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Abstract. Interlaminar fracture toughness of a material with a layered structure such as CFRP is
poor and cracks between the layers easily lead to fatal result. Interlaminar fracture toughness still
plays an important role in damage propagation of CFRP. In this study, mode Il inter-lamina
fracture toughness of CFRP was investigated by ENF test for clarifying effect on weight-average
molecular weight of matrix and matrix modification with glass fiber. Micro glass fibers whose
diameter was 0.5pum with 0.3wt% of weight content were added into thermoplastic epoxy resin
and thermoset epoxy resin, respectively, for the matrix of the textile carbon fiber composite
prepared by our laboratory. State of the fracture surface was also changed accompanying with
the change of the weight-average molecular weight of the matrix. In these results, Mode Il
interlaminar fracture toughness of the composite was improved by preventing the crack
propagation with fiber bridging of added glass fibers on the interface regardless of the types of
matrix of thermoplastic and thermoset epoxy resin.

1. Introduction

Carbon fiber reinforced thermal polymer (CFRTP) is one of the most important materials for structural
applications, particularly in aviation industries owing to its high strength to weight ratio.[1] They show
benefits over their thermoset counterpart, such as an increased toughness, a better recyclability, and
shorter production cycle times. In an effort to reduce costs and to bring CFRTPs to their full potential,
many developments were made. However, common thermoplastic resins have a higher melt viscosity
than the thermosetting ones. This does not allow an easy infusion process and good impregnation of
fibers. Therefore, various impregnation methods were studied. In [2], a method was proposed for
reducing the viscosity of the resin with a solvent. However, the solvent must be removed during the
manufacturing of the composite. Powdered and commingled methods were studied to reduce the
impregnation length, which is the path of the matrix to complete the impregnation process [3]. A fine
matrix powder was combined with reinforcing fibers in [4, 5], but the powder can be easily dislodged
from the filaments. Commingled fabrics were proposed in [6, 7]. Recently, CFRTPs using in-situ resin
received a lot of attentions [8], for the development of thermoplastic epoxy resin (TP-epoxy) with linear
crosslinked structure. The weight-average molecular weight (Mw) of TP-epoxy depends on the
polymerization temperature and the polymerization time [9]. It is also known that the mechanical
properties of TP-epoxy depend on the Mw of resin, see e.g. [10]. In previous study, it is also known that
mechanical performance of CFRP was improved by addition of glass fiber. However, effect of the
addition of glass fibers as extra modification into highly polymerized thermo-plastic epoxy resin on
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mechanical properties of the composite has not been experimentally discussed, comparing the effect on
that with thermoset-plastic. In this study, mode Il inter-lamina fracture toughness of CFRP was
investigated by ENF test for clarifying effect on weight-average molecular weight of matrix and matrix
modification with glass fiber. Micro glass fibers whose diameter was 0.5 u m with 0.3wt% of weight
content were added into thermoplastic epoxy resin and thermoset epoxy resin, respectively, for the
matrix of the textile carbon fiber composite preparedby our laboratory.

2. Materials and testing machine

2.1 Materials

Plain weave carbon fiber fabric (Mitsubishi Rayon TR3110MS) was used as reinforcement (yarn TR30S
3L, linear density 1.79 g/cm3, pick and end counts 12.5 inch, areal weight 200 g/m2). Thermoplastic
epoxy resin (DENATITE XNR 6850A, ACCELERATOR XNH 6850B; supplied by Nagase ChemteX
Corporation, Japan) was used as matrix (Tg was approximately 100 °C). Thermoset epoxy resin
(supplied by Mithubishi Chemical Corporation, Japan) was used as matrix. Glass fiber (FM1700) were
used as modified matrix. Glass fiber with a diameter of 0.5um and length of 150um. Figure 1 shows a
scheme of thermoplastic epoxy resin. Figure 2 shows a scheme of glass fiber (Nippon Muki Corporation,
Japan).

XNRG850A XNH6850B

Figure 1. Thermoplastic epoxy resin.
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Figure 2. Glass fibers.
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2.2 Condition of highly polymerization of thermo-plastic epoxy for matrix and measurement method of
weight average molecular weight.

