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Abstract

Short gauge length coupons of plain woven Carbon/Epoxy with layup [#(0/90)]24 and [#(45/ — 45)]24 are subjected
to Compression-Compression and Tension-Compression fatigue loading at several stress levels. Inspection of the gauge
length with Digital Image Correlation (DIC) allows measurement of the strain field. The hysteresis loops, axial
and shear stiffness as a function of the number of cycles are obtained from the strain field and measured load. For
most of the tests a general degradation of the specimen stiffness is observed. For the coupons subjected to uniaxial
Compression-Compression with layup [#(45/ — 45)]24, however, a 17% stiffness increase is seen during the first 10*
cycles. Post-mortem inspection revealed that the aluminium tabs of the coupons, to facilitate load introduction from
the clamps, had partially debonded during testing. A 3D finite element analysis of the coupons including tabs is
carried out to investigate the phenomena. The degradation of the tab-coupon bond is modelled using contact with
debond capability. This confirmed that tab debonding is responsible for significantly altering the stress state in the
(short) gauge section which results in an apparent stiffening of the sample during fatigue loading. Hereby, the authors
offer a new explanation for stiffness increase of composite coupons in fatigue tests. For future tests it is shown that
quantification of tab debonding is necessary to provide a decisive answer about the experimental boundary conditions
in the gauge section of the coupon.

Keywords: A. Laminates, A. Polymer-matrix composites (PMCs), B. Fatigue, B. Mechanical Properties

1. Introduction

The mechanical properties (stiffness and strength) of unidirectional (UD) composite materials are usually obtained
through standardized tensile or compressive testing of small coupons [1, 2]. Because a UD composite ply is transverse
isotropic, the longitudinal, transverse and shear properties need to be independently determined. In the test, a partic-
ular deformation mode is achieved through intelligently changing the so-called layup of the coupons. For example, the
longitudinal tensile stiffness strength is tested with a [0] layup, while the shear stiffness and strength can be obtained

using a configuration where the plies are rotated at 45 degree, e.g. [+45/ — 45]as.
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To obtain reliable experimental results one has to be vigilant. The specimen shape preferably allows sufficient
decay of the stress concentrations to produce a uniform strain field in the test region. The specimen has to be carefully
produced and tabs (if there are any) need to be properly attached. For the measurement of strain in the test section,
one has to verify that strain gauges are not detaching, extensometers do not show slip and optical tracking techniques
(e.g. Digital Image Correlation (DIC)) are properly calibrated.

Failure to recognize mistakes in the test setup can have significant implications for the results. For example, slippage
of the extensometer during testing can lead to artificial stiffening or softening. Misalignment of the plies during layup
of the layers could initiate premature failure. Also specimen buckling can, if not detected during compressive testing,
cause premature failure and incorrect strain measurements.

Because composite materials can, under certain loading conditions, exhibit severe non-linear behaviour it is some-
times difficult to distinguish measurement/experiment errors from true material behaviour. It is well known, for
example, that realignment of fibers with respect to the loading direction can cause a stiffness increase [3, 4]. Also, it
is known that carbon fibers can show intrinsic stiffening upon stretching [5].

The previous phenomena of stiffening and strengthening behaviour mainly concern static testing. For fatigue testing
it is generally accepted that the material stiffness should remain stable or degrade over time. Sometimes, however, it
is observed that the measured material stiffness (momentarily) increases rather than decreases. Shokrieh and Lessard
[3, 4] documented an 8% to 13% stiffness increase for Uni-Directional (UD) Carbon/Epoxy coupons subjected to
Tension-Tension (TT) fatigue in the longitudinal or transversal fiber direction. Brunbauer et al. [6] showed a steady
increase in stiffness up to about 1% towards the end of life of UD Carbon/Epoxy coupons with the off-axis layup [45]4.
Recently, Stelzer et al. [7] showed an initial stiffness increase of about 6% in the first 103 cycles of UD Glass/Epoxy
coupons with layup [0/45/90/ — 45/0]2s subjected to TT fatigue at a stress ratio, R = 0.1.

In the mentioned research multiple causes for this stiffness increase are proposed. Shokrieh and Lessard [3, 4]
proposed that the increase is caused by the realignment of some fibers with the loading direction. Brunbauer et al.
[6] indicated that slippage of the extensometer, due to realignment of the off-axis fibers with the loading direction, led
to a false increasing strain amplitude. The latter is supported by measurements of the coupon stiffness from actuator
force and displacement which did not show a stiffness increase. Stelzer et al. [7] do not discuss the stiffness increase.

In this work, stiffness increase is measured during testing of short gauge length coupons from plain woven Car-
bon/Epoxy with layup [#(45/ — 45)]24 in Compression-Compression (CC) and Tension-Compression (TC) fatigue.
With respect to the stiffness at the beginning of loading, the stiffness increases about 17% in the first 10* cycles
before degrading until final failure. Also, coupons with layup [#(0/90)]24 are tested under CC and TC fatigue loading.
However, no significant stiffness increase is observed for the latter.

