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Abstract

Herein, temperature-dependent long-term behavior of polypropylene and its

transversely loaded unidirectional glass fiber reinforced composite is investi-

gated and a lifetime prediction method is proposed, which is based on the

observed long-term failure mechanisms. Furthermore, the effect of cooling rate

during processing on the time-dependent behavior is addressed. The composite

is revealed to exhibit multiple molecular deformation mechanisms, similar to

neat polypropylene, which is modeled using the Ree–Eyring approach. Failure

kinetics under constant-strain-rate and creep tests are found to be identical

and switching from creep to cyclic loading decelerates the failure, which are

signs of plasticity-controlled failure. Hence, lifetime is predicted well by using

a lifetime prediction methodology for the plasticity-controlled failure which

combines the Ree–Eyring approach and the concept of critical strain. A change

in the cooling rate alters the deformation and failure kinetics: lower cooling

rates promote embrittlement.
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1 | INTRODUCTION

Thermoplastic composites have recently drawn
increasing attention thanks to their advantages such as
light-weight, high specific strength, recyclability, and
suitability for mass-manufacturing. Their use is expected
to increase even more with the growing interest in elec-
tric cars following the new governmental policies in an
attempt to reduce CO2 emissions. Glass fiber reinforced
isotactic polypropylene (iPP), which combines the
strength of glass fibers and cost-effectiveness of iPP,
stands as a strong candidate for the aforementioned

engineering application. Nevertheless, these materials are
prone to long-term (creep and fatigue) failure due to the
time-dependent behavior of the matrix.1–5 Understanding
the long-term behavior of thermoplastic composites is
essential for lifetime predictions, which is required for
safe and reliable application of load-bearing composite
products.

Long-term failure is crucial especially in the trans-
verse direction, where the matrix dominates the overall
response. In multidirectional laminates under long-term
loading, multiple cracks are formed in the transverse
layers.6–8 These cracks may later cause other types of
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damage such as delamination and lead to ultimate fail-
ure. Hence, matrix-dominated time-dependent damage
plays a critical role in the long-term behavior of thermo-
plastic composites. A feasible and straightforward
approach to studying matrix-dominated long-term behav-
ior is to investigate the long-term behavior of unidirec-
tional (UD) laminates, which eliminates the effects of the
neighboring plies on the damage development in the
transverse layers. In contrast to the damage evolution in
multidirectional laminates, the evolution of a single crack
governs the lifetime of transversely loaded UD laminates.

Since the transverse behavior of the composites is
matrix-dominated, a discussion of the intrinsic long-term
behavior of thermoplastics is useful. Short fiber-
reinforced9 and neat thermoplastics10–12 show two main
stress-dependent long-term failure mechanisms:
plasticity- and slow crack growth controlled failure.
These mechanisms are illustrated in Figure 1 for polyeth-
ylene, which is a commonly studied material for pressur-
ized pipe applications.10 Plasticity-controlled failure is
seen at high stress levels and short failure times. In this
regime, applied stress leads to plastic flow, which causes
failure once a critical level of accumulated plastic strain
is exceeded. Slow crack growth is observed at lower
stresses and longer timescales and displays a steeper
slope in the stress versus time-to-failure curve. In this
regime, lifetime is dominated by the steady growth of
cracks that form from precursors or that are already pre-
sent, until they reach a critical length and become unsta-
ble. Since the two mechanisms possess different kinetics,

the change from plasticity to crack growth is accompa-
nied by a change in slope, as shown in Figure 1.

Identification of the failure mechanisms mentioned is
important for matrix-dominated long-term behavior since
each failure mechanism requires a different method for
lifetime prediction and improvement. For this reason, in
our previous work,1 we identified the failure mechanisms
in transversely loaded thermoplastic composites tested at
room temperature, where glass/iPP was one of the mate-
rials studied. In that study, the stress range experimen-
tally covered led to failure mostly in a day, and only a
single slope was observed in the long-term stress versus
lifetime plot, which did not signal a change in the failure
mechanism. Based on a methodology for identifying the
failure mechanisms, we revealed that plasticity was the
dominant mechanism in the experimental range covered,
in contrast to the common understanding in composites
that their long-term response is controlled by a brittle
crack growth mechanism. Extension of this study to lon-
ger time scales, which would be encountered in the prac-
tical applications, is necessary, whereas conducting long
tests is experimentally demanding and not practical.
Therefore, there is a need for accelerating the long-term
failure, which can be achieved via testing at elevated tem-
peratures. High-temperature testing helps to accelerate
the failure especially in the plasticity-controlled regime,
which was the failure mechanism observed for glass/iPP
in Reference 1. An example of this can be found in the
work of Lang et al.,10 where increasing the temperature
of a medium-density polyethylene from 85 to 95�C accel-
erates the failure in the plasticity-controlled regime by
about three decades, in contrast to only half a decade for
the crack-growth-controlled regime.

Another benefit of long-term testing at elevated tem-
peratures is that it can help to identify the different defor-
mation processes in the plasticity-controlled failure of
thermo-rheologically complex materials.13 iPP is known
to be one of such materials exhibiting multiple deforma-
tion processes that contribute to the time-dependent
strength.14–16 Each process has different kinetics, which
results in a change in the slope of the creep stress versus
time-to-failure curve in the plasticity-controlled regime
when the time scale of a long-term test at a certain tem-
perature is long enough for one of the processes to
relax.16,17 Thus, understanding and determining the tem-
perature and stress dependence of each process helps to
develop accurate methods to predict long-term failure
and interpret the changes in the trends seen over the
experimental time scale.

Last but not least, real engineering applications often
require the investigation of the time-dependent behavior
at elevated temperatures. For example, in the automotive
industry, low weight requirements lead to smaller

FIGURE 1 Hoop stress versus lifetime data showing plasticity

(hollow markers) and crack growth-controlled (full markers) failure

regimes for a high-density polyethylene pipe subjected to pressure.

Markers with an arrow indicate run-out tests, lines are guides-to-the-eye.

Reproduced from Reference 10 [Color figure can be viewed at

wileyonlinelibrary.com]
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volumes, resulting in hotter engine compartments.
Besides, there is a growing interest in the automotive
industry to produce car cross beams and leaf springs
made of thermoplastic composites, for which design tem-
peratures up to 65 and 80�C, respectively, may be
needed.18–21

In addition to temperature, processing history is also
known to have a profound effect on short- and long-term
behavior of thermoplastics and their composites. The
cooling rate has been observed to influence crystallin-
ity17,22–29 and crystalline microstructure22,23,29–32 of both
fiber-reinforced and neat iPP. In addition, fiber-matrix
adhesion is also known to be influenced by the cooling
rate.23,24,27,29,33 Changes in the above-mentioned aspects
combined will strongly affect the stress–strain response,
long-term and impact behavior of the thermoplastic-
based materials. Focusing on the effect of cooling rate on
matrix-dominated properties of PP composites, many
studies claim that the interlaminar fracture toughness
decreases with a decrease in cooling rate.22,23,27–29,32 This
was attributed mostly to inter-spherulitic failure which is
a result of weak bonding between the spherulites. On the
other hand, it is common in the studies on neat semi-
crystalline polymers to attribute the embrittlement at low
cooling rates to a low density of tie chains connecting the
lamellae.34–36 Embrittlement was observed also in the
tensile strength: Wafai et al.37 observed that low cooling
rates result in embrittlement in the tensile behavior of
the neat impact polypropylene, which leads to low in-
plane shear strengths for its glass-reinforced composite.
An opposite trend was observed by Kabbani and El
Kadi38; however, no explanation was provided for the
trend observed. None of the latter two studies on the
transverse tensile strength considers the effect of cooling
rate on the time-dependent behavior; hence, there is a
lack of research in literature about the effect of cooling
rate on the time-dependent behavior of transversely
loaded UD laminates. Furthermore, given the complexi-
ties and many parameters involved in the effect of
cooling rate on transverse time-dependent behavior, we
believe that it is essential to investigate its effect on our
specific material of interest.

