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Abstract

The easiest and most reliable joining method is the mechanical joint with a
bolt and nut or rivet. However, in the case of composite laminates, mechanical
joint properties decrease because of lower interlaminar properties compared
to in-plane properties around hole. This study investigated needle punching
process with the aim of improving the mechanical properties in the thickness
direction of fiber-reinforced plastic composite laminates with an open hole.
Needle punching process was applied to glass fiber chopped strand matused as
the reinforcement for the composite laminates. Open-hole tensile tests and
observations of end cross-sections after the tests were performed. The tensile
properties and fracture mechanism of the specimens subjected to needle
punching process were investigated. In addition, characteristic distance (a pa-
rameter for evaluating resistance to fracture in open-hole tensile test speci-
mens) was also calculated to examine the effects of needle punching process
conditions on fracture toughness. Tensile strength was improved by more
than 15% by needle punching process. However, when a certain needle
punching density was exceeded, the mechanical properties worsened. In addi-
tion, characteristic distance increased with increasing needle punching densi-
ty. Thus, these results suggest that there is an optimal needle punching density
with respect to strength and characteristic distance.
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Fiber-Reinforced Plastic, Needle Punch, Chopped Strand Mat, Open Hole,
Characteristic Distance

1. Introduction

In recent years, fiber reinforced plastic (FRP) composites, which offer high spe-
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cific strength and high specific rigidity, have been used in a wide variety of fields,
ranging from large passenger aircraft such as the Boeing 787 to vehicles and
sports equipment. When composites are used in various applications such as
these, they need to be joined with other members, the same as in the case of
metal materials. Joints of metal materials are made by welding or by creating
holes and using mechanical joints such as bolts or rivets. However, in the case of
composite materials, the strength of joints made using welding or adhesives is
not especially high, and there are problems with long-term durability and prod-
uct management if adhesives are used [1] [2] [3]. Because of this, mechanical
joints are said to have relatively high reliability for composite materials. Howev-
er, there are items of concern even for mechanical joints of composite materials.
When stress concentrates around mechanical joints in composite laminates, lo-
cal fracture can occur together with delamination, and the load bearing capacity
of the entire structure suddenly decreases [4]. Because of this, improvement of
interlaminar characteristics is necessary in order to improve the mechanical
characteristics of mechanical joints in composite laminates. Although various
studies have investigated ways to improve the interlaminar characteristics of
composite laminates [5] [6] [7] [8] [9], here we focused on applying needle
punching process to the reinforcement of the composite material as means of
improving these characteristics. Needle punching process is a fabric processing
method that is used to create non-woven fabric and is able to create interlacing
of fabrics in the thickness direction by piercing cottony fiber with special barbed
needles called felting needles. When this technique is used to strengthen compo-
site materials, it is thought to improve the interlaminar characteristics of stacked
layer materials by causing fibers to be oriented in the thickness direction, and to
suppress delamination due to stress concentration around holes. Previous re-
search applying the needle punching technique to the reinforcement of compo-
site materials has been conducted, for example, applying needle punching
process to glass fiber chopped strand mat (CM) and testing the tensile properties
of composite reinforced using this reinforcement [10]. Another study has inves-
tigated the mechanical properties of composite using non-woven fabrics and
woven fabrics made from glass fiber with application of needle punching process
[11]. However, no study has examined the effects of holes on the mechanical
properties of composites using a reinforcement subjected to needle punching
process.

In this study, we fabricated a composite material using a reinforcement in
which needle punching process was applied to CM. We then investigated the ef-
fects of needle punching process conditions on the tensile properties and frac-
ture propagation behavior of specimens with holes. In addition, evaluations were
performed using characteristic distance to investigate the effect of changing
needle punching process conditions on the ease of fracture when a hole is
present in the specimen. Proposed by Nuismer et al. [12] [13], characteristic dis-
tance is an important parameter for evaluating the ease of failure of tensile test

specimens with holes. This research investigated the effect of needle punching
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process conditions on characteristic distance.

2. Methods

2.1. Fabrication of Reinforcement

A needle punching glass chopped strand mat (NCM) was used in this research.
It is a reinforcement formed by applying needle punching process using felting
needles to CM (weight: 450 g/m* MC 4504, Nitto Boseki Co., Ltd.). Figure 1
shows pictures and schematics of the felting needles used to fabricate NCM, and
Table 1 shows the details of each needle. This research used three types of felting
needles (labeled A, B, and C) (Groz-Beckert KG) with different needle thick-
nesses and shapes of barbs attached to the needle surface. Felting needle A is a
#25 needle (needle thickness: 0.85 mm) with a kick-up, felting needle B is a #32
needle (needle thickness: 0.68 mm) with a kick-up, and felting needle C is a #25
needle without a kick-up. The kick-up is a part that protrudes outside the thick-
ness of the needle as shown in Figure 1. During needle punching process, fibers
are hooked by the barbs and become oriented in the thickness direction. When a
kick-up is present, the amount of fibers hooked by the needle is expected to in-
crease.

