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ABSTRACT. The present investigation deals with the characterization of 
tensile behavior of various Fiber Reinforced Polymer composites under 
Thermo-Mechanical loading. Five different types of Uni-Directional (UD) 
composites of Carbon, Glass, Carbon-Glass hybrid and Metal Laminates of 
Carbon and Glass were tested for tensile behavior. Tensile tests were 
performed at strain rates of 10-3, 10-2, and 10-1 s-1 at Room Temperature,250 
0C and 450 0C. Stress-strain relations reveal the strain rate and temperature 
sensitive behavior of composites. Glass, Glass-Carbon, Glass-metal epoxy 
composites showed higher peak tensile stress under room temperature with 
varying strain rates as compared to neat carbon epoxy composites. Also, high 
strain rate tensile properties such as peak stress and peak strain of Glass-
Carbon-Epoxy specimens were 26%, and 60% higher than that of the neat 
carbon epoxy composite. The failure mechanisms of both the composites 
were analyzed through scanning electron microscopy. The composites mainly 
failed due to matrix crack within elastic range under room temperature and 
failed with significant plastic deformation of matrix and fibers under test 
temperatures 250 0C and 450 0C. Finally, this study reveals that the continuous 
phase of metal layer embedded between Uni-Directional Glass and Carbon 
fiber, based composite system can be tailored to act as an energy-absorbing 
material system under both elastic and plastic stress strain regimes. 
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INTRODUCTION   
 

any engineering structures in military applications such as, aircraft fuselage if explosives are carried and in 
industrial applications such as, high pressure vessels, may have to withstand internal blast loading in service. 
Traditionally, all internally blast loaded structures are covered with monolithic plates, made of steel. However, 