The aim of this study is to investigate and predict
the temperature-dependent long-term behavior of
transversely loaded UD glass/iPP under static and
cyclic fatigue loading and to identify the effect of
cooling rate (using three different cooling rates). Long-
term tests will be conducted at several temperatures
ranging from room temperature up to 110�C. Strain
rate- and temperature-dependent short-term behavior
will be characterized and used for predicting the life-
time under long-term loading, which is a procedure
commonly used for the plasticity-controlled failure of

neat polymers.9,12,13,17 Time-dependent behavior of the
neat matrix will also be studied to investigate the link
between the behavior of the neat matrix and the
composite.

2 | EXPERIMENTS

2.1 | Material and sample preparation

Glass-reinforced UD tape with a polypropylene matrix
with a weight averaged molecular weight of
Mw = 150 kg/mol and a polydispersity index (Mw/Mn) of
5.2 was kindly provided by SABIC FRT. The volume and
weight fractions of the fibers in the prepreg are 45% and
70%, respectively. Each prepreg had a width of 110 mm
and a nominal thickness of 0.25 mm. The neat matrix
used was of the same grade as the matrix of the prepreg.
Microstructure of the tape is shown in the migrograph
presented in Figure 2(a). The mid-portion of the tape is
fiber-rich, whereas the surfaces of the tape are
matrix-rich.

A stack with [90]8 lay-up was prepared in a picture
frame mold of 390 mm by 390 mm to be pressed in a
Fontijne hot press at the Composite Production Labora-
tory of the University of Twente. The stack was heated to
220�C, kept at that temperature for consolidation for
10 min and then cooled to room temperature. A consoli-
dation pressure of 2 bars was applied. Three different
cooling rates, named as slow, medium and fast, were uti-
lized. To obtain the slow cooling rate, the press was shut
off and the laminates were cooled by free convection
while keeping the pressure on. The medium cooling rate
was achieved by activating the water cooling system of
the press at its full capacity. For fast cooling, initially, a
laminate was pre-consolidated with the medium cooling
rate. Later, the laminate was re-heated to 220�C in the
mold in an oven to erase the previous manufacturing his-
tory and rapidly transferred to the press with cold plates
to apply pressure and cool down. The cooling rate was
measured by a thermocouple placed at the mid-thickness
of the laminate for all cases. The approximate cooling
rates that were achieved in the temperature range of crys-
tallization (based on differential scanning calorimetry
experiments) are shown in Table 1. To illustrate the
resulting microstructure of the composite, a micrograph
of the laminate cooled with medium cooling rate is pro-
vided in Figure 2(b). In the micrograph, individual plies
can easily be recognized with the help of matrix-rich
inter-ply regions.

After making the laminates, composite specimens
were cut using a diamond saw. Water was used while
sawing to prevent over-heating. Rectangular specimens
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had a thickness of 2 mm, grip-to-grip separation of
100 mm, width of 20 mm and a grip length of 20 mm.

Neat iPP was both manufactured and mechanically
tested at the Polymer Technology Laboratory of the Eind-
hoven University of Technology. A Fontijne dual hot
press was used. Three different cooling rates were
applied: slow cooling, controlled cooling and quenching,
which are shown in Table 1. A mold filled with iPP pel-
lets was heated to 220�C and kept at that temperature
until all the material is melted. For the controlled and
slow cooling, later, a pressure 37.5 bars was applied and
kept at that level until the end of the press cycle. The
cooling started 5 min (dwell time) after the pressure is
applied. Slow cooling was obtained by shutting the press
off and letting the plates cool by free convection, and
controlled cooling was achieved by cooling the plates of
the press by water at a programmed cooling rate of 10�C/min.
For quenching, a different procedure was used. After the
material was melted at 220�C, a pressure of 15 bars was
applied and subsequently released gradually in 2.5 min
in total to degass the material. Afterwards, a pressure of

25 bars was applied for a dwell time of 3 min for consoli-
dation. After the consolidation, the plate was transferred
to a cold pair of press plates, which were at 17�C. Since
iPP plates were manufactured using different equipment
in a different laboratory, the cooling rates obtained were
not exactly the same as those of composite plates. For
this reason, the two highest cooling rates of neat iPP
plates are named as quenching and controlled cooling,
respectively, to differentiate them from the cooling rates
used for the composites as shown in Table 1. Tensile
specimens of the neat matrix material are dumbbell-
shaped and are dimensioned according to ISO 527-2-1BA
and ISO 527-2-5B for the “quenching” and “controlled-
cooling” conditions, respectively.

2.2 | Crystallinity measurements

Crystallinity was measured by utilizing a Mettler Toledo
Differential Scanning Calorimeter (DSC). Composite
samples were cut by using a diamond saw from the
plates. Since there might be a gradient of cooling rate
through the thickness of the composite laminate, each
sample was cut to include all layers of the laminate in
order not to have a biased measurement that is represen-
tative of only certain layers. For the tests of neat iPP,
granules were used. Composite and neat iPP samples
weighed around 12 and 7 mg, respectively. At least three
samples were tested per cooling rate.

DSC tests were performed in two different ways. In
the first case, a single scan was carried out using as-
manufactured samples. Samples were heated above the
melting temperature at a rate of 10�C/min and the heat

FIGURE 2 Optical micrographs of

(a) the tape and (b) laminate (medium

cooling rate) [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 1 Cooling rates applied for the composite laminates

and neat iPP

Material Naming Cooling rate (�C/min)

glass/iPP Slow 0.7

Medium 5

Fast 30

iPP Slow <1

Controlled cooling 10

Quenching 1800
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of melting was determined to calculate the crystallinity.
Only the composite samples were tested in this manner.
Silicone oil of around 3 mg was used during each run to
enhance the thermal contact between the pan and the
sample. Silicone oil was separately scanned in the DSC to
compensate for the heat transfer to the oil. In the second
approach, samples were heated at a heating rate of 10�C/min
to 220�C, held at that temperature for 5 min, and subsequently
cooled at constant rates of 0.7, 5, and 20�C/min imposed by
the DSC. Next, they were re-heated at 10�C/min to 220�C to
determine the heat of melting. This approach was
employed to have comparable cooling rates for the com-
posites and neat iPP since they were not manufactured
with the same cooling rates. Both neat iPP and the com-
posite were tested in this manner. The silicon oil was
not used for these samples since, after the first melting
run, the bottom surface of the sample is assumed to
have good contact with the pan. Note that the highest
cooling rate imposed by DSC, 20�C/min, was lower than
the fast cooling rate of the as-manufactured composite
(30�C/min) due to the operation limit of the DSC.

