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Abstract

In continuous fiber-reinforced thermoplastics, the macroscopic failure mode in transverse long-term failure is dominated

by a brittle crack-growth mechanism. Neat thermoplastic matrices, on the other hand, generally display also a plasticity-

controlled mechanism in long-term loading at elevated stress levels and/or temperature. This failure mechanism requires

a different approach to lifetime prediction than crack growth; hence, it is important to identify it in the long-term

performance of composites.

In this study, we demonstrate the presence of the plasticity-controlled failure mechanism in long-term failure of trans-

versely loaded unidirectional (UD) thermoplastic composites made of glass/iPP, carbon/PEEK and carbon/PEKK. The

main method used is to compare the lifetime in cyclic loading to that in static loading at the same level of maximum

stress, where an increase in lifetime is characteristic for plasticity controlled failure, and, vice versa, a decrease is

indicative for fatigue crack growth. In addition, the applicability of a lifetime prediction method common to plasticity-

controlled failure of neat thermoplastics is evaluated for the composites investigated.

The results of this study indicate that the plasticity-controlled failure was present in composites, although the extent to

which the effects are present varied depending on the materials investigated. Glass/iPP showed the most explicit

evidence of the plasticity-controlled failure over the entire load range experimentally covered. Its long-term failure

was delayed with a decrease in the stress ratio and lifetime was predicted well using the principles of plasticity-controlled

failure.
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Introduction

Thermoplastic composites are often used in engineering

applications where they need to satisfy long lifetime

requirements under creep and fatigue loading. Typical

lifespans for current or potential applications might

range from 15–20 years in the automotive industry to

20–25 years for aircraft and wind turbines.1,2 Since real-

time testing for such long durations is time-consuming

and impractical, the need for lifetime prediction models

making use of accelerated testing methodologies

is vital.
For composites under off-axis creep loading, where

the failure is matrix-dominated, the time-dependent

failure clearly finds its origin in the time-dependent

nature of the polymer matrix. Consequently, lifetime

prediction methods can be used that are based on
time-temperature superposition, time-stress superposi-
tion, and rate theory, where temperature and/or stress
are used to accelerate the failure.3–5 In long-term cyclic
loading, the estimation of the lifetime of composite
laminates is a little more challenging. Lifetime predic-
tions are commonly based on S-N curves of
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UD-laminates in several loading angles, which serve as

an input to predict multiaxial fatigue failure, as pro-

posed by Hashin and Rotem.6 In general, however, S-N

curves show a strong dependence on the stress ratio R,

and the performance needs to be assessed at several

stress ratios. At this point, Constant Life Diagrams

(CLD) serve as a practical means to predict fatigue

lifetime.7–9 Using CLDs, fatigue performance at one

stress ratio can be predicted by interpolation/extrapo-

lation of data obtained at other stress ratios.

Consequently, accurate identification of the fatigue life-

time at a specific R-value will have a significant effect

on lifetime prediction at other values.
One way to specify a cyclic, sinusoidal load is by

using the maximum stress rmax, the stress ratio R, and

the applied frequency f as the main parameters. In that

case, the variation of the stress ratio is commonly per-

formed at a constant level of the maximum stress, as

shown in Figure 1. Many studies on fiber-reinforced

thermosets, performed in this way, concluded that a

decrease in the stress ratio (increasing amplitude)

under constant maximum stress led to a marked

decrease in lifetime, indicating that failure is accelerat-

ed; this response will further be referred to as the

“typical response”. With data obtained from the liter-

ature,10,11 Epaarachchi and Clausen12 showed that the

“typical response” was observed in longitudinal and

transverse UD and quasi-isotropic woven glass/polyes-

ter laminates. Similar observations were made on

epoxy-based composites with various stacking and

reinforcements,7,13–18 and some thermoplastic compo-

sites.19,20 An explanation for the observed acceleration

of failure was proposed by Wevers et al.,16 who

assigned the decrease in the lifetime of cross-ply

carbon/epoxy composites at lower stress ratios to the

damage caused by crack closure in transverse layers.
Remarkably, however, the “typical response” is not

always observed. While some woven and transversely

loaded UD epoxy composites display the typical
response at temperatures far below the glass transition
temperature (Tg), the trend changes at temperatures
close to Tg.

21,22 This phenomenon is shown in
Figure 2, comparing the responses in cyclic (R¼ 0.05)
and static loading (R¼ 1) for a transversely loaded UD
laminate.21 At low temperature, lifetime clearly
decreases with decreasing stress ratio, whereas at high
temperature the opposite trend is observed. Such an
“atypical” response was seen in carbon/PEEK compo-
sites not only around Tg

22 but also at low temperatures
far below Tg

15 under transverse loading. In this study,15

cyclic loading with high R values led to longer lifetimes
compared to creep loading. In all cases, the “atypical”
response was assigned to a failure mechanism con-
trolled by the mean stress.21

Although the observed behavior may be “atypical”
for composites, it is quite common in neat thermoplas-
tic polymers,23–25 as well as in short-fiber reinforced
thermoplastic composites,24,26 synthetic fibers and
ropes.27–30

Since the time-dependent behavior of the matrix has
a significant influence on that of composites, we believe
that a discussion on the long-term behavior of thermo-
plastics will be helpful in understanding the origin of
the “atypical response” observed in some composites.

The long-term behavior of thermoplastic polymers is
governed by two major failure mechanisms that act
simultaneously;24,31,32 (i) plasticity-controlled failure,
which dominates at high stress levels, (ii) slow crack
growth, which manifests itself at lower stress levels.
In some cases, there is also a third mechanism,
degradation-controlled failure, which is typically
stress-independent and controls the lifetime at

Figure 1. Stress vs. time for various stress ratios (R).

