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Abstract: In this research, three kinds of carbon fiber (CF) with lengths of 1, 3, and 25 mm were
prepared for processing composite. The effect of submicron glass fiber addition (sGF) on mechanical
properties of composites with different CF lengths was investigated and compared throughout static
tests (i.e., bending, tensile, and impact), as well as the tension-tension fatigue test. The strengths of
composites increased with the increase of CF length. However, there was a significant improvement
when the fiber length changed from 1 to 3 mm. The mechanical performance of 3 and 25 mm was
almost the same when having an equal volume fraction, except for the impact resistance. Comparing
the static strengths when varying the sGF content, an improvement of bending strength was confirmed
when sGF was added into 1 mm composite due to toughened matrix. However, when longer fiber was
used and fiber concentration was high, mechanical properties of composite were almost dependent
on the CF. Therefore, the modification effect of matrix due to sGF addition disappeared. In contrast to
the static strengths, the fatigue durability of composites increased proportionally to the content of
glass fiber in the matrix, regardless to CF length.

Keywords: submicron glass fiber; vinyl ester matrix; short carbon fiber; composite modifier;
mechanical property

1. Introduction

Fiber-reinforced composites have been developed over several decades and are widely used in
many industrial applications such as the automotive, electronic, and marine industries. Composite
materials are classified by the type of matrix, type of reinforced fiber, and morphology of reinforcement.
Among them, short carbon fiber-reinforced polymer composites are gathering attention recently because
of their ease of fabrication, economic benefits, and also their superior mechanical properties [1-6]. They
can fill the mechanical property gap between the continuous-fiber laminates used as primary structures
by the aircraft and aerospace industry and the unreinforced polymers used in partial-load-bearing
applications [7]. Moreover, thermoset matrices such as vinyl ester resin (VE) have higher thermal
stability in comparison with thermoplastics, and therefore they are more attractive in terms of industrial
applications. Vinyl esters are unsaturated esters of epoxy resins, and the ester linkages are present only
at the terminal ends of the chains. Consequently, they offer similar mechanical and in-service properties
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to those of the epoxy resins and equivalent processing techniques to those of the polyesters while being
more flexible and having higher fracture toughness. VE resin also has good wettability, has strong
resistance against acid and alkalis, cures at room temperature, has low moisture absorption, and has
good mechanical properties [8-11]. Carbon fibers have low density (1.8-2.0 g/cm?). The tensile strength
and tensile modulus exceed 6 GPa and 600 GPa, respectively. Therefore, they possess the highest specific
stiffness and strength among the currently available fibers used to reinforce polymer composite [12,13].
For that reason, the combination of carbon fiber and vinyl ester has attracted the attention of researchers
and has been considered as a potential material in industry and aviation [14]. One of the disadvantages
of CF composites is the mechanical properties of short carbon fiber composites are still much lower in
comparison to that of long fiber composites. Cracks easily occur on both ends of the fiber because
(finite) short carbon fibers are used. Thereupon, it is difficult to achieve an excellent performance of
short carbon fibers [2,15,16]. Some researchers have reported that modifying the matrix by nano- or
micro-scale filler improves the fracture toughness of matrix and the fiber/matrix adhesion, delaying
the initiation and propagation of cracks, and consequently increasing the mechanical properties of
composites [17-19]. Takagaki et al. reported that an addition less than 0.8 wt% of MFC (micro fibrillated
cellulose) to epoxy matrix of carbon fabric composites extended their fatigue life 10 times that of the
unmodified case [20]. Xu et al. studied the effect of nano-clay modification of epoxy matrix on the
mechanical properties of CF/EP composites. Their study showed that the mode-I interlaminar fracture
toughness increased by 85% for 4 phr nano-clay, and the flexural strength increased by 38% for 2 phr
nano-clay [21]. However, the nano filler shows high agglomeration because of its highly specific surface
energy, and thus the filler is usually dispersed in liquids such as water. Nevertheless, the elimination of
water from nano filler after dispersion is difficult and complicated. On the basis of these considerations,
the submicron inorganic filler was selected for not only avoiding the agglomeration, but also bringing
the advantage of utilizing modern polymer processing technologies [22,23].

