash up to 50%, the
carbonation depth also increases [24]. The heterogeneities in the microstructure of the
hydrated portland cement paste, particularly the existence of large crystalline products
and large pores in the transition zone were highly decreased by the inclusion of fine
particles of fly ash [25]. As per Neville, the replacement of cement up to 20% by fly ash
improves strength and workability [26]. According to IS 10262: 2019, the dosages of fly
ash by mass of entire cementitious materials is recommended in between 15-30% [27].
For reducing the production of cement and due to scarcity of sand, present research
focused on using up to 40% fly ash as a cement replacement and up to 40% fly ash as a
sand replacement separately and in combined along with glass fiber. This innovation is
also very useful for reducing the CO: emission which is produced during cement
production as well as reducing the use of natural sand in concrete whose resources are
depleting day by day.

2. Experimental Program

The present paper discusses the study of physical properties of procured materials by
conducting various tests on OPC, fly ash, fine aggregate and crushed stone aggregate (20
mm & 10 mm). Also, the authentic outcome of individual and combined percentage
replacement of cement and fine aggregate by fly ash along with glass fiber on fresh and
hardened concrete properties such as workability, rheology, ultrasonic pulse velocity
(UPV), bulk electrical resistivity (ER), carbonation depth and compressive strength tested
at the ages of 7, 28, 56 and 119 days. The rate of gain of compressive strength of normal
concrete is faster over the first 28 days of casting and then gradually decreases. However,
in fly ash concrete mixes, large pozzolanic activation activities occur among the first 56-90
days [28]. Researchers also stated that, the concrete strength increased up to 6.2 to 16%
over a period that varies between 28 and 56 days when fine aggregates are replaced by fly
ash [29]. In order to determine the effect of high-volume fly ash on proposed mixes over a
long term curing period, the samples were tested up to 119 days in the current study.

2.1. Materials used
2.1.1 Cement

The 53 grade Birla A-1 gold Ordinary Portland Cement (OPC) was purchased from locally
available cement supplier was used in the present study. The initial and final setting time
was found to be 118 minute and 220 minutes respectively. The specific gravity and
soundness was observed as 3.15 and 2 mm respectively, while 3, 7 and 28 days
compressive strength was observed as 31.5 N/mm?, 38.5 N/mm? and 55 N/mm?
respectively. All the results on cement were used as per the results of OPC conforming to
the IS 12269-1987 [30]. The scanning electron microscope (SEM) test was performed on
cement and revealed that the cement particles exhibit an irregular shape as shown in
Figure 1 (a). The energy dispersion X-ray test (EDX) carried out on cement particles and
its results are also organized in Table 1.

2.1.2 Fly Ash

According to IS 1727:1967 [31], the substantial properties of fly ash such as specific gravity
and fineness were found as 2.15 and 12% (retained on 45-micron sieve) respectively. The
SEM and EDX tests were conducted circular shape of the fly ash particles is observed as
shown in Figure 1 (b) and their elemental content is shown in Table 1. The circular particle
shape of fly ash helps for upgrading the workability of fresh concrete mix. The particle size
distribution curve of fly ash and cement is shown in Figure 2.
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(a) SEM image of cement particles (b) SEM image of fly ash particles

Fig. 1 SEM image of cement and fly ash particles

Table 1. Elemental content of ordinary portland cement (OPC) and fly ash (%)

Chemical’s

elemental Si Ca Al Fe Mg K Na
contents (%)

OPC 16.68 67.82 4.74 3.67 1.88 2.42 0.39
Fly Ash 62.84 1.21 24.53 5.14 0.37 2.37 0.22
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Fig. 2 Particle size distribution curves of fly ash and cement
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2.1.3 Crushed Stone Aggregate

The crushed stone aggregates (20 mm and 10 mm) are collected separately from the local
supplier. While collecting, it was ensured that the crushed stone aggregates were free from
impurities, dust and clay particle etc. According to BIS 2386-1963 [32], the various
substantial properties of aggregates were tested and are given in Table 2. As per BIS 383-
1970 [33], to achieve the final grading of crushed stone aggregates, the aggregates of 20
mm and 10 mm are combined to 60% and 40% respectively. The mixing proportions were
decided for achieving a crushed stone aggregate grading closer to the average of the
desired grading guidelines.

