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 ß-strontium hydrogen phosphate nanosheets (SHPs) with a thickness range of 
35-50 nm were synthesized by hydrothermal method using strontium nitrate 
(Sr(NO3)2) and diammonium hydrogen phosphate ((NH4)2HPO4) as reagents. 
Polypropylene (PP)/SHP nanocomposites were prepared using melt blending 
technique with different filler concentrations ranging from 1 wt.% to 7 wt.%. 
Composites were characterized primarily by tensile test, flexural test, 
thermogravimetric analyses and ball-on-disc sliding wear test. Experimental 
results revealed that the inclusion of nanosheets into PP improved the thermal 
stability of the composites.  In addition, the tensile and flexural properties of the 
composites improved with SHP loading. A maximum increment of 6.0 % in 
tensile strength compared to pure PP was observed at 7 wt.% SHP concentration, 
and flexural strength of the composites was found to be higher than that of the 
pure polymer at each filler concentration. However, an increase was observed in 
the friction coefficient and wear rates of the composites due to increased 
hardness and rigidity of the matrix with the addition of SHP, which produced 
micro-cutting and micro-plowing actions that caused increased abrasive wear of 
the composites. 
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1. Introduction 

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

Nano-fillers can be classified according to their dimensional morphology as one 
dimensional (1D), two dimensional (2D), and three dimensional (3D), which all have their 
own advantages, disadvantages, and exclusive properties [1, 4]. The morphology of the 
nano-fillers plays an important role in the final nanocomposite performance [9]. It is well 
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known that the use of two dimensional (2D) nanofillers (sheets, platelets, or flakes) with 
high aspect ratio, significantly improves the thermal stability, mechanical and tribological 
properties of the composites [10, 11]. Since 2D nanofillers offer more contact area with 
polymer chains than 1D nanofillers, they show higher performance and are therefore more 
preferred in nanocomposites [12]. The previous studies revealed that good improvements 
in tensile strength, wear resistance and thermal stability of different polymers were 
obtained using 2D nanofillers in the structure such as graphene [12, 13], layered silicates 
[4, 14], layered double hydroxide [3, 15], hexagonal boron nitride [16], molybdenum 
disulfide [17, 18], α-zirconium phosphate [19, 20], and layered metal carbides [11, 21]. 
Feng et al. [22] have reported that the addition of 1.6 wt.% molybdenum disulfide (MoS2) 
led to remarkably improved thermal stability of PP. In another work, Lonkar et al. [15] 
have demonstrated that organomodified layered double hydroxide (LDH) is highly 
effective at enhancing the elastic modulus and tensile strength of PP. They found that 
tensile strength and modulus of PP/LDH composite with 7 wt.% filler concentration was 
about 27% and 26% higher than pure PP, respectively. Sun et al. [19] have successfully 
synthesized α-zirconium phosphate (ZrP) nanoplatelets through a hydrothermal method 
and then used it to improve the mechanical and tribological performance of polyamide 66 
(PA66). Compared to pure PA66, they achieved 10% improvement in tensile modulus and 
14% increase in tensile strength in the nanocomposite with 1.0 wt.% ZrP nanoplatelet 
content. At this concentration, 43% reduction in the coefficient of friction and 59% 
reduction in the wear rate of the composites was observed. In the light of these studies, it 
has been well recognized that different nanoplatelet additives may have positive results 
on the mechanical and tribological properties of polymer nanocomposites because of their 
high aspect ratio, high specific surface area and thin laminated structure. As with other 
synthetic 2D nanofillers, SHP nanosheets are also likely to have positive effects on the 
thermal, mechanical and wear resistance properties of PP. 