steel on burst or explosion, increases the risk of collateral damage by producing high velocity fragments which is may prove 
catastrophic in vicinity of blast site causing fatalities or serious injury to personnel or grave damage to structures. Reduction 
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in collateral damage by use of lighter but not strength compromising materials for such structures is a novel concept. The 
Fiber Reinforced Polymers (FRP) composites and its variants like Hybrids, Sandwich Core and Fiber Metal Laminates offer 
the best solution as they disintegrate easily on blast, thereby reducing collateral damage. The use of composites in blast 
applications is best known as they provide high strength to weight benefits [1]. Blast loads typically produce very high strain 
rates in the range of 102 - 104 s-1[2]. This high loading rate coupled with elevated temperature would alter the dynamic 
mechanical properties of structures. Under high strain tensile loading, the mechanical properties of FRP involving Young’s 
Modulus, Tensile strength, tensile strain, Poisson’s ratio etc. may suffer great changes [3-7]. The composite material has 
become more associated with FRP where a polymeric matrix (Epoxy, Vinyl-ester or polyurethane) is reinforced with strands 
of fiber or a combination of fibers (such as Glass, Carbon, Aramid etc.). Therefore, the investigation of the mechanical 
properties of FRP composites under dynamic loadings and different temperatures is essential to design the structures with 
this kind of materials. 
Many testing methods have been developed for studying the dynamic response of materials under different strain rates. The 
screw drive load frame [8] is used for quasi-static testing of test specimens at a constant strain rate.  Servo hydraulic machines 
are used for strain rates up to approximately 200 s-1 [9]. Even drop-weight impact systems can be used for this range of 
strain rates [10]. The Split Hopkinson Pressure Bar (SHPB), first introduced by Kolsky [11] is widely used for obtaining 
material properties at strain rates between 200 and 104 s-1.  
Pardo and Baptiste [12] carried out tests of unidirectional E-Glass/polyester composite specimens on a Schenck high strain 
rate hydraulic test machine to explore the effect of strain rate on tensile properties. The failure behavior of the pure 
unidirectional fibers was reported to be linear and brittle. Hayes and Adams [13] conducted various tests at various test 
speeds and load levels to characterize the tensile impact behavior and rate sensitive materials properties of unidirectional 
glass/epoxy and graphite/epoxy composites. The glass/epoxy material exhibited a considerable increase in the strength and 
modulus as the strain rates were increased but in case of the graphite/epoxy material system the results were opposite to 
that of glass/epoxy. The effects of strain rate on the mechanical behavior of Scotch ply type 1002 glass/epoxy angle-ply 
laminates were investigated by George and Gilat [14]. Tests were conducted at high strain rates of approximately 1000s-1 
using direct tension split Hopkinson bar apparatus and quasi-static tests of strain rate approximately 0.0001 s-1 using servo-
hydraulic testing machines. Authors reported that both fibers and matrix are sensitive to strain rates but fibers dominate the 
laminate properties in case of high-rate loadings. Lifshitz and Leber [15] investigated the inter-laminar tensile strength and 
modulus of two material systems namely E-glass/epoxy and Unidirectional Carbon fiber epoxy of 30-32 mm thick plates at 
high strain rates with SHPB. Results showed that both strength and modulus were rate sensitive and increased with the 
loading rates. The tensile behaviors of Carbon Fiber-Reinforced Polymers (CFRP) under different strain rates were studied 
by several researchers [8, 16-18]. It was reported that the tensile properties of CFRP are strain rate dependent, while the 
average transverse modulus is independent of strain rate. Barre et al. [19] determined the tensile behavior of Glass Fiber 
Reinforced Polymers (GFRP) using a drop-weight dynamic testing machine. The results revealed that dynamic elastic 
modulus and strength tend to increase with increasing strain rate. Shokrieh et al. [20] studied the tensile properties of 
unidirectional GFRP composites at quasi-static and intermediate strain rates of 0.001–100 s-1 by means of a servo-hydraulic 
testing apparatus. A significant increase of the tensile strength was observed with increasing strain rate. Ochola et al. [21] 
investigated the strain rate sensitivity of GFRP at strain rates of 10-3 and 450 s-1. The experimental results reported that the 
dynamic material strength of GFRP increases with increasing strain rates. 
Hawileh et al. [22] experimentally investigated the variation of mechanical properties in terms of the elastic modulus and 
tensile strength of composite glass (C), composite glass (G) sheets and their hybrid combinations (CG) when exposed to 
different temperatures, ranging from 25 to 300oC. Results showed that the elastic modulus and tensile strength reduced 
considerably at 250 0C in comparison to room temperature values. The hybrid combination was reported to have least value 
at elevated temperature. Reis et al. [7] conducted tensile tests on GFRP at different strain rates and temperatures. They 
reported that strain rate greatly affects the ultimate tensile strength while temperature only influences the modulus.  Ou and 
Zhu [10] tested GFRP samples with single yarn at different strain rates from quasi-static up to 160 s-1 and temperatures 
ranging from 25 to 100C to investigate any possible effects on their mechanical properties and failure patterns. The study 
found that tensile strength, maximum strain and toughness increase with increasing strain rates at room temperature, and 
the young’s modulus, tensile strength and toughness decrease with increasing temperatures at the strain rate of 40 s-1. 
From the above, it is inferred that, the tensile behavior of composites especially the hybrids and FML at different strain 
rates and at elevated temperatures up to 450C and their failure analysis through fractography is yet to be studied.  Hence, 
in the present investigation three different strain rates of 10-3,10-2 and-10-1 s-1 and three different temperatures starting from 
room temperature, 250C and 450C are chosen to evaluate the tensile behavior. The fair mix of these chosen strain rate 
and temperatures would indicate the behavior of warhead casings in initial stages after detonation when temperature is rising 
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in casing. The laminate samples of GFRP, CFRP, their hybrid and their metal laminates are tested under these strain rates 
and temperatures. The Room temperature on the day of the test was maintained at 25C. 
 
 
MATERIALS AND METHODS 
 
Testing materials  

lain woven Uni-Directional composites are used in these tests. The UD E Glass woven fabric and Carbon fabrics 
were supplied by Mark Tech Limited, Bangalore, India, in areal weights of 200 g/m2 and 204 g/m2 respectively.  Ply 
thicknesses of this plain weave fabrics were approximately 0.19 mm and 0.31 mm respectively. Liquid Diglycidyl 

Ether of Bisphenol-A (DGEBA) Epoxy resin, Araldite® LY 556 manufactured by M/s Ciba Performance Polymers, USA 
was used for fabrication of composite plies. Fig. 1 shows schematic representation of weave pattern for these UD Glass 
and Carbon fabrics. 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

Figure 1: Schematic representation of weave pattern. (a) Plain-woven UD Glass fabric (Left) and (b) UD Carbon fabric (Right). 
 
