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ARTICLE INFO ABSTRACT

Keywords: This study investigates the influence of load ratio and impact damage on the fatigue behaviour of high-
Low-velocity impact performance carbon fibre reinforced polymers (CFRP) with areal fibre weights between 30 gsm and 360 gsm. For
Delamination ) undamaged samples, the ultimate tensile and compressive strength, as well as the fatigue properties, are evaluated
E:;aii i[;rogresswn with regard to their layer thicknesses. The fatigue tests were performed under tension-tension (R=0.1), tension-

compression (R=-0.5) and compression-compression (R=10) regime. The results are illustrated as a constant-life
diagram, and a piecewise linear interpolation examines a first prediction. The results show that static and fa-
tigue performance improves with decreasing layer thickness. Particularly under tension-compression loading,
significant improvements are observed, due to the suppression of matrix cracks and delaminations with thinner
layers. In addition, the effect of low-energy impact on the fatigue behaviour of Thin- and Thick-Ply laminates is
investigated. The tests demonstrate that although the delamination area is larger, Thin-Ply laminates can sustain
higher stresses and still reach the same number of load cycles in contrast to Thick-Ply laminates. Computed to-
mography measurements visualize 3-dimensional the damage progression after various cycles and prove that the
Thin-Ply composites show no increase in the damaged area during fatigue. The interlaminar stress at the delami-
nation is not sufficient for expansion. In contrast, in the case of thicker layers, the damage growths progressively
throughout the whole sample with increasing number of cycles.

Constant-life diagram

1. Introduction

Fatigue and impact tests are of particular interest in the design pro-
cess of structural components. Fatigue tests are utilised to determine the
lifetime of a material under different load ratios, and low-velocity im-
pact tests represent critical damage to the structure [1]. Defects in lami-
nated composite structures like voids and impact damages have a major
influence on the fatigue behaviour [2,3]. Due to their lightweight per-
formance, carbon fibre reinforced polymers are increasingly used. How-
ever, their impact tolerance, lifetime and failure behaviour differs sig-
nificantly from conventional construction materials such as metals [4].
The behaviour of fibre reinforced polymers (FRP) is complex. For exam-
ple, the impact causes inter-fibre fractures, delaminations and, depend-
ing on the energy applied, fibre breakages. The defects are distributed
within the material, whereby the damage pattern’s size and shape de-
pend on several factors. These include, for example, the properties of the
samples to be tested, such as stiffness and layer structure, the clamping
system used and the applied impact energy. The detection of such dam-
age is difficult. Here, methods such as ultrasonic examination, active

* Corresponding author.
E-mail address: benedikt.koetter@tuhh.de (B. Kotter).

https://doi.org/10.1016/j.jcomc.2021.100139

thermography or computed tomography are used [2,5-8]. Studies show
that impact damage can reduce the load-bearing capability of CFRP by
up to 50% under tensile load [9]. Fibre composites also exhibit complex
failure behaviour under cyclic load. In contrast to metals, where one
critical crack forms, grows and leads to final failure, FRPs have a com-
plex delamination dominant failure behaviour. At a low stress level or
numbers of load cycles, the relatively low strength of the matrix leads
to inter-fibre fractures, which form in the 90° layer perpendicular to the
load direction. Delaminations are initiated with the increasing length of
the cracks and the associated high stresses at the crack tip. Earlier stud-
ies showed that the damage progression is associated with a decrease
in Young’s modulus [10-13]. The material fails prematurely below the
nominal elongation of the fibres. The full potential of the fibres can-
not be exploited. Premature failure leads to a conservative component
design [14]. Defects in laminated composite structures like voids and
impact damages have a major influence on the fatigue behaviour [15].

One approach to increase the performance of FRPs is to reduce the
layer thickness. Studies by Kawabe et al. and Sihn et al. [16,17] describe
a roving spreading process, allowing conventional rovings to be used for
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thin layer thicknesses of up to 20pm. Usually, layer thicknesses below
60pm are described as Thin-Ply materials. Using thinner layers, the man-
ufacturing of thinner laminates is possible, and the freedom in design
of the lay-up is increased [18-21]. Regarding the mechanical failure
behaviour, the failure mechanisms of undamaged samples change from
complex delamination dominated to brittle failure and pre-damage is
reduced with decreasing layer thickness. Due to the suppression of pre-
damage, the stiffness of the specimens does not decrease under load
[22]. Yokozeki et al. [23] showed by acoustic emission tests that the
initiation of damage shifts to higher strains and thus higher stresses.
Furthermore, the number of inter-fibre fractures at lower stresses de-
creases with decreasing layer thickness and can be explained by the so-
called ”in-situ strength”, whereby the transverse strength of the matrix
increases with decreasing layer thickness. The in-situ strength has been
investigated in detail in many studies [24-26]. Saito et al. [27] showed
that the energy at the crack tip is highest at a length of 75% of the layer
thickness because the neighbouring layers suppress the crack-opening.
The energy of shorter cracks is not sufficient to initiate delaminations,
and therefore, they are suppressed. Even under compressive load, the
strength is improved. Laminate quality, lay-up and failure behaviour
have a positive influence on the compressive strength. Resin-rich regions
and voids are smaller, and the fibres are more homogeneous distributed
due to the spreading process [18,20]. According to the literature, six
parameters are most important for investigating fatigue behaviour of
fibre reinforced composites. These include the loading pattern, the con-
trol mode, the stress ratio, strain rate, waveform and the temperature
[28]. In the case of Thin-Ply samples, a seventh factor, the layer thick-
ness, is acknowledged. Sihn et al. and Yamaguchi et al. investigated
Thin-Ply laminates under fatigue loading (tension-tension). The sam-
ples performed as if under static tensile load. They showed an increased
lifetime, a smaller decrease in stiffness reduction and exhibit a brittle
failure [17,29].

