
1

Chapter

High Strain Rate Characterization 
of Thermoplastic Fiber-Reinforced 
Composites under Compressive 
Loading
Carolina Ramirez, Vitor Reis, Carlos Opelt, Rafael Santiago, 

Facundo Almeraya, Mauricio V. Donadon, Citlalli Gaona, 

Rene Croche and Miguel Angel Baltazar

Abstract

Experimental study on the mechanical behavior of polyphenylene sulfide (PPS)-
based composite laminates reinforced with carbon and glass fibers subjected to different 
strain rates under compression load is reported. Quasi-static tests have been carried out 
using an electromechanical universal testing machine at three different strain rates, while 
dynamic tests were done using a split-Hopkinson pressure bar (SHPB) apparatus at two 
pressure setups in the gas chamber. High-speed imaging system was used to monitor fail-
ure process during dynamic test, and these images were used to measure strain by digital 
image correlation (DIC) in order to compare the DIC-based measurements performed 
with the SPHPB strain gauges and quasi-static results. Fractography analysis was also 
performed to identify the main failure mechanisms induced at different strain rates.

Keywords: high strain rate, split-Hopkinson pressure bar, thermoplastic 
fiber-reinforced composites, digital image correlation, fractography

1. Introduction

During service, aircraft structures are subjected to dynamic loads such as impact 
with foreign bodies, projectile impacts, and shock waves, which may significantly 
affect the mechanical properties of thermoplastic fiber-reinforced (TFR) composite 
materials used for these high-performance structures [1–3]. Thus, a reliable design 
of the composite components requires a detailed mechanical characterization at 
high strain rates because in most cases, due to the lack of dynamic properties, static 
properties are used in material selection and design, which can result in excessive 
structural weight or cause unexplained and untimely failure [1, 4–6].

Efforts have been made to determine the relation between fiber-reinforced polymer 
matrix composite (FRPC) mechanical properties at high strain rates and material 
configuration (resin and fiber length, concentration and orientation), using different 
high strain rate test techniques. Different authors have report and analyzed several 
researches as a state of the art in this topic; however, most of the studies are focused on 
thermoset composites, especially epoxy and polyester matrices reinforced with glass 
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and carbon fibers [3, 5, 7–13]. The few works found in open literature about thermo-
plastic composites studied polyamide-reinforced composites (with glass and carbon 
fiber with different fiber configurations), ethylene-propylene copolymer (EPC) matrix 
reinforced with discontinuous glass fibers, commingled e-glass/polypropylene woven 
fabric composite, glass fiber-reinforced polypropylene (PP) and polybutene-1 (PB-1),  
and AS4 graphite/polyetheretherketone (PEEK) thermoplastic composite [4, 11, 
14–20]; however there is a lack of information about PPS matrix composite’s behavior.

Among the several techniques to achieve high strain rates for tests [21], the split-
Hopkinson pressure bar testing is often used for composite materials [3, 5, 10, 18, 
22–29], where both the specimen stress-time and the specimen strain-time response are 
calculated from the strain waves measured on the bars. Additionally, high-speed camera 
technology with high resolution allow to apply optical and contactless strain field 
measurement techniques such as digital image correlation (DIC), to obtain accurate 
data reduction possibilities and more information on the distribution of strain over the 
specimen surface, which will be later employed in the dynamic material characteriza-
tion [11, 26, 30, 31]. Within this context, the present work uses these techniques to 
characterize the strain rate effects on the mechanical behavior of PPS matrix carbon 
fiber-reinforced composite under compressive loadings in both static and dynamic 
regimes. Results obtained from dynamic statics are compared with quasi-static test 
results for the same specimen geometry and batch. Images obtained by high-speed 
imaging are used during tests to help to identify macro-failure modes induced at high 
strain rate tests, while micro-failure observation was carried out to identify quasi-static 
failure aspects and damage mechanisms of the material at all tested strain rates.

