
Composites: Part B 45 (2013) 397–406
Contents lists available at SciVerse ScienceDirect

Composites: Part B

journal homepage: www.elsevier .com/locate /composi tesb
Fatigue behavior and cyclic damage of peek short fiber reinforced composites

A. Avanzini ⇑, G. Donzella, D. Gallina, S. Pandini, C. Petrogalli
Mechanical and Industrial Engineering Department, University of Brescia, Via Branze 38, 25128 Brescia, Italy
a r t i c l e i n f o

Article history:
Received 10 February 2012
Received in revised form 25 May 2012
Accepted 8 June 2012
Available online 19 June 2012

Keywords:
A. Discontinuous reinforcement
B. Fatigue
C. Damage mechanics
1359-8368/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.compositesb.2012.06.008

⇑ Corresponding author. Tel.: +39 030 3715526; fax
E-mail address: andrea.avanzini@ing.unibs.it (A. A
a b s t r a c t

Fatigue strength and failure mechanisms of short fiber reinforced (SFR) PEEK have been investigated in
the past by several research groups. However some relevant aspects of the fatigue behavior of these
materials, like cyclic creep and fatigue damage accumulation and modeling, have not been studied yet,
in particular in presence of both fillers and short fibers as reinforcement. In the present research these
aspects were considered by carrying out uni-axial fatigue tests in load control (cycle ratio R = 0) on neat
PEEK and PEEK based composites reinforced either with short carbon fibers only or with addition of fillers
(graphite and PTFE). For each material stress-life curves were obtained and compared. Fatigue fracture
surfaces were analyzed to identify failure mechanisms in presence of different reinforcement types.
The evolution of cyclic creep strain was also monitored as a function of the number of cycles, thus allow-
ing investigation on the correlation between cyclic creep parameters and fatigue life. The evolution of
cyclic damage with loading cycles was then compared by defining a damage parameter related to the
specimen stiffness reduction observed during the tests. Progressive cyclic damage evolution of short fiber
reinforced PEEK composites presented significantly different patterns depending on applied stress level
and on the presence of different reinforcement typologies. In order to reproduce the different fatigue
damage kinetics and stages of progressive damage accumulation observed experimentally, a cyclic
damage model was finally developed and implemented into a finite element code by which a satisfactory
agreement between numerical prediction and experimental data at different stress levels for each exam-
ined material.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Efforts to lighten structures for weight sensitive applications
have led to a growing use of short fiber reinforced (SFR) thermo-
plastics for structural components, taking advantage of the ease
of processing and the lower costs traditionally associated with
thermoplastics manufacturing processes. An ideal candidate to
serve as a matrix for this class of composite materials is polyethe-
retherketone (PEEK) which exhibits excellent mechanical proper-
ties, even under continuous service conditions at elevated
temperatures, in addition to good chemical resistance in many
environments. PEEK mechanical properties can be further en-
hanced by adding special fillers to the short fiber reinforcement
phase for specific purposes.

Failure mechanisms of SFR PEEK were investigated in the past
[1–3], but fatigue behavior cannot be considered as completely
understood, as in general for thermoplastic composites [4–6]. Ef-
fects of processing variables on fatigue in molded PEEK and its
short fiber composites were discussed in [7,8] considering fatigue
crack propagation (FCP) aspects. Fatigue crack resistance showed
ll rights reserved.
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a complex interdependence of various matrix related factors such
as molecular weight, crystallinity and fiber type, length, aspect ra-
tio and preferred orientation. FCP has also been correlated to the
microstructure by means of microstructural efficiency parameter
related to the layered fiber distribution usually observed in SFR
thermoplastics [9]. The effects of different load ratios and levels,
specimen thickness and environmental temperatures were consid-
ered in [10–12]. Fatigue behavior of SFR thermoplastics has also
been studied by a classical approach based on stress–life curves
(S–N). Rotating–bending fatigue tests on neat and short carbon–
fiber reinforced PEEK were carried out to investigate the fatigue
characteristics of plain and notched specimens at room tempera-
ture [13]. More recently life curves were determined for PEEK rein-
forced with hydroxyapatite for orthopedic implants [14].

Cyclic creep aspects can be instead very significant if S–N life
curves are determined by carrying out uni-axial fatigue tests on
standard tensile test specimens and tests are run in zero to tension
loading (to avoid risk of specimen buckling), thus resulting in non-
zero mean stress. This in turn may cause cyclic creep, since total
strain may grow continuously with cycles number until final fail-
ure. Quite interestingly for SFR thermoplastics it has been sug-
gested that fatigue life is somehow controlled by this cumulative
strain [6] and the correlation between cyclic creep speed and the
number of cycles to failure (Nf) in some cases has been reported
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to be stronger than that between maximum applied stress (rmax)
and Nf [16].

Overall the amount of available S–N data for PEEK and its short fi-
bers composites is limited, at least compared to FCP studies, and the
role of cumulative strain and, for SFR PEEK based composites, the cor-
relation between cyclic creep rate and Nf has not been studied yet.

