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Flexural properties of glass fiber/epoxy/MWCNT composites
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Article Info Abstract

Glass fiber/epoxy resin/multi-walled carbon nanotubes (MWCNTSs) were used to
Article history: fabricate the nano materials integrated thermoset composite materials in this
Received 28 Aug 2018 study. Thermoset composites with and without nano materials were fabricated
Revised 13 Oct 2018 using resin transfer molding (RTM) methods. In order to characterize fabricated
Accepted 28 Oct 2018 samples, three-point flexural tests were used. The best improvement of the

flexural modulus and strength with 19% and 7% were obtained by the samples
in the 90° direction and MWCNTSs compared to the samples without MWCNTs.
An increase in interfacial adhesion between glass fibers and epoxy matrix due to
the existing of the carbon nanotubes was the reason of the improvement of the
flexural properties of carbon nanotubes integrated composites.

Keywords:

Carbon nanotubes;
Thermosets
composites;
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1. Introduction

The using of thermoplastics and thermosets polymeric composite materials were
considerably developed in recent years. Nano materials can be used as an assistant factor
for strengthening of the composites. Carbon nanotubes (CNTs) have superior properties
such as, strength and stiffness, with high aspectratio. Because of unique properties of CNTs
(such as Young’s modulus of ca. 1 TPa and tensile strength of ca. 200 GPa), CNTs has
become an ideal candidate for polymer reinforcement [1]. In the literature, some articles
were found addressing the flexural properties of CNT modified laminates [2-10].

Agnihotri et al. [2] studied effect of carbon nanotube grafting on the wettability and
average mechanical properties of carbon fiber/polymer multiscale composites. They found
that CNT grafting leads to a significant improvement in interfacial shear strength as well
as flexural and tensile response of carbon fiber/polymer composites with the epoxy resin.
Prusty et al. [3] studied mechanical, thermomechanical, and creep performance of CNT
embedded epoxy at elevated temperatures. They recorded higher flexural strength and
modulus of carboxylic functionalized CNT (FCNT) embedded epoxy nanocomposites over
pristine CNT (UCNT) embedded epoxy nanocomposites and neat epoxy at room
temperature environment. Avci et al. [4] studied preparation and mechanical properties
of carbon nanotube grafted glass fabric/epoxy multi-scale composites. They reported that
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the multi-scale composite laminates prepared with CNT grafted glass fabric represent
increasing resistance to applied load after primary load fall occurred. Rahaman et al. [5]
studied epoxy-carbon nanotubes as matrix in glass fiber reinforced laminated composites.
They found that flexural strength, flexural modulus and storage modulus of carbon
nanotubes/glass fiber/epoxy composite were considerably improved by the addition of
MWCNTs. Coelho et al. [6] studied glass fiber hybrid composites molded by RTM using a
dispersion of carbon nanotubes/clay in epoxy. They reported that the low clay content
used and, especially, the very low MWCNT content, did not significantly alter the studied
flexural properties. Zhouo et al. [7] studied fabrication and characterization of
carbon/epoxy composites mixed with multi-walled carbon nanotubes. They found that the
glass transition temperature, decomposition temperature, and flexural strengths were
improved by infusing CNTs. Tensile behavior of MWCNT enhanced glass fiber reinforced
polymeric composites at various crosshead speeds was investigated by Mahato et al. [8].
They reported that addition of 0.1% CNT and 0.3% CNT enhanced the tensile strength by
6.11% and 9.28% respectively than control GFRP composite. Panchagnula et al. [9] studied
improvement in the mechanical properties of neat GFRPs with multi-walled CNTs. They
found that the tensile and flexural strengths of MWCNT-GFRPs increased nearly 36.04%
and 39.41% with the addition of 0.3% of MWCNTs. Interface enhancement of glass fiber
fabric/epoxy composites by modifying fibers with functionalized MWCNTs was reported
by Shen et al. [10]. They found that the interlaminar shear, tensile and flexural strengths
of MWCNTs-grafted glass fiber fabric/epoxy composites were enhanced by 24.0%, 24.9%
and 21.1%.

In the literature, it was found some researchers who they coated the surface of the
reinforcements using nano materials. Lagoudas et al. [11] studied effect of carbon
nanotubes on the interfacial shear strength of T650 carbon fiber in an epoxy matrix. They
found that randomly oriented MWCNT and aligned MWCNT coated fibers demonstrated a
71% and 11% increase in interfacial shear strength over untreated, unsized fibers due to
the presence of the nanotubes. Kim et al. [12] studied tensile strength of glass fibers with
carbon nanotube-epoxy nanocomposite coating. They reported that the single fibers
coated with the 0.3 wt% CNT-epoxy nanocomposite exhibited larger strength
improvement than fibers with a neat epoxy coating, compared to fibers without coating.
Epoxy matrix composites with carbon fiber/selectively integrated graphene as multi-scale
reinforcements was investigated by Zanjani et al. [13]. They found about 51%
improvements in the flexural strength in their fabricated composite materials by using
nano materials. Interfacial shear strength of a glass fiber/epoxy bonding in composites
modified with carbon nanotubes was reported by Gorbatikh et al. [14]. They obtained 90%
improvement in interfacial shear strength by using carbon nanotubes in the fiber sizing.
Demircan et al. [15] reported mechanical properties of thermoplastic and thermoset
composites reinforced with 3d biaxial warp-knitted fabrics. They found about 97% and
58% improvements in the flexural modulus and strength of composites by using carbon
nanotubes in the fiber sizing.

It was found little work about the three-point flexural properties of the MWCNTSs integrated
glass fiber epoxy thermoset composites reinforced with the non-crimp fabrics in the
literature. The aim of this research was to study the effect of the MWCNTSs integration on
the three-point flexural properties of the thermoset composites. In this study, the flexural
properties of 0.0 wt% and 0.4 wt% MWCNTSs integrated specimens in the 0° and 90°
directions were investigated. In order to design of the new thermoset composite materials,
the results from our research can be used.
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2. Experimental procedure
2.1. Constituents of Thermoset Composites

In order to fabricate nano materials integrated thermoset composites, the non-crimp
fabrics (NCF) with glass fibers (Metyx Composites Ltd., Turkey), epoxy resin (DTE 1200,
Duratek, Turkey) and hardener (DTS 1155, Duratek, Turkey) were used. The properties of
the NCF are shown in Table 1.

Table 1 Properties of non-crimp fabric (NCF) of composites

Area Fabric weight

E glass Biaxial yarn 0 Bla)élal yarn Areaowelght weightof  (warp, weft
(warp) 90° (weft) of 0° warp o S
samples ) . ! 90° weft and binding
fibers, tex fibers, tex fibers ! .
(ar/m?) fibers fibers)
(gr/m?) (gr/m?)
LT1200E
05B 0/90 2400 1200 566 614 1187

The MWCNTs were supplied from Ege Nanotek Kimya Sanayi Limited Sirketi, Izmir,
TURKEY. The properties of the MWCNTs were: 10-20 nm (the outer diameter), 5-10 nm
(the interiour diameter), 10-30 micro m (length of the MWCNTSs) and >200 m2/g (the
surface area of the MWCNTSs). Figure 1 shows the SEM images of the MWCNTs.

— 100nm KITAM
15.0kV SEI SEM WD 10.1lmm|

Fig. 1 SEM images of MWCNTSs

2.2, Fabrication Method of Thermoset Composites

In order to fabricate the thermoset composites with nanomaterials, the resin transfer
method (RTM) was chosen to manufacture four layers biaxial warp-knitted (BWK)
reinforced composites plates as shown in Figure 2.

At first ethanol and MWCNTSs solutions were prepared to coat each faces of the NCFs.
MWCNTSs were dispersed in ethanol using a magnetic stirrer device. After that the solution
of MWCNTSs and ethanol were stayed in an ultrasonic bath. Later, each faces of the NCFs
were coated using of the solution of MWCNTSs and ethanol. After coating of the NCF with
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the MWCNTSs solution, the specimens were left for two days in the room temperature to
ensure the full evaporation of the ethanol. Then, MWCNTSs coated four layers fabrics were
laid in mold cavity in a symmetrical stacking sequence ([90wa/Owe/90wa/Owe]s) of the RTM
system (Figure 3).

Fig. 2 The RTM apparatus

I 90° direction
I 0° direction

O weft fiber, we
© warp fiber, wa

[90,,/0,,./90,,,/0, ]s

Fig. 3 Schematic drawing of the thermoset composites. Here, l: length, w: width and t:
thickness of the fabricated composite plate

In the fabricated composite plates, the carbon nanotubes weight percentages were 0.4 wt
%. After fabricating of the composites, burn off method in a muffle furnace was performed
in order to determine the percentages of each of the constituents in the thermoset
composites. The burn off process of the composites was conducted according to the ASTM
D3171-99 standards. Table 2 shows the fiber volume fraction and thickness of the
fabricated composites.
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Table 2 Fiber volume fraction and thickness of fabricated composites

Total (warp, weft

. Weft Warp Binding o Thickness
Composites o o o and binding)
Vf (%) Vf (%) Vf (%) VE (%) (mm)
0.0 wt %
MWCNT 17.4 16.1 0.66 34.2 5.4
0.4 wt %
MWCNT 16.8 18.2 0.28 35.3 5.0

2.3. Characterization of Thermoset Composites

The ASTM-D790 test standards were used to prepare the specimens and test conditions
for the the three-point flexural tests. The INSTRON 5982 100KN universal testing machine
type with flexural tests apparatus was used to perform the three-point flexural tests. The
tests speeds and the sample dimensions were 1 mm/min and 110 x 15 x 5.0-5.4 mm?3 for
the three-point flexural tests. The test span lengths were 74 mm and 90 mm. Three
specimens from each type of the composite panels were tested both in the 0° and 90°
directions. The 0° and 90° directions of the specimens were cut after fabricating of the composite
panels. The 0° and 90° directions of the specimens can be seen in Figure 3 (0° direction was
shown by red color and 90° was shown by black color).

The flexural strength, modulus and strain were calculated using following Equations (1-3)
[16].

o= 3PL/bd? (1)
€r=6Dd/L? (2)
Ep= L¥m/4bd? (3)

Where, ot is the flexural strength (MPa); P is the flexural load (N); L is the support span length
(mm); b is the sample width (mm); d is the sample thickness (mm); Eg is the flexural modulus
(GPa); mis the slope of the tangent to the initial straight-line portion of the load-deflection curve;
gt is the flexural strain (%); D is the maximum displacement of the centre of the sample (mm).

3. Results and Discussion

The results of the flexural properties of the specimens are shown in Figure 4. The flexural
modulus and strength of the specimens with 0 wt% and 0.4 wt% MWCNTs were 12.8 GPa,
375.2 MPa, 15.9 GPa and 403.7 MPa in 90° direction and these were 17.2 GPa, 503.3 MPa,
20.1 GPa and 525.5 MPa in 0° direction. CNT integrated specimens showed 19% and 7%
improvement of flexural modulus and strength against specimens without CNTs in 90°
degree direction. That was 14% and 4% in 0° degree direction.

The specimens with 0 wt% MWCNT had a higher flexural modulus and strength in the 0°
direction (17.2 GPa and 503.3 MPa) than those in the 90° direction (12.8 GPa and 375.2
MPa) due to the higher volume fraction of the weft fibers (17.4%) than the warp fibers
(16.1%). Additionally, composite materials reinforced with thin plies showed higher
mechanical properties than that was with thick plies [17-20]. The weft fibers (thin plies)
of the specimens are aligned with the length of specimen in the 0° direction. The warp
fibers (thick plies) of the specimens are aligned with the length of specimen in the 90°
direction. Because of the alignment of thin fibers with the length of specimen in the 0°
direction, the results of flexural modulus and strength were higher in the 0° direction
compared to the 90° direction.
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Since the volume fraction of the warp fibers (18.2%) is higher than the weft fibers (16.8%)
with 0.4 wt% MWCNT, one will expect the specimens had a higher flexural modulus and
strength in the 90° direction than those in the 0° direction. The fact that flexural modulus
and strength in the 0° direction was higher than those in the 90° direction with 0.4 wt%
MWCNT. As mentioned earlier, because of the alignment of thin fibers with the length of
specimen in the 0° direction, the results of flexural modulus and strength were higher in
the 0° direction compared to the 90° direction.

The flexural properties of the thermoset composites were improved by integrating of the
MWCNTSs on the surface of the NCF. The best improvement of the flexural modulus and
strength with 19% and 7% were obtained from the samples in the 90° direction and 0.4
wt% MWCNTs. The interfacial properties between fiber and epoxy matrix could be
improved by coating of the fiber surface with CNTs nano particles and this might be the
possible reason of the enhancement of the flexural properties of composites. Since the
CNTs having superior mechanical properties with large surface area, they improve
mechanical properties of composites.

600 25
525.5

503.3

500

400

300

200

Flexural Strength (MPa)
Flexural Modules (GPa)

NONE 90° CNT 90° NONE 0° CNT 0°

Fig. 4 Results of flexural properties of thermoset composites

Comparing these results with others found in the literature, 11% and 4.7% increase in
flexural strength and modulus for addition of 0.1% pristine CNT (UCNT) in epoxy was
reported by Prusty et al. [3]. About 14% increase in flexural strength for addition of 0.3%
oxidized MWCNTSs in epoxy was reported by Avci et al. [4]. 27% increase in flexural
modulus for carbon nanotubes/glass fiber/epoxy laminates containing 0.5% MWCNT was
reported Rahaman et al. [5]. 11.7% increase in flexural modulus for addition of 0.4%
MWCNT and 28.3% in flexural strength in epoxy was reported by Zhouo et al. [7]. The good
agreement between our results and literature supported our mechanical tests.

4., Conclussions

The addition of the carbon nanotubes on the surface of the reinforcements enhanced the
flexural modulus and strength of the thermoset composites.

From the results of this study, the following conclusions can be drawn:

e The results of flexural properties were higher in the 0° direction compared to the
90° direction.
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e Composite materials reinforced with thin plies showed higher mechanical
properties than that was with thick plies in the same volume fraction.

e The bestimprovement of the flexural modulus and strength with 19% and 7% were
obtained from the specimens in the 90° direction and 0.4 wt% MWCNTSs due to the
superior properties of carbon nanotubes.

e The highest results of flexural modulus and strength were achieved with 0.4 wt%
MWCNTs in 0° direction.

e There was a good agreement of results of flexural tests of nano materials integrated
composites from literature and from us.

In future study, we will try to investigate the impact properties of the nano materials
integrated composite materials with the NCFs reinforcements.
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1. Introduction

In recent year’s aluminum, magnesium and similar materials that have the high specific
strength (strength/density) have become the focus of attention by the aviation and
automotive industries where weight gain is important [1-3]. The weight gain in these areas
will reduce fuel consumption and therefore also reduce greenhouse gasses (GHGs)
emissions. It is important to improve the mechanical properties of these materials in order
to increase their use. Wear properties are one of these mechanical properties that can be
improved. Factors that increase the wear rate of material adhesion, abrasion,
delamination, thermomechanical effect, fatigue, sub-surface damage, and oxidation
depending on the sliding conditions (contact load, relative speed, counter surface, dry or
lubricated) nature of contact (pin on disc/ring/bush), metallic properties of sliding
surfaces, oxidation and thermal softening behavior [4,5]. Alloying, thermo-mechanical
processes, heat treatments etc. are among the methods that can be applied to develop these
properties [6].

One of the most preferred elements in the alloying of aluminum metal is silicon. Due to the
high fluidity provided by the silicon, it is possible to produce parts with complex and thin
sections by casting. Silicon provides fluidity to the liquid metal while also reducing the
tendency to tear on the spattered part [6]. Therefore, Al-Si based alloys results in as
attractive combinations of low coefficient of thermal expansion, high elastic modulus,
excellent wear resistance and good thermal stability [7]. Copper can be used up to 5% as
an alloying element when high strength values are required but corrosion resistance is not
very important [6]. Iron is generally found as an impurity in aluminum alloys especially in
Al-Si alloy. It is usually considered detrimental and has the potential to seriously degrade
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castability. In the absence of Si, iron forms AlsFe and Al¢Fe intermetallic compounds with
aluminum. These intermetallics are highly stable but have brittle nature which, negatively
affects the ductility of the part and also reduces the corrosion resistance [6]. When Si is
present, the dominant phases are the hexagonal «-AlgFe2Si phase and the
monoclinic/orthorhombic (3-AlsFeSi phase [8]. If Mg is present with Si in Al, n-AlsFeMgsSis
phase can form [9]. To minimize the harmful effects of iron, some manganese or cobalt is
added to the alloy. Zinc is the another alloying element that has a relatively high solubility
in aluminum both at high temperature and at room temperature; also, it is stated that there
is no significant effect of zinc addition below 3% on the Al-Si alloys [10].

Aluminum-silicon alloys have been commonly used as components which have sliding
movement with a contacting counter body. The performance of these components greatly
depends on material-related parameters, e.g., shape, size, content, and type of distribution
of given micro constituents etc. [11]. Also, it can be argued that service conditions have a
considerable effect on the wear performance of Al-Si alloys.

In this study, attempts have been made to determine wear behavior of T6 heat treatment
(artificial aging after solution heat treatment) applied to hypoeutectic Al-Si alloy which is
commercially produced as AlSi8Cu3Fe aluminum alloy.

2. Materials and Method

The chemical composition of the alloy in this study was given in Table 1. In accordance
with T6 heat treatment, artificial aging heat treatment was applied at a temperature of 200
°C for 2, 4 and 8 hrs. after application of the solution heat treatment for 4 hrs. at 540 °C.
After aging heat treatment, all specimens were cooled by water at room temperature.

Table 1 A chemical composition of AlSi8Cu3Fe aluminum alloy (in wt.%)

ISO Norm Fe Si Cu Mn Mg Zn Ni Ti
. 7.50- 3.00-
AlSi8Cu3Fe  1.00 9.00 4.00 050 030 1.00 0.20 0.20

X-Ray Diffraction (XRD) analysis for phase identification was carried out using Rigaku
ULTRA 1V Diffractometer with Cu-Ka X-ray radiation under 40-kV acceleration voltage and
40 mA current. A scan speed of the measurements was 3 deg./min. and scan range was
between 30° to 90°. ICDD database was used to identify the phases of the X-ray diffraction
pattern of the alloys.

Detailed microstructural investigations of alloys are carried out by Carl Zeiss ULTRA PLUS
FESEM Field Emission Scanning Electron Microscopy (FESEM). Also, Energy Dispersive
Spectroscopy (EDS) was performed to assess the chemical compositions of the phases.

Brinell hardness test was performed via Q250 M QNESS macro hardness test machine
using 62.5 kg loads with a holding time of 20 seconds and 2.5 mm diameter indenter.
Brinell hardness values of the specimens were the averages of measurements taken at 5
different points at one indent per point.

Wear tests were conducted on UTS Tribometer T10/20 at forward and reverse movement
module. AISI 52100 steel brand ball was used during the test. Wear tests were carried out
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at 130 mm/s. test speed with a stroke distance of 10 mm. 5 N loads were applied to the
samples and 500 meters distance were taken. Lubricant was not used.

3. Results and Discussions

XRD analyses result of sample aged at 200 °C for 8 hrs. sample were given in Figure 1. In
XRD analysis, only peaks of Al and Si phases were observed, any other phases were not
detected. This may be due to the low amount of other phases in the structure and
overlapping peaks of intermetallic phases with Al and Si peaks. Possible phases are
investigated in the literature. Sallah and Omar [12] have determined the phases of Al, Si,
Al2Cu, B-Al5FeSi, Al5Cu2Mg8Si6 by XRD analysis in similar alloys to the studied
AlSi8Cu3Fe alloy. Some of these phases which could not be determined with XRD analysis
were determined in EDX analysis.
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Fig. 1 XRD analyses result of sample aged at 200 °C for 8 hrs

Figure 2 shows SEM micrographs of aged alloys. Figure 3 shows EDS analyzed the region
of aged at 200 °C 8 hrs. alloy and EDS results of the phases in at.%.

Fig. 2 SEM micrographs of aged alloys at 200 °C for; a) 2 hrs. b) 4 hrs. c) 8 hr

In both aging durations, the microstructure is relatively coarse and mostly dendritic. Three
different phases were observed from SEM-EDS analyses, namely; a-Al matrix, Si and 3-
AlsFeSi. a-Al matrix contains low amount of Si, Cu, and Fe elements. Si phase contains low
amount of Al and intermetallic phase composed of mainly Al and other elements; Si, Cu, Fe,
Mg and Mn elements. Figure 3 and Table 2 show microstructural features and their
composition.
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Fig. 3 EDS analysis region of the alloy aged at 200 °C for 8 hrs

Table 2 EDS results of the phases.