Eventually, the crystallinity is calculated using the
formula:

X =
ΔHm

ΔHf 1−wf
� � �100, ð1Þ

where X is the percent crystallinity, ΔHm is the heat of
fusion (endothermic) determined from the DSC tests,
ΔHf is the heat of fusion (endothermic) of a 100% crystal-
line material, and wf is the weight fraction of fibers.39 wf

was taken as 70% for composites based on the data pro-
vided by the tape manufacturer and 0 for the neat iPP.
ΔHf was taken as 207 J/g according to Reference 40.

In addition to the DSC tests, wide-angle X-ray diffrac-
tion (WAXD) of the as-manufactured composite plates
were also carried out for morphological analysis. A cop-
per anode was used, yielding an X-ray wavelength of
1.54 Å. WAXD patterns were recorded in reflection mode
with an Eiger 2R 500K detector with a pixel size of
72 × 72 μm2 located at a distance of 38 mm. For all mea-
surements, the scattering intensity from the background
was subtracted from the total intensity.

2.3 | Uniaxial tensile tests

For composites, creep tests and constant-strain-rate tests
up to strain rates of 10−2 s−1 were conducted using
Zwick/Roell universal tensile testers equipped with load
cells with capacities of 2.5 and 5 kN. Constant-strain-rate
tests at a strain rate of 10−1 s−1 at room temperature were

conducted using an Instron 8516 servo-hydraulic test-
ing system thanks to its ability to perform tests at high
rates. For the fatigue tests of glass/iPP, a servo-
hydraulic MTS testing system equipped with a 2.5 kN
load cell was used.

For iPP, constant-strain-rate and creep tests are per-
formed on a Z010 Zwick Material Testing Machine
equipped with a 1 kN load-cell and fatigue experiments
are performed on a servo-hydraulic MTS testing system
with a 2.5 kN load-cell.

For constant-strain-rate experiments, constant cross-
head speeds corresponding to strain rates ranging from
10−7 to 10−1 s−1 are used. In creep and fatigue tests, the
maximum stress was applied in 10 s. Fatigue load was
introduced in a sinusoidal wave, with a stress ratio (R) of
0.1 and using frequencies (f ) of 1 and 10 Hz. The
machines were equipped with a temperature chamber for
high-temperature testing. The testing temperature ranged
from room temperature up to 110�C. The samples were
kept in the hot chamber for 10 min before performing
the high-temperature tests.

In all cases, engineering stress and strain values are
used for the figures, calculations and theory that will be
presented in the following sections. Strains and strain
rates are calculated based on the crosshead displacement
of the uniaxial testing machines. A clip-on extensometer
was used only to record the strain data of composite sam-
ples for which stress–strain graphs are provided in
Figure 5(b),(c).

2.4 | Microscopy

Optical microscopy and scanning electron microscopy
(SEM) were carried out to investigate the effect of
cooling rate on the fracture behavior of glass/iPP
constant-strain-rate specimens tested at a strain rate of
10−4 s−1. For optical microscopy, a Keyence VHX 7000
digital microscope was used. Samples were embedded
in epoxy such that the side surface of the fractured
specimen can be clearly observed. The samples were
later polished using several grades of sandpaper
(600, 1200, 2000, and 4000 grits) and a colloidal silica
suspension. For the SEM analysis, a Jeol SEM JSM-
7200F device was used. Prior to microscopy, the sam-
ples were dried for a day at 80�C in a vacuum oven to
prevent degassing during SEM observation. After-
wards, they were gold-sputtered with a Jeol Auto Fine
Coater to form a conductive layer that prevents charg-
ing of the specimen. The fracture surfaces of the speci-
mens were positioned perpendicular to the incident
electron beam.
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3 | RESULTS

In this section, crystallinity results will be presented first.
Subsequently, temperature and strain-rate-dependent
short-term behavior will be discussed, followed by the
long-term behavior, where the findings on short-term
behavior will be used for the lifetime prediction method-
ology. The last part of the results section deals with the
effect of cooling rate on the time-dependent behavior. In
every sub-section, the behavior of the composite will be
compared to that of the neat matrix. Note that the
constant-strain-rate, creep, and fatigue data of the com-
posite cooled with the medium cooling rate and tested at
room temperature is obtained from our previous work.1

3.1 | Crystallinity

Figure 3(a),(b) show examples of melting curves of the
neat iPP and composite, respectively. The figures show
that there are variations in the melting temperatures: as
the cooling rate is increased, the shape of the melting
peak moves toward lower temperatures, and, in the case
of the neat iPP cooled at 20�C/min, double melting peaks
are observed. Possible reasons for double melting peaks

are the formation of different crystal phases and struc-
tures, variations in the crystal sizes, and recrystalliza-
tion.41–44 Although α-phase is the most common crystal
structure formed under moderate conditions,45 a less-
ordered state of α-phase may also form under high
cooling rates.41,42 Moreover, the addition of nucleating
agents may result in the formation of β-phase, which has
a lower melting temperature than the α-phase.45,46 Since
each phase leads to a different scatter pattern, XRD anal-
ysis will help to understand whether the double melting
peak and lower melting temperature observed in some
cases are due to different crystal phases. Hence, WAXD
profiles of the composite samples cooled with different
rates are provided in Figure 4(a). Figure 4(a) shows that
the samples cooled at different rates all display peaks at
2θ = 14.1, 16.9, 18.6, 21.3, and 21.9�, which are common
for the α-phase.16 However, the sample cooled with
30�C/min exhibits an additional peak located around
2θ = 16.1�, which is typical for the β-phase.16 This might
explain why multiple peaks and variations in the peak
melting temperatures are observed. Another support for
the formation of β-phase can be found in Figure 4(b),
which presents cooling curves and peak crystallization
temperatures (Tc). This figure shows that for cases where
either one melting peak at a lower temperature or double

FIGURE 3 Differential scanning

calorimeter melting curves of (a) the

neat iPP and (b) composite processed at

different cooling rates. (heating rate:

10�C/min) [Color figure can be viewed

at wileyonlinelibrary.com]

FIGURE 4 (a) Wide-angle X-ray

diffraction profiles of composite samples

manufactured at different cooling rates.

The peaks belong to α-phase unless
otherwise indicated. (b) Effect of fiber

reinforcement and cooling rate on the

crystallization temperature [Color figure

can be viewed at wileyonlinelibrary.com]

6 of 19 ERARTSIN ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


melting peaks are observed (glass/iPP 20�C/min, iPP
20 and 5�C/min), Tc lies in the range of 100–120�C. In
this temperature range, the spherulitic growth rate of
β-phase is higher than that of α-phase, which would favor
the formation of β-phase.45 Hence, an additive that nucle-
ates β-phase is thought to be present in the matrix.