Figure 2. Maximum stress vs. time curves for transversely
loaded UD carbon/Epoxy composite below and near the glass-
transition temperature. Closed and open markers represent
creep and fatigue data, respectively. Lines are the least square fit
to creep (R¼ 1) experimental data. Reproduced from Miyano
et al.21
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extremely low stress levels.31,32 Since we will be focus-

ing on the stress-dependence of failure, degradation

will be excluded for now.
Since both failure mechanisms, plasticity and crack

growth, typically possess quite different kinetics, the

transition between the two is generally visible as a

change in the slope of the stress-dependence of the life-

time, as shown in Figure 3(b) for neat and short fiber-

reinforced thermoplastics. But that is not the only

distinction between the two; there is also a marked dif-

ference in their response upon a variation in the stress

ratio at a constant value of the maximum stress. In the

crack-growth-controlled regime, the lifetime is domi-

nated by the steady growth of the cracks that initiate

at imperfections in the material. Failure takes place

when the crack reaches a critical length, dictated

either by geometry (e.g. wall thickness) or the critical

stress intensity factor, and becomes unstable. In this

regime, cyclic loading induces an accelerated crack

propagation rate, resulting in a marked decrease of

the lifetime compared to creep loading; the “typical

response” as observed in composites. The accelerated

growth in cyclic loading can be explained by damage

accumulation in the fibrils of the craze at the crack-tip,

as a result of bending or even crushing of fibrils,

formed in the craze at the crack-tip, during the unload-

ing phase of a cycle (crack closure).33

In plasticity-controlled failure, applied stress causes

plastic flow that leads to a gradual accumulation of

plastic strain. When the level of accumulated plastic

strain exceeds a critical level, strain localization is trig-

gered and failure occurs. In cyclic loading, at the same

maximum stress, the average stress level is lower than

in creep loading, resulting in a slower accumulation of

plastic strain, and, hence, an increase in lifetime;24 the

“atypical response”. Consequently, the response in the

plasticity-controlled regime is opposite to that observed

in the crack-growth regime. This is illustrated in

Figure 3, where the stress dependence of the lifetime

is presented for two load cases: static and cyclic load-

ing. In both cases, we observe both failure mechanisms;

the transition between them visible by the change in

slope over the two regimes. Upon cyclic loading, at

the same maximum stress, the lifetime is observed to

increase in the plasticity controlled regime, and

decrease in the crack growth regime.26 This marked

difference in the response of both failure mechanisms

makes the comparison of lifetime in static and in cyclic

loading, at the same level of the maximum stress, an

effective method to identify the underlying failure

mechanism. Identification of the failure mechanisms

is important since lifetime prediction methods are

based on different principles for each failure mecha-

nism.23,24,26,34–36 Proper identification also aids in pro-

posing the right steps to improve the lifetime of the

material, since a method that improves performance

in one failure regime, may be detrimental for the other

regime.23,37 Well-known examples are the effect of

annealing, which improves the performance in the

plasticity-controlled regime, but is ineffective/detrimen-

tal for crack growth;23,37–39 and the effect of an increase

in molecular weight, which strongly favors crack

growth,40,41 but is ineffective in the plasticity regime.
Although the aforementioned plasticity-controlled

failure mechanism was revealed to be present in the

long-term behavior of short fiber-reinforced compo-

sites,24,26 its role in that of continuous fiber-

reinforced composites has not yet been studied.

Hence, the aim of this study is to investigate if the

plasticity-controlled failure mechanism, which we

think might be linked to the aforementioned “atypical

response”, plays a role also in the long-term behavior

of thermoplastic composites. Since this matrix-related

phenomenon is expected to be critical especially in the

Figure 3. Schematic illustration of (a) static and cyclic load vs. time and (b) plasticity- and crack growth-controlled regimes under
these loads typical for neat and short fiber-reinforced thermoplastics. Figures are drawn based on the findings in Kanters et al.24
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transverse direction, transversely loaded UD laminates
will be used for the investigation.

One might argue that transversely loaded UD lam-
inates are not used in practice and their failure
mechanisms are different than those observed in multi-
directional laminates. This is correct; however, it is very
straightforward to study matrix-dominated failure
kinetics in UD laminates since failure takes place by
the evolution of a single crack spanning the cross-
section. In cross-ply laminates, multiple cracks initiate
in the transverse layers, which grow, increase in
number and eventually initiate other types of damage
such as delamination, leading to ultimate failure.42–44

This makes it more complex to observe matrix-
dominated failure kinetics by studying cross-ply
laminates. Besides, since the time-dependent failure of
transverse layers affects the lifetime of the whole lami-
nate,42–44 studying the failure kinetics of the transversely
loaded UD laminates gives a valuable insight into the
long-term behavior of multi-directional laminates.

In the scope of this research, the creep responses of
various transversely loaded UD composites, glass/iPP,
carbon/PEEK and carbon/PEKK, are determined at
room temperature. Cyclic loading, which has different
effects on the lifetime in the plasticity- and crack-
growth-controlled failure regimes, is applied to identify
the dominant failure mechanism. To investigate the
extent to which the principles of plasticity-controlled
failure apply, a lifetime prediction method based on
the plasticity-controlled failure of thermoplastics is
employed.24,34

It should be noted that the long-term performance
of composites may be affected by the microstructure of
the semi-crystalline matrix,45,46 which itself depends on
the processing conditions.47 Hence, for each material
studied, the long-term behavior reported in this paper
should be considered as a consequence of a certain
microstructure.

In the remaining part of this paper, the next section
elaborates on the plasticity- and crack-growth-
controlled long-term failure mechanisms of thermo-
plastic polymers and their lifetime prediction methods.
Furthermore, the effect of stress ratio and frequency on
the lifetime in each failure mechanism will be discussed
here, which will help to identify the dominant failure
mechanism. Then, the experimental methodology will
be introduced. The penultimate section includes both
the results and a discussion of how plasticity-controlled
failure manifests itself in the materials studied. The
final section concludes the study.

Background

In this section, plasticity- and crack-growth-
controlled failure mechanisms of thermoplastic

polymers and their lifetime prediction methods will be

introduced.