Laminate construction 
The FRP Laminates used for tensile tests were manufactured by the aid of a Hot-press compression molding machine with 
pre-set temperature of 130 0C for about 10 minutes. The weight percent of fibers and matrix materials used for making 
laminates are given in Tab. 1. 
 

 
Laminate 

code 

 Fiber and Epoxy in weight percentage  Thickness 
of 

Laminate 
in mm 

No.of 
Layers  UD Glass 

fiber 

UD 
Carbon 

fiber
Metal 

Epoxy 
Matrix  

Glass Epoxy-Laminate GE 55% - - 45% 1.79 14 
Carbon Epoxy Laminate CE - 42% - 58% 1.71 09 
Glass-Carbon-Epoxy-
Laminate 

GCE 32% 18% - 50% 1.77 12 

Glass-Metal-Epoxy 
Laminate 

GME 34%- - 1% 65% 2.00 08 

Carbon-Metal-Epoxy 
Laminate 

CME - 39% 1% 60% 1.89 06 
 

Table 1: Laminate codes and weight percentages of Glass, Carbon, Metal and Matrix materials. 
 
Tensile test specimen preparation 
The specimen dimensions as shown in Fig. 2, were chosen in accordance with ASTM D 638 standards.  
Specimen as shown in Fig. 3 were machined to get the required dimension as per the ASTM D 638 using water jet cutting 
method from cured laminates of 250 x 250 x 2mm for tensile test. 

P 
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Figure 2: Tensile test specimen dimensions. 
  

 
 

Figure 3: Images showing (a) Tensile test specimen – Left side and (b) Laminates of varying Fiber reinforcements -Right side 
 
 
METHODS 
 
Tensile Test 

he tensile tests were carried out as per procedure prescribed in ASTM D 638 [23]. Testing was performed using a 
30 KN Instron 5967 Universal Testing Machine (UTM) installed at Material Engineering Department of Indian 
Institute of Science, Bengaluru. The machine (Fig. 4) has a speed range of 0.001–1000 mm/min and load 

measurement accuracy of ±0.5%. In this work, load cell of 10 KN was used for testing. The UTM was coupled with an 
electrical heating chamber manufactured by Max Heat Furnaces, Bengaluru. The chamber was set for heating rate of 
10C/min The tests were performed at a varying cross-head speeds of 0.36, 3.6 and 36 mm/min depending on the strain 
rates. The test speed was controlled with strain rates of 10-3, 10-2 and 10-1 s-1 at temperatures of Room Temperature, 250 0C 
and 450 0C. A total of 9 sets of readings were obtained for each type of laminate specimen and the statistical analysis of the 
experimental data was done by calculating standard deviations for all the experimental results discussed under the results 
and discussions.  The strain measurement was done by Linear Variable Differential Transformer with optical encoder. The 
heating chamber was switched on after placing the specimen in between the upper and lower grips. A settling time of five 
minutes was allowed after the chamber reaches the desired temperature and then subsequently load was applied till fracture. 
The maximum load carried before failure is the ultimate failure strength of the material. The results as indicated by BlueHill 
3 software were plotted for further analysis.  
 
Fractography studies 
Scanning Electron Microscopy (SEM) was carried out on tensile test fractured specimens of various fiber reinforcements 
using Tescan Mira system. Subsequently, a detailed examination was conducted to know the fiber matrix failure upon chosen 
temperatures and test speeds during experimentation. The discussions with proper justifications for the failure patterns of 
each of the composite laminates are also presented subsequently after tensile behavior of specimens under the following 
sections. 
 

T 
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Figure 4: Tensile test setup (a) Test machine (b) Temperature controlled chamber and (c) Specimen fixed in upper and lower grips. 
 

 
 

Figure 5: High speed tensile test results for (a) Tensile stress versus Tensile strain (Left) and (b) Ultimate stresses for GE 
laminates (Right) under varying strain rate and temperature. 
 
