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Abstract

It is well known that thermoplastic composite is vulnerable to impact fracture. Submicron glass fiber (sGF) was
used to modify the matrix of chopped tape carbon fiber reinforced polypropylene composite. The impact resistance
improved 20% and 7.4% coressponding to the dimeter sGF of 0.28 and 0.69 um used in modified-composite. To
shed light upon the mechanism of this improvement, the internal damage statement of post-impact specimens was
observed by the CT scanner. The results pointed out that the increase of the impact resistance was due to the
enlargement of delamination area under impact load. The micro droplet test and end notch flexure test suggest that
the decrease of Mode II fracture toughness in modified-composite comes from narrowing the difference between
the interfacial shear strength (IFSS) and the bending strength of matrix thanks to significant improving of IFSS
with the addition of sGF while the flexural strength remains the unchanged. Consequently, the failure mode
changed from debonding fiber/matrix in unmodified composite into brittle matrix failure in modified composite,
resulting in the decrease of the Mode II interlaminar fracture toughness and the enlargement of delamination area.
The stress transfer test also indicates that the modified composites is prone to the brittle matrix failure.

Keywords: impact resistance, chopped tape carbon fiber (CF), submicron glass fiber (GF), polypropylene (PP)
composite, modify/modifier, Mode II fracture toughness, delamination, debonding, brittle matrix failure.

1. Introduction

Compared to thermoset composites, thermoplastic composites offer the potential for short processing time,
reparability by melting, less brittle, more tougher and higher damage tolerance (Campbell, Sih, & Akca, 2003).
Polypropylene is the most consumed polymer globally since having lowest density among commodity plastics, good
resistance with fatigue and chemicals, versatile processing (Maier, Maddah, & Huang, 2004). Therefore, carbon fiber
propylene composite has been widely used in many applications such as automotive, construction, and consumer
products (Kim, Gabr, & Koncar, 2018). However, it is well-known that thermoplastic composite is vulnerable to
impact fracture. Because of having the complex constituent, failure in composite under impact event is highly
susceptible to crack initiation and damage propagation along the inter-laminar interfaces. The structure may fail in a
wide variety of modes with the most dominant failure are the complex combinations of energy absorbing mechanisms
such as (a) delamination caused by mode II shear, (b) matrix cracking resulted by transverse shear, and (c) trans-
laminar fracture caused by fibre rupture and kinking. Among them, delamination is popular failure mode under low
velocity impact (Boria, Jogur, & Xiao-Ju, 2017). In one other statement, Walker. L et al stated that a composite
structure can address the impact via two significant mechanisms: absorb energy through the creation of damaged
areas and via the elastic non-failure response (Walker et al., 2002). Researchers also pointed out that there is a linear
relationship between absorbed energy and delamination area (Peijs, Siow, & Hong, 1990). Therefore, it was promoted
efficient ways to improve impact resistance of composite by weakening the interlaminar bond strength or interlaminar
fracture toughness to control delaminated extension (Pegoretti et al., 2008). Other mentioned methods are toughening
matrix by using modifiers of thermoplastic, liquid rubber, polymer blend, hyper-branched polymer (Jang et al., 2003)
and Z-pinch technique (Ye at al., 2009). In this investigation, submicron glass fiber was used to improve the impact
resistance of chopped carbon fiber thermoplastic (CCT) composite. The mechanism of this improvement also was
lightened by varieties of mechanical characterized tests.
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2. Experiments
2.1 Materials

Carbon fiber bundle (T700SC-12K-50C, Toray Industries, Inc. Japan) with 4.9 GPa of tensile strength and 230
GPa of tensile modulus was used as reinforcement. Polypropylene (PP) pellets (J708UG) were supplied by Prime
Polymer Co., Ltd and kneaded with maleic acid modified polypropylene pellets (MAPP — Sanyo Kasei Co., Ltd).
The modifier was submicron glass fiber (Nipon Muki Co., Ltd) and used at two different nominal diameters of
0.28 and 0.69 um. PP non-woven fabric was employed as the film to wrap sGF for modifying matrix (6640-1A,
Shinwa Co., Ltd).