To estimate the influence of different load ratios on the fatigue life-
time of a material for which no experimental data is available, constant-
life diagrams (CLD) are a fast and powerful tool. Especially in fields
where few fatigue investigations have been carried out, as is the case
with Thin-Ply CFRP materials and the samples expensive to manufac-
ture, CLDs represent an excellent first approximation. The main param-
eters defining a CLD are the mean cyclic stress, the cyclic stress ampli-
tude and the load ratio (R-ratio) as the quotient between the minimum
and maximum cyclic stress. Depending on the material behaviour, dif-
ferent interpolation approaches can be chosen. The simplest type of in-
terpolation is the linear CLD model, which only requires one S-N curve
resp. Wohler curve, but assumes that the material behaves the same
under tensile and compressive loads [28]. Different approaches were
proposed, which can be used depending on the examined material be-
haviour. The most commonly used non-linear interpolation approaches
include Harris’s CLD [30], Kawai’s CLD [31], Boerstra’s CLD [32], and
Kassapoglou’s CLD [33]. Within this study, the piecewise linear interpo-
lation [34] is used. The piecewise linear interpolation model requires a
limited number of S-N curves and the ultimate tensile and compressive
strength. For most of the composite studies, the predictions based on
piecewise linear interpolation are the most accurate [28].

Philippidis et al. proposed an analytical description of the piecewise
linear interpolation method for the individual regions of the CLD, en-
abling unknown load ratios (R’) to be calculated [34]. If R’ is in the
tensile-tensile region and between R = 1 and the first known measured
value (R;pp) counterclockwise, formula 1 applies.

’ uTrs

°a= Tis ., M
m +r —=rirr
o} displays the interpolated and o, ;77 the experimental determined
amplitude stresses and UT'S the ultimate tensile strength. The further
parameters are calculated according by r, = (1 + R,)/(1 - R;) and +' =
(1+ R)/(1 = R"). In the first case, R; = R;rp applies.
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If R is between two known R-ratios, R; and R, , formula 2 applies.

o, (ri—riy)
O’; _ a,i Uall i+1 (2)
ri=r) ==+ =ry)

Oai+]

If R’ is in compressive-compressive region and clockwise between
R = 1 and the first measured value in compressive region, R;cc., formula
3 applies. UCS represent the ultimate compressive strength.
%, = Tcs UC,S &)
I +ricc
0a,1CC
In the case of Thick-Ply FRPs, several studies have investigated the
fatigue after impact (FAI) behaviour. Delaminations significantly reduce
the lifetime [35-37]. At the same time, studies on impact damage of
Thin-Ply show that the delamination areas increase with thinner layers
[18,38]. In combination with the larger delamination area, the impact
behaviour could be a limiting factor using Thin-Ply structures. How-
ever, previous studies show that under tensile and compressive loading
of undamaged samples, less damage is initiated with decreasing layer
thickness and existing damage grows more slowly [17,18,39]. This can
have positive effects on the cyclic performance of structures damaged
by an impact. For this reason, the cyclic behaviour of impacted samples
is investigated as a function of the layer thickness.

2. Materials and and methods
2.1. Materials and specimen preparation

The material used in this study is a CFRP unidirectional prepreg
system produced by NTPT (North Thin Ply Technology, Switzerland),
which is composed of NTPT’s epoxy resin TP402 and T700S carbon fi-
bres from Toray Carbon Fibers America, Inc. The target for the fibre vol-
ume content of the prepregs was 55%. The produced fibre area weights
are 30 gsm, 60 gsm and 120 gsm. Higher fibre area weights such as 240
gsm and 360 gsm were produced by block-scaling an according to the
number of same-oriented layers. The prepregs were cut by CNC cutter
(Aristomat TL1625 from ARISTO Graphic Systeme GmbH & Co. KG i.L.,
Germany) and manufactured by hand lay-up. The layers were debulked
by a vacuum bag every fourth layer. Table 1 shows the used lay-ups.
The curing of the laminates was according to the process suggested by
the manufacturer NTPT. The maximum temperature was 160°C, and
the differential pressure was 7bar. The cured laminates were sawn us-
ing ATM’s Brilliant 265 precision saw with a corundum blade at a feed
rate of 1.5mm/s. Depending on the test method, tabs were bonded on
the samples before cutting, to reduce stress concentrations in the load
introduction area and thus prevent premature failure. In the case of ten-
sile samples and the fatigue samples, which are loaded under tension-
tension (R=0.1), a combination of +45° lay-up, 1mm thick GFRP and
1mm thick aluminium tabs were used. For the compression tests and fa-
tigue compression-compression (R=10) tests, the used tab material was
a +45° lay-up GFRP laminate with a thickness of 2mm. In both cases,
the tabs are bonded at 80° C with the epoxy resin adhesive UHU Endfest
plus 300 from UHU GmbH & Co. KG, Germany. The specimen dimen-
sions of the tensile and compression tests correspond to the ASTM stan-
dards used. The fatigue tests samples under tensile-tensile load (R=0.1)
have the same geometry as the samples for the static tensile tests. An
exception is the 30 gsm samples. Due to the stress concentrations in load
introduction area in connection with the damage suppression behaviour
of the thin layers, non-standard failures occur in the area of the load
introduction. To achieve a standard-conforming failure, a CNC milling
machine (Isel EuroMod MP30 from isel Germany AG, Germany) milled
the samples to the shape of a dogbone. The gauge length is 130mm
and the gauge width 21 mm. The specimens for the cyclic tests under
tensile-compressive load also correspond to the geometry of the static
tensile tests. Depending on the buckling support used, tabs are used or
not. The buckling supports are explained in more detail in the following
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Table 1
Laminate lay-ups.
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Fibre areal weight in gsm