Spectrum (at.%) Al Si Cu Fe Mg Ti Mn Ni
Point 1 94.99 1.16 2.00 0.59 0.00 0.17 0.00 0.21
Point 2 2.17  97.61 0.00 0.10 0.00 0.08 0.00 0.00
Point 3 63.40 1193 4.17 15.09 5.02 0.24 5.02 0.15

Brinell hardness values from five different points of aging application samples and average
values of them are given in Table 3, and graphical comparison of Brinell Hardness values
as a function of aging time was given in Figure 4. Brinell hardness’s of specimens are 106.8
HB, 89.2 HB, and 120.6 HB with an increasing aging duration, respectively. It is well known
that the Si particles have higher hardness and lead to an increase in wear resistance [4].
With the increase in the aging time, it was found that the Si containing particles exhibited
a noticeable effect on hardness and wear especially after 4 hours aging period.

Table 3 Brinell hardness measurement results related about aging duration

Aging Indentation Indentation Indentation Indentation Indentation Average

Duration 1 2 3 4 5
2 hrs. 109 107 106 105 107 106,8
4 hrs. 92,3 84,0 89,4 90,8 89,7 89,2
8 hrs. 121 117 121 122 122 120,6
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Fig. 4 Graphical comparison of Brinell hardness values of the samples

Effect of aging time on the wear loss of the alloy was given in Figure 5. Wear loss of
specimens are 1.9, 1.7 and 2.6 in mg with an increasing aging duration, respectively.
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Fig. 5 Wear loss of the aged alloy

When Figure 4 and Figure 5 are compared, we see that both of them follow a similar trend.
As aging duration is increased from 2 hrs. to 4 hrs., both hardness value and wear loss of
the AlSi8Cu3Fe alloy decreases. Further, increasing aging duration to 8 hrs., both hardness
value and wear weight loss increase to maximum values. The reason is that intermetallic
particles in the structures became larger with aging duration from 2 hrs. to 4 hrs. after this
duration Si-based intermetallic grows faster than the intermetallics. Therefore, these large
particles on the surface resulted in less weight loss due to the breakage during wear. Lasa
and Rodriguez-lbabe express that the high wear resistance is generally attributed to the
presence of hard silicon particles distributed throughout the matrix [13]. It can be said that
optimum silicon particle size was approached at 4 hrs. aging for higher wear resistance.
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4, Conclusion

In this study, the wear performance of the AlSi8Cu3Fe aluminum alloy was investigated
depending on the artificial aging time. Solution heat treatment of the alloy was carried out
at 540 °C for 4 hours. After that aging heat treatment was applied at a temperature of 200
°C for 2, 4 and 8 hrs. Minimum weight loss was detected in 4 hrs. aged sample which has
also lowest hardness. On the other hand, the alloy aged for 8 hrs. has the highest hardness
and weight loss.

From the results of this study, the following conclusions can be drawn:

e  Microstructure of all specimens composed of a-Al matrix, Si and Al-rich intermetallic
phase containing Si, Cu, Fe, Mg and Mn elements. From the ratio of the elements, it is
thought to be B-AlsFeSi.

e  Although the wear rates and hardness values are parallel to each other depending on
the aging time, it is inferred from the performance of the heat-treated specimens that
the wear performance of the Al-Si based alloys is governed by the size and distribution
of coarse Si particles, and that the impact of hardness is only secondary.
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1. Introduction

Magnesium and its alloys with good ductility, strength and good corrosion resistance, as
well as having low density, are becoming the focus of interest for researchers in the
automotive, aerospace and electronics industries [1-3]. Mg with a density of 1.74 gr/cm3,
is 36% and 78% lighter than Al and steel respectively and magnesium alloys are the
lightest metallic material used today as a construction material [1-5]. However,
magnesium alloys which have poor corrosion resistance due to their electrochemically
active conditions limit their use especially in aerospace and automotive fields [6]. Mg is a
very active metal with an electrochemical standard potential value of -2.37 V at 25 ° C and
-1.7 V at 3% NaCl and is used as a sacrificial anode [7]. Important studies have been done
to understand the corrosion principles for magnesium and to improve the corrosion
resistance through the design and development of new alloys, inhibitor addition, heat
treatment and coatings [8-13]. Heat treatment may have a significant effect on the
corrosion behavior due to its modifying properties in the microstructure [14]. Zn also
increases the hardness, strength and also the fluidity of the alloy at ambient temperatures
through the precipitation hardening [15]. Bakhsheshi-Rad et al. [6] reported that heat
treatment improved the corrosion resistance of both Mg-3Zn and Mg-6Zn alloys. Xian-bin
et al. [10] indicated that compared with as-cast alloy, the amount of MgZn particles
decreased by the T4 treatment, and consequently T4 treatment increased the corrosion
resistance while the T6 treatment decreased the corrosion resistance of the Mg-3Zn alloy
in 0.1 mol/L NaCl solution. Cai et al. [15] studied on Mg-Zn alloys containing 1, 5 and 7
wt.% Zn in simulated body fluid (SBF) suggests that corrosion resistance increased with
increasing Zn content in the range 1-5 wt.% despite the presence of the potentially
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detrimental MgZn intermetallic. Excessive addition of Zn over 7 wt% resulting
microgalvanic corrosion acceleration. In addition, a wide variety of magnesium alloys,
including magnesium-aluminium-zinc (AZ series) were investigated for in vitro and in vivo
conditions for implant applications [16-20]. In this study, systematically it was aimed to
investigate the effects of both zinc content and heat treatment on the corrosion behavior
of the binary Mg - Zn alloys containing low levels (0.5-1-2 and 3 wt.%) of zinc.

2. Experimental Procedure

High purity magnesium (99.99 wt.%) and zinc (99.999 wt.%) which were purchased from
Bilginoglu Industry in Turkey were used to prepare magnesium-zinc binary alloys by
melting magnesium in a graphite crucible under argon gas atmosphere at 7502C. In order
to prevent losses due to evaporation, the addition of zinc was carried out 1 min. before the
casting process. The casting process of the molten alloy was carried out using a shielded
CO2 + 0.8% SFs mixed gas into a cast iron mold (preheated to 250 ° C) having a length of 20
mm and a length of 200 mm. The chemical compositions of the alloys were analyzed using
a chemical analysis method (Spectrolab M8 Optical Emission Spectrometer (OES)) and
presented in Table 1. The samples were etched in 5 ml acetic acid, 6 gr picric acid, 10 ml
distilled water and 100 ml ethanol and then observed under optical microscope (Nikon
MA200) for microstructure analysis. Depending on the nominal zinc content, as-cast Mg-
Zn binary alloys were designated as Mg-0.5Zn, Mg-1Zn, Mg-2Zn and Mg-3Zn, respectively.

Table 1. Chemical compositions of the as-cast magnesium-zinc binary alloys.

Composition wt.%

Alloy

Zn Mn Fe Cu Mg
Mg-0.5Zn 0.56 0.003 0.004 0.0002
Mg-1Zn 1.08 0.004 0.002 0.0004
Balance
Mg-2Zn 2.11 0.002 0.003 0.0003
Mg-3Zn 3.12 0.003 0.004 0.0003

Hardness measurements were performed using a Vickers Hardness tester (Model
Shimadzu HMV2) with a steel ball indenter of 2.5 mm in diameter under the load of 5N and
maintained for 10s. Hardness values were also determined by taking averages of 5
different values.

Heat treatments were carried out for 24 hours at 400°C for homogenization (T4) and were
treated at 200 °C for 8h and 16 h (T6) for ageing treatment. Initially, the samples were
placed in the furnace and heated slowly to 400 ° C with a heating rate of 3°C / min. Samples
were taken from the furnace after 24 hours and then quenched into hot water at about
60°C. After homogenization treatment, cast samples were treated at 200 °C for 8h and 16
h respectively, and then cooled at room temperature.

The electrochemical corrosion test was done using a potentiostat (Model VersaSTAT 3)
Electrochemical corrosion experiments were performed at room temperature in a glass
cell containing 3.5 wt.% NaCl solution using a standard three-electrode configuration:
graphite rod as a counter-electrode, a saturated calomel electrode as a reference electrode
and the sample (2.26 cm? exposed area) as a working electrode. Potentiodynamic
polarization curves were generated by sweeping the potential from cathodic to anodic
direction ata scanrate of 1 mV s-1, starting from -0.50 V up to 0.50 V, versus OCP. Corrosion
potential (Ecorr), corrosion current density (Icorr) were calculated by extrapolation from
Tafel curves using DC corrosion software. Icorr (mA/cm?) is related to the corrosion rate,
P;, (mm/year) using [21]:

108



Ko¢ and Makhlof / Research on Engineering Structures & Materials 5(2) (2019) 107-114

Pi =2285xIcorr (1)

3. Results & Discussion
3.1. Microstructure and hardness properties of the Mg-xZn alloys

The microstructures of the Mg-Zn binary alloys used in the study are shown in Fig. 1.
Microstructure studies have shown that the grain boundaries are larger before heat
treatment and grain structures are finer after heat treatment. In the literature [22], the
maximum solid solubility of Zn in Mg is given 2.5 at. % (i.e. 6.2 wt.%) at the eutectic
temperature. The grain size of the alloys decreased with the increasing of zinc content and
the MgZn intermetallic phase was formed by the addition of 3 wt.% Zn [10,16,17,23]. Zinc
element enriches along grain boundaries to display a network microstructure for both T4
and T6-treated alloy. The grain refinement effect of a solid solute element can also be
determined by calculating the grain growth limiting factor (GRF). Zn element has a higher
GRF than the Al (4.32) and Y (1.70) GRF values of 5.31 GRF, has a growth-limiting effect,
which means that Zn has more efficient growth restriction and better grain refinement
efficiency [15].

Alloys Mg-0.5Zn Mg-1Zn Mg-2Zn Mg-3Zn

As-

cast

Sh
HT

16h
HT

Fig 1. Optical microstructures of the alloys

In Fig. 2, hardness test results showed that hardness values of magnesium-zinc alloys
increased with increasing of Zn content both as-cast and after heat treatments. The
improvement of the hardness with the increasing of zinc additions can be explained by the
grain refinement. Due to the solidification conditions for the as-cast samples, internal
stresses are likely to be inevitable and this may also have caused the hardness to increase.
After heat treatment, it is expected that the internal stresses cause relaxation and the
hardness of the heat treated samples decreased. Although the grain structures decreased
after 8 and 16 hours heat treatment, it was concluded that the Mg-Zn equilibrium diagram
in the alloys containing 1 wt.% and 2 wt.% Zn was insufficient to form the hardening.
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3.2. Electrochemical Corrosion Test

Macrographs, potentiodynamic polarization curves and the electrochemical data obtained
from the polarization curves of the as cast and heat-treated samples after electrochemical
corrosion tests are given in Fig.3, Fig.4 and Table 2, respectively. Macrographs of the
samples after electrochemical corrosion tests are shown that in the as cast samples as the
amount of Zn increases, the pits appearing on the surface increased. It can be observed that
the pits on the surface of the samples after both 8 hours and 16 hours heat treatments
decreased comparing with the as cast samples and thus it might be concluded that the
corrosion resistance improved. As a result of the potentiodynamic polarization tests, the
corrosion rate decreases as the Zn ratio increases.

Alloys Mg-0.5 Zn Mg-1Zn Mg-2Zn Mg-3Zn

As-cast

ShHT

16 h HT

Fig. 3. Macro photographs of the corroded samples after electrochemical test.

The potentiodynamic polarization curves of as cast alloys are shown in Fig. 4. As can be
seen, as the amount of Zn increases, corrosion potential (Ecorr) value of Mg-0.5Zn is more
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negative (-1.7 V) than Ecorr value of Mg-3Zn (-1.65 V) while corrosion current density value
(Icorr) increased from 18 pA/cm? in Mg-0.5Zn to 45 pA/cm? in Mg-3Zn. Corrosion rate (P;)
incrased from 0.41 mm/yr in Mg-0.5Zn to 1.03 mm/yr in Mg-3Zn. As the amount of Zn
increased, Icorr and Pi increased at around 2.5 fold, in other words, the corrosion resistant
decreases as the Zn ratio increases. Corrosion rate of the as-cast Mg-Zn alloys following:
Mg-3Zn > Mg-2Zn > Mg-1Zn > Mg-0.5Zn. The secondary phases such as MgZn act as a
micro-cathodic sites which induced to the localized corrosion in Mg-3Zn alloy [10].
However, Mg-3Zn alloy which contained high relatively high volume fraction of secondary
phase particles shows improvement in the general and localized corrosion resistance
[16,17]. As corrosion resistance increased with the addition of Zn in SBF solution under as-
cast conditions [16,17], the corrosion resistance decreased in this study. This difference
may be due to the solution used in that studies. On the other hand, there are both as low as
0.8% NaCl in SBF and different chemicals (such as MgClz, KCl, CaClz). Therefore, it is also
necessary to consider the tendency of these chemicals to form a barrier on the surface
during corrosion.

1,0 41,0
Mg-0.5Zn
1,24 1,24
6 1,44 & 1,44
(5] (]
2 <
© 1,64 T 1,6
L -—
5 5
2 181 2 18
o o
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2] 2]
= <
T 5
- R
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o i o
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2y2 T T T T T = T '2,2 T T T T T T
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Fig. 4. Potentiodynamic polarization curves of the as cast and heat treated Mg-Zn
alloys
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In Fig. 4, polarization curves showed that as the amount of Zn increases, lcorr values
decreased from 58 pA/cm? in Mg-0.5Zn to 28 pA/cm? in Mg-3Zn after 8 hours heat
treatment and decreased from 45 pA/cm? in Mg-0.5Zn to 29 pA/cm?in Mg-3Zn after 16
hours heat treatment. Corrosion rate decrased from 1.33 mm/yr in Mg-0.5Zn to 0.64
mm/yr in Mg-3Zn after 8 hours heat treatment and decrased from 1.03 mm/yr in Mg-0.5Zn
to 0.66 mm/yr in Mg-3Zn after 16 hours heat treatment. As the amount of Zn increased,
Icorr and Pi values decreased by 50% and 35% after 8 hours and 16 hours of heat treatment
respectively.

It can also be suggested that in the galvanic couple of Mg-3Zn, a-Mg matrix phase behaves
as an anode and MgZn intermetallic phase behaves as a cathode. Therefore, after heat
treatment (8 hours and 16 hours) corrosion rate of the as-cast Mg-Zn alloys following: Mg-
0.5Zn > Mg-1Zn > Mg-2Zn > Mg-3Zn.

Table 2. Electrochemical data obtained from potentiodynamic polarization curves of as
cast and heat treated Mg-Zn alloys.

Alloys Ecorr Icorr Pi
(Vag/agar) (nA/cm?) (mm/yr)

Mg-0.5Zn -1.70 18 0.41

As-cast Mg-1.0Zn -1.68 33 0.76
Mg-2.0Zn -1.672 40 0.93

Mg-3.0Zn - 1.653 45 1.03

Mg-0.5Zn -1.617 58 1.33

8 hours heat Mg-1.0Zn -1.607 56 1.29
treated Mg-2.0Zn -1.602 39 0.91
Mg-3.0Zn -1.612 28 0.64

Mg-0.5Zn -1.604 45 1.03

16 hours heat Mg-1.0Zn -1.572 38 0.88
treated Mg-2.0Zn -1.60 32 0.75
Mg-3.0Zn -1.586 29 0.66

4. Conclusions

e Microstructure studies showed that the grain size decreased with the increase of Zn
content and the MgZn intermetallic phase was formed by the addition of 3 wt. % Zn.
The grain boundaries are larger before heat treatment and grain structures are
finer after heat treatment.

e Hardness test results showed that an increase of hardness by 36% was observed
with increase of Zn content for the as-cast samples. The improvement of the
hardness with the increasing of zinc additions can be explained by the grain
refinement. Due to the solidification conditions for the as-cast samples, internal
stresses are likely to be inevitable and this may also have caused the hardness to
increase. The increase in hardness value of the samples subjected to 8 hours of heat
treatment was 39%, while the values of 16 hours of heat treated samples increased
to 58%. After heat treatment, it is expected that the internal stresses cause
relaxation and the hardness of the heat treated samples decreased.
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e For the as-cast samples, as the amount of Zn increased, Ic.rr and Pi increased at
around 5.7 fold, in other words, the corrosion resistant decreases as the Zn ratio
increases.

e As the amount of Zn increased, lcorr and P; values decreased by 50% and 35% after
8 hours and 16 hours of heat treatment respectively. In other words, the corrosion
resistant increases as the Zn ratio increases both after 8 hours heat treated and 16
hours heat treated samples. It can be suggested that in the galvanic couple of Mg-
3Zn, a-Mg matrix phase behaves as an anode and MgZn intermetallic phase behaves
as a cathode.
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Epoxy based fiber reinforced composites are widely utilized in aerospace

Article history: applications due to mechanical properties, thermal stability and, chemical
Received 4 Jul 2018 resistance. However, it is known that materials become brittle and due to the
Revised 11 Dec 2018 poor crack resist restricts their applications in cryogenic engineering
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cryogenic temperatures’ effect on the low-velocity impact (LVI) test of composite
laminates. In addition, the effect of matrix modification in the studied composites
was investigated. The LVI tests were conducted at RT (room temperature), 0 °C,
-50 °C, -150 °C and -196 °C (liquid nitrogen temperature) on the composite
laminates to measure influence on their energy absorption capacity. LVI tests
performed according to ASTM-D-7136 standard under 10, 20 and 30 ] impact
energy levels. The results show that the contact forces and energy absorption
capacities are improved by adding SiO2 nanoparticles into the epoxy matrix. The
absorbed energy at cryogenic temperatures is increased by 24.87% from 18.1 ]
of pure epoxy resin to 22.7 | of modified epoxy. For the purpose of comparison,
the LVI properties of composites at room temperature (RT) are also investigated.
It is noted that the energy absorption capacity is not higher at cryogenic
temperatures than that at RT for the modified and neat epoxy composites.
Moreover, the peak contact forces are reduced in low-temperature conditions.
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1. Introduction

With the progress in science and technology, the use of polymer composites has become
increasingly widespread for both scientific research and engineering applications [1].
Especially, glass and carbon fiber/epoxy composites are increasingly demanding for
structural applications in aerospace, automotive and marine industries due to their
excellent mechanical performance and design advantages over conventional materials [2].
At the same time, the dynamic behavior of composites under impact loading is one of the
major concerns in the use of the industry as it is highly susceptible to impact loads which
cause significant damage such as cracking of the matrix, delamination, and breakage of the
fibers [3].

Fiber composites have the potential for extensive use in space applications, such as solar
arrays, antennas, optical platforms and supports for cryogenic tanks [4]. However, the
composites utilization and material selection for low-temperature applications are often

*Corresponding author: hasanulus@selcuk.edu.tr

aorcid.org/0000-0001-5112-6170; b orcid.org/0000-0002-2312-7106; < orcid.org/0000-0001-8591-8993;
dorcid.org/0000-0001-9411-775X; eorcid.org/0000-0002-3105-7849

DOLI: http://dx.doi.org/10.17515/resm2018.55is0704

Res. Eng. Struct. Mat. Vol. 5 Iss. 2 (2019) 115-125 115


mailto:hasanulus@selcuk.edu.tr
http://dx.doi.org/10.17515/resm2018.55is0704

Tatar et al. / Research on Engineering Structures & Materials 5(2) (2019) 115-125

obstructed by the inconsistency of material properties of its components [5]. Because
thermal contractions of fiber and matrix due to the cool conditions on the composite
structure the give rise to thermal residual stresses and strains which influence most of the
mechanical properties. The general of used matrices are brittle and do not allow the
release of residual stresses at low temperatures [6] and the toughness degradation
induced by low temperatures can lead to structural damages in the form of microcracks or
delamination [7].