2. Methodology

2.1 Material

The materials used in this study are matrix polymeric (PPS, polyphenylene 
sulfide) fiber-reinforced composites, which were selected due to their application 
on aircraft structures such as leading edges, door structures, and pylon engine cov-
ers, among others [32–36]. These materials were provided by TenCate in the form of 
rectangular laminates in two versions:

a. 33-ply-thick laminate consisting of carbon fabric, 5HS style (harness-satin 
weave where one filling yarn floats over four warp yarns and under one,  
Figure 1a), 3K (3000 individual strands of carbon per fiber bundle) T300J 
(Toray Carbon Fibers America, Inc. specification, commonly used in aerospace 
applications), and 280 gsm FAW (fiber area weight in grams per square meter), 
combined with 42% RC (resin content by weight) Fortron 214 PPS in an 
orthotropic (0, 90) balanced/mirrored layup (Figure 1a)

Figure 1. 
Harness-satin weave (a) 5HS and (b) 8HS [37].
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b. 42-ply-thick laminate consisting of fiberglass fabric, 8HS style (harness-
satin weave where one filling yarn floats over seven warp yarns and under 
one, Figure 1b), EC6 yarn (e-glass continuous fiber with filament diameter 
of 6 μm), and 300 gsm FAW (fiber area weight in grams per square meter), 
combined with 33% RC (resin content by weight) Fortron 214 PPS in an 
orthotropic (0, 90) balanced/mirrored layup (Figure 1b).

Rectangular specimens of 9 × 10 × 9.8 mm3 (width × length × height) were cut 
from the originals bars using the Extec Labcut 5000, available on the Lightweight 
Structures Laboratory of the Instituto de Pesquisas Tecnológicas (IPT), which guar-
antees samples with parallel tolerance of 0.03 mm. The geometry of the specimens 
was set between the ranges specified to accomplish with the assumptions made 
about inertia and friction effect [28]. Figure 2 shows the specimen configuration; 
red arrows indicate the load direction.

2.2 Quasi-static test

Quasi-static reference tests were performed at the Lightweight Structures Laboratory 
(IPT), using an INSTRON servo-mechanic universal testing machine at three constant 
displacement rates (0.6, 6, and 60 mm/min), which corresponds to three quasi-static 
axial strain rates 0.001, 0.01, and 0.1 s−1 by considering the nominal specimen length of 
10 mm. Load measurements were recorded using universal testing machine hardware 
and software, while an Imetrum video gauge system synchronized with the testing 
machine was used to measure strain in the specimen. Using the software interface, target 
points were placed at the center of the specimen, and the strain measurements were 
recorded during the test; additional targets were set to monitor strain behavior.

Special testing fixtures, with load distribution system, were used in the testing 
machine movable head member in order to ensure alignment during specimen load-
ing process. Figure 3 represents a schematic setup for quasi-static tests.

Longitudinal compressive strength is calculated, for this regimen, according 
to expression σ_S = P/AS, where P is the applied load recorded by universal testing 
machine hardware and software and AS is the cross-sectional area of the specimen [38].

Strength and strain data are post-processed to build up the stress-strain curves 
for quasi-static regime and to calculate peak stress, strain at peak stress, and Young’s 
modulus in order to compare mechanical properties with those obtained in the 
dynamic regime. Experimental Young’s modulus is determined as the slope of the 
linear regression (LR) applied to the stress-strain curve in the range of strain data 
between 0.7 and 1%.

Figure 2. 
Isometric view of the specimen.
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2.3 Dynamic test

High strain rate tests were performed using a split-Hopkinson pressure bar 
apparatus available in the Aerospace Structures Laboratory at Instituto Tecnológico 
de Aeronáutica (ITA) composed by three cylindrical bars: striker, incident, and 
transmitted bar. All three bars are made of high strength steel AMS 5629 with 
Young’s modulus of 198 GPa, density of 7700 kg/m3, yield stress of 1.4 GPa, and 
diameter of 19.05 mm. Striker length is 350 mm, and incident/transmission bars 
have 1000 mm, with length/diameter ratio of 50.0, that ensures the validity of 
unidimensional wave propagation assumption. The strain measurement system 
has four strain gauges HBM, model LY11–3/350 with 3 mm grid enabling mea-
surements up to 100 kHz, which are disposed diametrically opposed in order to 
compensate bending and are located at 50 cm of the contact edge between speci-
men/incident bar and specimen/transmitted bar, respectively, and a data acquisi-
tion and conditioning system HBM Genesis 7 t, with a 16 bit resolution analog/
digital card, four strain gauge channels, and sampling rate of 1 MHz. The present 
configuration has a momentum trap after the transmission bar to preserve the 
strain gauges [29, 39]. Additionally, a Photron high-speed imaging system (HSIS) 
composed of a high-speed camera model FASTCAM SA-Z and FASTCAM analysis 
software was set up with the SHPB apparatus to capture videos and images during 
the experiments. Figure 4 shows the schematic SHPB testing setup used for the 
dynamic tests.