 
RESULTS AND DISCUSSION 
 
Temperature and strain rate response - Response of glass epoxy (GE) specimens 

he stress-strain behavior for Glass Epoxy (GE) specimen is shown in Fig. 5 for all the tested strain rates and 
temperatures.  Fig. 5 (a) indicates that the GE specimens under room Temperature (RT) exhibited a linear response 
until failure for all the three strain rates 10-1, 10-2 and 10-3 s-1 with no damage up to highest tested strain rate of 10-1 

s-1. Beyond this strain rate, the tensile strength suddenly dropped indicating brittle failure in GE specimens. But for the 
highest tested strain rate of 10-1 s-1, the GE specimen has taken higher load, hence higher tensile and ultimate strengths as 
shown in Fig. 5 (b) when compared other two strain rates used in this research investigations. Further, the test was continued 
by exposing GE specimens to 2500 C keeping strain rates same as that under RT conditions. The results indicate onset of 
plastic deformation followed by a non-linear stress strain response. The primary cause of strain growth at this point was 
matrix deformation due to rise in temperature. The tensile strength dropped to 88 % of RT value due to plastic deformation 
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when GE specimen was exposed to 2500 C.  However, the drop of both tensile and ultimate strengths) is much higher when 
exposed to 450 0C as shown in Fig. 5(b). Finally, it was seen that the tensile and ultimate strengths of GE specimens do not 
have significant effect with rise in strain rates but rise in temperature contributes significantly in lowering strength of GE 
specimens. It was also observed that the GE specimens are strain rate sensitive with average of 8% increase in magnitude 
of the ultimate tensile strength over the given strain rate change under RT.  
 
Response of Carbon Epoxy (CE) specimens 
Analyzing the tensile stress versus strain curves and ultimate stress values against varying strain rates and temperatures of 
CE specimens is presented in Fig. 6.  Because of less elongated and high stiffened carbon fibers, the CE specimens produced 
lower strain values as shown in Fig. 6 (a) in comparison to GE specimens for same strain rates.  For lowest strain rate of 
10-3 s-1 under RT and 250 0 C temperature, the CE specimens exhibited higher ultimate tensile strength with respect to other 
strain rates chosen in this study. By exposing CE specimens to 450 0C, there exists huge plastic deformation in the matrix, 
which causes significant drop in tensile strengths values as shown in Fig. 6(b). 

   

Figure 6: Plots showing tensile test results for (a) Tensile stress versus Tensile strain (Left) and (b) Ultimate stresses for CE laminates 
(Right) under varying strain rate and temperature. 
 

 
 

Figure 7: Plots showing tensile test results for (a) Tensile stress versus Tensile strain (Left) and (b) Ultimate stresses for GCE laminates 
(Right) under varying strain rate and temperature. 
 
Response of Glass-Carbon Epoxy (GCE) specimens 
The response of GCE composite specimens to changes in strain rate and temperatures is illustrated in Fig. 7. A linear stress-
strain growth was observed as shown in Fig. 7(a) up to the ultimate failure strength in GCE specimens under temperatures 
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range of RT to 250 0C for chosen test speeds. But the linear stress growth was followed by a non-linear growth in GCE-RT 
with strain rate 10-3 s-1, resulting in plastic deformation up to a strain of ~0.6. Further, the significant drop in stress and 
stiffness with increased strain was noticed at temperature of 250 0C for all the strain rates, indicating a stable plastic 
deformation as a function of induced strain until fracture. For the given test speeds with increase in temperature from 250 
0C to 450 0C indicates a huge plastic deformation with invisible stress strain behavior and ultimate strength values as shown 
in Fig. 7(b).  
 
Response of Carbon Metal Epoxy (CME) specimens 
The various types of FRP composites prepared in this investigation are further hybridized by reinforcing metals sheet as a 
continues phase at the mid-section of laminate to enhance the ultimate tensile strength at high strain rate with varying 
elevated temperatures. This type of composite system may resist high explosive blast loads before complete collapse/burst 
of the explosive components. The CME specimens exhibited higher tensile strength as shown in Fig. 8 (a) with no significant 
plastic deformation in RT conditions. It was also observed that there is a huge drop in tensile strength with slightly better 
and stable plastic deformation seen in these specimens at 250 0C. The ultimate strength values shown in Fig. 8 (b) did not 
vary much for 250 0C and 450 0C operating temperatures during test, which indicates stable performance at elevated 
temperatures. 
 

 
 
Figure 8: Plots showing tensile test results for (a) Tensile stress versus Tensile strain (Left) and (b) Ultimate stresses for CME laminates 
(Right) under varying strain rate and temperature. 
 
