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Hygrothermal effects on the translaminar fracture toughness of the carbon/epoxy composite with two different
stacking sequences at 120 °C were studied and the failure mechanisms are explained. The eccentrically loaded
single-edge-notch tension (ESET) experiments showed that two different quasi-isotropic stacking sequences ([90/
45/0/-45]4s and [45/90/-45/0]4s) have negligible difference in translaminar fracture toughness. It was found

that the fracture toughness of conditioned specimens at hot temperature wet (HTW) condition increased by 75 %
compared to that at room temperature dry (RTD). The average saturated damage height at HTW increased by 48
% compared with that at RTD according to ex situ X-ray computed tomography (CT) observation. The larger
saturated damage height observed in the 0° plies of the HTW specimens results in the higher translaminar

fracture toughness.

1. Introduction

Composite materials are widely used in the aerospace industry, due
to the demand for materials with high strength and low density. Some
flights experience extreme changes in relative humidity (RH) or relative
temperature (e.g. from —54 °C to 71 °C) [1], the performance of com-
posite materials is affected by environmental conditions, for instance
high temperature and/or high humidity [2]. The glass transition tem-
perature of aerospace composites is reduced by moisture, thereby
decreasing the maximum working temperature [3]. Furthermore, the
mechanical properties of the matrix and fibre/matrix interface are
affected by temperature [4]. Therefore, research on the mechanical
properties of composites in moisture/hot conditions is important for
aerospace applications. Liu et al. [5] tested the quasi-static mechanical
behavior of epoxy resin in a cyclic hygrothermal aging environment
(with humidity changes from 0 to 95 % RH and temperature changes
from 70 °C to 100 °C), showing that the elastic modulus and ultimate
strength decreased with the duration of the hygrothermal aging cycles,
the reason is that the continuous interaction of water molecules and
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epoxy destroyed the polymer chains.

Translaminar fracture toughness is associated with cracks propa-
gating perpendicular to the fiber direction involving fiber fracture, and
has important implications for the damage assessment of notched
laminate composites [6-9] and laminates with in-plane [10] and
out-of-plane [11] defects. The majority of the previous research of
translaminar fracture toughness has been done at room temperature
and/or dry conditions [12-15]. Xu et al. [8,16-19] examined the
detailed damage within each ply of quasi-isotropic laminates at room
temperature and dry condition (RTD). Load drops were observed before
the damage zone was fully developed. Xu et al. [19] investigated the size
effect of laminates, showing that 0° splitting can blunt the stress con-
centration at the crack tip, while the double 0° plies have more energy to
drive split propagation. Teixeira et al. [14] studied the relationship
between the translaminar fracture toughness and the thickness of the
0° layers in cross-ply laminates. It has shown that with the increasing
thickness, the length of fiber pull-out increased, which led to much more
energy dissipation. However, these works explained damage evolution
of translaminar cracks at RTD but not at high temperature and wet
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Fig. 1. Specimen and test set-up (a) geometry and dimensions of specimen,
based on ASTM E1922; (b) test jig in chamber; (¢) CT scanner, NIKON XTH 320
LC CT.

condition (HTW). Marin et al. [20] studied the failure mechanisms of
translaminar fracture toughness of cross-ply laminates at three envi-
ronmental conditions: as received-room temperature, wet-room tem-
perature, wet-high temperature. The highest translaminar fracture
toughness was indirectly derived from the scaled double edge-notched
tension (DEN-T) specimens conditioned in a wet-high temperature
environment (85 % RH and 120 °C), with significant fiber pull out
observed on the fracture surface. Yu et al. [21] predicted the effect of
hygrothermal including hot-wet conditions (85 % RH and 90 °C) on the
translaminar fracture toughness of cross-ply laminates with indepen-
dently measured properties of the interface. Poor pull-out frictional
stress and extensive debonding were believed to lead to improved
translaminar fracture toughness at HTW.

This work aims to provide insight into the behavior of quasi-isotropic
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carbon/epoxy laminates at high temperature and wet conditions. Spe-
cifically, this study is to: (1) provide an experimental study of the
hygrothermal effects (120 °C testing temperature) on translaminar
fracture toughness. (2) analyze the internal crack propagation by using
X-ray computed tomography (CT), which explains the failure mecha-
nisms; (3) investigate the effect of stacking sequence on translaminar
fracture toughness. To the authors’ best knowledge, translaminar frac-
ture toughness of HTW conditioned quasi-isotropic carbon/epoxy lam-
inates has not been reported at 120 °C before, neither have quasi-
isotropic laminates with different stacking sequences been compared
at HTW.

