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1. Introduction

Till now, fiber reinforced plastics (FRPs) have given rise to a wide range of en-
gineering applications of types of materials to various application fields includ-

ing aerospace and aircraft structure, yachts as well as wind generator blades and
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other products on the account of their outstanding mechanical properties,
lightweight and longer service life [1]-[8]. Lots of present traditional materials,
metal for instance, were gradually substituted by some new replacements such as
carbon fiber reinforced plastics (CFRPs) [6] [7] [8]. The properties of CFRPs are
related to lots of factors such as properties of raw materials [9] [10], fiber orien-
tation [11], manufacturing processes [12] and compatibility between fiber and
resin [2]. Lots of methods to improve the mechanical properties of CFRPs such
as reasonable structure optimization (hybrid reinforcements [13] [14], layup
[15] and so on), fiber treatment [16], post-treatment [1] [5], and micro- or na-
no-scale filler doping [17] [18] [19] have been carried out.

The sensitivity of the mechanical behavior of composites materials to the fi-
ber/matrix interfacial bond strength has long been realized [2] [20] [21]. Good
interfacial adhesion allows more effective stress transfer from the matrix to the
reinforcement, enhancing the ultimate strength. One of the most efficient me-
thods to ameliorate the capability of composites is to select a reasonable combi-
nation of reinforcement and matrix. Modification of the interface could affect
fracture modes of unidirectional (UD) CFRPs, resulting in disparate mechanical
properties [22] [23]. Longitudinal tensile fajlure of UD CFRPs having low inter-
facial bonding strength displays a splitting/broom fracture behavior, while those
having a high interfacial bond display a step-like/brittle fracture behavior [2].

Conventional laminate composites are sensitive to out-of-plane loading, as
they are weaker in the through-the-thickness direction than in the plane of la-
mination. The flexure response of FRPs has been the subject of continued inves-
tigation [24] [25] [26]. Except the above mentioned factors, the presence of local
inhomogeneities and defects, which are often difficult to characterize and model,
also influence the flexural properties and failure in flexure. Lassila J and Vallittu
P [27] investigated the influence of the position of fiber rich on the flexural
properties of FRPs construction. Results indicate that specimens with fibers po-
sitioned on the compression side (=250 MPa) showed higher flexural strength
than specimens with fibers positioned on the tension side (500 - 600 MPa). Hag-
strand PO [28] studied the void content on the flexural properties of beams
manufactured by compression moulding multiple unidirectional commingled
glass/polypropylene fiber tows. Voids were found to have a negative effect on the
flexural modulus and strength, which both decreased by about 1.5% for each 1%
of voids but a clear positive effect on the beam stiffness.

In this study, typical thermoplastic resin Nylon 6 and thermosetting epoxy re-
sin were used as matrices to manufacture 0 and 90 degree UD CF/Nylon 6 (same
to CF/PA6) and CF/Epoxy laminates for investigating their flexural properties
and fajlure behavior through a great quantity of experimental tests. Fiber distri-
bution, fiber volume fraction, and void content were measured by the optical
observation method. The interfacial properties were evaluated by push-out test.
The transversal tensile strength was evaluated by tensile tests of 90 degree unidi-
rectional laminates. The fracture toughness of laminates was measured by com-

pact tension tests. The effects of fiber volume fraction, void content, fiber distri-
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bution and their hybrid effects on mechanical properties were investigated.
Step-by-step 3 point bending test, microscope observation and scanning electron
microscope observation were carried out to investigate the failure behavior and

fracture mechanism.

2. Experimental Methods
2.1. Materials

2.1.1. Manufacturing of Unidirectional Composites

Two kinds of UD CFRP laminates were manufactured by using same carbon fi-
ber (T700SC 12K, Toray, Tokyo, Japan) but two different types of matrix sys-
tems. Two types of UD prepreg sheets were fabricated from carbon fiber films
with Nylon 6 (MXD-PA, Mitsubishi Gas Chemical, Tokyo, Japan) film, and
carbon fibers (T700SC 12K, Toray) with epoxy (MCP939, Maruhachi Corpora-
tion, Fukui, Japan) film, respectively. Table 1 shows the mechanical properties
of the raw materials. CFRP laminates with a thickness of 2 mm were prepared by
laminating 20 plies of thin prepreg sheets (single ply laminate = 0.1 mm) with
stacking sequences of [0],, for both 0-degree and 90-degree 3-point bending
tests. Molding conditions of CF/Nylon 6 laminates and CF/Epoxy laminates
were 280°C for 3.5 mins under a compression pressure of 4 kg/cm® and 130°C
for 50 minutes under a compression pressure of 25 kg/cm?, respectively. After
molding, the testing specimens of both CF/Nylon 6 and CF/Epoxy laminates
were cut into standard size of 70 x 13 x 2 and 25 x 150 x 2 (Width x XLength x
XThickness: mm) for longitudinal (0 degree)/transversal (90 degree) flexural
tests and transverse tensile tests, respectively. Before mechanical testing, two side
edges of the laminates were polished by SiC abrasive paper with grain size of 400

in order to eliminate the defects which formed in cutting process.

