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ARTICLE INFO ABSTRACT

Keywords: Composites with 3D-textile reinforcement present several engineering advantages. However, their intricate

3D-woven composites yarn architecture also creates a material with a number of nonlinear behaviours and features, which need

Cyclic loading to be understood in order to enable their efficient use. To demonstrate the anisotropic development of such

]l;ll)catl' d_?mage non-linear behaviours, and how they depend on loading mode, tensile samples of a 3D-woven layer-to-layer
asticity

angle interlock carbon-fibre reinforced epoxy composite are tested experimentally (data shared publicly). More
specifically, specimens are cut and tested at orientations of 0°, 15°, 30°, 45° and 90° relative to the direction
of the warp yarns. The samples are tested cyclically by loading and unloading them at progressively higher
displacement values. By monitoring the reduction in stiffness and the development of permanent strains it is
possible to identify material parameter values used to calibrate an anisotropic macroscale elasto-plastic damage
model. The model shows promising agreement with the experimental results.
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Fig. 2. A figure showing a sketch of the meaning of effective (undamaged) stress & in
comparison to stress ¢ as well as a schematic showing how stiffness degradation and
permanent strain development can be tracked in a cyclic test.

Fig. 1. A schematic for the three main regions of deformation behaviour exhibited by
3D-woven composites.

Analysis approaches for 3D-woven can generally be grouped into
three categories. More specifically, those that consider the material on
the microscale, the mesoscale and the macroscale. Out of these scales,

(impregnated yarns and matrix), see for example Green et al. [3],
Lomov et al. [4], Topalidis et al. [5] and Mazumder et al. [6].

the mesoscale, in which the yarns and polymer matrix are explicitly
modelled, is the most widely analysed. To do so, a representative unit
cell model of the impregnated yarn architecture is created first, which
in itself is a challenging task, see for example Stig and Hallstrom [1]
and Lomov et al. [2]. Most authors then turn to constitutive models
which use standard continuum damage mechanics and inelastic consti-
tutive models to describe the behaviour of the material constituents

While subscale models allow for detailed descriptions and predic-
tions of subscale features and failure mechanisms, they are computa-
tionally expensive. This makes analysing a full structural component
infeasible. In order to improve computational efficiency others have
turned to either multiscale approaches, c.f. Hirsekorn et al. [7] and
Shah et al. [8]. Others, such as El Said et al. [9] subdivide the geometry
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into different domains. In their approach highly loaded regions are
modelled using a mesoscale approach while the remaining geometry
is modelled on the macroscale. However, as discussed by Hurmane
et al. [10], macroscale models are by far the most computationally effi-
cient and industrially applicable. The Onera Damage Model for Polymer
Matrix Composites [10], is an example of such a macroscale model
which uses a combination of damage and viscoelastic constitutive
models to predict how 3D-woven composites deform.

The primary focus of the current work is to conduct an experimental
testing campaign to obtain a better understanding of what phenomena
are causing the non-linearity in the second region, as illustrated in
Fig. 1. The results are then used to calibrate and validate an anisotropic
macroscale elasto-plastic damage model, see Oddy et al. [11]. Focus is
given towards ensuring that the calibration parameters can be extracted
directly from the experimental results without the need for complex
calibration routines.

More specifically, the testing campaign involves loading and un-
loading the material cyclically at progressively higher strain levels.
Similar methods have previously been applied to traditional laminated
composites, e.g. Ladaveze et al. [12], Zscheyge et al. [13] as well as
3D-woven composites, e.g. Marcin [14]. It should, however, be noted
at this time that the restriction has been made in this analysis to
evaluating the material performance under only in-plane tensile and
shear loads.

By cyclically loading the material in this way, it becomes possible
to distinguish between two main non-linear mechanisms. As illustrated
in Fig. 2, calculating the degradation of stiffness at each cycle, gives a
strong indication and description of how damage is developing within
the material. In a similar way, the permanent strain can be calculated
at each loading cycle to give an indication of the mechanisms which
cause permanent strain and hardening to develop. Further, in order
to understand the anisotropic nature of this material, multiple loading
orientations are considered. This includes tensile loading along the two
nominal in-plane reinforcement directions as well as off-axis loading
to induce different combinations of tensile and shear loading in the
material oriented system. The experimental results are available in an
open access repository, with more information found in the Appendix.

Following the experimental test campaign, attention is given to
predicting the mechanical response of this material. As previously
discussed, this work focuses primarily on analysing and capturing the
material response in the first two regions illustrated in Fig. 1. This is
carried out by building upon a phenomenologically based macroscale
model developed by Oddy et al. [11]. The experimental test results ob-
tained are used to calibrate and validate this anisotropic elastoplastic-
damage model for 3D-woven composites. When formulating such a
model, a choice must be made when it comes to how the damage and
plasticity should interact. As discussed by Grassl and Jirdsek [15], the
two main options are defined by whether or not the plasticity model
is formulated based on the damage or undamaged stress. The model
considered here uses the latter option. As illustrated in Fig. 2 for a
1D problem, from a physical point view it means that the damaged
material is subjected to a stress . However, plasticity solely acts
on the undamaged material which is subjected to a higher so called
effective stress, 6. The main advantage here is that this decouples the
development of damage and plastic strain, which in turn simplifies
parameter identification and model implementation.