Test Method 30

60

120 240 (2x120) 360 (3x120)

Tension [45/90/ —45/0],5
Compression  [45/90/ — 45/0],,
Fatigue [45/90/ —45/0],5
FAI [45/90/ = 45/01],5

[45/90/ —45/0]4,
[45/90/ —45/0],,
[45/90/ — 45 /014,
[45/90/ — 45 /0]

[45/90/ = 45/015, 45,/ —45,/90,/0,];
[45/90/ —45/01s,  [45,/90,/ — 45,/0,1,
[45/90/ — 45/015, -

[45/90/ — 45/0]5, -

(453/905/ = 455 /03],
[453/903/ - 453/03125
[453/90;/ — 455 /051,
[453/905/ — 455 /051,

Table 2

Test Methods and specimen dimensions (*Tension-Compression 30 gsm no tabs,

**Tension-Tension 30 gsm).

Specimen Dimension Tension

ASTM D3039-00

Compression Fatigue after Impact
ASTM D3410-03 -

Overall length in mm 250

Width in mm 25
Thickness in mm 2.88
Tab length* in mm 50
Free test length in mm 150
Gage length** in mm 150
Gage width** in mm 21

140 250
25 36
5.28 2.88
65 -
10 250

section. In the case of the impacted samples, the width was increased
to 36 mm so that the damage of the impact does not reach the edges
of the samples and growth of the damage can be determined in the
further investigations. Suppose the impact already reaches the edge of
the specimen. In that case, there will be interactions between the edge
of the sample and the impact damage, which would not correspond to
the component’s structural behaviour. The fatigue samples, which are
tested under compression-compression, correspond to the geometrical
dimensions of the samples of the static compressive tests, except that
the thickness has been reduced to 2.88mm (see Table 2). After sawing,
the edges of the sample were finally grounded with abrasive paper (grid
size 600 and 1200) to reduce edge effects caused by preparation steps
before. The used standards and sample dimensions are summarized in
Table 2.

2.2. Experimental methods

The static tensile tests were carried out in accordance with ASTM
D D3039-00 [40]. The clamping pressure of the servo-hydraulic clamp-
ing jaws amounted 140bar. The tests were performed on a ZwickRoell
universal testing machine Z100 and strains were recorded using Multi-
Xtens Extensometer from ZwickRoell. In the case of the thickest layer
thickness (360 gsm), the crosshead displacement had to be used for the
strain measurement, due to early delamination of the outer layers. The
compression tests were carried out in accordance with ASTM D 6641-
16 [41] performed using a ZwickRoell Z400 universal testing machine.
IMA Dresden developed the used clamping system (HCCF) for compres-
sion tests of fibre reinforced composites at high compressive loads. The
hydraulic pressure for the clamping jaws was 80bar. Vishay Precision
Group (USA) strain gauges with a resistance of 350 Q measured the
strains. The fatigue tests were performed on servo-hydraulic testing ma-
chines from Instron. Three different load conditions were tested to inves-
tigate possible influences of the layer thickness on the failure behaviour.
A load ratio of R = 0.1 was chosen for tensile-tensile tests. The sam-
ples were tested on an Instron 8800H2470 under stress control mode at
5Hz with a maximum force of 100 kN and servo-hydraulic clamps. The
clamping pressure was 80bar. The displacement of the cylinder recorded
the strains of the specimens. When a sample did not fail after being sub-
jected to (100 cycles), the test machine stopped.

A load ratio of R=0.5 was chosen for the tension-compression tests.
The tensile loads are twice as high as the compressive loads. Assuming
that fibre composite materials are generally designed for tensile loads
and therefore account for the main portion of operational stresses, there-

Fig. 1. Buckling supports for fatigue tests.

fore a load ratio of R=0.5 is an application-based approach. The hy-
draulic universal testing machine for tension-compression tests was the
Instron 8800H2470 under stress control mode at 5Hz with a maximum
force of 100kN and the Instron 8802L2741 under stress control mode
at 3Hz with a maximum force of 250kN. In both cases, servo-hydraulic
jaws with a clamping pressure of 80bar clamped the specimens. Due to
the applied compressive forces and specimen geometry, two different
buckling supports are utilised (see Fig. 1). For thicker layers, the buck-
ling device supports the test length between the tabs (Fig. 1, left). How-
ever, this was not possible with the thinnest layer thickness (30 gsm),
because a buckling failure occurred in the support-free section between
the clamping of the specimen and the buckling support. The new buck-
ling support was designed after the Open Hole Compression (ASTM D
6484-04 [42]) test jig, with the difference that the load is introduced via
shear forces. The buckling support has the advantage that the sample is
supported along its entire length, thus preventing local buckling, and
transverse contraction is not hindered. The same setup is used for the
fatigue after impact tests with a load ratio of R=0.5.

The R-ratio of the compression-compression tests was chosen to be
R=10. Due to the gauge length of 10 mm and the thickness of 2.88mm,
no buckling support was necessary. The specimens were tested on the
Instron 8800H2470 servo-hydraulic testing machine under stress con-
trol mode at 5Hz with a maximum force of 100kN and servo-hydraulic
jaws at 120bar clamping pressure. The displacement of the cylinder de-
termined the strain.