When considering the aforementioned reasons for stiffness increase it is noted that, while they are generally agreed
upon for tensile loading, they are not valid under compression loading. In fact, under compression, fibers are expected
to buckle or deviate from the load direction rather than align with it. The reasons mentioned in literature can thus
not be used as an explanation for this phenomenon.

Post-mortem inspection of the specimens, however, showed that (partial) tab debonding had occurred. For long

gauge length samples, tab debonding is not expected to influence the stress/strain distribution in the gauge section. In
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this case, however, a short gauge length is used in order to avoid buckling in compression. An unfortunate consequence is
that this results in a non-uniform stress state in the gauge section. It is therefore hypothesized that partial debonding
of tabs can influence the boundary conditions in the gauge section and, as a result, change the local stress/strain
distribution which gives an apparent stiffness increase. Whether this hypothesis is valid has significant implications for
future short gauge length tests. Including tab debonding as damage phenomenon or avoiding it by selecting specific
adhesives can become necessary.

In this work the effect of tab debonding in combination with a short gauge length on the compressive and tensile-
compressive fatigue behaviour of [#(0/90)]24 and [#(45/ — 45)]24 laminates is shown. This is done by first showing
an overview of the experimental evidence of the phenomena. The amount of stiffening, morphology of the hysteresis
loops and shape, size of the tab debond area are laid out. The qualitative analysis of the influence of the phenomena
is then performed numerically. A coupon including tabs, clamp restriction, tab debonding and nonlinear behaviour of
the material is modelled using Finite Element Analysis (FEA). From the model, the strain and stresses are extracted
from specific nodes and reference points in a similar way as the manner in which the strain and stress are obtained
during the experiments. The resulting stress-strain behaviour and simulated stress/strain distribution in the gauge
sections are compared to one-another.

In Section 2 the experimental program and data-acquisition are given. Then, the fatigue test results are given in

Section 3. This is followed by the virtual test campaign in Section 4. Section 5 contains a discussion and conclusions.

2. Experimental program

Test coupons with layup [#(45/ — 45)]24 were manufactured from laminated plates of plain woven Carbon/Epoxy
material, “TR3110 360GMP”, supplied by Mitsubishi Chemical Corp. To allow recording of the gauge section with
cameras for the use of Digital Image Correlation (DIC), the gauge section of the coupon must be free from visual
obstruction. DIC is favoured over the classical extensometer because it does not suffer from slipping and allows
to capture a strain field rather than a single strain value. Therefore, it was decided to use a coupon design with

unsupported gauge length as depicted in ASTM D3410 [1].

2.1. Specimen design and measurement setup

The laminate is 5.7 mm thick. Considering the possible decrease of laminate stiffness by 50% from fatigue degra-
dation, a relatively short gauge length of 25 mm was taken to prevent buckling before final failure [1, 8]. Rectangular
aluminium tabs with a thickness of 1.8 mm were used. aluminium was preferred over Glass/Epoxy for several reasons.
First, in the experience of the laboratory, aluminium provides a better contact between the clamp and tab surface
because the clamp surface, which is roughened, can plastically deform the contact surface. Second, there is no risk of
delamination of the layers for the tabs themselves when the final specimen dimensions are cut using a water jet. Third,
aluminium allows a more precise production of tab shape which allows to achieve a straight tab end more easily [9]
and aids to achieve parallel tab surfaces on each end of the specimen which improves alignment. The tabs were bonded

to the plates using Loctite 480 cyanocrylate adhesive and the coupons were subsequently cut from the plates using
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water jet cutting. On the coupon surface, a speckle pattern was applied such that surface strains can be identified
using DIC. The dimensions of the coupons are shown in Figure 1.

The specimens were subjected to CC and TC fatigue load at several fractions of the static strength and stress
ratios R = 10 and R = —1 on an Instron 100 kN Hydraulic test bench. Before the experimental work was started,
the clamps were carefully aligned using a dedicated Instron alignment kit. This was done to avoid premature buckling
of the specimen due to clamp misalignment. The pressure on the hydraulic clamps was maintained at 80 bar. Other
than the applied load and actuator displacement, which were obtained from the test bench, a single camera positioned
perpendicular to the sample surface was used to record the speckle pattern. With one camera the in-plane strains on
the surface can be captured. Normally, a 3D camera system with 2 cameras is preferred because it allows to calculate
the out-of-plane movement of the investigated surface. It was decided, however, to use the second camera to visualize
the side of the specimen to track ply delaminations. In Figure 2 the position of the cameras with respect to the
specimen is illustrated. Figure 3 shows a specimen between clamps.