2.1.2. Sample Preparation for Microindentation Tests

Specimens with size of 2 mm x 25 mm were cut out from the UD composite la-
minates then embedded standing upright in a PMMA tube. The tube was filled
with liquid epoxy resin for curing the pre-cut specimen. After that an epoxy re-
sin cylinder including a CFRP composite laminate at the center with UD carbon
fibers along the longitudinal direction, was prepared. A thin plate with thickness
about 2 mm was cut off for getting a plane perpendicular to the fiber orientation.
Next step is the grinding and polishing steps. In detail, SiC abrasive papers were
employed to grind and polish the previous cut face side of the epoxy cylinder

Table 1. Mechanical properties of materials.

Material Manufacturer Type E(GPa) o(MPa) 5 (%) p(g-em™)
CF Toray T700SC 12k 230 4900 2.1 1.8
Mitsubishi Gas Chemical
Nylon 6 MXD-PA 2.4 82%/48% 4.0%/136$ 1.1
Company
Epoxy Maruhachi Corp MCP1110 3.2 80.6 5.4 1.2

E: Tensile modulus;o ¢: Tensile strength; J: §:Elongation; p: Density; *: Yield point; $: Break point.
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from heavy-grade sandpaper to finer-grade sandpaper (using grain size from
400, 600, 800, 1200, 1500 to 2000). Then the aluminum powder with grain size
from 1 mm, 0.1 mm to 0.05 mm was used for mirror polishing progressively.
During the above procedure, the epoxy resin cylinder was clamped in a circle
adapter holding the cylinder perpendicular to the polishing plane. After polish-
ing the first one side, the final procedure in the specimen preparation process is
to grind and polish the other face side of the cylinder in the same way as men-

tioned above, till a slice of specimen with a thickness of about 100 um.

2.2. Experimental Procedures
2.2.1. Tensile Tests

More than 10 pieces of 90-degree specimens were cut for transversal tensile tests.
The tensile tests were performed on a computer-controlled, screw-driven 100-
kN capacity universal testing machine (55R4206, Instron, Kanagawa, Japan) at a
rate of 1 mm/min based on the corresponding testing standard ASTM D3039
[29].

2.2.2. 3-Point Bending Tests

More than 20 pieces of 0-degree and 90-degree specimens were prepared. The
flexure tests were performed on a computer-controlled, screw-driven 5 kN ca-
pacity universal testing machine (55R4206, Instron) at a rate of 1 mm/min on
the basis of testing standard ASTM D7264 [30]. The specimens were placed on
two fixed supports with support span length of 64 mm.

2.2.3. Compact Tension Tests
Five pieces of laminates as shown in Figure 1 were prepared for compact tension
tests. The compact tensile tests were performed on a computer-controlled,
screw-driven 5 kN capacity universal testing machine (55R4206, Instron). The
load was applied quasi-statically under displacement control with a crosshead
speed of 0.5 mm/min according to corresponding testing standard ASTM D5045
[31].

The fracture toughness, K as a function of the geometrical parameters and
the maximum load (2,) during the test could be calculated using Equations (1)
and (2):

Kie == f(x) (1)
Bw?

f(x)= (12%][0.886+4.64x—13.22x2 +1472¢ -56x']  (2)
- X

xis the ratio a,/W = 0.5, and a, = 25 mm is the initial distance between the crack

frond and the pins (Figure 1).

2.2.4. Single-Fiber Push-Out Tests
The IFSS of composite laminates was measured through single-fiber push-out

tests, which were carried out by using a Berkovich Indenter with pyramid geo-
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Figure 1. Geometrical specifications of the standard CT sample used in this study and
details of the initial crack tip.

metry (Nano Indenter G200, Agilent Technologies, Oak Ridge, TN, USA), as
shown in Figure 2. The load was applied quasi-statically under displacement
control with a constant speed of 0.2 pm/s. The slice for single-fiber push-out
tests is required to be thin as far as possible, for allowing debond over the whole
surface/interface of the loaded carbon fiber and to push the fiber out from slice
completely. The thin slices with thickness of 100 um were put on the aluminum
foil with holes as shown in Figure 2. The IFSS 7, could be calculated through
Equation (3).
F

T, = £ 3
Yo2mr,l, G)

where F, is the peak load when interfacial debonding happens; r;is the fiber ra-
dius (for T700S carbon fiber: r,= 3.5 um); and /,is the thickness of slice.