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

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

2. Materials and Methods 

2.1. Materials 

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

2.2. Synthesis of SHPs 

Sr(NO3)2 and (NH4)2HPO4 were used as starting materials for hydrothermal synthesis of 
SHPs. Firstly, 63 g of Sr(NO3)2 and 0.36 g of CTAB were dissolved in 400 ml deionized water 
under mechanical stirring for 20 min (solution A). Secondly, 33 g of (NH4)2HPO4 was 
dissolved in 200 ml deionized water (solution B). Then A and B solutions were added to 
each other and stirred at room temperature (800 rpm for 20 min). The resulting 
suspension was kept in a pressure vessel at 90 °C for 6 h, and then left at room temperature 
for 12 h. The resulting white precipitate was filtered and washed with deionized water and 
ethanol several times. The obtained filter cake was dried in a static oven at 100 ºC for 12 
h, then ground, and sieved using a 45 µm sieve. ß-SrHPO4 platelets obtained were then 
stored in airtight plastic bags without applying any treatment, until they were dried for 
melt blending process. The above-mentioned process is the same as the protocol proposed 
by Zhuang et al. [24], but the quantities have been scaled up tenfold considering the 
amount of SHP required to produce the composites. 

2.3. Production of PP/SHP Nanocomposites 

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

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

Sample code PP (wt.%) MAPP (wt.%) SHP (wt.%) 

PP 100 0 0 

PP/ 1SHP 98.7 0.3 1 

PP/ 3SHP 96.1 0.9 3 

PP/ 5SHP 93.5 1.5 5 

PP/ 7SHP 90.9 2.1 7 

2.4. Structural Characterization 

XRD patterns of SHPs were measured by using Bruker AXS-D8 Advanced (Germany) 
diffractometer using CuKα radiation (λ=1.5405 Å) and 0.02º angle step. TGA 
measurements were carried out using Hitachi High-Tech STA7300 (Japan) under nitrogen 
atmosphere from ambient temperature up to 800 ºC at a linear heating rate of 10 °C/min. 
PerkinElmer Spotlight 400 FTIR (USA) spectrometer was used to examine the functional 
groups vibrations of the SHPs at an optical resolution of 4 cm-1. Morphology of the samples 
was investigated using Zeiss Gemini 500 FE-SEM (Germany) at 3.0 kV after sputter coated 
with gold for conductivity. 

2.5. Mechanical Characterization  

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

2.6. Wear Tests 

Wear tests were performed on the cylindrical samples of 8 mm in thickness and 30 mm in 
diameter using a custom build ball-on-disc wear tester at dry sliding friction (ASTM G99). 
Tribo-tests were conducted at ambient temperature of 25 ± 2 °C and the humidity of 25%. 
In tests, the ball was loaded horizontally to the ground against a vertically rotating 
composite disc to reduce the wear debris and third-body abrasive wear effect, as shown in 
Fig. 1. Similar studies on different materials that used similar test configurations can be 
found in the literature [30-32]. This type of configuration reduces the debris in the wear 
track and therefore contributes to keep the wear mechanism unchanged [33]. The samples 
were polished one side up to Ra≈0.20 μm. ø5 mm Si3N4 balls were used as counterparts due 
to its high hardness and no chemical affinity for the materials tested. Before each test, the 
surface of the samples and balls were cleaned by using alcohol and dried carefully. The 
normal load was selected as 5 N, and the disc speed was selected as 1100 rpm which 
corresponds to 0.7 m/s sliding speed in the center of the wear track. Wear tests were ended 
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at 420 m sliding distance which corresponds to a 10 min test duration. The volume loss V 
(mm3) and the wear rate K (mm3 N-1 m-1) of the samples were obtained from the Eq. 1 and 
Eq. 2, respectively [34]. Here, b and d are the track width and diameter (mm), respectively, 
r is the radius of the Si3N4 ball (mm), F is the vertical load (N), and S is the ball sliding 
distance (m). Wear track diameter was fixed at 12 mm in all the tests. The average wear 
track widths were calculated using the “trapezoidal area model” described elsewhere [35]. 
The steady-state coefficient of friction (CoF) values of the samples were also obtained from 
a load cell sensor and compared according to SHP concentration. After the test, worn 
surfaces of the samples were investigated with optical microscopy and their wear 
mechanisms were compared. 