Plasticity-controlled failure

Plastic deformation in polymers is related to stress-

induced chain mobility; the application of stress induces

an enhanced state of main-chain segmental mobility,

which induces a continuous and dynamic change of

chain conformation, resulting in plastic flow.48

In a creep test under constant load, three stages of

deformation are present, which are named as the pri-

mary, secondary, and tertiary creep. Primary creep is

the viscoelastic region where strain rate decreases with

time and strain. During secondary creep, the strain rate

reaches a constant steady rate of plastic flow, which

subsequently gradually accelerates (tertiary creep),

eventually leading to strain localization and failure.
In the secondary creep stage, the polymer behaves as

a fluid; it deforms at a constant (plastic) flow rate under

a constant stress. Another situation where such a

steady flow is observed is at the yield point in a tensile

test, where there is a small region where stress is con-

stant under a constant rate of strain. Bauwens-Crowet

et al.49 were the first to demonstrate that the state of

deformation in both conditions is equivalent. Their

results are summarized in Figure 4, which shows that

the stress-dependence of the flow rate during secondary

creep follows the same trend as the strain rate depen-

dence of the yield stress observed in tensile tests. It is

clear that the flow kinetics are equivalent for both load

cases. This equivalency implies that the stress-

dependence of the flow rate during secondary creep

can be estimated from tensile tests at different strain

rates.
The flow or deformation kinetics of polymers can be

described by Eyring’s activated flow theory,50 where, in

Figure 4. Ratio of the engineering yield stress to temperature
vs logarithm of the strain-rate at yield in creep and constant-
strain-rate tests. Reproduced from Bauwens-Crowet et al.49
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the case of uniaxial loading, the relationship between
the plastic flow rate _epl and the applied stress r is pre-
sented by:

_epl r;Tð Þ ¼ _e0exp �DU
RT

� �
sinh

rv�

kT

� �
; (1)

where _e0 is a rate factor, DU is the activation energy of
the molecular relaxation mechanism, v� is the activa-
tion volume, T is the absolute temperature, k is the
Boltzmann’s constant and R is the universal gas
constant.

Equation (1) accounts for multiple factors that
affect the development of the plastic flow rate. The
rate factor _e0 is related to molecular mobility and;
therefore, the only parameter influenced by the thermo-
dynamic state. The Arrhenius term and the sine hyper-
bolic part cover the temperature and stress dependence
of the plastic flow rate, respectively.

Under isothermal conditions, the terms _e0exp � DU
RT

� �
and kT

v� are constants, which can be denoted as _e0;T and
r0, respectively. Then, equation (1) can be rearranged
to obtain the stress r at yield in a constant-strain-rate
test in terms of the applied strain rate _e:

r ¼ r0sinh
�1 _e

_e0;T

� �
: (2)

For r � r0, equation (2) reduces to equation (3),
which clearly shows the well-known linear relationship
between the yield stress of polymers and the logarithm
of the applied strain rate:

r ¼ r0ln _eð Þ � r0ln
1

2
_e0;T

� �
: (3)

In some cases, the polymer’s yield response contains
contributions of two processes,51–53 and the yield stress
can be described by:

r ¼
X
i¼I;II

r0;isinh
�1 _e

_e0;T;i

� �
; (4)

which is based on the generalized expression for viscos-
ity proposed by Ree and Eyring.54 Here, the stresses
due to primary and secondary transitions, named as
process I and II, respectively, are assumed to be addi-
tive and act in parallel.

The rate expression mentioned above can be used
effectively to estimate the resulting plastic flow rate
for arbitrary values of the applied stress and tempera-
ture. To extend this to an effective lifetime prediction,
we make use of an experimental observation. For many

neat and short fiber-reinforced thermoplastics it was
demonstrated that the product of the plastic flow rate
(_eplðrÞ) in a creep test with the corresponding time-to-
failure (tf) is constant.23,26,34,35,55–57 The constant can
be seen as a critical level of accumulated plastic strain
ecr, required for the initiation of strain localization and
failure. This leads to:

_epl rð Þ � tf ¼ ecr; (5)

which implies that a double logarithmic plot of the flow
rate during secondary creep versus the corresponding
time to failure will yield a line with a slope of -1.58 In
isothermal creep, the resulting lifetime can be estimated
using:

tf ¼ ecr
_eplðrÞ ; (6)

where _epl r;Tð Þ was already described by equation (1)
and can be obtained using the short-term constant
strain-rate tests. In polymers, an increase in stress or
temperature will lead to an increase in the molecular
mobility and thus cause a higher rate of plastic flow
leading to accelerated failure.

For situations where the stress varies in time, equa-
tion (6) is no longer applicable and the accumulation of
plastic strain has to be monitored over time. In the case
of cyclic loading, the plastic strain accumulated in a
single cycle is:

epl;acc;cycle ¼
Z tcycle

0

_eplðrðt0ÞÞdt0 ¼
Z 1=f

0

_eplðrðt0ÞÞdt0:
(7)

Lifetime under cyclic loading is calculated from the
number of cycles required to attain the critical strain:

tf ¼ ecr
epl;acc;cycle

� tcycle ¼ ecr
epl;acc;cycle

� 1
f
; (8)

where f is the frequency of the cyclic loading, tcycle is the
cycle time, and epl;acc;cycle is the plastic strain accumu-
lated in a single cycle (equation (7)). In general, the
amount of accumulated plastic strain during a certain
period in cyclic loading will be lower than that accu-
mulated at the same maximum stress in static loading.
Consequently, the lifetime under cyclic loading will be
longer.

Considering the effect of the frequency, it was dem-
onstrated by Janssen et al.35 and Visser et al.23 that
time-to-failure under cyclic loading is frequency-
independent in the plasticity-controlled failure regime.
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Hence, both creep and cyclic failure in this regime

depend on time rather than the number of cycles.

This trend can be explained by an equal level of accu-

mulated plastic strain at different frequencies in a cer-

tain time period, which can be calculated using

equation (7). Janssen et al.35 mentioned also that the

frequency effects can be observed at high frequencies

and stress amplitudes, which may favor self-heating.

Crack-growth controlled failure

For neat polymers, this failure mechanism takes place

at relatively lower loads compared to the plasticity-

controlled failure and is dominated by the slow

growth of individual cracks. Cracks may either form

during service due to loads at locations of stress con-

centration such as internal defects59,60 or pre-exist due

to processing and/or handling of the product.

Especially for fiber-filled systems, cracks can be

assumed to already exist in the material. After the

crack has formed, it will grow slowly and steadily

until it reaches a critical length, dictated either by

geometry or the critical stress intensity factor, leading

to unstable growth and, eventually, to final fracture.

