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Abstract

Trans-laminar fracture is an important topic for engineering composites. In this study,
trans-laminar fracture initiation in quasi-isotropic carbon/epoxy laminates made of non-
crimp fabrics was examined using in situ fast synchrotron X-ray radiography and ex situ
X-ray computed tomography. The maximum split lengths were measured by in situ ra-
diography and were compared with the predicted values in a detailed FE model using
cohesive elements. Ex situ computed tomography scans were also conducted to confirm
that no fibre breakage occurs before the final load drop in the experiments. In situ and ex
situ observations are complementary for the understanding of damage initiation.

Keywords Fracture - Fracture Toughness - CT Analysis - Synchrotron X-ray
Radiography

1 Introduction

The application of carbon fibre composites in engineering fields has grown over the last
few decades, primarily due to their outstanding specific strength and stiffness [1]. Another
important material property of these composite materials is their resilience, measured in
terms of fracture toughness. However, the knowledge of the fracture mechanisms, espe-
cially with regard to trans-laminar fracture, still requires further investigations [2].
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Detailed observations of trans-laminar fracture propagation are important for under-
standing how composite materials fail. Digital Image Correlation (DIC) is a widely used
method for observing the damage progression in real-time [3, 4]. However, the method is
mainly limited to the specimen surface which is more problematic given that these compos-
ites often consist of multiple plies through thickness with different orientations. In contrast,
ex situ X-ray Computed Tomography (CT) can overcome such limitation of DIC, so has
been used for examining trans-laminar fracture with different specimen sizes [5], material
architectures [6] and layups [7] often with dye penetrant to enhance contrast. Furthermore,
in situ CT analysis has been used to investigate trans-laminar fracture initiation [8] and ini-
tial propagation [9], offering continuous observations while the specimen is being loaded.
In situ synchrotron X-ray CT has also been adopted to investigate damage evolution in com-
posites [10], and it was concluded that complementary ex situ CT scans [11] can improve
understanding in addition to the existing in situ scans [10].

Trans-laminar fracture is a complex phenomenon because there is not a clear through-
thickness crack but a process zone which consists of fibre breakage, delamination and
splitting. Much of the recent works done so far on trans-laminar fracture have been about
some key failure mechanisms during fracture propagation [6, 7, 9, 12], and only some early
studies were focused on the evolution of sub-critical damage. For example, Ciba Geigy’s
T300/914 C cross-ply laminates were examined with X-ray radiography [13] and transpar-
ent Hexcel’s E-glass/913 cross-ply laminates were examined visually [14] to quantify 0°
split lengths at the crack tip. Few quantitative studies on splitting were done using quasi-
isotropic carbon/epoxy laminates. Xu et al. [15] conducted a numerical study which showed
that the growth of 0° splits is driven by strain energy, but the predicted split lengths were
not validated by experiments.

In the current study, an in situ fast synchrotron X-ray radiography enables continuous
examinations of damage evolution at the crack tip of quasi-isotropic carbon/epoxy lami-
nates. The in situ observation of splitting offers new insights into the initiation of trans-
laminar fracture. The measured maximum split lengths follow a similar trend compared to
that predicted by the detailed Finite Element (FE) method using cohesive elements. The ex
situ X-ray computed tomography scans offer complementary results confirming no fibre
breakage occurred until the end of the experiments.

2 Materials and Methods
2.1 Materials

A test panel, with a nominal laminate thickness of 2 mm, was manufactured at the Japan
Aerospace Exploration Agency (JAXA) via Vacuum assisted Resin Transfer Moulding
(VaRTM). The material used was bi-axial carbon Non-Crimp Fabric (NCF) made from STS-
24k fibres (SAERTEX Co. KG), and DENETITE™ epoxy resin (XNR6809/XNH6809,
Nagase Chemtex Co). The stacking sequence used was [(45/-45)/(0/90)],. The specimens
were then cut from the panel using 1 mm carbide end mills on an Auto Lab milling machine
system (MITS Electronics, Japan).

In this work, three compact tension specimens (S1, S2, and S3) were used for the in situ
micromechanical testing combined with a fast synchrotron X-ray radiography and another

@ Springer



Applied Composite Materials (2024) 31:765-774 767

three specimens (S4, S5, and S6) for interrupted tests followed by ex situ computed tomog-
raphy (CT) scans. An engineering drawing of the specimen and an illustration of the ply
orientations are shown in Fig. la.

2.2 Deben Testing jig Design

A test jig (Fig. 1c) was designed to perform compact tension testing on a Deben MT5000
micromechanical testing stage, for both in situ synchrotron X-ray radiography and the inter-
rupted tests for ex situ CT scanning. The specimen was held upright to avoid the potential
interference of the steel jig to the X-ray beam.

