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The influence of in‐plane fiber waviness defects on the compressive properties of quasi‐isotropic (QI) carbon
polyether‐ether‐ketone (C/PEEK) composites was investigated experimentally. Specimens with localized wavi-
ness were manufactured using a stamp forming process resulting into laminates featuring multiple wavy plies,
i.e. from one to three wavy 0 � plies in a 24‐ply QI composite and a range of maximum waviness angle between
23� to 60�. No significant influence of the waviness was found on the global laminate stiffness. Compression
tests coupled with high‐speed camera monitoring were performed to study the failure process. It was confirmed
that the waviness defects act as a trigger for the initiation of damage, predominantly by the kinking mecha-
nism, resulting into an early failure and significantly lower ultimate strength than the baseline when loading
in 0� direction. Furthermore, it was found that all specimens with waviness and with the same layup have a
similar strength, indicating that the maximum waviness angle within the range studied in this work did not
significantly influence the ultimate compressive strength. However, the presence of waviness in multiple plies
clearly affected the strength. It was found that the ultimate compressive strength decreased proportionally to
the percentage of plies oriented in the loading direction that is wavy.
1. Introduction

1.1. Background

Continuous fiber reinforced thermoplastic composites (TPCs) are
increasingly used over recent decades. These materials are becoming
more common, especially in the aerospace industry, as they are ideal
for lightweight structure applications. This is mainly owing to their
appealing mechanical properties and melt‐processable nature which
enable short processing times and allows parts to be welded. Manufac-
turing sometimes leads to defects in TPC parts, such as fiber waviness.
As an example, Fig. 1 shows in‐plane waviness as created during a
stamp forming process. Waviness can act as a trigger for micro‐
buckling failure, or kink band formation, which then leads to an early
failure when the structure is loaded under compression [1–4]. There is
a lack of quantitative data and predictive tools for the mechanical per-
formance of parts having fiber waviness, particularly for multidirec-
tional TPC materials. In industrial settings, this practically often
leads to rejection of the manufactured part due to the uncertainty
and possible risk associated with the waviness defects.
The waviness defects detected after manufacturing are typically
visible on the surface of the laminate and can extend to several plies
deep, depending on the processing technique and parameter, and the
layup. For the stamp forming process of a curved part where rigid
matched metal tools are used, the waviness is typically in the plane
of the laminate and is found on the concave surface (Fig. 1). The wavi-
ness defects are localized in the regions which have been subjected to
compressive loads during processing and are only present in few of the
plies within the laminate. Our previous study demonstrated that the
waviness in stamp‐formed TPC parts can be up to 55� [5].

Reducing the scrap generated during processing due to induced
fiber waviness requires proper understanding of the effect of waviness
on the mechanical behavior. Eventually, this may lead towards a
proper definition of accept/reject criteria for these defects. In order
to achieve this, it is firstly necessary to have an adequate understand-
ing of the underlying failure mechanisms induced by the waviness
defects. Arguably, the compressive properties are important for struc-
tural application of composite materials. Hence, this study will focus
on the effect of surface waviness defects on the compressive properties
of quasi‐isotropic (QI) TPCs.
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Fig. 1. In-plane waviness defects in an L-shaped stamp-formed QI C/PEEK
composites part.
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1.2. Literature review

The influence of imperfections in fiber orientation, in the form of
fiber waviness or wrinkles, on the composites’ compressive proper-
ties has been studied by many researchers in the past. The majority
of the previous research has investigated the effect of waviness
in unidirectional (UD) composites on compressive failure
[1,6–8,3,9–11,2,4,12,13]. A study on out‐of‐plane waviness in UD
showed that interlaminar shear failure (leading to delamination)
was the dominant compressive failure mode [8]. However, the gen-
eral consensus from the other studies is that it is the kink‐band for-
mation, initiated at the most severe misaligned fibers, that leads to
the catastrophic failure in UD composites. [1,6,7,3,9–11,2,4,12]. The
kinking mechanism is known to be dominated by the initial fiber
misalignment and plastic shear deformation of the matrix [7], which
highlights the importance of experimentally measuring the fiber
misalignment angle at the wavy region for predicting the compres-
sive strength.Furthermore, the angle has been shown to be the most
critical measure of waviness, in comparison with the defect area and
the transverse defect extent ratio, as it has the most significant influ-
ence on the compressive strength [12]. A similar study on the effect
of waviness on tensile strength also demonstrated that damage ini-
tiates at the maximum angle [14].

As opposed to the literature on UD composites, there are only very
few studies on the influence of waviness on the compressive failure
mechanisms and the mechanical performance of multidirectional
(MD) composites. The failure process in MD composites is more com-
plex than in UD composites, as the interaction between the plies may
activate different failure mechanisms. In general, waviness in MD com-
posites causes a reduction in the compressive strength [15–19]. These
past studies have shown that the dominant failure mode which leads to
catastrophic fracture in MD composites is either kinking failure or
delamination. The dominant failure mode seems to be dependent on
the waviness severity (the misalignment angle) [16] and the stacking
sequence [19]. Furthermore, the previous studies have also investi-
gated the influence of partial waviness in MD composites, i.e. where
not all the plies are wavy [15,17,18]. These studies have evaluated
the compressive strength of composites having waviness with the max-
imum waviness angle up to 30�. It is intuitive to expect that the partial
waviness may have a less degrading effect on the compressive proper-
ties, as was also observed in UD composites [20]. The study on the MD
composites indeed shows that the larger the number of wavy axial
plies, the larger the reduction of compressive strength [15,18].

