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ABSTRACT

We have previously reported on the improvement of the interfacial shear strength of carbon fiber-
reinforced polypropylene (CFRPP) using carbon fiber with added resin particles (uneven carbon
fiber). This study was conducted to assess the interfacial shear strength of CFRPP with uneven carbon
fiber under a hot-wet environment for long-term safety of vehicles. The matrix was maleic anhydride
grafted polypropylene. The matrix concentration was 10%. Reinforcement was done with uneven
carbon fiber. Water absorption tests of CFRPP were conducted using uneven carbon fiber. The range
of water temperature was from room temperature (RT) to 80°C. The maximum immersion time was
112 days. After water absorption testing, a micro-debonding test of CFRPP using uneven carbon fiber
was conducted at RT. Fracture surfaces of carbon fibers were observed using scanning electron
microscopy (SEM). Results show that when the maximum immersion time was 112 days, interfacial
shear strength of water-immersed CFRPPs using uneven carbon fiber at RT, 50°C and 80°C
decreased by 54%, 94% and 96% respectively, compared with that of non-immersed CFRPP using
uneven carbon fiber. However, interfacial shear strengths of water-immersed CFRPPs using even and
uneven carbon fiber under 50°C and 80°C showed almost no change at 112 days. SEM observations
revealed large resin particles on the fracture surface of carbon fiber at temperatures higher than 50°C.
Large resin particles and matrix on fracture surface of carbon fiber were found at 80°C. The
viscoelasticity and interfacial adhesion property of water absorbing polymer matrix probably
decreased when CFRPP using uneven carbon fiber was immersed at temperatures higher than 50°C.
Therefore, the interfacial shear strength of CFRPP using uneven carbon fiber was strongly affected
because of water absorption by polymer matrix and water penetration into interface between fiber and
polymer matrix under a hot-wet environment.

Keywords: CFRPP, hot-wet environment, interfacial shear strength, long term, maleic anhydride
grafted polypropylene, uneven carbon fiber.

1 INTRODUCTION

FOMM Co. Ltd. announced a new concept for a microelectric vehicle in 2016 with a
flotation system as a countermeasure against flood damage [1]. The microelectric vehicle is
used under hot, rainy, and moist environments. The maximum temperature of the
dashboard in vehicle reaches about 85°C [2]. Recently, control of motor temperatures in
electric vehicle has been studied as a countermeasure against high temperatures [3], [4].
Mechanical properties of structural materials of microelectric vehicles under high
temperature and water environments should be clarified for long-term safety. Carbon fiber-
reinforced polypropylene (CFRPP) is used as a structural material for microelectric vehicles
because carbon fiber has high specific strength and modulus. Therefore, many researchers
have reported on CFRPP mechanical properties and molding methods [5]-[13].
Nevertheless, no report of the literature describes a study of CFRPP mechanical properties
under temperature and water environments.
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Katogi and Takemura [14] reported the effects of water temperature on the interfacial
shear strength of CFRPP when using uneven carbon fiber for improvement. When the
immersion time was a single day, the interfacial shear strength of CFRPP using uneven
carbon fiber was affected by water temperature.

Nevertheless, few research papers describe interfacial shear strength of CFRPP using
uneven carbon fiber under a long-term hot-wet environment. This study examined the
interfacial shear strength of CFRPP using uneven carbon fiber under a hot-wet
environment to ensure long-term safety.

2 MATERIALS AND SPECIMENS
2.1 Materials

Matrix was maleic anhydride grafted polypropylene (MAPP, Umex 1010; Sanyo Chemical
Industries Ltd.). The MAPP concentration was 10%. Reinforcements were even and uneven
carbon fibers (Sekisui Chemical Co. Ltd.).

2.2 Specimens

Specimens for micro-debonding test were made using a soldering iron. The molding
temperature was 180°C. The CFRPP specimen shape using uneven carbon fiber was U-
shaped [14]. Matrix was adhered to surface of carbon fiber like a spherical shape. The
embedding length of specimen for micro-debonding tests was from 100 pm to 300 pm.