2.1.4 Fine Aggregate

Nearby accessible Kharun river sand was procured from a local supplier and to protect it
from dust it was stored in clean cement bags. According to IS 2386-1963, the various
substantial properties of fine aggregate were tested and the results are arranged in Table
2 as an average of three samples.

2.1.5 Glass Fiber

In the present investigation, the discrete; alkali resistance (AR) glass fiber was used. The
physical properties of the glass fiber, such as length were 12 millimeters, diameter 14
micrometers, tensile strength 1700 megapascals and elastic modulus 72 gigapascals,
according to the available datasheet from the dealer. The nominal doses of glass fiber i.e.
0.6 kg/m3 were decided based on trials to maintain the strength and workability at lower
cost criteria. The investigator stated that as the volume fraction of the glass fiber increases,
the compressive strength reduces caused by the difficulty of fully dispersing the fiber, and
inability of good compact of mixes [34]. They also mention that additions of a minute
quantity of fiber in the mix improve the compressive and splitting tensile strength than
higher dose of fiber. In present study, while mixing the glass fiber in cement, care was taken
that glass fiber should be mixed uniformly without the formation of balls.

2.1.6 Plasticizer

To improve the durability of concrete, polycarboxylic ether-based water-reducing
solutions were used, the dosage was kept constant at 1% of the cementitious material.

Table 2. Physical properties of crushed stone aggregates and fine aggregate

Test Result
Properties 20 mm crushed 10 mm crushed Fine
stone aggregate stone aggregate aggregate

Specific gravity 2.68 2.65 2.56
Water absorption (%) 0.4 0.60 0.60
Bulk density (Loose in kg/m3) 1480.34 1520.36 1648.7
Bulk density (Rodded in kg/ m3) 1710 1730.14 1779
Bulk density (Vibrated in kg/ m3) 1780.52 1811 1880
Percentage void (Loose) 45 43 35.50
Percentage void (Rodded) 36 35 30.50
Percentage void (Vibrated) 33.50 32 26.50
Impact Value (%) 9.71 6.57 ---
Crushing Value (%) 22.57 17 ---
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2.2. Concrete Mix Proportions and Sample Preparation

To understand the effect of fly ash as a partial replacement material for cement and fine
aggregate together with glass fiber, the mix design was prepared using 0.40 W/C ratios
and mix percentages are specified in Table 3. In the present study, 20% and 40% cement
was replaced by fly ash on a weight basis while 20% and 40% fine aggregate was replaced
by fly ash on a volume basis.

Total 10 mixes were designed for 0.40 W/C including control mix, mix with glass fiber and
mixes with a fly ash as a partial substitute material for cement and fine aggregate together
with glass fiber. The control concrete mix is represented as Cx-y and concrete with glass
fiber is represent as Fx-y. Here ‘X’ represents a percentage replacement for cement and ‘y’
represents a percentage replacement for fine aggregate. The specific gravity of cement was
higher than the specific gravity of fly ash. The volume of fly ash was more than the volume
of replaced cement. Hence, to counterbalance the total volume, the quantity of fine
aggregate was reduced keeping the crushed stone aggregate same. The glass fiber content
remained constant for all mixtures. According to IS 10262: 2019, when the cement was
replaced by fly ash, the cementitious material increased by 10%. The crushed stone and
fine aggregate used in this study were in a saturated surface dry condition.

Table 3. Concrete mix proportions for a 1m3 concrete (0.40 W/C)

Crushed

Fi 1
Cement  Fly ash stone e Water G_ ass Admixture
MIX aggregate Fiber
(kg) (kg)  aggregate K (kg) K (kg)
(kg) (ke)
(kg)
Co-0 418.5 0 1102 732 167.40 0.0 4.18
Fo-o 418.5 0 1102 732 167.40 0.6 4.18
F20-0 368.4 92 1102 685 167.40 0.6 4.18
Fa0-0 276.5 184 1102 671 167.40 0.6 4.18
Fo-20 418.5 150 1102 557 167.40 0.6 4.18
Fo-40 418.5 293 1102 383 167.40 0.6 4.18
F20-20 368.4 230 1102 522 167.40 0.6 4.18
Fa0-20 276.5 319 1102 510 167.40 0.6 4.18
F20-40 368.4 366 1102 360 167.40 0.6 4.18
Fa0-40 276.5 453 1102 351 167.40 0.6 4.18