According to Linear Elastic Fracture Mechanics, the

stress intensity factor under mode I loading for materi-

als subjected to (remote) applied stress r is given by:

KI ¼ Yr
ffiffiffiffiffiffi
pa

p
; (9)

where a is the crack length, and Y is the geometry

factor.
For creep loading, the gradual growth of the crack

can be estimated using Paris’ Law61 which relates the

crack propagation rate da
dt

to the stress intensity factor

KI at the crack tip by equation (10):

da

dt
¼ A � Km

I ; (10)

where A and m are the experimentally determined con-

stants. Equation (10) describes a linear relationship

between the logarithm of the crack growth rate and

the logarithm of the stress intensity factor, which

depends on the applied stress, initial crack size, and

the geometry of the specimen. Equation (10) can be

integrated from the time the crack is assumed to initiate

until failure to get the lifetime. The integration and

some subsequent simplifications consequently lead to

equation (11), which describes a linear relationship

between the applied stress and time-to-failure in

double logarithmic scale.26,62 This is in contrast to

what is observed in the plasticity-controlled failure,

where the relationship is linear in a semi-logarithmic

plot. tf in equation (11) is the time-to-failure, m is the

aforementioned experimentally determined constant

from the crack propagation experiments, and cf is a

factor which is a function of A, m, and both the initial

and final crack length.

tf ¼ r
cf

� ��m

(11)

It should be noted that even though the total lifetime

is dominated by crack growth, both plasticity- and

crack growth-controlled failure mechanisms may take

place during service until the failure. After all, the for-

mation of crazes that lead to cracks is a plasticity-

controlled phenomenon.63 However, since the lifetime

is dominated by crack growth, the time for a crack to

grow critical has to be substantially longer than the

time to initiate a crack.63

In the case of cyclic loading, the crack propagation

rate at a specific maximum-stress-intensity-factor

increases with the stress ratio, which decreases the life-

time (acceleration of failure).23,24,39,64 An illustrative

example of this response is shown in Figure 5 where

the crack propagation kinetics of a polyethylene pipe

grade is presented for various values of the stress ratio

R:64 This “typical response” is opposite to that

observed in plasticity controlled failure, and this char-

acteristic can be used to identify the underlying failure

mechanism. The accelerated crack propagation rate

with decreasing stress ratio R may be explained by

bending- or crushing-induced damage to the fibrils of

the craze in the crack tip during the unloading phase.33

To predict lifetime under cyclic loading, the crack

propagation rate in equation (10) can be expressed in

terms of the maximum-stress-intensity-factor Kmax in a

load cycle. Since it has been shown that the Paris’ Law

Figure 5. Crack propagation rate of PE versus the maximum
stress intensity factor for various stress ratios R. Markers
represent experimental measurements and the lines are guides-
to-the-eye. Reproduced from Zhou et al.64
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exponent m is approximately the same for both cyclic

and static loading conditions, the parameter cf is the
only parameter that is subject to change.24,26 Thus, to

predict the creep lifetime by using cyclic tests, cf of the

creep loading can be obtained by extrapolating the cf
values obtained from cyclic tests at various stress ratios

to R¼ 1. Here it should be noted that, although

the lifetime in cyclic loading is typically strongly
frequency-dependent, the extrapolation procedure will

always yield the same cf value for R¼ 1; irrespective of

the frequency used.26

In addition to the stress ratio, the frequency can also

be varied in cyclic loading. At a fixed stress ratio, an

increase in the frequency was observed to result in
lower cf values.26,65 According to equation (11), this

implies a shorter lifetime when the frequency is

increased. Such an effect of frequency on lifetime was
observed also in Visser et al.23 This trend is different

from the effect of frequency in the plasticity-controlled
failure regime; hence, the effect of frequency can also

be used for the identification of failure mechanisms.
Considering the effect of frequency on lifetime of

polymers, in many cases, an increase in frequency

was found to lead to the same or a lower cyclic crack

propagation rate (da/dN),66 which meant that cycles-
to-failure either remained constant or increased.33 This

implied that time-to-failure decreased with frequency;

however, with increasing contribution of purely creep
(plastic) damage, for instance, at high stresses, time-to-

failure tended to be frequency-independent.33 Relating

the plastic damage with the creep of the fibrils at the
crack tip and the crack growth controlled brittle

damage with the bending and crushing of the fibrils,33

a decrease in time-to-failure with increasing frequency
can be explained by more bending and crushing events

in a certain duration of loading. Another effect of an

increase in frequency is the heating of the sample,

which may have contradicting consequences on life-
time. Depending on the geometry, heating might
enhance the crack propagation rate or lead to crack
blunting improving the resistance to crack growth.66,67

To summarize the effect of frequency and stress
ratio on time-to-failure in plasticity and crack growth
controlled failure regimes (in isothermal conditions), a
schematic drawing is provided in Figure 6.

Experiments

Materials

Three different materials were utilized in this study.
Glass reinforced UD tape with a polypropylene
matrix with a weight averaged molecular weight of
Mw¼150 kg/mol and a polydispersity index (Mw=Mn)
of 5.2 was kindly provided by SABIC FRT. CetexVR

TC1200 carbon/PEEK tape was purchased from
TenCate and carbon/PEKK laminates made of
Solvay’s APCTM tapes were kindly provided by
Fokker Aerostructures. Note that only carbon/PEKK
was provided as a laminate, while the other materials
were received as tapes. Fiber volume fractions (vf) and
the thicknesses of the tapes, stacking sequence of the
corresponding laminates are shown in Table 1.

Manufacturing and sample preparation

Glass/iPP and carbon/PEEK laminates were manufac-
tured using compression molding, while Carbon/
PEKK laminates were manufactured at Fokker
Aerostructures by vacuum bagging in an autoclave.
The reader is referred to the datasheet of the tape69

for the processing parameters of carbon/PEKK. The
following discussion about the manufacturing of the
laminates will concern only glass/iPP and carbon/
PEEK laminates.

Figure 6. The influence of (a) stress ratio (R) and (b) frequency (f) on time-to-failure in plasticity and crack growth controlled failure
regimes.

Erartsın et al. 7



Initially, tapes are cut in required dimensions
according to the size of the picture frame mold utilized.
The picture frame was placed in a press and heated up
to the consolidation pressure. In the meantime, a small
pressure of about 1 bar was applied to ensure the con-
tact and heat transfer between the plates of the press
and the mold. Once the consolidation temperature was
reached, the pressure was increased to the consolida-
tion pressure and kept at that level until the end of the
pressing cycle. Cooling started after a dwell at the con-
solidation pressure and temperature. Approximate
cooling rates applied, which are dictated by water cool-
ing, consolidation temperatures and pressures, and
dwell times for each material are listed in Table 2.