2.2 Preparation of PP/MAPP and modified PP/MAPP pellets

PP Pellets
+ w Fine Glass Fibers
Maleic Acid , FMW1700(0.69um)
Modified PP ' GlassB (0.28um)
Pellets(MAPP) @
Main

$y ¢

Feeder Temperature : 200 °C

Screw speed:125rpm

Original pellet
PP:MAPP
95:5(Weight ratio)
Modified pellet
PP+MAPP: GF
97:3(Weight ratio)

Figure 1. The schema of preparing pellets of PP/MAPP and modified PP/MAPP

To formulate pellets of PP/MAPP, PP and MAPP were put into the main-feeder of the extruder in the weight ratio
of 95:5, respectively. As mentioned in the former section, the sGF was wrapped in the non-woven fabric PP and
put into the sub-feeder. The weight fraction of sGF in the mixture of modified PP/MAPP was 3.0 wt%. The
processes were carried out in the twin screw kneading extruder at the speed of 125 rpm, 200 °C, screw diameter
of 25 mm and the ratio of L/D was 60. Hereinafter the type of samples was named as the original and the modified
for the PP/MAPP and modified PP/MAPP, respectively.

2.3 Fabrication of PP Sheets

PP/MAPP and modified PP/MAPP pellets were dried at 80 °C for 20 hours then molded at 200 °C in an extruder
to form films in 50 pm thick and 200-250 mm wide. These films were cut into smaller films in 30 mm width after
that.

2.4 Preparation of Uni-direction Tape

Carbon fiber bundle

PP film

\ Ultrasonic opening
and impregnation

Figure 2. Process of preparing uni-direction (UD) tape of carbon fiber reinforced PP
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Figure 2 shows the process of making uni-direction tape from coils of PP film and carbon fiber. Under the
orientation force, PP films as well as carbon fiber were straight stretched and fiber was interleaved between two
films to form the UD tape. The ultrasonic device was put at the beginning contact-point of fiber and resin film to
facilitate spreading of fiber and impregnating of resin over carbon fiber. The volume fraction of fiber in tape was
30%.

2.5. Fabrication of chopped carbon fiber tape (CTT) composite

Processing Condition

Pre-heating Hot-Press Cooling
200°C ‘ 200°C 200°C—50°C
10min 5MPa 5MPa

Hot-press

AT
Length: 25-30mm
Width 15-20mm Thickness:4mm

Figure 3. Preparation process CTT composite from UD tape.

The UD tape was cut into 25-30 mm long like strip shape then dispersed onto a mold at random. The mold was
heated to 200 °C, kept for 10 minutes on the heat press machine followed by applying a pressure of 5 MPa in 5
minutes and naturally cooled down then to room temperature to form plate in dimensions of 250x200x4 mm? while
the pressure was kept constant.

2.6 Izod Impact Resistance Test

The specimens for Izod impact test were cut from the CTT plate in dimensions of 80x10x4 mm?® by the diamond
cutter. One flatwise impacting of 5.5 J energy was applied on the edge of specimen. The test followed the standard
of JIS K7110. At least 10 specimens were used for each condition.

2.7 Evaluation of Damage State After Impact

To evaluate the state of internal damage after impact test, a small piece with the length and width of 20 mm and
10 mm, respectively was cut from the post-impacted specimen containing fracture area. The fracture surface was
observed by the X-ray CT scanner and the delamination area was calculated by using the CT image analysis
software.

2.8 Microdroplet Test

Figure 4 shows the geometry of specimen for micro-droplet test. Specimens were subjected to access the interfacial
shear strength between matrix and single fiber. Testing speed was 0.12 mm/min. Test data were obtained with at
least 20 samples under each condition.

Droplet
Carbon Fiber 10mm Glue

o @ 3/
Load F ' . D
8 i N

50mm

30mm

Figure 4. Specimen for micro-droplet test.
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2.9 End notch Flexure (ENF) Test
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Figure 5 The geometry of sample for ENF test.

