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Abstract—This paper presents the influence of thermal history on transverse cracking in carbon fiber
reinforced epoxy (carbon/epoxy) composites. At first, measurement of micro- Vickers hardness and
Fourier transform-infrared spectrum (FT-IR) analysis of resin are conducted to investigate the effect
of thermal history on resin. Secondly, shrinkage strain and transverse strength are measured for
carbon/epoxy unidirectional laminates. Thirdly, the effect of temperature and duration of thermal
history on transverse cracking in cross-ply laminates is experimentally investigated. The change in
the residual stress due to post-cure is also estimated for the cross-ply laminates. Transverse cracking
in the cross-ply specimens after thermal history initiates at lower stresses than the critical stresses in
virgin specimens. It is found that thermal history increases the hardness of resin; however, it does not
change the chemical structures in resin. The decrease in the strength is mainly caused by degradation
of the fiber/matrix interface.

Keywords: Carbon/epoxy; thermal history; post-cure; mechanical properties; transverse cracking.

1. INTRODUCTION

As composite materials have been widely used in various industrial fields, it is
important to accumulate data on strength and lifetime under practical thermal
conditions to ensure the reliability of those materials. It is essential to quantitatively
evaluate the change in the mechanical properties and geometry when the material is
subjected to thermal history during the fabrication process.

While the damage evolution [1, 2] and creep behavior [3, 4] of carbon/epoxy
laminates under various temperatures have been investigated, effect of thermal
history before mechanical loading on the deformation and damage has not been
clarified. In general, appropriate post-cure processes increase the modulus and
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strength of fiber reinforced thermosetting composites due to relaxation of thermal
stress and shrinkage of resin [5, 6]. However, strength can be decreased by
degradation at the fiber/ matrix interface after thermal history with severe thermal
conditions [7]. It is confirmed that the unidirectional carbon/epoxy composites
shrink in the transverse direction during a curing process [8] and post-cure process.
The author has investigated the effect of post-cure for 4 h on mechanical properties
and transverse cracking and has found that the shrinkage due to post-cure increases
the tensile residual stress in the transverse ply of cross-ply laminates and decreases
the critical stress for transverse cracking [9].

In the present study, we conducted thermal treatment with duration of 4 or 100 h
at 150°C or 200°C using the same carbon/epoxy composite as that in the previous
work [9]. First, measurement of micro-Vickers hardness and FT-IR analysis of
resin in the composite were performed before and after thermal history. Secondly,
shrinkage strain and transverse strength of unidirectional laminates were measured
after the thermal history. Thirdly, transverse cracking behavior in the cross-ply
laminates was studied taking transverse strength and residual stress into account.
Finally, fracture surfaces were observed by scanning electron microscopy (SEM) to
reveal the fracture behavior.

2. EXPERIMENTAL
2.1. Material and thermal history

The carbon/epoxy unidirectional ([90°]) and cross-ply ([0°/905]s) laminates were
fabricated by means of an autoclave system at a curing temperature of 180°C. The
cured thickness was about 1.1 mm and fiber volume fraction was 0.63 for both
laminates. In some unidirectional laminates, thermocouples and heat-resistant strain
gages with the gage length of 10 mm were embedded between prepregs and co-
cured.

At first, the specimens were cut out of unidirectional and cross-ply laminate
plates and heated for 4 or 100 h at temperatures 150 or 200°C in air under
atmospheric pressure. Hereafter, we denote five thermal history conditions by
Virgin, 150°C/4 h, 200°C/4 h, 150°C/100 h and 200°C/100 h. Secondly, the
longitudinal and transverse strains in the unidirectional laminates were measured
with the strain gages embedded in both directions during thermal history. Table 1
shows material properties of a virgin unidirectional laminate [9].

Table 1.
Material properties of a carbon/epoxy composite

E| GPa E> GPa Gy3 GPa o K71 ar K71

154.6 8.28 2.85 —0.5%x107° 35.5 x 107
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2.2. Vickers hardness and FT-IR analysis

After polishing the cross-section of virgin and thermally-treated [90°] specimens,
micro-Vickers hardness Hy of resin between fibers were measured for applied load
of 1 gf. Resin rich regions at the interlayers were selected for measurement of
hardness.

