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Abstract

The study of the failure modes of carbon fiber reinforced polymers is essential due to their
extensive use in industry. Translaminar failure (at the scale of the laminate) has been studied
extensively the main goal being to compute the critical strain energy release rate in mode | of the
ply Gic piy but large variations can be observed between papers. This study investigates this failure
mode of a carbon/epoxy laminate, using Compact Tension (CT) and Compact Compression (CC)
specimens. The stacking sequence used is [45/-45/(0/90);]s where 45° plies on the outside
efficiently prevented the buckling of the specimen to be observed, as well as plasticity of the matrix.
Moreover, this layup is rather similar to real-life industrial stacking sequences. Strains fields and
axes displacement were obtained using digital image correlation. Infrared images were used to
follow the crack propagation during the loading of the specimen and compared to DIC and X-ray
tomography crack length measurements. IR measurements studied from a qualitative point of view
were thus shown to be an efficient and reliable method. Gjc of the laminate Gi¢ sm Was computed
with both the ASTM-E399 and compliance methods, and finally G,¢c ,, was computed using a rule of
mixtures. Secondary damage was detected and its effects on the energy dissipated were quantified
using strain fields, X-ray and infrared images. This enabled a more accurate rule of mixtures to be
redefined. The failure scenarios of all specimens were eventually exhibited. Gjc ,), values in tension
were found to be higher than in the literature whereas in compression it was found to be lower
than in the literature, due to crack propagation being detected earlier by means of IR
measurements.

1. Introduction

The reduction of aircraft weight is a major concern for aircraft manufacturers, as it is a way of
reducing the fuel burn and thus the carbon footprint of the aviation sector. Composite materials
allow for a substantial weight reduction thanks to their high strength-to-weight ratio. Today, Carbon
Fiber-Reinforced Plastics (CFRP) are among the most efficient known materials. This has created a
need for a deeper understanding of the failure mechanics of these materials. At the mesoscopic
scale, CFRP failure results from 3 primary types of damage: interlaminar, intralaminar, translaminar
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[1]. Intralaminar failure occurs when damage propagates parallel to the fibers, inside the ply.
Interlaminar failure happens when a crack propagates between two plies (delamination).
Translaminar failure occurs when the crack propagates through the thickness of the laminate. This is
the most energetic failure mode.

Compact Tension (CT) and Compact Compression (CC) tests were first developed for metallic
materials (ASTM-E399 test method), but many studies have been carried out to adapt them to test
composites [1,2,3]. CT and CC tests have been widely used to study the translaminar fracture in
mode | of composites, as they allow a stable crack propagation. CT tests are difficult to analyze and
understand, because of secondary damage (i.e. damage not directly linked to the crack growth) [3]
and because of the complexity of the failure scenario. Another definition of secondary damage
could be any damage not linked to translaminar crack propagation and induced by the experimental
setup (Figure 9).

Failure of CC specimens is even more complicated to understand, and if the CC test allows the
measurement of the critical strain energy release rate (SERR) at initiation, several articles show that
extracting the value in propagation is complicated due to crushing in the specimen in the areas
where the crack has already propagated [2,4]. Fewer studies have been conducted on CC than on
CT.

Several methods have been used regarding the experimental testing procedures.

The crack length monitoring value is essential in order to calculate the exact G,c value, as a small
uncertainty in this value can lead to a significant error in the final calculation [5]. Many methods are
available to measure it. The first one, used by [1,3,5] is the simplest. It consists in filming a face of
the specimen painted white, to visually estimate the crack length. However, Laffan et al. [5] noted
that this method could suffer from a lack of precision. DIC can also be used. This is the method
chosen by [2,6], where software detects the discontinuities in the strain field, then the path of the
crack can be visualized and analyzed. Reiner et al. [7] also used DIC but with a maximum strain
criterion. It is assumed that the material has failed when the strain measured on the surface of the
specimen exceeds the strain threshold given by the manufacturer, in tension or in compression.
However, these DIC methods need to assume that strains and discontinuities measured on the
surface of the specimen are representative of the state of the specimen through the thickness,
which may not be the case with a specimen exhibiting delamination. Gonzalez et al. [8] compared
the Tsai-Hill criterion computed using DIC measurements and X-ray tomography images to estimate
the crack length in each ply orientation. This technique enables the crack length in individual plies
to be measured and showed a large dispersion in different plies. In situ X-ray measurements were
recently successfully used by (Sun, 2020) to measure, at any loading point, the crack length to build
a partial R-curve on a single edged notched tension specimen.

Laffan et al. [5] used the modified compliance method to calculate this value. Several specimens
with a known crack length are manufactured, and their compliance is measured. This compliance is
then approximated with this function:

C=(axa+p)*
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with a, f, y parameters which must be estimated, and a the crack length. Eventually, the effective
crack length can be calculated by measuring the compliance of the specimen during the test:

CX — B
a

Aerr =

This method has the drawback of assuming that a specimen whose crack was cut is representative
of a specimen whose crack is obtained by loading. This may not be the case due to damage around
the crack as they may influence the compliance of the specimen.

Another method to measure the crack length is by using an infrared camera. When a failure occurs
(and particularly fiber failure), heat is released, and it can be identified on the thermal signature of
the specimen. The localization of the damage zone can be determined, then the crack length is
calculated. This is the method described by Saadati et al. [9]. However, comparing the crack length
obtained using IR measurement to other measurement methods has rarely been carried out, as IR
thermography methods are usually preferred when it comes to computing the critical SERR [9,10].
Another advantage of IR images is that they can detect damage that happened over a short period
of time (such as fiber failure) thanks to the thermal signature, thus this technique can be interesting
from a qualitative point of view. More precise infrared values can also be taken to calculate the Gic
locally [10].

Other measurements can be taken during tests on carbon/epoxy materials, such as acoustic
emission [1,11] to identify the type of damage the specimen is undergoing.

Data reduction methods for CT and CC tests are numerous and complex. They mostly aim at
calculating the critical SERR Gic. The ASTM-E399 method was originally developed for isotropic
linear-elastic metallic materials, and its application to composite materials is not trivial. It has been
used in numerous studies [2,3,12,13]. Laffan et al. [5] underlined that this method could not be
directly used for orthotropic materials. Moreover, Pujols Gonzalez et al. [2] observed that this
method underestimates the value of G if the material presents a large plasticity area before the
first failure for CT tests but found consistent values for CC tests. (Rondina, 2023) came to the
opposite conclusion; the ASTM-E399 method gives consistent results for CT tests, contrary to CC
tests.