Data acquisition and conditioning system signals were post-processed using an 
in-house Python program, which computes the stress, strain, and strain rate on 
the specimen using the classical SHPB analysis based on the one-dimensional wave 
propagation theory, which implies elastic deformation in the bars during the tests, 
unidirectional elastic pulses propagate along the bars, uniform deformation process 
in the specimen, and no dispersion of waves throughout the bars and the specimen 
[11, 24, 26, 28, 29].

Tests were done at two different pressure values in the air chamber, 1.2 and 
1.6 bar, which correspond to two different strain rates for each material (558.5 and 
891.1 s−1 for glass fiber, and 400.5 and 832.2 s−1 for carbon fiber).

Stress-strain database were used to build up the stress–strain curves for speci-
mens tested in dynamic regime and to calculate mechanical properties (peak stress, 
strain at peak stress, and Young’s modulus). Experimental Young’s modulus is 
determined as the slope of the linear regression (LR) applied to the stress-strain 
curve in the range of strain data between 0.7 and 1%.

Figure 3. 
Quasi-static compression test setup.
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2.4 Digital image correlation

Digital image correlation (DIC) technique was used to measure strain during 
dynamic tests using the HSIS images obtained. 2D deformation vector fields and strain 
maps were built for specimens at each high strain rates tested, obtaining strain measures 
in an overall area and along an inspection line (L0) at each deformation state (Figure 5).  
Strain data from the center portion of the inspection line (L0) was synchronized with 
stress data from SHPB apparatus, and stress-strain curves were built using strain 
measured by DIC in order to compare the DIC-based results with the results obtained 
from SHPB strain gauge measurements and quasi-static regime results.

3. Experimental results and discussion

3.1 PPS carbon fiber-reinforced composite

3.1.1 Quasi-static tests

Quasi-static tests are performed to failure, under the three deformation rates 
previously specified (0.001, 0.01, and 0.1 s−1). Figure 6 shows stress-strain curves 
obtained for each strain rate applied, while Table 1 summarizes the post-processed 
results. The results obtained show that material’s peak stress remains constant under 
quasi-static regime with an average value of 532.603 MPa; this is based on the low value 
of the standard deviation (std. dev.) and the coefficient of variation (CV). The same 

Figure 4. 
Schematic SHPB apparatus and HSIS set up.

Figure 5. 
Inspect line L0 (middle white line) and overall area (purple square) used for DIC measurements.
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trend is observed for the Young’s modulus obtaining an average value of 43.859 GPa. 
On the other hand, the strain at peak stress shows an average of 1.284% with a varia-
tion coefficient of 22.45%, which indicates that it varies considerably; however, it does 
not show a sensitivity on the strain rate or a correlation with a variation in the failure 
modes observed by fractographic observation, which indicates that dispersion in 
the measurements can be attributed to intrinsic errors in the measurement method. 
Having this in mind, it can be concluded that the mechanical behavior of the material 
is not strain rate sensitive within the strain rate range tested in the quasi-static regime.

3.1.1.1 Fractographic observation

Scanning electron microscopy (SEM) images for the specimens tested in the 
quasi-static regime can be observed in Figure 7. The material tested at 0.001 s−1 
(Figure 7a) presents a mixed failure mode (shear, yellow arrows; delamination, 
red arrows) due to the configuration of the fiber. Woven fiber laminates commonly 
present delamination through the warp fibers and shear through the weft fibers. 
Additionally, local kinkbands (Figure 7a, discontinued white lines) are evidenced 
in the warp fiber bundles, which is common in compression load failure due to 
the microbuckling that is developed in the fibers aligned in the direction of the 
load [40]. The specimens tested under 0.01 s−1 (Figure 7b) and 0.1 s−1 (Figure 7c) 
present similar behavior, which is observed a mixed failure mode (delamination 
and shear) and the development of local kinkbands. The material tested at 0.01 s−1 
develops intralaminar failure (discontinued yellow lines) related to the failure of 
the weft fibers and microbuckling (discontinued red line).