 

Fig. 1 Ball-on-disc test configuration 
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3. Results and Discussion 

3.1. SHP Morphology and Structure 

The XRD results revealed that SHPs successfully synthesized at high purity as seen in Fig. 
2a. All the diffraction peaks of SHP were indexed according to the reported crystal 
structure of ß-SrHPO4 (JCPDS 12-0368) with hexagonal crystal structure and no foreign 
peak was detected. This result is in good agreement with the observations reported by 
Zhuang et al. [24]. The morphology of SHPs observed by SEM is composed of regular 
nanosheets as seen in Fig. 2b. The thickness of SHPs was in the range of 35-50 nm. FTIR 
spectra was used to confirm the presence of characteristic absorption bands of SHPs. The 
weak bands at 2998 cm-1 and 1785 cm-1 in Fig. 2c arise from the vibration of hydrogen 
bridge bonds. The peaks between 1300 cm-1 and 500 cm-1 are ascribe to ν(PO4), δ(PO4) and 
δ(O-H) vibrations [25]. TGA is a tool to assess the thermal stability of a material by 
monitoring the mass loss during heating of a sample at controlled heating rate. The TGA 
and corresponding DTG curves of SHPs are shown in Fig. 2d. It is obvious that SHP 
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degrades mainly in two steps with maximum rates at 376 °C and 587 °C, according to 
following reactions [23]: 

2(β-SrHPO4) → Sr2P2O7.½H2O + ½H2O (376 °C) (3) 

Sr2P2O7.½H2O → β-Sr2P2O7 + ½H2O (587 °C) (4) 

In the first degradation step, SHPs decompose into hydrated strontium pyrophosphate and 
water (Eq. 3). In the second step, dehydrated strontium pyrophosphate continues to 
decompose into β-strontium pyrophosphate and water (Eq. 4). According to the results, 
total weight loss till 800 °C is only 5.2% which indicates that SHP has a high thermal 
stability. 

 

Fig. 2 (a) XRD pattern, (b) SEM image, (c) FTIR spectra, (d) TGA and DTG graphs of SHPs 

3.2. Thermal Properties of PP/SHP Nanocomposites 

One of the important features for the detection of the multifunctionality of polymer 
composites is thermal stability. TGA and dTGA curves of pure PP and PP/SHP 
nanocomposites are shown in Fig. 3a and Fig. 3b, respectively, and related data about 
residues and temperatures corresponding to 5% (T5%) and maximum degradation rates 
(Tmax), which are used to evaluate the decomposition of the samples are summarized in 
Table 2. The pure PP only exhibits one step stage (at 457 °C) which is attributed to the 
decomposition of macromolecule chains [36]. The addition of SHPs was also found to have 
no effect on the thermal degradation profiles of the composites, and they showed one step 
mass loss stage with maximum rates at between 458 °C and 464 °C. However, the 
incorporation of SHPs leads to a slight shift toward higher T5% and Tmax values in 
comparison with that of pure PP. This behavior indicates that the addition of SHPs leads to 
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an improvement in thermal stability of PP/SHP nanocomposites. This is attributed to the 
barrier effect of the sheet structure of SHPs which reduces the heat conduction in the PP 
and inhibits the diffusion of the volatile degradation products from the polymer onto the 
gas phase [12, 13]. The char yield of PP/SHP nanocomposites was increased with identical 
filler content. As summarized in Table 2, PP showed a char residue of 3.07% at 800 °C, but 
PP/SHP nanocomposites showed an improvement in the char yield in the range of 43.9-
73.8% compared to that of pure PP, possibly due to the catalytic carbonization effect of 
SHPs. 

 

Fig. 3 (a) TGA and (b) dTGA curves of PP and PP/SHP nanocomposites 

Table 2. TGA results of the samples 

Sample code  T5% (ºC) Tmax (ºC) Char yield (%) 

PP 418 457 3.07 

PP/ 1SHP 421 458 11.73 

PP/ 3SHP 429 464 9.57 

PP/ 5SHP 428 460 5.48 

PP/ 7SHP 428 463 8.72 

3.3. Tensile and Flexural Properties of PP/SHP Nanocomposites 

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

 

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

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

The tensile and flexural test graphs of the samples are given in Fig. 6, and related test data 
are summarized in Table 3. PP exhibited a tensile strength of 44.8 MPa, and a tensile 
modulus of 582.2 MPa. The incorporation of SHP into the structure caused an increase in 
tensile strength of the composites. The highest tensile strength value of 47.5 MPa was 
observed at 7 wt.% SHP content. At this concentration, the increase in tensile strength 
compared to the pristine polymer is about 6.0%. It is well known that relatively rigid 
structure of nanoparticles in a soft polymer matrix causes effects such as absorption of 
energy and prevention of crack formation, which has positive results on mechanical 
properties of the composites if the particle distribution is homogeneous and the adhesion 
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among the constituents is strong enough [21].  Moreover, large surface-active centers of 
SHPs cause more physical and chemical interactions with the matrix material [38]. 

