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Abstract

When reducing the ply thickness of polymer matrix fibre reinforced composites, a definite increase in
the tensile stress-bearing capability of the transverse constrained plies has been shown to occur. How-
ever, the reason for this change in mechanical properties is not yet fully understood. In this work,
the damage progression within M40JB/TPS8OEP unnotched quasi-isotropic symmetric laminate samples
([45/90/-45/0],5) loaded in tension is monitored through simultaneous acoustic emission measurements
and optical observation at the edge of the specimens. This experimental data is then compared to a plane-
strain multiscale FE model using embedded cells built upon actual observed microstructures.

1. Introduction

High performance carbon fibre reinforced polymer (CFRP) composites have been widely adopted in re-
cent years due to an increasing demand for weight reduction and energy saving. Despite their numerous
advantages, CFRP are limited by their intrinsically weak transverse and interlaminar properties which
reduces their strength to a fraction (about 30-50%) of the theoretical strength of the fibres. As demon-
strated in recent studies [1, 2], thin-ply composites have the potential to delay or even suppress early
matrix dominated damages up to the point of fibre failure, and consequently to extend significantly the
range of admissible load with respect to current generation of CFRP. However, in the present state of
knowledge, several questions remain unanswered, which prevents the wide adoption of this new genera-
tion of composite materials.

In the present study, experimental data representing damage events in the bulk of the samples, acquired
via acoustic emission measurements, is compared to damage events at the free edge of the same samples,
recorded via in-situ microscope observations. Initial results of a multiscale plane-strain FE model are
then compared to the bulk measurements.

2. Materials and Methods

2.1. Experimental Study

In order to assess the macro scale damage sequence in thin-ply carbon composite, M40JB/TPS8OEP un-
notched tensile test specimens have been produced in quasi-isotropic ([45/90/-45/0],s) stacking se-
quences. These samples were produced in the four different ply thicknesses ¢ considered in Amacher et

al. [1], namely ¢ = 30 um, 75 um, 150 wm and 300 um using the same Thin Ply Technology prepreg
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material, produced from the same fibre and resin production batches on the same production line in order
to minimize potential scatter. All samples had the same dimensions, the thickness of the constituting
plies being the only difference between them. The plates were cured in an autoclave following the man-
ufacturer’s recommended cycle (peak of 80° C for 8 hours at 3 bar after an initial 2 hour long plateau at
60° C) using a machined aluminium mould to ensure a uniform and constant volume fraction. The vol-
ume fraction of all the plates produced was measured between 51,7% and 57,9% with a mean value of
55,5% and a standard deviation of 2,68%. The strength measurements reported here were consequently
all normalized to 55% volume fraction to account for this small discrepancy according to the formula
0559, = 5v5f(f7 o, Where 0559, is the strength normalized for 55% volume fraction, vf, the effective volume

fraction of each plate and o, the strength actually measured during the experiment.

The samples were tested in tension accordingly to the ASTM D3039 standard [3] whilst recording the
damage activity by simultaneously performing acoustic emission measurements, and monitoring the vis-
ible crack growth on a polished lateral free edge using a video microscope. Similarly, as validated in
Amacher et al. [1], the onset of damage was defined as the stress at which the cumulative acoustic en-
ergy reaches a 10713 threshold, as acquired by a Mistras-2001 measurement equipment using a 65dB
minimum acquisition threshold and an appropriate AT -front-end filter to reject acoustic activity taking
place out of the gauge length. This procedure ensures that the reported values were comparable with
prior measurements.

Regarding the free edge observations, the faces were polished up to 3um grit sanding paper in a fixture
ensuring a correct planarity during the polishing. The acquisition speed of the video equipment forced
the use of a slower loading speed of 0.125 mm/min to ensure a good resolution of the pictures. The length
of the observation window ranges from 3.12mm to 0.8mm in the center of the gauge region, depending
on the ply thickness. Lastly, SEM observations at the free edge of selected specimens were performed
after testing to ensure that the limited resolution of the optical equipment did not prevent the observation
of some defects during the tests.

2.2. Numerical Study

In order to eventually elucidate the effects of constituents on the analysis of damage mechanisms, a FE
model was built using a multi-scale “embedded cell” modelling approach in which a finely discretized
“micro-mechanics” region corresponding to the 90° ply is embedded in a larger continuum model of
the laminate. To account for potential differences (observed qualitatively in microscopy) between mi-
crostructures of plies of different thicknesses, microstructures taken from actual sample observations
were used to construct the micromechanical zones of the embedded cell. This approach has been shown
to work well in the past, as demonstrated for instance in the work of Canal et al. [4]. A transition zone
with increasing matrix and interface properties was built-in at the edges of the embedded cell to avoid
localization, and the simulation results were only evaluated outside of these zones.