3.1.2 Dynamic tests

The dynamic tests are performed up to failure under two average strain rates of 
400.5 and 832.3 s−1; all these tests achieved equilibrium forces on specimen’s sur-
faces, which is evidenced in Figure 8 where forces applied on each contact surface 
of the specimen are showed for a test under each strain rate.

Stress-strain curves and data obtained for each strain rate applied at dynamic 
regime (Figure 9 and Table 2) evidenced that the mechanical behavior of the 
material is not significantly affected by the strain rate effects presenting an aver-
age strength of 530.237 MPa, failure strain of 2.141%, and elasticity modulus of 
34.273 GPa when strain is measured by SHPB strain gauges.

The same behavior remains when strain is measured by DIC; however the strain 
measured on the center portion of the specimen by DIC is lower than SHPB strain 
of about 38.856 and 36.605% for 400.5 and 832.3 s−1, respectively, which leads to 

Figure 6. 
Stress-strain curve obtained for PPSCFC at quasi-static regime.
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an increase in the Young’s modulus of about 90.65% for 400.5 s−1 and 71.606% for 
832.3 s−1. This difference can be seen in Figure 10, where stress–strain curves with 
strain measured by SHPB system and by DIC are shown at each tested strain rate.

The strain map for the overall area at the moment of the failure obtained by DIC 
strain analysis indicates that strain value measured by strain gauges was reached 

Table 1. 
Experimental results for PPSCFC at quasi-static regime.

Figure 7. 
Quasi-static failure modes observation by SEM for PPSCFC under (a) 0.001 s−1 (at 25× with amplified zone at 
500×), (b) 0.01 s−1 (at 25× with amplified zone at 500×) and (c) 0.1 s−1.

Figure 8. 
Force equilibrium on the edge of the incident bar (red line) and transmitted bar (blue line) for PPSCFC under 
(a) 400.5 s−1 and (b) 832.3 s−1.
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in localized points of the specimen, generally on the edges (2.25% in the DIC 
spectrum and 2.088% according to SHPB measure for 400.5 s−1; and 2437% on the 
DIC spectrum and 2.346% according to SHPB measure for 832.3 s−1). This indicates 
that dynamic test behaves according to the theory and generates deformation highly 
localized or not homogeneous along the specimen due to the test high speed [24–26, 
28, 41, 42]; also, the value measured by strain gauges is a real value of strain within 
the specimen; however, this value is the highest reached in all the specimen; in 
consequence, it is wise to measure strain by the DIC technique to obtain an accurate 
value on the center of the specimen where it can be assured that the behavior of 
the material is not influenced by the effect of the edges, where higher tendency to 
failure can be present as a consequence of the specimen machining [43].

3.1.2.1 Fractographic observation

The fractographic observation for dynamic regime is performed by monitoring 
the failure through the high-speed image system and SEM post-failure observation. 
Figure 11 shows the sequence of the material’s failure submitted to 400.5 s−1 where 
the red arrow indicates the direction of the compressive wave. It can be observed 
the specimen at the beginning of the failure without any failure indication in 
Figure 11a; in the next image (Figure 11b) is shown the beginning of the failure on 
transmitted bar/specimen edge (blue circle), which is attributed to material’s edges 
weakening by machining effect. The beginning of the failure is given in the form of 
delamination, and then it is propagated diagonally or in shear mode (Figure 11c). 
Besides, other two crack fronts are initiated on incident bar/specimen edge (blue 
circle Figure 11c), which join in a “v” shape, and then it is propagated in delamina-
tion mode. The specimen finishes its failure process with a partial separation of the 
surfaces (Figure 11d).

Figure 9. 
Stress-strain curves obtained under dynamic regime for PPSCFC. (a) 400.5 s−1 and (b) 832.3 s−1.