The area method is simple to use. However, as noted by Laffan et al. [5,12,13], this method is
sensitive to Aa measurement errors, especially for low Aa values. The calibrated compliance
method uses the Irwin-Kies formula, with an approximation of the compliance vs a function. This
method is often considered as more reliable than the previous ones [1,2,5,14], (Rondina, 2023) for
CT tests. A method based on the calculation of the J-integral is also possible [6], (He, 2022).
According to [5], this method has the advantage of not having to derive the interpolated function
C(a), possibly reducing the errors for CT tests. However, [6] observed that this method was not
applicable for CC tests because of the high plasticity induced by the formation of kink bands. More
recently, (Xu, 2021) used a finite element model on Over-height Compact Tension specimens to
compute the R-curve using VCCT, informed by the loadings measured at failure. However, this
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technique has the drawback of having to model the shape of the crack, which can lead to
uncertainties.

Some studies focused on methods to prevent secondary damage, mainly by changing the geometry
of the CT specimen [15] or CC specimen [17]. However, only qualitative studies were carried out,
the energy that could be dissipated through these secondary damages was not estimated. Most of
the studies [1,4,5] use the rule of mixtures to compute the critical SERR of the ply from the value of
the laminate; however, such a simple model can be questioned in the face of the complex failure
scenario exhibited by both CT and CC tests.

All these studies showed a large dispersion in Gjc values, according to the test methods, material
used, or geometry used. No clear consensus has been reached on how to carry out CT and CC tests.
The different methods of crack length measurement, especially the use of IR images from a
qualitative point of view, need to be explored and compared to each other. As phenomena leading
to crack propagation are complex, estimating the energy dissipated through ways other than fiber
failure is at stake to have a consistent value of the critical SERR. X-ray images allow precise and
reliable measurement of the crack length and can be considered as a reference for other
techniques. The phenomena leading to failure being very complex, computing the SERR of the ply
from the SERR of the laminate is not simple and requires in-depth understanding of the failure
phenomena.

Extensive testing using different techniques is thus needed to better understand the underlying
phenomena.

A new stacking sequence for CT/CC tests is proposed below in order to mitigate buckling and matrix
plasticity while being closer to real-life industrial stacking sequences. An innovative approach
combining qualitatively used infrared imaging, X-ray microtomography and digital image correlation
is developed to tackle the lack of understanding of the failure phenomena. A new method to
estimate the energy actually released by crack propagation is made possible thanks to an in-depth
understanding of the failure scenario.

Objectives of the study:

The goal of this study is to analyze the translaminar fracture toughness of a carbon fiber reinforced
thermoset material (carbon/epoxy). CT and CC specimens will be used to study respectively tensile
and compressive damage. Three methods of crack length measurement will be analyzed and
compared: infrared, DIC and X-ray tomography. The failure scenario will eventually be detailed.
Particular attention will be paid to detecting secondary damage using IR and DIC measurements as
well as X-ray microtomography images, and the energy dissipated through these damages will be
estimated. The critical SERR in mode | G;c (opening mode) of the laminate Gjc /um Will be calculated
with different methods. Then, the critical SERR of the ply Gjc i, can be computed using the rule of
mixtures and by taking into account actual damage and energy dissipated through secondary
damages observed using X-ray microtomography.
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2. Experimental tests
2.1. Manufacturing the specimens

The material used is carbon/epoxy UD prepreg with mechanical properties close to T700/M21. The
exact reference of the material cannot be given for reasons of confidentiality. The stacking
sequence is [45/-45/(0/90),]s, for a total of 20 plies (in this article, the 0° axis is defined as the
loading axis). A CT/CC specimen must have as many 0° plies as possible, as the goal is to measure
the translaminar fracture toughness of the fibers. The +/-45° plies in the surface delay buckling, and
can take up shear efforts, thus avoiding the formation of a large plasticity area (which can be
observed on orthotropic laminates [2]). This type of stacking sequence has rarely been studied, as
0° and 90° plies are often placed on the surface of the specimen to facilitate crack length
measurement. The use of IR measurements enables us to use this stacking sequence.

The laminate sheets were manufactured using pre-preg hand lay-up. The geometry of CT and CC
specimens respectively can be seen on Figure 1. They were, including the holes, cut out of a laminate
sheet using a water jet cutting machine. The holes were then drilled to the correct diameter with
carbide drill bits. Then a 1 mm long and 0.3 mm wide initial notch was made using a diamond-
coated wire saw. The diameter of the tip of this notch was 0.3 mm, which is smaller than 0.5 mm to
avoid any dependency of the initiation fracture toughness on the notch tip radius [12,13].

The tests were carried out on two specimen geometries (Figure 1). The first had 11.25 mm
diameter holes (geometry usually used for CT/CC tests and given by the ASTM_E399 standard [2].
The choice of this standard instead of the ASTM_E1922 is due to the possibility for the crack to
propagate for a longer distance with the compact tension/compression geometry [26], thus
enabling a greater part of the R-curve to be computated, as noted by [1]. For this one, aluminium
spacers were used so that they could be loaded with 8 mm axes. However, this design resulted in
early failure around the loading holes, which makes this test unsuitable (Figure 11). Therefore, a
second geometry with 8 mm diameter loading holes was used.



10

15

20

36.25 J6.25

I !
@ /125
{ 030
2 ¥y 54 54
|
45°
!
."
900 L ’ ,
/ /
— = v
. w=4y o 4 7 £
-a- _b_

Figure 1 : Dimensions of a CT specimen with 11.25 mm loading holes (a) and of a CC specimen with 11.25 mm
holes (b)

The geometry used results in an ag/w ratio equal to 0.45, where ayis the initial notch length and w
the distance from the loading hole centers to the right edge of the specimen.

A DIC pattern is painted on one side of the specimen, with an acrylic based spray paint. The pattern
is non-periodic (i.e. as random as possible), and care was taken during painting to ensure that no
preferred direction was created (i.e. the pattern has to be as isotropic as possible). In practical
terms the pattern has to be as random as possible to make every area of the structure as unique as
possible. Otherwise, the correlation that consists in identifying the area around a point of interest
(often called subset) in every snapshot taken during the test, can be difficult because several
solutions are found instead of one single one. The size of the speckle was as close as possible to 3-4
pixels, as advised by Reu P. [17]. The paint was applied just before the test, to prevent chipping of
the paint.

On the other side, a matt black paint was applied to ensure a maximum and homogeneous
emissivity, to have consistent results with the infrared camera.

2.2, Test configuration

The tests were carried out on an Instron 5989 screw-driven traction testing machine, with a setup
capable of applying a load up to 100 kN in traction and in compression. The forces are measured by
a 50 kN loading cell. For confidentiality reasons, the measured forces are normalized using the
maximum measured load and the precise name of the material cannot be given, it can only be said
that it is a carbon/epoxy UD laminate. The experimental setup can be seen on Figure 2.
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Figure 2 : Experimental setup of the second test campaign

Two test campaigns were carried out. The first one was composed of CC and CT tests, with
11.25 mm holes and 8 mm holes, with two specimens of each type. Specimens from this campaign
with 8 mm holes will be subsequently referred to as CT1&2 and CC1&2. The second test campaign
was only composed of CT and CC specimens with 8 mm holes, with 4 specimens of each type. They
will subsequently be referred to as CT3 to 6 and CC3 to 6. The second experimental setup was
slightly different to study the phenomena observed during the first test campaign in more detail.