The geometry of ENF sample is shown in the Figure 5. Whereas the 1zod impact test, the ENF test was conducted
on the uni-directional specimens which was cut from the UD-fiber composite plate. To prepare UD-plate, 30 sheets
of UD tape were hot-pressed in the same condition with that of CTT composite along with a film of teflon in 20
mm long was inserted between the 15" layer and 16 layer to achieve sample in dimensions of 100x20x3 mm?>.
The test was performed under the three point bending load at speed of 0.5 mm/minute. The Mode II interlaminar
fracture toughness Grc is calculated by the following equations:

(G-1)ef

a, = [—a + =
1 €y © Co

3
9aiPEC,

Grr=—
¢ 2B(21%+343)

(1-2)

Wherein:
ao: initial crack length (mm)
Pc:  Initial limit load (N)
Co: Load point compliance of initial elastic part (mm/N)
Ci: Load point compliance at initial limit load (mm/N)
a;:  Estimated crack growth length at initial limit load (mm)
L: Distance between load point and support point (mm)
B: Specimen width (mm)
2.10 Stress Transfer Test on the Model Sample

To observe the stress transfer around the carbon fiber ends, a model composite was prepared by sandwiching a
carbon fiber bundle in 20 mm long between two PP films followed by melting resin and consolidating sample in
the vacuum furnace. The geometry of sample is shown in the Figure 6. Pre-cracks with crack length approximate
2 mm was prepared by the diamond cutter at both sides then natural cracks introduced by slicing razor at the pre-
crack root before testing. The sample surface was painted by white and black paints to create a speckle pattern for
digital image correlation (DIC) analysis. The tensile load was applied to the model specimen at a constant cross
head speed of 1 mm/min.

tab —™
Pre-crack
(2mm)

04

CF bundle

Figure 6. The model composite sample for stress transfer test
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3. Results and Discussions

3.1 Izod Impact Resistance
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Figure 7. The Izod impact resistance of the original and the modified of CTT composite with respect to the
diameter of sGF

As can be seen from the Figure 7, the Izod impact resistance was improved with the addition of sGF into matrix
in composite. The increase was inversely propotional to the increase of the diameter sGF. There was the increment
of 20% and 7.4% coressponding to the dimeter sGF of 0.28 and 0.69 um used. This indicates that the efficiency
of improving impact resistance in chopped carbon fiber tape reinforced PP is dependent on the size of sGF modifier.

3.2 Evaluation of Damage State After Impact
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Figure 8 The CT images of fracture surfaces after impact test
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Figure 9. The delamination area after impact test of the original and the modified of CTT composite with respect
to the diameter of sGF
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From the Figure 8, it can be seen that the addition of sGF changed the failure mode of composite samples. The
crack propagated through the surface of specimen in the straight direction in the original but in the zig-zag form
in the modified composite. In the other words, the delamination seemed more serious in the case of the modified
CTT. The calculation of damage area also showed the same tendency with the impact resistance of composites,
the delamination area increased 33.7% and 24.6% with the composite modified by sGF in diameter of 0.28 and
0.69 pm, respectively compared to that of the unmodified composite (see Figure 9). This suggests that adding sGF
into PP matrix enlarges the delamination area, resulting in the improvement of impact resistance in modified
composites.

3.3 The Interfacial Shear Strength (IFSS) between Fiber and Matrix

There was the significant increment of IFSS between fiber and matrix when the resin was modified with sGF. The
degree of improvement of IFSS was related to the diameter of glass fiber as same as that of impact resistance. With
sGF in the diameter of 0.28 um, the improvement was 83% while that of 0.69 pm, IFSS increased 62% compared
to the interface strength of un-modified resin. Normally, the increase of interface adhesion leads to improvement
of impact performance. However, an optimum level of interface bonding is required for best impact performance
since high amount of IFSS makes composite brittle (Jogur et al., 2018). In this research, the improvement of impact
resistance was tendentiously similar to the increment of IFSS indicated that the sGF was used in the suitable ratio
in PP matrix to enlarge impact performance of CTT.