It is noted here that predicting the material behaviour in the third
region requires not only a very different experimental testing cam-
paign, see for example Médeau et al. [16], but also different numerical
techniques. In particular, when the constitutive material response must
capture a load drop and softening, local damage models are no longer
applicable as they lead to a loss of ellipticity of the governing equa-
tions, cf. Ottonsen and Ristinmaa [17]. To overcome this, a number of
methods are possible and have been applied to 3D-woven composites.
See for example Médeau [18]. These methods can include for example
phase-field models, integral type non-local damage models or gradient
enhanced damage models, cf. for example Miehe et al. [19], Pijaudier-
Cabot and Bazant [20] and Peerlings et al. [21] respectively. For this
reason, the third region is not considered in this analysis.
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Fig. 3. Illustration of the material unit cell of the considered layer-to-layer angle
interlock. Warp yarns are shown in blue while the weft yarns are shown in red.

1. Experimental test setup
1.1. Material description

The 3D-woven composite material considered here has a layer-
to-layer angle interlock reinforcement. Layer-to-layer angle interlocks
are characterised by the interlacing of warp and weft yarns in three
dimensional space. More specifically, warp yarns are woven through
multiple layers of weft yarns, providing out-of-plane reinforcement.

The considered layer-to-layer angle interlock is woven with yarns
made from IM7 carbon fibres. The weave architecture is shown in Fig. 3
where the warp yarns, i.e. the main weaving direction, are shown in
blue and made from HexTow IM7 24k tows. The weft yarns, made
from HexTow IM7 12k tows, are shown in red. The particular weaving
architecture of this material has a representative volume element (RVE)
with an approximate size of 6.5 mm in the warp direction, 21.5 mm in
the weft direction and 4 mm in the out-of-plane direction. This is also
illustrated in Fig. 3, together with a 123 coordinate system that denotes
the nominal warp, weft and thickness directions, respectively.

Specimens used for the experimental testing were manufactured
using resin transfer moulding (RTM). The dry woven preforms, once
trimmed, were approximately 500 mm long in the warp direction,
190 mm wide in the weft direction and 4 mm thick. The available flat
panel RTM tool had width and length dimension of 500 x 500 mm,
while the thickness was 4 mm. For this reason,when manufacturing
each panel two preforms were placed next to each other in the tool.
The additional space in the tool was filled using additional material
with a similar permeability. In total, two panels (each containing two
preforms) were infused using RTM6 epoxy [22]. The panels were
initially cured in-tool for 3 h at 140 °C. This was followed by an oven
post cure at 180 °C for 2.5 h.

1.2. Specimen orientation and dimensions

The woven substructure in 3D-woven composites results in a mate-
rial that shows a high level of anisotropy. As previously discussed, this
means that, to properly calibrate a representative macroscale model,
data from experimental tests loaded in multiple directions is required.
As this study is restricted to the tensile and shear in-plane properties, it
means that at minimum, for calibration, the material needs to be tested
in tension in the warp and weft reinforcement directions as well as in
shear.

It should be emphasised, that the considered material has a rela-
tively balanced weave, which was assumed to therefore produce rela-
tively similar mechanical characteristics in the two main reinforcement
directions. As a consequence, to quantify the shear behaviour, the
approach considered here is to load 45° off-axis samples in tension. The
balanced nature of the weave means that the specimens will experience
a global uniaxial stress without any form of global lateral or shear
stress or deformation. Note, however, in the case of a more unbalanced
weave, the specimen will deform in an ‘s’ shape leading to non-uniform
stress and strain distributions. As discussed by Tarnopol’skii and Kin-
cis [23] however, this can be overcome by selecting a different, more
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Fig. 4. Illustration of the different test specimens considered in this analysis. The images shows the dimension of the test specimen, unit cell and reinforcement orientation. Note

again that 123 indicates the local material oriented coordinate system while xyz indicates the global system.

optimum, off-axis angle. It is also possible to modify the grips on the
test machine, see for example Sun and Berreth [24].

In terms of testing carried out for model validation purposes, and
to gain a greater understanding of how 3D-woven composites behave
under mixed-mode loading, a number of off-axis orientations were also
tested in tension. The different off-axis orientations induce different
combinations of reinforcement oriented tensile and shear loads on the
material. Due to limitations in the availability of 3D-woven preforms,
and as the considered material is relatively balanced, the decision was
made to focus on off-axis angles between 0° (i.e. samples aligned in the
warp direction) and 45°. Specifically, additional off-axis angles of 15°
and 30° were tested.

Selecting the dimensions of rectangular tensile specimens for 3D-
woven composites is not necessarily a trivial task. There is a general
lack of testing standards and a wide variation in the representative unit
cell size between weave architectures. This is further complicated given
that many weaves have large unit cell sizes. For this reason, it was
decided that the 0° (warp aligned), 15°, 30° and 45° samples, would
have a width of 45 mm (corresponding to two unit cells across the
width for the 0° specimen) and a height of 210 mm. Limiting the width
to two unit cells meant that it was sufficient to use a machine with
a 250 kN load cell for the testing. Additionally, the chosen specimen
length left a sufficient clamping length for the grips (minimum 60%
for a grip depth of 90 mm to prevent pivoting), while still having a
gauge region of 102 mm. This is illustrated in Fig. 4. A minimum of
four samples for each orientation were cut from the panels.