Table 2. 
Comparison of mechanical properties under high strain rates for PPSCFC.
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The material’s failure process observed by HSIS for strain rate of 832.3 s−1 is shown 
in Figure 12. The beginning of the failure is observed in two regions of the transmit-
ted bar/specimen edge (blue circle) taking as reference the direction of wave propaga-
tion (red arrow) (Figure 12b). The upper region is submitted to bending, which is 
why the material looks bended upward, while the lower region develops two delami-
nation fronts. The delaminations are propagated, while the bending on the upper 
region is intensified generating delamination and separation of the plies (Figure 12c) 
indicating failure of the resin, until the failure of the fibers under shear is initiated 
(Figure 12d yellow line). The propagation of the different crack fronts is prolonged 
until the specimen is entirely divided in several pieces (Figure 12e).

SEM fractographic observation was performed on the fracture surface of the 
different recovered parts of the material tested under 832.2 s−1. Figure 13a shows 
a surface that appears to be “melted,” while Figure 13b–d presents other surface 
that is “unmelted.” This behavior indicates that heat generation during the test may 
have affected the crystallinity degree of the thermoplastic matrix. The “melted” 
surface (Figure 13a) is characterized for being smooth and without any distinctive 
features; observation at high zooms show the presence of fibrils in the interior of 
a crack, which look like resin threads that try to keep the crack faces together and 
oppose the propagation. On the “unmelted” surface (Figure 13b), two zones can be 
observed, Z1 which seems to be a zone directly over the fabric (it is not possible to 
identify if it is warp or weft) and Z2 which seems to be an interstitial site or a high 
resin content site. The zone Z1 (Figure 13c) shows cusps and scallops (red arrows), 

Figure 10. 
Stress-strain curve obtained for PPSCFC with strain measured by DIC and SHPB strain gages under (a) 
400.5 s−1 and (b) 832.3 s−1.

Figure 11. 
Images sequence taken by HSIS for PPSCFC tested at 400.5 s−1.
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while the zone Z2 (Figure 13d) presents riverlines (yellow arrows) and feather 
marks (red circles). This fractographic aspects are typical of a composite submitted 
to compression [40, 44–46].

3.1.3 Mechanical property comparison for PPSCFC

Tables 3 and 4 present that the mechanical properties are not significantly 
affected by the strain rate effect while strain rate increases. Peak stress variation is 
less than 3.5% when results of specimens tested at quasi-static and dynamic regimes 
are compared, which indicate that strength is not strain rate dependent for this 
material. Strain at peak stress measured by the SHPB system presents higher varia-
tion than the strain measured by DIC (29.23–17.977%, respectively) compared with 
quasi-static results; however, the failure mechanism has not presented any difference 
which is why both can be considered negligible and the difference is attributed to 
the measurement method. The variation observed on the modulus is given by the 
obtained strain data; higher values for strain at peak stress obtained by SHPB gauges 
give modulus’ lower values for dynamic tests and lower variation between quasi-
static and dynamic regime compared with results with strain data measured by DIC; 
however, modulus is taking as constant, too, that is, it is not strain rate dependent.

Strain rate insensitivity is also observed in Figure 14, where peak stress-strain 
rate relation (a), strain at peak stress-strain rate relation (b), and Young’s modulus-
strain rate relation (c) are shown. Quasi-static (QS) and dynamic (D) average data 
is plotted for each property, differentiating SHPB strain data and DIC strain data.

It can be concluded that the material is not strain rate dependent and the 
measurement of dynamic strain by DIC allows a more accurate comparison with 
respect to the measurement of the quasi-static strain by the video strain gauge sys-
tem. PPSCFC mechanical behavior discussed does not coincide with the behavior 

Figure 12. 
Images sequence taken by HSIS for PPSCFC tested at 832.2 s−1.
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observed on similar materials (thermoplastic matrixes reinforced with carbon 
fiber) [11, 16, 19, 23, 27, 38]. This can be explained by the effect of carbon fiber on 
the resin (PPS) crystallization reported in open literature, where it has been found 
that transcrystallinity on the fiber-resin interphase affects the mechanical proper-
ties of the composite [32, 38, 47–49].

Failure mode is not strain rate dependent, either. The material presents mixed 
failure aspects (delamination and shear), which is characteristic for a laminate 
fabric submitted to compression according to Greenhalgh [40]. The material tested 
under the highest strain rate presents separation on multiple parts indicating severe 
damage due to the high-speed load application and insufficient dissipation of the 
heat generated in the deformation process. It is also worth to mention that it is 
observed that the delamination becomes more predominant at highest strain rate, 
which coincides with what Greenhalgh [40] reports for laminates submitted to 
high-speed impact loading.