As seen in figure 1, three different microstructures were embedded in a [0/45/90/—45/0] stack to repli-
cate the stress state in a quasi-isotropic sample. A 3D model representing a thin slice of material was
used to take advantage of the cohesive surface formulation to model the fibre/matrix interface, and the
plane-strain condition were implemented by setting the appropriate boundary conditions on the front and
back face of the model, namely a symmetry on one and a planarity constraint on all the nodes of the other
one (to allow unconstrained Poisson effects). The fibres were modelled using a linear elastic isotropic
model relying on the properties published by the fibre manufacturer. The matrix was modelled using a
Drucker-Prager model with regularized damage based on properties measured on bulk matrix specimens
and estimated parameters from literature. A linear softening, energy based, cohesive model was used to
simulate the damage processes at the fibre-matrix interface using properties estimated from literature and
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experiments performed. Because of the inherent instabilities, the problem was solved using a dynamic
explicit solver (Abaqus Explicit) with mass scaling to represent the quasi-static response of the material.

In this study, the point at which the first cracks appear in the micro-modelled region was the key output,
with the cracks being defined as the unloading of a zone spanning over at least 4 fibres. This data was
then compared to the onset of damage value recorded by acoustic emission.
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Ficure 1. Schematic of the embedded cell plane-strain model of bulk micro damage development

3. Experimental Results

When considering the damage mechanisms at the free edge of the tested samples, a change is observed
with decreasing ply thicknesses. In the case of the thickest plies (f = 300 um), the first cracks appear
relatively early with an applied strain comprised between 0.30 and 0.32% and induce an interlaminar
delamination process (from 0.5% strain onwards) that carries on until the failure of the specimen (around
0.8% strain). The transverse cracks are shown with red circles at 0.31% strain on such a specimen in
figure 2a and the consequent delamination with a blue circle at 0.55% strain in figure 2b. For the ¢ =
150 um specimens, the onset of matrix cracking is found between 0.41 and 0.51% strain, and shown in
figure 2c at 0.5% strain, with the transverse cracking once again highlighted by the red circles. Some
matrix cracking induced delamination follows shortly after (0.8% strain) albeit limited in length, which
is shown by the blue circle at 0.85% strain in figure 2d. At failure, a higher density of transverse cracks
is observed with 0.83 crack/mm in 150 um plies vs 0.78 crack/mm in 300 um ones, which is found in
agreement with the observations of Sebaey et al. [5]. In the thin-ply specimens with ¢t = 75 pum, shown
for instance at 0.9% strain in figure 2e, the onset of matrix cracking is found once again at a higher strain
(between 0.52 and 0.66%) than thicker plies. However, the crack density is this time lower than in the
150 um specimens, which this time shows an opposite trend to the observations of Sebaey et al [5]. It
is worth mentioning that plies as thin as this were never studied by these authors, and thus no direct
comparisons can be made. In the case of very thin plies (t = 30 um), neither visible matrix cracking nor
delamination can be observed before final failure using optical microscopy at the free edge, as shown in
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figure 2f at 1.05% strain. A typical example for three thicknesses can be found in the inserts of figure
3, with the graph presenting the scaling in total crack density and crack length visually observed at the
ultimate tensile strain.

To increase the resolution of the observations, selected specimens were observed in SEM after failure.
While transverse cracks are still clearly visible after unloading in SEM for thick ply laminates, no signs
of such defects are seen for thin-ply laminates as shown in figure 4, which validates the observations
made in-situ with the optical microscope.
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Ficure 2. Optical in-situ photographs showing the damage development at the free edge of chosen spec-
imens. Transverse cracking is highlighted in red and matrix cracking induced delamination in blue. (see
text for details)

The acoustic emission measurements performed on the test specimens are compared with the ones ob-
tained in Amacher et al. [1] in figure 5, demonstrating the consistency of the experimental procedure and
fabrication methods. The ultimate tensile strength is typically within one standard deviation of the pre-
viously measured value, whereas the larger difference observed in the acoustic emission measurements
for the thicker plies is explained by the difference in loading speed between the two sets of experiments,
which could allow for the development of potential viscoplastic behaviour.
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Ficure 3. observed crack density and normalized crack length vs ply thickness just before failure