20 - Un-modified

Interfacial shear strength [MPal]
J
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Figure 10. The IFSS between single fiber and matrix with respect to different diameter of sGF.

3.4 ENF Test

For the sake of understanding the enlargement of delamination area under the impact load, the end notch flexure
test was conducted. The interlaminar Mode II fracture toughness of uni-direction fiber composite decreased when
the PP matrix was modified with glass fiber (Figure 11). However, as pointed out in the Figure 12, the images of
SEM observation showed the reversed manner: more resin left on the fiber surface in the case of modified UD
fiber composites. In the other words, there was the weak adhesion between fiber and matrix in un-modified resin
composite. As mentioned by Madhukar et al. in the research about graphite/epoxy composite, the stronger adhesion
between fiber and matrix the higher interlaminar fracture toughness. However, when the IFSS reaches the optimum
level, the brittle failure of matrix can be observed, causes the decrease of Mode II fracture toughness (Madhukar
et al., 1992). The decline of Mode II fracture toughness can be assumed the difference between IFFS and bending
strength of matrix is narrowed with the addition of sGF. In the case of un-modified matrix, the value of IFSS was
approximately 19 MPa while that of bending strength of PP was 40 MPa. However, the IFSS was suddenly
increased up to 35.6 MPa and 33.2 MPa for matrixes added with the glass fiber in the diameter of 0.28 and 0.69
um, respectively while the bending strengths remained the unchanged (see Figure 13). Therefore, the dominant
fracture mode in unmodified UD-fiber composite was debonding between fiber and matrix. Whereas, the
interfacial fracture turned into brittle matrix fracture in the case of modified composite. This explains the increase
of delamination area or the decrease of Mode II fracture toughness occurred in UD-fiber composite modified by
submicron glass fiber.
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Figure 11. Mode II interlaminar fracture toughness of UD-fiber composite with respect to diameter of sGF
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Figure 12. The SEM images of fracture surfaces after ENF test
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Figure 13. The correlation between IFSS and the bending strength of polypropylene

3.5 The Stress Transfer in the Model Specimens

As can see in the Figure 14, there was the distinct difference in images achieved from the DIC analysis between
the un-modified and modified specimen at the stage of just before failure. In the modified specimen, the stress
mainly concentrated at pre-cracks while extending to the vicinity of fiber bundle end in the case of un-modified
specimen. Images of specimens after failure were pointed out in the right side of Figure 14. Two cracks on the
both sides of the original model also connected to form the final failure but there was the deflection of crack, the
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failure occurred at the weak parts of resin for the modified model. The test of model specimens shows that the
modified composites are prone to the brittle failure. These results are also good agreement with that of ENF test.

0.28pm

C M

Figure 14. The strain distribution test in the model specimens of original composite and the sGF modified
composite

4. Conclusions

Submicron glass fiber was added into matrix in chopped CF tape reinforced PP composite. Compared to un-
modified composite, the impact resistance improved 20% and 7.4% when sGF in 0.28 and 0.69 um diameter used
in composite, respectively. The mechanism of this increase was brightened by varieties of mechanical tests. The
results are summarized as follows:

1. The delamination area in composites under impact load rose with the addition of sGF and reached the highest
in the case of composite modified by sGF in 0.28 pm diameter.

2. The micro droplet test and the ENF test pointed out that the difference between the interfacial shear strength
fiber/matrix and the bending strength was narrowed by the significant improvement of the IFSS value while the
flexural strength of resin remained the unchanged with the addition of glass fiber. Therefore, the dominant failure
mode in composite changed from debonding fiber/resin for the un-modified to brittle matrix failure for the
modified. These results explain the decrease of the Mode II fracture toughness in modified UD fiber composite,
leads to the enlargement of delamination area and improvement of impact resistance in modified CTT composite.

3. In the specimen model made from the single fiber bundle and PP matrix, two notches connected to form the
final failure in un-modified model. However, there was the deflection of crack, the failure occurred at the weak
parts of resin for the modified model. This proves the modified composite is prone to the brittle matrix failure.
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