The impact testing machine was the FW Primus 1700 Plus from Co-
esfeld Materialtest, Germany. The impacts were applied by using an
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Fig. 2. Clamping device for impact tests.

Table 3
Number of tested samples for each ply thickness
and load case.

Fibre areal weight in gsm

30 60 120 240 360

Tension 7 6 6 6 5
Compression 6 6 6 6 5
Fatigue R=0.1 20 10 10 - 9
Fatigue R=0.5 19 7 7 - 14
Fatigue R=10 10 13 10 - 7
FAI R=0.5 8 6 8 - 5

impacter with a diameter of 16 +0.lmm, a hardness between 60 and
62HCR and weight of 5.34kg and a rebound apparatus prevented mul-
tiple impacts. The maximum impact energy was 8J. Preliminary tests
have shown that impact energy of over 8J leads to delamination up to
the edges of the sample and due to the impact system, lower energies
were not possible. The clamping design of the support structure was
based on the ASTM D7136-05 (Standard test method for measuring the
damage resistance of a fibre-reinforced polymer matrix composite to a
drop-weight impact event [43]) with cut-out dimensions of 27 x 60mm.
The ratio of length and width is identical to the standard. Four rubber
tips restrain the specimen during impact with a minimum holding ca-
pacity of 1100N. Mechanical end stops aligned the samples (see Fig. 2).

To analyse the occurring damage and possible growth, samples were
stopped at 0, 5- 10*, 3 - 10° and 8 - 10° cycles and examined using com-
puted tomography. The system used is a CT-Alpha device from Procon X-
Ray, Germany. The measurements of the damaged sample regions were
taken in axial and helical mode with an x-ray tube voltage of 65kV and
a voxel size of 27.3 and 24.3u m, respectively. The helical scan mode
was applied to samples (for example 360 gsm) with a large estimated
damage area to capture the complete damaged area while maintaining
a small voxel size. The visualization of the volume data, i.e. evaluation
and graphical representation of impact damage as well as the damage
progression according to the respective load cycles was done with the
Volume Graphics VGSTUDIO MAX 3.3 software.

3. Results and discussion
3.1. Tensile tests

The results of the static tensile tests are shown in Fig. 3. At least five
samples were tested for each configuration. Table 3 shows the number of
tested samples for each ply thickness and load case. The tensile strength
increases significantly with decreasing layer thickness in the range be-
tween 360 gsm and 60 gsm. Even lower layer thicknesses, 30 gsm, show
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no further improvement compared to the 60 gsm samples. However, the
strength doubles between the 360 gsm and 30 gsm or 60 gsm samples.
In case of the 360 gsm samples, the outer +45° and 90° layers fully
delaminate at low strains, and therefore the load is mainly transferred
by the middle 0° layers, which significantly reduce the strength. This
behaviour is not observed at lower layer thicknesses. Fig. 3 shows on
the right-hand side the stress-strain curves of the tensile tests. It can be
seen that all configurations have the same stiffness at low strains, as
this is mainly dependent on the fibres and their orientation. However,
with increasing load, initial damage occurs, and a decrease in stiffness
is recorded for thicker layers. Further, samples with thinner layers (30
and 60 gsm) do not show any damage until final failure, and therefore
no decrease in stiffness can be determined. The 30 and 60 gsm speci-
mens’ fracture patterns show a brittle failure behaviour and exhibit no
or almost no delaminations. In both cases, the energy at the crack tip as
well as the interlaminar shear stresses are too low to initiate delamina-
tion. As a result, the failure behaviour is fibre-dominated in both cases,
and thus no differences between the layer thicknesses can be observed.
Although theoretically the strength of the 90° layers should increase ex-
ponentially with decreasing layer thickness due to the in situ effect, the
influence is too small compared to the influence of the fibres in 0° to
measure a significant change. The layer thickness at which delamina-
tion is completely suppressed depends on the materials used and their
properties, such as the toughness of the matrix. Detailed investigations
on this can be found in a study by Cugnoni et al. [44]. With increas-
ing layer thickness, a more delamination-dominated failure behaviour
occurs. As a result, it can be concluded that under static tensile load, a
layer thickness of 60 gsm in combination with the fibre and resin system
used in this study already shows the maximum achievable strength and
a reduction of the layer thickness does not offer any further advantage
to the mechanical properties investigated. The freedom of design due to
the higher number of layers is still an advantage.

3.2. Compressive tests

The results of the compressive tests show a significant increase in
strength with decreasing layer thickness from 360 gsm to 30 gsm. Each
configuration was tested with a minimum of five samples (see Table 3).
Diagrams in Fig. 4 show the compressive strengths and stress-strain
curves. The curve characteristics show that progressive failure occurs
with low layer thicknesses. Initial damage or first local buckling does
not lead to final failure as for thicker layers under compressive load.
Due to the high amount of fibres and the distribution of the 0° lay-
ers, the samples have a relatively high bending stiffness after first dam-
age, which leads to a decrease in stiffness but not to a final failure.
A further advantage regarding the behaviour under compressive load
is in the laminate quality. As already investigated in other studies,
laminate quality improves with thinner layer thicknesses [18,23]. Fi-
bre spreading results in a more homogeneous fibre arrangement and
smaller resin-rich regions. In the case of thicker layers, initial damage
already leads to final failure, as the bending stiffness is significantly re-
duced. Defects and resin-rich regions act as initiators for possible initial
damage.