Figure 4(b) also shows that, as expected, the higher
the cooling rate, the lower is the crystallization tempera-
ture. Furthermore, comparing the Tc of the composite
and the neat iPP at the same cooling rate, it is seen that
fibers contribute to shifting the Tc to higher tempera-
tures, possibly acting as nucleating agents.

Based on the DSC curves, crystallinity is calculated
using Equation (1), and the values are shown in Tables 2
and 3. Crystallinity is observed to decrease with an increase
in the cooling rate both for neat iPP and composite. Fur-
thermore, the level of crystallinity of glass/iPP is higher
compared to that of neat iPP, which again shows that fibers
are likely to act as nucleation agents. Also note that, at the
same cooling rates, regardless of the way cooling rate is
imposed, the crystallinity and also the scatter values are
similar for the composites; see Tables 2 and 3.

3.2 | Short-term-failure

In this sub-section, the temperature and strain-rate
dependence of the tensile strength of the composite will

be discussed and compared with the neat iPP. Since
quenched iPP was tested at more temperatures than the
iPP manufactured with the controlled cooling rate,
mainly quenched conditions for iPP will be considered.
For composites, experimental evidence on the medium
cooling rate will be discussed for the same reason.

Figure 5(a) shows the stress–strain curves of iPP at
various temperatures and strain rates. It can be seen in
the curves that yield takes place in all cases, indicated by
a maximum in the stress–strain curve. After the yield
point, stress drops and then remains constant, which cor-
respond to necking and neck propagation.47 Only at very
high strain rates and low temperatures, neck propagation
does not take place and strain-to-break is low due to
induced embrittlement; see the curve of specimen tested
at 23�C and 10−1 s−1 in Figure 5(a). Yield stress, which is
the stress at the maximum point in the stress–strain
curve, shows a substantial dependence on both the tem-
perature and strain rate. An increase in temperature
leads to a decrease in the yield stress, whereas an
increase in the strain rate leads to a higher yield stress.
Similarly, as shown in Figure 5(b), composites also
exhibit high strain-rate and temperature dependence.
Nevertheless, unlike iPP, the composite often displays
pre-yield failure, as shown in Figure 5(b),(c). Only at high
temperatures and low strain rates the stress–strain curves
of the composite exhibit a yield point. Thus, to character-
ize the rate-dependent strength of the composites, instead
of “yield stress,” we consider “the tensile strength” which
is the highest engineering stress attained in a constant-
strain-rate test. By observing the fracture surface, plastic
deformation of matrix and interface debonding were seen
to be the mechanisms responsible for the failure of com-
posites. The extent of the plastic deformation of matrix
changed with temperature where higher temperatures
promoted more plastic deformation, while debonding
was observed at all temperatures without a recognizable
difference in its extent. The presence of these

TABLE 2 Crystallinity of as-manufactured glass/iPP

composites based on first heating in DSC measurements (mean

± one standard deviation)

Cooling rate
Slow
(0.7�C/min)

Medium
(5�C/min)

Fast
(30�C/min)

Degree of
crystallinity
(%) G/iPP

54.8 ± 2.4 52.1 ± 3.6 48.6 ± 3.1

Abbreviation: DSC, differential scanning calorimeter.

FIGURE 5 (a) Stress–strain graphs of iPP-Q (quenched) and ((b) and (c)) glass/iPP-med (medium cooling rate) at various temperatures

and strain rates [Color figure can be viewed at wileyonlinelibrary.com]
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mechanisms were evident also in the macroscopic
response of the laminates. For instance, the evidence for
the plastic deformation of the matrix constituent of the
composite can be found in the similarities in the time-
dependent behavior of the two materials in terms of the
microstructural deformation mechanisms, which is dis-
cussed in the following paragraphs.

The temperature and strain rate dependence of the
(yield) strength are presented in Figure 6(a), for the neat
iPP, and in Figure 6(b) for the composite. In Figure 6(a),
two different regions can be observed concerning the
strain rate dependence: a region at high temperatures
and/or low strain rates, where the slope is low, and a
region at lower temperatures and/or higher strain rates
where the slope is much steeper. This phenomenon is
well-known, and related to the fact that two separate
molecular deformation processes are contributing to the
stress.16,17

In the case of neat iPP, which is a semicrystalline
polymer, these processes are related to the microstruc-
ture consisting of crystalline lamellae and amorphous
regions. One of the processes is related to the
intralamellar deformation caused by crystallographic
slip processes.48 This process is thought to contribute to
the total stress at all temperatures and strain rates
investigated. At high temperature and low strain rates,
where the slope is low, this process is the only one con-
tributing to the stress. At lower temperatures and
higher strain rates, the interlamellar process also starts
to contribute to the stress. This process is the well-
known α-relaxation, which is also observed in Dynamic

Mechanical Thermal Analysis as a transition around
80�C.49 Although the deformation finds its origin in the
interlamellar amorphous regions, the rate-determining
step is chain diffusion throughout the crystalline
stem.49 This relaxes tie chains, allowing the inter-
lamellar region to be sheared.50

Since the mechanical response of the composite is
matrix-dominated in the transverse direction, it is not
surprising that similar changes in the slope are also
observed in Figure 6(b). Comparing Figure 6(a),(b), it can
be recognized that, at the same temperature, the change
in the slope takes place at lower strain rates for the com-
posite than for the neat iPP. This is likely to be related to
strain localization in the composite, where the applied
strain rates are locally amplified due to the heteroge-
neous microstructure.51 Another thing to note is the
change in the slope of the data points at room tempera-
tures and at strain rates greater than 10−3 s−1, which is
likely to stem from the contribution of a third process.
Such an additional process was revealed also by Caelers
et al.16 for neat iPP and it was linked to the glass transi-
tion of the bulk amorphous phase.16,50

The two-process yield response observed in Figure 6
(a),(b) is commonly modeled using the so-called modi-
fied Eyring approach.52,53 In this approach,54 the kinet-
ics of each process are described using Eyring's
activated flow theory,55 where each process has its own
parameters such as the activation energy and volume.
For each process, the theory describes the plastic flow
rate under an applied stress σ at a specific temperature
as follows:

TABLE 3 Crystallinity of neat iPP and the composite (G/iPP) based on second heating in DSC measurements (cooling rates are imposed

by the DSC in the first scan) (mean ± one standard deviation)

Cooling rate Slow (0.7�C/min) Medium (5�C/min) 20�C/min

Degree of crystallinity (%) iPP 51.2 ± 1.0 47.8 ± 0.9 46.2 ± 1.3

Degree of crystallinity (%) G/iPP 55.0 ± 3.9 52.0 ± 3.8 50.1 ± 2.4

Abbreviation: DSC, differential scanning calorimeter.