  

Fig. 5 Shore D hardness values of PP and PP/SHP nanocomposites 

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

Table 3. Mechanical properties of the samples 

Sample 
code 

Tensile properties  Flexural properties 

Tensile 
strength 
(MPa) 

Tensile 
modulus 
(MPa) 

Elongation 
at break (%) 

 
Flexural 
strength 
(MPa) 

Flexural 
modulus 
(MPa) 

Elongation 
at break 
(%) 

PP 44.8 ± 0.9  582.2 ± 26.4 614.9 ± 91.9  46.3 ± 1.4 1330.5 ± 105.0 - 

PP/ 1SHP 46.4 ± 1.1 698.5 ± 43.6 20.5 ± 6.7  46.2 ± 1.0 1386.8 ± 58.8 - 

PP/ 3SHP 45.8 ± 0.3 641.7 ± 41.6 23.0 ± 1.3  47.5 ± 0.4 1465.0 ± 113.4 - 

PP/ 5SHP 45.5 ± 1.1 615.8 ± 112.2 20.0 ± 1.6  49.1 ± 1.2 1465.5 ± 142.1 - 

PP/ 7SHP 47.5 ± 1.7 686.6 ± 123.4 22.4 ± 2.6  46.8 ± 2.7 1477.2 ± 76.2 - 
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Fig. 6 (a) Tensile and (b) flexural stress-strain curves of PP and PP/SHP nanocomposites 

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

3.4. Wear Properties of PP/SHP Nanocomposites 

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

 

Fig. 7 (a) CoF versus sliding time curves, (b) average CoF, and (c) wear rate values of PP 
and PP/SHP nanocomposites 

It is clearly seen in Fig. 7b and c that CoFs and wear rates of the nanocomposites are both 
higher than those of the pure PP. PP/ 7SHP showed the lowest CoF value of 0.40, but 
highest wear rate of K = 1151×10-6 mm3 N-1 m-1 among the composites tested. However, no 
meaningful change was observed in CoF and wear rates depending on the SHP 
concentration. There is generally a close relationship between mechanical properties and 
sliding wear resistance of polymer composites. If the strength and modulus of polymers 
are increased with reinforcements, improvement in wear resistance should also be 
expected [40]. However, the literature regarding the wear mechanisms of nanoplatelet 
reinforced composites has been quite scarce. While the wear resistance of particulate 
reinforced polymer composites improves with good interfacial bonding between filler and 
matrix, it can vary with the volume fraction of fillers depending on the filler and matrix 
type.  
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In addition, polymers have different wear characteristics from metals and ceramics due to 
their viscoelastic nature and their ability to transfer material easily to the counterparts 
[41]. In polymer composites, fillers are also included in this phenomenon and may show 
abrasive effect depending on sliding conditions as stated before. This explains why the 
wear rates of the composites are higher compared to that of pure PP. 

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

 

 

Fig. 8 Optic microscope images of the worn surface of pure PP and the nanocomposite 
samples: (a) PP, (b) PP/ 1SHP, (c) PP/ 3SHP, (d) PP/ 5SHP, and (e) PP/ 7SHP (the blank 

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

4. Conclusions 

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

• SHPs are conducive to improving the thermal stability of PP/SHP composites. 
With the loading of 3 wt.% SHPs, T5% and Tmax values of the composites were 
increased by 11 °C and 7 °C, respectively, compared to pure PP. In addition, 
introduction of SHPs clearly enhanced the residue formation of PP/SHP 
composites. 

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

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

• From the wear test results, the transition from fatigue wear to abrasive wear was 
observed after 3 wt.% SHP concentration due to the increase in composite 
hardness. The high rigidity of SHP compared to the pure polymer increased the 
micro-plowing phenomenon in contact with the counter material. Therefore, an 
increase was observed in the CoF and wear rates of the composites, independent 
of the SHP concentration. However, it is thought that the high resistance to fatigue 
wear obtained at high SHP concentrations may be advantageous for different 
applications. 
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