3.3. Fatigue tests

3.3.1. Tension — Tension

The results of the tension-tension tests are shown in Fig. 5. The di-
agram on the left-hand side represents the S-N curve (Wohler curve),
here the amplitude stress is plotted against the number of cycles to fail-
ure on a logarithmic scale. Each configuration was tested with at least
nine samples. Due to the non-standard failure of the 30 gsm samples at
higher stresses, 20 samples were tested in this case. The non-filled points
represent samples which have reached the run-out criterion of 10° cy-
cles. Solid lines show the calculated failure probability that 50% of the
specimens will fail at this number of cycles at a specific stress amplitude.
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The 50% probability of failure of the 360 gsm samples is significantly
lower than that of the other samples, although the curve is relatively
flat. Due to the high layer thickness, all 0° layers are in the middle of
the lay-up. The outer layers fully delaminate at low numbers of cycles,
resulting in a type of unidirectional sample. Still, the resulting unidi-
rectional load-bearing layers results in a flat S-N curve since the fatigue
properties are essentially dependent on the 0° carbon fibres. The be-
haviour is also apparent in the stiffness degradation curve. On the right-
hand side is the relative stiffness, which is the quotient of the stiffness at
cycle n and the initial stiffness of the first cycle. In this study, stiffness is
defined as the slope of the tangent of the stress-strain curve (hysteresis)
at 5% and 50% of the maximum stress of each hysteresis recorded. The
typical shape of a S-N curve consists of three phases. An early decrease
in stiffness combined with initial damage such as inter-fibre fractures,
a relatively constant plateau on which the damage grows, and a slight
but continuous decrease in stiffness occurs, and finally a considerable
reduction in stiffness and ultimate failure. In the case of the 360 gsm
samples, a fourth phase has occurred, a plateau with constant stiffness.
In this phase, all outer layers are already delaminated, and only the 0°
layers in the middle of the specimens are loaded.

There is a significant improvement in the fatigue stress of the 60 gsm
and 120 gsm compared to the 360 gsm samples. The 50% probabilities
of failure are shifted to higher stress amplitudes, and both S-N curves
are steeper than the curve of the 360 gsm samples, where the 60 gsm
specimens can handle even higher stresses. Both layer thicknesses have

a similar slope of the S-N curve and are equally sensitive to failure be-
haviour. However, the relative stiffness show also differences between
them. The curve of the 120 gsm samples have a fourth phase, as do
the 360 gsm samples, which in turn is due to the relatively thick sub-
laminate in the middle of the lay-up. The 60 gsm samples do not show
this fourth phase any more. The second decrease in stiffness leads to
final failure; it can also be seen in the fracture patterns. The 120 gsm
samples show a failure behaviour dominated by delaminations, whereas
the 60 gsm samples fail relatively brittle, and only a few delaminations
are visible. As the static tensile tests have already shown, the formation
of delaminations is suppressed, and brittle failure occurs. The failure
behaviour under tensile-tensile load is similar to the failure behaviour
under static tensile load.

As described in the section materials and specimen preparation, the
30 gsm samples had to be tested with the shape of a dogbone sample.
Without this geometry change, all specimens fail in the load introduc-
tion area and therefore not conforming to the standard. Due to the brit-
tle properties of the material and the suppression of damage, high local
stress concentrations occur in the load introduction area, which leads to
premature failure. Amacher et al. investigated fatigue open hole tensile
(OHT) tests and observed that at higher stresses, thinner layer thick-
nesses lead to early failure because no stresses can be dissipated or di-
verted due to pre-damage in the area of the stress concentration. Below
a certain stress amplitude, no damage occurs, and the fatigue properties
improve significantly [18].
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Despite the change in specimen geometry, the specimens failed near
the load introduction area at high stresses (see Fig. 5, open-symbols).
The fracture patterns of the tested specimens in this study show an in-
creased failure in the area of load introduction for the samples with
high stresses (half-filled squares) despite the sample geometry. At lower
stresses, the specimens fail according to the standard within the smaller
cross-section area. The stress concentrations in the load introduction
area are below the apparently critical stress. In the development of the
stiffness decrease, brittle material behaviour can be recognized. The
knowledge of the suppression of pre-damage and the results of Amacher
et al. regarding stress concentrations, suggests that thin-layer laminates
have improved fatigue properties at low stresses and high numbers of
cycles. To investigate the fatigue behaviour under higher stresses, the
load introduction area or the sample geometry must be further modified
so that the load introduction is not the critical area.

3.3.2. Tension - Compression

The fatigue results with a load ratio of R=-0.5 (Fig. 6) show similar
behaviour to the tension-tension tests. At least seven specimens were
tested for each configuration. However, as the 30 gsm specimens failed
in a non-standard way at higher stresses, 20 specimens were tested here.
In general, the fatigue properties improve with decreasing layer thick-
ness. In the case of the 60, 120 and 360 gsm samples, no change in the
slope of the S-N curves is apparent. The curves are shifted in height.

Only the S-N curve of the 30 gsm samples shows a lower gradient as
under tension-tension. Here the intersection of the 30 gsm and the 60
gsm S-N curve is at about 40,100 cycles and a stress level of 370MPa.
Also, in this case, stress concentrations at thin layer thicknesses will
lead to premature failure at higher stresses in the load introduction
area. In the tensile-tensile tests, specimens failed at amplitude stress of
about 258MPa near the tabs, which corresponds to a maximum stress
of 572MPa. The tensile-compressive samples fail in the area of the tabs
at amplitude stress of about 381MPa, which corresponds to a maximum
stress of 508MPa. However, the two stresses are not directly compara-
ble since the stress of the tensile-tensile specimens refers to a smaller
cross-section area due to the specimen design of a dogbone. However,
the tabs of the samples have the same geometric dimensions and, when
the force per mm of specimen thickness is calculated, the critical load
is 12.03kN/mm for the tensile-tensile specimens and 12.70kN/mm for
the tensile-compressive specimens. Thus the same problems arise un-
der tensile-compressive load as under tensile-tensile load. Nevertheless,
thinner layers display superior fatigue behaviour at higher load cycles,
as they occur in industrial applications.