FIGURE 6 (a) Strain rate and

temperature dependence of yield stress

of iPP-quenched and (b) tensile strength

of glass/iPP-medium. Markers are

experimental data and lines are

descriptions according to Equation (3)

using the parameters in Table 4 [Color

figure can be viewed at

wileyonlinelibrary.com]
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_εpl σ,Tð Þ= _ε0exp −
ΔU
RT

� �
sinh

σv�

kT

� �
, ð2Þ

where _ε0 is a rate factor, ΔU is the activation energy, v* is
the activation volume, T is the absolute temperature, k is
the Boltzmann's constant, and R is the universal gas con-
stant. Rearranging Equation (2) and summing the stress
contribution from both processes, the strain rate (_ε) and
temperature dependent total stress is obtained by:

σ=
X
i= I, II

kT
v�i

sinh−1 _ε

_ε0,i
exp

ΔUi

RT

� �� �
, ð3Þ

where the subscript i indicates the processes I and II. For
σ�kT/v*, the expression for σ can be simplified into:

σ=
X
i= I,II

kT
v�i

ln
2 _ε
_ε0,i

� �
+
ΔUi

v�i
� k
R

� �
: ð4Þ

In order to fit Equation (4) to the data shown in
Figure 6, a fitting procedure similar to the one described
in Reference 56 is used. Activation volume and energy of
each process are assumed to be constant.15–17 The
resulting fit parameters are presented in Table 4. It is
observed in Figure 6 that the Eyring approach describes
the failure kinetics well, where the lines are described by
Equation (3) using the parameters presented in Table 4.
Activation energies and volumes of iPP shown in Table 4
are comparable with the values found by van Erp et al.17

A comparison of the rate constants is avoided since they

depend highly on the state of the material such as the
physical age of amorphous domains and crystallinity,17

which are sensitive to processing and service conditions.
When we compare the parameters of glass/iPP with those
of iPP, we see that activation energies tend to be less for
composites, especially for the process I, as shown in
Table 4. This observation is surprising since the activa-
tion energy takes the temperature dependence of defor-
mation into account, which is expected to be identical for
the composite and the neat matrix since the matrix,
which is the same in both cases, is the deforming
constituent.51

So far, due to the availability of more iPP data at the
quenched cooling rate, we have compared the time-
dependent behavior of the neat iPP and the composite
using the data of the quenched iPP, which is cooled at a
higher rate compared to the composite. We do not expect
a problem in doing so regarding the activation energies
and volumes used for the Eyring fit since it was previ-
ously shown that these parameters are not affected by the
cooling rate.17 Van Erp et al.17 showed for several iPP
grades that the time-dependent behavior of iPP as a result
of different cooling rates and annealing treatments that
lead to a variation in crystallinity and lamellar thickness
can be modeled by varying only the rate constant in the
Eyring equation but keeping the activation energy and
volume as constant. Since a change in the rate constants
results in a shift of the Eyring fit in the x-axis,17 we
should pay attention while comparing the failure kinetics
of iPP-quenched and glass/iPP-medium, which are
processed at different cooling rates. To be more specific,
we should justify whether our previous claim that “the

TABLE 4 Eyring parameters for iPP-quenched and glass/iPP-medium

Material ν�I (nm
3) ν�II (nm

3) ΔUI (kJ/mol) ΔUII (kJ/mol) _ε0,I (s
−1) _ε0,II (s

−1)

iPP 15.9 2.9 465 166 5.9 × 1051 3.0 × 1023

glass/iPP 11.5 7.9 254 157 3.2 × 1025 1.7 × 1018

FIGURE 7 Comparison of

(a) stress–strain curves and

(b) temperature and rate dependence of

the yield stress of neat iPP processes by

quenching and controlled cooling.

Markers in (b) are experimental data

and lines are descriptions according to

Equation (3) using the activation

volumes and energies in Table 4 and

rate constants in Table 5 [Color figure

can be viewed at

wileyonlinelibrary.com]
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strain rate at shift from a single-process to a two-process
response occurs at a lower rate in the composite” is also
valid when failure kinetics of glass/iPP (medium cooling
rate) is compared with those of iPP cooled with the con-
trolled cooling rate.

For this purpose, we present in Figure 7 the yield
kinetics of iPP processed with the controlled cooling
along with the data from the quenched iPP. It is seen in
the figure that the controlled cooling condition results in
an improved tensile strength compared to quenching.
This is in line with the common trend in thermoplastics:
lower cooling rates induce higher crystallinity and lamel-
lar thickness leading to a higher yield stress.57,58 Similar
to the observation of van Erp et al.,17 effect of cooling rate
on yield kinetics of the iPP studied in this work can also
be predicted well by using the same activation energies
and volumes, but different rate constants; see Figure 7(b)
and Table 5. Comparing Figures 6(b) and 7(b), it is con-
firmed that the transition from a single-process to a two-
process response still occurs at a lower strain rate in the

composites compared to iPP cooled with the controlled
cooling rate, which we previously linked to strain
localization.

3.3 | Long-term behavior

3.3.1 | Creep behavior

Creep behavior of the composite is presented in Figure 8
(a), which shows the evolution of creep strain with time
at 90�C, and also 23�C, for comparison. As expected, a
decrease in the creep stress leads to an increase in the
time-to-failure. The data shown in Figure 8(a) can be
used to plot the evolution of the creep strain rate with
creep strain, a so-called Sherby–Dorn plot,59 as in
Figure 8(b). Sherby–Dorn plots of specimens tested at
90�C reveal three different regions: the primary creep
region where the creep strain decreases, the secondary
creep region where the plastic flow rate is constant, and
the tertiary creep (at some stress levels) where the strain
rate increases until the material eventually fails. It can be
argued that the existence of the secondary creep regime,
also referred to as “macroscopic flow,” is promoted by an
increase in the testing temperature, given that glass/iPP
tested at room temperature did not exhibit macroscopic
flow at all stress levels as shown in Figure 8(a). The mag-
nitude of the plastic flow rate depends on the applied

TABLE 5 Comparison of rate constants for quenched and

controlled-cooled iPP

Material _ε0,I (s
−1) _ε0,II (s

−1)

iPP quenched 5.9 × 1052 3.0 × 1023

iPP controlled cooling 2.0 × 1048 2.5 × 1022

FIGURE 8 (a) Creep strain versus

time and (b) creep strain rate versus

strain for the composite tested at

90 and 23�C

10 of 19 ERARTSIN ET AL.



stress: as the creep stress is lowered, a lower plastic flow
rate is observed.

3.3.2 | Lifetime prediction

It was shown in previous works that the lifetime of the
neat iPP can be successfully predicted in the framework
of the plasticity-controlled failure.16,17 In Reference 1, we
demonstrated that the plasticity was the dominant failure
mechanism in the long-term behavior of glass/iPP tested
at room temperature within the time scale experimen-
tally covered. Thus, in this section, we are going to use
the lifetime prediction methodology for the plasticity-
controlled failure which was discussed in detail in our
previous work1 and also in References 9 and 12.

Figure 9(a),(b) show plastic flow rates from Sherby–
Dorn plots plotted against applied creep stress and the
strain rate dependence of the (yield) strength for the neat
iPP and the composite, respectively. Both figures show
that an excellent agreement can be observed between the
constant-strain-rate and creep tests. Similar to the
constant-strain-rate data, an increase in the testing tem-
perature leads to a change in the dependence of the plas-
tic flow rate on the creep stress, which is indicated by a
change in the slope of the creep data. The correspon-
dence between the constant-strain-rate and creep data
means that stress and temperature-dependent plastic flow
rate (_εpl σ,Tð Þ ) under a long-term load can be calculated
once the constant-strain-rate failure kinetics are charac-
terized by Equation (3).