For both campaigns, a Telops FAST thermal camera with a resolution of 256x320 pixels was placed
on the other side of the specimen, and a black sheet was placed in the field of the camera behind
the specimen to make sure the measurements could not be disturbed by any heat source. The
acquisition time was around 80 ps for all tests.

The first test campaign experimental setup had two 5 Mpx Pike f-505B monochrome cameras. The
mounted lenses have a 50 mm focal length. The first was placed perpendicular to the specimen, to
make sure the 2D displacements are measured with as little error as possible. The second was
placed on the same rack but with a 30° angle to measure possible out-of-plane displacements using
stereo-correlation, in order to make sure no buckling of the specimen occurred. A light source was
placed above each camera.

For the second test campaign, a third 5 Mpx Pike f-505B monochrome camera was added
perpendicular to the specimen to film the side opposite the loading axis. The goal was to measure
the compressive and tensile strains to detect secondary damage (see 5.iii). The two other cameras
were replaced by 8.9 MPx cameras.

For the first test (CT1- 11mm, see Table 1), the frequency of the cameras was set to 2Hz, and that of
the thermal camera was set to 100 Hz. The loading speed was set to 1 mm/min. For all the other
tests, to reduce data volumes, the frequency of the cameras was set to 2Hz, and that of the thermal
camera to 10 Hz. The loading speed was set to 2 mm/min.
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The steel loading pins were also painted on the sides with the same pattern as the specimens, to
measure the axis displacement accurately. For the first test campaign, the paint was applied on the
specimens the day before the test. However this resulted in extended paint chipping. Applying the
paint less than 20 minutes before the test solved this issue for the second test campaign. Two

aluminum spacers were used to center the specimen in the loading devices.

The test configuration corresponding to each test is summed up in Table 1.

Test DICcameral | DICcamera2 | DIC camera3 IR camera | Holes diameter | Loading speed
CT1-11 mm 5 MPx, 2 Hz 5 MPx, 2 Hz None 100 Hz 11 mm 1 mm/min
CT2-11 mm 5 MPx, 2 Hz 5 MPx, 2 Hz None 10 Hz 11 mm 2 mm/min

CT1 5 MPx, 2 Hz 5 MPx, 2 Hz None 10 Hz 8 mm 2 mm/min

CT2 5 MPx, 2 Hz 5 MPx, 2 Hz None 10 Hz 8 mm 2 mm/min

CT3 8.9 MPx, 2Hz | 8.9 MPx, 2 Hz 5 MPx, 2 Hz 10 Hz 8 mm 2 mm/min

CT4 8.9 MPx, 2Hz | 8.9 MPx, 2 Hz 5 MPx, 2 Hz 10 Hz 8 mm 2 mm/min

CT5 8.9 MPx, 2Hz | 8.9 MPx, 2 Hz 5 MPx, 2 Hz 10 Hz 8 mm 2 mm/min

CT6 8.9 MPx, 2Hz | 8.9 MPx, 2 Hz 5 MPx, 2 Hz 10 Hz 8 mm 2 mm/min

cci 5 MPx, 2 Hz 5 MPx, 2 Hz None 10 Hz 8 mm 2 mm/min

CCc2 5 MPx, 2 Hz 5 MPx, 2 Hz None 10 Hz 8 mm 2 mm/min

CC3 8.9 MPx, 2Hz | 8.9 MPx, 2 Hz 5 MPx, 2 Hz 10 Hz 8 mm 2 mm/min

cca 8.9 MPx, 2Hz | 8.9 MPx, 2 Hz 5 MPx, 2 Hz 10 Hz 8 mm 2 mm/min

CC5 8.9 MPx, 2Hz | 8.9 MPx, 2 Hz 5 MPx, 2 Hz 10 Hz 8 mm 2 mm/min

CcCe 8.9 MPx, 2Hz | 8.9 MPx, 2 Hz 5 MPx, 2 Hz 10 Hz 8 mm 2 mm/min

Table 1 : Experimental setup corresponding to each test

3. Experimental data analysis methods
3.1. Measuring the axis displacement

Measuring the displacement of the loading axes is essential when using methods such as the area
method or the compliance method [5]. The easiest way to access this value is via the value given by
the machine. However, it can be imprecise, or may need to be corrected using the machine
compliance [1]. Another way to get this value is by using an extensometer [18,19]. Another method
is image correlation. This is the method chosen by [2,3]. The specimen is filmed by a camera.
Software then processes the sequence of images, identifying numerous small regions (subsets), and
computing their displacements. This is the method used in this article, the circles on which the axis
displacements were averaged can be seen in Figure 5.

3.2. Measuring the crack length

The first method chosen to measure the crack length was the use of infrared images. They
offered good precision, particularly for CC tests, as can be seen on Figure 3. When the spot is small,
the crack tip is assumed to be located at the center of the spot. In this case, the width of the spot is
due to heat diffusion and not to diffused damage (Figure 3). It is considered that local heating in the



order of magnitude of 1°C shows fiber failure (which is the order of magnitude of the heating
observed by [10] for this failure).

L34 - (

Loading cylinders Initial crack Crack tip

Figure 3 : Local heating of CC2 specimen on the tip of the crack after failure. (Surface ply at 45°)

The damage is more diffused for the CT specimen. Another method was therefore used to
calculate this length. The method consists in taking the distance according to the horizontal
direction between the notch beginning and the center of the heat dots. However, since multiple
spots appear at the same time for the CT, it was decided to measure the distance with the furthest

10 dot from the notch start, as can be seen in Figure 4. As for the CC tests and for the same reasons,
the center of the heated dot is assumed to be the tip of the crack. Furthermore, the failure is mainly
driven by 0° plies, but since the heat mainly diffuses along the fiber direction, the temperature rise
detected by the thermal camera appears blurry in the beginning. It was therefore chosen to
measure the length only when clear dots appear after the first temperature rise (in general 100-200

15 ms later). No other fiber damage appears during this interval, since the delay between two load
drops on the curves (for the CT specimens) is at least a few seconds.
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Loading cylinders Initial crack

Figure 4 : Local heating of the surface of a CT specimen after failure. The white arrow indicates the distance
used to measure the crack length. (Surface ply at 45°)

The second method uses DIC measurements. Strain fields are calculated using digital image
correlation (DIC) with the VIC-2D (©) software. The size of the subset was chosen to minimize the
error o, while keeping a subset size small enough to have information on the frontiers of the
specimen.

Considering the experimental setup of the first test campaign and the pattern precision, a subset
size of 21 pixels, a step size of 5 pixels and a Lagrange filter size of 5 subsets were used. This results
in @ maximum o error approximately equal to 0.04 pixels. With a pixel size equal to p=0.028 mm,
this corresponds to a displacement error approximately equal to o*p = 1.1 um, which is acceptable.

These choices lead to a square virtual gauge with a side size of 1.3 mm, according to the formula
given by the VIC-2D (©) user manual. The virtual gauge size can be seen in Figure 5.