NCM was fabricated by installing needle punching plates fitted with each of
the three different types of felting needles into a non-woven fabric manufactur-
ing device (Needle room NH-380:Daiwa-kiko Co., Ltd.). NCM was needle punch

processed by feeding two layers of CM simultaneously into the non-woven fabric

Table 1. Details of the felting needles.

Needle Barbs shape Kick-up Thickness of the needle (mm)
A ) O 0.85
B ) O 0.68
C ® x 0.85

Side of needle
@ with Kick-up @ without Kick-up

™~

~— %

Figure 1. Schematic of felting needle.
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manufacturing device along the longitudinal direction of the CM base material
rolls. The needle depth was set to 15 mm and the reinforcement feed rate was set
to 7,9, 12, 15, and 17 (mm/count). The needle depth is the depth to which the
felting needles penetrate the reinforcement with each punch, and the feed rate is
the length by which the reinforcement is fed after each punch. The density per
unit area of needle punching process is calculated from Equation (1) using the

reinforcement feed rate [14].

N:ml% (1)

here, N [holes/cm’] is the needle punching density, Z [mm/count] is the feeding
speed, m [m] is the length of the metal plate with felting needles, and n, [G/m’]
is the number of needles per unit area. In this research, we fabricated NCM with
different needle punching density by changing the reinforcement feeding speed
in five steps while retaining the same fabrication conditions used in previous re-
search [15]. Furthermore, since there are many types of NCM in this study, the
reinforcement name is defined as the combination of the needle type (A, B, C)
and the needle punching density (12.3, 13.9, 17.4, 23.2, 29.9 holes/cm?). For ex-
ample, A-12.3 is the reinforcement fabricated using felting needle A at a needle
punching density of 12.3 holes/cm®.

2.2. Specimen Preparation and Testing Method

The specimens used in this study were formed by using the hand layup method
using unsaturated polystyrene resin (RIGOLAC: 150HR BQNTNA, SHOWA
DENKO Co., Ltd.) as the matrix resin. After forming, a weight was placed on top
and a pressure of 9 kPa was applied. Furthermore, a spacer was used so that the
thickness of each specimen was around 1.5 mm. The fiber volume fraction was
around 20%. After the resin was cured at room temperature for 24 h, post curing
was performed for 2 h in a 100°C thermostatic bath to complete the curing. Af-
ter forming, the specimens were cut into strips using a compact universal cutting
machine (MC-120, Maruto Instrument Co., Ltd.). Figure 2 shows the dimen-
sions of the specimens. A hole of diameter 10 mm was drilled in the center of the
specimens with drill press and an ultra-hard drill for FRP (HAM-342, HAM Ja-
pan Co., Ltd.).

2.3. Test Method

The open hole tensile test was performed using a universal tester (Type 5949, In-
stron Co., Ltd.). The test conditions were test speed of 1 mm/min and spacing
between grips of 100 mm. The tensile strengths of the specimens with a hole

were found by using Equation (2).
oot 2)
(w-D)T
here, o [MPa] is the tensile strength with a hole, P [N] is the maximum load, W
[mm] is the specimen width, D [mm]is the hole diameter, and 7' [mm)] is the
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Figure 2. Schematic of specimens.

specimen thickness. Furthermore, video was captured using a digital single-lens
reflex camera (a5100, SonyCo., Ltd.) to observe the fracture propagation beha-
vior during the open hole tensile test.

After the open hole tensile test, the end cross-sections of the specimens were
observed in order to investigate the fracture mechanism. Cross-sectional polish-
ing to a mirror finish was performed using a table-top sample polisher (IM-P2,
IMTCo., Ltd.) with waterproof abrasive paper and alumina powder. The
cross-sections were observed using an inverted metallurgical microscope (GX41,
OlympusCo., Ltd.).

2.4. Evaluation by Characteristic Distance

Evaluation by characteristic distance is based on the point stress criterion pro-
posed by Whitney et al for assessing the strength of open hole tensile test spe-
cimens [16]. This criterion is explained in Figure 3. According to this criterion,
ultimate failure of a specimen with an open hole occurs when the region with
tensile stress (g;) exceeding the tensile strength of the material () in the mini-
mum cross-section of the specimen progresses a distance (Ry;) from the hole
edge under a tensile load. This distance R,y is called the characteristic distance.
Thus, fracture occurs when the stress value along Ry reaches the tensile strength
of the material. In other words, a material with a hole is more resistant to frac-
ture when the characteristic distance is longer. In this study, stress around the
hole at fracture was found by finite-element method (FEM) stress analysis (Marc
Student Edition 2016.0.0, MSC Software Co., Ltd.), and the characteristic dis-
tance Ryp was found by applying point stress criterion theory to the obtained
stress distribution. Specifically, the characteristic distance R, was calculated by
finding the distance from the hole edge to the location where the tensile stress
(0,) distribution in the minimum cross-section at the fracture load (Pyy) on the