Figure 3 shows example of conditions for increasing the molecular weight Mw vs. Polymerization time
of each temperature and Figure 4 shows measurement method of weight average molecular weight. The
weight-average molecular weight of the thermoplastic epoxy matrix were measured by the gel
permeation chromatography (Gel Permeation Chromatography; GPC) (CLASS-LC10: Shimadzu
Corporation) and a column (Styragel HR4E, Styragel HR5E: waters). Tetrahydrofuran (THF) was used
as the solvent. The calibration curves were drawn based on the retention time and the molecular weight
of standard polystyrene (Polystyrene Polymer Laboratories Ltd.).
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Figure 3. Relationship between Mw and polymerization time on temperature.

Figure 4. Measuring equipment of weight average molecular weight of resin.
(Gel Permeation Chromatography; GPC)

2.3 Fabrication procedure of matrix plate specimen of modified matrix

The resin, “XNR6850A’, was heated by using an electric oven at 120 °C. Next, when the temperature
of the resin reached 105 °C, the accelerator “XNH6850B’ was added to the resin or modified resin with
stirring. Viscosity of thermoplastic epoxy resin was reduced using electric furnace. After that, glass fiber
was added on thermoplastic and thermoset epoxy resin in according to Figure 5 procedure. Matrix of
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resin were prepared in which the weight content of glass fiber were 0.3wt%. Glass fiber was added into
thermoplastic and thermoset epoxy resin using process homogenizer under the condition of 5,000 rpm

10min.
fGlass fiber

1.Glass fiber mixed  2.Dispersed by prosses 3.Modified
with epoxy resin homogenizer epoxy resin
(5000rpm 10min)«

Figure 5. Mixed glass fibers with epoxy resin.

2.4 Fabrication of plain-woven CFRTP and CFRTS laminate

Plain weave CFRTP prepreg was made by the following procedure. The plain weave carbon fabric was
impregnated with the thermoplastic epoxy resin by hand lay-up. The molecular weight of prepreg was
finally controlled by a predetermined time and temperature sequence. CFRTP prepreg impregnated with
the thermoplastic epoxy resin in the state of oligomer was polymerized at a given temperature in an
electric oven. The obtained prepreg was cut into 245x245 mm and dried at 50 °C for 12 hours. CFRTP
laminates were prepared by press molding with 10 layers (for quasi-static three point bending test) and
20 layers (for mode 11 tests) of dry prepreg at 175~195 °C and 6~12 MPa on a heat-press device. The
carbon fiber volume fraction of the CFRTP laminates was approximately 45 %. In the case of CFRTP
which added glass fiber on thermoplastic epoxy resin was the same of proceduer.

2.5 Fabrication of plain-woven CFRTS laminate

Plain weave CFRTS prepreg was made by the following procedure. The plain weave carbon fabric was
impregnated with the thermoplastic epoxy resin by hand lay-up. The CFRP plates were cured at 80
degree-C for 1 hour and then at 150 degree-C for 3 hours. After curing, the plain-woven CFRP plates
were cut into the dimension of specimen in orthotropic direction of fiber cloths. In the case of CFRTS
which added glass fiber on thermoplastic epoxy resin was the same of proceduer.

3. Test procedure

3.1 Three point bending test

The resin which wrote Section 2/3 was poured into a glass plate and they were insert in electric oven.
After that, modification of epoxy resin were polymerized and use it for three point bending test.
Dimensions of the specimen were 80 (length) x 10 (width) x 4 (thickness) mm. Three point bending test
were conducted by using machine shown in Figure 6.
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Figure 6. Test device for bending test.

3.2 ENF test

The CFRTP laminate, prepared for ENF test, had 20 layers of plain weave carbon fabric. Five specimen,
for each considered Mw (see Table 2), with the size of 140 (length) x 20 (width) x 3 (thickness) mm
were subjected to quasi-static three-point bending load. The Mode 11 inter-lamina fracture toughness of
CFRTP was determined at 0.5 mm/min of cross-head speed. The length of pre-crack was 50 mm. Kapton
film of approximately 30 1 m thick (Kapton, Du Pont-Toray Corporation) was inserted between 10th
and 11th ply of the laminate. The Mode Il inter-lamina fracture toughness was calculate by (1)
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Variables of GIIC, a0, Fc, CO, C1, a1, L, B denote the mode Il interlaminar fracture toughness, initial
crack length, critical load, compliance of the initial elastic region at loading point, compliance at critical
load, estimated crack growth length at critical load, supports span, specimen width, respectively. Figure
7 shows a scheme of specimen of ENF. ENF test were conducted by using machine shown in Figure 6.
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Figure 7. Geometry of ENF specimen.
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4. Result and discussion