The specimens were cut from the laminates by using
a diamond saw with the help of cutting water to pre-
vent over-heating. While glass/iPP was tested in uniax-
ial tension, carbon/PEEK and carbon/PEKK were
tested under 3-point bending due to a large number
of specimens failing at or close to clamps in uniaxial
testing of these material systems. For both uniaxial and
3-point bending testing, rectangular specimens were
used. Dimensions of specimens are listed in Table 3,

and Figure 7 shows the schematic drawing of the
specimens.

Mechanical tests

In this study, three types of mechanical tests are con-
ducted, which are constant-strain-rate, creep and
fatigue tests. In all cases, engineering stress and strain
values are used for the calculations and theory pre-
sented in the “Background” section.

As mentioned before, glass/iPP was tested in uniax-
ial tension, while carbon/PEEK and carbon/PEKK
were tested under 3-point bending to avoid failure at
the clamps. All the tests except some of the constant-
strain-rate tests of carbon/PEKK were carried out at
room temperature. Constant-strain-rate, creep and
fatigue tests (with a frequency (f) of 0.06Hz) were con-
ducted using Zwick/Roell Z005 and Z5.0 universal ten-
sile testers equipped with load cells with capacities of
2:5 kN and 5 kN. For uniaxial fatigue tests of glass/iPP,
a servo-hydraulic MTS testing system equipped with a
2.5 kN load cell was used. For flexural fatigue tests with
a frequency of 1Hz and 10Hz, an Instron ElectroPuls
E1000 with a 1 kN-capacity load cell was utilized.

Constant-strain-rate tests were conducted at con-
stant crosshead speeds that correspond to strain rates
from 10�7s�1 to 10�1 s�1. Strains measured from cross-
head displacements are utilized to plot strength vs.
applied strain rate curves and Sherby-Dorn plots. A
clip-on extensometer was utilized to plot stress vs
strain curves in uniaxial tests as in Figure 8. For 3-
point bending tests, the maximum tensile stress and
strain rate occurring at the outer surface and mid-
length of the specimens were considered and calculated

Table 1. Material data according to the supplier and data-
sheets67,68 and laminate stacking.

Material vf [%]

Tape

thickness [mm]

Laminate

stacking

Glass/iPP 45 0.25 [90]8
Carbon/PEEK 59 0.15 [90]12
carbon/PEKK 58 0.14 [90]14

Table 2. Processing parameters of the laminates. Values for carbon/PEKK are taken from literature.69

Material

Consolidation

temperature [�C]
Consolidation

pressure [bars]

Dwell

time [min]

Cooling rate

[�C/min]

glass/iPP 220 2 10 4.4

carbon/PEEK 385 20 20 5

carbon/PEKK 371 7 20 Max 20

Table 3. Specimen dimensions.

Uniaxial tests

Material Grip length [mm] Grip-to-grip separation [mm] Thickness [mm]

glass/iPP 20 80 2

3-point bending tests70

Material Span length [mm] Specimen Length [mm] Thickness [mm]

carbon/PEEK 35 52.5 1.75

carbon/PEKK 40 60 2
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according to the test standard.70 In 3-point bending
tests, all specimens failed at the outer surface (tensile
side). In constant-strain-rate tests, at least 3 specimens
were tested per strain rate. In creep and fatigue tests,
the maximum stress was applied in less than 10 s.
Frequencies and stress ratios utilized in fatigue loading
for each material are summarized in Table 4. All the
fatigue tests were done with a sinusoidal stress wave-
form except the one with f¼ 0.06Hz, which was done

with a sawtooth waveform. No significant sign of self-

heating was observed via infrared measurements during

fatigue tests at 10Hz (for glass/iPP and carbon/PEEK).

Results and discussion

In this section, first, the applicability of the lifetime

prediction method for the plasticity-controlled failure

of neat thermoplastics to the composites will be dis-

cussed. This will require a comparison of the

short- and long-term (creep and fatigue) behavior of

the composites. Subsequently, the effect of stress ratio

and frequency on the lifetime will be investigated to

identify the plasticity- and crack-growth-controlled

failure mechanisms in the long-term behavior of the

Figure 7. Schematic drawing of (a) 3-point bending and (b) uniaxial test specimens. The drawings at the top and bottom part of the
figure correspond to the front and top views, respectively.

Figure 8. Stress-strain behavior of glass/iPP measured by con-
stant-strain-rate tests.

Table 4. Frequencies and stress ratios utilized in the fatigue
tests performed.

Glass/iPP Carbon/PEEK Carbon/PEKK

f¼ 1Hz, R¼ 0.1 f¼ 0.06Hz, R¼ 0.1 (s) f¼ 1Hz, R¼ 0.1

f¼ 10Hz, R¼ 0.1 f¼ 1Hz, R¼ 0.1 f¼ 10Hz, R¼ 0.1

f¼ 10Hz, R¼ 0.1

“(s)” denotes the sawtooth waveform.
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composites. It is known that transverse failure of com-

posites involves not only matrix failure but also the

failure of fiber-matrix interface. While referring to the

failure mechanisms, the collective effects of matrix and

interface failure are lumped into “plasticity” and

“crack-growth” failure mechanisms; hence, the inter-

face failure is not addressed separately. Results of

glass/iPP will be reported first, which will be followed

by carbon/PEEK and carbon/PEKK.

Glass/iPP

In the “Background” section, we introduced a lifetime

prediction methodology for plasticity-controlled failure

which was based on identical yield conditions in

constant-strain-rate and creep tests. In this method,

the yield was taken as the moment when stress attains

a maximum constant value in a constant-strain-rate

test and the strain rate reaches a minimum constant

value in a creep test. To investigate whether

these conditions hold also for composites, we will dis-

cuss constant-strain rate and creep behavior in more

detail.
Figure 8 presents the stress-strain curves obtained

from constant-strain-rate tests at various strain rates.

It demonstrates that while glass/iPP tends to display

macroscopic yielding (a maximum in the stress-strain

curve) at low strain rates, it shows pre-yield failure at

higher strain rates. Strength increases considerably

with strain rate, while the opposite is valid for strain-

to-failure. In the linear, low-stress range it can be

observed that the modulus also increases considerably

with strain rate. Figure 9(a) shows the evolution of

strain with time during creep (note that the creep

load is applied in the first 10 seconds, which is sub-

tracted from the time-to-failure). Upon an increase in

the creep stress, initial strain levels and creep rates

increase and time-to-failure decreases. The data in

Figure 9(a) can be used to plot the evolution of the

creep rate as a function of strain, a so-called Sherby-

Dorn plot,58 which is given in Figure 9(b). It is seen in

the Sherby-Dorn plot that the strain rate decreases con-

tinuously in the primary creep regime. At high loads,

failure tends to take place before the secondary creep

regime is reached. At lower loads, secondary creep, and

therefore macroscopic plastic flow, is observed.
Since macroscopic yield is not reached at every test,

the maximum stress attained, which is the “tensile

strength”, will be considered when we discuss the

strain-rate dependence of the short-term strength.