1.3. Objectives and approaches

None of the studies in the literature has described the influence of
waviness on the compressive properties of multidirectional (MD) com-
posites having localized waviness with maximum waviness angle lar-
ger than 30�. This large waviness severity is relevant to the waviness
found in stamp‐formed TPCs, which can be up to 55� or possibly lar-
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ger. It is concluded from the literature review given previously that
there is no single dominant failure mode that leads to the final com-
pressive failure. The failure modes were found to change with the
severity of waviness. Possible dominant failure modes that have been
identified in the literature for MD thermoset composites with waviness
are fiber kinking and delamination. The inherent toughness of thermo-
plastics may affect the occurrence on part of these failure modes in
TPCs.

Given the above, this paper aims to describe the damage develop-
ment process in QI thermoplastic composites having waviness which
was subjected to compression load, and to measure the compressive
properties. For this purpose, specimens with in‐plane waviness, similar
to the ones observed in stamp‐formed parts, were produced for com-
pression testing. The influence of the waviness severity, represented
as a maximum waviness angle and a number of wavy plies, was inves-
tigated in this paper. The number of wavy plies was varied by chang-
ing the position of the 0� plies within the 24‐ply QI stack, essentially
altering the ply grouping within the stack. The QI layup was chosen
as a case study for multidirectional composites, since this layup is
one of the most common stacking sequences for aircraft structures,
considering that the structure is typically subjected to multiple loading
orientations. A standard compression test was instrumented in such a
way that the influence of localized waviness on the global behavior
can be evaluated. The evolution of damage of the specimens during
the compressive tests was investigated using a high‐speed camera
(HSC). Moreover, a finite element (FE) model was developed to inves-
tigate the stress state in the wavy region. Digital image correlation
(DIC) experiments were performed to validate the strain fields from
the FE model. Finally, the origin of the initiation of failure was dis-
cussed by considering the stress fields in the waviness region obtained
using the FE analysis.

2. Experimental procedure

2.1. Material and specimens

The composite material used is a carbon polyether‐ether‐ketone
(PEEK) unidirectional (UD) tape, known as Cetex® TC1200 from
Toray Advanced Composites. The prepreg tape is based on AS4 fibers
and has a fiber volume fraction of 59% [21]. The manufactured lami-
nates consisted of 24 plies in a quasi‐isotropic (QI) layup with various
stacking sequences, i.e. [0/45/90/‐45]3s (QI1), [02/452/902/‐
452/0/45/90/‐45]s (QI2) and [03/453/903/‐453]s (QI3). The lami-
nates with fiber waviness in this study were manufactured using a
reverse forming method [5]. The manufacturing process consisted of
a press consolidation step and followed by the reverse forming process,
i.e. two stamp forming steps. The processing parameters are described
in more detail later. The previous work by the authors of this paper has
indicated that this method was able to provide defects representative
of the typical waviness parameters found from actual stamp‐formed
parts [5]. The ply grouping within the stack was varied, following
the stacking sequences previously mentioned, to vary the amount of
wavy 0� plies. Using this method, the waviness was only formed in
the outermost 0� plies. The three QI layups were chosen such that
the laminate thickness and the number of plies at each direction
remained the same between the samples.

Laminates with the size of 300 mm × 300 mm were press‐
consolidated to be used as blanks in the subsequent stamp forming
steps. The laminates were consolidated under 20 bar pressure with
20 min dwell time at 385 �C, and a cooling rate of 5 �C/min. After
the press consolidation, two 300 mm × 150 mm blanks were cut from
each laminate using a water‐cooled diamond‐coated saw. The reverse
forming steps to obtain in‐plane waviness in flat laminates are illus-
trated in Fig. 2. Prior to the stamp forming process, the blanks were
preheated at 465 �C for 300 s in the IR oven to reach a midplane tem-
perature of 390 �C. The V‐shape forming was done by applying 40 bar



Fig. 2. Reverse forming steps to form in-plane waviness defects in a flat laminate for compression test coupons.
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consolidation pressure for 60 s while the laminate was cooled down to
the tool temperature of 240 �C. Three V‐shaped metal tools with differ-
ent combinations of bend angles and inner radii were used in the first
stamp‐forming step in order to vary the waviness severity induced. The
V‐shape geometries used had a bend angle of 90�, 105�, and 120� with
an inner radius of 6.4 mm, 8 mm, and 10 mm, respectively. Finally, the
same processing parameters, except for the pressure, were used for the
subsequent flat forming step. This second forming step was carried out
by applying 100 bar consolidation pressure for 60 s to unfold the V‐
shape geometry into a flat laminate.