On the other hand progressive degradation of material proper-
ties under cyclic loading condition may lead to premature compo-
nent failure or inability to fulfill stiffness requirements in practical
engineering applications. It is therefore obviously important to
carefully evaluate cyclic damage and material properties evolution.
Fatigue damage evolution in fiber reinforced composite materials
is a quite complex phenomenon, especially in terms of onset and
evolution. For some SFR thermoplastic, like polyamide reinforced
with short glass fibers [17], fatigue damage evolution under cyclic
loading has been found to occur according to different stages,
involving initial matrix micro-cracks and matrix micro-voids for-
mation, coalescence and propagation of defects and finally macro-
scopic crack propagation and fiber fracture. At a macroscopical
level each stage resulted into different stiffness reduction rates
as a function of cycle number. However for composite materials
micro-mechanisms of damage accumulation may occur sometimes
independently and interactively and the predominance of one and
other of them may be strongly affected by both material variables
and testing conditions [15]. As a result different patterns and
stages of progressive damage evolution may be present depending
on stress level, reinforcement phase and matrix but this kind of
investigation has not yet been carried out on SFR PEEK.

In the present study, in order to investigate some of the above
mentioned issues related to fatigue behavior and cyclic damage
for this class of materials, an experimental campaign consisting
of uni-axial fatigue tests on three different PEEK based materials
(neat PEEK and PEEK reinforced with short carbon fibers in differ-
ent amounts and fillers like PTFE and graphite) was carried out. Fa-
tigue behavior of neat and reinforced matrix was compared in
terms of S–N curves and by analyzing fatigue fracture surfaces to
identify different failure mechanisms.

The evolution of cyclic creep strain was also monitored as a
function of the number of cycles, thus allowing investigation on
the correlation between cyclic creep parameters and fatigue life.
Progressive damage evolution of different materials was then con-
sidered by defining a damage parameter based on elastic modulus
reduction to describe specimen stiffness reduction observed during
the tests. Since fatigue damage investigation involves expensive
and time consuming experimental campaigns, in particular when
heterogeneous materials like short fiber reinforced composites
are considered, it is also obviously important to develop fatigue
damage models. Ideally these models should be versatile as much
as possible to represent different patterns of cyclic damage evolu-
tion and not too complex in terms of material parameters determi-
nation, in order to reduce experimental effort needed for practical
engineering application. For this reason in parallel to experimental
testing a damage model was developed, basing on existing model
proposed for SFR polyamides [17], to simulate damage evolution
observed experimentally at a phenomenological level. Material
parameters were determined for each examined material. Damage
model was implemented into commercial FE code Abaqus� by cus-
tomizing user subroutine USDFLD.
Fig. 1. Dog-bone specimen.
2. Experimental methods

2.1. Materials and specimen

Three different PEEK based materials were examined that will
be referred in the text to as:
(1) Neat (unfilled grade PEEK, density 1.298 g/cm3).
(2) C10-PVX (PEEK filled with 10% wt. carbon micro-fibers,

graphite and PTFE, density 1.445 g/cm3).
(3) C30 (PEEK filled with 30% wt. carbon micro-fibers, density

1.411 g/cm3).

Neat PEEK is of interest for a variety of applications and was
also studied as a reference for comparison purposes. C10-PVX is
mainly employed in applications in which tribological aspects are
of interest due to action of PTFE and graphite as internal lubricants.
In particular graphite improves frictional behavior whereas the
incorporation of PTFE reduces the friction coefficient and improves
load carrying capacity under sliding condition [18,19]. C30 is rep-
resentative of a class of PEEK composites of potential interest for
structural applications.

Static and fatigue tests were carried out on dog-bone shaped
specimens (Fig. 1) obtained from semi-finished extruded plates
available commercially. For neat PEEK and C10-PVX the specimens
were cut parallel to extrusion direction directly from plates having
the desired thickness (6 mm). For C30, due to manufacturing con-
straints on the dimensions of the semi-finished plate from which
the specimens were taken (plate thickness 20 mm), the specimens
were obtained by cutting slices 6 mm thick on a plane perpendic-
ular to the plate planar surface and then machining them to the
dog-bone shape.

It should be noted that injection or extrusion molded SFR ther-
moplastics, such as the PEEK based composites under investiga-
tion, are structurally complex materials whose microstructure is
set up during the manufacturing process. In particular for injection
and compression molded SFR PEEK [8,9,20] it has been reported
the presence of a layered skin–core structure with different pre-
ferred fiber orientation, in which thickness and preferred layered
orientations were dependent on processing conditions (flow speed,
viscosity, temperatures). Specimens or industrial components
made of materials with the same reinforcement but obtained un-
der different processing/manufacturing conditions or cut under
different directions may therefore exhibit significantly different
microstructure and properties.