The camera, a PtGrey Grasshopper 3, has a 5 MP sensor and a maximum frame rate of 75 fps. The high frame
rate of the camera in combination with a fatigue frequency of 3 Hz allows to capture the strain field at 25 intervals in
a single load cycle. This is sufficient to capture the strain field hysteresis loop in a qualitative way without the need to
interrupt the fatigue test. With this setup unique information about the longitudinal and transverse local strains as
well as the strain pattern is obtained. Important with these measurements is synchronization between cameras and the
analog force signal. At test frequencies of 3 Hz, a delay between the measurement of the strain signal and the images
taken by the camera of only 15 ms can cause more than 3% deviation between the actual and measured stiffness. For
this reason, an in-house developed system, which allows both analog data processing and hardware triggering of the
cameras, was used. A thermocouple was attached to the back of the specimen to monitor self-heating of the samples.
Where possible, the load frequency of the test was set at 3 Hz. If it was noted that the temperature, compared to
room temperature, increased by more than 20 degrees Celsius, the fatigue frequency for subsequent tests under the
same loading conditions was reduced to fall below this limit.

The speckle images taken during loading of the specimen were analyzed using Vic-2D by Correlated Solutions. Lens
distortions were corrected by performing a rigid body motion of a speckle pattern in the field of view together with the
inverse mapping technique. In terms of subset, the software suggested size (typically around 30-50 pixels), based on the
speckle pattern and image resolution, was used. Pixel distribution was analyzed using Gaussian subset weights with
6-tap spline interpolation. These typically provide a good combination and balance between spatial and displacement
resolution, accuracy and correlation time. As correlation criterion, the normalized sum of squared differences was used.
The consistency threshold, confidence margin and matchability threshold were kept at the default values of 0.02, 0.05
and 0.1, respectively. To process the strain field, a filter size of 15 was used where the Lagrangian strain tensor was
requested.

Although the gauge length for the specimens was 25 mm, FE analysis confirmed that this gauge length was not
sufficiently long to produce a true uniaxial compression in the laminate with layup [#(+45/ — 45)]24. This can also
be seen in the DIC strain field measured for such sample, see Figure 4, where a diamond shape appears. Nevertheless,

in order to prevent premature buckling due to fatigue degradation of the layup, the gauge length of 25 mm was kept.
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Figure 4 also shows the placement of virtual strain gauges in the strain field.

3. Fatigue test results

The specimens were tested under multiple stress levels for the stress ratios R = 10 and R = —1. An overview of
the tests is shown in Figure 5, which shows the strength-life data of the specimens tested. The figures show a good
distribution of the experimental data for the load levels tested. Also, note that the life for R = —1 is, as expected,
lower than the life for R = 10 at equivalent load levels. In the next sections the measured behaviour in terms of
stiffness, permanent strain evolution and shape of the hysteresis cycles are discussed for the tests in general. The test

data for each individual test can be provided upon request.

3.1. Hysteresis behaviour and damage observations

Figure 6 and 7 show representative hysteresis loops for both laminates at stress ratio R = 10 for a high and a
low stress level. For the laminate [#(0/90)]24 it is seen that both at the low, Figure 6a, and high stress level, Figure
6b, the hysteresis loops show an initial quasi-linear behaviour with a moderate stiffness drop and energy dissipation
towards the end-of-life.

The quasi-linear behaviour can be attributed to the fact that the fibers in the warp yarns are aligned with the
loading direction. The non-linear behaviour is primarily visible for the high stress level as shown in Figure 6b. Remark
that, since the same strain level is retrieved when unloading, there is no observable evolution of permanent strain.
This indicates that the small curvature of the loop, and its accompanying energy dissipation, should be attributed to
a reversible damage phenomenon. Inspection of the images from the side camera reveals that, already early in the
fatigue life, the outer plies of the laminate show small ply delaminations. These delaminations gradually grow and
multiply over time and then open when load is increasing and close again upon unloading. It is noted that the growth
of damage, between measurement instances, is accompanied by a stiffness drop.

For the laminate [#(+45/ — 45)]24, thanks to the usage of DIC, the data can be processed into shear stress-strain
hysteresis loops, Figure 7, according to the procedure given in ASTM D3518 [2]. Compared to the laminate [#(0/90)]24
very different behaviour is observed. A small amount of hysteresis is seen for the low load level accompanied by a 2%
to 3% permanent shear strain deformation, Figure 7a. For the high load level, Figure 7b, the energy dissipated in the
hysteresis loop is significant. Next to this, it is seen that the material state changed fast as for the same recording time,
subsequent hysteresis loops show a significant evolution of permanent shear strain. The magnitude of the permanent
strain is also larger, up to 10% is noted for this dataset.