Dramatic changes in the properties of composites can occur when they are exposed to
cryogenic temperatures [8]. Low-velocity impact exposures of the composite structure
(such as the drop of an object or the impact to a harsh ground) are commonly encountered
a situation in the industry. In order to develop such impact-resistant material to cryogenic
applications, LVI behavior investigation is very important to optimize composite systems
components. Some studies performed to investigate the impact properties of laminated
composites at low temperature but the reports about the lowest temperature (down to -
60 °C) is scarce. Laminated composites become rigid with high stiffness at low
temperatures (-50 °C to 120 °C) so as their deflections in impact tests were small [9].
Damage areas also smaller and higher perforation threshold resulted for laminates
subjected to a low-velocity impact at low temperatures (-60 °C to 20 °C) condition [10].
However, comparatively little work has been done to understand the cryogenic
temperatures of laminated composites. Therefore, in this work, the cryogenic behaviors of
glass/epoxy composites are reported in terms of the LVI impact properties.

2. The Effect of Factors on Shear Force

In this study, the low-velocity impact (LVI) behaviors of glass/epoxy nanocomposite
laminates were investigated using a drop weight impact test. Having been used for LVI
tests, neat and nano SiO: (silica) added glass/epoxy laminates were produced as 10 layers.
The SiO2 nanoparticles have a specific surface area of 650 m?/g and the average primary
particle diameter of 15 nm. Adding 4 wt% SiO2 nanoparticles were preferred as nano-
reinforcements according to literature survey to perform matrix modification. It is known
that best mechanical properties have been determined while using 4%wt SiOz nanoparticle
addition [11-14]. The epoxy resin system used was a bisphenol-A (DGEBA) from
Momentive Hexion, Inc. Fibers were supplied from Dost Kimya Company in Istanbul,
respectively. The SEM images of the used nano SiO2 powder is given in Fig. 1.a and it is
seen that the nanoparticles form agglomeration due to attractive forces (van der Waals and
others). However, it is important to avoid this situation during production because these
agglomerations will cause many defects and stress concentrations in laminates [15]. SEM
image of the nanoparticle distribution of 4 wt% is presented in Fig. 1.b The SiO2
nanoparticles are seen mostly dispersed uniformly. The LVI tests were repeated three
times under 10, 20, 30 Joule (J) impact energy levels and at the RT, 0 °C, -50 °C, -150 °C
temperatures. In order to reach cryogenic temperature, the composite specimens were
immersed in liquid nitrogen and bargain for 10 min to reach the liquid nitrogen
temperature [16]. Details of experimental procedures are available in our previous studies
[17-21].
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Fig. 1 a) SEM images of used nano-SiO2 powders, b) Homogeneous distribution of 4 wt%
Si02 nanoparticles in epoxy

4. Results and Discussions

Fig. 2 compares the contact force-time and force-displacement curves of the neat
composite specimens with the different impact energy levels. The results show that the
contact force increases significantly with the decrease of the temperatures. Meanwhile, we
also compared the displacements of different temperatures in Fig. 2. It can be seen that the
displacements at liquid nitrogen temperature are reduced significantly than that of at RT.
Here, diminish of displacement values occur relate to the decreasing contact duration at
low temperatures than that at RT. This behavior can attributed to a reduction of ductility
and increase of the rigidity in laminate.

The characteristic impact parameters: peak contact force and absorbed energy for
composite laminate are presented in Table 1. The peak contact force at liquid nitrogen
temperature is the highest for all impact energy levels. Under the 10 ] impact energy,
comparing at RT to 0 °C, -50 °C, -150 °C and -196 °C the energy absorption capacity are
decreased by 0.3%, 13.46%, 17.53% and 25.74% respectively. On the other hand, under
the impact energy of 30 ] comparing at room temperature, energy absorption capacity are
decreased by 23.68%, 27.09%, 28.81% and 30.42% respectively. These results show that
low velocity impact behaviors of the composite materials affected between cryogenic and
room temperatures. Also clearly seen, the absorbed energy decreases with the decreasing
temperature for all impact energy levels. Laminated composites exhibit relatively ductile
behaviors at room temperature compared to that cryogenic temperatures because of the
epoxy resins' show obviously brittle behaviors at cryogenic temperature for all
compositions [22, 23]. Components of composites can create significant thermal mismatch
and internal stress at low temperature applications. The internal stress within composites
can greatly affect the mechanical performance by creating micro-cracks and voids [23]. On
the other hand, the formed hydrogen bonds in the epoxy become stronger at cryogenic
temperatures due to the shorter chemical-bond length. Free volumes in the composites
would be reduced at cryogenic temperatures due to thermal shrinkage and it promotes to
a higher intermolecular force then also leads to enhanced strength compared to the RT
[24].
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Fig. 2 Force-time and force-displacement curves at different impact energy levels

Fig. 3 shows the force-time and force-displacement histories of neat and 4 wt% nano SiO2
reinforced for different energy levels. In the graphs, no significant change was observed
with the addition of SiOz nanoparticles for 10 and 20- joule energy levels while average
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contact force value increased significantly depending on the addition of SiO2 nanoparticles

for 30-joule energy level.
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Fig. 3 Force-time and force-displacement curves of neat and modified composites at
different impact energy levels

The change in the impact properties of the nanoparticle-added specimens is given in table

2.

It is seen that peak forces are not affected much by the temperature under the low

impact energy while it affected depending on temperature. The ratio of percentage change
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of peak contact force under the 30-joule energy level are observed 13% and 24.8% for SiO2
nanoparticle added composites, respectively.

Nano reinforcements have been extensively used to develop of the fracture toughness of
matrix material and restrict of crack propagation. Therefore, to increase the mechanical
performance of composite materials, researchers have been carried out to modify the
matrix materials by SiO2 nanoparticle. Many advantages of SiO2 nanoparticles have been
reported in literature to improve fracture toughness [25]. Especially, for the tests which
under the 30 j impact energy level, the laminates absorbed energy is drastically increased
than that of the neat epoxy matrix. This is because the laminates weren't severe destruct
under the impact energy levels of 10 and 20-joule. However, it is understood that SiO:
nanoparticles activate the toughening mechanisms for 30-joule energy levels effectively.

For the sample with the 4 wt% SiO: content, the specimens' absorbed energy and peak
contact forces have slightly higher than that of the neat matrix. This is because the
improvement of nanocomposites strongly depends on the toughening mechanisms of SiO2
nanoparticles. When the probable crack in the matrix encounter with SiO2 nanoparticles,
it can be pinned/branched/deflected shown as in Fig. 4. The paths of crack propagation
into matrix causes more fracture energy absorption. Moreover, microcracks formations in
epoxy matrix are observed in Fig. 4. The microcracks formation and its propagation are
also important factor for increasing fracture energy [14].
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Fig. 4 Toughening mechanisms of SiO2 nanoparticles

The cross-sectional view of LVI exposed samples at the damage site is given in Fig. 5. In the
tests performed at room temperature, it is clear that the neat matrix samples failure is seen
developed by delamination (shown by yellow dashed lines). In contrary less delamination
is observed in the modified matrix samples, while the damage is predominantly seen as a
fiber break (shown by red dashed lines). This is a clear indication that the interlaminar
strength increases due to matrix modification. Moreover, in high magnification
observations, a significant roughness is noticed on the fiber surfaces of modified matrix
composites. This increase in fibers' roughness is evidence that fiber-matrix interface
adhesion has been developed and the modified matrix supports the reduction of
delamination in samples [26]. Reduction of the residual deflection which performed tests
under cryogenic temperatures occurs primarily due to the show low ductility of the
materials under cryogenic temperatures [11]. Similarly, nanoparticles modified
composites show fewer delamination damages and better fiber-matrix interface adhesion.
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Table 1 LVI properties of 10, 20 and 30 J impacted composites at RT, 0 °C, -50 °C, -150 °C

and -196 °C.
Impact Temperature Peak Contact %t Absorbed %l
Energy Condition Force (N) Energy (J)
RT 3143 2,95
-50°C 3198 1,75 2,94 -0,34
10] -100 °C 3334 6,08 2,6 -13,46
-150 °C 3375 7,38 2,51 -17,53
-196 °C 3452 9,83 2,35 -25,74
RT 4700 9,27
-50°C 4885 3,93 9,26 -0,10
20] -100 °C 4971 576 8,71 -6,04
-150 °C 5043 7,29 81 -12,62
-196 °C 5381 14,48 7,9 -14,77
RT 4980 26,13
-50°C 5185 4,12 19,94 -23,68
30] -100 °C 5359 7,61 19,05 -27,09
-150 °C 5635 13,15 18,6 -28,81
-196 °C 6357 27,65 18,18 -30,42

Table 2 LVI properties of 10, 20 and 30 ] impacted composites at different temperatures

Neat Si02 Neat Si02
Temperature Force Force Change Energy Change
(WY N) N) (%) Energy (J) (1)) (%)
10 Joule
RT 3143 3159 0,51 2,93 2,95 0,68
-196 °C 3452 3502 1,45 2,35 2,56 0,94
9,83% 10,86% -19,80% -13,22%
20 Joule
RT 4700 4756 1,19 9,08 9,27 2,05
-196 °C 5381 5566 3,44 7,85 7,94 1,14
14,49% 17,03% -13,54% -12,56%
30 Joule
RT 4980 5295 6,33 26,13 29,54 13,05
-196 °C 6257 6741 7,71 18,18 22,7 24,86
25,64% 27,30% -30,42% -23,16%
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Fig. 5. Cross-sectional SEM images of impacted area: a) neat epoxy matrix_RT, b)
modified epoxy matrix_RT, ¢) neat epoxy matrix_-196 °C, d) modified matrix_-196 °C

122



Tatar et al. / Research on Engineering Structures & Materials 5(2) (2019) 115-125

5. Conclusions

In this study; low-velocity impact responses of glass fiber reinforced neat epoxy composite
and 4% (wt) SiO: modified epoxy composite laminates were investigated at different
temperatures. From the results, the following conclusions can be drawn:

e Itis clear that nanoparticle addition has an effect on slightly higher energy levels as
opposed to low energy levels. The absorbed energy of 4%wt SiO2 nanoparticles
reinforced and neat epoxy composites for 30 ] impact energy have been found an
average value of 22.7 | and an average value of 18.1 | respectively for cryogenic
temperature tests. Si02 nanoparticle addition into the epoxy matrix has provided
increment by 24.8% for the absorbed energy. Besides, peak contact forces for 4%wt
Si02 nanoparticle reinforced and neat composites, have been obtained an average
of 6741 N and an average value of 6257 N respectively. Small energy absorptions
were showed under cryogenic temperatures.

e It has been considered that toughening mechanisms (deflection of cracks, crack
pinning and crack branching) causes enhance absorption capacities with energy
dissipation. The toughness mechanisms have been observed in SEM images. The
more delamination failures have also been observed on the impacted cross-sections
of neat epoxy composites than SiOz nanoparticle reinforced specimens.

e This study revealed that cryogenic temperatures influence LVI responses of epoxy
based glass fiber composites. The influence of the matrix modification by adding
SiO2 on the low-temperature behavior of composites was also investigated.
Experimental results showed that the cryogenic temperatures have a direct and
significant impact on the LVI behaviors. Therefore, we report that evaluate service
conditions is needed especially in low-temperature applications.
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Ceramic materials with excellent mechanical, corrosion and abrasion resistance
Article history: is set in terms of features such as biomaterials. In this study, Al.0s, Al203-40%
Received 9 Jul 2018 TiO2, ZrOz - 8% Y203 and Cr203-2% TiO: ceramic coatings were produced by
Revised 3 Feb 2019 plasma spraying on AISI 316L stainless steel surface. It was aimed to investigate
Accepted 7 Feb 2019 microstructure, hardness and biocompatibility properties of coatings. Scanning

electron microscope (SEM) analysis and X-ray diffraction (XRD) phase analysis
were used to determine the microstructure and phase composition properties.
The biocompatibility properties of coatings have been tried to be determined by
analyzing cytotoxicity and viability. The SEM images show that the ceramic
coatings are connected in accordance with the substrate. The XRD analyzes show
the formation of binary and ternary complex phases in the coating layers. Cr203-
2% TiOz coating has the highest hardness in the coating layers. Biocompatibility
tests reveal the most compatible and consistent results in terms of cytotoxicity
were obtained with Al203-40% TiOz coating.
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1. Introduction

Biomaterials are natural or synthetically obtainable materials which are used for
prosthetic, diagnostic or therapeutic purposes and which are in contact with tissue, blood
and other body fluids within the body [1, 2]. The performances of the materials used in the
body are important. The performances of the materials placed inside the body can be
examined from different angles. Depending on the area in which the problem is to be
solved, a classification can be made at the tissue-organ level or according to the materials
used [3]. Biomaterials can be used for a long time or for a short time. The most basic feature
that implants should provide is that they are not allergenic or toxic. In addition,
biomaterials, designs and mechanical behavior are important qualities. Ceramics are
usually blends of metals formed by non-metallic elements. The interatomic bond is ionic
or covalent. Ceramic materials have been used as medical materials for many years despite
their fragility, porous structure, low tensile strength and low impact strength. With the
recent development of new methods, ceramics are used in many different fields of
biomolecules. They are widely used in dentistry as gold-porcelain crowns, silica-filled
resin composites, and dentures. Due to its high wear resistance, high hardness and
excellent corrosion resistance, Al20s and yttria-stabilized ZrO: are widely used in hip
prostheses and dental industry with load carrying function [4, 5].
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Plasma spraying method is spraying of powder on the surface of the material to be coated
at a plasma temperature which is ionized and can reach up to 15.000 ° C-25.000 ° C, while
the diatomic gases (argon-hydrogen mixture) passing between a tungsten (cathode (-))
and a copper nozzle [6-8]. Plasma spraying is effectively and economically applied to
various machine parts to reduce surface defects [9]. In this method, the complete or partial
melting of the powders varies depending on their thermal properties. The controllability
of the system at extremely high heating and cooling rates makes it possible to produce
coatings made of metallic, non-metallic and ceramics and combinations with this method
[10]. Ceramic powders are used more frequently than metallic powders in the plasma
spray method due to their high chemical stability at high temperatures, excellent wear
resistance and corrosion resistance [11]. Ceramic materials with high resistance to
corrosive and thermal conditions, relatively low density and high hardness are preferred
over polymeric and metallic materials due to their existing properties. Ceramic materials
such as aluminum oxide, zirconium oxide, titanium oxide, chromium oxide, silicon oxide
and yttrium oxide are widely used as surface coating materials to improve wear, erosion,
cavitation and corrosion resistance of materials. Such materials are particularly needed in
applications where resistance to wear and corrosion is desired [12, 13].

In this study, Alz03, Al203 - 40% TiOz2, ZrOz - 8% Y203 and Cr20s - 2% TiO2z oxide coatings
were produced by plasma spraying on AISI 316L stainless steel surface since they have
high wear resistance and high corrosion resistance. Stainless steels are used in orthopedic
applications. They have the ability to bear significant loads and withstand fatigue loading.
Therefore, in this study, AISI 316L stainless steel was preferred as substrate.
Microstructure and biocompatibility properties were experimentally investigated.
Microstructure, microhardness and phase properties were determined by scanning
electron microscopy (SEM), energy dispersive spectrometry (EDS) and X-ray
diffractogram (XRD) analyzes. The microhardness change was measured from the top of
the coating layer. The biocompatibility properties of coatings have been tried to be
determined by cytotoxicity and viability analysis.

2. Materials and Methods

AISI 316L stainless steel was used as substrate and Al203 (Metco 105SFP), Al203 - 40% TiO2
(Metco 131VF), ZrO:z - 8% Y203 (Metco 204B-NS) and Cr203-2% TiO2 (Metco 106F) were
used as coating powders. A Sulzer Metco 9MB atmospheric plasma spray coating system
with 80 kVA of power was used to produce the coating layer (Fig. 1). The flow rate of the
argon gas used to produce the plasma beam in all coatings is 35-73 1/min. The plasma spray
gun was fixed so that the spray distance was 75 mm, so that the coating powders were
injected externally to the gun and parallel to the plasma flow. Hz gas flow rate was 6.6 1/min
and carrier gas ratio was set as 9-11.4 1/min. About 250 pm thick layer was produced as
coating layer. For metallographic investigations, the samples were sanded by passing
through coarse and fine sanding steps, respectively. The sanded samples were polished
using diamond solutions and etched using a solution of HNOs (40 pct.) + C2HsOH (60 pct.).
A FEI QUANTA 250 FEG scanning electron microscope (FEI Inc., OR, USA) was used to
determine the chemical composition of the microstructure. X-ray diffraction (XRD)
analysis was performed to determine the phases formed in the microstructure using a
Bruker D8 Advance XRD system (Bruker Optik GmbH, Ettlingen, Germany).

The hardness measurement was made with SHIMADZU HMV-G21 brand microhardness
device with a waiting period of 15 seconds from the top surface of the coating and a load
of 200 gf (1.961 N). From each sample, 6 hardness measurements were taken from
different regions. Their averages were taken and evaluated. Hardness tests were carried
out according to ASTM C1327-15 standard [14].
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The biocompatibility properties of coatings have been tried to be determined by cytotoxicity
and viability analysis. The cytotoxicity tests of the prepared composite materials were
performed by in vitro tests based on cell viability. For this aim, MTT [3- (4,5-dimethyldazol-2-
yl) -2,5-diphenyl tetrazolium bromide] (Sigma, USA) test was used to measure cell viability and
mitochondrial dehydrogenase activity. MCT3T3-E Mouse osteoblastic cells were used in the
studies because of coating materials’ potential to be used as a bone implant. In the tests, 6-well
petri dishes were used, depending on the size of the samples. 200 ul cell suspension (containing
~2x105 cells) was added onto each prewetted sample placed in a well of 6-well plate; kept in the
incubator for 10 min and then was gently covered with basal medium. After freshly prepared
4.5 ml of medium (without FBS) was added to each well, 0.5 ml fresh MTT reagent was added
to provide 10% concentration, and they were incubated at 37°C and 5% CO: for 4 h. However,
no sample was placed in one of the wells as a control. The formazan, insoluble dark blue complex
that was formed by MTT reduced in the mitochondria, was monitored under an inverted
microscope (Leica DMIL LED, Germany). Semi-quantitative data were obtained
spectrophotometrically at the wavelength of 570 nm using a multi-well plate reader (Biotek,
USA). The MTT tests applied to the cultures were repeated three times and the mean values of
the measurements were taken according to the days.

Powder
injection

Spray
stream

8
&
)
S

Cooling
nozzle

Fig. 1 Principle diagram of plasma spray coating process
3. Results and Discussion

The macro images of Alz03, Al203-40% TiO2, Zr02-8% Y203 and Cr20s3 - 2% TiOz ceramic
based coating samples produced on AISI 316L stainless steel are given in Fig. 2. All surfaces
of the samples were coated. In the samples produced, color change occurred according to
the content of the coating material. It is also noted that the coating layers are smooth.

SEM images of ceramic coatings produced by plasma spray process are shown in Fig. 3. The
SEM images exhibit splat by splat lamellar structure formation in all of the coatings with
the presence of partially melted regions and some un-melted particles in ceramic coatings.
The coating layer is connected to the bottom material as compatible. This is a positive
result of the strength of the coatings against mechanical forces. The porosity in the coating
layers came to fruition. Although this is negative for mechanical properties, it is considered
to be favorable in terms of biocompatibility. Pore formation is inevitable in studies carried
out in the literature [15, 16]. Porosity is caused by the lack of insufficient surface wetting
of the melted particles striking rough substrate surface [17]. The distribution of the
elements forming the coating layer in the main matrix also affects both the mechanical and
physical properties. While homogeneous distribution affects the characteristics positively,
heterogeneous distribution affects negatively. In order to determine the distribution of the
elements, SEM-MAP analysis of the Cr203-2% TiOz.coating given in Fig. 4 was performed.
According to the analysis, the elements Ti and O were distributed relatively
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homogeneously in the main element of Cr. This indicates that the features will be the same
all over the coating.