Plotting the minimum plastic flow rates versus time-
to-failure in a double logarithmic plot as shown in

Figure 10(a) reveals that most of the data lie on a line
with a slope of −1. This indicates that the product of plas-
tic flow rate and time-to-failure is a constant, named as
the critical strain (εcr), which is calculated to be 0.066.
This observation is used to define a failure criterion: in
the framework of the plasticity-controlled failure, failure
takes place when the accumulated plastic strain εpl,acc
exceeds the critical strain, which can be summarized by
the following expression:

εpl,acc =
ðt
0
_εpl σ,T, t0ð Þdt0 failure when εpl,acc = εcr , ð5Þ

where the plastic flow rate is expressed as a function of
the time (t0) to take into account the change in plastic
flow rate during cyclic loading. This allows one to apply
Equation (5) not only to creep but also to cyclic (fatigue)
loading.

It should be noted that at higher temperatures and
lower plastic flow rates, the data in Figure 10(a) tends to
deviate from the line. The specimens that deviate from
the line also had a macroscopically brittle failure, as illus-
trated in Figure 10(c), while the others failed in a ductile
manner. Hence, the deviation might indicate a change in
the failure kinetics, which will be investigated further
when creep lifetime predictions are presented.

Let us now turn our attention to Figure 10(b), which
illustrates the concept of critical strain for the composite.
Some high-temperature data with long failure times are
not plotted due to the aging effects during testing. Firstly,
the data at 23 and 50�C clearly indicate that the concept
of critical strain holds for the composite at these tempera-
tures. Nevertheless, the observation is less clear for

FIGURE 9 (a) Rate- and

temperature-dependent tensile strength

together with creep stress dependence of

the plastic flow rate for (a) iPP and

(b) glass/iPP. (c) Schematic illustration

of macroscopically ductile and brittle

failure of iPP. Full and open markers

represent the constant-strain-rate and

creep data, respectively. Gray markers in

(a) represent the creep samples that

exhibited macroscopically brittle failure.

Lines are descriptions according to

Equation (3) using the parameters in

Table 4 [Color figure can be viewed at

wileyonlinelibrary.com]
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higher temperatures. For 90 and 110�C, creep datapoints
with longer time-to-failure tend to follow a slope steeper
than “−1.” Similar to iPP, this might be due to embrittle-
ment; however, since the macroscopic failure mode is
brittle for composites regardless of the temperature and
load level, a strong statement cannot be made at this
point. Another observation that can be made in Figure 10
(b) is that the critical strain depends on the testing tem-
perature, in contrast to what was seen for iPP. The criti-
cal strain increases from 0.0012 at room temperature to
0.0036 at 50�C, which might indicate that the material's
ability to experience plastic deformation increases with
temperature. Note also that the critical strains calculated
for the composite are significantly lower than that of iPP
due to the localized deformation in the composite
resulting from the fiber reinforcement. This is not sur-
prising considering also the lower creep strain levels
observed for the composite, as shown in Figure 8. For the
lifetime prediction, critical strains of 0.0012 and 0.0036
are used for the room temperature and other tempera-
tures, respectively.

Figure 11(a) presents the effect of temperature on the
creep behavior of iPP and the lifetime predictions. Creep
strength shows a considerable dependence on the tem-
perature. Moreover, the slope of the creep data indicating
the stress dependence of the time-to-failure shows a
change at high temperatures and/or longer times. This is
a sign that failure kinetics of the short-term behavior,

which show multiple slopes due to multiple failure pro-
cesses, have implications on the creep behavior. Lifetime
prediction indicated by the lines describes most of the
data well; however, the creep data at high temperatures
and low stresses deviate from the prediction indicating a
change in the failure kinetics and mode: also shown by
the macroscopic failure mode, failure becomes brittle.
These data points are exactly the ones that deviate also
from the line describing a constant critical strain in
Figure 10(a).

Next, with Figure 11(b), stress and temperature-
dependent creep behavior of the composite and its pre-
diction is discussed. It can be seen in Figure 11(b) that
high temperatures lead to a remarkable decrease in the
creep strength also for the composite: for instance, when
the temperature is raised from room temperature to
90�C, the creep strength decreases by half. Similar to neat
iPP, two different slopes are observed, which indicate two
different failure processes. This is a remarkable sign that
the creep behavior of the neat matrix plays an important
role in the creep behavior of the transversely loaded com-
posite. At high temperatures, there is not a significant
change in the trend of the data with decreasing creep
stress; thus, a transition from plasticity- to crack growth-
controlled failure cannot be detected. Eventually, the life-
time prediction shown by the lines captures the two-
process failure kinetics and describes most of the creep
data reasonably well. This shows that the lifetime

FIGURE 10 Plastic flow rate versus

time-to-failure at various creep stress

levels for (a) iPP-quenched and (b) glass/

iPP-medium. In (a), gray markers

represent the samples that failed

macroscopically brittle, while the others

represent macroscopically ductile failure.

Lines are traces of constant critical strain

values indicated on figures [Color figure

can be viewed at wileyonlinelibrary.com]

FIGURE 11 Temperature-

dependent creep behavior of (a) iPP and

(b) glass/iPP. In (a), gray markers

represent the samples that failed

macroscopically brittle, while the others

represent macroscopically ductile

failure. Lines except gray-colored ones

are lifetime predictions according to

Equation (5), whereas the gray lines are

guides-to-the eye [Color figure can be

viewed at wileyonlinelibrary.com]
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prediction method based on the plasticity-controlled fail-
ure of neat thermoplastics can be successfully applied to
transversely loaded glass/iPP as well.

3.3.3 | Cyclic behavior: Identification of
the failure mechanisms

Since the crack growth-controlled failure mechanism is
active at lower stresses compared to plasticity-controlled
failure and it leads to a steeper slope compared to the
plasticity-controlled failure as illustrated in Figure 12(b),
a switch to the crack growth controlled failure might be
the underlying reason for the deviation of iPP creep data
points from the lifetime prediction at high temperatures
and/or long time scales (Figure 11(a), gray markers). Pre-
vious research has shown that the application of cyclic
loading and comparing the lifetime at the same maxi-
mum stress helps to identify the underlying long-term
failure mechanism.2,9,60 In the plasticity-controlled
regime, cyclic loading leads to a longer lifetime compared
to creep loading, while in the crack growth controlled
regime the trend is opposite, as schematically illustrated
in Figure 12(b). Moreover, while the time-to-failure is fre-
quency independent in the plasticity-controlled regime, it
is highly frequency dependent in the crack growth-

controlled regime where the higher the frequency, the
lower is the time-to-failure. Given these observations, to
investigate the underlying failure mechanisms further,
static (creep) and cyclic (fatigue) behavior of the compos-
ite and the neat iPP will be compared. Furthermore, the
lifetime prediction method that was previously intro-
duced will be applied to cyclic long-term loading.