Compared to the hysteresis loops for the laminate [#(0/90)]24 the hysteresis loops for laminate [#(+45/ — 45)]24
show a significant increase of energy dissipation and evolution of permanent strain. Inspection of the samples
from the side, however, does not show significant delamination of the outer plies. The hysteresis behaviour of the
[#(+45/ — 45)]24 laminate is thus caused by another phenomenon than delamination. Considering the large accu-
mulation of permanent strain it is hypothesised that non-reversible phenomena are the primary source of stiffness
degradation and permanent strain evolution. Possible candidates are abundant. Composites can exhibit creep, vis-

coplasticity of the matrix, diffuse fiber interface damage, matrix cracking, permanent shear strain evolution, fiber
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interlocking and friction between detached fiber and matrix surfaces. It is likely that a combination of all fracture
mechanisms is responsible for the hysteresis behaviour. The detailed identification of fracture mechanisms is, however,
out of the scope of this paper.

Figure 8 shows representative hysteresis loops for the laminate [#(0/90)]24 at stress ratio R = —1. The hysteresis
loops are quasi-linear for the first cycles. Towards the end of life, a small stiffness degradation is seen together with
some energy dissipation and slight curving of the stress-strain response. These observations are similar as for the stress
ratio R = 10. Delaminations of the outer plies occur for this load scenario as well, however they developed faster and
in a more severe fashion than for R = 10. The amount of delamination damage, among the specimens subjected to
the same load conditions, also shows larger variability.

Figure 9 shows the hysteresis behaviour for R = —1 for the laminate [#(+45/ — 45)]24. Similar to the laminate for
R =10, clear hysteresis behaviour accompanied with significant energy dissipation is observed. Comparing Figure 9a
and Figure 9b it is seen that the amount of energy dissipated in a single cycle increases with increasing maximum load.
Furthermore, the hysteresis loops seem to be point-symmetric and rotate significantly about the origin of the axis
system before the specimen fails. As with the loading scenario for R = 10, the side camera does not show significant
delamination of the outer plies. As such the same phenomena, intraply damage, can be proposed as the dominant
degradation mechanism.

It is clear from the above discussion on damage types and hysteresis behaviour, that the failure sequence of these
woven ply laminates is very complex when compression load is involved. For this, the camera setup, where the side of
the sample is simultaneously interrogated with the front, is very valuable for identifying damage types, and for allowing
measurement of complete hysteresis loops while fatigue loading. In the following the stiffness evolution, calculated

from the hysteresis loops, is discussed.

3.2. Stiffness and permanent strain evolution

The hysteresis loops are processed to identify the stiffness loss and permanent strain deformation of the samples.
In this study the stiffness of a sample at a given cycle is the so-called “dynamic” stiffness, e.g. the stiffness derived
from the slope between the minimum and maximum stress level of the hysteresis loop. The permanent strain is defined
as the crossing of the straight line between the minimum and maximum load with the abscissa. Both definitions are
shown graphically for R > 0 in Figure 10a. Figure 10b shows the same definition for R < 0. Note that, in the latter,
a definition of permanent strain cannot be clearly defined.

Figure 11 shows a comparison of the stiffness evolution of the laminate [#(0/90)]24 for the stress ratios R = 10
and R = —1 at multiple stress levels. For clarity, only one experimental curve is shown for each maximum load. As
already observed from the hysteresis loops, the longitudinal stiffness does not significantly change for any stress level.
There is an exception for the stress level of 90%, where a very limited stiffness degradation is observed for R = 10 in
Figure 11a.

It is noted that the stiffness evolution for the stress ratio R = —1 shows, when compared to the results for R = 10,
larger scatter in the initial stiffness. This could be attributed to: 1) the increased variability in the occurrence of outer
ply delaminations as mentioned in Section 3.1 and 2) transition problems for the test machine when it passes from the

Tensile to the Compressive loading quadrant leading to temporary higher loads in the system.
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Figure 12 shows the comparison of the shear stiffness evolution for the laminate [#(445/ — 45)]a4 for the stress
ratios R = 10 and R = —1. Both figures show an accelerating stiffness degradation with increasing maximum stress
level. Figure 12b shows the three stages of stiffness evolution with an initial sharp drop followed by a relatively constant
degradation and eventually accelerated degradation towards final failure. For the stress ratio R = 10, Figure 12a, an
initial drop is observed after which the shear stiffness seems to increase in the first 1,000-10,000 cycles. This is clearly
visible for the stress levels of 60% and 70%.

The stiffness increase is unexpected because the material is expected to degrade, thus become less stiff, when
subjected to repetitive loading. One might be tempted to lay the cause of the stiffness increase for the laminate
[#(+45/ — 45)]24 with the multiaxial stress field in the gauge section, caused by the insufficiently large gauge length of
the sample. However, the multiaxial stress state in the gauge section should only have an influence on the magnitude
and degradation rate of the stiffness. In fact, one would expect that the material degrades faster due to the occurrence
and interaction of damage in multiple directions simultaneously. Consequently, an increase in the measured stiffness
cannot be solely explained by the presence of a multiaxial stress state and further investigation is needed to reveal the
true source of the phenomenon. This investigation, in the form of a post-mortem inspection of the samples and FE

simulation, is shown in the next sections.