The choice for sample width of the 90° (weft aligned) specimens
is more challenging. As previously stated in Section 1.1, the woven
preforms were relatively narrow in the weft direction (190 mm). Al-
lowing margin for cutting, this means that the maximum length of
the 90° samples was 185 mm. When accounting for sufficient grip
distance this creates a sample with a short gauge region, especially
when considering the unit cell length in the weft direction (21.5 mm).
For this reason the decision was made to decrease the width of the
weft-aligned samples to half of that of the other samples, i.e. 22.5 mm
(approximately 3.5 times the unit cell width). This has two positive
impacts. Firstly, by cutting the samples in half, they could be tested
on a machine with a smaller load cell which also has a smaller grip.
Secondly, as discussed by Adams et al. [25], for anisotropic materials,
the length of the region where end effects from the grips influence
the stresses is directly proportional to the width of the specimen. By
decreasing specimen width, the area over which uniform stress is found
in the gauge region increases. Specifically, a grip distance of 41.5 mm
was used (75% for grip depth of 55 mm), leaving once again a gauge
length of 102 mm. In this case it was possible to prepare eight test
samples aligned in the weft direction. This is illustrated in Fig. 4.

1.3. Experimental procedure

The wider 0°, 15°, 30° and 45° samples were tested on an Instron
1342 test machine with a 250 kN load cell. The 90° specimens, how-
ever, were tested on an Instron 8801 test machine with a 100 kN load
cell. In order to study the displacement and strain fields, a speckle
pattern was sprayed on the test samples and a stereo digital image
correlation (DIC) system was used.

The general goal was to have at least 5 equally spaced unloading
cycles before the first significant load drop took place in each test.
In order to best estimate at what cross-head displacement values to
unload at, for each test specimen orientation, one sample was tested
monotonically to failure. For each subsequent cyclic test, each cycle
consisted of:

1. A displacement controlled loading period up to a predefined
cross-head displacement value with a loading rate of 1.8 mm/
min.

2. A force controlled unloading cycle to a load value of 5 kN. This
ensured that the samples were not loaded in compression. The
software required that the unloading rate be defined in N/min.
As such, the initial monotonic test was used to estimate an
unloading rate in N/min which corresponded to approximately
1.8 mm/min. Note that this meant the unloading rate expressed
in N/min varied for each cycle.

In the following load-unloading cycles, the sample is progressively
loaded to higher and higher cross-head displacements. For each test
sample, during post processing, the displacement signal was extracted
using a virtual extensometer in the DIC software Davis 10.1 [26] that
was 100 mm in length.The images DIC images were all post-processed
using a subset size of 33 pixels and a step size of 11 pixels.

2. Experimental results and discussion
2.1. Testing warp-aligned samples

A total of four samples, in which the warp yarns were aligned
with the loading direction, were tested. Initially one specimen was
tested monotonically with the goal of estimating appropriate dis-
placement levels at which to unload the coming test specimens. The
monotonic test specimen, however, showed the development of a non-
representative strain concentration at the specimen edge, likely due to
a small notch or imperfection. Shortly after this strain concentration
was detected, a large crack was observed growing from this point. This
lead to premature failure and the test was therefore deemed erroneous.
The three remaining specimens were loaded and unloaded cyclically
at progressively higher cross-head displacements. As the monotonic
test could not be used to estimate suitable levels of deformation for
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Fig. 5. Experimental test results of the warp-aligned samples. The load-displacement curves of the three test samples are show in the left image while the right image shows the

stress-strain curve of Sample 4.
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Fig. 7. DIC images showing axial strain distribution at the peak of each load cycle for Sample 4 tested in the warp direction.

progressive unloading, unloading displacements were instead estimated
using simulation results from virtual testing of a mesoscale RVE of the
same material, cf. Topalidis et al. [5]. The load—displacement results of
these three samples are plotted in Fig. 5, and showed very consistent
results.

Fig. 5 also shows the associated stress—strain curve for Sample 4.
One thing to note initially, is that at each loading cycle the material
stiffens slightly. This is likely due to the straightening of the reinforce-
ment yarns. Note that in order to improve visualisation and aid in
parameter extraction, discussed in Section 3.3, the resulting curve has
been smoothed using a Butterworth filter [27]. It was however ensured
that the peak and trough of each loading cycle was not disturbed.

The strain signal was extracted from the DIC software using three
different measures, illustrated in Fig. 6. In all cases, it was ensured that
the region over which the strain was measured included multiple unit
cells. As can be seen in Fig. 6, regardless of whether a virtual strain
gauge or virtual extensometer of different size was used, the resulting
strain signal was very consistent. The overlapping curves are close to
indistinguishable. Further, the axial strain distribution over the sample
is shown in Fig. 7 at the peak of each loading cycle and following final
failure. As can be seen, strain concentrations begin to form in the resin
pockets uniformly over the sample, which then grow progressively in
intensity as the test advances. Eventually the specimen undergoes a
brittle and abrupt final failure as the warp yarns rupture at an axial
strain of approximately 1.7%.

2.2. Testing weft-aligned samples

Once again, with the aim of being able to estimate appropriate
displacements at which to unload the cyclically tested samples, a

monotonic test was initially performed on a 90° specimen. The mono-
tonic sample however showed signs of slippage, as well as cracking
underneath the grips and was therefore deemed invalid. After adjusting
the grip pressure, three samples were successfully tested under cyclic
loading. The load displacement curves for each are plotted in Fig. 8 and
show a high level of consistency.