Response of Glass Metal Epoxy specimens 
The stress-strain response of GME hybrid laminates under given strain rate with varying temperature is shown in Fig. 9. 
The ultimate strength values which are shown Fig. 9(b) indicate quite impressive results even under elevated temperatures 
like 250 0C and 450 0C with low strain rate to high strain rate chosen in this investigation. It was also observed that there is 
no loss of stiffness in GME laminates for chosen test parameters. The presence of metal layer embedded between Glass 
layers in GME laminates indicates better linear stress strain behavior with elastic region up to the strain 0.025 for all the 
composites tested under chosen test speed and temperatures. Further, it was also seen that these hybrid laminates have 
stable plastic deformation beyond the strain 0.025 with non-linear stress strain response which will be most suited for 
making casing for internally blast loaded structures. 
 
Comparison of tensile behavior of all tested specimens 
The comparison of tensile behaviors of various specimens that were tested at three different strain rates and temperatures 
is presented in Fig. 10. It is clearly noticed from test results that the GME composites perform significantly better than GE, 
CE, GCE, and CME composites. The ultimate tensile stress values are reported to be slightly higher than neat CE specimens 
and also performance of GME composites is more stable under elevated temperature and across all strain rates tested. 
Further, GME composite as performed better under higher temperatures with higher strain rate. But CME composite gave 
good strength under low and moderate strain rates under lower temperature. Finally, it was concluded that GME has better 
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strength under the chosen test parameters. This makes GME laminates most suited for Internal blast applications where 
reduction of collateral damage is objective. 
 

 
 

Figure 9: Plots showing tensile test results for (a) Tensile stress versus Tensile strain (Left) and (b) Ultimate stresses for GME laminates 
(Right) under varying strain rate and temperature. 
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Figure 10: Tensile test results of different composites at three different strain rates and temperatures 

 
SCANNING ELECTRON MICROSCOPY ANALYSIS 
 

ibre-Matrix failure analysis was examined microscopically. Microscopic analysis was performed by assessing fractured 
laminate images using Scanning Electron Microscope (SEM).  
 

 

 
 

Figure 11: SEM micrographs of fractured GE laminates for (a) GE-RT, 10-1 s-1, (b)GE-250 0C, 10-2 s-1 and (c) GE-450 0C,10-3 s-1. 
 
SEM analysis of GE specimens 
Fig. 11 shows SEM micrographs of the GE specimen failing at a strain rate of 10-1, 10-2 and 10-3 s-1 under room temperature 
(RT), 250 C and 450C. The GE composites under three strain rates with chosen temperatures indicating three distinct 
zones of fracture for a better understanding of the damage pattern. The microscopic failure primarily consisted of inter-ply 
debonding, cracking, and fracture under plastic deformation of the fibre and matrix with fibre-matrix debonding, fibre pull-
out and local delamination. The cross-sectional area normal to tensile load with higher strain rate receives the stress wave 
travelling through the specimen along the fibre direction with several internal fibre–matrix failure in the form of inter-ply 
de-bonding and fibre fracture in transverse direction as shown in Fig. 11(a). This results into the rise in the ultimate tensile 
strength with brittle failure. Fig. 11 (b) depicts the edge fracture which was an outcome of dislocation of the matrix due to 
rise in temperature to 250C with reduced strain rate. The moderate plastic deformation of matrix and fibers leading to huge 
reduction in ultimate tensile strength values, there by the composite could sustain applied loads within the non-liner region 
of the stress strain spectrum. With reduction in strain rate to 10-3 s-1 and increase in temperature to 450C, the matrix phase 
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within the GE composite system is over cured beyond its melting point temperature of the matrix and fiber leading to huge 
plastic deformation eventually failing to resist applied loads during the test as shown in Fig. 10 (c). 
 