The right diagram of Fig. 6 shows that the stiffness decreases over the
number of cycles. The curves do not show a typical horizontal plateau
as under tension-tension, but a region with a constant stiffness decrease.
The stiffness degradation of the 30, 60 and 120 gsm samples looks very
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similar. Noticeable is the strong decrease of the 360 gsm sample in the
range between 1000 and 10,000 cycles. To describe this reduction in
stiffness in more detail, Fig. 7 shows the hysteresis of the samples. The
diagrams show the hystereses of 101, 102, 103, 10* and 10° cycles. The
hysteresis of a 30 gsm sample is in the upper left, of a 60 gsm sample
in the upper right, of a 120 gsm sample in the lower left and a 360 gsm
sample in the lower right corner. With increasing layer thickness, the
angular offset concerning the first cycles increases and the area of the
hysteresis (energy per cycle) decreases with decreasing layer thickness.
A flatter hysteresis exhibits a lower stiffness due to damage like inter-
fibre fractures and delaminations. In the case of the 360 gsm samples
(bottom right), the first 1000 hysteresis are similarly superimposed, but
the angle of the hysteresis at higher numbers of cycles change strongly.
This is due to the formation of delaminations between the outer layers
and the 0° layers in the middle of the samples. The small opening of the
hysteresis of the 360 gsm sample at a high number of cycles, indicates
that only the 0° layers are loaded, and no energy is dissipated due to
open and close of inter-fibre fractures or delaminations. It can be seen
that the deviation between the hysteresis is smaller with lower layer
thicknesses, which indicates a constant material behaviour independent
of the number of cycles. As in the static, a brittle material behaviour of
the thin layer thicknesses can be seen.

3.3.3. Compression — Compression

Fig. 8 shows the S-N curves of the fatigue tests under compressive-
compressive load (R=10). For each configuration, at least seven sam-
ples were tested. The results demonstrate an improvement of the fatigue
properties with decreasing layer thickness. Due to the test setup and the
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Fig. 8. S-N curves of the fatigue results with a load ratio of R=10.

failure behaviour of fibre composites under compression, there is a sig-
nificant scatter within the results. Still, the gradient of the S-N curves
shows differences. The slopes of the 30 and 60 gsm samples are much
steeper. Fracture patterns of tested specimens in Fig. 9 show a chang-
ing failure mechanism, as can also be found under static compressive
loading of quasi-isotropic samples. The micrographs represent fracture
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Fig. 9. Fracture pattern of the fatigue tested samples with a load Ratio of R=10
(compression-compression).

patterns of four specimens that have been loaded about a half a mil-
lion cycles to failure. In the case of the 360 gsm specimens, the outer
layers delaminated at a low number of cycles. The failure behaviour
is a combination of through-thickness (0° layer), and brooming [45].
Due to the absence of supporting layers, the middle 0° layers started
to bend, and the final failure occurred. The 60 gsm and 120 gsm sam-
ples show a similar failure pattern. In both cases, brooming occurs, and
delaminations and sub-laminates have formed. In the case of the 120
gsm samples, the sub-laminates usually consist of four layers with one
0° layer on the outside, so that the sub-laminates are fragile against
buckling. In contrast, the sub-laminates of the 60 gsm samples consist
of more than four layers and 0° layers are not only at the outside of
the sub-laminates. These layers significantly increase the bending stiff-
ness of the sub-laminates and improve the mechanical properties under
compressive load. Furthermore, the materials in this study, as well as
previous studies by other laboratories ([16-18]), show that the quality
of the laminates or prepregs improves with decreasing layer thickness.
The higher material qualities have a positive effect on the behaviour un-
der compression. The fracture pattern of the 30 gsm sample differs from
the other samples. Delamination occurs in a small area, and the fracture
patterns show no buckling of the outer layers or sub-laminates. The frac-
ture pattern shows a longitudinal splitting, and the layers slide together
more like a comb. The stop criterion of the fatigue stress-controlled tests
was set with a maximum displacement. The 30 gsm samples show a
residual compressive strength even after stopping the tests. By pushing
the layers or sub-laminates together, relatively high bending stiffness is
still present. However, due to the displacement of the upper and lower
part of the specimen, the test had to be stopped. For industrial applica-
tions, the failure behaviour implies a high safety factor concerning the
use of Thin-Ply under cyclic compressive load. Despite damage, there is
a relatively high residual stiffness and strength.