Likewise, regardless of the presence of macroscopic

yield in creep, which is termed also as “plastic flow”,

the minimum creep rate is taken into account to ana-

lyze its dependence on creep stress. In Figure 10(a), the

strain-rate dependence of the tensile strength is pre-

sented at various strain rates, indicated by circular

markers. It can be recognized that the transverse

strength of glass/iPP has a linear relationship with the

logarithm of the applied strain rate, similar to that

observed in neat polymers. This is not surprising

since the matrix is the load-bearing constituent in the

transverse loading of composites, driving the overall

response of the composite. The full line in Figure 10

(a) is a line of best fit with equation (3), resulting in the

parameters provided in Table 5.
To analyze the equivalence between the failure

observed in constant-strain-rate and creep tests, the

minimum creep rates obtained from Figure 9(b) are

also plotted in Figure 10(a) (diamond markers), show-

ing excellent agreement. Despite the fact that pre-yield

failure was observed in some tensile and creep tests, the

stress-dependence of the minimum creep rate is, similar

to the case of plastic flow kinetics (Figure 4), equivalent

to that observed in constant-strain-rate experiments.

The long-term performance, measured in static

(creep) as well as in cyclic loading, is presented in

Figure 10(b), which shows maximum applied stress

Figure 9. (a) Strain vs. time and (b) Sherby-Dorn plots from creep tests of glass/iPP.
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versus the time-to-failure for glass/iPP under creep and
fatigue loading.

The lifetimes measured in creep are plotted versus
the corresponding minimum creep rate in Figure 11, in
a double logarithmic presentation. The data shows a
trend that corresponds well with a slope of -1 that is
expected for plasticity controlled failure,71 and the
drawn line is a fit with equation (5), yielding the critical
strain, ecr, listed in Table 5. The full line in Figure 10(b)
represents the lifetime in static loading represented by
equation (6), using the parameters listed in Table 5.
Hence, the slope of this line is identical to that of the
strain rate dependence of the tensile strength, but
opposite in sign; it is clear that the data is well repre-
sented by this description. This is not surprising, given
the equivalence in the deformation kinetics of both
loading histories, demonstrated in Figure 10(a).

A strong confirmation of the role of plasticity is
found in the response of long-term cyclic loading.
Figure 10(b) also presents the lifetime measured in
cyclic loading at frequencies of 1 and 10Hz, which
show a marked increase of lifetime compared to that
in static loading. Additionally, it is observed that the
stress-dependence of the lifetime is very comparable for
both frequencies experimentally covered. Both
observations give evidence that failure in this regime
is plasticity-controlled.23,24,35 Further support is
found in applying the framework for the prediction
of plasticity-controlled failure (represented by equa-
tions (7) and (8)) to predict the lifetime in cyclic loading
using the parameters listed in Table 5, which are deter-
mined from the strain rate dependence of the tensile
strength (parameters r0 and _e0;T), and the stress-
dependence of the lifetime in static loading (ecr).

The resulting prediction of the lifetime in cyclic load-
ing, represented by the dashed line in Figure 10(b),
agrees excellently with the data experimentally

obtained. The method yields the same predictions for
f¼ 1Hz and f¼ 10Hz, which is clarified in Figure 12
where the accumulation of plastic strain is presented as
a function of time. In static loading, the accumulation
of plastic strain evolves at a constant, high rate, evi-
denced by the steep slope of the line. In cyclic loading,
such a high rate is observed only at the high stress levels
of the load cycles, followed by an almost inactive
region in the low-stress region. As a result, the average
rate is far lower compared to that of static loading,
leading to longer failure times. The shift in the lifetime
resulting from the delayed accumulation of plastic
strain is almost 1 decade, which is significant.

Figure 10. (a) Strain rate dependence of the tensile strength and creep stress dependence of the minimum creep rate. (b) Creep and
fatigue (R¼ 0.1) behavior of glass/iPP. Line in (a) is described by equation (3). Lines in (b) are predictions according to equations (6)
and (8). Error bars represent two times the standard deviation.

Table 5. Fit parameters for glass/iPP.

r0 [MPa] _e0;T [s-1] ecr

0:82 1:03 � 10�14 1:2 � 10�3

Figure 11. Minimum creep rate versus time-to-failure for glass/
iPP. Markers represent experimental data and the line represents
the fit with equation (5).
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All these observations give evidence that the long-
term behavior of glass/iPP is plasticity-controlled over
the entire load range experimentally covered, although
the deformation was significantly localized due to the
fiber reinforcement.

Carbon/PEEK

Figure 13(a) shows the stress-strain curves for carbon/
PEEK laminates loaded transversely at different strain
rates. In contrast to the stress-strain response of glass/
iPP, macroscopic yield is never observed and the mod-
ulus is almost insensitive to the applied strain rate.
Sherby-Dorn plots for various creep loads, presented
in Figure 13(b), only show signs of macroscopic plastic
flow in some tests. A thing to note is the large amount
of scatter in the data; in Figure 13(b) different creep
stresses result in flow rates that are close to each other.
In addition to the scatter in creep, the material also
exhibits considerable scatter in its transverse strength
measured under constant-strain-rate, presented in

Figure 14(a), where the dependence of minimum
creep rate on the creep stress is also presented. The
scatter (variability) in the rate-dependent tensile
strength is represented in Figure 14(a) with bars
which indicate two times the standard deviation. The
height of the gray-colored band in Figure 14(a) is the
average of the scatter at different strain rates, which is
11.4% of the mean strength at 10�4 s�1, almost twice
the value for glass/iPP (6.1%). The scatter observed
might be linked to testing at a temperature far below
the glass transition temperature of the material and the
high fiber volume fraction. Besides, the choice of test-
ing configuration; i.e. using 3-point bending tests,
might also lead to a higher amount of scatter compared
to uniaxial tests.72