In this study, the CF composites made from 1, 3, and 25 mm lengths of carbon fiber and vinyl ester
resin modified by submicron glass fiber were prepared in order to investigate the effect of submicron
glass fiber and carbon fiber length on the mechanical properties of composites.

2. Material and Processing

2.1. Material

The vinyl ester resin was supplied by DIC Corporation, Japan, and modified by submicron glass
fiber (Nippon Muki Co., Ltd., Tokyo, Japan) with a diameter in the range of 0.4 to 2.4 um and a length
from 200 to 2000 pm. The carbon fibers (Yoshino Limited, Tokyo, Japan) of 1, 3, and 25 mm in length
were used as the reinforcement. All materials were used without any further treatment.

2.2. Modification of VE Resin

The absorbed moisture of supplied submicron glass fiber addition (sGF) was eliminated by heating.
After the drying process, the dried sGF and VE were mixed by the homogenizer at 5000 rpm for 30 min,
and then the hardener and promoter were added. The degas process was conducted to the mixture by
using a vacuum chamber. Hereinafter, samples were classified by using the weight ratio of sGF against
VE. In this study, 0.0 (unmodified), 0.3, and 0.6 wt% of VE were prepared.

2.3. Fabrication of Composite

A thin aluminum plate covered by a non-stick film was put on a scale. At the beginning, a thin
layer of resin was spread out on the surface of the film, followed by a layer of the carbon fiber. The
weight of resin and fiber was controlled to achieve the desired ratio of fiber/matrix. The process was
repeated until finishing the available materials. After that, the assembly of resin and CF was put into a
ball mixer and mixed for 10 min with the aid of ceramic balls. Finally, the mixture was set onto a steel
mold and pressed under 15 MPa for 3 h at 80 °C. After curing, the mold was gradually cooled down to
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room temperature, while applied pressure was kept constant. The post-cure process was conducted at
100 °C for 3 h. Higher viscosity caused by the insertion of shorter fiber length, making having the
same volume fraction in the different composites impossible. Therefore, in this research, the volume
fraction of fiber for 1, 3, and 25 mm composites was 25%, 35%, and 40%, respectively. For the sake of
comparison, the strength/fiber volume ratio of each composite is used in latter sections.

2.4. Evaluation of Adhesion Between Single Fiber and Matrix

The micro droplet test was conducted to evaluate the interfacial shear strength (IFSS) of the single
fiber with the matrix. The droplets of liquid VE resin were first dropped on the single carbon fibers,
which was attached onto the paper frames, then cured at 80 °C for 3 h and post cured at 100 °C for the
same period of time. The embedded lengths of the droplets were measured by an optical microscope.
The test was carried out by the microdroplet instrument (Model HM410 - Tohei Sangyo Corporation,
Tokyo, Japan). The IFSS between single fiber and VE was calculated by the following equation:

7 = F/ndL (1)

where 7 is the IFSS, F is the maximum load, d is the fiber diameter, and L is embedded length of resin
drop. The geometry of the frame containing the sample is shown in Figure 1.

Carbon fiber Resindroplet

iy A
P O

30 mm
Glue 10 mm
<+—>
\ 4
< 50 mm q

Figure 1. The geometry of the single carbon fiber containing one resin drop adhered to the paper frame.
2.5. Static Mechanical Characteristics

Three point bending test was conducted following the ASTM D790-03. The size of specimen
was 100 X 15 x 2.5 mm?3. The cross head speed was controlled to be 2 mm/min with a support length
of 80 mm. The samples for tensile test were prepared following the ASTM D638 with a dimension
of 200 x 25 x 2.5 mm?>. The gage length was 100 mm and the speed of testing was controlled to be
1 mm/min. The Izod impact test was performed using a pendulum testing device according to the
standard JIS 7062 with the specimen being 65 X 10 X 4.5 mm? in size. The test was conducted when the
hammer impacted the flattened surface of the specimen. At least 5 specimens were used for each kind
of sample for flexural and tensile test, whereas 10 specimens were used for the impact test.