All the ingredients of concrete for different mixes were uniformly mixed in a laboratory
mixer. Weigh batching was conducted for the required quantities of all the materials. For
proper mixing of glass fibers, the filaments of fibers were separated by hand and mixed
with cement only. While mixing the fibers, proper care was taken that no balling of fibers
should be created inside the mix. For proper mixing of the materials, firstly crushed stone
and fine aggregates were mixed in a mixer for about two to three minutes. Water and
superplasticizer were weighed and properly mixed in one container. A measured amount
of cement was then poured into the mixer along with 50% of water, for proper mixing of
materials the mixer was rotated for another two to three minutes. The 25% of water with
superplasticizer was again poured inside the mix and rotated for two to four minutes in
the mixer to get a homogeneous mix. The concrete mixed materials inside the mixer were
taken out in a mixing tray. The remaining 25% of water was added to the rotating mixer
for removing the cement and other concrete ingredients sticking to the inside of the mixer.
At last, all the concrete materials in the mixing tray were properly mixed. Within 10
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minutes of final mixing, the workability of mixture was measured via slump cone test
followed by rheology test. The cube moulds of size 100 mm X 100 mm X 100 mm were
filled in three different layers and slightly vibrated on the vibration table to eliminate the
air bubbles and voids inside the concrete. All the samples were finished with a steel trowel
after casting. Using wet gunny bags all the filled moulds were properly covered and de-
moulded after 24 hours. After de-moulding of concrete cubes, they were submerged in a
water curing tank for a period of 7, 28, 56 and 119 days.

2.3. Test on Fresh Concrete

To check the outcome of proposed mixes on the fresh properties of concrete, rheology and
slump cone tests were performed. Especially attention was given to the behavior of
workability and rheology of fresh concrete mixes. By using a rheometer as shown in Figure
3, yield stress and viscosity were measured for all 10 mixes and the results are tabulated
in Table 4. Under stress conditions, to study the flow of material or deformation is termed
as rheology, which generally consists of yield stress and viscosity. To begin the flow of a
material, the minimum stress required is known as yield stress while viscosity is the
resistance to the flow of the material. Rheological parameters help to illustrate the
workability, placeability, compactability, finishability, flowability and pumpability of
freshly mixed cementitious materials. The rheometer consists of two probes with 90 mm
length on both sides of the centre of the shaft. Firstly, the freshly mixed concrete was
poured into a container as shown in Figure 3 (a) and then inside the shaft of the container,
the rheometer was placed as shown in Figure 3 (b). Then an input profile was chosen and
stored in the smartphone which is supplied with a rheometer. By turning on the blue-tooth
of the smartphone (used as a remote control) all the input commands of the rheometer are
provided. With corresponding time, the rheometer recorded the torque at different
locations, and for further analysis; the graphical measurements in the smartphone were
transferred to the computer. The rheology is mainly used for such materials whose flow
properties are difficult. Rheology expresses the workability in terms of numeric value
which is more accurate and reliable than the slump cone test.

0. J
(a) Concrete mix in rheometer container (b) Rotating rheometer in concrete mix

Fig. 3 Working of rheometer test apparatus
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2.4. Test on Harden Concrete

For all 10 concrete mixes, the 100 mm x 100 mm x 100 mm cubes were tested for the
required tests. The 160 cubes were tested for bulk electrical resistivity (ER) test and
ultrasonic pulse velocity test (UPV) and same 160 cubes were tested for compressive
strength by using a compressive testing machine at the age of 7, 28, 56 and 119 days. For
the carbonation test, separate 40 cubes were tested at 28 days of curing period only. For
each mix on each curing period, 4 cubes were tested for each test. Total 200 cubes were
cast and tested for all 10 concrete mixes at different curing periods for different tests. To
measure the ER of concrete cubes, a two-probe laboratory method was used. In this
method, the soaked cubes were shifted between two similar metal plates of ER meter with
a damp sponge placed on the bottom and the top face of the cube to provide contact
between the concrete surface and electrode plates as shown in Figure 4 (a). By applying a
small, irregular current at the proposed frequency, the voltage between the two ends of
the concrete sample was measured. The electrical resistivity monitor displayed the
impedance value (Z), through this impedance value, the resistivity of concrete was
determined according to Eq. (1). The Simplified illustration of ER is shown in Figure 4 (b).
This method gives a better suggestion of concrete electrical resistance as current is flown
through the bulk of concrete.