It is assumed that the material has failed when the strain measured along the y axis on the surface
of the specimen exceeds the strain threshold given by the manufacturer, in tension or in
compression (supposedly showing fiber failure in the 0° plies). For reasons of confidentiality, strains
were normalized with the manufacturer’s maximum allowable strain, in tension for positive strains,
in compression for negative strains. An example for CT and CC specimens can be seen in Figure 5.
Purple shows areas where the strain in compression is lower than the minimum allowable value in
compression, red in Figure 5 (a) shows areas where the strain in tension is over the allowable value.

-10-
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Figure 5 Crack length measurement using strain criterion on CT2 specimen (a) and on CC2 specimen (b)
(surface ply at 45°). The white arrow indicates the crack length. The black square shows the size of a virtual
5 gauge

The last method is X-ray microtomography. As this measurement is carried out after the test,
only one single value is available per specimen. This method was used on CT4, CC5&6. The size of
the voxel was set to 10 um. Two methods can be considered and will be compared to define the tip

10  of the crack. It can be defined at the point where every 0° ply exhibits fiber failure (Figure 6) or at
the point where at least one 0° ply exhibits fiber failure (Figure 7).

Matrix crack Fibre failure Delamination

Figure 6 : X-ray tomography A-A cut of CT4, where every 0° ply exhibits fiber failure (circled in red)

-11-
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Figure 7 : X-ray tomography B-B cut of CT4 at the tip of the crack, where only one 0° ply exhibits fiber failure

3.3. Calculating the critical strain energy release rate

Two methods will be used to calculate the G¢ j;m value, the ASTM and compliance methods.

3.3.1. The ASTM-399 method

The first method which will be used is the ASTM-e399 [20]. Formulas are detailed below. First, the
critical stress intensity factor in mode | must be calculated:

Kie = —=(%
bvw™ w
with
a 2+ a a2 a3 a
)= (1—aw)% « (0.886 +4.64——1332 (=) +1472() —56()*
w

where w and a are geometrical parameters of the specimens given in Figure 1, P the load at the
instant of the failure considered, and f(a/w) a geometric correction function for the CT/CC
specimens. The critical load is considered to be reached when the first crack propagation is
detected.

The critical SERR is then calculated:
2
Gic = G * K¢

with

-12-
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with E, the longitudinal Young's modulus of the laminate (perpendicular to the loading axis), E, the
transverse Young's modulus (parallel to the loading axis), vy, Poisson's ratio, and Gy, the shear
modulus. These values are computed using the laminate theory and the ply properties E, E;, v and
Gy

This method only gives the Gc .om value for the initiation. Indeed, this method is based on a certain
crack shape being assumed, which is not respected once the crack has started propagating due to
extensive and complex damage.

3.3.2. The compliance method

This method is used to calculate the critical SERR using the Irwin-Kies formula [21]:
G F? 9acC
= — % —
€7 2b " da

with F the force applied to the specimen just before the failure, C the compliance of the specimen
and a the crack length.

To apply this method, the force, displacement, and crack length values are taken just after each
crack propagation. Then, the compliance C as a function of the crack length a is approximated with
the following function:

C(a) = B+ aa®
(Equation 1)

a and f are estimated by plotting C as a function of a’, then a linear regression is performed to
estimate o and §.

Then, Gi¢ jom can be calculated as:

3F?

GIC_lam = E * a?

In this method, the approximation of C as a function of a is essential. Other models can be
implemented to get consistent values. The cubic model described above will be compared to other
models, to have the best possible approximation.

First, a power law used by [1,5]:

Cla) = (B + aa)*

(Equation 2)

-13-
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Davila et al. [14] describe the process to estimate these values. The y parameter is estimated by
plotting C(a)(l/’o =(ua/Fa) /% versus a, where F, and U, are respectively the force and displacement
corresponding to a crack of length a. The parameter y is then adjusted so that the curve C(a)(l/” vs a
is as close as possible to an affine function. Eventually, o and /8 are estimated by calculating a linear
regression on C(a)(l/”, where « is the slope of the affine function and f its ordinate at the origin.

The last law which will be used is derived from a polynomial law:
C(a) =B + aa*
(Equation 3)

Where «a, f5, x are directly estimated to best fit the data. In this equation, y isn't necessarily a whole
number. For each test, a comparison will be done to select the law best fitting each data set. For the
last two methods, when parameters must be estimated, the Matlab® Curve Fitting Toolbox will be
used. A custom equation corresponding to the law is parameterized. Eventually, the Levenberg-
Marquardt algorithm is used to fit the data with the desired equation [22].

3.3.3. Rule of mixtures

Teixeira et al. [1] describe the calculation of the Gjc ), values using the rule of mixtures. The Gic jom
value can be calculated using the individual Gl(é)of each ply.

N t

_ § (ORI

Gic tam = GIC *?
i=1

Where N is the total number of plies, t; is the thickness of the ply i, and t is the total thickness of the
laminate. The G,c of the 90° plies will be considered as negligible since the fracture of these plies is
mainly driven by the matrix (G,c of the matrix around 100 times smaller than that of the fibers). The
Gicof the 0° plies is equal to the critical SERR of the ply Gic py. Eventually, the G,c of the +/-45° plies

is equal to G,C_ply/\/f, since for a given crack length a, the effective length of broken fibers is equal

to a/\/i if a step-like propagation scheme in these plies is assumed (Figure 8).

-14-
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Figure 8 : Computation of the broken fibers length for a given crack length in the +/-45° plies

For the stacking sequence considered ([45/-45/(0/90),]s), the final expression is as follows :
4
Gic tam = (8 GIC_ply + 5 GIC_ply)/ZO = GIC_ply = 1.85 * Gy¢ 1am

(Equation 4)

3.4. Secondary damage

Secondary damage (i.e., damage to the specimen which is not directly linked to the crack growth)
can appear on the specimen and interfere with the strain energy restitution rate calculation, by
dissipating energy, thus artificially modifying the value of Gjc jam. Blanco et al. [15] studied this
phenomenon on CT specimens, and identified several potential damage areas visible on Figure 9.

- - FMs
= FM: ‘_>
FMs4 @
| :E
£
FM; @
FM> FMs
e naf

w [ FMs

Figure 9 : Secondary damage on a CT specimen (from [15])

Each FM circled zone is linked to a potential secondary damage that can appear in this area. Fiber
failure due to longitudinal compressive stress in FM1 and FM2, matrix cracking because of in-plane
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shear stress in FM3, bearing in the holes at both FM4 points, shear-out in FM5, and eventually out-
of-plane displacement due to buckling in FM6. Compressive damage on the opposite side of the
specimen (FM1) is usually the first secondary damage that could be detected in our specimens
(Figure 10). This failure is highly energetic, thus numerous flying debris were generated. High
temperature shapes can be observed on Figure 10, which are the image of these debris flying out of
the focal plane of the thermal camera, hence the circle shape. The test was ended when heating in
a secondary damage area could be detected on IR images.