Laminates for baseline samples, as the non‐defective reference,
were stamp‐formed without using the V‐shape tool. Instead, these
were manufactured using flat tooling by following the same two
stamp forming process cycles as the reverse‐formed parts. Therefore,
these baseline laminates have the exact same pressure and thermal
history as the laminates with waviness. A total of 12 laminates, i.e. 3
baseline and 9 with waviness, were manufactured. Compression test
coupons were then cut from these laminates using a CNC milling
machine. The specimens were produced with a nominal size of
12 mm � 147 mm � 3.4 mm (width � length � thickness) for testing
with the Combined Loading Compression (CLC) test method. The
length was chosen such that the whole wavy regions are within the
20 mm long unsupported gage section in the middle of the specimen,
following the standard in ASTMD6641 [22]. Untapered end tabs made
of woven glass fiber/polyetherimide (PEI) laminates with a [(�45)4]s
layup were used for the baseline specimens. The tabs were bonded
using a two‐component epoxy adhesive, leaving an unsupported sec-
tion of 20 mm in the middle of the specimen. The code for the samples
with waviness is defined by the bend angle and the layup used, as V
(tool‐angle)‐(layup), e.g. V90‐QI1 for the sample with a single 0� ply
in the outermost side, i.e. with QI1 layup, which was formed using
the 90� V‐bend tool.
Table 1
Summary of compressive tests results. n is the number of specimens tested. θmax is the
within parentheses represent the standard deviations.

Sample n Mean Min.
θmax [�] θmax [�]

Baseline-QI1 8 N/A N/A
V90-QI1 5 49 (3) 46
V105-QI1 5 34 (5) 27
V120-QI1 5 33 (2) 31

Baseline-QI2 7 N/A N/A
V90-QI2 5 58 (2) 55
V105-QI2 5 35 (4) 29
V120-QI2 5 28 (4) 23

Baseline-QI3 6 N/A N/A
V90-QI3 5 50 (5) 45
V105-QI3 5 40 (4) 35
V120-QI3 5 45 (5) 40

QI1 layup: [0/45/90/-45]3s
QI2 layup: [02/452/902/-452/0/45/90/-45]s
QI3 layup: [03/453/903/-453]s
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2.2. Measurement of in-plane waviness severity

The waviness severity was measured following the methods as
described in our previous work [5]. Surface micrographs were taken
with a Keyence VHX‐5000 digital microscope with a resolution of
1.5 μm per pixel. Before the image acquisition, the surface was pre-
pared by applying a thin layer of sunflower oil on the specimen’s sur-
face to enhance the visibility of the fibers. For each test coupon, a
micrograph was taken from the surface that shows waviness at the
gage section (20 mm long). The fibers were traced from the surface
micrograph by using the High Resolution Misalignment Analysis
(HRMA) method that was developed by Wilhemsson et al. [23]. A
block size of 50 pixels � 50 pixels was used in this study. From each
block, 7 fiber segments were typically measured. Therefore, a total
of approximately 300,000 fiber segments measurements were per-
formed from the whole micrograph. The maximum waviness angle
(θmax) was determined from these measurements. Furthermore, the
number of wavy 0� plies was also determined based on cross‐
sectional micrographs taken from three locations from each laminate.
The cross‐sectional shape of the fiber that is misaligned from the sec-
tioning plane appears as an ellipse that has a small aspect ratio, i.e.
major‐axis‐length over minor‐axis‐length, indicating the presence of
waviness in a given ply (an example is provided later in this paper,
see Fig. 5).

2.3. Compression tests

The compression tests were performed according to the Combined
Loading Compression (CLC) test method. The number of specimens
tested is presented in Table 1, with a minimum of five specimens for
each sample. Quasi‐static tests were performed using an Instron uni-
versal testing machine equipped with a 100 kN load cell. The loading
largest (global) maximum waviness angle from each specimen. The values given

Max. Elastic Max. stress
θmax [�] modulus [GPa] [MPa]

N/A 47.7 (2.4) 601 (43)
54 45.6 (1.6) 502 (22)
42 44.0 (1.1) 510 (19)
37 45.7 (0.5) 508 (18)

N/A 44.6 (1.3) 566 (48)
60 45.6 (0.8) 375 (11)
40 45.6 (1.2) 370 (9)
33 44.5 (0.6) 354 (16)

N/A 44.2 (1.4) 580 (49)
56 42.3 (0.2) 296 (14)
44 46.3 (0.5) 294 (16)
52 43.9 (1.2) 274 (7)
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direction was made parallel with the outermost ply (0� ply) orienta-
tion, as the knock‐down factor due to fiber waviness is expected to
be maximum for this loading direction. All tests were performed at a
constant displacement rate of 1.3 mm/min based on ASTMD6641
[22], using a Wyoming CLC test fixture. The specimens were loaded
until ultimate failure, i.e. until a 40% drop in load was detected, and
the peak load was used to determine the ultimate compressive
strength. The stress was calculated as the average compressive stress,
i.e. load divided by cross‐sectional area. The possible occurrence of
undesired global buckling (instability) was checked by two strain
gages with 6 mm grid length that were mounted on opposite faces in
the gage section of a specimen.