A
=—-7 1
pP=1 1)
Wherein, “p”is the resistivity of a concrete mix (Q0cm), “A” is the cross-sectional area of the
specimen (cm?), “L” is the length of the sample (cm) and “Z” is the impendence (). By
using Eq. (1) the result of ER are calculated and shown in Figure 8.

SR

Metal Plate

Concrete
cube
Wet Sponge
(a) ER equipment with concrete cube (b) Nlustration of ER (Component)

Fig. 4 Arrangement of Electrical Resistivity Meter.

UPV test gives an idea about the strength, density and porosity of concrete. The UPV
consists of computing the time travel of the pulse of longitudinal ultrasonic wave transient
throughout the concrete sample. As per IS 13311 (Part-1) 1992 the results of UPV are
calculated and shown in Figure 8. The UPV tester consists of two transducers and a monitor
screen. To level and smoothen the rough surface area of the concrete cube, grease or
petroleum jelly was applied on two opposite faces of the cubes. After that, the transmitting
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and receiving transducers were touched on both the sides of cubes to measure the time
travel. In the transmitting transducer (Tx) the ultra-pulses of natural frequency within the
range 20 kHz to 150 kHz were produced, which travel through concrete and then detected
by receiving transducer (Rx) as shown in Figure 5 (a). The travel time period among the
beginning of a pulse created at the passing transducer and the beginning of its arrival at
the collecting transducer was measured and displayed on a monitor as shown in Figure 5
(b). With the help of the displayed value of travel time (T), the pulse velocity was
determined by using Eq. (2).

V=z )

To determine the carbonation resistance of the proposed concrete, 4 sample cubes
measuring 100 mm x 100 mm x 100 mm were formed from each mix, a total of 40 cubes
were formed for 10 different mixes and cured for 28 days. After curing, all cubes were
taken out from the curing tank and allowed to dry at normal temperature. The air-dried
cubes were placed in a carbonation chamber for 28 days. The “one week-time exposure of
concrete specimen inside the carbonation chamber is to some extent equal to 12 months
exposition beneath natural environment” [35]. According to this, in the present study, 28
days of cubes in the carbonation chamber gives an equivalent result after 4 years of
concrete. The dose of temperature was kept at 35°C, carbon dioxide (COz) at a rate of 5%
and humidity at 70% as shown in Figure 6 (a). After 28 days of accelerated carbonation,
the cubes were removed from the carbonation chamber and broken into two parts. To
measure the depth of carbonation, a phenolphthalein indicator was applied on the broken
surface of concrete cubes. On application of phenolphthalein indicator, pink colour was
observed in an uncarbonated portion and in the carbonated portion, no change was seen
as shown in Figure 6 (b). By using a measuring scale, the depth of carbonation was
measured as shown in Figure 6 (c) and the results are shown in Figure 10. From the
carbonation test, it can be concluded that fly ash as a partial sand replacement is very
effective to reduce the carbonation depth of concrete. Wherein, “V” represents the ultra-
pulse velocity, “L” represents the sample length and “T” represents the time travel.

Fig. 5 Arrangement of Ultrasonic Pulse Velocity Test
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Fig. 6 Working of rheometer test apparatus