High temperature Final compressive
flying debris failure

Figure 10 : Secondary damage (compression on the opposite side) on CT3 specimen with 8mm holes (Surface
ply at 45°)

Secondary damage could be observed around the holes for the CT specimen with 11.25 mm holes
(Figure 11). Contrary to what Blanco et al. [15] identified, the damage is located on the inside of the
holes. This type of damage has been observed on both tested CT specimens with 11.25 mm. This
damage is caused by the small distance between the bottom of the hole to the edge of the
specimen. As a result, 8 mm holes were used.
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Figure 11 : Secondary damage (failure on the side of the holes, circled in green) on the first tested CT
specimen with 11.25mm holes (Surface ply at 45°)

Moreover, as most of the surface around the holes is hidden behind the loading devices, it is
impossible to be sure no other damage occurred during crack propagation. Consequently, CT
specimens with 11.25 mm holes were not further studied. Secondary damage is less likely to be
observed on CC tests. Bearing in the loading holes and tensile damage on the opposite side of the
specimen are the two main types of damage that could appear on a CC specimen [16].

To detect this damage for CT and CC, strain fields were used, in combination with the infrared
images. Out-of-plane displacements obtained using stereo-correlation were used to detect buckling
of the specimen (FM6).

4. Compact Tension (CT) tests results
4.1. Force/displacement curves

The first measurements that can be obtained are the force/displacement curves, with the methods
detailed before. The results are visible in Figure 12. For confidentiality reasons, results were
normalized using the maximum measured load for all tests.
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Force/displacement curves : Compact Tension
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Figure 12 : Force/displacement curve for CT tests (Normalized)

The first CT test (CT1) was excluded from the results because of a wrong setting on the machine
leading to inconsistent results. CT4 was stopped at a 2.6 mm-displacement to get an X-ray view of
the specimen during crack propagation. The unloading path was recorded. CT2, 3, 5 and 6 were
terminated when a damage other than tensile failure on the supposed crack path was observed on
IR measurements (Figure 10).

The first load drop, corresponding to the first fiber failure and thus the first measured crack growth,
happens at an average force of 0.85, with a RSD (relative standard deviation) of 5.1%. From this
point, a large dispersion of the curves can be observed. It can be explained by the complex failure
scenario due to the presence of 45° plies, as noted by [1] who showed that when a specimen is
partially made from 45° plies, failure mechanisms are more complex.

The final compressive failure occurred for CT2, 5 and 6 for an average displacement of 3.22 mm,
with a very low dispersion (RSD equal to 5.0%). However, it can be noted that CT3 failed in
compression for a much lower displacement than other tests. This is due to a small defect caused by
the entry of the water stream during the cutting process, causing a stress concentration in the
compression loaded area.

4.2, Crack length/displacement curves

The crack length vs displacement curves estimated using IR images with the method detailed
previously can be seen in Figure 13. The curves do not start from a null crack length because of the
machined pre-crack length. The first large propagation occurs for displacements between 1.87 and
2.37 mm, resulting in an average of 2.1 mm with a RSD equal to 9.5%. It should be noted that the
first crack propagation visible in Figure 13 corresponds to the first load drop visible in Figure 12.
More generally, for the CT tests, each crack length increase corresponds to a large load drop. The
first crack propagation is large and dispersed compared to the size of the specimen, with an average
of 3.56 mm and a RSD of 45%.
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Another phenomenon that can be observed is that the number of crack propagations for a given
test is relatively low (between 2 and 4 before compressive failure on the opposite side). This is
uncommon for CT tests of this size; the number of crack propagations in the literature is usually
around 10 [1,5].

Crack length/displacement curves : Compact Tension IR
measurements

E 10 ]
=, ! ’ cT2
Bo ) —CT3
C —
g 6
< [ CT4
o 4 —C(T5
&)

2 CT6

0 0,5 1 1,5 2 2,5 3 3,5
Displacement (mm)

Figure 13 : Crack length vs displacement for CT tests

The 3 methods to measure the crack length, detailed in previous sections, were applied to CT4 (the
test was stopped to be able to estimate the crack length and detect secondary damage using X-ray
tomography). The results are visible on Figure 14. The first conclusion here is that tomography and
IR measurements seem to give consistent results. Moreover, it seems that by using IR images to
estimate the crack length with the method detailed in 5.ii, and by defining the tip of the crack as
failure in at least one 0° ply, the tip of the crack can be detected accurately (with a difference
smaller than 0.2 mm). However, if the tip of the crack is defined as failure in all 0° plies, the
difference is around 1.48 mm.

Results are not consistent for DIC measurement using a maximum strain criterion. A large
propagation is detected before anything is visible on IR images. IR and DIC measurements are
available for all specimens, and this behavior could be observed in multiple tests. This result can be
explained by the failure scenario observed on CT specimens. Indeed, matrix cracking is observed
before the first load drop and significant heating on the IR. This damage propagates along the
surface 45° fibers, thus leading to a seemingly large strain in the y direction, ¢,, caused by the
discontinuity created by matrix failure. This matrix crack can be seen for CT4 for a crack length
equal to 6.6 mm (IR measurement) on Figure 21 (a). The first conclusion that can be drawn is that
DIC using a strain criterion does not seem to be a reliable measurement of the crack length with 45°
plies on the surface for compact tension tests.
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Figure 14 : Comparison of the different crack length measurement methods for CT4

4.3. Failure scenario

The understanding of the failure scenario is at stake for the next steps, as it allows the
results to be understood and the calculations to be carried out correctly.

The failure scenario was observed to be the same for all CT tests, each failure following the same
steps. The example of behavior that will be taken here is CT3 and thus can be generalized to all CT
tests of both campaigns. The force displacement/curve and important steps can be seen in Figure
15. The tensile crack length corresponds to the propagation of the crack in tension, which is the
phenomenon studied during CT tests. The compressive crack length can also be seen, corresponding
to the final failure in compression on the other side of the specimen; for this reason its length is
equal to 0 until the end of the test.

Force/displacement curve : CT3

1 18
: 16
=08 : 14 = —Force
Q
= 12 £
© — .
g 10 S A Matrix cracks
R g ©
<04 X Tensi
© ~ = =Tensile crack length
203 6 G
A 2 5
H -==Compressive crack
| 2
1 length
! 0

Displacement (mm)

Figure 15 : Force/displacement curve of CT3, with the tensile and compressive crack lengths
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Matrix cracks are the first observable damage (marked on the force/displacement curve with
triangle-shaped marks), starting at a 1.3 mm displacement. The IR image is visible on Figure 16 (a).
The heating follows the fiber orientation, and damage is located around the pre-crack. The
amplitude of the heating is lower than 0.5°C, thus fiber failure can be excluded. These matrix cracks
before the first fiber failure lead to a loss of stiffness of around 3%.