Figure 13. 
SEM images for PPSCFC tested at 832.3 s−1. (a) “Melted” surface at 500× with 2500× zoom of the marked zone, 
(b) “unmelted” surface at 100×, (c) Z1 marked in (b) at 1000×, and (d) Z2 marked in (b) at 1000×.

Table 3. 
Average mechanical properties for PPSCFC with strain measured by SHPB system.
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3.2 PPS glass fiber-reinforced composite

3.2.1 Quasi-static tests

Quasi-static tests are performed to failure, under the three deformation rates 
specified (0.001, 0.01, and 0.1 s−1). Figure 15 shows stress-strain curves obtained 
for each strain rate applied, while Table 5 summarizes the post-processed results. 
Sample S1 for 0.001 s−1 tests was discarded due to reload during the test. The 
average value obtained for the peak stress for the quasi-static regime is 358.295 MPa 
with a coefficient of variation (CV) of 5.235%, which means that it is constant. 
Strain at peak stress and modulus presents the same behavior with values as of 
1.676%–(CV) 8.875% and 21.999 GPa–(CV) 2.623%, respectively. Due to this it is 
said that mechanical behavior remains constant in quasi-static regime.

3.2.1.1 Fractographic observation

Fractographic observation by SEM for the PPSGFC specimens tested under quasi-
static regime evidences a mixed failure mode (delamination and shear) for the lami-
nate submitted to compression according to what is reported by Greenhalgh for fabrics 
[40]. Figure 16 shows the failure modes for the three strain rates identifying delamina-
tion with red arrows and the shear with yellow arrows. The material tested at 0.001 s−1 
developed an early stage kinkband (Figure 16b), which indicates basic failure mode 
for composites under compression [38, 40, 44]. Figure 16e indicates the formation of a 
fiber bridging characteristic of mode I delamination (opening) [44].

3.2.2 Dynamic tests

The dynamic tests are performed up to failure under two average strain rates of 
558.5 and 891.1 s−1; all these tests achieved equilibrium forces on specimen’s surfaces 
which is evidenced in Figure 17 where forces applied on each contact surface of the 
specimen are showed for a test under each strain rate.

According to the results (Figure 18 and Table 6), material’s mechanical behavior 
is constant for the dynamic regime presenting 491.554 MPa as peak stress, 2.647% 
as failure strain, and 22.498 GPa as Young’s modulus when strain is measured by 
SHPB strain gauges.

For this material it is also performed the strain measurement processing the 
high-speed videos under DIC, as it was done for the PPSCFC. Figure 19 shows 

Table 4. 
Average mechanical properties for PPSCFC with strain measured by DIC.
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Figure 14. 
PPSCFC properties as function of the strain rate: (a) strength-strain rate plot, (b) ultimate strain-strain rate 
plot and (c) Young’s modulus-strain rate plot.

Figure 15. 
Stress-strain curve obtained for PPSGFC under compression at (a) 0.001 s−1, (b) 0.01 s−1 and (c) 0.1 s−1.

Table 5. 
Experimental results for PPSGFC at quasi-static regime.
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the variation of the stress-strain curves built up with the strain data measured by 
SHPB and DIC. Results obtained for this material are similar to PPSCFC; the strain 
measured by DIC is lower in 25.495 and 19.627% for 558.5 and 891.1 s−1, respectively, 
with respect to the deformation measured with the SHPB strain gauges. As it was 
expected, the peak stress remains equal what leads to modulus increase (38.054% for 
558.5 s−1 and 6.553% for 891.1 s−1) with respect to the data obtained by the SHPB.

The behavior observed in the strain map obtained by DIC is the same to the one 
analyzed for PPSCFC; the highest strain is very close to the value measured by the 
SHPB system (2.437% DIC–2.573% SHPB at 558.5 s−1; 2.843% DIC–2.68% SHPB at 
891.1 s−1), which reaffirms what was previously said; the SHPB system obtains the 
highest strain value in the entire specimen. Resulting strain in the specimen is not 

Figure 16. 
SEM images for PPSGFC tested under quasi-static strain rates. (a) 0.001 s−1 at 25×, (b) marked zone in (a) at 
100×, (c) 0.01 s−1 at 25×, (d) 0.1 s−1 at 25× and (e) marked zone in (d) at 250×.