ALO, ALO, - 40% TiO, Zr0,-8%Y,0,  Cr,0,-2% TiO,

29% O

. 2% Ti

69% Cr

Fig.4 SEM-MAP analysis of Cr203-2%TiO2 coating
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Fig. 5 shows the XRD analyzes of the coatings. Phases seen in coatings represent powders
before coating. Besides this, it is formed in ternary phases in addition to binary phases. For
the Al203 coating, while the a-Al203 phase was present in the powder material, the phase
y-Alz03 was detected in the coating layer. During the spraying process, the conversion from
a-Al203 to y-Alz03 occurred in a crystal structure [18-20]. In the specimens coated by Al203-
40%TiO2 contents, XRD data give Al2TiOs, and y-Al203-TiO2 phases beside y-Al203 phase.
Due to very small size of the particles, the contact area among them were very large and
during plasma spraying this large area caused the formation of Al:TiOs reaction phase
whose thermal expansion coefficient was too small and therefore it was desired for the
applications where thermal resistance was needed [21-24]. For the ZrO2 - 8% Y203 coating,
tetragonal (t) ZrOz phase is formed in the microstructure. This phase is a metastable phase.
This is an expected situation, given the work done in relation to Zr0O2-Y203 [25]. No phase
other than this phase has been formed. The XRD analysis of Cr20s - 2% TiO2z coating
revealed that the strong diffraction peaks detected were related to Cr:03 phase
(rhombohedral crystal system). No phase related to TiO2 was detected. 2% TiO2 is used in
the starting powder which is quite less and difficult to be detected comprehensively by
XRD analysis [26, 27].
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The micro hardness values of the substrate and coating layers are given in Fig. 6. Hardness
values are taken from six different regions. The coating was also taken from six different
regions from the layers and taken from the upper surface of the coatings. Evaluation was
made by taking the average of the values received. While the hardness of the substrate is
215 HVo2, the hardness values of the Al203, Al203 - 40% TiO2, ZrOz - 8% Y203 and Cr203 -
2% TiO2 coating layers are 905 HVo2, 760 HVo2, 950 HVoz2and 1215 HVoo, respectively,
which are 3.5-5.6 times higher than the substrate. The hardness of the Al203-40% TiO:
coating layer was lower than the TiO2-free Al203 coating. Al203 material is known to be
harder than TiOz material. In the coating of Al203-40% TiOz, TiOz has a toughening role
[28]. Cr203 - 2% TiOz coating has the highest hardness value among ceramic coating layers.
This measured value is compatible with the literature [26]. These increases in hardness
are due to the natural hardness of the ceramic materials. During this hardness
measurement, no cracks were formed in the ceramic coatings.
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o] Z20,Y,0, C: Cr0:TiO,
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Fig. 6 Micro hardness values of the substrate and coating layers

In biocompatibility analysis, it was observed that cell viability did not change much in all
ceramic coatings and the highest absorbance value was obtained on the 7th day. In
addition, although it is clear that biocompatibility due to cell viability shows similar values
for all coatings, the most compatible and consistent results in terms of cytotoxicity were
obtained in the coating of aluminum oxide-titania. Change of absorbance values measured
at 570 nm wavelength of ceramic coatings according to culture time is given in Fig. 7.
According to semi-quantitative analyzes, cell viability in the alloy with the zirconium oxide
coating was generally maintained in 14 days of continued cell culture, but at the 14th day
a 35% reduction was determined. This change in chromoxide-titanium oxide coating was
calculated as 31%, in aluminum oxide-titanium oxide coating as 24% and in aluminum
oxide coating as 13%.
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Fig. 7 Change of absorbance values measured at 570 nm wavelength of ceramic coatings
according to culture time.
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Figure 8. Formation of formazan crystals as a result of MTT analysis: (a) Alz203 (b)
Al203-40% TiO2, (c) Zr02-8% Y203 and (d) Crz03-2% TiO.

Formazan crystals formed by MTT reagent reduction are shown in Fig. 8. It has been
observed that formazan crystals are formed on the surface of composite structures and in
micropores. In addition, because of the weak bonding with the material surfaces cells had
been separated from the materials, and formazan crystals were formed in the vicinity of
these scattered cells on the plate surface [29].
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4. Conclusion

In this study, Al203, Al203 - 40% TiOz, ZrO2z - 8% Y203 and Cr20s3 - 2% TiO: oxide coatings
were produced by plasma spraying on AISI 316L stainless steel surface. The conclusions
drawn from this study are given below:

e The SEM images showed that the coating layers were mechanically bonded to the
substrate, had a slightly porous structure, and generally the coating layers had
lamella formation.

e  The y-Al203, Al TiOs, y-Al203-TiO2, t-ZrOz and r-Cr203 phases were determined by
the XRD analysis of the coating layers.

e The hardness of the coatings varied between 760-1215 HVo2and there was a 3.5-
5.6-fold increase compared to the substrate. The highest hardness was obtained
in Cr203 - 2% TiOz coatings.

e  Although it is clear that biocompatibility depends on cell viability, similar results
are obtained in all coatings, but the most compatible and consistent results in
terms of cytotoxicity were obtained with Al203-40% TiOz coating.
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1. Introduction

During the reason for the copper to remain as the most important engineering materials
every day is; high corrosion resistance, excellent electrical and thermal conductivity,
attractive appearance, high ductility and ease of forming. Pure copper is widely used in the
transmission of electric current in places related to cables, wires, electrical contacts and
other electrical works. Copper and some alloys are used in automotive radiators, heat
exchangers, home heating systems, panels for solar energy absorption, and applications
where heat is required to quickly transfer from one point of metal to another [1]. Despite
the high electrical, thermal conductivity and good corrosion resistance of copper,
properties such as low hardness, yield strength, creep resistance and low wear resistance
limit the use of copper. Because pure copper recrystallizes at temperatures close to 500 °C,
even if hardened by cold forming, and therefore quickly loses its strength. A lot of work
has been done in the literature to come from above. Most of the researchers have focused
on the production of ceramic reinforced copper matrix composites. In the literature, Al203,
SiC, TiB2, TiC, BsC and WC particles are usually added to the Cu matrix [2-6]. In these
previous studies, pore formation reveals the negative side of the studies. As is known, pore
formation adversely affects the mechanical properties as well as the electrical conductivity
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properties. Junjie et al. [7] studied the hardness and electrical conductivity of Cu-matrix
nanocomposites reinforced with in-situ TiC fabricated using long-term ball milling and hot
pressing. It has been detected that as the ball milling time increased, the hardness and
electrical conductivity increased. Chenchen et al. [8] reported that microstructures,
mechanical and electrical properties of ZrB: microparticles reinforced Cu composites
prepared by hot-pressed sintering. The results indicated that the relative density and
electrical conductivity of the composites decrease with increasing ZrBz content. Huanchao
et al. [9] added a new generation of graphite into the copper. The Gr/Cu composites were
produced by using ball milling and cold compacting sintering process. The mechanical and
physicochemical properties including hardness, relative density, conductivity and
oxidation resistance were tested. The relative density, hardness, oxidation weight gain and
IACS of the materials obtained by the optimum process parameters were 90.0%, 53.4HB,
1.6 mg cm~2 and 76.2%, respectively. While the mechanical properties of the Cu matrix
composites are improved, the deterioration of the electrical conductivity properties is
normal. The important thing is that the electrical conductivity does not fall too much. Zhan
and Zhang report that in the study on graphite and SiC hybrid particles reinforced copper
composite and its tribological characteristic, for Cu-23vol.% reinforcements (Gr+SiC)
composite, while the electrical conductivity of the composite decreased by 14%, the wear
rate decreased by 48% [10].

In this study, we tried to improve the wear and hardness properties without compromising
the electrical conductivity of the copper material too much. For this purpose, a Cu + Mo
coating layer with different ratios was produced on copper substrate using plasma
spraying method. Molybdenum is a typical refractory metal with body-centered cubic
(BCC) lattice structure. The high melting point (2610 °C) is characterized by low thermal
expansion coefficient and high thermal/electrical conductivity [11]. In the literature, the
use of Mo in copper alloys is very limited, and coating production is not available. Plasma
spraying is effectively and economically applied to various machine parts to reduce surface
defects [12]. In this method, the complete or partial melting of the powders varies
depending on their thermal properties. The controllability of the system at extremely high
heating and cooling rates makes it possible to produce coatings made of metallic, non-
metallic and ceramics and combinations with this method [13]. In this study, Cu-Mo
coatings produced on copper substrate with plasma spray method have both ideal wear
resistance and relatively suitable electrical conductivity. In addition, these substrates are
repeatedly coated with the plasma spray method and the worn parts become resistant to
wear again. These two cases clearly reveal the contribution of the study to science.

2. Materials and Methods

Pure copper plates at 20 mm x 60 mm x 5 mm and 99.9% purity were selected as the
substrate. Cu and Mo powders with -90+45 pm (Metco 55) and -75+45 pm (Metco 63NS)
grain sizes respectively were coated on the substrate using plasma spray method. Mo was
added to Cu in proportions of 10, 25 and 50% by weight. In the production of the coating
layers, a Sulzer Metco F4-MB model plasma spray coating system with a power of 55 kW
was used. The principle scheme of the plasma spray coating process is shown in Fig. 1. The
production parameters of the coatings are summarized in Table 1. The flow rate of the
argon gas used to produce the plasma beam was set at 351 / min in all coatings. Spraying
was made at a distance of 80 mm. The coating powders are injected externally into the gun.
The injected powders are oriented parallel to the plasma flow. The coating powder feed
rate was set to 50 g/min, the Hz gas flow rate to 10 1/min and the carrier gas rate to 3 1/min.
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Fig. 1 Sulzer Metco F4-MB model plasma spray coating system

Table 1 Production parameters

Parameters
Gun type Sulzer-Metco F4
Current (A) 580
Volt (V) 60-65
Ar gas flow (I/min) 35
H: gas flow (1/min) 10
Spray distance (mm) 80
The amount of powder feed (g/min) 50
Carrier gas (Ar) flow (1/min) 3.0

The microstructure and phase formation properties of the coatings were determined by
SEM-EDS and XRD analyses. The hardness was measured under a load of 300 grams with
amicrohardness device and at a waiting time of 15 seconds by using SHIMADZU HMV-G21
model microhardness machine. The electrical conductivities of coatings (Cu-Mo) and
substrate (Cu) were measured according to ASTM E1004-02 standard with eddy current
principle. Wear tests were performed by pin-on-disc method and ASTM G133 standard
with 10 N loads, wear rate of 5 cm/s, 300 m slip distance and balls @6 mm 100Cr6 steel.
Profiles of wear surfaces are determined by surface profilometer device. The wear volumes
were determined using the wear profiles. After calculating volumes, wear rates were
calculated according to Archard's law [14].

3. Results and Discussion

Fig. 2 illustrates optical images of coatings. The thickness of the interlayer coating is 300
um. It is seen that the coating layers are homogeneous. As the Mo content increased, the
porosity increased. The bond between the coating and the substrate is compatible. There
is a covering layer in the appearance of a laminated structure. In all coatings, a lamellar
microstructure is observed, which is well known in thermal spray coatings and is formed
by molten metal droplets impacting the substrate and continuously wetting it [15, 16]. The
lamellar structure occurs in the form of impingement of molten particles on the substrate,
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deformation, and solidification. [17]. According to Kuroda and Kobayashi [18] the lamella
is formed parallel to the substrate and the middle part of the lamella is thick and the
thickness is decreased towards the end parts.

Fig. 2 (a) Cu-10 Mo coating (b) Cu-25 Mo coating, (c) Cu-50 Mo coating.

49,35 wt.% Mo
50,65 wt.% Cu

96,58 wt.% Mo
342 wt.% Cu -~

51,45 wt.% Mo
48,55 wt.% Cu

53,07 wt.% Mo
46,93 wt.% Cu

Fig. 3 EDS analysis of Cu-50 wt.% Mo coating
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The EDS analysis of the Cu-50 wt.% Mo coating produced by the plasma spray method on
the Cu substrate is given in Fig. 3. The chemical compositions of different lamellae are
formed in the coating. When the area from the coating layer EDS is examined, it is seen that
the coating represents the Cu-50 wt.% Mo content. The MAP analysis of Fig. 4 shows that
all three coatings with relatively homogeneous distribution of the elements present in the
coating layer. The distribution of the elements in the coating affects the electrical
conductivity and mechanical properties.

()

Fig. 4 SEM-MAP analyses of coatings; (a) Cu-10 wt.% Mo coating (b) Cu-25 wt.% Mo
coating, (c) Cu-50 wt.% Mo coating

Fig. 5 illustrates the XRD graphic of Cu-Mo composite coatings which are produced with
plasma spray. Cu and Mo phases are present in the coating layers. No oxide formation has
occurred in the coatings and substrate. No phase formation occurred between Cu and Mo.
According to the Cu-Mo phase diagram, this is normal. Because the Cu-Mo phase diagram
is a monotectic diagram [19]. The result is that Cu-Mo coatings are mechanical mixtures of
the refractory metal Mo and Cu with a face-centered cubic structure. Fathy et al [20]
investigated effect of ZrO2 content on properties of Cu-ZrO2 nanocomposites synthesized
by optimized high energy ball milling. They reported that no chemical reaction occurred
between Cu and the reinforcing element and no new phase was formed.
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Fig. 5 XRD graphic of Cu-Mo composite coatings

The hardness graph of the coatings is given in Fig. 6a. Six hardness measurements were
taken from each sample. Averages of hardness were taken and evaluated. The hardness of
the Cu substrate was 81 HVo3, while the hardness of the 10, 25, and 50% Mo coating was
measured as 127 HVo3, 140 HVo3 and 155 HVo3, respectively. The hardness was increased
by coating with Cu substrate (56-91%). As the addition of Mo increases, the hardness of
the coatings increases. This is due to the natural hardness of Mo (2 GPa) [21]. The electrical
conductivity graph of the coatings is given in Fig. 6b. With the increase of molybdenum, the
electrical conductivities of the coatings decreased. This is due to the fact that the electrical
conductivity of Mo is lower than that of Cu and the porosity is increased by the addition of

Mo.
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Fig. 6 (a) Hardness graph (b) Electrical conductivity graph

Coating of Cu substrate with Cu-Mo powder mixture resulted in a significant increase in
the hardness. The electrical conductivity of the Cu substrate is measured as 90% IACS,
while the electrical conductivities of the coatings are in the range of 57-80% IACS. These
coatings can be used in areas where the electrical conductivity value is not too high than
57-80% IACS and the hardness is high.

The friction coefficient and wear rates of all samples are given in Figure 7. The friction
coefficient for the copper base is 0.596. It varies in the range of 0,515-0,554 depending on
the Mo additive in the Mo doped samples. As it is understood from these values, Mo
particles showed solid lubricant and lowered the friction coefficient according to the
substrate material. The wear rate for the copper substrate is ~ 0.112x10-3 mm3/Nm, while
the wear rates for 10%, 25 and 50% of Mo are changed as ~0.097x10-3> mm3/Nm, ~
0.095x10-3 mm3/Nm and ~ 0.075x10-3 mm?3/Nm, respectively.
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Fig. 7 Wear rate and COF of Cu-Mo composite coatings
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Figure 8 shows the morphology of the worn surfaces of the substrate and coating layers
under 10 N load. Both the adhesive and abrasive wear types dominate the substrate and
coating layers. Material wastage after abrasion of the substrate, dense plastic deformation
and micro-wedge gutters, and at least wedge formation and debris appear. On the wear
surface of the coating layer, plastic deformation and micro-waviness are not to be
investigated. This is due to the fact that the coating layer is hard and friction coefficient are
low.

KASTA!

(© (d)
Fig. 8 Morphology of worn surfaces (a) Cu substrate, (b) Cu-10wt.%Mo, (c) Cu-25wt.%Mo
and (d) Cu-50wt.%Mo

4. Conclusion

Cu-Mo composite coatings have been successfully produced on copper substrate by using
plasma spray technique. Microstructure, wear and electrical properties of coatings were
investigated. Coating of Cu substrate with Cu-Mo powder mixture resulted in a significant
increase in the hardness. The hardness value for the uncoated Cu was measured as HVo3,
while the hardness value for Cu-50wt.% Mo was measured as 155 HVos. The electrical
conductivity of the Cu substrate is measured as 90% IACS, while the electrical
conductivities of the coatings are in the range of 57-80% IACS. Although the electrical
conductivities of the coatings are very small compared to the substrate, it has been
determined that the coatings exhibit a very good hardness values in comparison to the
substrate. These coatings can be used in areas where the electrical conductivity value is
not too high than 57-80% IACS and the hardness is high. Although the electrical
conductivities of the coatings are very small compared to the substrate, it has been
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determined that the coatings exhibit a very good tribological performance in comparison
to the substrate.
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Article Info Abstract

In this study, dispersion of nano SiO2 in epoxy composite aged in seawater and

Article history: its effect on mechanical properties were studied. The SiO2-epoxy polymer
Received 02 Aug 2018 nanocomposite materials were kept in seawater for a total of six months to be
Revised 19 Dec 2018 tested every two months. Tensile and bending tests were applied to composite

Accepted 26 Dec 2018 materials as a mechanical test. According to the mechanical test results, there
was less decrease in strength in SiO2-epoxy polymer nanocomposite material
compared to unmodified material. In usage of seawater, the mechanical
properties were observed to be the best in 3 % added SiO2-epoxy
nanocomposite material.
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1. Introduction

Epoxy resins are thermoset materials widely used (used widely) in structural and
composite materials due to their properties such as high strength, low shrinkage, effective
electrical insulation, excellent adhesion, chemical and solvent resistance, low toxicity and
low cost. Moreover, it has high hardness, heat and wear resistance (1-3). Also, epoxy resins
are generally used as coatings, casting materials, binders and adhesives application (4).
The use of nanoparticles is a common method used to improve the strength of epoxy resins.
Nanoparticles can enhance interfacial area between fillers and polymer (5). Thus, an
increment in performance on the properties of epoxy resin is observed (5, 6). In the
literature, boron nitride, CNT (7), nano clay (8), silica (9), graphene (10), nano-Al203, nano-
Si02, nano-CaCOs (11-16) nanoparticles are commonly used to improve composite
material properties. For instance, Zhai et al. improved adhesion properties with 2 wt % of
nano-Alz03 in epoxy matrix (11). Bauer et al observed that the epoxy’s glass transition
temperature and viscoelastic properties changed with the addition of nano-sized silica,
alumina and titania (12). Zhang et al. introduced different rates of Nano SiO: to the epoxy
polymer. They increased the toughness of the Epoxy/ SiO2 composite as a result of impact
test (13). Suraj and Raman investigated the effect of nano and micro sized aluminum
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particles in epoxy polymer on fracture toughness. They found that enhancement on(of)
fracture toughness and highest values for increase in fracture toughness of epoxy is found
for addition of 20 -100 nm aluminum particles (14). Park and Jana achieved to increase the
tensile and impact strength of composite materials with nano clay reinforcement (17). Itis
known that polymeric resins can be influenced by water in marine applications. The
interface of filler-polymer or fiber-polymer may weaken when the resin absorbs water
(18). Wei et al. examined the effect of seawater on the tensile and bending strength of fiber
reinforced composite materials. They observed that these strengths decreased with the
effect of seawater (19). Li and Weitsman concentrated on seawater induced damage in
composite sandwich structures, gaining weight, expansion strain, and on possible
deterioration in the properties of the materials (20). Davies et al. studied on four different
thermoset resins and their glass fiber reinforced composite under three immersion
conditions (21). In other studies conducted in the literature, it is stated that moisture and
salt water absorption directly affects the mechanical, physical and chemical properties of
composite materials (20-23).

In this research, the influence of seawater aging on the mechanical performance of epoxy
nanocomposites filled with different proportions from 1 wt % to 5 wt % of nano-SiOz have
been studied for marine application. The nanocomposites were submerged in seawater for
up to six months at room temperature for the first time in the literature. The specimens
were mechanically examined every two months. Tensile and bending tests were evaluated
as mechanical properties according to the related standard methods. The experimental
results illustrate that the SiO: nanoparticles left a positive influence on the mechanical
performance of the nanocomposites in the sea water conditioning.

2. Material and Methods
2.1. Material

The diglycidylether of bisphenol-A (DGEBA) epoxy resin (L160 code) and suitable curing
agent (H160 code) supplied by Momentive Hexion Inc. as the commercially available. The
SiO2 nanoparticles, have a specific surface area of 650 m?/g, was purchased from MKnano
Canada Company and average primary particle diameter of 15 nm. It can be seen powder
SiOz in Fig 1.
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Fig. 1. SEM image of powder SiO:
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2.2. Production of Composites

Nanocomposite materials were manufactured at rates of 1 % to 5 % nano- SiOz. These ratio
values are taken in accordance with the literature (13). Epoxy and powdered nano-SiO2
were mixed with the ultrasonicator for 30 minutes in the ice bath. After dispersing process
curing agent was added in to epoxy and the mixture was degassed at 25 °C and 0.6 bar at
approximately 20 min. Steel molds are covered with mold release in Fig 2(a). The epoxy
mixture was cast into steel molds. Curing was performed firstly at 80 °C for approximately
1 h, then at 120 °C at approximately 2 h. After that it was slowly cooled to room
temperature in the oven. Subsequently, the specimens were removed from the steel molds
in Fig 2(b). All samples conventionally polished with SiC sandpapers with grit numbers of
800 to minimize effect stress concentration caused by sharp edges. The produced
composite materials were transported to seawater environment and kept in seawater for
6 months.