3. Result and Discussions
3.1. Workability and Rheology

By using a 0.40 water-cement ratio, all the mixes were prepared and the influence of fly
ash together with the glass fibers on the workability and rheology parameters of the
concrete was measured concerning the slump, yield stress and viscosity as shown in Table
4. According to the current investigation, it is seen that, glass fiber in the mix decreased the
workability of concrete in contrast to the control mix. Also, the inclusion of glass fiber
without any replacement in the mix signified that the yield stress and viscosity increased
by 14.62% and 12.40% respectively than control concrete. The decrease in workability
and increase in the yield stress and viscosity is due to the presence of glass fiber in mix
which hinders the flow-ability of freshly mixed concrete [36]. It is also observed that as an
alternative of cement increases by fly ash together with glass fiber, the workability of
concrete also increases and is found to be 18.36% for higher replacement (40%) than
control concrete. Similarly, the rheological parameters like yield stress and viscosity
decreased 36.98% and 29.85% respectively than control concrete. The increase in
workability and drop in yield stress and viscosity accounts due to the addition of fine grain
fly ash which is spherical in shape and acts as a ball bearing effect which reduced internal
friction and increases the flowability of fresh concrete [37]. In combined replacement,
when 40% cement and 20% sand were replaced by fly ash together with glass fiber the
slump was observed up to 14.28% more and yield stress and viscosity was observed as
31.69% and 29.43% respectively lower than all control mix.

Table 4 Result of slump and rheology test

Mix Slump (mm) Yield Stress (7o) Viscosity (W)
Co-0 49 356.54 19.16
Fo-o 46 408.67 21.50
F20-0 53 281.65 16.18
Fa0-0 58 224.67 13.44
Fo-20 49 373.28 19.44
Fo-40 42 426.34 21.96
F20-20 51 310.62 16.87
Fa0-20 56 243.54 13.52
F20-40 43 446.32 22.36
Fa0-40 37 591.54 26.53
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3.2. Compressive Strength

The compressive strength was calculated for 10 concrete mixes over 40 cubes for a 0.40
W/C ratio. Figure 7 shows the result of the compressive strength of various mixtures with
diverse curing periods. The result shows that by adding 600 g/m?3 glass fiber to the mix,
the compressive strength at 7, 28, 56 and 119 days of curing period increased by 4.88%,
5.08%, 5.53% and 5, 63% respectively over normal concrete. Plain concrete possesses low
tensile strength and low tensile strain capacities i.e. brittle materials due to which cracks
are inherently present in concrete even before loading. On the other hand, glass fiber has
high tensile strength and high modulus of elasticity which are discontinuous and most
commonly arbitrarily dispersed throughout the mix. Glass fiber in the cementitious matrix
provides a bridge for stress to transfer across the cracks, which results in a decrease in the
propagation of cracks in the fresh mix and increased the strength of concrete [38].

From the present analysis, it is examined that when 20% of cement was substituted by fly
ash, slight strength reduced at 7 days but after 7 days the strength developed at an elevated
rate than control concrete (Co-0) and concrete with glass fiber (Fo-0). The 28 days strength
improved by 11.65% while 119 days strength increased by 17.50% over control concrete.
As the curing period increases, strength also increases due to slow and continuous
pozzolonic reaction of fly ash mixes. The strength of concrete continuously increases,
which could be attributed to the late gain of strength from the fly ash in the system [39-
40]. The key finding of the present investigation is that even at 40% cement replacement
by fly ash together with glass fiber, 56 days strength of mix (Fso-0) is almost equal to 28
days strength of control mix (Co-0). From the test result, it may be concluded that it is
possible to achieve 28 days strength of control mix at 56 days for the same W/C ratios even
at 40% cement replacement by fly ash together with low doses of glass fiber, which
reduced nearly 153 kg/m? of cement and consume a higher amount of fly ash and makes
the concrete more sustainable by using the proposed method. The reduction in strength
observed for 20% cement replacement at an early age (7 days) is because of slow
pozzolanic reaction of a fly as compared to that of cement at the initial stage. At a later age,
the increase in strength of concrete is due to the reaction in between hydrated calcium
hydroxide in concrete and silica present in fly ash resulting in improved pore allocation in
the mix. Finer fly ash offered a better particle packing effect, the unhydrated fine fly ash act
as micro filler in the concrete which also improves the compressive strength of concrete
[41].