Such a kind of microstructure, if present, may significantly af-
fect the material behavior. For this reason this aspect was investi-
gated for each of the reinforced materials, even if in the present
study samples were taken from semi-finished industrial products
for which processing parameters were not disclosed and thus cor-
relations between processing conditions and material properties
could not be evaluated.

Some selected specimens were preliminary cut along longitudi-
nal and transverse direction with respect to the specimen axis.
After polishing cut surfaces were examined at the optical micro-
scope (partially reproduced in Fig. 2a and b). Overall for both
C10-PVX and C30 the fiber distribution in the gage region of the
specimen tested did not present a layered skin–core distribution,
although it should be noted that C30 specimens were obtained
by a machining operation that may be not completely representa-
tive of original layered structure. For C10-PVX, in which a lower



Fig. 2. Specimen section (partial) observed at optical microscope (a) C10-PVX, (b)
C30.

Table 1
Mechanical properties from static preliminary tests.

Material Elongation to rupture
(%)

Elastic modulus
(MPa)

Tensile strength
(MPa)

Neat 15.5 3825 102
C10-

PVX
1.8 4368 60

C30 1.65 18600 190

Fig. 3. Results of fatigue test (a) neat PEEK, (b) C10-PVX, (c) C30.
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amount of fiber is present and fillers were added, the material
exhibited a highly heterogeneous microstructure and the distribu-
tion of fibers was not found to exhibit a distinct preferred orienta-
tion and the material. For C30 fibers appeared instead to be
preferentially aligned with specimen axis.

2.2. Test procedure

Load-controlled tension–tension fatigue tests were performed
on servo-hydraulic testing machine INSTRON 8501, in the range
of cycles to failure from 103 to 106. Sinusoidal load cycles were ap-
plied keeping the load ratio R = (min. load)/(max. load) = 0. The
cyclic frequency was set to 10 Hz. The applied nominal stress
was evaluated by dividing the applied load by the reference section
area. For each material 10–12 specimen were tested imposing a
nominal maximum stress (rmax) in the range between static tensile
strength (rR) and run-out stress level.

Strain in the axial loading direction was measured by means of
extensometer. Maximum and minimum strain values were re-
corded for each loading cycle whereas full stress–strain cycles
were recorded at fixed time intervals, to allow observation of cyclic
creep and damage evolution. For SFR composites the response to
cyclic loading is characterized by hysteresis loops resulting in
self-heating during fatigue tests. Temperature increase related to
hysteresis and cyclic loading is therefore usually observed, as a
function of loading frequency, imposed stress level, material prop-
erties and specimen geometry.

While mechanical properties of PEEK based materials undergo
slight changes even at high temperatures, in order to ascertain that
temperature increase was not excessive and to detect conditions
under which failure occur for thermal instability, during the test
temperature on the surface of the specimen was monitored with
an infrared pyrometer.

Preliminary static tensile tests were carried out on specimens
taken from the same batch used for fatigue test, at a cross-head
speed of 0.25 mm/min, measuring strain with an extensometer
(gage length 25 mm).

3. Results and discussion

3.1. Static tensile tests

A summary of representative static tensile properties is given in
Table 1. Results reported for static behavior show for C10-PVX a
very limited increase of elastic modulus compared to neat PEEK,
associated with a much more significant decrease of static
strength, compared to unreinforced material.

On the contrary for C30 a higher fiber amount and degree of
preferred alignment result in a significant increase of both elastic
modulus and static strength (which is nearly doubled compared
to neat PEEK).

Basing on these results we can conclude that fiber reinforce-
ment effect is less effective for C10-PVX due to lower amount of fi-
ber combined with a detrimental effect of particles added for
lubrication purposes on material strength.
3.2. Fatigue tests

3.2.1. Fatigue S–N curves
Fatigue life curves (S–N) for examined materials are reported in

Fig. 3, in which maximum applied fatigue stress (rmax) is plotted



Fig. 4. SEM details of fatigue fracture surface of neat PEEK.
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vs. number of cycles to failure (Nf). Test results include run-out (i.e.
test stopped after 106 cycles). Considering neat PEEK specimens
tested at values of maximum applied stress closer to tensile static
strength did not reach thermal equilibrium and failed by thermal
degradation due to excessive heating. Specimens tested at lower
stress level reached thermal equilibrium with an increase of tem-
perature of 5–20 �C with respect to initial room temperature and
exhibited a mechanically dominated type of failure. Overall fatigue
data obtained in the present work are in line with findings re-
ported in [13] which refer to rotating–bending fatigue tests carried
out on cylindrical bars, with neat PEEK specimens able to with-
stand 106 loading cycles at stress level up to about 70% of static
strength.

Considering C10-PVX for specimens tested at maximum applied
stress closer to tensile static strength temperature did not stabilize
and increased up to 25 �C at the time of failure. However even at
maximum stress levels no thermal failure by degradation was ob-
served by visual inspection. At lower stress levels C10-PVX reached
thermal equilibrium with an increase of temperature ranging from
5 �C to 15 �C with respect to initial room temperature. Compared to
neat PEEK the fatigue behavior of CF10-PVX was very different,
both considering maximum applied stress, which is about 40%
lower, both regarding the shape of S–N curve which in this case
is rather flat with CF10-PVX specimens able to withstand 106 load-
ing cycles at stress level up to about 90% of static strength.