openhole tensile test specimen was equal to the tensile strength of the material
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(). Pyr and g, were actually measured, and the o, distribution was found by
FEM stress analysis as described above. Figure 4 shows the FEM model that was
used. This model was 2-dimensional and composed by plane strain element, and
converted into a half-model by making use of the symmetry. Linear analysis was
performed assuming plane strain conditions by applying forced displacement.
Table 2 shows the material constants that were used. The longitudinal elastic
modulus (E) was calculated from tensile tests of flat smooth material without
any holes, and Poisson’s ratio (v) was fixed at 0.3. Furthermore, the modulus of
rigidity (G) was calculated using Equation (3).
E

G:m 3)

Tensile strength (o,)

X
Tensile stress (c,)

Distance from hole edge

Characteristic distance (Rqy)

Figure 3. Description of the point stress criterion.
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Figure 4. Example of mesh division for FEM.
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Table 2. Parameters used for FEM.

Density (holes/cm?) (GPa) (GPa) Y
0 9.7 3.7 0.3
12.3 8.9 3.4 0.3
139 9.1 3.5 0.3
17.4 10.0 3.8 0.3
232 10.0 3.9 0.3
29.9 9.3 3.6 0.3

The contact point at the lower edge of the specimen was fixed, and the contact
point at the upper edge of the specimen was forcibly displaced until reaching

Py1/2 overall.

3. Results and Discussion
3.1. Open Hole Tensile Test

Figures 5-7 show representative stress-strain curves of specimens that had been
subjected to needle punching process using felting needles A, B, and C, respec-
tively. These stress-strain curves show that fracture strain was increased by
needle punching process with all of the felting needles. Furthermore, the stress at
fracture was often observed to be higher than that of CM.

Figure 8 shows the relationship between tensile strength and needle punching
density for each specimen of the NCM composites. The material with needle
punching density 0 holes/cm? is the CM composite. The NCM composites exhi-
bited essentially the same trend regardless of the type of felting needle, with the
strength initially increasing with increasing needle punching density and then
decreasing at a needle punching density of 17.4 holes/cm® or higher. Compari-
son of A and B, which differed in terms of only needle thickness, revealed that A
had higher strength at the same density. Furthermore, comparison of A and C,
which differed in terms of only the presence or absence of the kick-up, revealed
that the curve for C rises more gently and then decreases more gently than the
curve for A. It was found that, in comparison with the CM composite, felting
needle A increased tensile strength by a maximum of approximately 15%, felting
needle B by approximately 7%, and felting needle C also by approximately 7%.
Furthermore, in the NCM composites fabricated using felting needle A, there is
clear improvement in their tensile properties [15]. Compared to the previous re-
search results, it was found that the NCM composites fabricated in this study
had similar increases in tensile strength due to needle punching process, and the
trends differed according to needle punching density. From the above, it is clear
that a thicker needle with a kick-up produces a larger increase in tensile

strength.
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Figure 5. Stress-strain curves (felt needle A).
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Figure 6. Stress-strain curves (felt needle B).
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Figure 7. Stress-strain curves (felt needle C).
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Figure 8. Relationship between tensile strength and needle
punching density.

Although these results show that the different types of felting needles had
some effect on the tensile properties, because no large differences were found in
the observed trends, subsequent studies were performed using only the NCM
composite fabricated using felting needle A, which exhibited the highest tensile
strength.

Next, differences in fracture propagation behavior were investigated by using
video of the area around the hole recorded during tensile tests. Figure 9 shows
photos of the external appearance of the CM composite and the NCM-17.4 and
NCM-29.9 specimens that were fabricated using felting needle A as representa-
tive examples during fracture propagation and after break off. For both the CM
and NCM composites, cracking initiated and progressed from the edge of the
hole as the load was increased. However, after this, the fracture mechanism ob-
served in the CM composite involved cracking in a fan shape, whereas the
cracking was relatively straight in the NCM composites. The same fracture
propagation behavior was observed in NCM composites even when the needle
punching density was different. These observed trends in fracture propagation
behavior were consistent with those observed in previous research [15].

Next, end cross-sections of the specimens were observed. Figure 10 shows a
schematic diagram of the cross-sectional observation area, and Figure 11 shows
cross-sectional photos and schematic diagrams of the CM, NCM-17.4, and
NCM-29.9 specimens. For the CM composite, a fracture mechanism was ob-
served that involved a small number of transverse cracks and delamination.