The test results reveal that with an increasing percentage of fine aggregate replacement by
fly ash, the compressive strength increased even at 7 days of curing period. When 40% of
fine aggregate was replaced by fly ash (Fo-40) the compressive strength increased by 29%
over the control mix at curing period of 28 days. The significant finding is that the
compressive strength for 20% sand replacement by fly ash was nearly 2% higher than the
compressive strength for 20% cement replacement by fly ash at 28 days. The increment in
strength for fine aggregate replacement is due to the formation of extra CSH gel which
reduced the pores inside the mixture [42]. The increase in strength due to fine particles is
dominant which offered a better particle packing effect than sand particles hence, in sand
replacement mixes better compressive strength observed over control and cement
replacement mixes. For combined replacement, when 20% of cement and 40% of sand are
replaced by fly ash together with glass fiber (Fz0-40) best result is obtained than all other
mixes. The increase in strength was observed as 36.33% more at the age of 28 days when
compared to control concrete (Co-0) as shown in Figure 7. The strength improvement in
combined replacement (Fz0-40) is because of the formation of extra calcium silicate
hydrates (C-S-H) gel in fly ash based concrete and better particle packing arrangement, as
it increases the microstructure by reducing the voids inside the concrete.
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Fig. 7 Effect of separate and combine replacement of cement and sand by fly ash
along with glass fiber on compressive strength over control concrete at different
curing period

3.3. Bulk Electrical Resistivity

Electrical resistivity (ER) is generally dependent on the concrete microstructure like pore
size and interconnection shape. It is observed that when 0.6 kg/m3 of glass fiber is added
to the mix the ER value increased nearly 11.75% than the control mix when the sample
tested at 28 days. The discrete and randomly distributed glass fibres in the mix act as a
crack arrester and hence reduce the permeability of concrete, resulting in increased
electrical resistivity. The ER values for 7, 28, 59 and 119 days of curing periods are shown
in Figure 8. From the test result it is seen that when separate 20% and 40% cement is
replaced by fly ash together with glass fiber, the ER values increased by 28.50% and
49.20% respectively for a 0.40 water-cement ratio at 28 days of curing period. Fly ash as
cement replacement material improved the particle packing which improve the
microstructure of concrete, hence the ER values increased as cement replacement by fly
ash increased.

In sand replacement mixes the ER values are more improved than cement replacement
mixes. For 20% and 40% sand replacement, the ER values increased by 28.57% and
49.20% respectively at 28 days. The enhancement in ER resultis due to extra finer contents
which improve the packing density. When combine 20% cement and 20% sand (Fz0-20)
were replaced by fly ash, ER values increased up to 52.78% than the control mix (Co-o).
While for 40% cement and 40% sand replacement (F40-40) the ER increased by 54% than
control mix. In combine replacement, ER increased due to high amount of fly ash in
concrete producing additional C-S-H gel which fills the voids inside the concrete. As well
as finer fly ash fill the capillary pores which will be filled by water in control concrete.
Hence combined replacement of cement and fine aggregate by fly ash together with glass
fiber shows better results than other mixes.
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Fig. 8 Effect of separate and combine replacement of cement and sand by fly ash along
with glass fiber on electrical resistivity over control concrete at different curing
period

3.4. Ultrasonic Pulse Velocity

From a durability point of view, ultrasonic pulse velocity (UPV) is a very useful method
that gives the idea about particle packing, homogeneity and quality of a structure. In the
present investigation, the UPV values of various mixes reflect minor changes but higher
changes in electrical resistivity (ER) were observed for the same mixes. The inclusion of
0.6 kg/m?3 of glass fiber in concrete improve the UPV values by 0.98% and 1.35% at 28 and
119 days respectively over the control mix. From the experimental investigation it is seen
that as the percentage of cement replacement by fly ash increases, the UPV values also
increased over the control mix. For 40% cement replacement along with glass fiber (Fao-0),
the UPV increased up to 3.86% at the curing period of 119 days. The UPV values for
different curing periods are shown in Figure 9. Fly ash produced more CSH gel which fills
the voids inside the concrete. Also, finer fly ash improves the particle packing than cement
particles due to which UPV increases as cement replacement by fly ash increases. While
40% sand was replaced by fly ash together with glass fiber the UPV values increased 3.35%
to 6.94% at the curing period of 7 to 119 days respectively over the control mix.