2. Experimental set-up

The eccentrically loaded single-edge-notch tension (ESET) specimen
design and testing process strictly follow the ASTM E1922 standard
[22]. The dimensions of the specimen are shown in Fig. 1a. Hexcel’s
IM7/8552 carbon/epoxy UD prepreg was used. The test panels were
divided into two groups featuring different quasi-isotropic stacking se-
quences, i.e. [90/45/0/-45]4s and [45/90/-45/0]4s. The nominal
thickness and width of specimens were 4 mm and 25 mm, respectively.
The specimens, including the notches, were cut from a plate using 1 mm
diameter carbide endmills on a computer numerical controlled (CNC)
router. No cutting damage was visible at the holes. The notch tip was
extended manually using a precision saw blade with a width of 0.25 mm.
After drying in a chamber (70 °C) for 6 hours, these samples were placed
in a humidity chamber to be conditioned at 80 °C and 85 % RH for 3
months as per the ASTM D5229/D5229 M standard [23] until two
consecutive measurements of mass were within 0.02 % after a week. The
final percentage of mass gain was 0.7 %. The specimens were loaded on
a 250 kN Zwick/Roell 250SE test machine with loading pins inserted
into the two holes in the specimen as per the ASTM E1922 standard [22].
The experimental setup in an environment chamber is shown in Fig. 1b.
All tests were carried out at 120 °C in a thermal chamber. A NIKON XTH
320LC X-ray CT scanner was subsequently used to observe the crack
propagation of specimens in Fig. 1c. The location, size and morphology
of damage were examined with a resolution of 50 pm. The scanning
voltage was 100 kV (160 pA) and the exposure time for each radiograph
was 500 ms.

3. CT analysis

As shown in Fig. 2, a set of images through the thickness were taken
from a CT scan done immediately after a HTW specimen reached the
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Fig. 2. Typical CT images of damage in (a) —45° ply, (b) 90° ply, (c) 45° ply, (d) 0° ply of [45/90/-45/0]4s specimen at HTW. Note. These images were captured

immediately after the peak load, and Aa is the 0° crack increment.
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Fig. 3. (a) Load-displacement curves of two sets of specimens at HTW. Note. The peak load of [90/45/0/-45]4s and [45/90/-45/0]45 are 5514 N + 407.3 and 5587 N
+ 369.3, respectively. (b) Load-displacement curves of specimens at RTD. Note. The peak load is 4812 N + 216.3.

peak load. In all of the 90°, —45° and 45° plies, damage such as splitting,
and fiber failure could be observed. According to previous in situ
experimental results of the same specimens at RTD condition [18],
0° ply fracture already occurred before the peak load, and it was found
that only after all plies were broken including the +45° plies, that sig-
nificant load drops occurred. In the current study at HTW, it was also
found that at the peak load all plies are broken including the +45° plies
(Fig. 2¢). This indicates that the fracture process zone was fully devel-
oped along the direction of translaminar fracture at the large load drop,
which is consistent with the previous studies using the same specimen
[17,18].

The definition of crack length influences the value of fracture
toughness [24]. Here, the effective crack length a was adopted, which
consists of two parts: the machined notch length ay and the size of the
fracture process zone Aa. Including the size of the fracture process zone
is necessary when Aa is no longer negligible, to make the measured
fracture toughness accurate. Here, Aa is quantified by the average fiber
breakage length in all 0° plies at HTW, taken as the average value of 1.9
mm from the CT images e.g. in Fig. 2d. This is in comparison to the Aa
value of 1.4 mm at RTD [18].

4. Experimental results and data reduction

The load and displacement curves from two sets of HTW tests at
Zhejiang University are shown in Fig. 3a, while those tested at RTD using
an Shimadzu test machine with a 10 kN load cell at the University of
Bristol are also shown in Fig. 3b [18]. The following points were
observed: (1) An approximately linear load-displacement relationship is
apparent at the beginning of the tests. The initial slopes in Fig. 3a and b
are slightly different at different environmental conditions. This is
because the displacements were measured at the crossheads of two
different machines. However, displacements were not used for data
reduction according to the ASTM E1922 standard [22]. A final drop
occurred at the peak load (Fig. 3a). No obvious load drops occurred
before the peak load at HTW. In contrast, multiple load drops were
observed on the load-displacement curves at the RTD as seen in Fig. 3b
[18]. The final load drops at both temperatures (room temperature and
120 °C) were accompanied by compression failures at the rear end of the
samples. It is believed that the compressive failure occurred after the
fracture process zone was fully developed, because the fracture process
zone at HTW looks similar to that already fully developed at RTD but
larger. The compressive failure stopped any further fracture propaga-
tion, but the average maximum load at HTW is already nearly 20 %
higher than that at RTD.