In addition, FT-IR spectrum of resin near the specimen surface was analyzed to
reveal the effect of thermal history on chemical structures in resin for five thermal
conditions.

2.3. Tensile tests

The dumbbell-shaped [90°] specimens for tensile tests were fabricated to measure
transverse strength S, [9]. The strain gages and glass/epoxy tabs were glued at
the center and on both ends of the specimens, respectively. Tensile tests were
performed at a loading speed of 4.9 N/s at room temperature to obtain the transverse
stress —strain curves.

Coupon-shaped cross-ply specimens with end tabs were also used for tensile
tests [9]. The two strain gages with the gage length of 30 mm were glued on the
specimen surface. Thus, the total gage length was 60 mm. Tensile tests of cross-ply
specimens were conducted in the same way as [90°] specimens. The number of
transverse cracks taking place within the gage length of 60 mm was estimated from
change in the longitudinal strain measured with the two strain gages.

The surfaces of transverse cracks in the cross-ply specimens with and without
thermal history were observed by means of SEM focusing on fiber/matrix inter-
faces.

3. RESULTS
3.1. Hardness and FT-IR analysis of resin

Micro-Vickers hardness of resin for each thermal history is shown in Fig. 1. The
hardness tends to increase with increasing thermal treatment temperature for both
4 h and 100 h, although some scatter due to measurement error is observed. Table 2

Table 2.

Summary of experimental results for various conditions of thermal history. The symbols Hy, —ea,
$2, Aoy and oy denote the hardness of resin, transverse shrinkage strain in the [90°] specimens,
transverse strength of the [90°] specimens, tensile residual stress increment in the transverse layer of
the cross-ply specimens and failure strength of the cross-ply specimens, respectively

Hy —es (1ue) S» (MPa) Ac> (MPa) o (MPa)
Virgin 222 0 74.1 0 596
150°C/4 h 252 700 76.5 5 573
200°C/4 h 23.9 2500 63.4 18 562
150°C/100 h 24.0 700 59.2 5 504

200°C/100 h 25.1 3000 46.6 21 251
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Figure 1. Micro-Vickers hardness of resin for various conditions of thermal history.

Table 3.
Wave numbers and corresponding chemical structures at the peaks in Fig. 2. The symbol B denotes a
benzene ring

Wave ~3400 ~2900 1591 1506 1236 1182 1140 1101
numbers 1298 817

(em™!) 715

Chemical —OHor —CH;— B—NH; B —COC— —SO3H B—SO,—B —SO?{

structures —NH,

B: Benzene ring.

shows the hardness of resin Hy, transverse shrinkage strain in the [90°] specimens
—ep, transverse strength of the [90°] specimens S, tensile residual stress increment
in the transverse layer of the [0°/905]s specimens Ao, and failure strength of the
[0°/905]s specimens 0.

Figure 2 shows the FT-IR spectra of resin for five thermal history conditions.
Table 3 summarizes the wave numbers and chemical structures that correspond to
the peaks in Fig. 2. Aromatic sulfon, aromatic amine and sulfoxide included in the
epoxy resin and hardener are detected as peaks. Difference among five conditions
is not observed.
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Figure 2. FT-IR spectra of resin before and after thermal history.

3.2. Shrinkage strain

Figure 3 shows the permanent transverse shrinkage strain —e; in the [90°] speci-
mens after thermal history. The shrinkage strain is not proportional to temperature
but remarkably increases above 180°C. This shrinkage strain is of the same mag-
nitude as the decrease in the strain during keeping temperature constant (150 or
200°C). On the other hand, the longitudinal strain decreases with temperature rise
and returns to approximately zero at room temperature [9].
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Figure 3. Permanent shrinkage strain in the transverse direction of unidirectional laminates.

3.3. Transverse strength

The average transverse strength measured using [90°] specimens for five conditions
is plotted in Fig. 4 and summarized in Table 2. Transverse strength slightly increases
for 150°C/4 h while it decreases for 200°C/4 h. On the other hand, transverse
strength for 150°C/100 h and 200°C/100 h is lower than that for Virgin, 150°C/4 h
and 200°C/4 h.