Considering C30 for specimens tested at maximum applied
stress closer to tensile static strength temperature did not stabilize
and increased up to 40 �C at the time of failure. As for CF10-PVX
even at maximum stress levels no thermal failure by melting was
observed. At lower stress levels C30 reached thermal equilibrium
with an increase of temperature ranging from 5 �C to 15 �C with re-
spect to initial room temperature. Fatigue data confirmed good fa-
tigue properties of SFR PEEK with C30 specimens able to withstand
106 loading cycles at stress level up to about 60% of static strength,
although stress–life curve in this case is more scattered with re-
spect to those of the other materials.

Overall when considering fatigue behavior the main result is
that fatigue strength of C30 is significantly higher than for neat
PEEK and nearly double than that of C10-PVX, in line with results
of static tests. Different values of fatigue/static strength ratio were
also observed for C10-PVX and C30. This may suggest that different
failure mechanisms could be present, but a direct comparison is
not straightforward, since the materials were tested at rather dif-
ferent stress ranges. However some interesting observations on
the role of reinforcing fiber phase on fatigue initiation and propa-
gation failure processes for PEEK can be found in [13]. It was ob-
served that fiber reinforcement give rise to a negative action
against crack initiation, since micro-fibers can act as preferential
crack nucleation points, and a positive action against crack propa-
gation, since micro-fibers oppose crack propagation by dissipating
energy in different ways (pull-out, fracture and debonding). In par-
ticular for CFR PEEK it was found that fatigue crack initiated from
near the fiber ends due to stress concentration effects but crack
growth rate was much less than that in the neat matrix. Similar
reasoning could apply for the C30 PEEK investigated in the present
study.

When considering C10 PVX the different fatigue strength and
damage curves observed could be related to the different balance
between these counteracting effects, due to the presence of PTFE
and graphite and to the lower amount of fibers. The introduction
of internal lubricants with low adhesion properties at the interface
with the matrix results in a material which is even more full of
‘‘impurities’’ that can act as further preferential crack nucleation
points with a lower amount of fibers acting as obstacles to the
crack propagation.
3.2.2. Fatigue fracture surfaces
Fatigue fracture surfaces of specimens that failed at different

stress levels were observed at SEM and optical microscope.
Considering neat PEEK at high stress level, the temperature in-

crease led to melting of the specimens in the failure region. At low-
er stress level, when a mechanically dominated type of failure
could be observed, fatigue fracture surface showed an irregular as-
pect with presence of regions having a mirror-like aspect. Previous
studies on fatigue crack propagation [12] revealed that neat PEEK
fatigue fracture is associated with the formation of different stria-
tion patterns on the fracture surface. Also the presence of parabolic
or dimpled regions of micro-ductility has been reported, under
both monotonic and cyclic loading conditions [7]. They are consid-
ered to be formed by the intersection of major crack front with
secondary cracks nucleated ahead in the plastic zone. Quite inter-
estingly, as shown in Fig. 4 in which a detail of a characteristic neat
PEEK fracture surface is reported, both of the above mentioned fea-
tures could be observed (indicated by arrow and circle). This indi-
cates that fatigue failure (when failure was not of thermal nature)
is essentially a cyclic phenomenon, as emphasized by the presence
of striations, which may however interact with monotonic fracture
mechanisms (dimples).

For SFR composites the failure mechanism in fatigue is often
considered to consist of different stages [6]. The mechanisms dur-
ing breakdown of the composites include fiber–matrix separation
along the interfaces of fibers oriented parallel to the crack, defor-
mation and fracture of the matrix between fibers, fiber pull-out
and fracture of fibers transverse to crack direction. More specifi-
cally for PEEK based composites similar local fracture mechanisms
have been observed on failure surfaces in FCP tests [12]. In these
tests the degree of plastic deformation in the matrix was found
to be related to loading conditions, with static loading resulting
in a greater amount of matrix deformation. The presence of area
of different roughness was also reported to be detectable on the
fracture surface reflecting layered structure.

Considering C10-PVX fatigue fracture surfaces of C10-PVX
tested at different stress level were very similar when observed
at a macroscopical level. The only (slight) difference observed
was a tendency to present at low stress a fracture surface lying
in a single plane perpendicular to loading direction whereas at
higher stress fracture surface is less planar and consist of multiple
neighboring surfaces. Fracture surfaces presented a rather hetero-
geneous and irregular aspect, with presence of areas in which some
of the above mentioned failure mechanisms above could be no-
ticed, such as fiber/matrix separations along the interfaces of fibers
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oriented parallel to the fracture surface, and in some cases fiber
breakage and pull-out (Fig. 5), as well as cavities and regions with
different degrees of matrix deformation.