Meanwhile, sand is replaced by fly ash together with glass fiber, the UPV values increased,
which maybe because of the availability of additional finer fly ash in the mix which form
additional CSH gel and reduce the voids inside the mix [43]. Also, coarser material (Sand)
was replaced with finer material which improved the microstructure of concrete by
increasing packing density. In view of the finer fly ash in concrete, the mix becomes denser
than control concrete hence, UPV values increase as the proportion of sand replacement
by fly ash increases. In combined mixes when cement and fine aggregate was replaced by
fly ash together with glass fiber, the UPV values improved than control concrete (Co-0) and
concrete with glass fiber (Fo.0) as shown in Figure 9. For mix F20-20 and Fao-40, the UPV values
increased by 5.57% and 8.68% respectively at the age of 119 days than the control mix.
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Fig. 9 Effect of separate and combine replacement of cement and sand by fly ash
together with glass fiber on U.P.V. over control concrete at different curing period.

3.5. Carbonation Test

From carbonation test, it is seen that the addition of glass fiber in the mix reduced the
carbonation depth by 12% over control concrete when samples were placed in a
carbonation chamber for 28 days. The anti-cracking effect of glass fiber reduced the large
number of microcracks in concrete which prevent the entry of CO: inside the concrete.
Therefore, the addition of glass fiber in concrete reduced the depth of carbonation. From
the experimental result it is also observed that as the cement replacement by fly ash
increased, the carbonation depth also increased over control mix (Co-0) and glass fiber mix
(Fo-0). When 20% and 40% cement is replaced by fly ash together with glass fiber (Fz0-0and
F10-0) the carbonation depth increased 2 times and 4.5 times more than the control mix.
The expansion in carbonation depth is owing to the reduction of calcium hydroxide which
reduced pH value and increased the depth of carbonation [44-45].

For sand replacement mixes, a positive result is observed on carbonation. The test result
shows that as the percentage of fine aggregate replacement by fly ash increases, the depth
of carbonation decreases than control mixes as shown in Figure 10. The reduction in
carbonation depth was observed as 0.75 to 1.25 times more when 20% sand was replaced
by fly ash together with glass fiber, while for 40% of sand replacement the reduction was
up to 2 times more over control concrete (Co-0). The carbonation depth reduced due to the
total amount of carbona table constituents remains almost the same and the porosity
decreases in sand replacement mix resulting in a reduction in carbonation depth observed
than cement replacement mixes.

When combined cement and sand were replaced by fly ash together with glass fiber, the
carbonation depth was slightly increased over control concrete (Co-0) as shown in Figure
10. In combined replacement, the rate of increasing carbonation depth observed is lower
than when only cement is replaced by fly ash mixes. For mix Fzo0-20 the carbonation depth
increased by 1.5 to 2 times more when compared to control concrete. For mix Fzo-40 the
carbonation depth slightly increased over control mix.
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Fig. 10 Effect of separate and combine replacement of cement and sand by fly ash
together with glass fiber on carbonation depth over control concrete at different
curing period.

4. Conclusion

The prime purpose of the present research is an attempt to produce sustainable concrete
by using available industrial by-products. The present research was taken up with the view
to encourage the higher consumption of fly ash and minimize the use of cement and sand
in concrete. Contactors are concerned about low early age strength because of the addition
of fly ash as partial replacement materials for cement as well as a scarcity of sand in
concrete. To address these concerns of contractors, glass fiber is used to compensate for
the loss of early age strength in concrete when partial cement is replaced by fly ash. While
partial replacements of sand by fly ash fulfil the requirements of sand for the construction
industry, it also achieves higher strength and durability. The study was also taken up to
curtail the use of cement and conserve locally available natural sand by utilizing the
maximum quantity of fly ash available in the local region so that landfill area requirement
for dumping the fly ash will be reduced. Supporting the test results, the subsequent
conclusions were drawn to know the performance of proposed mixes by conducting
different tests on fresh and hardened properties of concrete.

e Basedonthe presentinvestigation itis observed thatadding 0.6 kg/m3 of glass fiber
of whole volume of concrete, the slump height reduced by 6.12% and the yield
stress and viscosity increased by 14.62% and 12.21% respectively than control mix.
But loss of slump height due to inclusion of glass fiber is compensated by addition
of fly ash in concrete. The carbonation depth reduced by 11.11%, while compressive
strength, ER values and UPV values increased by 5.13%, 11.70% and 0.98%
respectively at the age of 28 days than control mix.