SEM analysis of CE specimens 
Fig. 12 displays the SEM micrographs of fracture of CE composite at chosen strain rates and temperatures.  At a strain rate 
of 10-1 s-1 under RT, the failure of fibers was observed through SEM after reaching maximum load, the CE composite has 
exhibited only inter-ply de-lamination which is seen in Fig. 12 (a). Beyond this strain rate (10-2 s-1) by raising the test 
temperature to 250 0C, the CE composite was seen to be subjected to reasonably good plastic deformation (Fig. 12(b)) 
which is witnessed by stress strain response displayed in Fig. 6(a). At lower strain rate of10-3 s-1 and increased temperature 
of 450 0C, the CE composite microscopically disintegrated into multiple failed pieces with huge plastic deformation causing 
cracks induced shear planes. As an outcome, the broken fibers melted along with separated matrix lump which is noticeable 
in Fig. 12(c). This type of fiber matrix failure mechanism causes the specimen to no longer resist the applied loads, indicating 
no load taking capacity of CE composites. Similar failure phenomenon resulting in matrix damage induced inter-ply 
delamination followed by fiber failure has been reported in the literature by high-speed rate testing [24, 25, 26] and for 
projectile impact [27].  
 

 
 

Figure 12: SEM micrographs of fractured CE laminates for (a) CE-RT, 10-1 s-1, (b) CE-250 0C, 10-2 s-1 and (c) CE-450 0C,10-3 s-1. 
 
SEM analysis of GCE specimens 
The fiber matrix failure mechanism for GCE composite is shown in Fig. 13. At strain rate of 10-1 s-1 under RT conditions, 
the GCE composite has failed through matrix crack as shown in Fig. 13 (a) with tensile pull induced voids and flaws. Due 
to this failure pattern, a linear stress strain response up to ultimate load was seen in Fig. 7(a). With reduction in strain rate 
to 10-2 s-1 and increase in test temperature to 250 0C, the GCE composite is seen to be subjected to tensile fracture of carbon 
fibers by withstanding higher loads up to ultimate loads. Thereafter, the load has been resisted by high elongation and low 
stiffened glass fibers indicating better plastic deformation as seen in Fig. 13 (b). Further reduction in strain rate to 10-3 s-1 

and increase in temperature to 450 0C, the GCE composite was not able to withstand any further tensile loads indicating 
huge fiber and matrix plastic deformation which is seen in SEM micro graphs of Fig. 13(c). 
 
SEM analysis of CME specimens 
The micrographs of CME specimens at RT and 10 s-1 shown in Fig. 14(a) reveal a clear fracture of fibers, metal and matrix 
with no plastic deformation until ultimate strength limits, thereafter a catastrophic failure of CME composites is noticed. 
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Figure 13: SEM Images of fractured GCE laminates for (a) GCE-RT, 10-1 s-1, (b) GCE-250 0C, 10-2 s-1 and (c) GCE-450 0C, 10-3 s-1. 
 

 
 

Figure 14: SEM Images of fractured CME laminates for (a) CME-RT, 10-1 s-1,  (b) CME-2500C, 10-2 s-1 and (c) CME-4500C, 10-3 s-1. 
 

But from Fig. 14(b) and 14(c) it is seen that there exists a plastic deformation followed by fracture of reinforcements and 
matrix leading to huge reduction in tensile strengths within the linear and non-linear regions of the CME stress strain 
response which is shown in Fig. 8(a). 
 
SEM analysis of GME specimens 
After the test, the fractured surface seen in Fig. 15(a), indicates that the GME with initial strain rate of 10-1 s-1 under RT, 
exhibits rough fiber surface and inter-ply debonding with induced voids and flaws. This nature of fracture morphology has 
resulted higher tensile strength and better stiffness until elastic yield limit stress, there after the GME will have catastrophic 
failure with non-plastic deformation. The same test performed by increasing test temperature to 250 0C with strain rate of 
10-2 s-1 indicates, moderate plastic deformation of fibers, metal and matrix as shown in Fig. 15(b). The GME composite 
under this test parameters sustained loads even in nonlinear region of the stress-strain spectra which is displayed in Fig. 9. 
By further increase in test temperature to 4500C with strain rates 10-3 S, the specimens were seen to fracture with higher 
plastic deformation of reinforcements and as well as matrix as shown in Fig. 15(c) leading to significant reduction in tensile 
strength values. 
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Figure 15: SEM Images of fractured GME laminates for (a) GME-RT, 10-1 s-1, (b) GME-250 0C, 10-2 s-1 and (c) GME-450 0C, 10-3 s-1. 
 