Considering C30 (Fig. 6) the higher fiber content and degree of
orientation along the specimen axis resulted in fracture surfaces
in which predominant fracture process appears to be of brittle nat-
ure, with a prevalence of fiber pull-out and fracture of fibers paral-
lel to loading axis, although locally fiber/matrix separations along
the interfaces of fibers oriented parallel fracture surface plane
could also be observed.
Fig. 7. Shift of stress–strain cycle and strain accumulation during fatigue tests.
3.2.3. Cyclic creep
In tension–tension fatigue tests mean value of strain may pro-

gressively shift along the strain axis, as qualitatively shown in
Fig. 7, resulting in a progressive accumulation of strain. By contin-
uously recording cycle by cycle maximum and minimum strain
(emax and emin respectively) and averaging their values, cyclic mean
strain em can be calculated. Then, by plotting em vs. N (number of
cycles) the effects of progressive accumulation of strain during fa-
tigue can be evaluated. As qualitatively shown in Fig. 8, depending
on material and stress level, different behaviors could be observed.
In general the rate of strain accumulation tends to stabilize at low
stress after a short initial stage in which it rapidly increases, in
some cases increasing more rapidly when approaching failure. At
a high stress level instead the accumulated strain grew at a con-
Fig. 5. SEM details of fatigue fracture surface of C10-PVX.

Fig. 6. SEM details of fatigue fracture surface of C30 PEEK.

Fig. 8. Evolution of cyclic mean strain during fatigue tests.
stant and higher rate. This rate of accumulation can be described
by a cyclic creep speed e0m, defined as:

e0m ¼ dem=dN ð1Þ

For examined materials cyclic creep speed e0m observed during the
tests was evaluated for each specimen by determining the slope
of em curve as a function of cycles N either in the stabilized stage
(when present) or, at high stress level, as a mean constant rate. Fi-
nally, in order to evaluate correlation between cyclic creep and fa-
tigue failure of neat and SFR PEEK, e0m was plotted as a function of Nf

(Number of cycles to failure), as shown in Fig. 9.
Results obtained in the present work showed a significant cor-

relation for C30 and to a slightly lesser extent for C10-PVX between
cyclic creep and number of cycles to failure. This can be noticed by
considering Fig. 9b and c where values of coefficient of determina-
tion R2 for a linear fit on log(e0m) and log(Nf) are close to unity for
both materials. For neat PEEK some correlation also exists, how-
ever data appear to be more scattered and cyclic creep speed for
specimens which failed by thermal degradation could be strongly
influenced by temperature increase as well.

Similar experimental evidences were noticed for SFR polyamide
6 in [16], and present results, in particular for CF30, confirm that
cyclic creep speed could be a significant parameter to evaluate fa-
tigue behavior of this class of materials.

The significance of correlation between cyclic creep speed and
fatigue lifetime for SFR composites was also discussed in [16]. It
was inferred that a good correlation could be an indication of lower
sensitivity to notches since variations in lifetimes of the specimens
are mainly determined by global parameters, as creep is a phenom-
ena of global character. For SFR composites this interpretation
would be supported by the fact that SFR composites, contrary to
unfilled polymers, are full of local notches due to the presence of



Fig. 9. Cyclic creep speed during fatigue tests (a) neat PEEK, (b) C10-PVX, (c) C30.

Fig. 10. Damage index during fatigue tests (a) neat PEEK, (b) C10-PVX, (c) C30.
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fibers. As a consequence, local variations (like scratches or notches)
should have a lower influence on fatigue lifetime compared to the
effects of collective notches (fiber ends) present in the material.
Quite interestingly experimental comparison of the fatigue
strength of plain and notched specimens of neat and short carbon
fiber reinforced PEEK reported in literature [13], showed that un-
filled material was more sensitive to notches than reinforced
material.

Good correlation between cyclic creep speed and fatigue life-
time observed especially for CF30 is in line with these findings.
However in order to support or modify this conclusion further
investigations are needed to consider this aspect in more detail.
In particular the fact that different slopes of the log(e0m) vs log(Nf)
curves were observed for C30 and C10-PVX, associated with a
slightly higher correlation for C30 compared to C10-PVX (coeffi-
cient of determination R2 = 0.99 and 0.96 respectively) suggests
that different sensitivity to notches may be observed for different
composite systems. Further investigations are planned to study
the dependency of notch sensitivity on notch size and in presence
of microstructures consisting either of fiber only or of fiber and
fillers.