The number of transverse cracks in the end cross-section of the specimen af-
ter each test and the length of delamination were quantified from the
cross-sectional observation results in Figure 11. Figure 12 shows the relation-
ship between the number of transverse cracks and needle punching density, and
Figure 13 shows the relationship between delamination length and needle
punching density. These results show that the number of transverse cracks in-

creases and the delamination length decreases with increasing needle punching
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density.

In light of the above results, we next investigated differences in fracture prop-
agation behavior depending on whether or not needle punching process was
performed. Figure 14 shows schematic diagrams of fracture progression in the
CM composite. In the CM specimen, a crack at the edge of the hole propagated
perpendicular to the load direction. As this cracking propagated, transverse
crack occurred and propagated in the thickness direction around the tip of the
fissure, and delamination is thought to have occurred when this crack tip
reached interface between the layers. As the crack propagates from the edge of
the hole, the area where transverse cracks and delamination occur grows ac-
companying delamination due to the transverse cracks. Then, fan-shaped cracks
form at ultimate failure. In contrast, it is thought that the number of transverse
cracks was larger in the NCM composites than in CM composite because the
number of points from which transverse cracks initiated increased due to the
dispersion of fiber bundles as the number of fiber bundles oriented in the thick-
ness direction increased. However, the fiber bundles oriented in the thickness
direction suppressed the occurrence of delamination, and therefore fracture
propagation followed a relatively straight path.

Before test Dutinig tensile fest After break off
(fracture progress)
E '
@] \
R
=
=
@]
Z
o i
=
aQ
3 b
@]
Z

Figure 9. Differences in fracture propagation behavior around the
hole for the CM, NCM-17.4, and NCM-29.9 specimens.

Observation area

Figure 10. Schematic of the observation area of end cross-sections.
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Figure 11. Cross-sectional observation of the fracture surface of the CM,
NCM-17.4, and NCM-17.4 specimens with an open hole.
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Figure 12. Relationship between number of transverse cracks and needle punch-
ing density.
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Figure 13. Relationship between delamination length and needle punching density.
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Figure 14. Changes in fracture propagation around the hole for a CM specimen.

Next, we discuss the reason for the variation in mechanical properties de-
pending on the needle punching density as shown in Figure 8. Increasing
strength with increasing needle punching density may be attributable to the ef-
fect of the larger dispersion of fibers. Previous research has found that the dis-
persion of fibers was promoted by needle punching process [17] [18]. Therefore,
the tensile properties are thought to have been improved by the elimination of
resin-rich areas and the reduction of variation in the stress distribution as a re-
sult of the increasing dispersion of fibers by needle punching process. However,
the amount of fibers oriented in the in-plane direction decreased and the rein-
forcing fibers became shorter with increasing needle punching density, and the
number of transverse cracks increased as the dispersion of fibers and the number
of fiber bundles in the thickness direction increased. Thus, it is thought that the
mechanical properties worsened when the needle punching density was in-

creased too greatly.

3.2. Characteristic Distance under Tensile Load

Figure 15 shows the relationship between the open hole tensile strength and
characteristic distance (Ryy) in NCM composites fabricated using felting needle
A. The plotted black circles show results for the CM composite. At a needle
punching density of 12.3 holes/cm’, the strength was essentially unchanged and
Ror was shorter than that of the CM specimen. After this, the strength and Ry
increased with increasing needle punching density, and at a needle punching
density of 23.2 holes/cm?, both the strength and characteristic distance exceeded
those of the CM specimens. As the needle punching density was then further in-
creased, Ry increased but strength decreased. These results show that needle

punching process increased not only strength but also Ry. This is attributed to
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Figure 15. Relationship between tensile strength and characteristic distance.

the rapid propagation of delamination being suppressed by fiber bundles oriented
in the thickness direction as a result of needle punching process, as shown in Fig-
ure 14. These results show that there is an optimal needle punching density not

only for strength, but also for resistance to failure when a hole is present.

4. Conclusions

This study investigated the effect of needle punching process conditions on the
tensile properties and fracture propagation behavior of composite laminates
with a hole. In addition, we investigated the characteristic distance, which is an
important parameter for evaluating the resistance of open hole tensile test spe-
cimens to failure.

It was found that the tensile strength of composite materials with a hole could
be increased by increasing the dispersion of fibers and reducing variations in the
stress distribution by applying needle punching process to a CM composite.
However, because the amount of fibers oriented in the in-plane direction de-
creased and the reinforcing fibers became shorter with increasing needle
punching density, and the number of transverse cracks increased with increasing
dispersion of fibers and an increasing number of fiber bundles in the thickness
direction, the mechanical properties decreased when the needle punching densi-
ty was increased too greatly.

Evaluation using the characteristic distance showed that there is an optimal
needle punching density not only in terms of strength, but also in terms of resis-
tance to fracture when a hole is present in composites subjected to needle

punching process.
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