3.8. Tab debond size and stiffness increase

The usual fractographic post-mortem inspection of samples is done through investigation of the fracture zone using
light or scanning electron microscopy. In this case, however, it was noted that during testing black powder debris had
formed around the tabbed areas and clamps. Since the adhesive has a black colour the post-mortem inspection was
directed towards the tabbed zone to inspect the state of the adhesive between the tab and coupon. To this end the
samples were polished on the sides and inspected with light microscopy.

The microscopic investigation revealed that, although the tabs did not fully detach from the sample, the adhesive
between tabs and coupon had significantly degraded starting from the free end located near the gauge section. The
degradation is not only seen for the layup [#(+45/ — 45)]24 but also for the layup [#(0/90)]24. Figure 13 shows a
typical image of the tabbed region near the gauge section.

To investigate the full extent of the debond, the tabs are mechanically removed from the specimens using a wedge.
After removal, the shape and size of the debond zone are measured. Figure 14 shows the three shapes observed from
the removal of the tabs: a “Straight” shape, mainly observed for the laminates with layup [#(0/90)]24, a “V-shape”,
mainly observed for the laminates with layup [#(+45/ — 45)]24 and an “Undefined” shape that occurred in a few
outliers.

The shape of the debond identified for each sample and their accompanying mean debond area (mean between 4
tabs on one coupon) is shown in Figure 15. Figure 15a confirms the earlier statement that Straight and V-shapes
are mostly observed for layups [#(0/90)]24 and [#(+45/ — 45)]24, respectively. To allow a quantified comparison,
the stiffness increase, defined by the difference between the lowest initial and subsequent highest measured stiffness
is determined for all samples and layups, and shown in Figure 16. In the Figure, datapoints without coloured square
indicated no measurable stiffness increase. The latter is primarily seen at high load levels. For the layup [#(0/90)]24,

Figure 16a, the stiffness increase is limited to less than 5%. For the layup [#(+45/ — 45)]24 a measured stiffness
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increase of up to 17% is measured for the case of R = 10 and a load level of 70%. Note also that CC fatigue loading
prominently results in a higher stiffness increase than corresponding experiments for TC loading.

A number of additional observations are drawn. First, it appears that the longer the specimen life, the larger the
debond area. Thus, it seems that the debond zone developed during the entire lifetime of the sample. Second, it is
observed that the debond area is larger for the layup [#(0/90)]24 compared to the layup [#(+45/ —45)]24. In contrast,
the stiffness increase is larger for the laminate [#(+45/ —45)]24. Hence, there is no direct relationship between the size
of the debond and the stiffness increase. However, consider that the stress state in the gauge section of the laminate
with layup [#(0/90)]24 is quasi-uniform. Therefore, a change in the boundary conditions at the edge of the gauge
section should, since tab debonding releases local restrictions, have a minimal influence on the stress state. This is
different for the layup [#(+45/—45)]24. Here the stress state in the gauge section is non-uniform due to the restrictions
imposed by the clamping of the tabs. If this restriction is relaxed, the stress state in the gauge section could change,
leading to a different reading of strain, and consequently stiffness. This second observation could thus support the
hypothesis that the measured stiffness is caused by a combined non-uniform stress state with tab debonding.

From the above investigation it is clear that stiffness increase measurement is not a single occurrence but repeated
for several loading scenarios. Particularly, the fact that the layup [#(445/ — 45)]24 is affected also indicates that a
multiaxial stress state in combination with changing boundary conditions have a role in this. In the following section

this role is illustrated by modelling the mechanism involved using FE analysis.

4. FE simulation of tab debonding

To investigate the influence of tab debonding, the coupons are numerically modelled using a commercial Finite
Element (FE) software. The investigation in this work is limited to showing the effect of tab debonding on the stress-
strain distribution and measurement in the gauge section. The authors do not aim to model the behaviour of the
coupon in a complete fatigue FE simulation. The latter would not only require a fatigue damage model of the woven
Carbon/Epoxy material but also knowledge about the debond rate of the tab adhesive in fatigue loading in at least
mode IT and mode IIT fracture modes. Additionally, such an analysis would require extensive computational resources
for which the use is not justified considering the limited knowledge of the material behaviour and the fact that it is
only required to reveal the mechanism, rather than exactly replicate the experiments.

Following the previous argumentation it is sufficient to perform a quasi-static Loading-Unloading (LU) simulation.
In this simulation, the specimen is first loaded (in compression) while the tabs are allowed to debond until the debond

size is large. Next, the coupon is unloaded to identify the effect of the debond on the stress/strain distribution.