2.6. Measuring Strain Distribution of Model Specimen

To observe the strain distribution around the carbon fiber tip of CF, a model composite was
prepared. CF 25 mm in length was embedded into VE, cured at 80 °C for 3 h, then post cured at 100 °C
for the same amount of time. Pre-cracks with an approximate crack length of 1.5 mm were prepared by
a diamond cutter at both sides, then natural cracks were introduced by slicing a razor at the pre-crack
root before testing. A white and black speckle pattern was painted in the sample surfaces for digital
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image correlation analysis (Figure 2). The sample size was 40 x 20 x 0.5 mm?. The tensile load was
applied to the model specimen at a constant cross head speed of 1 mm/min.

Figure 2. Image of model specimen with the speckle pattern from black and white paint for measuring
strain distribution.

2.7. Fatigue Test

The tension-tension fatigue test was conducted on a hydraulic testing machine under a
load-controlled condition. A cyclic sinusoidal load with 5 Hz of frequency and stress ratio of 0.1 was
applied. In this study, the test was truncated when the number cycles exceeded 10°. The maximum
applied stress was set to be approximately 50% of the average ultimate tensile strength. The sample
size was the same as that of tensile coupons.

3. Results and Discussion

3.1. Added sGF in Resin and Composite

To indentify the length of sGF after mixing process, the mixture of resin and modifier was diluted
in acetone, and then all the excess resin was removed through a filter paper by applying the vacuum.
The images of collected sGF after filtrating were taken by SEM equipment to measure the length of
300 individual fibers. The result was used to build the histogram plot of fiber length distribution of
glass fiber.

Figure 3a shows the diameter distribution of glass fiber before mixing, whereas Figure 3b indicates
the majority of fibers having a length in the range of 20 to 200 um, a minority of them having an
excessively large length up to around 1 mm. Assuming that the diameters of sGF were not affected
during sample process, the aspect ratio of sGF was found to be in the wide range. The SEM pictures
confirm that the sGFs were well dispersed in the matrix by the conventional mixing technique,
as mentioned in Section 2.2, although the original fiber was in agglomeration form (see Figures 4 and 5).
Submicron filaments were separated from each other and distributed regularly without fiber curviness.
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(a) The fiber diameter distribution of submicron glass fiber addition (sGF).
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(b) The fiber length distribution of sGF after mixing.

Figure 3. The distribution of the diameter (a) and of the length of sGF after mixing (b).

Figure 4. Image of original sGF before mixing with resin.
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NONE

(a) sGF in neat resin (b) sGF in composite

Figure 5. The dispersion of glass fiber (marked by cycles) in resin matrix and in composite reinforced
by 3 mm carbon fiber (pointed out by arrows).

3.2. Fiber and Matrix Adhesion

As can be seen from Table 1, the interfacial shear strength (IFSS) of modified sample was almost
similar to that of un-modified resin. This result indicated that the adhesion between fiber and matrix
was not affected by the addition of submicron glass fiber. The SEM images of fracture surfaces of
composites after tensile test also showed that there were no differences in fiber-matrix interfacial
interaction in un-modified and modified-composites (see Figure 6).

Table 1. The interfacial shear strength (IFSS) between fiber and matrix.

IFSS (MPa)
00wt%  20.076 (3.4345)
03wt%  20.93 (3.716)
0.6wt%  20.17 (4.232)

Parentheses contain standard deviation values of tested data.