 
CONCLUSIONS 
 

his experimental study focuses on the tensile characterization and failure pattern of five types of composite 
specimens under three types of strain rates and temperatures. The effects on tensile behavior and fracture 
morphologies are investigated and discussed comparatively. The following conclusions can be drawn from this 

study: 
 The tensile strengths were significantly higher under RT condition for all types of Glass fiber reinforced Hybrid 

and non-Hybrid fiber composites under strain rate of 10-1 s-1.  
 Interestingly, all types of composites tested under elevated temperature in this study could perform better within 

the non-linear region of the stress strain response under the dynamic tensile loading for identical specimen 
dimensions. The peak ultimate tensile stress of GE, GCE, CME and GME composites with strain rate 10-1 S under 
room temperature was 75–86% higher than the CE composites.  

 The elastic modulus and tensile strength reduced considerably at higher temperatures in comparison to room 
temperature values. The drop was reported almost 80-85% of RT value. The hybrid combination was reported to 
have least value at elevated temperatures. 

 It is reported that strain rate greatly affects the ultimate tensile strength while temperature only influences the 
modulus as seen from the tensile behavior of all composite specimens. 

 Tensile strength and Maximum strain increase with increasing strain rates at room temperature, and the Modulus 
and tensile strength decrease with increasing temperatures at strain rate of 10-3 s-1. 

 The SEM photo micrographs gave clear fiber matrix failure mechanisms which is in agreement with all the tensile 
test results obtained under varying strain rates and test temperatures. 

 
 
ACKNOWLEDGEMENTS 
 

he authors acknowledge support extended by Dr Satyam Suvas, Material Engg Department, Indian Institute of 
Science, Bengaluru and Dr. P.S. Shivakumar Gouda Department of Mechanical Engineering, SDM College of 
Engineering and Technology, Dharwad during execution of this work. 

 
 
 

T 

T 



 

P. S. Joshi et alii, Frattura ed Integrità Strutturale, 61 (2022) 338-351; DOI: 10.3221/IGF-ESIS.61.23                                                                  
 

350 
 

 
REFERENCES 
 

[1] Hogg, P.J (2003).Composites for ballistic applications,  Composites Processing, Bromsgrove (U.K.). 
[2] Ngo, T., Mendis, P., Gupta, A., and Ramsay, J. (2007). Blast Loading and Blast Effects on Structures–An Overview, 

J. Electronic Journal of Structural Engineering, Special Issue: Loading on Structures, pp. 76-91. 
[3] Bai, Y., Keller T. and Vallée, T. (2008). Modeling of stiffness of FRP composites under elevated and high 

temperatures, J. Compos. Sci. Technol., 68, pp. 3099–3106. 
[4] Bai, Y., Vallée, T. and Keller, T. (2007). Modeling of thermo-physical properties for FRP composites under elevated 

and high temperature, J. Compos. Sci. Technol., 67, pp. 3098–3109. 
[5] Cantwell, W.J. and Morton, J. (1991). The impact resistance of composite materials—A review, J. Composites, 22, 

pp. 347–362. 
[6] Kim, M., Kang, S., Kim, C. and Kong, C. (2007). Tensile response of graphite/epoxy composites at low 

temperatures, J. Compos. Struct., 79, pp. 84–89. 
[7] Reis, J., Coelho, J., Monteiro, A and Da Costa Mattos, H. (2012). Tensile behavior of glass/epoxy laminates at 

varying strain rates and temperatures, J. Compos. Part B, 43, pp. 2041–2046. 
[8] Sánchez-Sáez, S., Gómez-del Rıo, T., Barbero, E., Zaera, R. and Navarro, C. (2002). Static behavior of CFRPs at 

low temperatures, J. Compos. Part B, 33, pp.383–390. 
[9] Zhu, D., Rajan, S., Mobasher, B., Peled, A. and Mignolet, M. (2011). Modal analysis of a servo-hydraulic high-speed 

machine and its application to dynamic tensile testing at an intermediate strain rate, J. Exp. Mech., 51, pp.1347–
1363. 

[10] Ou, Y. and Zhu, D. (2015). Tensile behavior of glass fiber reinforced composite at different strain rates and 
temperatures, J.Constr. Build. Mater., 96, pp. 648–656. 