Ficure 4. SEM observation of the free edge of a 150 um sample in (a) with transverse cracks highlighted
in red, and a 30 um sample in (b) with no cracks visible

When comparing the in-situ damage observation at the free-edge with acoustic emission monitoring as
is done in figure 5, it is interesting to observe that the first crack visible at the edge of the specimens
does not scale in a similar fashion as the onset of damage measured using acoustic emission. For thicker
plies, both onsets coincide, meaning that the acoustic emission is able to capture the onset on transverse
cracking in standard "thick" ply composites. However, for intermediate ply thicknesses ( = 75 & t =
150 um), the onset of transverse cracking at the free edge is observed well before the onset of damage
determined by acoustic emission (threshold on cumulated acoustic energy). It appears that the limited
cracking at the free edge is not sufficient to be detected as a clear onset in the acoustic emission energy
profile. However, the acoustic emission energy shows a sudden increase at a value corresponding to the
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measured onset of damage which does not correlate with events recorded at the free edge. Thus, it can
be considered that the onset of damage detected by acoustic emission monitoring is representative of a
second damage mechanism appearing in the bulk of the laminate and not necessarily at the free edge.

A comparison of the experimentally determined onset of damage with predictions based on the in-situ
strength model of Camanho et al. [6] shows a similar trend towards increasing values for thinner plies but
fails to quantitatively predict the measured value in its present form as seen in figure 5 where the mode
I fracture toughness, Gy, should be scaled by a factor of 7 to reach perfect agreement for ¢t = 150 um
compared to what had been measured experimentally. The in-situ strength model being based on plain
strain assumptions, it is in principle only able to capture effects in the bulk of the specimens, which might
explain the observed discrepancy.
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Ficure 5. Onset of Damage / First crack observed scaling in tensile tests on quasi-isotropic laminates
(M40JB/TPSOEP)

4. Numerical modelling

Comparing the strain at onset of transverse cracking in plane strain simulations with the onset measured
by acoustic emission in figure 6, a good qualitative agreement was found. A sensitivity study of the model
parameters has been performed, which highlighted the major importance of the interface toughness on
the results. This value consequently needs to be determined experimentally, but can be expected to fall
between the two bounds tested, namely 5 and 10 J/m?. The typical damage sequence observed is a fibre-
matrix debonding in a fibre rich zone, followed by the development of some local plasticity, and ending
in matrix damage that propagated through the ply.

Micro-mechanical characterization is also in progress to improve the parameters of the Drucker-Prager

model for the matrix by using nano-indentation and the procedure outlined in Rodriguez et al. [7]. DIC
measurements during SEM in-situ tensile tests will also be performed to yield important data regarding

S. Kohler, J. Cugnoni, R. Amacher, J. Botsis



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 17" European Conference on Composite Materials
Munich, Germany, 26-30" June 2016 7

the in-situ behaviour of the matrix and the interface properties. The use of such independent in-situ data
will allow a better quantitative agreement to be reached between model and experiments than is currently
exhibited.
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Ficure 6. Comparison between AE measurements and FE results

5. Conclusion

The absence of matrix damage for the thinnest plies in the observations made at the free edge, both
in-situ and in later SEM investigations, tends to confirm the hypothesis of the existence of a ply thick-
ness limit below which the matrix dominated failure mechanisms are delayed so far that the fibre failure
process dominates the failure of the composite [1]. It is also interesting to note that the scaling obtained
by acoustic emission measurements and visual observations at the free edge are not similar. The reason
why transverse cracking is observed well before reaching the onset of damage determined by the ener-
getic threshold in acoustic emission for intermediate ply thicknesses remains to be investigated, but it
can be expected that two separate sets of mechanisms are concurrently at play when performing these
unnotched tensile tests. The first set of mechanisms takes place in the bulk of the material in plane strain
conditions, and their evolution can be monitored by acoustic emission. The second set takes place at
the free edge, and can be monitored using optical or SEM observation of the polished free edge during
testing. Consequently, while further work on the plane-strain FE model should yield a better agreement
with the experimental result, it can be expected that a full 3D model is required to capture the damage
evolution at the free edge. From the tests performed in this study, it is expected that the damage occurring
at the free edge dominate the damage evolution of the whole sample for thick ply composites, whereas
the response of samples made of thinner plies is dominated by the damage taking place in the bulk of the
material, with the free edge damage being constrained there and not propagating inside the sample.
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