Figure 13 presents the creep (R = 1) and fatigue
(R = 0.1, f = 1 and 10 Hz) data of the composite and the
neat iPP at 23�C and elevated temperature. Firstly focus-
ing on iPP, it is seen in Figure 13(a) that at 23�C cyclic
loading with f = 10 Hz results in longer failure times
compared to creep, which indicates the dominance of
plasticity. Similarly, at 80�C, failure shifts to longer time-
scales with the application of cyclic loading with
f = 10 Hz. Therefore, comparison of creep and fatigue
data (f = 10 Hz) indicates that the failure is plasticity-
controlled. However, similar to creep data, at lower stress
levels slope of the fatigue data changes and the macro-
scopic failure becomes brittle. To have a better under-
standing of the underlying failure mechanisms, the effect
of frequency is also investigated at 80�C by applying
cyclic loading with f = 1 Hz. It can be seen that at high
loads the lifetime is independent of the frequency, which
indicates the dominance of the plasticity-controlled fail-
ure. However, in the low-stress regime, 10 Hz leads to

FIGURE 12 (a) Static and cyclic

(same stress ratio [R = 0.1], two

arbitrary different frequencies) load

versus time and (b) plasticity- and crack

growth-controlled regimes under these

loads [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 13 Creep and cyclic

behavior of (a) iPP and (b) glass/iPP at

room temperature and a high

temperature. In (a), gray markers

represent the samples that failed

macroscopically brittle, while other

markers represent macroscopically

ductile failure. Lines except gray-colored

ones are lifetime predictions according

to Equation (5), whereas the gray lines

are guides-to-the eye [Color figure can

be viewed at wileyonlinelibrary.com]
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shorter lifetimes compared to 1 Hz, which is typical for
the crack growth-controlled failure. Thus, an intermedi-
ate type of failure is believed to be present at low creep
stresses at 80�C: while the stress ratio dependence sug-
gests plasticity-controlled failure, the frequency depen-
dence indicates crack growth-controlled failure. Cyclic
lifetime prediction indicated by the dashed lines mostly
underpredicts the lifetime experimentally observed,
which is more evident at 80�C. This might stem from the
stress and temperature-induced aging, which is known to
affect the failure kinetics of semicrystalline poly-
mers.2,61,62 As demonstrated in Reference 63 for PEEK,
cyclic loading might lead to a stronger stress-induced
physical aging compared to static loading, which might
explain why the cyclic lifetime of iPP is underpredicted
given that the aging effects are not taken into account in
the lifetime prediction method implemented in this
study. To check if aging plays a role, one would need to
conduct creep experiments with thermo-mechanical pre-
treatments to investigate their effect on long-term
behavior.

Figure 13(b) presents the effect of cyclic loading on
the long-term behavior of the composite. As also shown
previously in Reference 1, the failure is plasticity-
dominated at room temperature, which is indicated by
longer time-to-failure under cyclic loading and the fre-
quency independence of the lifetime. It can be seen in
the figure that, for the same reasons, plasticity-controlled
failure is dominant also at 90�C. Therefore, a switch to
crack growth-controlled failure cannot be detected in the
composite at elevated temperatures within the experi-
mentally covered range. This shows that an intermediate
failure mechanism as discussed for neat iPP is not
observed for the composite. Also different from iPP is
that the lifetime prediction for cyclic loading indicated by

the dashed lines fits the data reasonably well and the
shift in lifetime to longer timescales is less. Fiber-
matrix debonding and defects, which also contribute to
the transverse failure of composites, might counteract
to the effects of the possible aging in the matrix phase,
leading to a smaller shift of lifetime compared to the
neat iPP.

3.4 | Effect of the cooling rate on the
short-term behavior

In this section, the effect of the cooling rate on the strain-
rate-dependent short-term behavior will be studied. The
influence of the cooling rate on the short-term behavior
of the neat iPP was already shown in Figure 7. In the
figure, it was shown that the controlled cooling rate
(10�C/min) results in an improvement in the tensile
strength compared to quenching. This trend is in line
with the increasing crystallinity of the pure iPP with a
decrease in the cooling rate as shown in Table 3 if we
assume, in a straightforward manner, that the higher
crystallinity should lead to a higher yield stress. In addi-
tion, higher yield stress for the controlled cooling rate
can be explained also by an increase in the lamellar
thickness, indicated by lower rate constants in
Table 5.17,57,58 The increase in strength is accompanied
by a reduction of the strain-to-failure, as can be seen in
Figure 7 at room temperature, although the macroscopic
yield is still observable. On the other hand, the slowest
cooling rate, which was obtained by shutting the press
off, resulted in a high level of embrittlement. The as-
manufactured plate was full of voids and cracks, which
did not allow us to cut samples. Thus, no tension tests
were conducted for this case.

FIGURE 14 (a) Representative stress–strain curves and (b) the dependence of the tensile strength on the strain rate for the transversely

loaded glass/iPP composites tested at 23�C. markers in (b) represent the experimental data. Lines for slow and fast cooling are guides-to-the-

eye, while the line for medium cooling rate is the description according to Equation (3) using the parameters in Table 4 [Color figure can be

viewed at wileyonlinelibrary.com]
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A different trend is observed in the effect of cooling
rate on transversely loaded fiber-reinforced iPP. Firstly,
the slowly cooled laminate was intact, which made it

possible to test it. However, as can be seen in Figure 14,
slow cooling resulted in the lowest strength and strain-to-
failure at 23�C. Although the crystallinity was seen to

FIGURE 15 (left) Scanning electron microscopy (SEM) images of fracture surfaces (right) optical microscopy images of the edges of the

fractured glass/iPP processed with slow, medium and fast cooling rates, tested at 23�C. SEM images are made perpendicular to the fracture

surface and optical microscopy images are made perpendicular to the side surface of the specimen, along the fracture surface. A schematic

drawing of the fractured specimen is provided below the microscopy images to illustrate the directions along which the images are made

[Color figure can be viewed at wileyonlinelibrary.com]

ERARTSIN ET AL. 15 of 19

http://wileyonlinelibrary.com


increase when the cooling rate was lowered as shown in
Table 2, the transverse tensile strength decreased consid-
erably. This observation implies that the crystallinity
itself is not governing the transverse strength of the com-
posite. Moreover, as shown in Figure 14(b), the strain-
rate-dependence of the tensile strength is characterized
by different slopes for different cooling rates: strain rate
sensitivity becomes lower as the cooling rate is lowered.
This can be an indication that different failure mecha-
nisms are present as a result of different cooling rates.

Comparing the effect of the cooling rate on the short-
term behavior of the neat matrix and the composite, we
see that the slowest cooling rate leads to embrittlement
for both materials. Nevertheless, the effect of the moder-
ate (controlled cooling and medium) and fast (quenching
and fast) cooling rates are different for the two materials,
as observed in Figures 7 and 14. For neat iPP, quenching
(1800�C/min) leads to a lower strength compared to con-
trolled cooling (10�C/min), while for the composite fast
cooling (30�C/min) results in a higher strength compared
to medium cooling rate (5�C/min). One thing to note is
that the cooling rates applied for the composite were
lower, which are more likely to lead to embrittlement.
Moreover, even when the same cooling rates are consid-
ered for both materials to measure the cooling rate–
dependent crystallinities as in Table 3, the level of crystal-
linity in the composite was observed to be higher. Hence,
an enhanced crystallization might also play a role in the
stronger effects of embrittlement observed for the
composite.