2.3.1. High speed camera setup
The damage sequence of the specimen was monitored using a Pho-

tron Fastcam SA4 high‐speed camera (HSC) during the test. For this
reason, the specimen side was polished to enhance the visibility of
the axial plies. The video was recorded at a frame rate of
100,000 fps. The camera was mounted in front of the test fixture view-
ing either the polished specimen side (configuration A) or the wavy
surface using a mirror (configuration B) as illustrated in Fig. 3. No
strain gages were used during the test with configuration B to be able
to monitor the wavy surface. During the test, snapshots were triggered
manually at a noticeable damage event, i.e. at the moment that there
was visible damage or at a noticeable load drop. The load levels corre-
sponding to these damage events were then determined by manually
inspecting the load drop from the load–displacement curve. Therefore,
the load levels at the damage event associated with the initiation are
only presented as a range. Furthermore, an end trigger input signal
was coupled with the Instron end‐of‐test event such that the end of
the video recording was synchronized with the load drop event. This
way, the load level for each frame up to 3991 ms before the trigger sig-
nal could be traced back.

2.3.2. Fractography analysis
The fractured surfaces from a few selected specimens were evalu-

ated after testing in order to identify the failure modes. A Leica
Fig. 3. High-speed camera setup with configuration A viewing directly the
specimen side and configuration B facing the mirror to view the wavy surface.

Fig. 4. Surface micrographs of two wavy regions in a test specimen. The maximu
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M125 microscope was used to obtain micrographs of the wavy surface.
Moreover, micrographs of the fractured surface were also made with a
JEOL JSM‐7200F scanning electron microscope (SEM) to describe the
fracture mechanisms.

3. Results and discussion

3.1. Measured waviness parameters

All test coupons have pronounced waviness visible only on one sur-
face of the specimen and localized in the gage section. In all cases, the
waviness extends over the full width of the test coupons. An example
of the micrographs of a specimen having two wavy regions is shown in
Fig. 4. The majority of the specimens have such two wavy regions, and
only the largest θmax (global) for each specimen is reported here, e.g.
θmax of 40� for the test coupon showed in Fig. 4. The measured θmax

from the surface micrographs of the samples with waviness are shown
later in Table 1. The QI1 samples with waviness have θmax between 27�

to 54�. The range of θmax for the QI2 and QI3 samples with waviness
were from 23� to 60� and from 35� to 56�, respectively. Observing
the scatter in Table 1, no obvious relation can be claimed between
the maximum waviness angle and the (V‐shape) bending angle,
certainly for the larger bending angles.

As illustrated in Fig. 5, the analysis of the cross‐sectional micro-
graphs, which were presented in the authors’ previous work on the
reverse forming method [5], showed that in all cases, the wavy 0� plies
were located only at the outermost layers of the stack. It was found
that all QI1 samples have a single wavy 0� ply, while the QI2 and
QI3 samples have waviness in the top (outermost) two and three 0�

plies, respectively. The fibers in the second and third top 0� plies from
the surface for the QI2 and QI3 samples appeared as ellipses with a lar-
ger aspect ratio than that of the surface [5]. Such fiber cross‐sectional
shape indicates that the waviness severity is decreasing with the
increase of depth. As such, the fiber angles were only measured from
the surface as the most severe waviness was on the surface ply.

3.2. Effect of fiber waviness on stiffness

The results of the tests that were performed using the strain gages
indicated that there was no global buckling in these tests. The com-
pressive elastic modulus was evaluated from the average strain from
the two strain gages mounted on opposing faces of each specimen,
between the range of 1000 and 3000 με according to the standard
[22]. The measured moduli from all samples are presented in Fig. 6
and also summarized in Table 1. It appears that there is a slight reduc-
tion of the baseline stiffness due to the ply grouping. However, the dif-
ference is not significant.

All samples have similar modulus, regardless of the presence or
absence of waviness defects, with an overall mean of around
45 GPa. These results show that the presence of localized in‐plane
waviness within the cases in this study does not significantly affect
m waviness angle (θmax) of each wavy region is shown in the bottom images.



Fig. 6. Compressive elastic modulus of QI samples. The standard deviation is
indicated as the error bar.

Fig. 5. Schematic illustration of the QI1, QI2 and QI3 samples cross-sections.
The right figure shows a portion of the cross-section from the wavy region in
the top 0� ply.
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the longitudinal stiffness of the QI composites. This is related to the
fact that stiffness represents the global compressive response of the
composite and therefore is not largely affected by such local defects.

3.3. Damage development

3.3.1. Baseline samples
The failure processes of all samples subjected to compression load-

ing were examined based on the high‐speed camera (HSC) footages.
Note that, with the resolution of the images obtained from the setup
used in this study, it was not possible to observe any damage occurring
in the off‐axis plies, e.g. to monitor matrix micro‐cracks. Nevertheless,
the high‐speed camera can be used to monitor the occurrence of
delamination or fracture in the 0� plies that carry most of the load,
which were the possible dominant failure modes as described in the
introduction.

The typical images of the Baseline‐QI1 ([0/45/90/‐45]3s) specimen
side along with the load–displacement curve are presented in Fig. 7. In
this case, there was no noticeable discontinuity in the load–displace-
ment curve prior to the signs of damage. The damage development
Fig. 7. High-speed camera footages of t
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leading to the final fracture, where a severe load drop was observed,
occurred in a very short period of time (in the order of 30 μs) at the
peak load. The photograph of the baseline specimen in Fig. 7 (indi-
cated with 1) reveals the fracture of the outer 0° ply in the gage section
as the initial damage which eventually leads to the catastrophic frac-
ture. The whole laminate began to bend due to the loss of support from
the left side and followed by fiber fractures and multiple delamina-
tions, leading to the final fracture. Seven out of eight Baseline‐QI1
specimens showed very sudden failure where the propagation from
the initial to the final fracture occurred within 80 μs.