4.1. Model overview

An overview of the coupon, tabs and clamp abstraction can be seen in Figure 17. The dimensions of the model
are equal to the real coupon dimensions in millimeters. The Figure clearly shows the composite coupon material with
tabs added on each end. Tabs and coupon are modelled as separate entities which are connected to one-another using
a general contact definition between tab surface and coupon surface. The properties of the contact definition between

tab and coupon are shown in Table 1. The maximum nominal stress criterion is used to model damage initiation.
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Damage evolution is modelled using the BK-criterion [10] (Benzeggagh-Kenane) built-in in the software. The values
for damage initiation are taken from the Loctite 480 datasheet [11]. The properties for the damage evolution are
not available from the datasheet and are therefore assumed to be equal to interlaminar interface energy for a typical
Carbon/Epoxy laminate [12]. Last but not least, damage stabilization with a viscosity coefficient is introduced. This
is necessary to aid convergence of the solution when damage develops (quasi-static solver is implicit).

Concerning material behaviour, the tabs are assigned an isotropic linear elastic material model with typical material
properties for aluminium, Table 2. The composite parts are assigned a phenomenological material model for woven
materials developed by Hochard and Miot [13]. The material model provides a global behaviour in terms of permanent
strain evolution and stiffness degradation due to internal damage such as diffuse debonding and microcracking. The
details of the model are provided in [13]. The material parameters are determined from static tensile testing according
to the procedure in [14] and [15]. The values are shown in Table 3. Note that a significant share of the parameters
needed to be estimated from literature. The parameters determined with confidence mainly consider the behaviour of
the plies in the shear direction.

The clamping action of the clamps on the tab surface is applied using boundary conditions in the form of constraint
equations. First, the clamp and tab surface are assumed to stay in full contact and do not slip. Second, the hardened
steel clamp is assumed to be infinitely stiff compared to the aluminium tab. In this way, the surface of the tabs can
not be strained in the xy plane. To achieve a uniform motion of the tab surfaces in the x and y direction, use is made

of constraint equations and reference points as follows:

Usurfi —Urpr =0 i=1,2%k=1 i=34dk=2
’Usquﬂ'—URPJCZO i:1,2;]€:1 i:3,4;k‘:2

(1)

where v and v are displacements in the x— and y— direction respectively. surf,: refers to a tab surface ¢+ and RP, k
is reference point k. The denotations are illustrated for both tabbed sides in Figure 18.

Together with the movement in x—, y— direction the clamps execute a clamping pressure force on the tabs. For
this, it is important to realize that the clamp surface will always stay parallel to its initial position. The entire surface
of the tab must thus remain parallel to its initial position while the clamping pressure is applied. The clamping action

is achieved using an additional reference point and restricting movement in z-direction as follows:

wsurf,i_wRP,k::O 7,:1,]{:1 2231k22

Weurfi —WrPEk =0 1=2k=3 i=k=4

where w is the movement in the z—direction.

The clamping force is then applied to RP,3 and RP,4. With respect to this force, note that the experimental pres-
sure on the hydraulic line of the grips is related to, but not equal to the actual force exerted by the clamped surface.
This because a series of wedges is used to convert the pressure force to a gripping force. The manufacturer of the grips
did not provide information regarding this relation and therefore the clamping pressure on the side of the tabs in the
simulation was set to the estimated value of 10 MPa. Regardless of whether this value is correct, for the simulations

in this study the size of the clamp pressure is not expected to have a big influence because 1) the contact between
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debonded surfaces of tab and specimen is frictionless and 2) the material model used for the composite material does
not respond to out-of-plane loads.

The compressive (or tensile) movement action of the actuator is achieved by fixing RP,2 in its position and placing
force or displacement boundary conditions on RP,1 as illustrated in Figure 18.

The results of the FE analysis are processed into global stress-strain curves in a similar way as was done for the
experiments. The global reaction force is taken from the RP,1 and the strain is obtained from the displacement of the
nodes in the gauge length on the sample surface. 4 nodes are chosen: 2 aligned with the main loading axis, to obtain
the longitudinal strain, and 2 perpendicular to the loading axis, to obtain the transverse strain. Care is taken such
that the position of the nodes selected is the same as the position of the virtual strain gauges which were used for the
DIC analysis of the experimental data, see Figure 4. In this way the global stress-strain curves of both the experiment
and simulation can be correctly compared.

Before the model is used to investigate tab debonding, a mesh convergence study is performed to determine the
maximum converged mesh size. For this purpose the debonding of the tabs is disabled (the tabs stay attached during
the entire analysis) and the global stress-strain curve is compared for increasingly finer mesh sizes. This showed that

a mesh size of 1.67 mm is sufficiently small to obtain converged global stress-strain behaviour.