3.3.4. Constant-life diagram

The constant-life diagram in Fig. 10 summarized the fatigue results
obtained. The mean stress is plotted on the abscissa and the amplitude
stress on the ordinate. Each point represents the ratio between mean
stress and amplitude stress as a function of the load ratio at 5 - 10° cycles.
The theoretical interpolations between the measured values are calcu-
lated according to the piecewise linear interpolation of Philippidis et al.
[34]. A reduction of the layer thickness results in an improvement of the
fatigue properties and higher number of load cycles can be tolerated at
the same stress level. Only tensile-tensile loading (R=0.1), the 30 gsm
achieved no significant improvement compared to the 60 gsm samples.
However, as previously presented, the reduced layer thicknesses under
high loads in the tensile area of the hysteresis resulted in damage in
the area of load introduction. At higher numbers of load cycles, the thin
layer thicknesses within this study show advantages. It is also notice-
able that especially under tensile-compressive loading (R=0.5) the thin
layer thicknesses have a significant improvement. Due to the damage
suppression, no pre-damage initiates under tension load, leading to a
significant stiffness reduction under compressive load. Especially in the
alternating load range, the advantages of thin layer thicknesses become
apparent.
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Furthermore, even if the static tensile and compressive tests show
only minor improvements of the 30 gsm compared to the 60 gsm spec-
imen, the improvement is higher under fatigue loading (R=0.5). The
results show that the load case should be taken into account if the per-
formance of fibre composites is to be improved by reducing the layer
thickness. In areas with alternating loads, it is reasonable to use thinner
layers. Nevertheless, the failure behaviour should be taken into account.
In the case of tensile loads, brittle failure occurs, especially with thin
layers, which is a disadvantage in practical applications. In the case of
compressive loads, on the other hand, a progressive failure occurs with
the thinner layers, which is to be evaluated positively under certain con-
ditions. In summary, the results show that the use of thin layers can be
useful. Still, it has to be considered carefully depending on the applied
stresses and failure behaviour.

3.4. Fatigue after impact

3.4.1. Impact

Fig. 11 shows representative ultrasonic images and micrographs of
the occurring impact damage. The ultrasonic images illustrate the de-
fect depth of the damage. The ultrasound images illustrate the defect
depth of the damage, and an approximation of the depth is visualized
by different colours. If there are several damages on top of each other,
only the uppermost damage could be detected. The ultrasonic images
demonstrate that the extent of the damaged area and the damage pattern
depends on the layer thickness. The 360 gsm samples show a typical fail-
ure behaviour for fibre reinforced composites. Inter-fibre fractures and
delaminations are visible, which increase with the depth of the sample.
Depending on the fibre orientation, the damage spread out in a different
direction. Numerous studies have described the failure behaviour of fi-
bre reinforced composite structures under impact load so that reference
will be made to them here [4,46]. With decreasing layer thickness, the
failure pattern of the samples changes. The number and length of inter-
fibre fractures decrease until they are entirely suppressed in the case of
the 30 gsm sample, as has also been shown by Arteiro et al. and Saito
et al. [20,27]. The 60 gsm samples show fewer inter-fibre fractures but
many delaminations. Sub-laminates are formed, which have a thickness
of four layers, 240 m. The high number of delaminations is untypical
for CAI samples (ASTM D7137-05 [47]) with thin layers. However, the
untypical fracture pattern results from the smaller clamping device used
in this study.

In contrast to the larger CAI specimens, less material can absorb en-
ergy and locally the damage is increased. Due to the small deformations
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and the suppression of inter-fibre fractures, less energy can be dissipated
elastically, and high shear stresses are applied, which initiate delamina-
tions. The shape of the delaminations has changed from a peanut to a
circular shape. In the case of the 30 gsm sample, three large circular
delaminations occurred. The first delamination develops between the
middle layers, the highest shear stress area, and two sub-laminates are
formed. A further load increases the shear stresses within the two sub-
laminates. If the shear stresses also exceed the critical stress in the sub-
laminates between the new middle layers, further delaminations occur.
The shear stresses between the other layers are not sufficient to initiate
further delaminations as with the 60 gsm samples. About 50% of the 30
gsm samples show this failure pattern. The other 50% show a similar
failure pattern to the 60 gsm samples. It appears that the test setup is
at a tipping point between the two failure modes. It was not possible to
increase the energy because higher energies caused fibre breaks on the
backside of the specimen. Lower energies were not possible because of
the test setup and machine used.

3.4.2. Fatigue after impact

Fig. 12 shows the S-N curves of the pre-damaged samples. A total
of 27 samples were tested. 8 samples each with a fibre areal weight of
30 and 120 gsm, 6 with 60 gsm and 5 with 360 gsm (see Table 3). The
solid lines correspond to the S-N curves of the pre-damaged samples
and the dashed lines to the S-N curves of the samples without impact
damage. As expected, the lifetime of the pre-damaged samples is shorter
than that of the undamaged samples. However, the difference between
the pre-damaged and non-damaged specimens varies between the layer
thicknesses. Considered at 10> cycles, the 60 gsm and 360 gsm sam-
ples show the highest decrease of fatigue stress with 31.9% and 28.1%
respectively.

As seen in the micrographs, the samples with a layer thickness of
360 gsm show large delaminations and matrix cracks (see Fig. 11). The
growth of damage with an increasing number of load cycles reduces
the fatigue strength. A computed tomography system examined the pre-
damaged samples after a certain number of cycles and compared the
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Fig. 11. Ultrasonic C-Scan images (left) and micrographs
(right) of the impact for a potential impact energy of 8J,
from top to bottom: 360 gsm, 120 gsm, 60 gsm and 30 gsm.
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Fig. 12. S-N curves of the fatigue after impact results with a load ratio of R=-0.5
and an potential impact energy of 8J.

damage patterns. The samples were stopped and analysed after 0, 5 - 10*,
3-10° and 8 - 10° cycles. Fig. 13 presents representative tomography im-
ages of the 30 gsm and 360 gsm pre-damaged samples after loading.
The damage patterns of the 360 gsm specimen show large, orientation-
driven delaminations. The damaged area increases significantly with the
increasing number of cycles. The delaminations reach the edge of the
sample after only 5 - 10* cycles, and cracks are visible on the top sur-
face after 3 - 10° cycles. From the recorded data, sectional images of the
respective samples were made, which show the current state of dam-
age perpendicular to the load, see Fig. 14. The damage of the 360 gsm
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Fig. 13. Computed tomography images of the impact damage of the 30 gsm (top) and the 360 gsm sample (bottom). The left two images show the initial state after
the impact, the three right images show the damage pattern after cyclic loading of 5- 10%, 3 - 10° and 8 - 10° cycles. Colours are chosen arbitrary and indicate layers

of damage at different depths.
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Fig. 14. Cross sections of the impacted specimens (left 30 gsm and right 360 gsm) after 0, 5 - 10* and 8 - 10° cycles. Colours are chosen arbitrary and indicate layers

of damage at different depths.