(a) 0.0 wt% sGF (b) 0.3 wt% sGF (c) 0.6 wt% sGF

Figure 6. SEM images of fracture surface of 25 mm composites after tensile test.

3.3. Static Mechanical Characteristics

3.3.1. Bending Strength

Mechanical performance of short fiber composite often varies in a large range because of
experimental scatter causing difficulties in predicting the effect of modifiers on filled-system [5].
Values in parentheses manifested large standard deviation of tested data of mechanical properties
of composites (for example, see Table 2, Table 3). Table 2 and Figure 7 show the change of flexural
strength of composites with respect to CF length corresponding to sGF content. The flexural strength
of composites increased with an increase of CF length, as mentioned by Thomason [24]. However,
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the significant improvement of bending strength only happened when the fiber length changed from
1 to 3 mm. In the other words, the bending strength per fiber volume fraction of 3 and 25 mm composite
was almost the same.

Table 2. The flexural strengths of composites and neat resin.

Bending Strength, MPa

Composite 1 mm 3mm 25 mm
0.0 wt% 119.3 (8.76) 329.1 (14.73) 396.83 (57.5)
0.3 wt% 132.36 (18.3) 317.27 (38.74) 392.01 (75.83)
0.6 wt% 149.93 (16.03) 336.91 (40.57) 391.35 (90.53)

Neat resin 127.77 (1.18)

Parentheses contain standard deviation values of tested data.

Table 3. The tensile strength of composites and neat resin.

Tensile Strength, MPa

Composite 1 mm 3 mm 25 mm
0.0 wt% 46.28 (2.5) 196.96 (13.67) 208.98 (35.29)
0.3 wt% 53.53 (4.83) 168.59 (36.69) 215.96 (22.46)
0.6 wt% 47.7 (4.76) 173.66 (25.71) 224.74 (27.31)

Neat resin 80 *

* Data from the supplier; parentheses contain standard deviation values of tested data.
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Figure 7. The bending strength of composites with respect to carbon fiber (CF) length and sGF
addition content.

From the view point of sGF content, the flexural strength only improved by sGF addition when
carbon fiber length was 1 mm long. Compared with the neat resin, reinforcing VE by 1 mm carbon
fiber increased the flexural brittleness, resulting in the slight decrease of the bending strength of resin.
Our previous research confirmed that modifying resin by glass fiber retained the bending strength of
resin but considerably extended the fracture toughness [25] (see Figure 8). Therefore, the enlargement
of bending strength in 1 mm modified composites might be due to the toughened matrix. However,
effect of sGF addition was limited in the case of longer fiber composite (3 and 25 mm) with higher
content of carbon fiber. This can be explained by the leading behavior of fiber in 3 mm composite and
25 mm composite being more superior than that of the matrix. Therefore, matrix modification does not
affect the mechanical performance of these composites.
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Figure 8. The improvement of fracture toughness of resin with the addition of sGF [25].

Figures 9-11 show the bending stress-bending strain diagram of composites made from 1, 3, and
25 mm long CF, respectively. Regardless of the difference of CF length and sGF content, the bending
stress linearly increased until fracture in most of the specimens. Test results also showed that the
flexural modulus of composites were almost the same, even if the sGF was added, with the exception
of 1 mm composite presenting a marginal increase.

—0.0wt%

—0.3wt%

Stress (o), MPa
(0]
o

0.6wt%

0 0.005 0.01 0.015 0.02

strain (g)

Figure 9. The representative stress—strain curves of 1 mm composites.
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Figure 10. The representative stress—strain curves of 3 mm composites.
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Figure 11. The representative stress-strain curves of 25 mm composites.

Images of the fractured region of 1 and 25 mm composites after the test taken by the digital
microscope are shown in Figure 12. In 1 mm composite, the cracks appeared in the thickness direction.
By contrast, cracks propagated in longitudinal (inter-laminar) direction in the 25 mm composite. These
results suggest that the cracks propagated through CF tips in the 1 mm composite, but along the fiber
in the longer fiber composite.