The fracture surface of the fibers in the outermost 0° ply, where fail-
ure initiated, was observed using SEM after the test. Fig. 8 shows that
the fiber ends have two distinct areas, i.e. the surface area with rough
appearance indicates tensile failure and the area with smoother sur-
face indicates compression failure. This is characteristic for a
microbuckled fiber, thus indicate kinking failure, which was also the
expected failure mechanism for the axial ply in MD composites loaded
under compression [24,25]. It is known that the presence of fiber
misalignment, even by only a small degree (in a range of 1° to 2°),
can already trigger the formation of kink bands [10].

The load–displacement curves and the HSC footages for the other
baseline samples with the alternative layups (Baseline‐QI2 with
[02/452/902/‐452/0/45/90/‐45]s layup and Baseline‐QI3 with
[03/453/903/‐453]s layup) are similar to the Baseline‐QI1 sample.
For this reason, their behavior is not shown again here. The
Baseline‐QI2 and Baseline‐QI3 samples appeared to also fail in a brittle
manner where the propagation from the initial to the final fracture was
very sudden. The sequence of damage development observed by the
HSC was similar to that of the Baseline‐QI1 sample, except that the
entire outermost 0� plies failed simultaneously. Clustering of plies with
the same orientation is known to affect the damage development. Once
a crack or 0� fiber microbuckling initiates in one of these plies, the
damage can propagate easily across the entire block [26].

3.3.2. Samples with fiber waviness
The typical damage sequence of a QI1 specimen with waviness is

illustrated in Fig. 9. The HSC images clearly show that the damage ini-
tiated at the right‐hand side outermost 0° ply which was the wavy ply.
This fracture event was accompanied by a minimal load drop. Local
delamination between the failed outer 0° ply and the ply underneath
occurred soon afterward in the region where the initial fracture has
occurred. At this point, the load still increased, and after some time,
the second inner 0° ply on the same side of the specimen (the side with
wavy ply) also fractured. Subsequently, the next inner 0° ply also
failed, immediately leading to failure propagation through the thick-
ness, ultimately leading to the total collapse of the specimen, where
a large load drop was also observed.
he Baseline-QI1 test specimen side.



Fig. 8. SEM images of Baseline-QI1 specimen showing microbuckled fibers in the outermost 0� ply that showed the initial fracture.

Fig. 9. High-speed camera footages of the side of the QI1 specimen with waviness.
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The damage initiation occurred consistently in the wavy 0� ply for
all QI1 samples that have waviness (V90‐QI1, V105‐QI1, and V120‐
QI1). Since the wavy ply always fails earlier than the opposing outer-
most 0° ply (the left side of the specimen in Fig. 9), all the tested spec-
imens showed a very noticeable preferred direction of bending,
outward away from the wavy ply.

A few of the tests were performed by monitoring the wavy surface
directly, using the HSC in configuration B (Fig. 3), to better observe
the damage initiation at the wavy region. Of these tests, some were
interrupted at the point of the first observation of damage which
was associated with an audible crack and a discontinuity in the
load–displacement curve. An example of the first visible damage is
Fig. 10. High-speed camera footages of the wavy surface from V120-QI1
specimen and surface micrographs showing kink bands at the waviness region
with large maximum waviness angle.

6

shown in Fig. 10. A minor load drop of about 0.1% was observed at
this instant of damage. Post‐mortem analysis of the fractured surface
revealed the presence of kink bands in the wavy 0° ply (Fig. 10).
The kink bands were found at the location of the waviness with the lar-
gest θmax, i.e. 34°.

Initial damage in the QI1 samples with waviness was observed at
rather low load levels, i.e. as low as 82% of the peak load from the cor-
responding specimen. This means that the damage progression of the
QI1 samples with waviness is more gradual compared to progression
in the baseline sample. The time duration from the occurrence of the
initial fracture to the final fracture was longer than that of the baseline
sample, i.e. in most cases larger than 4 s.

Damage progression of the QI2 specimen with waviness, as shown
in Fig. 11, was similar to the QI1 samples with waviness. Here, also,
damage initiated at the outermost wavy 0� ply. This initial fracture
location was consistently observed in all QI2 samples with waviness
(V90‐QI2, V105‐QI2, and V120‐QI2), independently of the waviness
severity. In the particular case shown in Fig. 11, there were two frac-
ture locations (indicated with 1 and 2) within the wavy plies due to the
presence of two regions of waviness having similar θmax. SEM images in
Fig. 12a, taken from the same specimen as the one from Fig. 11, show
terraces that consist of microbuckled fibers which have failed at equal
lengths which is a typical fracture morphology of fiber kinking [24].
This fracture event (indicated with 1) was also accompanied by a load
drop, which was found to be slightly larger, hence more noticeable
than in the QI1 samples with waviness. This is understandable since
there are more wavy plies, in this case two, that were fractured at
the same time. Again, similarly to the QI1 samples with waviness,
the load was still increasing after the initiation of fracture in the wavy
plies. After some time, the next inner 0° ply on the same side of the
specimen (the side with wavy ply) also fractured, immediately trigger-



Fig. 11. High-speed camera footages of the side of the QI2 specimen with waviness.