The second step is fiber failure, which leads to a clearly visible load drop and heating of around 4°C
(Figure 16 (b)). On X-ray images of the stopped test CT4, a large delaminated area can be observed,
particularly between the two +/-45° surface plies, as visible in Figure 17. The final step is the brutal
compressive failure happening on the opposite side of the specimen, with a significant increase in
the temperature in the area (Figure 18 (a)). Indeed, as can be seen in Figure 18 (b), a part of the
specimen is loaded in tension and another part in compression.

26.8°C §/4uS /
ILoading cyIinders" Matrix crack “ Initial crack | I Initial crack I IHeating due toﬁberfailurel

-a- -b-

Figure 16 : (a) IR image of matrix cracking on CT3 before the first crack propagation (surface ply at 45°), (b) IR
image showing local heating due to the first crack propagation of CT3
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Delaminated area || Tip of the pre-crack

Figure 17 : X-ray tomography image showing delamination between 45 and -45° plies on CT4

£yy (normalized)

-a- -b-

Figure 18 : (a) IR image of final compressive failure on CT3, (b) €,, strain field just before final compressive
failure on CT3 showing tensile and compressive areas

Secondary damage on CT specimens was monitored using IR images and by using the camera placed
on the side of the specimen, strains on the side could be computed using Digital Image Correlation.
The results are visible in Figure 19 (a), strains are averaged in a rectangle placed on the middle of the
side of the specimen (Figure 19 (b)). For comparison, force/displacement curves are also plotted on a
different scale. For confidentiality reasons, strains were normalized using the minimum strain
acceptable by the fibers given by the manufacturer. The curve ends at the end of the test, i.e., when
compressive failure happens for CT3, 5 and 6.
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The first noticeable thing is that the strains measured just before compressive failure on CT3, 5 and
6 largely exceed the compressive strength of the material, between 40% and 60%. No noticeable
heating of the specimen was detected on the side of the specimen. CT4 was stopped at a strain
exceeding the compressive strength by 20%, and no damage was detected on X-ray tomography
images. An explanation for this phenomenon could be the in-plane curvature, i.e. the ¢,, gradient
along the x direction, visible on Figure 18 (b). It has been shown that out-of-plane curvature could
impact the kink-band phenomenon and raise the value of the compressive failure strain of the
material [23], and it is possible that in-plane curvature could also have an effect. However, the
evolution of the compressive strength under in-plane curvature is still largely unknown, and specific
tests are needed to fully understand this behavior.

No buckling of the specimen was detected using stereo-correlation, confirming the relevance of the
use of 45° plies on the external part of the specimen.
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Figure 19 : Strains on the side of the specimen vs displacement, compared to force/displacement curves (a),
schematic showing the rectangle (in red) over which strains were averaged (b)

4.4. Computation of the critical strain energy release rate G,c ., for CT tests

Using ASTM and compliance methods, the SERR of the laminate G¢c jsm could be computed.
Among the 3 interpolation formulas of C(a) tested, (Equation 3) gave the best results for all tests,
with an average R’ correlation coefficient equal to 0.99, against 0.93 for (Equation 1) and 0.96 for
(Equation 2).

Once the value of Gj¢c sm Was estimated for the laminate, this value had to be computed for the ply
using the rule of mixtures. The results are visible in Figure 20. The average value at initiation was
obtained by calculating the average Gic ,), of the ply of all tests and all methods, for the first value
obtained on each test. ASTM and compliance methods seem to give consistent results, values seem
to reach a plateau for a crack length superior to 7 mm. Moreover, all curves seem to follow the
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same trend (except for CT2). However, a large dispersion on Gic p, at initiation can be noticed,
particularly for the compliance method, with a variation coefficient equal to 37%. Both methods
considered, the variation coefficient is equal to 26%. In the same way, the value of Gjc p, during
propagation shows a large dispersion, if a value of a=7 mm is considered, then the variation
coefficient is found to be equal to 17%.

Due to confidentiality issues, results were normalized using the maximum computed value for Gi¢ p
in tension.

R-curves: Compact Tension

1,2 CT2
~CT3
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Figure 20 : strain energy release rate of the fibers vs crack length for CT tests using compliance and ASTM
methods

The rule of mixtures assumes a step-like propagation in the +/-45° plies (Figure 8). To check this
assumption, X-ray images were extracted for the surface 45° ply (Figure 21 (a)), and for the -45° sub-
surface ply (Figure 21 (b)). It can be concluded that the shape of propagation going successively
through the matrix, parallel to the fibers, then perpendicularly to the fibers is justified for the sub-
surface plies (Figure 21 (b)). However, the surface ply (Figure 21 (a)) shows no fiber failure, only
matrix cracking propagating between the fibers can be observed. This can result in an under-
estimation of Gic p), since the actual length of broken fibers is lower than the forecasted one.

Thus, a second rule of mixtures derived from (Equation 4) can be computed, where this time only
two 45° plies are considered:

2
GIC_lam = (8 GIC_ply +—= GIC_ply)/ZO = GIC_ply =212« GIC_lam

V2
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Figure 21 : X-ray tomography of CT4 of the crack propagation in a surface ply at 45° (a) and a sub-surface ply
at -45° (b) The x-axis coordinate of the crack tip is indicated by the dotted line

Moreover, extensive delaminated areas were observed at 45°/-45° interfaces and -45°/0° interfaces
(Figure 17). This can result in an over-estimation of Gjc py, since energy is dissipated through this
mechanism and cannot be attributed to fiber failure. The relevance of the rule of mixtures can be
discussed for this stacking sequence. The order of magnitude of the energy dissipated through this
mechanism can be estimated on CT4, where X-ray microtomography images are available. The
delaminated surface is measured, and delamination is assumed to propagate only in mode Il (which
is a conservative hypothesis). The obtained surface is thus multiplied by the SERR in mode Il Gy,
resulting in an estimation of the energy dissipated through delamination for this test and at this
step of the crack propagation. Compared to the total dissipated energy, this results in a proportion
of around 9% of the total dissipated energy from the beginning of the test. Finally, the error on the
force due to the loss of stiffness caused by matrix cracking before the first crack propagation was
estimated at 3%, which results in an error on F? and thus on Gic piy of around 6%.

By considering these three last phenomena, the value of Gc p), at initiation is re-estimated.

5. Compact Compression (CC) tests results
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5.1. Force/displacement curves

Force/displacement curves for CC tests can be seen in Figure 22. CC1, 2 and 3 were loaded until the
loading devices touch each other. CC4 and 6 were stopped just after the maximum force was
reached and started to decrease, to study what happens just after the load drop. CC5 was stopped
in the middle of the crack propagation to study the shape of the crack during propagation using X-

ray tomography.