(b)
Fig. 2 a) Steel mold b) Test specimens

2.3. Test procedure

Bending and tensile tests were performed as a mechanical test in the study. The ASTM
D7264/ D7264M-07 standards were used for the bending test and the ASTM D4762 - 11a
standards for the tensile test, respectively. The specimens were tested every two months.
Shimadzu test machine which has 1 kN load cell was used for mechanical test. Tensile tests
were carried out with 2 mm-'min-! tensile speed and bending tests were performed under
1 mm'min-L

3. Results and Discussions

In a previous study, we conducted that stress-displacement curves of different proportions
of nano SiO2 containing epoxy composites are shown for dry conditions in Fig. 3. It can be
seen highest enhancement of the tensile strength and bending force is achieved with the 3
wt. nano % SiO2 adding in Fig. 3 (a) and (b), respectively. Furthermore, mechanical
properties of 1 wt. % and 2 wt. % epoxy/SiO2 added nanocomposite are also increased.
However, these figures shows that the tensile and bending properties are getting worse at
4 and 5 wt. % nano SiO2 addition. We know that tensile properties decrease occurs due to
the agglomerations of nano SiO2 (24). Then, the composite specimens, aged under sea
water condition, were tested every two months. Fig. 4 illustrated that curves of tensile and
bending tests for SiOz/Epoxy nanocomposite in seawater condition. It is clear that the all
of composite specimens are negatively affected by sea water when the tensile strength and
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bending force are examined. In addition, it is seen that nano reinforced composites are less
effected than 0 wt. % epoxy/SiO2. According to all curves, reinforcement of 3 wt. %
Si02/Epoxy has better mechanical performance than the other proportions. In the end of
6th month, we did not get any results for bending test, due to excessive displacement in
the nanocomposites.

End of 4th month End of 2nd month

End of 6th month

100 0 wt% SiO2/Epoxy :
1wt 3 SiO2Epoxy 0 vt MO Epoxy
%0 2 wt% S02 Epory € 500 2 s 502 Epory
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¢ 60 4 w9 Si02 = 3 “ﬁw
< -]
“ 5wt = 300 5wt
g 40 88200
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0 2 0
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Fig 3. (a) Tensile curve (b) Bending curve in dry condition (24)
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Fig 4. Tensile and Bending Curves in sea water condition for SiO2/Epoxy nanocomposite
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The nano-SiO: particles incorporated into the epoxy polymer have caused absorbing or
deflection of the cracking in the matrix. The cracks in the epoxy have compelled to break
and debonding the nano-SiO: particles. Since the composite needs more energy to achieve
this event, the tensile strength and bending force values of the nanocomposite specimens
are higher than neat composites. Fig. 5 gives an information about toughening mechanisms
of nanocomposite materials such as crack deflection and particle debonding. The reduction
of tensile strength and bending force in high proportions of nano-SiO2 such as 4 and 5 wt.
% is caused by the agglomeration of the particles. Fig. 6 demonstrates agglomeration of
the SiO2 nanoparticles in epoxy nanocomposites.

Fig 6. 5 wt. % SiO02/Epoxy Nanocomposite (24)

Compared to 0 wt. % SiOz/Epoxy composite, the mechanical properties of 3 wt. %
Si0z/Epoxy nanocomposite are presented in Table 1. Although SiO2 nanoparticles are
enhanced the performance of tensile strength and load bending capacity in dry condition,

151



Kaybal et al. / Research on Engineering Structures & Materials 5(2) (2019) 147-154

the particles cannotbe prevented decrement of these mechanical performances after aging
due to the detrimental effect of the absorbed seawater. Nevertheless, SiO2 nanoparticles
are succeeded in delaying the damage mechanisms when the numerical results in Table 1
are considered.

Table 1. Results of mechanical test for 0 wt.% and 3 wt.% SiOz2/Epoxy nanocomposite.

Condition
Mechanical D Sea water Nanocomposites
Properties y 2nd 4th 6th P

65.2 59.4 549 467 0 wt% SiO2/Epoxy
939 908 874 844 3 wt% SiOz/Epoxy
233 2135 1212 - 0wt% SiOz/Epoxy
4385 3937 2779 - 3 wt% SiOz/Epoxy

The mechanical properties of the composite specimens under the seawater effect are
reduced in Fig. 3 and Fig. 4. In addition to the reduced load carrying capacities under the
influence of seawater, the displacements under stress are increased in both of composites.
In composite specimens immersed in seawater, the absorbed water interacts chemically
with the epoxy polymer by way of Van der Waals and hydrogen bonds. This chain mobility
causes polymerization and reducing mechanical strength for tensile and bending in the
composite material (25). The minimum reducing mechanical strength is obtained for
nanocomposite specimens. The fracture surfaces of tested specimens were observed by
Scanning Electron Microscope (SEM) for 0 wt. % epoxy/SiO2 composite and 3 wt. % epoxy/
Si02 nanocomposite in Fig. 7. Polymerization and degradation areas of 0 wt. % epoxy/ SiO2
composite in seawater condition are shown in Fig. 7(a). Besides, strengthening mechanism
of the 3 wt. % epoxy/ SiO2 nanocomposite are seen in Fig. 7(b). Larger polymerization
areas in composite material are seen compared to the nanocomposite material. Nano- SiO2
particle debonding in fracture surface is ensured that nanocomposite is swallowed more
energy and is increased its strength.

Tensile Strength (MPa)

Bending Force (N)

Debonding of SiO,

’

Polymerization Degradation of Polymerization
Area Epoxy Area

(@) (b)

Fig. 7 SEM images of fracture surface (a) 0 wt. % epoxy/SiO2 composite (b) 3 wt. %
epoxy/SiO2 nanocomposite

152



Kaybal et al. / Research on Engineering Structures & Materials 5(2) (2019) 147-154

3. Conclusion

Consequently, the studies on the mechanical properties show that the reinforcement of
SiO2 nanoparticles in the epoxy matrix polymer has significant positive or negative
influences on nanocomposites for both of dry and seawater conditions. From the results of
this study, the following conclusions can be drawn:

e High proportions of SiO: nanoparticles (e.g. 4-5 wt. %) have shown weak
performance in load capacity due to agglomeration of particles.

e The other proportions of SiO: nanoparticles in epoxy matrix polymer are
demonstrated superior properties in both of condition.

e According to result of mechanical test, sea water absorption is weaken both tensile
strength and bending force. But, SiO2 added nanocomposites are less affected after
aging than the others.

e At the end of the sixth month of bending test results, a displacement exceeding the
device capacity has occurred.

e The reducing mechanical strength is fewest for 3 wt. % epoxy/SiOz in seawater
condition.
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The aim of the present work was to investigate the effect of glycerol (GLY)
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Received 3 Aug 2018 films. The films were prepared by solution casting method at the different
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film decreased with the addition of GLY while strain at break values increased.
Casein: According to thermogravimetric analysis (TGA) results, the GLY included films

! exhibited lower thermal stability than GLY-0 film. The residual weight decreased
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by increasing GLY content. The contact angle measurements showed that all
Glycerol; ) A R
Plasticization films were hydrophilic structure. Also, the water vapor barrier property of the

GLY-O0 film was developed with the addition of GLY.
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1. Introduction

In recent years, there has been an increasing interest in the development of biodegradable
packaging materials due to the environmental concerns, renewability and cost-
effectiveness. The polymers obtained from natural and biodegradable sources are an
attractive alternative for the petroleum-based synthetic polymers.

Biodegradable polymers can be classified their raw materials and production methods: (1)
directly obtained from biomass with extraction, such as polysaccharides (starch, pectin),
lipids and proteins (milk proteins, soy protein). (2) The chemically synthesized polymers
from bio-based monomers or mixing of petroleum and biomass such poly (vinyl alcohol)
and polylactic acid. (3) The polymers produced by microorganisms such as poly (hydroxyl
butyrate) [1-4]. Among the first group, proteins frequently used and studied for the food
packaging applications due to the their nutritive value, abundance and film forming
properties [4-6]. Especially, the bovine milk protein casein (CAS) previously investigated
because of its film forming properties, high barrier to gases and transparency [6-8]. In
addition, CAS based films are flavourless, odorless, colorless and smooth [8,9]. These
properties make it appropriate for the food packaging, protecting and edible film
applications. On the other hand, the mechanical properties (brittle) and water vapor
permeability of CAS films restrict the usage area [10]. The addition of plasticizer and
blending with biodegradable polymers can be used to develop these limitations.
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Poly (vinyl alcohol) (PVA) is a biodegradable, water soluble, nontoxic and biocompatible
polymer. It produces by the hydrolysis of poly (vinyl acetate). PVA has good mechanical
and thermal property, chemical resistance and good barrier to gases and aroma [3,11,12].
Due to the its good film-forming property and water solubility PVA is a suitable polymer
to blend with natural polymers and proteins. Different PVA/ natural polymer studies have
been reported in the literature such as soy protein, myofibrillar protein, tara gum, alyssum
homolocarpum seed gum, whey protein isolate which were produced by solution casting
method. Generally, these blends have been prepared to use in the packaging, protecting
and agricultural mulching film applications [5,12-17]. Also, in the literature PVA/CAS films
have been prepared by electrospinning method for the wound dressing material [18] and
enzyme substrate [19]. According to the best of authors knowledge, there is no PVA/CAS
solution casting film study in the literature.

PVA has many hydroxyl groups in its structure and can form hydrogen bonds with protein
molecules. These strong interactions restrict the molecular, chain movement and
processability of the blends [12,15,19,20]. Besides that, casein has brittle film structure.
In this sense, to overcome this processability and mechanical limitations plasticizers can
be used. The plasticizers are low molecular weight non-volatile organic compounds. A
plasticizer decreases the second order transition temperature and increases the flexibility
of the materials by increasing the free volume of polymer. Furthermore, suitable amount
plasticizer obstructs the crack formation during the transportation and packaging and
improve the tear resistance and toughness of films. The polarity and molecular weight of
plasticizer affects the efficiency. In addition, compatibility is important factor [10,21,22].
The natural based plasticizers generally used for PVA and CAS films. The most common
plasticizers include different types of polyols (glycerol, poly (ethylene glycol)), sorbitol,
lipids, oligosaccharides and sucrose [22]. Among these, glycerol is efficient and most
widely used plasticizer. Because, it has more hydrophilic nature compared to sorbitol and
also glycerol molecules are small [23-25]. Glycerol (GLY) was used as the plasticizer in
our study. GLY is a high boiling point, water soluble, sweet taste liquid compound [26]. It
is a good choice for the food packaging films due to the non-toxic property.

In this study, we aimed to develop a biodegradable, environmentally friendly material
instead of non-biodegradable petroleum-based materials. The preparation of such a
material will be an important development for both of the environment and living health.
Additionally, it is a great advantage that casein used in the study is obtained from an edible
and renewable source and cheap. This study proposes a new material produced by
traditional method from cheap and renewable raw materials. It is believed that this
material can be used in particular for packaging purposes. It is also important to find the
optimum amount of plasticizer that affects many properties of the material obtained. So
with this motivation, plasticized PVA/CAS films were prepared. Firstly, CAS was plasticized
with different amount of GLY and blended with PVA as the ratio of 20:80. The effects of
different loading levels of GLY in the film properties were investigated.

2. Experimental setup
2.1. Materials

Bovine milk casein powder (C3400) was obtained from Sigma Aldrich. High molecular
weight poly (vinyl alcohol) (degree of hydrolysis = 86.7-88.7 mol%) was supplied from
Kuraray Co. Ltd. as trade name of Kuraray Poval 47-88. Plasticizer glycerol (C3HsOs,
d=1.26kg/1) was supplied from Merck. Triethanolamine (TEA) (Purity: 99%, d= 1.12kg/1)
was also supplied from Merck which was used as solvent for the CAS. The structures of
materials are given in Fig. 1.
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Fig 1. Chemical structures of materials (a) PVA, (b) GLY, (c) CAS

2.2, Preparation of films

The PVA/CAS/GLY films were prepared by solution casting method. Firstly, PVA was
dissolved in distilled water under continuously stirring for 1h at 80 °C to obtain 6 wt.%
solution. CAS and GLY were dissolved in the 5% TEA solution under magnetic stirring for
1h at 35°C to prepare a 6% plasticized CAS solution. The GLY/CAS ratio was changed as
0:100, 10:90, 15:85, 20:80 and 25:75. Then, plasticized CAS which includes different
amount GLY and PVA were blended at the ratio of 20:80 (v/v). The mixed solution was
continuously stirred for 15 min at room temperature to prepare homogeneous solution.
The total solid content was kept at 6 g to obtain uniform film thickness. Finally, the film-
forming solutions were casted onto the polystyrene petri plate (120mm x120mm) and
dried at room conditions for 2 days. The prepared films were denoted according to
different ratios of GLY as shown in Table 1.

Table 1 Formulations of prepared PVA/CAS films

Dosage Total
Plasticized CAS (g) o Number of
Sample 1 PVA solid (g) roduced
Code CAS GLY (in100  Pro¢
(2) specimens
(2 GLY (g) Percentage ml)

GLY-0 1.20 0 0% 4.8 6 3
GLY-10 1.08 0.12 10% 4.8 6 3
GLY-15 1.02 0.18 15% 4.8 6 3
GLY-20 0.96 0.24 20% 4.8 6 3
GLY-25 0.90 0.3 25% 4.8 6 3

2.3 Characterization

The structural analysis of the film was characterized by Fourier transform infrared
spectroscopy (FTIR). A Perkin Elmer Spectrum 100 testing machine was used for the
analysis. Spectra were obtained in the ranging from 650 to 4000 cm-! wavelength.

The tensile test was used to determine the mechanical properties of the films. The test was
applied according to ASTM-D 882 standard by using computer controlled Instron universal
testing machine. The samples were cut into 20 mm x 80 mm rectangle pieces and
measurement were conducted with 10 mm/min crosshead speed. The elongation at break
and tensile strength values was determined.
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The surface hydrophobicity of the films was determined by the sessile-drop method using
Attention Theta Lite contact angle measurement instrument. The distilled water was
dropped on the surface of film and the contact angle was recorded. To obtain the average
contact angle value at least 10 measurements were made for each specimen.

Thermogravimetric analysis (TGA) (Mettler Toledo TGA 1) was conducted to measure the
thermal stability of the PVA/CAS blend films. Measurements was carried out at
temperatures ranging from 25 °C to 600 °C at the heating rate of 20 °C/min under nitrogen
atmosphere. The sample weight was approximately 8-10 mg. The residual mass at 600°C,
the onset temperature (Tonser), the end temperature (Tend) and the temperature at
maximum rate of weight loss (Tmax) were determined.

The water vapor permeability (WVP) of films was determined through the modified
gravimetric method according to the ASTM E96 standard at 35% RH and 23°C.

3. Results and Discussions
3.1. FTIR analysis

The FTIR spectra of the pure and blend films can be seen at Fig. 2. The broad peaks at the
range from 3282-3294 cm! are associated to the stretching of the hydroxyl (OH) groups
of CAS and PVA from the intermolecular and intramolecular hydrogen bonds [18]. The -OH
peak of GLY-0 (unplasticized PVA/CAS) film was shifted higher wavelength region and
intensity of peak decrease on the GLY-25 spectrum. These are the evidence of interactions
between PVA/CAS and GLY. GLY may cause destroyed the crystalline regions of polymers
and random chain rearrangement [26].

GLY-25 1547,02

845,06

2928,25

3294,34 12447 10346
GLY-0 1547,2

T

734,37

PVA 3290,59 14303

29288
3300,54 1728,94

CAS 3300,54 1533 124121 108638

1637,2
4000 3500 3000 2500 2000 1500 1000

Wavelength (cm "]

Fig. 2 FTIR spectra of pure PVA, CAS, GLY-0 and GLY-25

The absorptions bands of CAS at 1637 cm-!indicate the -CONH vibration. Also, 1533 and
1515 cmpeaks are -NH bending vibrations of CAS structure. All these peaks indicate that
the protein network structure of casein. These peaks were also seen in the spectra of
PVA/CAS blend films and shifted high wavelengths. In the pure PVA film spectrum, a broad
band at 3300 cm-! which is attributed to the -OH groups, stretching vibration of C-H was
seen at 2928 cm, carbonyl group (C=0) vibration at 1728 cm-!, C-O stretching vibration
at 1086 cm [15,18,26]. These bands were shifted at high or low wavelengths with
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incorporation of CAS and GLY in the PVA structure. These results attributed to the
interaction between the CAS, GLY and PVA materials.

3.2. Mechanical Properties of Films

The effects of plasticizer GLY amount on the mechanical properties of PVA/CAS film were
evaluated and obtained results were given in Fig. 3-4.

The tensile strength results of blend films are given in Fig. 3 as a function of the amount of
GLY. Tensile strength can be defined as the resistance of the film to the elongation under
the applied stress [25]. The tensile strength value of unplasticized PVA/CAS film (GLY-0)
was measured as 38 MPa. This value decreased by adding plasticizer and the reduction is
about 22% for GLY-10 and GLY-15. As the amount of GLY increased, the tensile strength
decreased. The maximum reduction observed for the GLY-25 as %50. The reduction of
tensile strength is the result of the plasticization effect of GLY which destruct the hydrogen
bonds and crystalline region in the film structure and resulted reduced the film strength
and hardness too. The plasticizing ability of GLY may be the result of asymmetry and
branched OH groups that increase the free volume [10,26,27]. Similar plasticizer effect was
also observed different studies in the literature for the sodium caseinate [25], PVA-GLY
[26], PVA-Sorbitol [27], PVA/SPI film [12] and sodium caseinate/GLY films [9].
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Fig. 3 Tensile strength values of the PVA/CAS films with different GLY amount

The percentage elongation value gives the information about the stretching capacity of the
films. Itis defined as maximum elongation a material can sustain before breaking [28].
Fig. 4 shows the elongation values (%) of the films as a function of GLY amount. The
elongation value of GLY-0 was measured as 207%. With the increase of GLY percentage,
the elongation prominently enhanced. The maximum increment was seen at GLY-15 as
36%. The GLY addition destruct the hydrogen bonds and increase the chain mobility and
also free volume of PVA. And also decreases the interaction between the protein chains
CAS. Eventually, flexibility of the films increases.
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Fig. 4 Elongation values of the PVA/CAS films with different GLY amount

3.3. Contact Angle

The surface hydrophilicity-hydrophobicity characteristics of the films can be directly
determined with the water contact angle (68). The contact angle values of hydrophilic films
are 0<6<90. The hydrophobicity increased with the increasing 6 value [29].
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Fig. 5 The water contact angle values of the films

The water contact angle values of each film surface were illustrated in Fig. 5. All films
exhibited hydrophilic character (6<70). The unplasticized GLY-0 film has lowest 8 value
as 19° and this value increased with the addition of glycerol about % 65-70. The maximum
contact angle was observed for the GLY-20 sample. The hydrophilic groups such as
hydroxyl on the film surface, impurity and roughness of the surface affect the contact angle
of the materials [15] . The increasing of contact angle by increasing GLY content may be
due to the consumption of hydrophilic -OH groups on the film surface. The FTIR spectra of
the samples support this result. A plasticizer decreased the number of free -OH group in
the structure which causes decreasing the hydrogen bonds between the PVA and water
molecules [27]. The contact angle values of PVA/CAS/GLY blends are higher than in the
ported biodegradable film studies on the literature. According to Su et al,, the 8 values of
soy protein isolate/PVA/GLY films are lower than 50°[17].
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3.4. Thermogravimetric Analysis (TGA)

The thermal properties of the samples were determined with TGA. The thermal stability of
the polymers is related with the degradation of macromolecules and low molecular weight
molecules for a specific time and temperature. The stability of these molecules depends on
the interactions like hydrogen, van der Waals bonds, dipole dipole. When the thermal
energy given to the material is higher than the bond energy, chain scission and bond
dissociations of related bonds begin [26,30].