Despite the large scatter, the minimum creep rate
data in Figure 14(a), represented by the diamond
markers, follow the general trend and are well within
the error band. The full line in Figure 14(a) is a fit with
equation (3), using the parameters provided in Table 6.
The long-term performance of carbon/PEEK is pre-
sented in Figure 14(b), where the maximum applied
stress is plotted versus the time-to-failure for both
static (creep) as well as and cyclic (fatigue) loading.
Similar to the procedure for glass/iPP, a double loga-
rithmic plot of the minimum creep rate versus the cor-
responding time-to-failure is constructed; represented
in Figure 15. The data shows a clear trend with a
slope of �1 and is well described by equation (5), yield-
ing the value of the critical strain ecr listed in Table 6.
Using the ecr, in combination with the kinetic parame-
ters r0 and _e0;T also shown in Table 6, and considering
the scatter in the rate-dependent strength, equation (6)
leads to a creep lifetime prediction in Figure 14(b)
shown by the full line and the band: the creep data in
Figure 14(b) follow a low slope which is comparable to
the slope of the line in Figure 14(a). This correspon-
dence between short- and long-term behavior agrees
with the principles of the plasticity-controlled failure.

Figure 12. Accumulation of plastic strain as a function of time
for glass/iPP under static and cyclic loading at the same value of
the maximum stress. A representative stress profile for static and
cyclic loading is given in Figure 3.

Figure 13. (a) Transverse stress-strain response of carbon/PEEK at various strain rates and (b) Sherby-Dorn plots of carbon/PEEK
from creep tests at various stress levels.
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Next, the fatigue behavior of carbon/PEEK will be
discussed. Cyclic testing of this material is carried out
at frequencies of 0.06Hz, 1Hz, and 10Hz. It can be
seen in Figure 14(b) that cyclic loading with a frequen-
cy of 0.06Hz and a stress ratio of 0.1, represented by
the black square markers, follow a trend that is similar
to the creep data. This would be expected in the case of
plasticity-controlled failure, shown by the cyclic life-
time prediction according to equation (8), using the
parameters from Table 6, represented by the dashed
line in Figure 14(b). However, the increase in lifetime
is not very clearly observed in the experimental data.
This is thought to be related to the scatter in the time-
dependent strength. Upon an increase in frequency to
1Hz, the failure kinetics change, indicated by a strong
change in slope that is characteristic for the onset of
crack-growth controlled failure. This is confirmed by
the experimental results at 10Hz, represented by the
green triangular markers, where the time-to-failure is
clearly reduced compared to the 1Hz data, whereas the
kinetics of both (slope) compare well. Our observations
concerning the change in failure kinetics from creep to
fatigue (f¼ 1, 10Hz) agree well with the findings of
Nakada et al.15 on the long-term behavior of trans-
versely loaded carbon/PEEK, where cyclic data with
f¼ 2Hz and R¼ 0.05 and creep data have a pro-
nounced difference in the slopes of stress vs time-to-
failure curves. Moreover, when we plot the fatigue
data versus cycles-to-failure, see Figure 16, the 1Hz
and 10Hz data collapse, indicating that the lifetime
for these frequencies is controlled by the number of
cycles-to-failure. However, this is not the case for the
high-stress region where the f¼ 0.06Hz data is located.
At high stresses, we enter the plasticity-dominated
region and the slope of the data becomes lower. Lin
et al.73 reported a similar trend for the cyclic behavior

of an angle-ply carbon/PEEK laminate, whose behav-

ior is also matrix dominated. Overall, these results sug-

gest that failure mechanisms of carbon/PEEK under

cyclic loading depends on the load level: while at

higher loads the contribution of plasticity is recogniz-

able, at lower loads crack-growth-controlled failure

dominates.

Carbon/PEKK

Figure 17(a) shows the stress-strain curves for carbon/

PEKK laminates loaded transversely at different strain

Figure 14. (a) Strain rate dependence of the tensile strength and creep stress dependence of the minimum creep rate. (b) Creep and
fatigue (R¼ 0.1) behavior of carbon/PEEK. The line in (a) is described by equation (3) and the gray band indicates the average scatter
(2 times the standard deviation) in the rate-dependent strength. In (b), the full line and the gray band are predictions for creep
according to equation (6) considering the scatter in (a), and the dashed line is the prediction for f¼ 0.06Hz (equation (8)), while other
lines are guides-to-the-eye. Fit parameters for the full lines are given in Table 6.

Table 6. Fit parameters for carbon/PEEK.

r0 [MPa] _e0;T [s-1] ecr

1:34 3:24 � 10�39 2:5 � 10�4

Figure 15. Minimum creep rate versus time-to-failure for
carbon/PEEK. Markers represent experimental data and the line
represents the fit with equation (5).
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rates. Similar to carbon/PEEK, there is no sign of mac-
roscopic yield, the modulus is also insensitive to the
applied strain rate. Sherby-Dorn plots for various
creep loads, presented in Figure 17(b), show the

predominance of pre-yield failure. Similar to Carbon/
PEEK, there is also substantial scatter in the perfor-
mance. This is clearly observed in Figure 18(a), where
the transverse strength measured under constant-
strain-rate is presented including the minimum creep
rate data. The average standard deviation in the
strength of carbon/PEKK, indicated by the height of
the gray-colored band in Figure 18(a), is 13.6% of the
mean strength at 10�4 s�1 (the bars in Figure 18(a)
represent two times the standard deviation and the
average is calculated based on the strain rates from
10�6 s�1 to 10�3 s�1).

The minimum creep rate data suggests a change in
slope with decreasing strain rate. Such behavior is
quite common in unfilled thermoplastics and may be
related to:

(i) Multiple deformation processes contributing to the
stress

Figure 16. Influence of frequency on the cycles-to-failure for
carbon/PEEK. Lines are guides-to-the-eye.

Figure 17. (a) Transverse stress-strain response of carbon/PEKK at various strain rates, and (b) Sherby-Dorn plots of carbon/PEEK
from creep tests at various stress levels.