3.2.4. Fatigue damage
The fatigue damage behavior of neat PEEK and its SFR compos-

ites was studied by analyzing the evolution of the stress–strain cy-
cle during the tests. In particular in load controlled tests as a result
of material damage the amplitude of strain range De due to im-
posed and constant stress range Dr may tends to increase with
increasing cycle number. This result at a macroscopical level in a
reduction of specimen stiffness and the progressive modification
of stress–strain loop can then simply described by defining a phe-
nomenological damage index D:

D ¼ 1� E
E0

ð2Þ

in which E is the elastic modulus, defined as the ratio Dr/De, and E0

is its value at the first cycle (see Fig. 7). The evolution of damage in-
dex D as a function of the cycles number is represented for neat and
SFR PEEK in Fig. 10. Examined materials presented different trends.
For neat PEEK at low stress level damage rate is higher in the initial
stage and then it tends to stabilize. Stiffness reduction due to exces-
sive heating at high stress level is immediately recognizable by a
sudden change of the slope of the damage curve as failure ap-
proaches. For C10-PVX D–N curve slope increases with higher stress
level, with a short initial stage in which damage index increased
rapidly, followed by a prolonged second stage in which a lower
and more constant slope can be observed. Even at low stress level
and even if temperature reached a stable value, the damage index
did not tend to stabilize completely, also for specimen that reached
106 cycles. For C30 the stiffness reduction, as for C10-PVX, progres-
sively increased with cycle number but with a different trend, due
to the presence of a third stage in which slope of D–N curve, after
remaining constant, tends to increase as final failure approaches.
Although D is basically a phenomenological parameter and its
experimental measurement is also influenced by temperature, the
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differences observed between C10-PVX and C30 on a macroscopical
level may help to understand different fatigue damage mechanisms
that could be present in the different stages.

In particular in the pattern of damage evolution for C30, espe-
cially at higher stress levels, one can recognize the presence of re-
gions with different rates of stiffness reductions. These are similar
to those reported for materials like polyamide reinforced with
short glass fibers, in which initial high stiffness reduction, possibly
related to formation of matrix micro-cracks and micro-voids, is fol-
lowed by a stage of more gradual stiffness reduction, due to coales-
cence and propagation of defects, leading to a final stage in which a
fast stiffness reduction is again observed, associated with macro-
scopic crack propagation and fiber fracture.

This damage mechanisms chronology was also established
using ultrasonic techniques (C-Scan) for fatigue damage and fati-
gue post-impact damage of short glass fiber reinforced composites
[22].

For FC10-PVX instead variations of stiffness reduction rates are
less evident, with initial stage being very rapid, if any, and a final
stage of fast instable fracture growth hardly noticeable.

It should be noted however that considering the first stage of
damage evolution, an initial reduction of elastic modulus could
be detected for both neat and reinforced PEEK in similar extent,
that suggesting that even if damage could exist in significant ex-
tent an important role is also played by the thermo-viscoelastic
property of the matrix.

3.3. Fatigue damage modeling

3.3.1. Background of modeling approach
Upon a modeling point of view results confirmed the need for a

versatile cyclic damage model, that must be capable to reproduce
different trends and slope changes of D–N curve depending on
stress level applied or material considered. A possible approach
for the prediction of cyclic damage evolution for SFR composites
has been proposed by Meraghni [17]. In the following some key
points of Meraghni’s phenomenological approach will be recalled
to help discussion on the application of such damage model to
PEEK based composites, with some simplifying hypotheses, basing
on the set of experimental data available. For a more detailed
description of model theoretical background the reader may refer
to [17,21]. With this approach damage is modeled under the
assumption that response of the undamaged material is orthotro-
pic linearly elastic and that damage is diffuse. The strain energy
density function of the damaged material, denoted by Wd, is de-
fined as a function of the strain tensor (eij) as):

2Wd ¼ 1
1�m12m21

E0
11ð1�d11Þe11he11þm21e22iþ þE0

11e11he11þm21e22i�
h i

þ 1
1�m12m21

E0
22ð1�d22Þe22he22þm12e11iþ þE0

22e22he22þm12e11i�
h i

þG0
12ð1�d12Þc2

12þG0
13ð1�d13Þc2

12þG0
23ð1�d23Þc2

23

ð3Þ

where E0
ij (with i = j, 1, 2) and G0

ij (with i – j, 1, 2, 3) are the elastic
moduli of the material in the undamaged state. Quantities <A>+ and
<A> � stand for the positive and negative parts of amount A, respec-
tively and therefore, the damage affects the Young’s moduli only
when e11 + m21e22 is positive, with the underlying assumption that
compressive loading doesn’t affect the crack growth and damage
evolution and consequently damage evolves only during tension
loading. Damage is represented by dij, so that elastic properties of
the damaged material are:

Eij ¼ E0
ijð1� dijÞ ð4Þ

Gij ¼ G0
ijð1� dijÞ ð5Þ
Damage rates consist of a sum of two components: the first contri-
bution is derived from a Norton-like power law and the second
component is introduced to describe the stiffness reduction occur-
ring during the first damage stage. Damage rates are then derived
from a system of differential Eq. (6):

@dij

@N
¼ _dij ¼

aijbij

1þ bij
Yij
� �bij�1 þ kij Yij

� �
ðe� dijNð ÞÞ ð6Þ

where a, b, k and d are material damage constants, N is the cycle
number whereas Yij are functions representing thermodynamic dual
forces associated with damage rates and defined as per Eq. (7):

Yij ¼ �
@Wd

@dij
ð7Þ

In this way, by integration of Eq. (6) cycle by cycle, it is possible to
obtain damage variables dij and then describe damage evolution as
a function of cycle number N.