The results of studied samples were given in Fig. 6 and Table 2. As illustrated in Fig. 6 all
samples exhibited multiple degradation. This is explained by the presence of several
molecular weight molecules. The first degradation stage was shown in the range of 110-
121 °C for all samples. This weight loss is assignable to the water or moisture vaporization
from the film structure [18,30] . Biranje et al. reported that the PVA/CAS blends exhibited
initial weight loss about 100 °C due to the hydrophilic structure of the films. Tonset-1 value of
the pure PVA is 113.8 °C which increased with the incorporation of casein in the structure
to 121.6 C. After that Tonser-1 Value of GLY-0 decreased with the increasing content of GLY.
The second weight loss was started at 335 °C for the pure PVA due to the main polymer
chain scission and acetate group decomposition. This is followed by a third smaller weight
loss approximately at 395 °C due to the decomposition of polymer backbone [27]. As for
the GLY-0 blend film Tonser.2 decreased to the 287 °C and this reduction continued with
increasing GLY content according to data listed in Table 2. This may be due to the
plasticizing effect of GLY and the boiling point of GLY is about 290 °C. GLY might have been
eliminated from the film structure about this temperature. On the other hand, the residual
weight of pure PVA was 0.75% and it increased with the addition of casein to the 7.7%.
However, this value decreased by adding GLY. The minimum residual weight at 500 °C was
observed for the GLY-25 film. So, GLY accelerated the degradation of the films.
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Fig. 6 TGA curves of the samples
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Table 2 Thermal properties of the films obtained from TGA

Samples Tonset:1  Tendset-1  Tonset-2 Tendset-2 Tmax Residue s00°c
Q) (0 (Q () C) (wt%)
PVA 113.8 159.9 335.0 504.1 398.3 0.75
GLY-0 121.6 158.3 300.1 508.3 362.6 7.7
GLY-10 120.8 163.1 279.4 496.9 358.4 1.2
GLY-15 114.7 142.7 277.6 502.2 358.8 3.8
GLY-20 113.5 126.3 275.7 495.2 357.6 2.4
GLY-25 110.2 141.8 266.4 479.5 357.6 0.75

3.4. Water Vapor Permeability (WVP)

The WVP is the amount of the transferred vapor between the film and ambient. It is
important property which determines the usage are of the films and product shelf-life of
the packaged material. The water vapor barrier property of the films depends on several
factors such as ambient conditions, thickness, the composition of the structure and
crystallinity of the polymer [3,15]. The hydrophilic-hydrophobic nature of the materials
controls the barrier properties. PVA is the water soluble, hydrophilic polymer and casein
is also hydrophilic structure. Thus, their WVP is higher than the other polymers. The
hydrophilic polar groups interact with the water and causes increased permeability [3,17].

The WVP values of selected films were given in Table 3. The water barrier property of the
pure PVA is higher than CAS. The blend film (GLY-0) exhibited lower WVP than both of
components PVA and CAS as 6.413 x 10-11g m'! s’ Pa'L. This may be due to the interaction
(hydrogen bonds) between the casein and PVA molecules. By contrast, the WVP value of
the PVA-CAS film increased to 7.798 x 10-1 g m! s'1 Pa'! for the GLY-25. It was because
plasticization effect of GLY. The film structure has become more porous and hydrophilic.
Also, the plasticizers increase the free volume of the polymer matrix and protein network
[6]. By increasing free volume and pore size of the film, water molecules can permeate
easily in the structure. Wagh et al. reported that, the WVP values of casein and whey
protein concentrate films increased with the increasing plasticizer content [6].

Table 3 The WVP values of selected films

Samples Water Vapor Permeability

gmis!Pal(x1011)
PVA 13.288
CAS 10.971
GLY-0 6.413
GLY-25 7.798

4. Conclusions

The development of new biodegradable materials instead of petroleum-based products
attracts attention with the increased sensitivity to health and environmental problems.
The milk protein casein and biodegradable synthetic polymer PVA blend films were
produced by using solution casting method in our study. To improve the mechanical
properties of the films glycerol was used as plasticizer at different concentrations.

The FTIR results indicated that there were interactions between the components via
hydrogen bonding due to the hydroxyl groups. The tensile strength decreased by
increasing GLY content. The flexibility of the films developed with the addition of GLY. The
maximum increment was observed for the GLY-15 film as 33%. The TGA gave the
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information about the thermal properties of the films. It was showed that all films
exhibited multiple degradation stage. Firstly, the water in the structure was eliminated
about 110 °C and then polymer chain scissions and degradations occurred. The Tonset-1
value decreased with the increasing content of GLY. Also, it was observed that the GLY
accelerated the degradation of the PVA-CAS films. The contact angle values revealed that
the all films were hydrophilic because of hydrophilic nature of the components. The WVP
property were enhanced by adding GLY. Based on the data obtained from this study, it is
planned to perform cross-linking to these films in order to further improve the properties
of the films.
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1. Introduction

Hydroxyapatite [HA; Ca10(PO4)s(OH)2] is biocompatible and bioactive material. It is
replaced over a period of time. HA and its composites due to their absorption ability and
biocompatibility are of interests for application in medicine [1,2]. However, the mechanical
properties of HA are not good enough to be used as an implant in load-bearing applications.
There have been many investigations aimed at improving the mechanical properties of HA,
like preparing them as composite materials. Addition of second phase ceramic materials
(e.g. alumina, titania) into HA matrix for enhancing strength has been an interesting
research field in recent years. Wollastonite (CaSiOs) generally has been used as a
reinforcement phase to produce composites with improved mechanical properties. It has
also been used as a biomaterial for artificial bones and dental roots because of its good
biocompatibility and bioactivity [3].

Demirkol [4] examined the physical and mechanical properties of hydroxyapatite-
wollastonite-titania composites. Lin [5] et. all. worked on fabrication and characterization
of hydroxyapatite/wollastonite composite bioceramics with controllable properties for
tissue repair. In their study, the hydroxyapatite/wollastonite (Ca10(PO4)s(OH)2/CaSiOs3,
HA/CS with different weight ratio were fabricated. The effects of composite ratio on
sintering behavior, microstructure, mechanical properties, bioactivity, degradability
behavior and the bone marrow mesenchymal stem cells (MSC) response to the composites
were investigated. When the weight ratio of CS increased, the linear shrinkage of the
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ceramics decreased, while the porosity increased. Due to high porosity, mechanical
properties of composite decreased. Harabi et.all. [6] prepared highly resistant wollastonite
bioceramics using local raw materials. In their study, wollastonite-based ceramics were
obtained by solid state reaction. The starting powders were sintered at different
temperatures (850-1250°C) for 2 h. Moreover, different amounts of B203 (0.5-5.0 mass %)
have been added. A relative density of about 97% of the theoretical was reached for
samples sintered at 1050°C for 2 hours, containing 3 and 5 mass % B203. Excellent values
of both three-point flexural strength (343+34 MPa) and micro hardness (4.8 GPa) for
samples containing 5 mass % B203 sintered at 1050°C for 2 h. Besides this a relatively low
mass loss ratio has been measured (1.1 %) for wollastonite samples containing 5 mass %
B203,sintered under the same conditions, after soaking in lactic acid for 9 days. Finally, the
bioactivity of wollastonite by the possibility of formation of apatite on the surface of
wollastonite immersed in simulated body fluid was confirmed.

Glass compositions would be a good idea for doping apatite matrix. Demirkol [7] et. all.
investigated influence of commercial inert glass addition on the mechanical properties of
commercial synthetic hydroxyapatite (CSHA). In their study, CSHA powders were mixed
with 5 and 10 wt.% CIG separately. The powder portions were pressed at 350 MPa
between hardened steel dies. Pressed samples were sintered between 1000°C and 1300°C
for 4 h. The physical and mechanical properties were determined by measuring density,
compression strength, the Vickers microhardness. Structural characterization was carried
out with X-ray diffraction and scanning electron microscopy studies. The highest
mechanical properties and the highest density were obtained in CSHA-5 wt% CIG
composite sintered at 1300°C. Rocha [8] et. all. worked on production and characterization
of hydroxyapatite/niobo phosphate glass scaffold for bone repair. The scaffolds were
produced by hydrothermal deposition of monetite on polyurethane sponge substrates,
further converted to hydroxyapatite in an alkali solution. In their study, after heat
treatment, elimination of the organic sponge provides a three-dimensional (3D) structure.
Niobo-phosphate glasses were added to the heat treated struts and the scaffolds were
sintered. The samples incorporated with niobo phosphate glass showed a higher
densification of the interconnections, when compared to samples without glass. This result
may determine the development of an interface more resistant to the forces subjected on
these scaffolds. Salman [9] et. all. investigated the sintering effects and mechanical
properties of bovine hydroxyapatite-commercial inert glass composites. In their study,
bovine hydroxyapatite containing 5 wt% CIG and 10 wt% CIG biocomposites were
produced at different sintering temperatures, separately. Addition of glass components
into the HA structure in small quantities is very popular for improving sinterability and
improving the mechanical performance of HA biomaterials.

The objective of this study was to produce and to characterize ternary sheep
hydroxyapatite (SHA)-wollastonite (W)-commercial inert glass (CIG) biocomposite for
orthopedical applications.

2. Materials and Methods

In this study, materials and methods part includes experimental studies and
characterization of ternary sheep hydroxyapatite (SHA)-wollastonite (W)-commercial
inert glass (CIG) biocomposite.
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2.1. Experimental Studies

The SHA used in this study was prepared from calcinated sheep bones. Firstly, fresh cut
femurs were deproteinized with NaOH and after reirrigation the samples were subjected
to calcination at 750°C. Then calcinated sheep bones were wet ball milled for 24 hours and
they were dried at the drying oven. Mean particle size of obtained SHA powders were 10
pum. The SHA powder was mixed with 5 wt% wollastonite (W) and 5 wt% commercial inert
glass (CIG) for 4 h together. Used wollastonite was obtained from Eczacibasi Company. The
samples were prepared according to a British Standard for compression tests. The samples
were pressed at 350 MPa because this is a British standard for the preparing mechanical
test samples for bioceramic and ceramic materials (BS 7253) [10]. The powder portions
were pressed at 350 MPa between hardened steel dies. Pressed samples sintered at
different temperatures between 1000°C and 1300°C (with the heating rate of +5°Cmin-1)
for 4 h (Ozmak Furnaces, Istanbul, Turkey). According to my former studies and some
literatures 4 hours sintering time is sufficient and suitable for this kind of biocomposite
materials [7, 9].

2.2. Characterization

Chemical analysis of used commercial inert glass was determined by XRF. Compression
strength, Vickers microhardness, as well as density were measured. The density of
composites was gauged with the Archimedes method. Scanning electron microscopy
(SEM) was used to characterize the microstructure of the composite. Scanning electron
microscopy (SEM) images were taken with scanning electron microscope (FEI
NovaNanoSEM650 attached with EDAX Tridient System). The compression tests were
done with a universal test apparatus, at the crosshead speed of 3 mm/min. Microhardness
values were determined under 200 g load for 15 s (HMV Shimadzu JP).

3. Results and Discussion

Table 1 Chemical Analysis of Used Commercial Inert Glass (CIG).

Oxide wt% Oxide wt%
Si0: 68.80 TiO2 0.017
Na20 17.02 Al203 2.15
Ca0 9.25 Cr203 0.012
MgO 1.77 CuO 0.0036
Fe203 0.084 Others Trace

Table 1 shows the chemical analysis results of used commercial inert glass (CIG). Quartz is
the major element as expected. Used CIG is typically soda lime silica window glass.
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Fig. 1 Particle size distribution of (a) used sheep hydroxyapatite(SHA) (b) used
wollastonite (W) (c) used commercial inert glass (CIG) [11].

Figure 1 exhibits the particle size distribution of used raw materials in this study. Demirkol
[11] determined the mean particle sizes of used raw materials in her former study. The
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mean particle sizes of sheep hydroxyapatite, wollastonite and commercial inert glass are
10, 65 and 68 pm, respectively.

Table 2 Density, compression strength and Vickers microhardness results of SHA-
5W5CIG biocomposite sintered at different temperatures.

Sintering Density (g/cm3) Compression Vickers
Temperature (°C) Strength (MPa) Microhardness
(HV)
1000 2,38+0,05 58+8,10 77+4,81
1100 2,57+0,11 72+5,70 101+5,75
1200 2,73+0,22 81+9,93 181+8,93
1300 2,81+0,15 94+4,88 197+9,97

Table 2 summarizes the experimental results of density, compression strength and the
Vickers microhardness of the samples sintered at different temperatures.

Density, compression strength and Vickers microhardness values increased with
increasing sintering temperatures. As seen as also Bulut [12] et. all.’s study with increasing
sintering temperature, the density of the composite increased while their porosity
decreased. The highest density, compression strength and Vickers microhardness values
were obtained with SHA-5W5CIG biocomposite sintered at 1300°C as 2,81 g/cm3, 94 MPa
and 197 HV, respectively.

(b)

Fig 2. SEM micrographs of SHA-5W5C biocomposite sintered at (a) 1000°C and (b)
1300°C

Figure 2 exhibits the scanning electron microscopy photos of SHA biocomposites
containing 5 wt% wollastonite and 5 wt% commercial inert glass (SHA-5W5C) sintered at
1000 and 1300°C.

When Figure 2a compared with Figure 2b, grain growth occurred and amount of porosity
is also decreased with increasing sintering temperature. The composite sintered at 1300°C
is more compact than the composite sintered at 1000°C.

Bulut [12] et. all investigated biocompatibility of hydroxyapatite-alumina and
hydroxyapatite-zirconia composites including commercial inert glass (CIG) as a ternary
component. In their study, grain growth occurred with increasing sintering temperature
similar to this study.
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Fig 3. Comparison of (a) density (b) compression strength (c) Vickers microhardness
of SHA-5W5C and HA-5W5T composites sintered at different temperatures
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Demirkol [4] investigated physical and mechanical properties of commercial synthetic
hydroxyapatite (CSHA)-wollastonite-titania composites. In her study, CSHA-2.5 wt%
wollastonite-2.5 wt. % titania and CSHA-5 wt% wollastonite-5 wt. % titania (HA-5W5T)
composites prepared and sintered at 1000-1300°C. The physical and mechanical
properties were determined by measuring density, compression strength and Vickers
microhardness (HV). Density, compression strength and Vickers microhardness results of
SHA-5W5C and HA-5W5T biocomposites sintered at different sintering temperature were
compared in Figure 3.

As can be seen in Fig. 3, density, compression strength and Vickers microhardness results
of both composites increased with increasing sintering temperature. Both addition of 5
wt.% titania and 5 wt.% commercial inert glass to hydroxyapatite containing 5 wt.%
wollastonite showed similar compression strength value with the samples sintered at
1300°C. But, Vickers microhardness values of HA-5W5T composites higher than SHA-
5W5C composites for all sintering temperatures. As a result in this study, increasing the
temperature resulted in higher compression strength and density for 5 wt% glass addition
to SHA-W composite similar to Oktar et.all’s study [13].

Titania also improves the biocompatibility properties like commercial inert glass [14].

5. Conclusion

In this experimental study; 5 wt% wollastonite and 5 wt% commercial inert glass were
added to sheep hydroxyapatite together to improve mechanical properties. From the results
of this study, the following conclusions can be drawn:

e Commercial inert glass (CIG) and wollastonite (W) are suitable for making
hydroxyapatite biocomposite with high mechanical properties.

e Density, compression strength and Vickers microhardness values increased with
increasing sintering temperature.

e Porosity level of SHA-5W5C decreased with increasing sintering temperature. The
compact structure was obtained with the biocomposite sintered at 1300°C.

e The highest density, compression strength and Vickers microhardness values were
obtained with SHA-5W5C composite sintered at 1300°C as 2,81 g/cm?, 94 MPa and
197 HV, respectively.

e Addition of 5 wt.% wollastonite and 5 wt.% CIG to sheep hydroxyapatite increases
the density, compression strength and Vickers microhardness values up to 8,49%,
36,23% and 19,39%, respectively.

e Addition of 5 wt% CIG to SHA-5 wt% wollastonite increases the compression
strength value as well as 5 wt% titania addition to HA-5 wt% wollastonite with the
composite sintered at 1300°C.

e Titania addition to hydroxyapatite- wollastonite composite increases the Vickers
microhardness more than commercial inert glass (CIG) addition to hydroxyapatite-
wollastonite composite.

e While wollastonite improves the mechanical properties, commercial inert glass
(CIG) improves both mechanical properties and bioactivity.

e Using natural sources hydroxyapatite (sheep, fish, chicken, bovine bones etc.) is
more economic than the synthetic hydroxyapatite.

e Biocompatibility studies are going on.

e Sheep hydroxyapatite-5W5C composite will be a good candidate for orthopedical
applications after biocompatibility test results.
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1. Introduction

In recent years, laminated composites have been very popular due to their high specific
modulus and high specific strength values in manufacturing industry both in high-class
industries like aerospace applications and middle-class industries such as marine,
automotive and military applications [1, 2]. In addition to these characteristics of the
laminated structures, fiber reinforced composites have a distinctive feature that allows
the structural properties of composite materials such as fiber orientation and stacking
sequence to be adjusted. These distinguishing features provide great possibilities for
designers as an alternative to isotropic materials. Despite all of these superior properties
of these materials, there are critical problems in some specific working conditions. These
special conditions can be classified as overstress, over deflection, resonant vibration, and
buckling. It can be said that the determination of the buckling load capacity of the
laminated composite plate under the in-plane compressive loads is very important for
the design of composite structures [1, 3].
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Laminated composite plates are frequently exposed to uniaxial or biaxial pressures
depending on the site of use. Thin and wide composite plates are exposed to a load in the
compression plane, buckling in the plate is considered a critical failure mode.
Determination of the buckling load capacity under in plane biaxial compression during
the design of composite plates is crucial for understanding the post-buckling behavior
especially in the engineering applications such as aircraft, automotive and ships design.
Many studies have been carried out in the literature to solve this problem [1, 3]. For this
purpose, Chao et al. [4] studied the optimization of buckling load under uniaxial
compression conditions. Erdal and Sonmez [5] determined optimum stacking sequence
design of composite plate to maximize critical buckling load. Aymerich and Serra [6]
maximized buckling load capacity of laminated composite plate under strength, ply-
contiguity and symmetric-balance constraints. Deveci et al. [7] obtained optimum integer
and discrete stacking sequences of laminated composite plates for maximum buckling
load capacity considering Puck fiber and inter-fiber failure (IFF) criteria as nonlinear
constraints. Many stochastic optimization methods have been used to optimize buckling
behavior. Kim and Lee [8] reported that Genetic Algorithms (GA), Generalized Pattern
Search Algorithm (GPSA), Differential Evolution (DE) and Simulated Annealing (SA)
algorithms are suitable for the solution of buckling problems. Karakaya and Soykasap [9]
used the GA method to maximize the critical buckling load factor of composite plates and
designed optimum ones with conventional fiber angles.

In the literature, studies on optimizing the stacking sequence of laminate composites
have been carried out with GPSA [9], SA [10], Scatter Search [5], Tabu Search [11], Ant
Colony Optimization (ACO) [6, 12] and GA, SA [13] algorithms in order to maximize the
buckling load factor.

In the present study, in order to maximize critical buckling load factor (objecitive
function), single objective optimization of 64 layered symmetric-balance graphite/epoxy
laminated composite plate is considered by utilizing modified version of two stochastic
optimization methods: Differential Evolution and Simulated Annealing. Fiber orientations
are selected as design variables. The effect of aspect ratio and loading ratios on critical
buckling load are also investigated.

2. Mechanical Analysis

The used laminated composite plate is simply supported on four edge and specially
orthotropic. The geometric dimension and fiber configuration of plate are length a, width
b, total thickness h and fiber orientation angle 6 in the x, y, z and 1 directions, respectively
(Fig 1). The composite plate is subjected to biaxial in-plane loads per unit length Ny and
Ny. The material of the composite laminated plate is assumed to be homogeneous and the
layers have equal thickness. The governing equation of the buckling process based on the
classical laminated plate theory for the described symmetric laminate is given as follow
[14]

o'w o'w o*w o*w o*w

o'w
Ny oy &

Dlly-l—z(DlZ +2D66)8X2—ayz+ DZZWZJ’ Nxa?-l— NyW‘F
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Fig. 1 Thin laminated composite plate subject to in-plane loading

where w is the deflection in the z direction and Dj; is the bending stiffness as

wix,y)=> D A sm—sm n;;y (2)
m=1 n=1
N
D, =32 ). 0 rar ij=126 ©)
k=1~

(k)

where N is the total number of plies, k is the ply number and (jij is the transformed

reduced stiffness of the kwm layer
The boundary conditions for the simply supported plate are given as

w=0 at x=0,w=0 at y=0

4
M,=0atx=0,M =0aty=0 )
where, the moment resultants are defined as:
h/2
(M, M,)= I(ax,ay)dz (5)
—h/2

where, o, o, are the normal stress resultants in x and y directions.