The values of translaminar fracture toughness are calculated using

Eq. (1) in the ASTM E1922 standard:
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where K¢ represents the fracture toughness (MPa-m'/2), P represents the

failure load (MN), a represents the effective crack length (m), B repre-
sents the specimen thickness (m), W represents the specimen width (m).
a = a/ W is based on measured average values and is sensitive to both a
and W for the ESET specimen with a small ligament.

The value of fracture energy is calculated using Eq. (2) assuming
plane stress:

KZ

G,
- E

(2)
where G, represents the critical energy release rate (kJ/m?), K, repre-
sents the fracture toughness (MPa-m'/?) calculated using Eq. (1). E is the
Young’s modulus of the quasi-isotropic laminate (GPa), which is 61.6
GPa [25].

In situ and ex situ CT scans were conducted previously to measure the
crack length and hence translaminar fracture energy of specimens with
the same IM7/8552 material and a layup of [90/45/0/-45]4s at RTD
[18]. A translaminar fracture energy of 81.1 kJ. /m? was reported at RTD
[18]. In the current experiments, a single translaminar fracture energy
value for initial fracture propagation can be determined using the same
ESET specimen geometry at HTW with the crack length measured from
ex situ CT scans. The translaminar fracture energy values of specimens
with [90/45/0/-45]4s and [45/90/-45/0]4s stacking sequences are very
similar, 142.3 kJ/m? and 146.1 kJ/m? respectively calculated using
Equations (1) and (2). For the specimen with [90/45/0/-45]4s stacking
sequence, the translaminar fracture energy at HTW increases by 75 %
compared to that at RTD. The same data reduction method as that used
in the previous works [17,18] has been adopted in terms of crack length
measurements and failure load selections.

5. Discussion

Based on the above experimental results, it was found that the
moisture and temperature conditioning lead to increased translaminar
fracture toughness of these quasi-isotropic laminates. The potential
reasons are summarized as follows:

1) The initial splits in ex situ CT scan images of typical 0° plies at RTD
and HTW conditions were compared [18]. It was observed that the
0° splitting was longer at HTW than at RTD. The longer 0° fiber
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Fig. 4. Typical CT images of 0° plies at (a) HTW and (b) RTD [18] conditions. Note. The saturated damage height at HTW and RTD condition are 1.754 mm and

0.923 mm, respectively.

splitting blunts the stress concentration at the tip of the notch, which
retards the fiber breakage [18]. This leads to the increase of failure
load at HTW and demonstrates the effect of 0° splits on translaminar
fracture toughness.

2) Zobeiry et al. defined the extent of fiber breakage parallel to the
0° fiber direction as the saturated damage height [26]. Compared
with the results at RTD, the height of saturated damage at HTW also
increases significantly as shown in Fig. 4. The average saturated
damage height based on the measurements in the 0° plies is 48 %
higher at HTW than that at RTD. This indicates longer fiber
debonding or pull-out lengths. As described in Ref. [21], the Mode II
fracture toughness decreases with increased temperature and hu-
midity level giving increased fiber pull-out length, thus leading to a
larger saturated damage height. A larger saturated damage height in
Fig. 4 leads to higher translaminar fracture toughness at HTW.

6. Conclusions

The experimental results presented here demonstrate the influence
of temperature and moisture on the translaminar fracture toughness of
carbon/epoxy laminates with different quasi-isotropic stacking se-
quences. During the experiments at hot temperature and wet conditions
(HTW), no load drops were observed before the peak load, so a single
fracture toughness value for initial fracture propagation can be
measured for each layup. It has been shown that the stacking sequence
has little effect on the translaminar fracture toughness. It has also been
demonstrated that the translaminar fracture energy at HTW is increased
by 75 % compared with that at room temperature and dry conditions
(RTD). This is owing to the larger saturated damage height at HTW
promoting the tougher response. Due to the toughened response at
HTW, translaminar fracture propagation is delayed. This study provides
new experimental data for quasi-isotropic carbon/epoxy laminates for
better understanding the translaminar toughening mechanisms in
response to different environmental conditions.
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