3.3.2. Isotropic damage model for SFR PEEK
In the present work a similar approach was adopted but intro-

ducing some modifications to take into account the characteristics
of the materials examined and some limitations related to the test
procedure and loading conditions.

In particular basing on the experimental data available (mainly
uniaxial test) it was assumed to treat material damage as isotropic,
since it was not possible, at this time, to carry out investigations on
material properties in different directions or under different load-
ing conditions. For C10-PVX this assumption is, at least partially,
supported by optical and SEM microscope observations which
did not reveal the presence of a clear short fibers preferred orien-
tation. On the other hand for C30 a preferred alignment with spec-
imen axis could be noticed and furthermore even if the damage is
isotropic at the beginning (initiation) it has been demonstrated
that for such composites materials there is an induced anisotropy
due to the damage propagation and accumulation.

For these reasons the adopted modeling approach should be re-
garded as first attempt to evaluate the applicability of this kind of
damage model to the examined materials, leaving to future work
investigations on anisotropic nature of damage.

Under isotropy assumption the orthotropic model proposed by
Meraghni could be simplified by considering only one damage
state variable d representing the stiffness reduction, during cyclic
loading. In this way the elastic properties of the material in the
damaged state are simply:

E ¼ E0ð1� dÞ ð8Þ

G ¼ G0ð1� dÞ ð9Þ

As a consequence strain energy for the damaged material may be
written as per Eq. (10):

2Wd ¼
E0ð1� dÞ

1� m2 e11he11 þ me22iþ þ e22he22 þ me11iþ
� �

þþ E0

1� m2 e11he11 þ me22i� þ e22he22 þ me11i�½ �

þ E0ð1� dÞ
2ð1þ mÞ c2

12 ð10Þ

and definition of the thermodynamic dual variable Y correspond-
ingly reduces to Eq. (11):

Y ¼ E0

2ð1� m2Þ e11he11 þ me22iþ þ e22he22 þ me11iþ
� �

þ E0

4ð1þ mÞ c
2
12 ð11Þ
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A further modification stems from the stress controlled loading con-
dition adopted experimentally. Having defined Y, in order to obtain
the damage variable dij, for strain controlled tests it would possible
to integrate directly the damage rate od/oN (Eq. (6)). However, for
stress controlled tests, strain continuously changes and therefore
direct integration of the damage rates od/oN is not possible [17]. It
would then be necessary to integrate numerically over any loading
cycle. Since a fatigue test may consist of thousands of cycles, this
would bring about an exponential increase in the processing time
needed for calculations. In order to avoid these time consuming
integration problems, related to stress controlled tests, a direct def-
inition of damage was assumed. In particular damage state variable
d able to correctly describe the damage evolution of SFR PEEK was
defined as a function of non-dimensional value of Y as in Eq. (12):

d ¼ aiso lnðNÞ � Ybisoð1�YÞ þ disoNY ð12Þ

in which coefficients aiso, biso, diso are material damage constants.
The logarithmic factor ln(N) describes the first stiffness reduction
due to material softening and the second factor Ybiso(1�Y) is used
to control the curves trend at different levels of applied stress in
the second stage of the fatigue damage evolution curve. The last
part of the equation (disoNY) controls the trend of the third stage
of the damage evolution curve. Basing on experimental results a fit-
ting procedure was applied to determine damage parameters to be
introduced in the model to describe material damage. The equa-
tions defining the damage model previously described were imple-
mented into an electronic calculation sheet. The fitting procedure
was applied to experimental damage curves corresponding to dif-
ferent imposed stress levels and values of material damage con-
stants were found to allow a satisfactory matching between
experimental and analytical prediction.

It should be remarked that the identification procedure for the
original Meraghni’s model requires an inverse approach for identi-
fying the whole set of independent damage parameters based on
digital image correlation techniques [23].

The values of material damage constants for C10-PVX and C30
are reported in Table 2. Due to the differences in the pattern of
damage evolution discussed in Section 3.2.3, for C10-PVX, only
the first addend of the damage state variable d Eq. (8) is present,
Table 2
Material damage constants.

Stress level C30 C10-PVX

100 MPa 115 MPa 120 MPa 130 MPa All

aiso 0.0150 0.0160 0.0187 0.0190 0.0190
biso 1.70 1.70 1.70 1.70 1.77
diso 0 0 2.0 � 10�6 1.7 � 10�5 –

Fig. 11. Damage distribution in a C10-PVX sp
since the third stage of its experimental damage evolution curve
is negligible or not present and the values of aiso and biso were
the same independently of stress level applied.

For C30 aiso and biso were found to be dependent on stress level
and in order to correctly model the third stage of damage evolution
also diso coefficients were determined.