For specially orthotropic laminate, the fiber configurations consist of only 0° and 90° and
in this case, the element of stiffness matrix: A16=A26=B16=B26=D16=D26=0. Nemeth [15] has
given the detail explanation about the usage of specially orthotropic case in composite
laminates for buckling problems. If the laminated composite is not specially orthotropic,
the bending-twisting terms D1s and Dz¢ will be neglected only when the non-dimensional
parameters fulfill the conditions.

y<02,5<02 6)
where,
=D, (D,’D,,) ™"
5=D,(D,D,," )™ )
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With the substitution of Eq. (2) into Eq. (1) under Eqg. (4) boundary condition, and solving
eigen function problem, buckling load factor expression can be obtained as [14]

o (1) 20z 2 (1) 0. (2)
[T

where, m and n are integer numbers corresponding to different modes shapes; 4, is

A =

buckling load factor; Nx and N, are applied loads. Buckling loads are identified as Nw=Nx
A and Ny»=N, A, . Critical load factor A is the lowest buckling load factor, and it can be

found by using appropriate combinations of m and n. For the present problem, m and n
are taken to be 1 or 2, and hence the smallest of 4, (1,1), 4, (1,2), 4, (21), 4, (2,2)

yields A, . Also, the critical load equals to 4, when unit loads are applied.

3. Optimization Algorithms

Optimization techniques can be divided into two main categorize as traditional and non-
traditional. One of the traditional optimization techniques Lagrange Multipliers is used to
find the optimum solution of only continuous and differentiable functions. Due to the fact
that the design problems of the composites have discrete search spaces, the
nontraditional optimization techniques can be used. In these cases, the stochastic
optimization methods such as Genetic Algorithms (GA), Generalized Pattern Search
Alogorithm (GPSA), Ant Colony Optimization (ACO), Differential Evolution (DE) and
Simulated Annealing (SA) can be utilized. A detail explanation about stochastic
optimization methods can be found in Rao [16] and in Gurdal et al. [17] for composite
design problems and various applications. In this study, DE and SA methods are utilized
to solve the defined laminated composite optimizations problems. Related parameters of
the algorithms used in adjusting the options correctly are listed in Tables 1.

3.1 Differential Evolution Method

Differential Evolution is one of the stochastic optimization methods and a preferable to
use in complex structured composite design problems such as a finding of critical
buckling load, estimation of the natural frequency of the system and acquire the
lightweight design. Differential Evolution algorithm contains the four main stages:
initialization, mutation, crossover and selection as shown in Fig. 2. To find the optimum
result, the effective parameters of the algorithm: scaling factor, crossover and population
size. For more information about DE, can be referred to Storn and Price [18].
A population of solutions is handled instead of a single solution at each iteration in DE
algorithm and also this algorithm is computationally expensive. Even if DE Algorithm is
not guaranteed to find the global optima for all types of optimization problems, in some
studies it is shown that it is relatively robust and efficient in finding global optimum
compared to the other search techniques. In he Mathematica implementation of DE
algorithm, it considers a population of r points, { 81, 62,..., },..., 6:}. It is important that r
should be much greater than the number of design variables. At the iteration proses,
firstly, the algorithm generates a new population that is produced by selecting random
points. By introducing the real scailing factor as “rsf” and defining 6 s = O w+rsf (6 u- 0+), ith
iteration points can be obtained from the previous population. Secondly, a new point 6 new
is established by selecting j* coordinate from 6 .y with probability P. In Mathematica
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software, P can be adjusted by the option "CrossProbability". In that step, if the
constraint f(6 new)<f(61) is valid then 6 is taken instead of 6 new in the population. Stoping
criteria for this process is that

1) if the difference between the optimum output values at the new and old
populations,
(ii) the difference between two (the new and old) points the new best points

are less than the tolerances provided by the parameters which specifies
how many effective digits of accuracy and precision should be sought in the
final result.

Imhal‘  E— Mutation —»  Crossover ——® Selection
Solution

Final
Solution

No

Convergence ?

Fig. 2 Flowchart of the DE algorithm [19]
3.2 Simulated annealing

SA is the most popular search method based on the physical process of the annealing
related to a metal object which is heated to a high temperature and permit to cool slowly.
During the melting process, the material becomes a tougher material by means of the
atomic structure settle to a lower energy state. In the optimization problems, SA
algorithm can arrive at a better global optimum thanks to the annealing process allows
the structure to get away from a local minimum. It is possible to solve mixed-integer,
discrete, or continuous optimization problems by using SA. The main advantage related
to SA is to be a talented algorithm for these problems [20].

Mathematica implementation of SA can be briefly explained as follows:

Firstly, an initial guess is introduced as i, Secondly, a new point, 8 new, is produced in the
neighborhood of the current point, 6 at each iteration so far, 8 vest, is also tracked. The
main idea is here that the radius of the neighborhood decreases with the iteration. If

(6 new) <=f(BO best), O new replaces Ovest and 6. Otherwise, O new replaces 6 with a probability.

The distance of the new point from the current point is based on Boltzmann'’s probability
distribution e2GA5f0),

In this distribution “B” is the function defined by Boltzmann Exponent, i is the current
iteration, Af is the change in the fitness function value, and fO represents the value of the

—Aflog(i+1)

objective function from the (i-1)* iteration. B is if it is not introduced by the

user. Instead of only one initial guess the Mathematica command “Simulated Annealing”
uses two or more starting points. The number of initial points is given by the option
Search Points, and is calculated as min (2 r, 50), where r is the number of variables.

For each starting point, this is repeated until the maximum number of iterations is
reached, the method converges to a point, or the method stays at the same point
consecutively for the number of iterations given by Level Iterations.
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Fig. 3 Flowchart of the SA algorithm [21]

Table 1 Two optimization methods options

Options Name DE SA
Cross Over fractions 0.5 -
Random Seed 0 0
Scaling Factor 0.6 -
Tolerance 0.001 0.001
Mutation Fraction 0.1 -
Level Iterations - 50
Perturbation Scale - 1.0
Search Point - 3000

4. Problem Definition

In this study, the optimum stacking sequence designs of 64 layered symmetric-balance
graphite/epoxy laminated composite plates have been investigated. Single-objective
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optimization formulation has been used for mathematical verification of model problems.
The critical buckling load factor (A.,) is considered as the objective function. Fiber
orientation angles of laminated composite plate are taken as discrete design variables.
The optimization has been conducted for various aspect ratios (a/b) and in plane biaxial
compressive loading ratios (Nx/Ny) using Differential Evolution (DE) and Simulated
Annealing (SA) stochastic algorithms. In the design process, thickness of each layer is
0.127 mm and N, has been taken as 1 N/m. N, has been calculated from the load ratio
(Nx/N,). In Tables 2 and 3, detailed descriptions of material properties and load cases
are introduced.

Table 2 The elastic properties of graphite/epoxy layers [9]

Parameters Graphite/Epoxy
E1, Longitudinal Modulus (MPa) 127600
Ez, Transverse Modulus (MPa) 13000
G12, In-plane Shear Modulus (MPa) 6400
v1z, Poisson’s ratio 0.3
t, Ply thickness (m) 0.127x10-3

Table 3 Composite plate load cases

Load case a (m) b (m) Nx (N/m) Ny (N/m)
LC1 0.508 0.254 1 1

LC2 0.508 0.508 1 1

LC3 0.508 1.016 1 1

LC4 0.508 0.254 1 0.5

LC5 0.508 0.508 1 0.5

LC6 0.508 1.016 1 0.5

LC7 0.508 0.254 1 2

LC8 0.508 0.508 1 2

LC9 0.508 1.016 1 2

In the following part, descriptions of the model problems (problems 1 and 3) are

introduced.

Problem 1

The problem given in Karakaya and Soykasap [9] and Deveci [22] is selected as
benchmark. Stacking sequence design and optimization of 64 layered symmetric-balance
graphite/epoxy composites are considered so as to maximize critical buckling load. The
considered laminated composite plate is subjected to Nx= 1 N/m, Ny=1 N/m (LC1)and Nx=
1 N/m, Ny=2 N/m (LC9) in-plane biaxial compressive loading. Fiber orientation angles of
the layers are considered in the range of 0 and 90° with 45° increments for the aspect
ratio a/b=2 (LC1) and a/b=0.5 (LC9). The stochastic optimization methods DE, SA are
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utilized and the performances of these methods are compared with those of Generalized
Pattern Search Algorithm (GPSA) by Karakaya and Soykasap [9] and Genetic Algoritm
(GA) by Karakaya and Soykasap [9] and Deveci [22] in terms of critical buckling load.

Problem 2

Organization of the problem is similar to problem 1 such that single objective
optimization in order to maximize critical buckling load comprising aspect ratios a/b=2
(LC1) and a/b=0.5 (LC9) of the laminated composite plates for biaxial compressive
loading Nx= 1 N/m, Ny=1 N/m (LC1) and Nx= 1 N/m, Ny=2 N/m (LC9). However, in order
to see the effect of discrete increments of fiber orientation angle on the critical buckling
load, 1°, 5°, 15° 30° and 45° fiber angle increments are considered. The stochastic
optimization methods DE and SA are utilized.

Problem 3

The aim of the optimization problem is to determine the effect of the aspect ratios a/b
and in-plane biaxial compressive loading ratios Nx/Ny for all the cases (LC1-LC9)on
critical buckling load. Fiber orientation angles of the layers are considered in the range of
0 and 90° with 5° increments. The stochastic optimization method DE is used for the
optimization process.

5. Results and Discussions

In this section, the results of buckling problems (1-3) are given based on DE and SA
methods. Table 4 shows the result of the Problem 1. This problem is solved to validate
the proposed Differential Evolution and Simulated Annealing optimization algorithms. It
is shown that DE and SA exhibit comparable performance in terms of critical buckling
load when compared Generalized Pattern Search Algorithm (GPSA) by Karakaya and
Soykasap [9] and Genetic Algorithm (GA) by Karakaya and Soykasap [9] and Deveci [22].
As it is seen from the results given in the Table 4 that stochastic algorithms (DE and SA)
work correctly thus they have a potential to obtain reliable results for the Problems 2 and
3.

Table 4 Optimum stacking sequence designs for load cases 1 and 9 under 45° increment
using DE and SA

Loading  Stacking sequence (DE) Stacking sequence (SA)
cases
LC1  [908/%452/904/%453/+455]s [904/+45/906/%45/904/+452/904/%45/904]s

LCO9  [#454/08/04/+453/02/+452]s [06/906/902/+45/06/+453/902/02]s

Table 4 cont. Optimum stacking sequence designs for load cases 1 and 9 under 45°
increment using DE and SA

Loading cases A [9] Ao [22] Acb ( Present DE) Acb( Present SA)
LC1 695,781.3 695,663.1 695,822.2 695,822.2
LC9 132,243.5 132,237.8 132,244.6 132,232.9
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Table 5 shows optimum stacking sequence designs of 64-layered symmetric-balance
graphite/epoxy laminated composites for maximum critical buckling load utilizing the
proposed DE algorithm. The increments of fiber orientation angles of the plies are
selected as 1°, 5°, 15°, 30° and 45°. For LC1, the buckling load values of graphite/epoxy
composite vary in the range of 695,822.2 and 722,978.4 N/m. The lowest buckling load
value (695,822.2) of graphite/epoxy is gained for the configuration [90s/+452/904/+45s]s
while the highest value of that (722,978.4) is obtained for the configuration[(+72/
+73),/+72,/+74/+73/+72/ +71/+72/+71/+74/+81/+66/90,], . For the case LC9,
the buckling load values of graphite/epoxy composite vary in the range of 132,244.6 and
140,664.3 N/m. The lowest buckling load value (132,244.6) of graphite/epoxy is
obtained for [(+45/0,),/0,/+455/0,/4+45,];  while the highest value of that
(140,664.3) is obtained for the configuration [+275/+28/+27/+26/+27/+28/+27/
+26/+30/+29/+23/+27],.

The same problem (Problem 2) have also been solved by SA and the maximum critical
buckling load values corresponding to stacking sequences are given in Table 6. For the
case LC1, the buckling load values of graphite/epoxy composite vary between 695,822.2
and 721,500.6 N/m. Unlike DE method, the maximum critical buckling load value of
graphite/epoxy composite is obtained for 5° fiber angle increment by SA. Even though
the stacking sequences design of laminated composite under symmetric balance
constraint based on DE and SA are different for 30° and 45° fiber angle increments, the
maximum critical buckling load values are the same. When it is compared for 1°, 5° and
15° fiber angle increments, both optimum stacking sequence and critical buckling load
have been found as distinct and DE gives higher critical buckling load values than that of
SA.

Table 5 Optimum stacking sequence designs for load cases 1 and 9 under different fiber
orientation increments using DE (D1, D2, D3, D4 and D5, correspond to 1°, 5°, 15°, 30°
and 45° increments, respectively).

Loading Cases LC1 LC9

Stacking [(£72/+73),/+72,/+74/173/ [+275/4+28/+27/+26/+27/+28/

Sequence (D1)  +72/+71/+72/+71/+74/481/ +27/4+26/+30/+29/+23/+27];
166/90,];

Stacking [+70/+75,/+70/+£75/+£70,/ [+25,/+30,/+25/(+25/+30)3/

Sequence (D2)  +75,/470,/+75;/+80/450];  +30/+25,/+30/0,],

Stacking [£756/1£60/175/+603/£75/ [+30,/+15/+30/(£30/£15),/
Sequence (D3)  90g]; +15/430,/+15,/+30];
Stacking [90,/(90,/460),/1603/(90,/ [£305/0,/£30,/0,/%30,/0,/
Sequence (D4)  +60),], +305],

Stacking [905/£45,/90,/%45¢] [(£45/02)4/04/1453/0,/+45,]s

Sequence (D5)
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Table 5 cont. Optimum stacking sequence designs for load cases 1 and 9 under different
fiber orientation increments using DE (D1, D 2, D3, D4 and D5, correspond to 1°, 5°, 15°,
30° and 45° increments, respectively).

Loading Cases Ao (D1) Ab(D2) Acb(D3) Acb(D4) Ac(D5)
LC1 722,978.4 722,659.5 720,153.0 714,584.3 695,822.2
LC9 140,664.3 140,510.2 139,954.5 139,660.0 132,244.6

Table 6 Optimum stacking sequence designs for load cases 1 and 9 under different fiber
orientation increments using SA. (D1, D 2, D3, D4, D5, corresponds to 1°, 5°, 15°, 30°, 45°
increments, respectively)

Loading Cases LC1 LC9

Stacking [£69/+732/902/+72/+78/+65/  [+29/+27/+292/+28/+27:/+20/+5/

Sequence(D1) +82/+62/+65/+67/+71/+76/ +33/+10/+30/+44/+46/ +63/+12]s
902/+62/+63]s

Stacking [£702/+75/+80/+75/+70/+80/ [+25/+35/+20/+35/+30/+253/+20

Sequence(D2)  +65/+80/+60/+65/+75/+85/ /£25/+10/+30/+35/+20/
+80/+60/+50] +15/+25]s

Stacking [£754/902/£75/+603/902/+603  [+305/+15/+30/+152/+302/ +152/

Sequence(D3)  /+752/+60]s 02/£75/02]s

Stacking [904/£602/906/£604/902/+603  [+306/04/%£302/02/£302/02/+30/+6

Sequence(D4) / 902]s /0]s

Stacking [904/£45/906/+45/904/%452/ [06/906/902/+45/06/+453/902/02]s

Sequence(D5) 904/+45/904]s

Table 6 cont. Optimum stacking sequence designs for load cases 1 and 9 under different
fiber orientation increments using SA. (D1, D 2, D3, D4, D5, corresponds to 1°, 5°, 15°, 30°,
45° increments, respectively)

Loading Cases Ao (D1) Av(D2) Av(D3) An(D4) A (D5)
LC1 721,044.0 721,500.6 719,280.4 714,584.3 695,822.2
LC9 140,013.0 139,691.0 139,734.4  139,649.0 132,232.9

In order to ensure convergence performances of the proposed algorithms, two
convergence graphs have been performed and presented in Fig. 4. It is seen that both of
the algorithms show good performance to reach optimum fitness values.
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Fig. 4 The convergence graphs based on DE and SA for LC9

Figure 5 shows the effect of loading cases including different aspect ratios a/b= 0.5, 1, 2
and loading ratios Nx/Ny=0.5, 1 and 2 on critical buckling load (Problem 3). According to
results, it can be stated that (i) Load case 4 (a/b = 2; Nx/Ny =2) gives the highest critical
buckling load, (ii) Load case 9 (a/b =0.5; Nx/Ny =0.5) gives the lowest critical buckling
load, (iii) Load case 3, 6 and 8 give the approximately the same result.

1200000 x
1000000 A
800000
600000 q\\ // \\
400000
200000 -y \/\H
0 T T T T T T T T 1
LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8 LCY
Load Case

Critical buckling load
(N/m)

Fig. 5 The effect of load case on critical buckling load (Problem 3)

Table 7 shows the optimum stacking sequence designs of 64-layered symmetric-balance
graphite/epoxy laminated composites for maximum critical buckling load utilizing the
proposed DE algorithm (Problem 3). The increments of fiber orientation angles of the
plies are selected as 5°. According to results, the stacking sequence configurations of
laminated composite plates are obtained as [+451¢]sfor LC2, LC5 and LC8 cases. It is mean
that Although biaxial compressive loading ratios (Nx/Ny) are distinct for Square
composite plates (a/b=1, shown in Table 3 for LC2, LC5 and LC8), stacking sequence
configurations do not change.
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Table 7 Optimum stacking sequence designs for load cases 1 - 9 under 5-degree fiber
orientation increments using DE.

Loading Stacking Sequence Ach
Cases
LC1 [£70/+752/+70/+75/+702/+752/+702/+753/+80/50]s 722,659.5
LC2 [£4516]s 242,844.4
LC3 [£202/+155/4204/%15/+20/+15/+25/0]s 180,667.2
LC4 [£60/%65/+60/+654/+602/+653/60/+652/+60]s 1,124,072.3
LC5 [£4516]s 323,7925
LC6 [£52/+102/%5/+102/%5/+10/04/£52/06]s 208,273.4
LC7 [902/+85/+80/+852/+80/+853/+80/902/+853/+80/902]s  416,550.6
LC8 [£4516]s 161,896.2
LCY [£252/+302/+254/+304/+252/%30/02]s 140,510.2

6. Conclusion

In this study, the optimum stacking sequence designs of 64 layered symmetric-balance
graphite/epoxy laminated composite plates have been investigated using Differential
Evolution (DE) and Simulated Annealing (SA) algorithms. For this reason, three
optimization problems have been introduced to see the effect of different load cases
(LC1-LC9) correspond to aspect ratios a/b and loading ratios Nx/Ny on critical buckling
load. Also the effect of fiber orientation angle increments (1°, 5° 15° 30° 45°) on
buckling load are investigated. It can be concluded from the results that

e The stochastic optimization algorithms DE and SA have been performed for the
same laminated composite design problems (Problem1 and Problem 2),
successfully. Thus, this attempt has improved reliability and robustness of the
process and also provided to avoid inherent scattering of the proposed
algorithms. According to given convergence graphs, it is seen that both of the
algorithms show good performance to reach optimum fitness values.

e The results based on stochastic optimization algorithms DE and SA have been
compared to results given in Karakaya and Soykasap [9] by GA and GPSA
methods and Deveci [22] by GA method for the same laminated composite
structure design and optimization problems. Regarding the results, DE and SA
show comparable performance to obtain the maximum critical buckling load.

e The critical buckling load performance of graphite/epoxy laminated composite
obtained using conventional design variable (45° increment) is approximately
3.75% and 5.5% lower than that obtained utilizing 1° increment design variable
for LC1 and LC9, respectively. These results are also valid for both Table 5 and
Table 6.

e LC4 (a/b=2; Nx/Ny=2) gives the highest critical buckling load and LC 9 (a/b=0.5;
Nx/Ny=0.5) gives the lowest critical buckling load for 64 layered graphite/epoxy
composite.
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In this study, the main objective is to minimize the failure index of a cylindrical
laminated composite hydrogen storage tank under internal pressure. The first
step is to obtain the distribution of stress components based on Classical
Laminated Plate Theory (CLPT). The second is to evaluate the burst pressure of
the tank according to three different first ply failure criteria and then to
compare the results with the experimental and numerical ones from literature.
In the final part of the study, the best possible combination of winding angles,
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stacking sequences and thicknesses of laminates satisfying minimum possible
T stress concentration will be obtained for different Carbon/Epoxy materials by
Optimization; R . .
Composite pressure Differential Evolution Method. The stress components and, the burst pressures
vessfl' P reached according to Hashin-Rotem, Maximum Stress, and Tsai-Wu first-ply

failure criteria, have been complied with experimental and numerical results in
the literature for Type III pressure vessels. Manufacturable Type-1Il tank
designs have been proposed satisfying the 35 MPa burst pressure for different
Carbon/Epoxy materials.