The stress—strain curve associated with Sample 4 is also shown in
Fig. 8. Again, different axial strain measures were extracted and anal-
ysed over regions large enough to contain multiple unit cells. The
results, for Sample 4, are given in Fig. 9 and show that the axial strain
signal is relatively unaffected regardless of whether it is averaged using
a virtual strain gauge or extensometer. Failure took place at an axial
strain level of approximately 1.7% and showed a brittle failure response
governed by the rupturing of the weft yarns.

One factor to consider when analysing the DIC images, is that
the narrower weft direction specimens, lead to highly apparent edge
effects. Cracking and splintering can be clearly seen in Fig. 10, where
once again the axial strain contours are shown and the images are taken
at the top of each loading cycle. Therefore, the use of wider test samples
should be further explored, and a balance found between having a
sufficient gauge length relative to width.

2.3. Testing 45° off-axis samples

In order to quantify the behaviour of the material when loaded in
shear, 45° off-axis tests were carried out. Unlike when the material
is loaded along its reinforcements, this shear loading mode exhibits
far greater apparent ductility, as seen in Fig. 11. In this case, Sample
1 was successfully loaded monotonically, while Sample 2, 3 and 4
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Fig. 10. DIC images showing the axial strain distribution at the peak of each load cycle for Sample 4 tested in the weft direction.

were loaded cyclically. It should also be noted, that while the load-
displacement curves end at approximately 15 mm for Sample 3 and at
25 mm for the remaining samples, this is not because the specimens
were no longer able to carry load. The DIC speckle pattern simply
became so obstructed that a displacement signal could no longer be
extracted. This can more clearly be seen in Fig. 12, in which the axial
strain distribution is shown at the top of each loading cycle.

It is also apparent that after the initial load drop, the material begins
to show prominent necking. This is accompanied by a realignment
of the yarns towards the loading direction, stiffening of the material
response and even pronounced out-of-plane expansion. Fig. 13 shows
two images of Sample 2 taken after the test was completed, in which
the yarn realignment and out-of-plane expansion are clearly visible.

The shear stress-strain response was extracted from the test as

(€Y

1
o1 = EGXX and V12 = €y~ Exxs

where the axial and transverse strain signals were extracted using the
strain gauge of equivalent size and placement as that shown in red
in Fig. 6. The extracted strain signals for Sample 2 are illustrated in
Fig. 14 along with the material oriented shear stress—strain response.
Note again, that at a shear strain value of approximately 35%, the
speckle pattern is no longer sufficiently intact to be able to extract an
accurate measurement. However, this takes place well after the load
drop, and well after a small strain assumption is no longer valid. It
is therefore not a hindrance to extracting the plasticity and damage
behaviour for the shear loading mode.

2.4. Testing 15° off-axis samples

Loading off-axis tensile specimens at 15° induces a combination
of both tensile and shear loading onto the material. Fig. 15 shows
the load—-displacement curves obtained by testing four different sam-
ples. The first sample was loaded monotonically to failure, while the
remaining three were loaded cyclically.

Fig. 16 shows a contour plot of the axial strain development of
Sample 4. The first eleven images are taken at the top of each loading
cycle. One additional image is also shown in order for the failure
behaviour to be better visualised. However it should be noted that
in the case of Sample 4, at an axial displacement of approximately
7 mm, the speckle pattern was no longer sufficiently intact to extract a
displacement signal. The test however did continue to progress, with
the material showing increased softening until a load of 19 kN was
reached and final failure took place.

It is clear that the deformation behaviour combines aspects seen
in both the 0° and 45° off-axis tests. Following the peak load of
approximately 70 kN, a shear band forms which is aligned along the
direction of the warp yarns. The shear band grows and the specimen’s
deformation begins to clearly show an ‘S’ shape due to the combined
multiaxial loading. Eventually, for all specimens, failure took place
when the warp yarns ruptured. In the case of Sample 4, this can be
seen adjacent to the lower grip.

2.5. Testing 30° off-axis samples

Testing the material at a 30° angle to the warp yarns also induces
a combination of reinforcement aligned tensile and shear loading. In
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Fig. 13. Images of Sample 2 (45° off-axis loading) taken after the test showing necking, realignment of yarns and out-of-plane expansion.
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Fig. 15. Load-displacement curves of the four 15° off-axis test samples. Sample 1 was tested monotonically while the remaining three were tested cyclically.

Fig. 17, the load displacement curves for four, 30° off-axis samples are
plotted. Again, the first sample was tested monotonically and used to
estimate the appropriate timing of the load cycles for the remaining
three. Fig. 18 shows the axial strain contours at the peak of each of the
thirteen loading cycles as well as one image taken at after final failure
for Sample 2.

The 30° angle induces greater levels of shear loading in the material,
compared to those experienced by the 15° off-axis samples. The effects

are clearly visible in the results. There is an initial load drop, followed
by a region of softening before stiffening once again. A shear band
forms, which is well aligned with the warp yarns. Unlike the 45° off-
axis samples however, final failure of the sample did eventually take
place with rupturing of the warp yarns, which ended the test. The
curves in Fig. 17, all end once the DIC software was no longer able to
extract a displacement signal. However, on average, the samples were
able to continue to stiffen, reaching a load of approximately 38 kN.
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Fig. 18. DIC images showing the axial strain distribution in a 30° off-axis test sample at the peak of each load cycle and one taken at final failure for Sample 2.