Figure 5 shows transverse crack density against applied stress in the cross-ply
specimens for each thermal history. The critical stress for transverse cracking
decreases with increasing thermal treatment temperature and the crack density is
larger at higher temperature. In the case of 200°C/100 h, the specimens fracture
with little transverse cracking. Final failure stress oy of the cross-ply specimens is
presented in Table 2. The failure strength decreases in order of Virgin, 150 °C/4 h,
200°C/4 h, 150°C/100 h and 200°C/100 h. Especially, the failure strength for
200°C/100 h is approximately reduced to half of that for Virgin.

3.4. Fracture behavior

Since effect of temperature has already been discussed in the previous work [9],
effect of duration of thermal history is compared in the present paper. Figure 6
shows SEM photographs of transverse cracks in the cross-ply specimens for Virgin,
200°C/4 h and 200°C/100 h. In the thermally-treated specimen, amount of resin
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Figure 4. Effect of temperature and duration of thermal history on transverse strength of unidirec-
tional laminates.

attached to fiber/resin interfaces is of small magnitude compared with that in
Virgin. Fracture morphology for 150°C/4 h and 150°C/100 h is similar to that
for 200°C/4 h and 200°C/100 h.

4. DISCUSSION
4.1. Effect of thermal history on resin

As shown in Fig. 1, hardness of resin is increased by thermal history. In general,
hardness of resin is ascribed to the yield strength of resin. On the other hand, change
in chemical structures of resin observed in acid environment [10] is not caused by
the present thermal history (Fig. 2). It should be noted that the present FT-IR was
conducted only for resin and that the results did not reflect the change of bonding
at the fiber/resin interface. Accordingly, it is presumed from the above results that
resin is hardened and not degraded by thermal history.

Shrinkage in the transverse direction (Fig. 3) is caused by post-cure of resin,
namely, reduction in volume due to cross-linking of uncured resin [6]. Remarkable
increase in the shrinkage strain above 150°C may be ascribed to the fact that the
glass transition temperature T, is about 165°C. At temperatures higher than Ty, the
above shrinkage easily occurs because motion of polymer chains becomes free.
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Figure 5. Effect of temperature of thermal history with duration of (a) 4 h and (b) 100 h on transverse
cracking in cross-ply laminates.
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Figure 6. SEM photos showing surfaces of transverse cracks in cross-ply specimens for (a) Virgin,
(b) 200 °C/4 h and (c) 200°C/100 h.

4.2. Transverse strength and transverse cracking

Since deterioration of resin was not observed after thermal history as is stated
previously, the main reason for decrease in transverse strength (Fig. 4) is concluded
to be degradation of fiber/matrix interface. Degradation of interface is also
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supported by the fracture morphology (Fig. 6). In addition to this degradation,
increase in residual stress in the cross-ply specimens results in decrease in the onset
stress of transverse cracking (Fig. 5). Residual stress increment is estimated using
expressions similar to thermal residual stress based on the lamination theory [9].
The shrinkage strain —e; in the [90°] specimens and the corresponding tensile
residual stress increment Ao, in the transverse ply of the cross-ply specimens
are presented in Table 2. The large residual stress increment for 200°C/4 h and
200°C/100 h leads to reduction of transverse strength and the critical strength for
transverse cracking.

Final failure strength as well as the onset stress of transverse cracking decreases
with increasing temperature and duration of thermal history (Table 2). In particular,
the cross-ply specimens for 200°C/100 h fracture at low stress after very few
transverse cracks are generated. One of the presumable reasons for this is the
delamination at relatively low stress which propagates through the width and
then along the length to final failure of the cross-ply specimens. For further
discussion on failure strength of the cross-ply laminate, longitudinal strength
of the unidirectional laminate and interlaminar fracture toughness between the
longitudinal and transverse layers should be measured for each condition of thermal
history

5. CONCLUDING REMARK

Effect of thermal history on transverse cracking in a carbon/epoxy composite
was studied. As temperature and duration of thermal history increase, transverse
strength in the unidirectional laminates and the onset stress of transverse cracking
in the cross-ply laminates decrease. Degradation at the fiber/matrix interface and
increase in residual stress due to shrinkage are reasons for decrease in strength after
thermal history while there was no evidence to show degradation of resin.
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