Figure 17. 
Force equilibrium on the edge of the incident bar (red line) and transmitted bar (blue line) for PPSGFC under 
(a) 558.5 s−1 and (b) 891.1 s−1.
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homogeneous along it and is more critical on the edges, and the measurement of the 
strain DIC allows obtaining data without the influence of the machining.

3.2.2.1 Fractographic observation

The same that for PPSCFC, failure process monitoring is performed for PPSGFC 
through the high-speed image system; additional SEM post-failure observation was 
realized.

Images for material tested at 558.5 s−1 (Figure 20) indicate that the failure starts 
on the specimen/transmitted bar contact edge and it propagates as delamination 
(Figure 20b and c, white arrow). A second crack front is developed on the inferior 
part of the specimen/incident bar contact edge in shear (Figure 20c, blue circle), 
which propagates and meets other crack front forming a “v” shape and continuing 
the propagation as delamination (Figure 20d), resulting in a mixed failure mode 
(delamination and shear).

Failure behavior for the material tested at 891.1 s−1 is similar to that observed in speci-
mens tested in other strain rates. The beginning of the failure starts on the inferior region 
of the specimen/transmitted bar contact edge, and it propagates in shear (Figure 21b, 
blue circle); on its way it is bifurcated; and on one side, it continues in shear toward the 
superior opposite edge; and on the other side, it propagates as delamination forming a 
“v” shape in the material (Figure 21c, white arrows). Additionally, another crack front is 
developed on the superior part of the specimen/transmitted bar contact edge in form of 
delamination, which is propagated separating the part and allowing relative movement 
with respect to the other parts (Figure 21d). For this strain rate, the material is divided in 
several parts which were submitted to SEM observation on the fracture surface.

Figure 18. 
Stress-strain curves obtained under dynamic regime for PPSGFC: (a) 558.5 s−1 and (b) 891.1 s−1.

Table 6. 
Comparison of mechanical properties under high strain rates for PPSGFC.
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The analysis of the fracture surface for the material tested at 891.1 s−1 indicates 
the development of two types of surface as in the PPSCFC on the highest strain 
rate. A surface appears “melted” (Figure 22a), while the other appears “unmelted” 
(Figure 22b). The “melted” surface exhibits signs of abrasive wearing possibly due 
to the movement between sheets observed on the HSIS images [50, 51], while the 
“unmelted” surface presents cusps (red circle) which appears to be the weft as in 
mode I (opening) [44].

3.2.3 Mechanical property comparison for PPSGFC

The data obtained by the SHPB system (Table 7) evidence an increase of 27% on 
the peak stress when the average values for the quasi-static and dynamic regimes are 
compared (358.295 and 491.554 MPa). Similarly, the deformation on the ultimate 
stress is increased by 36% when the average values for the quasi-static and dynamic 
regimes are compared (1.676 and 2.647%). It was not evidenced a significant change 
in the Young’s modulus for the material tested in the dynamic regime with respect to 
that of the semi-static regime (2% increase).

According to the data obtained when strain is measured by DIC (Table 8), the 
tendency of strength increase is kept at 38% when the averages of the quasi-static 

Figure 19. 
Stress-strain curve obtained for PPSGFC with strain measured by DIC and SHPB strain gages under (a) 
558.5 s−1 and (b) 891.1 s−1.

Figure 20. 
Images sequence taken by HSIS for PPSGFC tested at 558.5 s−1.
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and dynamic regimes are compared (358.295 and 496.758 MPa), which is expected 
given that the determination of the peak stress is made with the same data. 
However, the increase in the strain at peak stress is just 21% based on the average 
values for each regime (1.676% quasi-static and 2.034% dynamic). The aforemen-
tioned affects the behavior of the Young’s modulus, which presents an increase of 
23% according to the average values for quasi-static and dynamic regimes (21.999 
and 27.168 GPa). The behavior previously described is graphically evidenced in 
Figure 23 where the properties’ tendency with respect to the strain rate is shown.

Figure 21. 
Images sequence taken by HSIS for PPSGFC tested at 891.1 s−1.