1

(a) 1 mm unmodified composite.

e p—

ey Yl

(c) 25 mm unmodified composite. (d) 25 mm 0.6 wt% sGF-modified composite.

Figure 12. Fracture on the edges of composites unmodified and modified with 0.6 wt% of sGF after
bending test.

3.3.2. Tensile Strength

The same tendency with the flexural strength can be noticed in the tensile strength (Table 3 and
Figure 13). For the same volume fraction of fiber, 3 mm composite and 25 mm composite also had
similar tensile performance. Table 4 compares flexural and tensile strength of un-modified composites
at different lengths (i.e., 1 mm, 2 mm, 3mm, and 25 mm). The results suggest that 3 mm can be
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considered as the “critical fiber length” of the composite in this research. Adding CF 1 mm into matrix
at 25% fiber volume fraction significantly reduced the tensile strength of resin. The tensile strength of
this composite fell to approximately 63% compared to that of neat resin. The addition of sGF could
not compensate for this degradation, as the longitudinal tensile strength of composite materials is
determined mostly by the strength and volume content of the fiber reinforcement [26].

A lmm 3mm €25mm

3 6.0
9
.
‘go\\" 5.0
a5
e 40
B
g2 3.0
- =
? B 9. A
oz A s
@ > 1.0
5 0.0 0.3 0.6
~

sGF content, wt%

Figure 13. The tensile strength of composites with respect to CF length and added sGF content.

Table 4. Mechanical performance of un-modified composites at different lengths of carbon fiber.

Composite  Bending Strength/Fiber Volume (MPa/%)  Tensile Strength/Fiber Volume (MPa/%)

1 mm 4.772 1.852
2mm 8.603 2.922
3 mm 9.403 5.627
25 mm 9.92 5224

3.3.3. The Impact Resistance of Composites

Figure 14 and Table 5 show the Izod impact resistance of neat resin and composites. The impact
resistance of composite 1 mm also declined in comparison with that of the neat matrix. In contrast to the
bending and tensile strength, the impact resistance performance of composite improved proportionally
with the increase of fiber length. However, adding glass fiber into the matrix did not affect the energy
absorption ability of the composites.

Al mm 3mm €25 mm

&
7 3.0
i
5 3.
% o 25 . L 4 4
o = Q
SEx 20
23 E 15
2> ¥ 10
g 0.5 A A A
g 0.0
0 0.3 0.6

sGF content, wt%

Figure 14. Izod impact resistance of composites.
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Table 5. The Izod impact resistance of composites and neat resin.

Impact Resistance (KJ/m?)

Composite 1 mm 3 mm 25 mm
0.0 wt% 13.14 (1.68) 43.14 (5.6) 109.59 (11.58)
0.3 wt% 14.36 (6.38) 42.26 (5.68) 106.324 (8.85)
0.6 wt% 11.43 (4.07) 42,92 (5.41) 102.19 (9.62)

Neat resin 28.25 (7.99)

Parentheses contain standard deviation values of tested data.

Figure 15 shows the edge cracks of specimens after impact test. The crack formation in these
cases is similar to that of the bending strength test. Cracks propagated in the zig-zag form in 25 mm
composite but were much straighter in the 1 mm composite.

(b)

Figure 15. Edge fracture state of (a) 1 mm composite, (b) 25 mm composite.

3.4. Strain Distribution around the Carbon Fiber Tip

Figure 16 shows the strain distribution along the longitudinal direction of model composites
under the same level of tensile load. In this figure, the position of embedded carbon fiber bundle is
illustrated in black dash lines. The test results indicated that the strain around the carbon fiber bundle
tip and pre-crack increased with the increase of applied stress level. However, when the matrix was
modified with sGF, the strain concentration was suppressed. These results suggest that the existence of
added sGF is helpful in avoiding stress concentration at the carbon fiber tip.