4.2. Simulation results

Two simulations are performed: 1) a simulation where tab debonding is not activated and the sample is simply
compressed, 2) a simulation where tab debonding is allowed but the load cycle is changed such that after first debonding
the coupon is unloaded to zero stress (e.g. Loading-Unloading, LU scheme). The latter is done to identify possible
changes in the global stiffness of the specimen. The resulting global stress-strain behaviour for both simulations is
shown in Figure 19. The chronological evolution of stress and strain is shown with arrows.

For the coupon with tab debonding the global stress-strain behaviour initially shows the same behaviour as the
coupon without debonding. At a stress of about 32 MPa the curve starts to show a lower strain for approximately the
same load. Next, when unloading one can clearly see that the stiffness of the coupon has increased (17%) compared
to the initial situation where no debonding is present. Inspection of the simulation reveals that the reduction in
longitudinal strain is accompanied by a large growth in the size of the debond between tabs and coupon. To illustrate,
Figure 20 shows the amount of debonding at debond onset, t=0.20 and after development of a large debond as shown
in Figure 20a and Figure 20b respectively. The reference positions in the global stress-strain curve of both times are
shown in Figure 19 by the red and black asterisk. t=0.20 is chosen as a reference time because the debond initiates,
t=0.75 is subsequently selected because the load on the coupon is closest to the load applied at t=0.20. Note that the
shape of the debond shows a V-shape. This agrees with the V-shaped transition zone observed in the experimental
program for the layup [#(4+45/ — 45)]24, see Figure 14a.

The stress fields of the in-plane ply shear stress for the selected instants are shown in Figure 21 with and without
tabs (to show the stress distribution in the composite below the tabs). Figure 21a confirms the existence of a multiaxial
stress state before debonding. Note that the shear stress beneath the tabbed region drops to zero, Figure 21c. This is

in contrast with the situation where the tabs have partially debonded, Figure 21b. Here the stress field is clearly more
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uniform and the Carbon/Epoxy underneath the debonded tabbed region is now subjected to significant stress levels,
Figure 21d.

These observations reveal the mechanism behind the apparent stiffness increase seen in the coupons. The debonding
of the tabs effectively increases the size of the gauge section underneath the tabbed region and inside the clamps. The
larger gauge section allows the load, introduced by the clamps, to redistribute more evenly over the larger gauge section
which results in a more uniform distribution of the stress/strain field observed by the DIC camera. This results in a
gradual apparent increase in stiffness of the sample.

In fact, the initial non-uniform stress distribution, due to the short gauge length, also results in a false measurement
of the stiffness of the coupon. This is easily proven by comparing the global stress-strain behaviour of a coupon with
a long and short gauge length as shown in Figure 22. Clearly, the coupon with a long gauge section, where a uniform
stress distribution is present from the start, shows the stiffer behaviour.

The observations done from the quasi-static simulation of the observed damage mechanisms can now be connected
to the observations from the fatigue experiments. During fatigue loading it is well known that damage mechanisms
develop at a much slower rate when compared to static loading. As such it is hypothesized that in the first 10,000
cycles of the experiment the bond between tab and coupon deteriorates much slower than shown in the quasi-static
simulation. The slow deterioration results in a slow redistribution of the stress field which consequently shows as an
apparent increase of global stiffness of the coupon. The apparent stiffness increase halts when the debond is large
enough to produce a uniaxial stress state in the gauge section after which the distribution, provided that the maximum
load stays the same, does not change anymore under influence of the tabs. As a result, what follows is the natural
reduction of the specimen stiffness due to matrix cracking and delamination.

Note that this hypothesis is only valid when the stiffness reduction of the Carbon/Epoxy weave (due to fatigue) is
slower than the stiffness increase by tab debonding. Since it is known that degradation of the material is influenced by
the fatigue load, it is therefore conceivable that the stiffness increase is less prominent at higher loads. The occurrence
of such a case would be more dangerous because the experimental data would show no indication of the redistribution
of stress and strain. Therefore, for future tests on short gauge length coupons, it is advised to confirm always whether

tab debonding has occurred to identify changes in the boundary conditions on the gauge section.

5. Discussion and conclusion

In this work the results of an experimental study on the CC and TC behaviour of woven Carbon/Epoxy plies in ply
normal and shear direction are presented. Short gauge length specimens with layups [#(0/90)]24 and [#(445/ —45)]24
are tested in a uniaxial servohydraulic tensile machine under different load levels and stress ratios. The strain on the
surface is measured using a novel DIC camera setup. One camera is pointed to the front and one to the side. This
allows to determine the stress-strain hysteresis loops of the coupons and detect essential damage mechanisms, such as
ply delamination, during fatigue testing.