899



Raut / Research on Engineering Structures & Materials 8(4) (2022) 885-904

900

From the test result it is observed that when 20% of cement is substituted by fly
ash in conjunction with fiber, the 28 days compressive strength, ER value and UPV
improved by 11.65%, 38.90% and 2.40% respectively over control concrete. As the
proportion of cement replacement by fly ash increased along with glass fiber, the
workability and durability parameters increased while compressive strength
decreased for higher replacement. For 40% cement replacement (Fso-0) the
workability, ER, UPV and carbonation depth increased by 18.36%, 49.20% and
2.74% and 4.5 times respectively than control mix at 28 days of curing period.

The important finding from the proposed mixes is that, even at 40% cement
replacement by fly ash together with glass fiber, the 56 days strength of mix (F4o0-0)
is almost equal to 28 days strength of control mix (Co-0). Based on the test results, it
could be concluded that, it is feasible to attain 28-day compressive strength of
control concrete at 56 days for the same W/C ratios even at 40% cement
replacement by fly ash together with low doses of glass fiber and save nearly 153
kg/m3 of cement for preparing 1m3 of concrete.

As the percentage replacement of sand by fly ash increased in conjunction with low
volume of glass fiber, the carbonation depth reduces, on the other hand the
compressive strength, ER and UPV values increased than control mixes and cement
replacement mixes. For mix Fo-40 the carbonation depth reduced by 2 times more
than control mix. The Compressive strength, ER and UPV values increased by
25.61%, 65.31% and 6.94% respectively up to the age of 119 days over control mix.

In combine replacement of cement as well as fine aggregate by fly ash along with
glass fiber, the mixes F20-20 and Fz0-40 shows better result of compressive strength
and durability parameters than all other mixes. For mix Fzo.40 the compressive
strength increased by 36.33%, ER values increased by 65.82%, UPV values
increased by 7.25% and nearly equal result obtained on carbonation depth when
compared to control mix at 28 days of curing period. Using proposed method, it is
possible to consume higher amount of fly ash and make the concrete more
sustainable and durable.

From the current research, it could be concluded that the addition of fly ash as
cement replacement together with a small dose of glass fiber improves the
durability of concrete in terms of ER and UPV. Also, sand replacement by fly ash
together with glass fiber further improves the durability of concrete in terms of ER,
UPV and CD. Fly ash in concrete improved the microstructure and proper bonding
of fiber with a matrix which increased the durability of concrete. Hence partial
replacement of cement and fine aggregate by fly ash together with glass fiber results
in durable concrete.

For combine replacement, up to 20% cement and 40% sand by fly ash along with
0.6 kg/m3 of glass fiber is strongly suggested in general practice use. Without
hampering strength, durability and cost of concrete, it will consume a high volume
of fly ash and minimize the amount of cement and natural sand and make the
concrete more durable and sustainable.

By using high-volume fly ash in concrete as a partial substitute material for cement
and sand, we tend to rescue natural resources to maintain the green environment
and increase the durability of the structure at the bottom potential cost.
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5. Future Scope of Present Investigation

Considering the surplus amounts of fly ash and use of limited amount of cement and
availability of natural sand, the partial alternative of cement and natural sand by fly ash
has economic and environmental benefits. The present investigations pertain to study on
workability, durability and strength of concrete with separate and combine replacement
of cement and natural sand by available fly ash in local region of India together with low
doses of glass fiber for making durable and sustainable concrete. In context of the future
scope of the present work could be as given below.

e Glass fiber has high tensile strength and arrests the cracks in the specific area and
cracks propagation of concrete, hence self-healing capacity may be checked for
different mixes.

e For comparison of the results among proposed mixes single constant dose of
admixture for all W/C ratios is intentionally used in present investigation.
Different doses of admixture with different W/C ratios suggested on case-to-case
basis.

e Fly ash as sand replacement up to 40% increases the concrete durability and
strength. More than 40% sand replacement by fly ash is suggested to reduce the
use of natural sand and increased the strength and durability of concrete.

e  Partial replacement of cement and sand by available fly ash together with hybrid
fiber is suggested to enhance the concrete strength and durability.
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