It should be noted that ideally the material parameters should
have to be independent of displacement or load levels to guarantee
a more general applicability of the model. This limitation probably
arises from the previously discussed assumptions concerning
application of Meraghni’s model under isotropic conditions and
from the direct definition of damage variable d, adopted for com-
putational reasons. In this respect it would be of particular interest
extending experimental investigation on the anisotropic nature of
damage.
3.3.3. Damage model numerical implementation
Having defined damage variables and equations governing

damage evolution as a function of strain field, the next step was
the numerical implementation of the damage model into the finite
element (FE) code Abaqus�. By taking advantage of model formu-
lation in the strain field this goal was achieved by customizing user
subroutine USDFLD. This subroutine allows defining field variables
at a material point as a function of time or of any available material
point quantities and it can be used to introduce solution-
dependent material properties defined as functions of field
variables. In particular the damage model previously described
was implemented in the code to simulate damage accumulation
during tension–tension uni-axial fatigue tests. The FE model con-
sists of a 3D dumb-bell specimen with dimensions and shape equal
to real specimen. Boundary conditions consisted in clamping the
specimen at an extremity and applying an axial cyclic load at the
other one, with a load ratio R = 0. The mesh used for the model
was obtained from a convergence study and consisted of 136
elements with four nodes. The logical workflow for model
implementation into FEM code was the following:

1. Run simulation by applying load to reproduce sinusoidal fatigue
cycle.

2. Obtain strain field related to the maximum stress value reached
during each fatigue cycle by means of USDFLD.

3. Evaluate the thermodynamic dual variable Y and calculate the
correspondent damage state variable d by implementing in
USDFLD Eqs. (11) and (12).

4. Pass values of damage variable back to FEM code and update
material properties (according to Eqs. (8) and (9)) to be used
in the next cycle by means of USDFLD.

5. Repeat step 1 ? 4 till a set number of cycles or till a predefined
limit value of the damage is reached.
ecimen tested at 61 MPa in load control.



Fig. 12. Experimental and simulated behavior at selected different stress levels (a)
C10-PVX, (b) C30.
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The outputs of the FE analysis are the fatigue damage value d
(indicated as Field Value FV1) and the stress at each cycle ex-
pressed at the Gauss point. As an example the progressive evolu-
tion of predicted damage during the simulation of a test with a
longitudinal applied stress equal to 61 MPa is shown for C10-PVX
in Fig. 10.

The damage levels and evolution predicted by means of the FEM
damage model were compared, at different stress levels, with the
actual damage evolution obtained from experimental tests, as
shown in Figs. 11 and 12 for C10-PVX and C30 respectively. Despite
simplifying assumption concerning the isotropic nature of PEEK
composite studied and direct definition of damage variable as per
Eq. (12), overall it may be observed that the numerical model
allowed a satisfactory prediction of the damage evolution of
C10-PVX and C30 at each of the different stress levels. The imple-
mentation of the model in a FEM code will allow the extension of
this approach to the study of practical structural applications.
4. Conclusions

In the present study different aspects of fatigue behavior of neat
PEEK and its short fiber composites were investigated by uni-axial
fatigue tests. The effects on static and fatigue strength of PEEK rein-
forcement with short carbon fibers were found to be significantly
dependent on the amount of fiber, with a marked increase of both
properties for C30 compared to neat PEEK. Lower amount of fibers
associated with presence of fillers to enhance tribological proper-
ties resulted instead in a decrease of both static and fatigue
strength properties. A significant correlation between cyclic creep
parameters and fatigue life was found, in particular for C30 PEEK
indicating that cyclic creep speed could be a significant parameter
to evaluate fatigue behavior of this class of materials. Microscope
observation of fatigue fracture surface evidenced some differences
between failure mechanisms of examined SFR PEEK which corre-
spond, at a macroscopical level, to different trends of progressive
damage evolution. Comparing fatigue damage the three materials
presented different patterns of damage accumulation, depending
on presence and characteristics of reinforcement phase. In particu-
lar in the pattern of damage evolution for C30, especially at higher
stress levels, one can recognize the presence of regions with differ-
ent rates of stiffness reductions. For C10-PVX instead variations of
stiffness reduction rates are less evident, with initial stage being
very rapid, if any, and a final stage of fast instable fracture growth
hardly noticeable. Basing on experimental findings an isotropic fa-
tigue damage accumulation model for SFR PEEK was proposed, tak-
ing as a reference some recent work of fatigue damage modeling
for short fiber reinforced composites. The model, formulated in
the strain space is based on the definition of damage variables as
a function of thermodynamic dual forces. Material parameters to
be introduced in the damage law were then determined to fit
experimental data. Finally numerical implementation into a com-
mercial FE code was carried out. The implementation of the dam-
age model allowed predicting the fatigue damage evolution in a
PEEK short fiber composite at different applied stress with good
agreement between the damage predicted by the model and the
experimental damage observed.
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