Fig. 12. SEM images of (a) QI2 specimen with waviness, showing terraces of failed fibers, and (b) QI3 specimen with waviness, showing a remnant of a kink band.
The images were taken at the wavy regions where damage initiated.
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ing the failure of the remaining plies and ultimately leading to the loss
of integrity of the whole specimen.

Typical HSC images of the QI3 specimen with waviness are given in
Fig. 13. The fracture behavior, in terms of the damage sequence as
observed by the HSC, was similar for all QI3 samples with waviness
(V90‐QI3, V105‐QI3, and V120‐QI3). The initial damage was seen in
the wavy 0° plies, which all seem to fail simultaneously. The load drop
associated with this fracture event is also larger than that observed in
the QI1 and QI2 samples with waviness. The ultimate fracture fol-
lowed soon after the failure of the wavy plies and may be attributed
to the absence of inner 0° plies in this sample.

After testing until the ultimate failure, two specimens from the
V90‐QI3 sample showed no fracture at the wavy regions with the lar-
gest θmax, i.e. 54° and 56°. For one of these specimens, a remnant of a
kink band that was still attached to the test coupon (Fig. 12b) was
clearly observed at the wavy region with the smaller θmax (35°), while
no fracture was visible at the other wavy region with θmax of 54°. This
may be related to the in‐plane shear stress which is at the maximum
when the fibers are oriented at a 45� angle. As will be shown later, a
further increase of the rotation angle above 45� does not lead to a
decrease in the ply compressive strength. The other specimens from
the same sample set (V90‐QI3) with similar severity showed fiber frac-
tures at all wavy regions. Unfortunately, the failure sequences between
the wavy regions could not be determined solely from the HSC images
and the fractured surface after the final failure. There is also a possibil-
ity that the fiber fracture seen at the wavy region with large θmax

occurred only much later in the failure process and is a secondary frac-
ture as the consequence of the release of energy from the preceding
failure. Further work is needed to evaluate the failure initiation in
the wavy ply, particularly the one with such large θmax.
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In general, the HSC footages and the fractography analysis showed
that the initiation of failure in the wavy 0� plies was predominantly
due to the formation of kink bands at the wavy region, as observed
in about 75% of the tested specimens. It appears that the specimens
predominantly failed by fiber failure due to the kinking mechanism
in the wavy 0� plies before delamination occurred. This indicates that
the fiber kinking mechanism is the dominant damage mechanism for
the failure initiation at the wavy region, particularly for the waviness
with θmax smaller than approximately 40�. The results shown here also
suggest that further work focusing on the damage initiation in the
wavy ply is needed in order to identify the failure mechanism of the
more severe waviness, i.e. with larger θmax.

The difference between the samples with and without waviness
(baseline), regardless of the layup, is mainly the location and load
level of the initiation of damage in the axial ply, and the damage
propagation. The damage initiation in the samples with waviness
was always localized at the wavy region in the outermost 0° ply.
However for the baseline samples, there was no preferable location
for the initial damage, since it was found to initiate on either side
of the outermost 0° ply. Furthermore, the development of damage
in the samples with waviness is much more gradual than in the base-
line samples.

3.4. Effect of fiber waviness on strength

The results of the CLC tests are summarized in Table 1. In the fol-
lowing sections, to exclude the influence from the difference in the
layup, all of the strengths of the specimens with waviness are com-
pared to each of their own reference, i.e. average strength from the
baseline sample with an identical layup.



Fig. 13. High-speed camera footages of the side of the QI3 specimen with waviness.
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The experimental data in Table 1 shows a considerable reduction of
the ultimate strength of the samples with waviness for all layups with
respect to each of their baseline. This is related to the noticeable differ-
ence in the failure process between the samples with and without
waviness. As described earlier, the samples with waviness exhibit an
early failure at a significantly lower stress level due to the presence
of wavy fibers. The wavy ply failed much earlier than the rest of the
axial plies within the laminate, hence there were fewer plies that effec-
tively contribute to the load‐carrying capability of the laminate. Fur-
ther analysis of the influence of the waviness parameters on the
compressive strength is presented in the following sections.

3.4.1. Effect of maximum waviness angle on compressive strength
The measured ultimate strength values are presented as a function

of the maximum waviness angle in Fig. 14 for the three types of layup
considered. The results from the baseline samples are represented as
horizontal lines with their respective standard deviations. Although
the specimens evaluated cover a broad range of waviness severity,
no obvious trend is observed for the specimens with waviness with
respect to the θmax, irrespective of the layup. As opposed to the results
from the studies described in the introduction, all specimens having
waviness and with the same layup have a similar strength. The range
of θmax emerging in TPCs during stamp forming in the present study
was between 23� to 60�, whereas the past studies in the literature have
only investigated the influence of less severe waviness at the lower end
of θmax. The θmax values in the studies on uniform through‐thickness
waviness in UD composites were up to 30� [11,27]. Similarly, the stud-
ies on partial waviness in multidirectional composites have a compara-
ble upper bound of θmax value [17,18].