3 TESTING METHODS
3.1 Water absorption testing

Water absorption tests of CFRPP were conducted in distilled water using a constant drying
oven. The water temperature range was from room temperature (RT) to 80°C. The
maximum immersion time was 112 days.

3.2 Micro-debonding testing

Before and after water immersion, micro-debonding tests of CFRPPs using non-immersed
and uneven carbon fiber were conducted using a tensile testing machine (RTC-1250A;
A&D Co. Ltd.). A jig made in our laboratory was used for micro-debonding tests. The
environmental temperature was RT. The crosshead speed was 0.1 mm/min. After micro-
debonding test, the fracture surface of carbon fiber was observed using scanning electron
microscopy (SEM, S-400; Hitachi High-Technologies Corp. and VE7200; Keyence Co.).

4 RESULTS AND DISCUSSION

4.1 Interfacial shear strength of CFRPP using uneven carbon fiber under a
hot-wet environment

Figs 1-3 show the interfacial shear strength of CFRPP using uneven carbon fiber under a
hot—wet environment. Interfacial shear strengths of CFRPPs using even and uneven carbon
fibers decreased rapidly under all conditions after water immersion for one day. Interfacial
shear strengths of CFRPPs using even and uneven carbon fibers decreased slowly under all
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Figure 1: Interfacial shear strengths of CFRPPs using even and uneven carbon fibers (RT).
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Figure 2:  Interfacial shear strengths of CFRPPs using even and uneven carbon fibers
(50°C).
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Figure 3: Interfacial shear strengths of CFRPPs using even and uneven carbon fibers
(80°C).

conditions with an increase of immersion time until 28 days. Subsequently, the interfacial
shear strengths of CFRPPs using even and uneven carbon fibers under all conditions
remained almost unchanged with an increase of the immersion time.

When the water temperature was RT, the interfacial shear strength of CFRPP using
uneven carbon fiber was larger than that of CFRPP using even carbon fiber under all
immersion times. When the water temperature was higher than 50°C, the interfacial shear
strength of CFRPP using uneven carbon fiber was greater than that of CFRPP using uneven
carbon fiber after water immersion until 28 days. The interfacial shear strength of CFRPP
using uneven carbon fiber was almost no different from that of CFRPP using even carbon
fiber after water immersion over 56 days. For maximum immersion time of 112 days,
interfacial shear strength of water-immersed CFRPPs using uneven carbon fiber at RT,
50°C and 80°C decreased by 54%, 94% and 96%, respectively, compared with that of non-
immersed CFRPP using uneven carbon fiber.

It is possible that water penetration into the interface between fiber and polymer matrix
occurred easily because of the water temperature [13]. The polymer matrix has a
hydrophilic segment. Therefore, the interfacial adhesion property of the polymer matrix
probably decreased with increased immersion time because of the chemical reaction of the
hydrophilic segment of the polymer matrix under water temperature. However, the
interfacial shear strength of CFRPPs using uneven carbon fibers after water immersion for
the long term was not changed because debonding at the fiber and polymer matrix mainly
occurred at temperatures higher than 50°C.

WIT Transactions on Engineering Sciences, Vol 124, © 2019 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Materials and Contact Characterisation IX 137

4.2 Hot-wet environment effects on the CFRPP fracture surface using uneven
carbon fibers

Fig. 4 shows fracture surfaces of CFRPPs using even and uneven carbon fibers before
water immersion. Before water immersion, the CFRPP fracture surface using even carbon
fiber became smooth. However, small resin particles and the matrix on the fracture surface
of CFRPP using uneven carbon fiber were found before water immersion.