3.5. Effect of sGF Addition on the Fatigue Life

Figures 17-19 show the number of cycles to failure of the composites with respect to fiber length.
For all cases of fiber length, the fatigue life noticeably extended with the addition of sGE. The increment
of cycles to failure was proportional to the content of glass fiber in matrix, regardless of the fiber
length. In particular, at 0.6 wt% of modifier, all specimens survived over 1 million cycles. The strain
distribution test suggested that sGF prevented the concentration of stress around carbon fiber tips as a
result, delaying the propagation of micro-cracks inside the matrix. In our previous research, the number
of cycles to failure in the test of compact tension of modified resin also remarkably improved thanks to
the addition of glass fiber [26]. Therefore, the enlargement of fatigue life in composites was due to
the presence of sGF dissipating energy for deflecting and delaying the propagation of micro-cracks
(see Figure 20).

Failure under static loading condition occurred at very high rate compared to that of cyclic loading.
Therefore, the delaying effect of crack propagation of sGF can be hidden or skipped under static
condition, as sGF particles do not have enough time for absorbing partly failure energy. In other words,
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this suggests that sGF brings into play an improvement in strength for composites under the cyclic
loading applications.

[%]
CF — 1.000
0.900
0.0wt%GF
Matrix 1 0.750
0.600
0.450
0.3wt%GF
0.300
0.150
0.6wWt%GF 0.000
: - -0.150
o =10.32 MPa 0 =19.53 MPa | Close to fracture -0.200

Figure 16. Strain distribution of composite models consisting of a single fiber bundle and
unmodified/modified vinyl ester (VE).
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Figure 17. The number of cycles to failure of composite reinforced by 1 mm carbon fiber length under

cyclic loading.



J. Compos. Sci. 2020, 4, 5 13 of 15

—
[oN}
o

funy
N
o

&

Maximum cyclic stress, MPa
5

o

10° 102 10* 10°

Number of cycles to failure, N;

Figure 18. The number of cycles to failure of composite reinforced by 3 mm carbon fiber length under

cyclic loading.
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Figure 19. The number of cycles to failure of composite reinforced by 25 mm carbon fiber length under

cyclic loading.

(a) unmodified-resin (b) 0.6 wt% sGF modified resin

Figure 20. The laser microscope images of unmodified and modified resin specimens after compact

tension test, showing the deflection of micro-cracks [25].
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4. Conclusions

Mechanical properties of short carbon fiber composite modified by submicron glass fiber were
investigated under static and cyclic loading conditions. The results are summarized as follows:

1. The sGF was well-dispersed in the VE matrix by using the conventional homogenizer at the
speed of 5000 rpm for 30 min. The aspect ratio of glass fiber after mixing changed over a wide of range.

2. The mechanical performance of composites increased with an increase of fiber length, showing
significant improvement when fiber length lifted from 1 mm up to 3 mm. However, the bending and
tensile strength of 3 and 25 mm were nearly the same when possessing the same volume fraction.
This suggests that 3 mm can be considered as “the critical fiber length” in the composite of this research
and the potential alternative for longer fibers in some restricted industrial applications. Regarding
sGF modification, the effect of the addition of glass fiber can be observed in the case of the 1 mm
long fiber and low fiber volume fraction thanks to the improvement of fracture toughness of resin.
In other words, modifying the matrix by sGF cannot achieve an improvement in the case of higher
fiber concentration and longer fiber because the fiber dictates the behavior in the composite.

3. For all cases of fiber length, the fatigue life of composite remarkably improved with the addition
of sGF. The increment of cycles to failure was proportional to the content of glass fiber in matrix,
regardless of the fiber length. In particular, at 0.6 wt% of modifier, all specimens survived over 1 million
cycles. The strain distribution test with model specimens suggested that sGF delayed the propagation
of micro-cracks, resulting in more energy dissipation and, finally, the improvement of the fatigue life of
modified composites.
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