For most tests the stiffness evolution shows an acceptable behaviour up to failure of the specimens. For the layup
[#(+45/ — 45)]24 and R = 10, however, a notable increase in stiffness in the first 1,000 - 10,000 cycles is found. The

cause of the latter is the interaction between a multiaxial stress state and a change of boundary conditions induced by

11



355

360

365

370

375

380

385

the clamps and the short gauge length of the sample. In fact, post-mortem inspection and subsequent FE simulation
shows that the adhesive between the tab and coupon has deteriorated over time. The mechanism behind the stiffness
increase is identified as a transition from a multiaxial stress state to a uniaxial stress state from the increase in gauge
length due to partial debonding of the tabs.

Although in this work a focus is laid on compression fatigue, the same phenomena can occur in tension fatigue if
the size of the gauge section is not sufficiently large to produce a uniform stress field, or if the measurement of strain
on the sample was done near the clamped region.

Hereby an alternative explanation for apparent stiffness increase in fatigue loading than the common explanation
of fiber reorientation [3, 4, 6] is given. The tab debond process can significantly change the stress/strain state in the
gauge section of a short gauge length coupon. In this case, the test data was processed as if the stress state was
uniaxial. Therefore, the data in Figure 12 is corrupt at least until the peak stiffness. After that the increased gauge
section due to the tab debond was sufficiently large such that it did not influence the stress distribution anymore.
Note, however, that the validity of the test data is largely dependent on the adhesive used. Depending on the quality
of the adhesive, the scenario can be different. For example, it is possible that the stiffness increase by degradation of
the tab bond is countered fully by the decrease in stiffness of the material. In that case, the measured stiffness would
remain constant until failure. Even worse, it is possible that the stiffness increase by bond degradation is slower than
the stiffness decrease of the material. Then the measurement would show a regular gradual degradation of the stiffness
which is, nonetheless, equally invalid because the degradation would appear slower than in reality.

Remark that this stiffness increase only shows in graphs where a logarithmic scale is used for the axis depicting the
number of cycles to failure. When a linear scale for the horizontal axis is used the initial 10,000 cycles, being 1% of
the number of cycles at run-out (1,000,000) are quasi-invisible on the chart. This is shown in Figure 23 for laminate
[#(+45/ — 45)]24 with R = 10 and 044 mas = 94M Pa. Since most authors [16, 17, 18, 19, 20, 21, 22] use the linear
scale it is therefore possible that stiffness increase has remained undetected in a significant amount of studies.

It is emphasized, again, that the issue with boundary conditions presented here is only present if the gauge length
is too short to give a quasi-uniaxial stress state in the gauge section. Laminates with a low Poisson’s ratio should thus
not suffer significantly from this phenomenon. Alternatively, compression testing of off-axis and angle-ply laminates
is highly sensitive to clamping effects and care should be taken of the stress state in the gauge section.

Although in this work also a non-uniform stress state is present, recall that it was known and acknowledged
beforehand. Unfortunately, the existence of the latter was unavoidable because the gauge length needed to be shortened
to avoid buckling. For future short gauge length uniaxial compression tests, it is extremely important to develop new

specimen designs which produce a uniaxial stress state in the gauge section while avoiding buckling.
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Figure 12: Representative stiffness evolution for laminate [#(+45/ — 45)]24 on a linear-log scale
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Figure 13: Microscopic view of tab debond
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Figure 21: In-plane ply shear stress distribution at reference times with and without tabs shown
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Figure 22: Global stress strain behaviour for a coupon with long and short gauge length without tab debonding
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Figure 23: Representative stiffness evolution for laminate [#(+45/ — 45)]24 with R = 10 with different scale for the horizontal axis
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Table 1: Tab-coupon bond contact definition

Property

Value

Tangential behaviour

Frictionless

Normal behaviour

Hard contact

Cohesive behaviour

Only slave nodes initially in contact
Default traction separation behaviour

Damage Initiation

Maximum nominal stress [11]
Onormal = 10 MPa

7 = 20 MPa

9 = 20 MPa

Damage Evolution

BK criterion [12]
Exponential softening
BK power 1.634

Gr. =0.277 N/mm
Grre = 0.788 N/mm
G[[[C = (0.788 N/Inm

Damage stabilization

0.0001

Table 2: Material properties for aluminium

Table 3: Material parameters for plain woven Carbon/Epoxy with Miot-Hochard

E [GPa] | 72.0

v[—] 0.3

Parameter

plain woven Carbon/Epoxy

E11 [GP&]
E22 [GP&]
viz [
G12 [GP&]
h ]

Ro [MP&]
a [-]

m [GPa]
b

n [GPa]
Yy [MPa]
el

Yr [MPa]

102.6*
11.4%
0.3%*

3.6
37872
26.7
0.75%#*
0.58
0.42
0.12

7.2

*assumed 0.11E4 yp = E2 yp, **estimated from [23];

k3kk
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estimated from [14].