Figs 57 depict the CFRPP fracture surface using even carbon fiber under a hot-wet
environment. Figs 8—10 show fracture surfaces of CFRPP using uneven carbon fiber under
a hot-wet environment. The fracture surface of water-immersed CFRPP using even carbon
fiber almost became smooth under all conditions except for water immersion for one day at
RT. When the water temperature was higher than 50°C, large resin particles were found on
the fracture surface of water-immersed CFRPP using uneven carbon fiber at one day and
112 days. Much matrix material on the fracture surface of CFRPP using uneven carbon
fiber at 80°C was often found compared with that of CFRPP using uneven carbon fiber at
50°C. Furthermore, matrix residue on the CFRPP fracture surface using uneven carbon
fiber at 112 days was more than that of CFRPP using uneven carbon fiber at one day when
the water temperature was 80°C.

Figure 4:  Fracture surface of CFRPP before water immersion. (a) Carbon fiber; and
(b) Uneven carbon fiber.

Figure 5:  Fracture surfaces of CFRPPs using even carbon fibers (RT). (a) 1 day; and
(b) 112 days.
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Figure 6:  Fracture surfaces of CFRPPs using even carbon fibers (50°C). (a) 1 day; and
(b) 112 days.
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Figure 7:  Fracture surfaces of CFRPPs using even carbon fibers (80°C). (a) 1 day; and
(b) 112 days.

Figure 8:  Fracture surfaces of CFRPPs using uneven carbon fibers (RT). (a) 1 day; and
(b) 112 days.
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Figure 9:  Fracture surfaces of CFRPPs using uneven carbon fibers (50°C). (a) 1 day; and
(b) 112 days.

Figure 10: Fracture surfaces of CFRPPs using uneven carbon fibers (80°C). (a) 1 day; and
(b) 112 days.

Water at the interface between the fiber and polymer matrix penetrated deeply to the
center of CFRPP when the water temperature was 50°C. The surface roughness of carbon
fiber was increased by resin particle addition. The interfacial shear strength of CFRPP
using uneven carbon fiber after immersion until 28 days might be increased because of
anchor effect [13] and increase of surface area of carbon fiber [14] by resin particle addition.

When the water temperature was 80°C, water absorption of polymer matrix near the
surface of carbon fiber in CFRPP occurred rapidly after water penetration. Viscoelasticity
and interfacial adhesion property of the polymer matrix near the surface of carbon fiber in
CFRPP were decreased extremely by water absorption at 80°C. Therefore, interfacial shear
strength of CFRPP was very improved by the anchor effect of resin particle after water
immersion until 28 days at 80°C. However, interfacial shear strengths of CFRPPs using
non-immersed and uneven carbon fibers almost did not change because decrease of
viscoelasticity and interfacial adhesion property of polymer matrix under a hot-wet
environment for a long term strongly dominated the CFRPP interfacial shear strength.

The results described above showed that the interfacial shear strength of CFRPP using
uneven carbon fiber was affected strongly by water absorption of polymer matrix and water
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penetration into the interface between the fiber and matrix under a hot—wet environment up
to 28 days. Viscoelasticity and the interfacial adhesion property of polymer matrix under
hot—wet environment must be investigated further in future studies.

5 CONCLUSIONS

This study examined the interfacial shear strength of CFRPP using uneven carbon fiber
under hot-wet environment for the long term. As a result, the interfacial shear strength of
CFRPP using even and uneven carbon fiber under all conditions decrease rapidly after
immersion for one day. Subsequently, interfacial shear strengths of CFRPP using even and
uneven carbon fibers under all conditions decreased slowly with an increase of immersion
time until 28 days. However, their interfacial shear strengths changed very little with
increased immersion time beyond 56 days. From SEM observations, large resin particles on
the carbon fiber fracture surface were found over 50°C. A lot of matrix material on the
fracture surface of CFRPP using uneven carbon fiber at 80°C was often found compared
with that of CFRPP using uneven carbon fiber at 50°C. The viscoelasticity and interfacial
adhesion property of water absorbing polymer matrix probably became low when CFRPP
using uneven carbon fiber was immersed at temperatures higher than 50°C. Therefore, the
interfacial shear strength of CFRPP using uneven carbon fiber strongly affected the water
absorption of matrix and water penetration into the interface between the fiber and matrix
under a hot-wet environment.
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