2.3 In situ Micromechanical Testing with Radiography

The in situ radiographic experiment was performed on the B16 beamline at Diamond Light
Source (DLS, UK). To monitor crack growth, a PCO.edge CCD camera was set-up~640 mm
behind the samples, to gather radiographic data with a pixel resolution of 1.1 um and a field
of view (FOV) of 2.3 x2.0 mm.

A Deben MT5000 Microtest rig (Microtest, Deben Ltd., Suffolk, UK) was used to per-
form an elastic compliance technique on the compact tension specimens whilst continuous
radiography scans were acquired. The load-displacement graph obtained from the in situ
radiography experiment performed on the three specimens can be seen in Fig. 2a. Overall,
13 cycles, 15 cycles, and 12 cycles were achieved for in Specimen 1 (S1), Specimen 2 (S2),
and Specimen 3 (S3), respectively.
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Fig. 1 (a) Engineering drawing of the carbon/epoxy composite compact tension specimen; (b) In situ
synchrotron X-ray radiography set-up; (¢) Customized Deben micromechanical test jig
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Fig. 2 Deben Force-elongation curves for (a) S1, S2 and S3 during in situ radiography experiments; (b)
S4, S5 and S6 during interrupted experiments before X-ray CT

2.4 Exsitu Computed Tomography

Prior to the ex situ CT scanning, three interrupted tests were performed involving three dif-
ferent load-unload regimens for each specimen as shown in Fig. 2b. In the first specimen
(S4), the specimen was loaded until a load drop was observed at 1200 N. In the second
specimen (S5), the specimen was loaded until a load drop occurred, at which point the speci-
men was partially unloaded and then loaded again until a second load drop was observed at
1000 N. Finally, for the third specimen (S6), the specimen was loaded and unloaded until
three load drops were observed with the last load drop at 1280 N. The measured displace-
ments from the interrupted tests in Fig. 2b are not used for any assessments. After the three
interrupted tests, S4, S5 and S6 were scanned using the NeoScan S80 CT scanner with a
5 um pixel size.

2.5 Fracture Toughness Calculations

Referring to the ASTM E399 standard [16], the Mode T stress intensity factor (/) was
calculated using the following equation:

K=t () m

where P is the paused load, B is the specimen thickness, ¥ is the width from the specimen

rear end to the centre of holes, and a is the initial crack length of the specimen. For the com-
pact tension specimen, the geometry function fla/W) is given by:

; (;/) _ (1(2 +a{;€§/2 {0.886+ 4,645; — 1332 (IZ/)Z n 14.72(;;)3 - 56(5&)1 )
W

The reason for using the initial machined crack length in all calculations is because no crack
growth was observed except in the 0° plies of one specimen which will be discussed later.
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Therefore, only the stress intensity factors before any crack growth were used. The Mode |
strain energy release rate is calculated according to Eq. 3 with £=37.9 GPa [17], assuming
plane stress:

KZ
Gr = é 3)

2.6 Finite Element Analysis

Xu et al. [15] developed a detailed ply-by-ply FE model with a sharp notch in LS-Dyna
using cohesive elements for intralaminar splitting and interlaminar delaminations. The trac-
tion-separation law for cohesive elements is shown in Fig. 3a. The input properties used
were Gy = 0.2 N/mm, Gy = 1 N/mm, ¢;"**=60 MPa and ¢;;"*=90 MPa.

It was found that the 0° splits increase linearly with strain energy release rates without
considering fibre failure. By revisiting the previous model [15], new results are extracted
for all splits represented by the failed cohesive elements as shown in Fig. 3b. The predicted
maximum split length is in the surface 45° plies. The predicted maximum split lengths at
different strain energy release rates are compared against the experimental results.

3 Results and Analysis
All radiography and CT images in this work were reconstructed by Thermo Fisher Scientif-

ic’s Avizo and enhanced and analysed by Comet Technologies’ Dragonfly. All split lengths
were measured using Image J.

a. o Shear mode b.

Unloading

N sshear
6f
1

N Fully debonded

locus: (G, \* (G, \*
e
Gie

\Gue

4z -
A ax(0,.0) | ]
8norm Damage initiation locus: [m;(:,’.’ J +( aJLJ =
1

Fig. 3 A detailed FE method for predicting damage initiation using cohesive elements with (a) Traction-
separation relationship [18]; (b) Failed cohesive elements in red
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Fig. 4 Representative radiograph images taken from S3 during the in situ radiography experiment (cycle
1,5,9,13) at (a) 585 N; (b) 754 N; (c) 958 N; (d) 1074 N

Fig.5 CT images showing damage from S6 after the peak load at 1280 N in (a) 45° ply; (b) -45° ply; (¢)
90° ply; (d) 0° ply

3.1 Insitu Micromechanical Test Results

In situ radiography offered continuous examination and a good resolution. This is prefer-
able when studying splitting also because the specimen is loaded so the cracks are open.
The multiple matrix crack propagation near the crack tip was successfully visualized. Fig. 4
shows the typical radiographic images at different loads during an in situ test. These radio-
graphic images show the overall damage zone including 0°, £45° and 90° splits in all plies,
but no obvious fibre failure by 1074 N. The maximum split length in the specimen can be
measured which is in the 45° plies.