3. Macroscale model description and extraction of calibration
data

3.1. Model description

As previously discussed, the macroscale model adopted in this work
relies on the assumption that the non-linear behaviour (before failure
initiation) is due to a combination of stiffness degrading (i.e. dam-
age) and permanent strain developing (i.e. plasticity) mechanisms on
the subscales. Full details of the model formulation, thermodynamic
considerations, implementation methods in commercial or in-house
FE software as well as additional information can be found in Oddy
et al. [11] and Oddy [28].

The considered macroscale model also assumes that the material can
be considered orthotropic. Previous analyses have been carried out on
a mesoscale FE-model of the considered yarn architecture, see Oddy
et al. [29]. These analyses indicated that the resulting homogenised
stiffness tensor is well described using orthotropy. This means that nine
elastic material properties are required. Table 1 summarises the elastic
properties for the considered material. The in-plane properties have
been extracted from the experimental tests summarised in Section 2. As
no out-of-plane testing has been conducted, the out-of-plane properties
have been estimated using a mesoscale analysis. An FE model of an RVE
of the material was developed in Topalidis et al. [5]. By loading the
RVE in six unique loading modes, the complete stiffness tensor can be
resolved, and the elastic properties computed. As shown in Oddy [28],
the RVE analysis produced comparable in-plane elastic properties as
those found experimentally.

To describe damage evolution, the model uses four damage vari-
ables (d,, d,, d; and d,), each governing how the stiffness reduces under
different loading modes. The first, d,, represents damage associated

Table 1

Elastic parameters for the considered material. In plane properties have been extracted
from the experimental results while the out-of-plane properties have been estimated
using a mesoscale RVE analysis.

Stiffness [GPa] E, 70 E, 63 E; 10
Shear stiffness [GPa] G, 3.6 Gy 3.2 Gy 3.7
Poisson’s ratio [-] Vis 0.06 Vi3 0.38 Vo3 0.46

with loading along the warp yarns. Likewise, d,, represents damage
associated with loading along the weft yarns, while d; denotes dam-
age associated with out-of-plane loading. Finally, d, describes damage
development under shear loading. Then, adopting the standard assump-
tion that the strain can be additively decomposed into an elastic and
plastic component, i.e. € = €,,+¢,, the constitutive stress-strain relation
is given by

c=(1-4d,)E, : (e—e,)+(1-d|)E; : (e—¢,)
e .
+ (1-d))Epy i (e—€,)+(1-d3)Ep3 : (e—¢,). 2
weft out-of-plane

As indicated, this means that each term largely governs the warp,
weft, out-of-plane or shear behaviour of the material. It is also im-
portant to note that e denotes the shear strains aligned in the 123-
coordinate system.

In Oddy et al. [11] and Oddy [28], the full expressions for the
stiffness tensors E,, E;, E,, and E,; are derived from the use of
structural tensors. This provides a convenient method to express the
stiffness and material behaviours in a global xyz-coordinate system, to
which the local (material-aligned) 123-coordinate system is not neces-
sarily aligned. However, for ease of use and to help in visualisation, the
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components in Eq. (2) can be expressed in Voigt form. Using the elastic
material properties given in Table 1, and the case where the 123-axis
are aligned with the global xyz-axis system gives

T
O'Z[O'XX c c,, O c o-],

yy xy yz Xz

T
€ = [Exx €yy €z Vxy Vyz yxz] 3
T
and e=[0 0 0 7y 7y yxz]

Further, the components of the stiffness tensor in Voigt form are
then

%2 0 0 0 0 0
0 82 0 0 0 0
0 0 66 0 0 0
Ev =10 0 0o 36 o o]CPa
0 0 0 0 37 0
(o 0 0o o o0 32
- @
727 294 257 0 0 0
204 0 0 0 0 0
257 0 0 0 0 0
En=l"o 0o o o o oflcPa
0 0 0 0 0 0
o 0o o0 0 0 0
rT0 294 0 0 0 0
204 6495 215 0 0 0
0 215 0 0 0 0
Epa =l o 0 0o o o of 6Pk
0 0 0 0 0 0
L o 0 0 0 0 0
- ®)
0 0 257 0 0 0
0 0 215 0 0 0
257 215 10.
and Ep = g 05 %6 8 8 g [GPa].
0O 0 0 00 0
Lo o o0 0 0 0

Note that this means, that if damage and plasticity do not develop or
are not considered, Eq. (2) simplifies to 6 = E : €, where E is the
orthotropic elastic stiffness tensor of the material.

What remains is to define how the damage and permanent strains
development is governed in the macroscale model. This is done using
standard yield and damage surfaces, see e.g. Simo and Hughes [30].
Considering first the plasticity model, the development of plastic strain
is controlled by four yield surfaces with isotropic hardening, denoted
®p1s 2> Pz and @,,. As their names suggest, they each govern the
development of plasticity in the warp direction, weft direction, out-
of-plane direction and in shear respectively. Again, considering the
case where the 123-material axes are aligned with the global xyz-
system, these yield surfaces are expressed in terms of the effective stress
(denoted with a 3) where

by = 6| =01 =K1 (€) O, o= ’5yy| -0~k (€p) <0, (6)

bp3 =1622| — 03— K3 (ep) <0

and ¢, = /62, + 62 +52, — 1, — K (€,) <O. @)

In order to fully calibrate the plasticity model, it is necessary to
determine the yield stresses that govern each loading mode o, 0,
0,3, 7,. It is also necessary to propose expressions for how the isotropic
hardening stress should develop in each loading mode, i.e. y, k,, k3,
Ky, as a function of the plastic strain development.