Failure analysis;
Stacking Sequences
Design
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1. Introduction

The world's energy requirement is largely derived from fossil resources. Today, an
important part of it is fulfill with the use of sources such as nuclear, solar, wind,
geothermal, biomass, glacier energies as alternatives to fossil resources. It should also be
noted that the use of fossil fuels is subject to restrictions depending on environmental
legislation mandates. For this reason, the use of alternative energy sources is increasing
in importance and it can be said that the most important alternative energy source of the
21st century is hydrogen energy technology with high energy efficiency in low volumes
[1]. Hydrogen energy technology is used in various fields such as gas plants, power
plants, aviation, chemical and automotive industries. However, the most restrictive factor
in the use of these energy technologies is the storage of hydrogen gas [2]. The design of
composite tanks to store hydrogen gas in both high volumes and high pressures has been
intensively studied in recent years [3]. For this purpose, the use of low volume and
lightweight components is the most important design parameter especially in automotive
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and aerospace industrial applications, hence, pressure vessels used in this area are
required to have the prescribed characteristics [4].

Many researchers are investigating the design and optimization of lightweight composite
pressure vessels, recently. In the literature, the design and optimization studies of the
strength of composite hydrogen storage tanks have focused on laminate stacking
sequence. It should be noted that the strengths of these vessels are directly related to the
volumes of the fibers[5, 6]. The literature is examined, it can be seen that many studies
have been made on the analysis of composite hydrogen storage tanks. For example, in
Messager et al. [7], an analytical model has been built on the stacking sequence of the
composite cylinders and optimization studies with Genetic Algorithm (GA) have been
carried out. It has been shown that the optimization results are compatible with the
experimental ones. However, they have not studied optimal design works for complex
filamentary structures. Parnas and Katirci [8] obtained optimum winding angles in the
production of composite pressure vessels using the Classical Laminated Plate and the
Tsai-Wu failure theories. They found that the optimum fiber orientation angles were
52.1° and 54.1° according to the material type. Tabakov [9] performed a stochastic
optimization study using GA to calculate the three-dimensional stress-strain in the
cylindrical part of the composite pressure vessel. Exact elasticity solutions have been
solved by considering the closed ends of the cylindrical shell into account. Richard and
Perreux [10] have studied the problems of internal pressure single-sided composite pipe
optimization. They investigated the behavior of e-glass, carbon and kevlar fiber
supported composites and determined three angles 53.2°, 54.3° and 54.9°as optimum
ones. Lin et al. [11] have performed optimization of the angles and thickness of composite
plates using GA and Simplified Conjugate Gradient algorithms. They obtained similar
results with both algorithms and determined composite layer thickness and winding
angle as 1.6 mm and 36.54 °(at 489.941 MPa), respectively. Han and Chang [12]
performed a failure analysis of a Type-III pressure vessels according to Hashin failure
criterion and investigated stress distribution and damage conditions. They have carried
out both experimental and numerical studies using carbon epoxy and have achieved
coherent results. The overall structure was safe under the service conditions. Park et al.
[13] studied the crack behavior in a type III high-pressure hydrogen vessel using a ply
modeling method and the extended finite element method. The weak point of the
composite layers has been observed in the transverse direction at the helical winding
angle of 35° In the boundary of the cylinder and dome, 35° winding angle may be
important to design safety hydrogen pressure vessel.

Many studies have been also carried out on optimization of composite laminates.
Nikbakta et al. [14] have achieved a review study on optimization problems of structures
to improve mechanical or thermal behavior of the composites such as buckling
resistance, stiffness and strength along with reducing weight, cost and stress under
various types of loadings. Roque and Martins [15] carried out a study on staking
sequences for maximization of the natural frequency of symmetric and asymmetric
laminates by using Differential Evolution (DE). Chakraborty and Dutta [16] have studied
the optimization of the weights of 3-component laminated composites with GA, which is a
random search method. Jing et al. [17] investigated the composite critical buckling using
with multi-criteria objective function. Similarly, Irisarri et al. [18] studied multi-objective
stacking sequence optimization for composite plates. They concluded that non-
traditional ply orientations may lead to better designs than classical ones. Zu et al. [19]
found the best non-geodesic trajectory with GA for circular toroidal vessels. Francesco et
al. [20] have worked with GA to study composite pressure vessels overwrapping a
metallic liner (type III COPV) under internal pressure. They have reached the conclusion
that the optimal design is first-ply or last-ply failure design objective. However, the
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authors did not focus on optimum stacking sequence, which is the main motivation and
contribution of the current study.

In the present study, the main purpose is to see effect of the different carbon/epoxy
material type on optimum stacking sequences design of Type III pressure vessel. The first
step is to gain the distribution of stress components based on Classical Laminated Plate
Theory (CLPT). The second step is to determine the burst pressure of the Type III
pressure vessel by using Tsai-Wu failure criterion and then to compare the result with
analytical, experimental and numerical ones from literature. In the final part of the study,
for different carbon/epoxy materials, the best possible combination of winding, stacking
sequences and thicknesses of laminates satisfying minimum possible stress
concentration have been obtained by Modified Differential Evolution (MDE) stochastic
optimization method.

2. Stress Analysis of the Tank

Cylindrical part of the Type III tank is composed of isotropic metallic liner and
orthotropic composite layers. The laminated composite pressure vessel having radius of

“R” is subjected to the internal pressure “p”. The force resultants, calculated via
considerations of static equilibrium can be expressed as follow [21]:
1

N, =-pR N, = pR Ny, =0 €Y
For Type III pressure vessel, strain for the composite and metallic liner is assumed to be
the same and also only membrane effects are considered. The stress in metallic liner and
composite is related to the stiffness of each material and in the Type III analysis, the
stiffness of the metallic liner and composite layer are considered together within the
calculation of [A] extensional stiffness matrix.

ij = 2rea[(Qi)]ie (hie — hie—q) +[QL] £, (2)

where, hi is the distance from the middle plane to the bottom surface of the ke layer,
(Qij)x transformed reduced stiffness of the kw layer. Q, is stifness matrix of the metallic
liner and ¢, is the thickness of the liner.

A

By using matrix [A], the strains occurred by the loading in the cylinder, can be calculated
as follow [22]:

AI -1
]Xy

After the obtaining strains for laminates, and using stress-strain relationships, stress at
the liner and each lamina can be written as [22]:

HEH
)-orfl

2.1 Failure Analysis

(3)
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Failure is inability of the structure against to the applied loads. The main reasons of
failure can be listed as follows: (i) insufficient of the design procedure, (ii) wrong
material choice, (iii) inadequate production facilities and (iv) diversity of service
conditions. Many researchers have proposed the formulations for failure predictions of
isotropic and anisotropic materials [23-25]. The number of the approaches and
important progress clearly demonstrated that there is not any criterion universally
accepted by designers as enough under various load conditions. In the present study,
three failure criteria chosen from interactive, partial interactive and non-interactive
failure approaches have been used for composite material design. Maximum Shear Strain
Energy (Von- Mises) theory has been used for isotropic liner.

Relationships between the stress components and Von-Mises, Tsai-Wu, Hashin-Rotem
and Maximum Stress failure theories can be defined as in below:

Maximum shear strain energy (Von-Mises):

Oyielq is the yield stress in simple tension, the theory considers the principle stresses
0, = 0, = 03 and point out that failure when the following equality is valid [26].

(01— 05)* + (0, — 03)* + (03 — 0,)* = Zo—jield (6)
Tsai-Wu Tensor failure criterion:
According to the theory assumption, failure occurs when the following expression is valid
Fi0y + Fy0, + F1,0% + F5,0% + Fget2, + 2 Fj,000, = 1 (7N

where, F12 can be determined with only a biaxial tension test. For calculating the value of
Fi2 an empirical expression is suggested as [27]
1 1 1
=—+ —F— , Fii =————F— 8
CIARCOm 12 ®)

B (U{)ult(alc)ult
1 1 1
Fy=——t —— , Fpp = — 9

2= D T T 2 = T oD ©)

1 1
F, = _;\/Fanz ’ Foe =——— (10)

(Tll:z)ult

F

Maximum Stress criterion:

The maximum stress first ply failure criterion based on the assumption that failure is
occurred if the gy, g,, and 7;, reach the corresponding ultimate strength parameters of
materials. There are three possible modes of failure comparing the stress components of
the ply with tensile, compression and shear ultimate values.[27]

01 < (0w 02 < (07 e if 0,>0,0,>0 (11)
loy| < (Uf)ult ol < (ch)ult if 0,<0,0,<0 (12)
[T32] < (T12)ure (13)

Hashin - Rotem criterion:

This criterion involves two failure mechanisms which to be fiber failure and matrix
failure, distinguishing between tension and compression [28].

Fiber failure in tension (o; > 0); oy = (67) ¢ (14

Fiber failure in compression: (o; < 0); —0; = (69) e (15)
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2 2
. . . . - T
Matrix failure in tension: (g, > 0); <(”2T)1uzz) + ((lel)zulc) =1 (16)
0; 2 T 2
. . . Lo . 2 12 —
Matrix failure in tension: (g, < 0)’((”5)1;1:) + ((le)ult) 1 a7n

3. Optimization Algorithms
Differential Evolution Method

As a stochastic optimization method, Differential Evolution (DE) enables to find
alternative solution for composite design. In DE, there are four main stages: initialization,
mutation, crossover, and selection. Scaling factor, crossover, and population size are
three parameters checked by the algorithm, also. A population of solutions instead of a
single solution at each of iteration is considered in Differential Evolution method. DE is
effective in attaining global optimum avoiding local minimum of the objective function
[29, 30]. However, it is computationally expensive. In the literature, DE has been
investigated to design of fiber composite structures from simple rectangular plates to
complex geometries [31].

4. Problem Definition

In this study, there are three different Type III Aluminum Carbon/Epoxy pressure vessel
problems which have been solved; Problem 1 and 2 are verification cases and Problem 3
is an optimization problem which proposes optimum design satisfying the mentioned
burst pressure. In the first step, for verification problems 1 and 2, stress components and
failure index values based on Tsai-Wu, Hashin-Rotem and Maximum Stress failure
theories only (which is related with burst pressure of the tank) have been calculated and
then compared to experimental and Finite Element Analysis results from the literature
[32, 33]. In the prediction of burst pressure and stacking optimization problems, it is
focused on cylindrical parts of the pressure vessels. In these problems, Type III tanks are
considered as composed of composite plies and aluminum liner (see Figure 1).

The second step is design and optimization part: overall procedures for different
optimization cases can be summarized as

e (lose-end cylindrical section of the Type III tanks have been only considered
subjected to high internal pressure “ P ”.

e Itisconsidered to be constant over the length of the cylinder for inner radius (R)
thicknesses of the composite layers (tc) and aluminum liner (tiiner).

e For the Problem 3, three different failure criteria to be interactive, partial-
interactive and non-interactive: Tsai-Wu, Hashin-Rotem and Maximum Stress
have been used as constraints.

e All optimization cases of composite cylindrical tanks have been assumed to be
single objective optimization problem.

o Fiber orientation angles 6,,6,, 85, ..., 8,, and number of layers are selected as the
design variables.

Problem 1:
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In the Problem 1, the stress and failure indexes of Tsai-Wu and Maximum Stress failure
criteria have been computed for Type III Aluminum-Carbon/Epoxy composite pressure
vessel. Material properties have been taken from ref. [22] (see Tables 1 and 2). The
internal radius of the tank is 100 mm and the volume is 10 Liter. The other parameters;
ply thickness, liner thickness and applied pressure are 0.42, 3 mm and 164.5 MPa,
respectively. For Type III tank, it has been considered that the liner and reinforcing
materials are Aluminum T6061 and composite T700 Carbon/Epoxy. The main purpose of
this problem is to compare failure indexes obtained by the present study and results by
Alcantar [22] for Type III pressure vessel.

Metal Liner
Composite

Layers

Composite
Layers

Aluminum
Liner

R
Inner Radius

Fig. 1 Configuration of the Type III tank

Table 1 Mechanical properties of T6061 Al and T700 Carbon/Epoxy composite materials
[22]

E1(GPa) E2(GPa) G12(GPa) viz V23 Oy (MPa)

6061Al 70 70 26.92 0.3 0.3 310
T700 181 10.3 5.86 0.28 0.49 -
Carbon/Epoxy

Table 2 Strength parameters of T700 Carbon/Epoxy composite materials [22]

o1, (MPa) of,,(MPa) o3  (MPa) 03, (MPa) T12,,,(MPa)
2150 2150 298 298 778
Problem 2:
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In Problem 2, stress calculation and determination of the burst pressure according to
Classical Laminated Plate Theory and Tsai-Wu failure criterion have been done for
Aluminum- Carbon Epoxy pressure vessel (Type III). The burst pressure results have
been compared with experimental and Finite Element analysis results by Liu et al [32].
The pressure vessel is composed of T6061 Aluminum liner and T700 Carbon/Epoxy
composite plies. Mechanical properties and strength parameters of these materials are
given in Table 3 and 4, respectively.

Table 3 Mechanical properties of T6061 Al and T700 Carbon/Epoxy composite materials
(32]

Oyield
Ei(GPa) E2(GPa)  Giz2(GPa) %V; V23
(MPa)
6061Al 70 70 26.92 0.3 0.3 246

T700 Carbon/Epoxy 154.1 10.3 5.17 0.28 0.49 -

Table 4 Strength parameters of T700 Carbon/Epoxy composite materials [32]

o1, (MPa) 0§, ,(MPa) g}  (MPa) 05, (MPa) T12,,(MPa)

2500 1250 60 186 85

Geometrical properties for considered Type III pressure vessel have been indicated in

Table 5.

Table 5 Geometrical Dimensions of the Type-III Pressure Vessel [32]

Internal Stacking Sequences Liner Thickness of
Radius ) Thickness Composite Ply
(mm) (mm) (mm)
44 [902/18.6/-18.6/ 902 /28.9/ 1.8 0.42
-28.9/902]
Problem 3:

The main aim of the Problem 3 is to see effect of usage different Carbon/Epoxy materials
on the design and optimization of the Type III hydrogen storage tanks. The optimization
problems have been solved by using Differential Evolution Method. The materials
considered in this problem and their properties are listed in Table 6. Thickness of the
each lamina (tiner) and radius of the tanks (R) are 1.8 and 200 mm, respectively. In the
failure index calculations the strength properties of the materials are taken from
references [22], [32] and [34].

The mathematical representation of Problem 3 is defined as

Minimize: Fr1) (Tsai-Wu Failure Index at first layer)
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Constraints: {Frsai-wu, FHashin-Rotem, FMaximum stress}< 1,
{6,,6,,03,..} €{0, 15, 30, 45, 60, 75, 90}
Pburst > 35 MPa, Symmetric & Balance stacking sequences:
[+6./16,/165/ .../ ¥63/%6,/%6,]

Table 6 Mechanical properties of the materials

E1 E> G12 Vi Oyield
(GPa) (GPa) (GPa) (MPa)
T6061Al [22] 70 70 26.92 0.3 246
Carbon/Epoxy (T700) [22] 181 10.3 5.86 0.28 -
Carbon/Epoxy (IM6/SC1081) [34] 177 10.8 7.6 0.27 -
Carbon/Epoxy (T700s) [32] 154.1 9.66 5.17 0.25

4. Results and Discussion

There are three main stages to find the optimum solution. The first step is to enter the
material properties and calculate the stiffness matrices. The second part is to give the
fiber orientation angles parametrically and arriving at the objective function. The last
step is running the optimization algorithms (Differential Evolution) and finding the
optimum solution (see Figure 2).

Problem 1:

The results of the Problem 1 can be summarized as: (i) the present failure indexes
calculations using Tsai-Wu and Maximum Stress theories have been compared with the
results achieved by Finite Element Method (see Table 7). It is shown that good agreement
between the present and FEM results by Alcantar et al. [22] are obtained. (ii) For Type III
pressure vessels, the burst pressure prediction has also been developed by using the
stress-strain matrix calculation method given in Alcantar et al. [22].

Table 7 Results of the Tsai-Wu and Maximum Stress failure indexes

Failure Index

Burst Tsai-Wu Tsai-Wu Maximum Maximum Stress
Pressure [22] [Present Study] Stress[22] [Present Study]
(MPa)
164.5 0.83 0.85 0.90 1.00
105 0.51 0.35 0.56 0.64
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Fig. 2 Optimization process of the Type Il Hydrogen Storage Tank
Problem 2:

Table 8 shows comparison results of the calculated burst pressure values that satisfy
Tsai-Wu failure criterion constraint with the experimental and Finite Element analysis
results. It can be seen that good agreement is reached between the experimental and
Tsai-Wu burst pressure values with the error of 15%. Additionally, burst pressure values
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calculated by using Maximum Stress and Hashin-Rotem failure criterion have predicted
with the maximum error of 30 %. It should be noted that the predicted results in the
manuscript is based on first ply failure theories. Therefore, progressive failure approach
would produce more accurate results.

Table 8 Comparison of the burst pressure for Problem 2

First Ply Failure
Tsai-Wu Maximum Hashin- Finite Experimental
[Present Stress Rotem Element [15]
Study] [Present [Present [15]
Study] Study]
Burst
Pressure 90 70 70 99.8 106

(MPa)

It is seen that the predictions made here are based on the first ply failure criteria,
however, the progressive failure approach should be used in order to obtain the final ply
failure burst pressure. It should also be noted that the use of first ply failure approach
provide safer designs during the optimization procedure.

Problem 3:

The optimization problem given above has been solved for different three Carbon/Epoxy
materials. After the solution of the optimization problems, three different stacking
sequences design of Type III pressure vessel having burst pressure over the 35 MPa have
been reached (see Table 9). According the results:

(i) it is seen that obtaining distinct designs having total thickness
satisfying over 35 MPa burst pressure are possible.

(ii) All of the designs have symmetric, balanced and integer fiber
orientation angles, therefore, it provides easy manufacturable
productions.

Table 9 Optimization results of the Problem 3 for different Carbon/ Epoxy composites

Design Material Ply Thickness Stacking Sequences Ply Total Thickness

Cases (mm) No (mm)
Carbon/E — _
[902/F60/+45/F45
a poxy 0.42 2 28 1176
(T700) /F45/+45/+45]s
[902/F30/902/+60/
Carbon/E +30/904/+45/+45/
b poxy 0.127 +60/730/430/904/ 80 10.16
(T700s) +45/430/904/F45/
F45]s
[902/+30/F75/+60
Cart(’)in/E /+60/+30/445/904
¢ (11\51)6/§c1 0.127 /+30/+ 60/+45/ 112 14.224
081) +45/430/902/+30/
F45/F30/902/+45/
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F45/+30/904/F75/
F45/902]s

The results of the present study can be summarized as;

)] A manufacturable Type III pressure vessel designs have been proposed for
different materials.
(ii) Even for the same materials, different mechanical properties have

significantly changed the design. Additionally, small differences on
thickness of the ply and mechanical properties have been found to be
important for the same material types.

5. Conclusion

In this study, the failure analysis and the optimum designs of composite hydrogen
storage tanks have been investigated. The optimizations have been carried out for
different Aluminum-Carbon/Epoxy (Type III) materials. The number of plies and fiber
orientation angles of the laminated composites are taken as design variables. Single-
objective optimization approach has been selected for design and mathematical
verification of model problems. The burst pressure calculations for Type III hydrogen
storage tanks have been compared with the experimental and Finite Element Method
results from the literature. It can be seen that good agreement is reached between them
with the maximum error of 10%. Even for the three Carbon/Epoxy materials in close
proximity to each other, design and optimization results have crucially changed. It can be
concluded that the generalization for optimum stacking sequences of Carbon/ Epoxy
materials should be avoided.
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