3.2 Exsitu CT Scanning Results

While in situ radiography provided continuous examination of overall damage evolution,
ex situ CT scanning was also done to show the cracks at different depths (plies) through the
specimen thickness. This is difficult to observe in in situ radiography images because the
damage in all plies is overlapped. Typical CT scan images in Fig. 5 show the damage states
in different plies of Specimen S6 interrupted after 1280 N. It shows that fibers broke in the
+45° and 0° plies at the final load drop, but further examination prove that fibers did not
break at the first load drop in S4 and the second load drop in S5 as shown in Fig. 6. Splitting
is visible in Fig. 5 except for the 0° ply in Fig. 5d. This is because the splitting was closed
when the specimen was scanned after being unloaded.

Compared to the CT scan images in Fig. 5 from the interrupted tests, the in situ X-ray
radiographic images in Fig. 4 provide sufficient phase contrast and resolution for continu-
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Fig. 6 CT images showing fibre breakage circled in the 0° plies in (a) S6, and lack of fibre breakage in
(b) S5 and (c) S4 after peak loads

ous measurements of splitting during trans-laminar fracture initiation before fibre fracture
occurs. In Fig. 2a, the load-displacement curves from the in situ radiography experiments
show consistent trends for all three specimens. Fig. 6 shows the presence of fibre fracture
after the last load drop in Specimen S6 (1280 N), but no fibre breakage was observed in S4
(1200 N) and S5 (1000 N). Therefore, it is not expected to have fibre failure in Specimens
S1 to S3 under 1200 N.

3.3 Results and Discussion

The strain energy release rate of each specimen is determined by the initial crack length
according to Eq. 1 to 3. Therefore, the maximum split length of three specimens (S4, S5 and
S6) in relation to strain energy release rate is established as shown in Fig. 7. Among all the
splits, the 45° splits are the longest and the most prominent in the images, so they are mea-
sured for comparison. The results show that the maximum split lengths grow approximately
linearly with strain energy release rates.

Recently, trans-laminar fracture initiation in quasi-isotropic carbon/epoxy laminates was
studied [8]. The fracture process zone development was monitored using in situ X-ray CT
scanning. The scans were conducted while the specimens were still loaded. The damage
sequence throughout the in situ tests was presented. Splitting was found early on during the
tests, which agrees with the current findings. No detailed numerical study was included for
trans-laminar fracture initiation in the work [8].

Another recent detailed numerical study of trans-laminar fracture [19] was mainly
focused on the prediction of R-curve behaviour during fracture propagation, which followed
an earlier numerical work on fracture process zone development [15]. In Fig. 7, the currently
measured slope is similar to that for the maximum splits predicted using the detailed model
[15]. This suggests that the maximum splitting is driven by the same strain energy. The inde-
pendent in situ radiography results in this work can confirm the findings of the detailed FE
results. It is noted that the current slope for the maximum splitting in Fig. 7 is different from
the previously reported slope for the 0° splitting, with the former being steeper.

This work demonstrates that in situ radiography and ex situ X-ray CT scanning are com-
plementary for the study of trans-laminar fracture initiation. The former offers continuous
examination of overall damage while the latter provides a ply-by-ply damage map from
interrupted tests. Combining both techniques, the growth of split lengths can be identified
and quantified before fibres are broken. This potentially leads significant benefit e.g. for
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Fig. 7 Maximum split length — strain energy release rate graph from in situ radiography experiments and
FE model

assessing fatigue damage and residual strength of aircraft composites which are subject to a
load much lower than the ultimate failure load.

4 Conclusions

Damage initiation in quasi-isotropic carbon/epoxy laminates made of non-crimp fabrics
was examined experimentally using in situ fast synchrotron X-ray radiography and ex situ
X-ray computed tomography. In situ radiography shows that maximum split length in the
45° plies of the quasi-isotropic laminates was driven by strain energy. It also agrees with
the predicted trend of maximum splitting in a previous detailed FE model using cohesive
elements without considering fibre failure.

Ex situ computed tomography confirms that no fibre breakage occurred before the load
drops under 1200 N. As a result, the initial machined notch did not extend before this point
i.e. trans-laminar fracture did not propagate. The experimental results are therefore compa-
rable with the FE results which also do not consider fibre failure. In situ and ex situ observa-
tions are complementary for understanding trans-laminar fracture initiation.
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