Force/displacement curves Compact Compression

0,6

o
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T os —cc1

'Té —Ce2
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ot Ccé

Displacement (mm)

Figure 22 : Force/displacement curves for Compact Compression tests (normalized)

5.2. Crack length/displacement curves

Crack length vs displacement curves could be first estimated using IR images, results can be seen on
Figure 23. CC tests show a low dispersion of the displacement associated with the first crack
propagation, with a RSD equal to 7.8% around a mean value of 0.59 mm. An IR image illustrating the
first crack propagation can be seen in Figure 25 (a). The first noticeable thing is that the crack
propagates before anything is clearly visible on the force/displacement curve (Figure 22, for a

displacement equal to 0.6 mm).
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Figure 23 : Crack length/displacement curves for Compact Compression tests, using IR measurement
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Figure 24 : Comparison of the different crack length measurement methods for CC5 (a) and CC6 (b)

-27-



10

15

20

25

30

35

The comparison between IR, DIC and X-ray tomography can be carried out on CC5 and 6; the
result is visible in Figure 24. The difference between the two possible definitions of the crack length
using X-ray tomography (at least one damaged 0° ply or all plies are damaged) is around 1 mm
(which is the same order of magnitude as that observed on CT). Contrary to CT tests, the crack
length measured with IR images seems to be the average of these two lengths.

Measurements made with DIC using a minimum strain criterion gave consistent results for CC1-5.
However, IR and DIC measurements were not in line for CC6, but since X-ray tomography and IR
measurements result in the same final crack length, a greater trust can be placed in the IR
measurement than in the DIC. The displacement at initiation was roughly the same using both
techniques, with an average difference equal to 0.14 mm. Thus, IR imaging seems to be an easy and
reliable way of estimating the crack length.

5.3. Failure scenario

Two main force/displacement shapes can be identified. CC1, 2 and 5 exhibit a maximum in the
curve followed by a smooth decrease in the force. On the contrary, CC3, 5 and 6 show a force peak
followed by a brutal decrease in the force, and significant heating on IR images. Moreover, the
maximum force is noticeably higher (around 8%) and reached for a higher displacement (around
28%) for CC3 and 6 compared to other tests. CC4 seems to combine both failure scenarios: it shows
a low force peak occurring at a displacement close to CC3, 5 and 6, but exhibits two successive load
peaks, the second one being followed by a load drop comparable to that observed after the load
peak for CC3 and 6. In any case, the load drop is accompanied by a significant heating of the
specimen, as can be seen in Figure 25 (b). For each failure scenario, tests showed a low dispersion.
CC1, 2 and 5 maximum average normalized force was equal to 0.467 with an RSD of 1.6%. The
difference between CC3 and 6 force peaks was 6.3%. However, the difference between these two
failure scenarios was 8% for the force and 28% for the displacement. Despite the different failure
scenarios, forces measured for a 2 mm displacement are close. Indeed, CC1, 2, 3 and 5 seem to
follow the same trend, and show an RSD equal to approximately 10% between 2 and 4.5 mm
displacements. Phenomena leading to these different failure scenarios are not fully understood yet;
however, they seem to be correlated to the pre-crack length (CC3 and 6 pre-crack lengths were
around 40% longer than other pre-cracks due to manufacturing inaccuracies). Moreover, the load
increase just before the force peaks does not seem to be linked to the pre-crack closure.

Despite the numerous different behaviors noticed previously on force/displacement curves, crack
length/displacement curves show no great difference between different failure scenarios. However,
for the interval of displacement where differences on the force curves could be observed (between
1.2 and 2 mm), CC3 and 6 crack lengths seem to be lower than other tests, especially between 1.5
and 2 mm. All tests seem to converge to the same crack length between 20 and 21.5 mm for high
displacement values, which is in line with the fact that force curves converge to the same values
with the same trend.
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The shape of the crack for different distances between the tip of the pre-crack and the cut view
obtained using X-ray tomography can give information about the processes taking place during
crack propagation. The shape of the tip of the crack (i.e. for a distance between the tip of the crack
to the image equal to 18.8 mm) can be seen in Figure 26. Two main failure phenomena are visible,
the first matrix cracking in 90° plies at around 45°, which is typical of matrix failure under transverse
compressive loading. These matrix cracks result in delamination between +/-45° plies. Secondly,
blurry areas can be seen between matrix cracks, and can be attributed to kink bands, or more
probably fiber failure (the size of the voxel being too large to make the difference with certainty).
The shape of the beginning of the crack is visible in Figure 27, with a distance from the pre-crack tip
equal to 1.74 mm (with a total crack length equal to 18.8 mm). This image shows the same profile as
that described by Zobeiry et al. [24], with slip surfaces and splittings in 0° plies, and crushed
material gathered in numerous regions which eventually open the material through delamination
(“wedge effect”). These large, delaminated areas could also be observed on CC6 (stopped just after
the load drop) and are believed to be the reason for the load drop observed in these tests. Thus, the
value of the critical SERR can only be measured at initiation. Indeed, when the crack starts
propagating, phenomena other than fiber failure in compression take place and artificially raise the
measured value of Gic p,. Pinho et al. [4] and Catalanotti et al. [6] came to the same conclusion that
CC tests are unsuitable for computing compression R-curves.

Figure 25 : Heating due to crack propagation on CC6, for the first crack propagation (a) or the load drop (b)
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Figure 26 : A-A cut of the shape of the tip of the crack on CC5, several 0° plies exhibiting fiber failure
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Figure 27 : A-A cut of CC5 showing damage after the crack has passed onto a region

Secondary damage (bearing around the loading holes, tensile damage on the opposite side of the
specimen) could not be detected in IR images (no detectable heating in the tensile area of the
specimen), nor visually after the test. Moreover, strains measured on the side of the specimen did
not exceed the maximum strain acceptable by the fibers. However, matrix cracking could be
observed in X-ray tomography for CC5 in 90° plies (Figure 28). Such damage could not be detected
for CC6; thus, it can be assumed that they happen late during the crack propagation phase, and we
can conclude that they should not have any noticeable effect on the computation of Gj¢ .
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Figure 28 : B-B cut of CC 5 showing secondary damage (matrix cracking) on the opposite side of the specimen

5.4. Computation of the critical strain energy release rate G,c .

As for CT tests, R-curves for CC tests could be computed and are visible on Figure 29. Due to
confidentiality issues, results were normalized using the maximum computed value for Gic p in
tension. Among the 3 interpolation formulas of C(a) tested, (Equation 3) gave the best results for all
tests, with an average R correlation coefficient equal to 0.98, compared to 0.89 for (Equation 1)
and 0.91 for (Equation 2).

As for CT tests, the interesting value is the critical SERR of the ply Gic p, and it can be computed
using the rule of mixtures. The ASTM method seems to give consistent and repeatable results, with
a variation coefficient equal to 12%. This can be explained by the very low dispersion of forces and
displacements associated with the first crack propagations on CC tests, as shown in Figure 29. The
compliance method seems to give more dispersed results, with a RSD equal to 83%. This large
dispersion can be explained by the fact that two curves (CC2 & 6) have very low initiation values.