Figure 18. (a) Strain rate dependence of the tensile strength and creep stress dependence of the minimum creep rate. (b) Creep
behavior of carbon/PEKK. Note that the minimum creep rates plotted are all from completed creep tests, i.e., they do not belong to
run-out tests. The lines in (a) and (b) are described by equations (4) and (6), respectively. Gray band in (a) indicates the average scatter
(two times the standard deviation) in the rate-dependent strength and the band in (b) represents the lifetime prediction considering
the scatter in (a).
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The stress contributions of two individual deformation

processes with different deformation kinetics;51–55,71,74

these stress contributions act additively (equation (4)),

and the change of slope is related to the onset of the

stress contribution of the second process.

(ii) Physical aging

The amorphous phase of PEKK is in the glassy state

and subject to physical aging. The result is an increase

in the yield stress in time. This process is accelerated by

stress, which may lead to a selective increase of the

yield stress at low strain rates where the material is

under stress for longer periods of time.23,65,75–77

In both cases, the strain rate at which the transition
is observed should increase with an increase in the test-
ing temperature. The transverse strength data of
carbon/PEKK measured at a temperature of 70�C, pre-
sented in Figure 18(a) with the black circular markers,
clearly gives evidence of such a shift. This indicates that

additional kinetics is involved, which can be related to

a second deformation process or physical aging, but the

reason for the slope change cannot be identified

uniquely. The standard approach for the identification

would be to perform creep tests and monitor the

increase of the (yield) strength in time.65,75–77 For

this, multiple samples would need to be tested at the

same creep load for different loading times, and subse-

quently subjected to a constant-strain-rate experiment

to determine the strength. Given the large amount of

scatter in the carbon/PEKK laminates, such a study is

not conducted.
Although the exact reason for the deviation cannot

be determined, it is clear from Figure 18(b), where the

maximum applied stress is plotted versus the time-to-

failure in static loading, that the long-term response

has kinetics that compares well to that at low strain

rates in Figure 18(a). To directly compare the strain

rate dependence of the strength to the long-term data,

the data in Figure 18(a) was fitted using the Ree-Eyring

expression given in equation (4); the fit should be

regarded as a guide-to-the-eye. However, the obtained

expression could, in combination with a critical strain

ecr, be used to predict the lifetime in static loading,

represented by the full line and gray-colored band.

The critical strain is determined from a double loga-

rithmic plot of the minimum creep rate data versus

the corresponding time-to-failure, represented in

Figure 19, from a fit of the data with equation (5).

The data again shows a clear trend with a slope of

�1, and is well described by equation (5), yielding a

value for the critical strain ecr of 10
�4.

From Figure 18(b), it is clear that the creep lifetime

data also displays a lot of scatter. Considering the

experimental variability in the rate-dependent strength,

however, the scatter in creep data appears to agree with

the estimates following from the plasticity-controlled

failure kinetics. Yet, due to the severe scatter, it is

hard to give a definitive assignment of the failure

Figure 19. Minimum creep rate versus time-to-failure for
carbon/PEKK. Markers represent experimental data and the line
represents the fit with equation (5).

Figure 20. The effect of frequency on (a) time-to-failure and (b) cycles-to-failure for carbon/PEKK. The lines are guides-to-the-eye.
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mechanism. At this point, it is helpful to discuss the
effect of cyclic loading on long-term failure kinetics.

Figure 20(a) presents the stress dependence of the
lifetime of carbon/PEKK in cyclic loading at frequen-
cies of 1Hz and 10Hz and a stress ratio R ¼ 0.1.
Figure 20(a) shows that under cyclic loading at 1Hz,
the stress dependence of time-to-failure shows a steeper
slope compared to creep loading, indicating a change in
the failure kinetics. Moreover, the scatter seems to be
reduced, which might also suggest a different failure
mechanism than in creep loading. Figure 20(a) also
demonstrates that failure is accelerated by an increase
in frequency, which agrees with crack growth-
controlled failure. In order to investigate this further,
the maximum applied stress is plotted against the
number of cycles-to-failure in Figure 20(b). Similar to
the observation in Figure 16 for carbon/PEEK, failure
appears to be controlled by the number of cycles,
rather than by time; a response that is typical for
crack-growth controlled failure.

Conclusion

In the present work, we investigated whether the
“plasticity controlled” failure mechanism, which had
previously been identified for neat thermoplastics,
also plays a role in the creep and fatigue behavior of
transversely loaded UD composites.

The plasticity-controlled failure mechanism domi-
nated both creep and fatigue behavior of glass/iPP
over the entire load range covered. Application of
creep and cyclic loading (investigating the effect of
stress ratios of 1 and 0.1) and comparing the lifetime
at the same maximum stress was used as a method for
the identification of failure mechanisms. A decrease in
the stress ratio led to an increase in the lifetime. Time-
to-failure was independent of the frequency of the
cyclic loading. An excellent relationship was observed
between short-term constant-strain-rate tests and long-
term creep and fatigue tests. This served as a method to
predict the lifetime under creep and fatigue loading
using short-term tests.

Nevertheless, the dominant failure mechanism was
observed to be dependent on the load type and level for
carbon/PEKK and carbon/PEEK. Creep failure of
both materials showed indications of plasticity-
controlled failure through the relationship between
creep and the constant-strain-rate tests and different
failure kinetics (such as the slope of stress vs time-to-
failure graph) compared to fatigue behavior at lower
loads. At low loads, an increase in the frequency accel-
erates the cyclic failure and cycles-to-failure is indepen-
dent of the frequency. Thus, cyclic failure of carbon/
PEEK and carbon/PEKK can be classified as crack-
growth-controlled for a large load range. However,

fatigue behavior at higher loads showed a clear contri-
bution of plasticity indicated by a change in the slope
of the stress vs time-to-failure graph.

Regardless of the dominant failure mechanism, the
deformation was highly localized for all materials,
which led to a brittle macroscopic appearance of the
fracture surface.

Creep tests of all materials showed that a “critical
strain”, which is independent of the magnitude of creep
or fatigue loading, exists, similar to the behavior of
neat thermoplastics in the plasticity-controlled
regime. This is also an indication of the plasticity-
dominated creep behavior of all materials we investi-
gated. This critical strain was helpful for the prediction
of the lifetime under plasticity-controlled failure
conditions.

All in all, the identification of the failure mecha-
nisms was concluded to be essential for the composites
studied. Since plasticity-controlled failure is heavily
influenced by parameters such as processing condi-
tions, testing temperature, and physical aging; its iden-
tification is expected to have a high impact to account
for the effect of these parameters on the characteriza-
tion of creep and fatigue performance of thermoplastic
composites in future studies.
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