The waviness in this study is considered as mesoscale fiber
misalignment, characterized by θmax which is the deviation from the
Fig. 14. Effect of maximum waviness angle on compressive strengt

8

nominal ply orientation. The deviation of the fiber angle from the
loading direction locally causes a combined compressive‐shear loading
in the wavy region, as will be shown later in the FE analysis results.
Thus, the change in the stress state due to the fiber rotation influences
the failure load. Such influence of the fiber angle rotation on the
apparent compressive strength can be described by using the maxi-
mum stress criterion. According to this criterion, the apparent com-
pressive strength σc of a ply rotated by an angle θ can be expressed as:

σc ¼ min
Sc1

cos2 θ
;

Ss12
cos θ sin θ

;
Sc2

sin2 θ

� �
ð1Þ

where Sc1 and Sc2 are the compressive strengths in the fiber and trans-
verse directions, respectively, and Ss12 is the in‐plane shear strength of
the ply in the principal material coordinate system [28]. The strength
parameters values used were obtained from the literature for AS4/PEEK
material, with Sc1 ¼ 1300 MPa [21] and Sc2 ¼ 176 MPa [29]. Fig. 15
shows that the resulting apparent compressive strength from Eq. (1)
is sensitive to the shear strength parameter, particularly at the larger
values of fiber angle. The lower bound of shear strength Ss12 was
obtained from a series of six uniaxial tensile tests on �45� laminated
specimens using the same material as in this study [30]. The shear
strength from this test was determined at 5% shear strain, resulting
in Ss12 ¼ 76 MPa, following the guidelines in the ASTM standard
[31], i.e. at the strain level where fiber rotation due to progressive dam-
age is small. The upper bound of shear strength was obtained from the
literature for similar material measured by the Iosipescu test, with
Ss12 ¼ 113 MPa taken from the peak shear stress [32].

The analytical prediction presented in Fig. 15 shows that the ply
compressive strength does not significantly change with increasing
θmax in the range between 23� to 60�, for both the lower and upper esti-
mates. This suggests that the failure of all the wavy plies within this
h. SD indicates the standard deviation of the baseline strength.



Fig. 17. Input for the FE model: measured fiber angles (left) as the input of the
material orientations of the wavy ply (right), and the 2D representation of the
applied boundary conditions at both ends of the test coupon’s gage section
(right).

Table 2
Elastic properties of the AS4/PEEK material used in the FE model.

E11 E22 E33 ν12 ν13 ν23 G12 G13 G23

[GPa] [GPa] [GPa] – – – [GPa] [GPa] [GPa]

124 10 10 0.33 0.33 0.43 4.2 4.2 4.1

Fig. 15. Apparent compressive strength for various fiber angles according to
the maximum stress criterion for UD AS4/PEEK composite.
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study occurs at around the same stress level, with the failure being
governed by the shear strength limit. Since the strength of the wavy
ply is similar for all cases, then the ultimate strength of the laminates
with waviness is also expected to be similar, which agrees with the
similar performance observed for all samples with waviness in this
study. It is worth mentioning that the kinking model proposed by
Budiansky [33] also explains a similar dependency of compressive
strength on fiber misalignment angle. This model, however, is partic-
ularly suited for small angles.

3.4.2. Effect of number of wavy ply on compressive strength
The influence of both the number of wavy plies and the maximum

waviness angle on the reduction of the compressive strength is pre-
sented in Fig. 16a as the normalized strength, i.e. ratio of the strength
of the specimen with waviness to its baseline strength. It is evident
from Fig. 16a that the number of wavy plies has a larger influence
on the ultimate strength than the maximum waviness angle.

Fig. 16b illustrates the dependence of the compressive strength
reduction on the number of wavy 0� plies within the 24‐ply QI lami-
nates. Since there appears to be no significant influence of the maxi-
mum waviness angle, the normalized compressive strength was
averaged. A strong negative linear correlation between the normalized
ultimate compressive strength and the number of wavy 0� plies was
found. The largest reduction found was up to 50% for the QI3 sample
where half of the 0� plies, i.e. 3 out of 6 plies, were wavy. This shows
that the ultimate compressive strength decreases proportionally to the
fraction of the wavy axial plies. This finding is in agreement with the
results from an earlier study on multiple‐layer (out‐of‐plane) waviness
which shows that under limited conditions, compression strength
Fig. 16. Normalized ultimate compressive strength with respect to the correspond
(b) represented as the average strength for each layup correlated with the number o
by the error bars).
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reductions may be estimated by the percentage of the 0� plies contain-
ing waviness [15]. The simplest explanation for this observation is that
only the intact 0� plies contribute to the strength which works surpris-
ingly well for the results found in our study (Fig. 16b). As was shown
earlier, the waviness in this study causes a significant reduction of the
ply compressive strength, thereby diminishing the load bearing
capacity.

3.4.3. FE analysis of the composites with waviness
An FE analysis was performed to evaluate the dominant stress com-

ponent that causes initiation of failure in the wavy ply. A three‐
dimensional linear elastic analysis of the laminate modeled at the
ply‐level (mesoscale) was carried out to simulate the compression test
by using a commercial FE software package Abaqus (Fig. 17). 8‐node
linear brick elements (C3D8) were used to model the gage section of
the CLC test coupon, with a dimension of 20 mm � 12 mm �
3.36 mm. The thickness of each element is the thickness of each ply
ing baseline for each layup: (a) correlated with the maximum waviness angle,
f wavy 0� plies in a 24-ply QI laminate (the standard deviations are represented
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(0.14 mm). The elements have in‐plane dimensions of 0.075 mm �
0.075 mm. The waviness in this study was not modeled geometrically
but by varying the local material orientation of the wavy ply. This was
Fig. 18. Comparison of the strain fields from DIC measurements (left) and
FEA (right).