The traditional implementation of a standard plasticity model makes
use of what are referred to as internal hardening variables or equivalent
plastic strains, denoted here by k. They act as scalar measures of the
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plastic strain tensor and are governed by the use of flow rules. However,
in the case of the macroscale model described here, the flow rules
are formulated such that the internal hardening variables are directly
proportional to the plastic strain development in each reinforcement
direction and in shear. So for ease and simplicity, they will not be
introduced here. However, when it comes to model implementation,
they must be considered.

Similarly, four damage surfaces are used to control how damage
develops under loading in the warp direction, weft direction, out-of-
plane direction and in shear. These are denoted ¢, ¢42, P43 and ¢,
respectively. Before these can be stated, it is necessary to introduce
their associated damage driving forces. These are formulated through
thermodynamic argumentation, and for the considered model they are
functions of strictly the elastic strain. For each respective loading mode,
the damage driving forces are given by

1 1
Yy =€ Ep i€ Ya=g€y By i€y
| ®

1
Y; = 3€el Es : e, and Y, = Rk E, : e,.

Then, each damage surface consists of two parts: the damage driving
force and a function, denoted #, to control how the damage should
develop under each loading mode respectively. Specifically,

b =Y, —m(d) 20, ¢y =Y, —nd,) <0, (C)]

b3 = Y3 —n3(d3) <0 and ¢y, =Y, —ny(d,) < 0. 10

To summarise; under each loading mode, a calibration method must
be used to determine the values of the yield stresses (o, 0, 0,3,
7,) as well as appropriate expressions to control how the isotropic
hardening stresses (xy, k,, k3, k) should develop and how the damage
development (,, n,, #3, #;) should be controlled.

3.2. Extracting calibration data

The key to this calibration method is the assumption that for each
uniaxial loading mode (tension along the warp, weft and out-of-plane
directions as well as in shear), the constitutive equation given by Eq. (2)
reduces down to a 1D case where ¢ = (I — d)E¢,. In turn, the
development of damage and plasticity can be explored independently
for each loading mode.

Considering a generic 1D constitutive response, what then needs
to be determined is the yield stress, an expression for the isotropic
hardening x(e,) and an expression controlling the damage development
n(d). This can be done with relative ease by following the procedure
outlined in Fig. 19. In more details, this requires

1. Decide where damage and plasticity should initiate. This can be
at different locations and is a somewhat delicate choice. The
simplest option is to choose a point visually based on where the
curve begins to show a sufficiently non-linear response. From
this, it is then possible to determine the yield stress o, the
initial elastic stiffness E,, and the driving force at damage onset
Yo = 1/2E(O)€31<o)' Note here that the subscripts indicate the
loading cycle number.

2. At the first unloading cycle, extrapolate the unloading curve to
the strain axis, and determine the plastic strain e, as well as
the stiffness E,.

3. From the plastic strain compute the elastic strain €,;, = ¢, —
€p(1y> and from that the damage driving force Y;, = 1 /ZE(O)efl(l).
Then compute the damage d(;, = 1 — E,/E(, and plot the
damage and driving force at the first unloading cycle.

4. Compute the effective stress at the first unloading cycle &, =
oy/(1 = d(y), followed by the isotropic hardening stress k), =
6y — o, Plot the hardening stress against the plastic strain.
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1. Determine plasticity and damage onset. Compute E(O), Y(O) and 0.

-

Yo

v
At first unloading cycle

2. Extrapolate unloading curve to the e-axis. Compute ¢, and E.
o

&
(1)
3. From ¢,;, compute &,;, and then ¥(;,. Next from E, and E, compute d(). Plot
diyy vs Yoy,
d
d(l) """ 9
p— —Y
€el(1) Yoy
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o

Gy .-

K(l)I”(l)

4. Compute &, then from o, compute . Pl(’t’f(l) VS €1y

K1) [ °

: €
«— P

SP(I) ep(l)

v
Repeat for all subsequent unloading cycles
4. Track and fit how d and « develop.
c d K

Y p

Fig. 19. A flow chart indicating the proposed calibration procedure for extracting damage and plasticity parameters from a uniaxial tensile cyclic test.

5. Repeat for all following loading cycles and propose a function to
describe each 1D relationship.

After completing steps 1 through 5 for each uni-axial loading mode,
a clear description can be seen of how damage and plasticity should
develop in each loading mode. While theoretically, any expression
for x(e,) and d(Y) can be chosen, one which is usually convenient
and appropriate to use, is an exponential curve with saturation. In
the case of the x — ¢, relationship, this would correspond to «(e,) =
Ky (1 —e7°?), where «,, defines the saturation value of the curve
and the parameter ¢ controls how steeply the curve approaches the
saturation value. Note also that as the isotropic hardening stress should
not begin to develop until plastic strain also begins developing. As such,
this curve must also pass through the origin.

On the other hand, it is possible to delay the onset of damage
development until a certain elastic strain (i.e. damage driving force)
is reached. In that case, an onset value Y, can be introduced into
the curve definition meaning that it can be expressed as d(Y) =
dgy (1 —e7®@=Y0)). Again, b controls how quickly the damage curve
approaches its saturation value d,,. The expression for #n(d) given in
the yield surfaces, can then be determined by inverting the damage
expression, i.e. in this case n(d) =Y — (M + YO).