[11] Kolsky, H. (1949). An investigation of the mechanical properties of materials at very high rates of loading, Proc. 
Phys. Soc. Lond. Sect. B, 62, 676. 

[12] Pardo, S., Baptise, D. and Fitoussi, J. (2002). Tensile dynamic behavior of a quasi-unidirectional E-Glass polyester 
composite, J. Composites Science and Technology, 62, pp 579-584. 

[13] Hayes, S. V. and Adams, D.F. (1982). Rate sensitive tensile impact properties of fully and partially loaded 
unidirectional composites, J. Testing and Evaluation, 10(2), pp. 61-68. 

[14] George, H.S. and Gilat, A. (1995). High strain rate response of angle-ply Glass/Epoxy Laminates, J. Composite 
Materials, 29(10). 

[15] Lifshitz, J.M., and Leber, H. (1998). Response of fiber-reinforced polymers to high strain-rate loading in 
interlaminar tension and combined tension/shear, J. Composites Science and Technology, 58, pp. 987-996. 

[16] Wang, K.., Young, B. and Smith, S.T. (2011). Mechanical properties of pultruded carbon fiber-reinforced polymer 
(CFRP) plates at elevated temperatures. J. Eng. Struct., 33, pp. 2154–2161. 

[17] Melin, L. and Asp, L. (1999). Effects of strain rate on transverse tension properties of a carbon/epoxy composite: 
Studied by moiré photography. J. Compos. Part A, 30, pp. 305–316.  

[18] Al-Zubaidy, H., Zhao, X. and Al-Mahaidi, R. (2013). Mechanical characterization of the dynamic tensile properties 
of CFRP sheet and adhesive at medium strain rates, J. Compos. Struct., 96, pp.153–164. 

[19] Barre, S., Chotard, T. and Benzeggagh, M. (1996). Comparative study of strain rate effects on mechanical properties 
of glass fiber-reinforced thermoset matrix composite, J. Compos. Part A, 27, pp. 1169–1181. 

[20] Shokrieh, M.M. and Omidi, M.J. (2009). Tension behavior of unidirectional glass/epoxy composites under different 
strain rates, J. Compos. Struct., 88, pp.595–601. 

[21] Ochola, R.O., Marcus, K.., Nurick, G.N. and Franz, T. (2004). Mechanical behavior of glass and carbon fiber 
reinforced composites at varying strain rates, J. Compos. Struct., 63, pp. 455–467. 

[22] Hawileh, R.A., Abu-Obeidah, A., Abdalla, J.A. and Al-Tamimi, A. (2015). Temperature effect on the mechanical 
properties of carbon, glass and carbon–glass FRP laminates, J. Constr. Build. Mater., 75, pp. 342–348. 

[23] Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials, ASTM D638-14, 
Conshohocken, PA, USA, 2008. 

[24] Shaker, K. A., Jabbar, M., Karahan, Karahan, N. and Nawab, Y. (2017). Study of dynamic compressive behavior of 
aramid and ultrahigh molecular weight polyethylene composites using Split Hopkinson Pressure Bar, J. Compos. 
Mater.,51, pp. 81–94. DOI: 10.1177/0021998316635241.  

[25] Zhao, J., Zhang, L., Guo, Y. and Yang. (2017). Dynamic properties and strain rate effect of 3D angle-interlock 
carbon/epoxy woven composites, J. Reinf. Plast. Compos.,. 36, pp.1531–1541. DOI: 10.1177/0731684417715712. 



 

                                                                P. S. Joshi et alii, Frattura ed Integrità Strutturale, 61 (2022) 338-351; DOI: 10.3221/IGF-ESIS.61.23 
 

351 
 

[26]  Kapoor, R., Pangeni, L., Bandaru, A.K., Ahmad S., and Bhatnagar, N. (2016). High strain rate compression 
response of woven Kevlar reinforced polypropylene composites, J. Compos. Part B. 89, pp.374–382.   
DOI: 10.1016/j. compositesb.2015.11.044. 

[27]  Ferreira,W.,  Junior D.A., Carla,R., Felipe,S.,  Neto, L.B., Carlos,R and  Freire, S.(2020). The variation in low-speed 
impact strength on glass fiber/Kevlar composite hybrids, J. Compos. Mater., pp. 1–11.  
DOI:10.1177/0021998320906205. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