As detailed in 5.3, the value in propagation is artificially raised by other phenomena (crushing,
plasticity etc.) taking place in areas where the crack has already propagated, thus the Gic py
measured is the sum of the energy needed to propagate the crack and to crush material. The first
conclusion from these curves is that during propagation the energy dissipated by crack propagation
seems to be only a small part of the total dissipated energy, since there is a factor of around 10
between Gic py, at initiation and propagation. R-curves are different for the different failure
scenarios highlighted in 5.1 for crack lengths between 7 and 12 mm (corresponding to
displacements between 1.2 and 2 mm). Indeed, CC3 and 6 showed a load increase for these
displacements, and R-curves also show an increase of Gi¢c ,;, when the load increases.
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Figure 29 : R-curve of the laminate for CC tests

The propagation in +/-45° plies can be seen in Figure 30. The step-like propagation described in
Figure 8 and used to compute the length of broken fibers can be observed in both 45° plies. There
seems to be more matrix cracking than that forecast by the step-like model (extensive matrix
cracking around the edges of the “steps”), especially once the crack has propagated around 5 mm.
Due to the low value of Gc ), these matrix cracks may be non-negligible and can participate in the
Gic piy increase with the crack length.
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Figure 30 : X-ray tomography of CC6 of the crack propagation in a surface ply at 45° (a) and a sub-surface ply
at-45°(b)

6. Comparison of the values with the literature
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6.1. Compact Tension tests

Values for the strain energy release rate of the ply for thermoset carbon fibers composites
can be found in the literature and are summed up on Table 2.

CT tests: literature review Gic_piy(initiation) Gic_ply (propagation)
Pinho et al. [4] 91.6 ki/m? 133 kJ/m?
Laffan et al. [5] 41-90 kJ/m? 57-132 kJ/m?
Catalanotti et al. [6] 98.7 kJ/m? 133.7 kJ/m?
Teixeira et al. [1] 46-104 kJ/m? 49-160 kJ/m?

Table 2 : Critical SERR values for carbon fibers/epoxy materials

The average value obtained at initiation for the G,c ,, was found to be significantly higher
than in the literature (even if the exact value cannot be given for confidentiality reasons). Similarly,
the average value in propagation is substantially higher. The reason for this difference is not fully
understood; however, the complexity of the failure scenario may influence this value. Moreover the
fracture toughness is known to be dependent on the draping sequence, and the choice of the £45°
outside ply made for this study should affect the results. Indeed, this choice was made in order to
limit the shear plasticity and increase the buckling load, but the values in the literature are
classically performed with cross ply laminates (only 0 and 90° ply). It would be interesting to repeat
these experiments with cross ply laminates in order to compare the values obtained. Furthermore,
a new material with a possibly better carbon fiber/matrix cohesion may substantially raise the value
of the critical SERR.

Moreover, for certain tests, damage around the crack propagation could be detected near
the end of the test (for crack lengths superior to 7mm), as visible in Figure 31. Indeed, the white
arrow indicates the crack length one second before the heating happened, thus showing that
damage detected by this heating does not correspond to crack propagation as damage is not
happening further from the initial crack.
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Figure 31 : IR image of CT5 showing numerous damages around the crack

All phenomena detailed in this part and their consequences for Gic ,;, computation for CT tests are
5 detailed in Table 3.

Effect on the Gic piyin tension if not
accounted in computation

Phenomenon

Decreases Gjc piy at initiation by about 6%.
During propagation, it can be assumed that
the effect remains during propagation.

Matrix cracking before the first crack propagation
(loss of stiffness)

Increases Gic piy at the end of the

propagation, difficult to estimate
quantitatively

Extensive delamination (Figure 17) Increases Gic pi in propagation by about 9%

Damage around the crack growth during
propagation (Figure 31)

Decreases Gj¢ piy at initiation and in

No fiber failure in 45° outside ply (Fi 21
ply (Figure 21) propagation by about 13%

Table 3 : phenomena which can influence the computation of the critical SERR for CT tests

6.2. Compact Compression tests

As demonstrated in previous sections, only the value at initiation is valid. Fewer values of the critical
10  SERR atinitiation for CC are available in the literature. Pinho et al. [4] obtained a value equal to 79.9
kJ/mz, Catalanotti et al. [6] obtained 47.5 kJ/m>2. On average, the value of Gj¢ ,, was found to be
significantly lower than literature values. A possible explanation is that the use of IR measurements
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means that damage is detected sooner than with other techniques, thus the computed value of
Gic piy is lower. Indeed, if the load drop is considered as the critical force and the moment when the
crack starts propagating and crack propagation is visually measurable on the surface, the value
obtained is this time in line with other studies. Moreover, as previously evoked, the choice of the
+45° outside ply made for this study should affect the results compared to the classical cross ply
laminates (only 0 and 90° ply) in the literature.

It is interesting to mention that with other experimental setups, the value obtained is closer to the
values described in this paper. Using notched compression setup and a layup composed of only 0°
plies, Sutcliffe and Fleck [25] found a value for Gic p, between 10 and 17 kJ/mZ. In the same way,
Laffan et al. [12] found a value of around 25.9 ki/m? using a four point bending testing
configuration.

All phenomena detailed in this part and their effects on G 5, computation for CC tests are detailed
in Table 4.

Effect on the Gjc ,iy in compression
Phenomenon =
computation
Crushing Raises Gj¢ piy in propagation
Late detection of crack propagation Raises Gjc py at initiation

Table 4 : phenomena which can influence the computation of the critical SERR for CC tests

7. Conclusion

Translaminar failure (at the scale of the laminate) has been studied extensively the main goal being
to compute the critical strain energy release rate in mode | of the ply Gj py using CT and CC
specimens. The Gc p), value for CT tests could be obtained using the rule of mixtures, modified using
actual damage observed using X-ray tomography images. This value was found to be higher than in
the literature. The value in propagation was found to be much higher than in other studies. The
value for CC tests is only reliable at initiation, but with a large dispersion on the value. This value is
lower than in other CC studies but is in line with values obtained using other test setups.

The presence of 45° plies on the outside of the stacking sequence proved to be beneficial for CT and
CC tests, while being more representative of real-life stacking sequences used in the industry.
Indeed, no buckling of the specimen was detected, confirming the interest of placing these plies on
the outside of the stacking sequences. Moreover, no large plasticity of the matrix before the first
fiber failure was observed. Nevertheless, these +45° outside plies should affect the evaluation of the
fracture toughness and make it difficult to compare with the values in the literature where the tests
are performed with more classical draping sequences composed of cross ply (only 0 and 90° ply). It
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would be interesting to repeat these experiments with cross ply laminates in order to compare the
values obtained.

IR images to estimate the crack length proved to be a reliable and easy way to measure the crack
length, as it can see damage inside the laminate and is able to show damage history, thus allowing
stacking sequences with no 0° or 90° plies on the outside. X-ray microtomography and IR crack
length measurements gave consistent results, boosting trust in the use of IR images from a
qualitative point of view.

The last step is to model the failure of these tests using the finite elements method, as it would
allow the separation of all sources of energy dissipation, and finally measure the G¢ ,, using inverse
methods.
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