To investigate the reason for the cooling rate depen-
dent embrittlement of the composite, SEM and optical
microscopy of the fractured samples are carried out,
which were tested at a constant strain rate of 10−4 s−1.

SEM images made perpendicular to the fracture surface,
and optical micrographs made perpendicular to the side
face of the samples along the fracture surface, are pro-
vided in Figure 15. First, investigating the SEM images
shown in the left column, we see that the images of the
fracture surface agree with the level of embrittlement
observed in Figure 14. The slow cooling case results in
highly brittle failure where blocks of the matrix mate-
rial dominate the fracture surface. The fibers are
mostly covered with blocks of matrix. On the other
hand, as the cooling rate is increased, the extent of
plastic deformation increases, which is indicated by
some changes in the microstructure such as the highly
deformed matrix material seen in the SEM image of
the fast cooling.

Analyzing the optical micrographs shown in the right
column in Figure 15, it is seen that the fibers are usually
surrounded by the matrix in slow cooling, which agrees
with the SEM image that shows blocks of matrix on the
fibers. In contrast, the tendency for fiber-matrix
debonding increases at higher cooling rates. Such a dif-
ference might be a result of the strength of brittle failure
under the slow cooling rate being closer to or lower than
the fiber-matrix interface strength. Besides, voids are pre-
sent along the fracture path of the slowly cooled lami-
nate, unlike for the other cooling rates. Since
crystallization from the melt results in an increase in the
density as the spherulites are formed, the region between
the spherulites may experience shrinkage, leading to
voids.64,65 Hence, slow cooling, which leads to a higher
level of crystallinity and larger spherulite size, may favor
the formation of more voids as in Reference 66.

As mentioned previously in the introduction, semi-
crystalline polymers are already known to be prone to
embrittlement at extremely slow cooling rates,34–36 which
can be explained by several reasons. Firstly, slow cooling
is known to promote the reeling-in of tie chains con-
necting the lamellae, which decreases the tie chain den-
sity. Tie chains, which act as load transducers between
the lamellae, are responsible for the interlamellar defor-
mation process for iPP (also named as the α relaxation)50;
hence, a lower tie chain density would mean that the
contribution of this deformation process to total stress
would be reduced. Molecular weight also plays a signifi-
cant role in the embrittlement by controlling the amount
of tie chains: a lower molecular weight leads to a
decrease in the number of tie chains, promoting the
embrittlement.30,35,36,67 The iPP grade used in this study
has a low molecular weight (Mw = 150 kg/mol), which
might contribute to the embrittlement. Moreover, a
decrease in the tie chain density leads to a decrease in
the resistance to cavitation, also promoting the embrittle-
ment.67 This can be especially critical for the transverse

FIGURE 16 Strain rate and temperature dependence of tensile

strength for glass/iPP processed with slow and medium cooling

rates. Markers represent the experimental data. Lines for slow

cooling are guides-to-the-eye, while those for medium cooling rate

are descriptions according to Equation (3) using the parameters in

Table 4 [Color figure can be viewed at wileyonlinelibrary.com]
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loading of composites, where high hydrostatic stresses
are present.

Besides, the embrittlement in semi-crystalline poly-
mers may also be linked to the inter-spherulitic fail-
ure.30,31 Promoted by slow cooling, the inter-spherulitic
failure results from a weak bonding between the spheru-
lites due to impurities, voids and elastic discontinuity at
spherulite boundaries.30 Many studies on composites
attributed the embrittlement observed at slow cooling
rates to this phenomenon.22,23,29,32 Inter-spherulitic fail-
ure might have contributed to the embrittlement
observed for the material used in this study as well; in
fact, the “reeling in” phenomenon might have led to a
weak bond between the spherulites, similar to its effect
in the interlamellar region.

Since the temperature dependence of the strain-rate-
dependent strength gives an idea about the different fail-
ure processes contributing to the tensile strength, the
high-temperature behavior of the composite cooled with
medium and slow rate is compared in Figure 16 to inves-
tigate further the underlying failure mechanisms. For the
medium cooling case, different slopes at room tempera-
ture and 110�C indicate that both the intralamellar and
interlamellar processes are active at the room tempera-
ture, while at 110�C and low strain rates only the
intralamellar process exists. Toward the higher strain
rates at 110�C, an increase in the slope can be detected,
which is thought to be due to the contribution of the
interlamellar failure process. Turning our attention to the
slow cooling case, we see that the slopes at both testing
temperatures are comparable and a change in the slope is
not observed, which may indicate that deformation pro-
cesses are the same in the temperature and strain rate
range studied. In the light of this observation, it is
thought that the interlamellar failure, which is seen at
low temperatures and/or high strain-rates, might have
been suppressed due to the reeling-in of tie chains con-
necting the lamellae.

4 | CONCLUSIONS

In this study, we have investigated the temperature-
dependent long-term behavior of transversely
loaded glass/iPP. Besides, the effect of cooling rate on
the strain rate-dependent short-term strength was
studied.

Elevated temperatures were observed to decrease the
long-term strength significantly. Furthermore, a change
in the failure kinetics, in other words, stress-dependence
of the time-to-failure, was observed at high temperatures.
This was related to the plasticity-controlled, multi-
process deformation (interlamellar and intralamellar

failure) of neat iPP which also shows such a change in
the failure kinetics. Hence, it can be said that plasticity-
controlled, time-dependent failure of the neat matrix has
a substantial influence on that of the composite. Multi-
process deformation kinetics were successfully captured
by the Ree–Eyring equation.54

Comparison of the lifetime at the same maximum
stress at elevated temperatures revealed that cyclic load-
ing leads to longer times-to-failure compared to creep
loading for glass/iPP. Furthermore, the time-to-failure
was independent of the frequency of the cyclic loading.
Hence, plasticity was concluded to control the long-term
behavior also at high temperatures, in addition to room
temperature. Eventually, a switch to crack growth-
controlled failure could not be detected for the compos-
ites, although the neat iPP showed the characteristics of
both the plasticity- and crack growth-controlled failure at
high temperatures.

A lifetime prediction method based on the plasticity-
controlled failure of neat polymers, which makes use of
the identicality of the short- and long-term failure kinet-
ics and the concept of critical strain, was employed for
composites. The method led to reasonable lifetime pre-
dictions. The critical strain was observed to be
temperature-dependent, unlike for the neat iPP.

Although the crystallinity increased with lower
cooling rates, an increased level of crystallinity did not
correspond to a higher strength for the composite.
Instead, the strength, ductility, and strain-rate depen-
dence decreased significantly at low cooling rates. The
embrittlement was thought to be linked to interlamellar
and/or inter-spherulitic failure, which may be both pro-
moted by a decrease in the tie chain density under slow
cooling rates.

This study has shown that matrix-dominated time-
dependent failure of glass/iPP is plasticity-controlled and
extensively affected by the temperature, processing condi-
tions, and the time-dependent behavior of the neat
matrix. Hence, the effects of the aforementioned factors
should be taken into account while designing glass/iPP
products for long-term creep and fatigue as well as strain-
rate dependent short-term loading.
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