sample growth perpendicular to the tensile direction. Due to the fatigue
loading, further inter-fibre fractures have formed, which lead to delami-
nations and existing delaminations grow due to high interlaminar shear
stresses. Slight buckling of the specimen, as caused by the impact (asym-
metric damage), increases the stresses within the crack tip of delamina-
tion, which supports damage growth. The micrograph of the 60 gsm
sample also shows a high number of delaminations. Each sub-laminate
consists of four layers and thus has a thickness of about 240y m. The
individual delaminations are arranged circularly around the impact (see
Fig. 11). This geometric arrangement weakens the material in all spatial
directions and favours a buckling of the sample or the layers, resulting
in premature failure. Additionally, the individual sub-laminates have a
low bending stiffness; the respective 0° layer is located on the outside
at the sub-laminates and is not supported against buckling.

As already described in the previous part, the 30 gsm samples show
two different failure patterns. Some samples show few but very large
delaminations (Fig. 11), and other samples show more and smaller
delaminations like the 60 gsm samples. The computed tomography
measurements allow a non-destructively 3-dimensional visualisation of
the damage pattern. Fig. 14 shows cross-sections of the impacts from

10

Fig. 13 perpendicular to the loading direction. The delaminations are
highlighted, and the colours are chosen arbitrary and indicate damage at
different depths. In addition to the cross-sections, detailed images from
the respective impact area are shown, and the thicknesses of the sub-
laminates are measured. The CT-cross-sections reveal that the thinnest
sub-laminates are approx. 220 m thick and have at least eight CFRP
layers. However, thicker sub-laminates are also visible up to 720y m.
Due to the higher number of CFRP layers and the support of the in-
ner 0° layers against buckling, the sub-laminates have a higher bending
stiffness than the sub-laminates of the 60 gsm samples. As with the 60
gsm samples, a circular arrangement of the delaminations can be found,
which would indicate a large reduction in fatigue properties. However,
the specimens lifetime decreased by only 20.3%. The tomography cross-
sections demonstrate that with an increasing number of cycles, the dam-
age does not grow any further and a static state of damage is achieved.
The laminate exhibit no matrix cracks, and the formation of delamina-
tions is suppressed. The interlaminar shear stresses are not sufficient for
the growth of delaminations. Due to the large number of layers and the
associated high number of interfaces, the interlaminar shear stresses are
lower between the layers. The cross-sections of the tomography scans of
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the 360 gsm samples show a damage progression (green and red delam-
ination) and also new damages such as inter-fibre fractures and delami-
nations (yellow delaminations) with an increasing number of cycles. As
a result, the lifetime is reduced.

The 120 gsm samples exhibit the smallest reduction in fatigue per-
formance. Contrary to this trend, the micrographs in Fig. 11 show inter-
fibre fractures and delaminations. Concerning the residual stiffness of
the sub-laminates, the delaminations are between the 0° and 45° layers.
The differences between the 120 gsm and samples with thinner layers
(30 and 60 gsm) can be seen in the ultrasound images in Fig. 11. The
delaminations are not circular but have the shape of a peanut. Thus,
although larger delaminations are present, they spread preferentially in
the direction of the fibre orientation in the layer. The delamination areas
are small in transverse direction to the preferred delamination orienta-
tion, leading to a high local residual stiffness.

4. Conclusion

The fatigue behaviour of undamaged and impacted samples of quasi-
isotropic high-performance composites was investigated in this study.
Static tensile and compressive tests, as well as fatigue tests under dif-
ferent load ratios and layer thicknesses were carried out, and a pre-
diction of fatigue behaviour is given by a linear interpolation method.
The undamaged test results show that the static and fatigue strength
increase with decreasing layer thickness and depends on the load ra-
tio. In the tensile-compressive load range (R=-0.5) in particular, sig-
nificant improvements can be achieved using thin layers. The forma-
tion of inter-fibre fractures and delaminations are suppressed under ten-
sile load, leading to lower damage growth under compressive load and
higher lifetimes. The 30 gsm specimens exhibit a 58.94% improvement
in lifetime at a maximum stress of 50% of the tensile strength compared
to the 60 gsm samples. The reduction of layer thickness is leading to a
larger loading space.

Although the impact damages of the 30 gsm samples have signifi-
cantly larger projected delamination areas, they have less influence on
the fatigue behaviour of the samples. Computed tomography images
show that the damage does not spread within the Thin-Ply layers. In
the case of the 360 gsm samples, the delaminations already grow at low
numbers of cycles and reach the edge of the sample after 5 - 10* cycles
and lead to final failure. In addition to delamination growth, the shape
of delaminations and layer structure of the sub-laminates also have a sig-
nificant influence on the lifetime. Local higher bending stiffness, as in
the case of peanut-shaped delaminations or sub-laminates with internal
0° layers, lead to an improvement in lifetime.

From the results obtained from this study, it can be concluded that
fatigue behaviour of undamaged and impacted samples is superior with
thinner layer thicknesses. Still, for industrial applications, the trade-off
between performance and costs has to be done, i.e. the suitable layer
thickness depends on load ratio and effort of production.
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