3.3. Calibration results

As previously discussed, the experimental test campaign focused
solely on the in-plane behaviour of the considered 3D-woven compos-
ite. The calibration routine outlined in Fig. 19 was therefore carried out
on one of the resulting stress—strain curves of the uniaxial tests carried
out in the warp, weft and 45° directions.

Fig. 20 shows the results for cyclic loading in tension along the
warp direction. One of the most striking details of this test, is the clear
stiffening that the results show at each unloading, up to approximately

6%. This manifests itself as a ‘negative’ damage growth, likely due
to yarns straightening as load is applied. While this stiffening effect
should therefore perhaps not be referred to as ‘damage’, like damage,
it leads to non-linear effects caused by a change in stiffness. It can
therefore be numerically modelled using exactly the same traditional
continuum damage mechanics tactics. Both the damage and permanent
strain development showed a trend which could be well captured using
an exponential function with saturation. This is illustrated in Fig. 20,
while the relevant parameters for the curve fits are summarised in
Tables 2 and 3.

When analysing the results of the weft aligned test sample, shown in
Fig. 21, it is clear that there is a progressive increase in damage corre-
sponding to a value of approximately 12% stiffness loss. This has been
fit with an exponential curve with saturation, the parameters of which
are summarised in Table 3. Note that the last unloading cycle took place
after the load drop and while indicated in the damage-driving force
and hardening stress-plastic strain plots, it was not considered when
calibrating the parameters. Again, when considering the plastic strain
— hardening stress development, the trend was fit using an exponential
curve with saturation. The associated parameters are summarised in
Table 2.

Finally, Fig. 22, shows the calibration routine carried out on the
shear stress—strain curve extracted from the 45° off-axis test. The stress—
strain curve was only considered up to the load drop. Once again,
the development of damage and plasticity can be well captured using
exponential curves with saturation. The associated parameters for each
curve are summarised in Tables 2 and 3 respectively.

4. Macroscale modelling results and discussion
In order to demonstrate and evaluate the predictive capacity of the

model, representative finite element models of the gauge region for
each sample orientation were created. The nominal dimensions of each
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Fig. 20. Carrying out the calibration routine outlined in Fig. 19, on the cyclic uniaxial stress—strain curve shown in Fig. 5 when the material is loaded in the warp direction.
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Fig. 21. Carrying out the calibration routine outlined in Fig. 19, on the cyclic uniaxial stress-strain curve shown in Fig. 8 when the material is loaded in the weft direction.
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Fig. 22. Carrying out the calibration routine outlined in Fig. 19, on the cyclic uniaxial stress—strain curve shown in Fig. 14 when the material is loaded in shear.

Table 2
The plasticity model parameters.
Direction Hardening law Parameters
Warp Ky = Kygyy (1= e7r6m) Kyqy = 1200 [MPal, o,y = 358 [MPal, ¢, = 1700 [-]
Horizontal weft Ky = Ko (1 — e 2m2) Keurn = 553 [MPal, 0, =313 [MPal, ¢, =725 [-]
Shear Ky = K g (1 —e747m2) Kars = 96 [MPa], 7, =425 [MPa], ¢, =259 [-]
Table 3
The damage model parameters.
Direction Damage variable Parameters
Warp dy =dg,, (1-eh®itn) Y, =0.19 [MPa], b, =0.59 [1/MPal, d,,,, = -0.06 [-]
Horizontal weft dy =dy,, (1 - et Y)) Y,, =0.23 [MPa], b, =021 [1/MPa], d,,, = 0.20 [-]
Shear d, = dyg,, (1-en0) Y,, =005 [MPal, b, = 1.37 [1/MPal, d,,, = 0.37 [-]

model correspond to those outlined in Fig. 4. More specifically, a three-
dimensional FE-model of each gauge region was built in ABAQUS using
fully integrated 3DC8 elements. The element size was selected to be
sufficiently small such that the results showed mesh convergence.

In terms of selecting boundary conditions, it was important to take
into account the compliance seen in the grips. The 0°,90° and 45° test

10

samples all showed more or less strictly vertical displacement at the
boundaries. On the other hand, the anisotropy and misaligned nature
of the 15° and 30° samples meant that they favoured an s-shaped
deformation mode, leading to lateral displacement at both the upper
and lower grip. For this reason, using the DIC-analysis the displacement
was extracted at a central location at the edge of both the upper and
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Fig. 23. Illustration of displacement boundary conditions for the finite element
simulations. The red dot indicates the approximate location where the vertical and
lateral displacements are extracted.
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Fig. 24. Experimental results for the axial load-displacement curves for the different
specimen angles. Note the load has been doubled for the 90° weft aligned sample for
comparison.

lower grip. This is illustrated in Fig. 23. Both the vertical and lateral
displacements extracted from the DIC-analysis were then mapped to the
upper and lower surfaces of the FE-model.

4.1. Model behaviour and validation

Fig. 24 compares the resulting experimental force-displacement
curves for each specimen angle. Similarly, Fig. 25 compares the load—
displacement curve results from the FE-simulations up to the first load
drop. Note that, in the case of the 90° specimen, the axial loads
have been doubled (due to the narrower specimens) in order to allow
for a more direct comparison. It is clear from the simulation results,
that the model is able to capture trends that one would expect. The
reinforcement oriented 0° and 90° samples show the stiffest response.
The 15° and 30° samples show a gradual softening and increased
response governed by the shear response, before the 45° sample shows
the softest behaviour. However, it is also clear from Fig. 24 results
that the 15° sample shows a far softer experimental response than that
demonstrated by the model.