Fig. 19. (a) Stress fields of the V120-QI1 specimen at the level of the applied disp
compression test experiment. The stresses were computed at the local material coor
represents the in-plane shear stress, both in the principal material directions. (b) S
line contour of S12. (c) Zoomed-in fracture surfaces from figure b highlighted wit
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achieved by mapping the experimentally measured fiber angles to each
individual element of the wavy ply, i.e. by defining a discrete field for
the material orientation (Fig. 17). The boundary conditions are
schematically illustrated in Fig. 17. A compressive load was introduced
by prescribed displacements in the x‐direction at the upper side of the
model, with unconstrained y and z‐displacements, while the opposite
face at the bottom side of the model was fixed in the x‐direction. To
prevent rigid body motion, one corner node at the bottom face was
also fixed in the y and z‐directions.

The elastic properties of the C/PEEK prepreg material used as the
input for the FE model are given in Table 2. Most of these elastic prop-
erties were obtained directly from material supplier datasheet [21],
while few other properties that were absent (ν23;G23) were calculated
with the help of the Chamis model [34] using the fiber and matrix
material properties from the manufacturer. In‐plane shear properties
were determined experimentally by means of a uniaxial tensile test
of a �45� laminate, as was elaborated earlier.

The strain fields from the FE model were validated using the results
from Digital Image Correlation (DIC) experiments. Fig. 18 shows that
the result from the FE analysis (FEA) compared well with DIC strain
contour. The model was able to capture the strain inhomogeneity seen
lacement in which the first damage in the wavy ply was observed during the
dinate system for each element: S11 represents the longitudinal stress and S12
urface fractography at the wavy region with large θmax, superimposed with the
h several red lines just outside of the kink band boundaries for clarity.
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in the waviness region. It was confirmed that the model can predict the
compressive response of composite with waviness by including the
experimentally measured local fiber orientation in the analysis.

Fig. 19 shows an example of the simulated stress fields for the
V120‐QI1 specimen with waviness at the same applied displacement
as from the compression test. The longitudinal (S11) and the in‐
plane shear (S12) stress fields of the wavy ply in the principal material
coordinate system are presented in Fig. 19a. It is apparent that the
presence of waviness significantly alters the stress fields surrounding
the defective region. Shear stresses are also developed in the 0� ply
around the wavy fibers. This can be explained by the change in local
fiber orientation which causes the change in local stiffness, hence
the local stress state.

The critical regions indicated by the location with large in‐plane
shear stresses (S12), i.e. larger than the shear strength of the material
of 76 MPa (lower bound), are compared with the surface fractography
of the tested specimen shown in Fig. 19b. Multiple kink bands at the
waviness region with a large maximum waviness angle were observed
from the micrographs shown in Fig. 19c. It appears that the locations
with large in‐plane shear stresses coincide well with the location of the
kink bands. These results thus confirm the expected mechanism in
which the shear stress that develops because of the misalignment of
the fibers is the dominant stress component that triggers the failure.
This also explains the early failure because of the kinking mechanism
observed in the majority of the specimens with waviness, which ulti-
mately leads to the strength reduction.

4. Conclusions

The effects of in‐plane waviness defects on the compressive proper-
ties of QI C/PEEK laminates have been studied in this paper. Wavy 24‐
ply QI laminates with three different stacking sequences were manu-
factured using a stamp forming process and have been tested using
the CLC test method. The waviness formed was only visible on one sur-
face of the test coupon and localized in the gage section. The wavy
plies, ranging from one to three wavy 0� plies, were located only at
the outermost layers of the stack. The compression test results showed
no significant influence of waviness on the global laminate stiffness. As
expected, the strength of the samples with waviness was significantly
reduced with respect to the baseline, non‐defective, samples. High‐
speed camera monitoring during the compression test confirmed that
the waviness defects act as a trigger for early failure. Fractography
analysis has shown that the initiation of failure in the wavy region
was predominantly due to the formation of kink bands. Moreover, it
was found that the locations of the kink bands coincide with the
regions that have high shear stress as identified from the FE model.
This confirms the expected mechanism in which the matrix shear fail-
ure triggers the kink band formation.

The influence of the waviness parameters, characterized by means
of microscopy analysis, on the compressive strength has been investi-
gated in this paper. The strength was not significantly affected by the
change in the maximum waviness angle within the range studied in
this work, which was between 23� and 60�. However, a negative linear
dependency was observed between the ultimate compressive strength
and the number of wavy 0� plies. A significant reduction of the
strength of up to 50% was found for the QI3 laminates, which have
the largest number of wavy plies within this study, i.e. three wavy plies
out of a total of six 0� plies. Disregarding the load‐bearing capacity of
the wavy ply appears to provide a good estimation of the reduced ulti-
mate strength of the laminate. In general, it was found that local wavi-
ness has a negligible effect on the global laminate stiffness, but that the
severity of waviness was such that the compressive strength of the QI
laminate drops proportionally to the percentage of plies oriented in the
loading direction that is wavy.
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