Figure 22. 
SEM images for PPSGFC tested at 891.1 s−1. (a) “Melted” surface at 100× with 500× zoom of the marked zone, 
(b) “un-melted” surface at 100× with 500× zoom of the marked zone.
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Results indicate that the material is strain rate dependent presenting an increase 
in the properties when strain rate applied increases, which is evidenced more accu-
rately with DIC strain measurement and comparing it with the quasi-static results. 
The mechanical behavior observed on this material coincides with data reported for 
other similar materials in open literature (thermoplastic matrixes reinforced with 
glass fibers) [4, 16–18, 38, 52, 53].

Table 7. 
Average mechanical properties for PPSGFC with strain measured by SHPB system.

Table 8. 
Average mechanical properties for PPSGFC with strain measured by DIC.

Figure 23. 
PPSCFC properties as function of the strain rate: (a) strength-strain rate plot, (b) ultimate strain-strain rate 
plot and (c) Young’s modulus-strain rate plot.
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The fractographic observation performed in both regimes indicates that the 
failure mechanism is not strain rate dependent since there is no significant variation 
in the failure aspects observed in specimens tested at high strain rates in comparison 
to those tested quasi-statically. The failure mechanism for the material is mixed 
(delamination and shear) in all the strain rates with a notorious dominance of 
the shear mode, which in the high deformation rates becomes balanced with the 
delamination. This behavior is expected due to the tendency of the glass fiber to fail 
at 45° when submitted to compression, and the laminate dilation turns the material 
more susceptible to delamination at high strain rates, according to Greenhalgh [40].

4. Conclusions

The mechanical behavior of the materials is linear elastic at all tested strain 
rates. Mechanical properties remain constant with respect to the strain rate applied 
for each regime. Results obtained for PPSCFC indicate compressive strength of 
532.603 MPa, failure strain of 1.284%, and Young’s modulus of 43.859 GPa for 
quasi-static regime and 534.93 MPa for compressive strength, 1.345% for failure 
strain, and 53.014 GPa for Young’s modulus at high strain rates. PPSGFC results give 
compressive strength of 358.295 MPa, failure strain of 1.676%, and Young’s modulus 
of 21.999 GPa for quasi-static regime and for the dynamic regime 496.758 MPa 
for compressive strength, 2.034% for strain failure, and 27.168 GPa for Young’s 
modulus.

Comparing the obtained values for the mechanical properties calculated under 
the quasi-static and dynamic regimes, it is found that the PPSCFC exhibits a strain 
rate insensitive mechanical behavior with respect to the strain rates applied, while 
the PPSGFC is strain rate dependent, which means enhancement on mechanical 
properties when the strain rate increased. Compressive strength increases by 38%, 
failure strain increases by 21%, and Young’s modulus increases by 23%.

According to the strain spectrum obtained from the strain measurement by 
DIC, the strain measurement by the SHPB system shows the highest strain value in 
the specimen; however, due to the strain behavior at dynamic tests, it is better to 
perform strain localized measurement, in order to compare mechanical properties 
calculated in both regimes.

The behavior for the PPSCFC reported herein is not in accordance with data and 
similar material reports elsewhere. This can be attributed to the fact that the resin 
used for this material (PPS) is semicrystalline and presents a reaction with the carbon 
fibers at the crystallization moment during the cooling, generating transcrystallinity 
on the fiber-resin interphase which affects the mechanical properties. Further studies 
must be performed to establish if this is why the material behavior is affected.

The behavior obtained for the PPSGFC is what is expected according to data and 
similar material reports published in the literature; the strain rate dependency of 
the mechanical properties is attributed to the viscoelasticity of the resin.

The failure mode observed for the materials, in general terms, is mixed. 
Delamination and shear mode are identified, and it is observed that the failure 
aspects are not significantly affected by strain rates, which in tum leads to conclude 
that the failure mechanism is not strain rate dependent. The failure mechanisms are 
governed by the material configuration and the fiber-resin interphase more than 
the strain rate applied, which explain that typical fractographic characteristics for 
composite materials submitted to uniaxial compression were developed.

Bigger efforts must be made to understand the generation and dissipation of 
heat during the material strain process for high strain rates to understand better 
their effect on the fractographic aspects of the material (“melted” surfaces).
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