For further comparison, Fig. 26, Fig. 27 and Fig. 28 directly compare
the experimental and simulation results for the 0°, 90° and 45° samples
respectively. It is clear from the load-displacement curves that for
these uniaxial loading modes, extracting the plasticity and damage
parameters as described in Section 3.3, gives a high level of agree-
ment between the predicted material response and the experimental
results. Further, contour plots of the axial strain have been extracted
at the locations indicated with a red star for each test. It should
be noted that, as this is a macroscale model, when comparing the
contour plots of the axial strain the model is not able to capture the
localised strain concentrations. The main strain contour patterns seen
using the DIC analysis on all test samples are highly influenced by the
mesostructure of the material. The strains tend to localise in the resin
pockets which are highly oriented and influenced by the orientation

11
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Fig. 25. Simulation results for the axial load-displacement curves for the different
specimen angles. Note the load has been doubled for the 90° weft aligned sample for
comparison. The experimental results are shown in (a) while the simulation results are
shown in (b).
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Fig. 26. Comparison of the experimental and simulation results for the 0° warp-aligned
sample. The axial load-displacement curves are shown in the left image while the
right image shows contour plots of the axial strain distributions taken at the location
indicated with a red star.
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Fig. 27. Comparison of the experimental and simulation results for the 90° weft-
aligned sample. The axial load-displacement curves are shown in the left image while
the right image shows contour plots of the axial strain distributions taken at the location
indicated with a red star. Note that to maintain consistency, the force values have been
doubled.

of the reinforcement yarns. Macroscale models treat the material as a
homogeneous solid and therefore do not capture these types of localised
strain distributions.

Figs. 29 and 30 compare the load-displacement curves for the 15°
and 30° specimens, respectively. In the case of the 30° off-axis sample,
the simulation is again able to predict the material behaviour with
good agreement. In the case of the 15° sample however, this is not
the case. Although the initial elastic stiffness is predicted well, non-
linear behaviours develop far sooner and more aggressively in the
experimental test. One possible explanation could be the sample width
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Fig. 28. Comparison of the experimental and simulation results for the 45° off-axis
sample. The axial load-displacement curves are shown in the left image while the
right image shows contour plots of the axial strain distributions taken at the location
indicated with a red star.
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Fig. 29. Comparison of the experimental and simulation results for the 15° off-axis
sample. The axial load-displacement curves are shown in the left image while the
right image shows contour plots of the axial strain distributions taken at the location
indicated with a red star.

and the angle. A small fraction of the reinforcement yarns will run
unbroken (continuous reinforcement) from one grip to the other. This
could lead to a far more shear-dominated deformation behaviour than
what is predicted by the macroscale model. Regardless of the cause, it
is however an indication that the model needs further development to
account for these types of couplings between normal and shear loading.
One option is then to switch from multiple yield surfaces and multiple
damage surfaces to one anisotropic surface for each case.

From the contour plots of the axial strain in Fig. 29 and Fig. 30,
it can be seen that the model does however clearly predict localised
regions of high strain manifesting themselves as shear bands. Further,
these shear bands are heavily tied to the orientation of the reinforce-
ments. Again, as this is a macroscale model, the width and strain
variations within this region are not well captured.

5. Conclusions and outlook

Composites with 3D-woven reinforcements have a number of
promising characteristics related to both their manufacturability as well
as their mechanical performance. The woven substructure however, can
create a material with high levels of anisotropy. Further, the nature of
the material leads to a variety of subscale mechanisms when loaded,
which in turn manifest themselves as a non-linear mechanical response.

By cyclically loading material samples oriented at 0°, 90° and
45° relative to the material warp direction, it was shown that it is
possible to differentiate between non-linear behaviour due to stiff-
ness degradation (damage) and due to permanent strain development
(plasticity). Notably, the multiple tests conducted per orientation angle

12
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Fig. 30. Comparison of the experimental and simulation results for the 30° off-axis
sample. The axial load-displacement curves are shown in the left image while the
right image shows contour plots of the axial strain distributions taken at the location
indicated with a red star.

showed high levels of consistency. Further, it was shown that different
behaviours can be identified under warp, weft and shear dominated
loading. The experimental data, which is made freely available, was
then used to calibrate an anisotropic macroscale elastoplastic damage
model developed by Oddy et al. [11]. The model showed good agree-
ment with the experimental results. These cases however represent
uniaxial loading modes.

For model validation, the material samples were also loaded in
tension at other off-axis angles, specifically 15° and 30° relative to
the warp direction. This imparts combined tensile and shear loading
on the material sample. Again, the experimentally observed curves
showed high consistency for the same loading angle. The corresponding
simulation results showed that, while the model was able to predict the
cyclic behaviour of the 30° with good agreement, the outcome of the
15° model results were less satisfactory. This likely indicates that the
macroscale model still requires further development to account for the
full impacts of multiaxial loading.

The future use of anisotropic damage and yield surfaces could
provide one positive path forward. However, further testing is required
in order to truly understand how the combination of tensile and shear
load, either simultaneously or successively, impact the macroscale
behaviour. Further experimental testing is also necessary for expanding
the model to handle compressive loading and out-of-plane loading. One
promising way to both reduce cost and circumvent challenges associ-
ated with more complex testing needs, is through the use of mesoscale
models. This could mean that through the combination of experimental
and virtual testing, it would be possible to obtain sufficient calibration
data for more advanced macroscale models.
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