4.1 Monolithic matrix strength

Figure 8 shows the monolithic resin strength with respect to the weight average molecular weight. For
comparison, the strength of TS-Epoxy and TSGF0.3wt% were also plotted. Test results showed that the
monolithic resin strength of TP-Epoxy was improved with increase of its molecular weight. Moreover,
when the molecular weight of TP-Epoxy exceeded about Mw=60,000, its monolithic strength was
greater than that of TS-Epoxy. Test results also showed that the addition of glass fibers was effective to
improve the monolithic resin strength regardless the type of epoxy. However, the degree of improvement
in monolithic resin strength was significant when glass fibers were added into TS-Epoxy compared to
that of TPGF0.3wt%.
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.

1 —
’} /f
TS-Epoxy

| Unmodified .

S
=
=

S
N\

Bending Strength{MPa|
[~
>

@-TP-Epoxy Unmodified

A TPGF0.3wt%

0 | | |
0 20,000 40,000 60,000 80,000 100,000120,000140,000
Weight Average Molecular Weight[-]

bo
>

Figure 8. Relationship between bending strength and weight-average molecular weight on epoxy
resin plate.

4.2 Mode Il inter-laminar fracture toughness

Figure 9 shows the Mode-I1 interlaminar fracture toughness with respect to the weight average molecular
weight. For comparison, the fracture toughness of TS-Epoxy and TSGF0.3wt% were also plotted. Test
results showed that the Mode-II interlaminar fracture toughness was improved with almost linearly
along its molecular weight increases. When the molecular weight of TP-Epoxy exceeded about
Mw=60,000, the fracture toughness of CF/TP-Epoxy composites was greater than that of CF/TS-Epoxy
composites. Figure 10 shows the fractured surfaces of ENF specimen observed by SEM. The observation
of fractured surfaces revealed that the manner of fractured surface was changed with change of
molecular weight of TP-Epoxy. At low molecular weight condition (Figure 10-a), the rough fractured
surface was observed, while high molecular weight condition (Figure 10-b) showed smooth fractured
surface. The addition of glass fibres was effective to improve the fracture toughness regardless the type
of matrix. However, when TS-Epoxy was used as matrix, the degree of improvement in fracture
toughness by adding the glass fibres was depend on its molecular weight. At low molecular weight TP-
Epoxy (MW=45,000) was used, the improvement in fracture toughness by adding the glass fibres was
about 25%, while high molecular weight condition (MW=60,000), its improvement in fracture
toughness was about 140%. Figure 11 shows the magnified observation of fractured surface of
TPGFO0.3wt%. The existence of added glass fibres at its fractured surface was confirmed and residual
resin on fibre surface was also confirmed. These results suggested that the Mode-I1 interlaminar fracture
toughness of the composites was improved by fibres bridging of added glass fibres to preventing the
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crack propagation.

3

2.5 TSGF0.3wt%
(e

1.5 // // d 78 Epay

0.5 /’ @ TP-Epoxy Unmodified |

o ATPGFCO.3wt%
0 | |
0 20,000 40,000 60,000 80,000 100,000 120,000

Weight Average Molecular weight{-]

Mode- IT Interlaminar Fracture Toughness{kJ/m2|

Figure 9. Relationship between Mode- Il interlaminar fracture toughness and weight-average
molecular weight and addition of glass fiber.
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Figure 11. State of the fracture surface on addition of glass fiber on thermoplastic epoxy.
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5. Conclusions

5.1 Monolithic resin strength was improved with increase of weight average molecular weight of
thermo-plastic epoxy and also improved by addition of glass fibers to the thermoplastic and thermoset
epoxy resin.

5.2 When addition of glass fiber on thermoplastic epoxy resin, fiber bridging was caused on CFRTP.
Mode Il interlaminar fracture toughness of the composite was improved by preventing the crack
propagation with fiber bridging of added glass fibers on the interface regardless of the types of matrix
of thermoplastic and thermoset epoxy resin.
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