2.2.5. Evaluation of Fiber Volume Fraction

On the basis of UD characteristics, the fiber volume fractions (V) of UD lami-
nates could be evaluated by using on a polished surface of the specimen cross-
section in a same way as introduced in [2] [3]. The V,of UD laminates could be
measured according to the following steps: 1) Images of specimen cross sections
were taken using an optical microscope (VHX-500F CCD camera, KEYENCE,
Osaka, Japan, which has a resolution of 1600 x 1200 pixels) were preprocessed
by using Adobe Photoshop version CS3 (Adobe Systems Corporation, San Jose,
CA, USA) in a Windows 7 environment (Microsoft Corporation, Redmond,
Washington, USA); 2) Functions in /mage/ software “Make Binary” and “Wa-
tershed” were used to get corresponding binary images from the original cross
section photos, then the function of “Noise>Remove outlier” [2] was employed
for obtaining images with clear boundary of carbon fiber; 3) “Analyze>Analyze
Particles” function in /mage/ software was chosen to calculate the carbon fiber
area ratio (XFibers cross section/cross section of CFRP), which is closely con-
nected with the V,because of their UD characteristics. On the other hand, the
polished cross sections of laminates were examined to check the carbon fiber
distribution of laminates and crack propagation in laminates during fracture
process.
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F: 100-|500mN
' Indenter

Matrix
Carbon Fiber

Foil with holes

Figure 2. Tllustration of single-fiber push-out tests layout.

2.2.6. Evaluation of Fiber Distribution

After flexural testing for each laminates, three thin slices (width x depth x
thickness = 15 x 2 x 2 mm) were cut from the area near the major crack of the
beam that failed in flexure and two heads of the beam. The cut planes were pa-
rallel to the cross section of the beam. The panorama images were also captured
by the optical microscope (VHX-500F, KEYENCE) after polishing process. For
each cross-section, about 150 images (500 x 500 pixels corresponding to an area
of 150 x 150 um?) were captured from the grid-limited regions of each cross sec-
tion as illustrated in Figure 3(a). Then the numbers of carbon fibers in each unit
area was counted respectively. In detail, in order to get more accurate data, every
fiber in a laminate was marked as a corresponding black circle point by hand
one by one through using Photoshop software as shown in Figure 3(a). Then
the graph with hundreds of black circle points was extracted as shown in Figure
3(d). At last, the point number could be counted by /mage/ software automati-
cally by using the similar method as introduced in Section 2.2.5.

Fiber distribution could be quantified by evaluating the deviation of carbon
fiber numbers from the average carbon fiber numbers in a unit cross section [32]
[33]. The whole cross sectional photo of each laminate was divided into n small
unit areas. The number of carbon fibers in each unit area was counted in se-
quence. Finally, the coefficient of variation ¢(X) and fiber distribution coeffi-
cient o of each specimen were calculated by using Equation (4) and Equation
(5), respectively [32] [33].

> (% -%)
p(x)=———— (4)

a=exp[—¢(X)] (5)

where x; is the number of carbon fibers in the 7 unit area, X is the average
number of fibers in all unit areas, and » is the number of unit areas. A distribu-
tion coefficient of 1 indicates perfectly homogeneous fiber distribution where
coefficients approaching 0 indicate inhomogeneous fiber dispersion. The fiber
distribution coefficient calculated this method significantly depends on the se-

lection of the size of the unit area. In this study, three types of unit area (150 x
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Figure 3. Illustration of evaluation of fiber distribution and void content of laminates. (a)
Cross section of laminates; (b) Mark of each carbon fiber and void content area; (c) ex-
tracted void content area graph; (d) extracted carbon fibers graph.

50, 150 x 75 and 150 x 150 um?) were employed as shown in Figure 3(d).

2.2.7. Evaluation of Void Content

According to the cross-section of unidirectional laminates as shown in Figure
3(a), the void content area in laminates could be marked and extracted by using
Photoshop software as shown in Figure 3(b) and Figure 3(c), respectively. Then
the void content ratio could be measured by using /mage/ software automatically

by using the same method as described in Section 2.2.5.

2.2.8. Optical Observation and Scanning Electron Microscope
Observation

Microscope observation camera and scanning electron microscopy (SEM) ob-
servations of fractured specimens were carried out using KEYENCE, VHX-500F
microscope and CCD JEOL, JSM 5200 (Tokyo, Japan) scanning electron micro-
scope, respectively. Before SEM observation, all selected samples were coated

with an Au-Pd layer.

3. Results and Discussion

3.1. Fiber Distribution of UD Laminates

The cross section of UD CF/Nylon 6 and CF/Epoxy laminates are shown in Fig-
ure 4(a) and Figure 4(a') and in Figure 4(b) and Figure 4(b'), respectively.
Evidently, carbon fibers in CF/Epoxy laminates distributed more uniform than
carbon fibers in CF/Nylon 6 laminates. Carbon fiber layers in CF/Nylon 6 lami-
nates exhibited a corrugated arrangement and “bundle”-like carbon fiber agglo-

meration was observed as shown in Figure 4. Especially, the internal bad carbon

03 @i o
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Figure 4. Cross section of CF/Nylon 6 laminates (a) (a') and CF/Epoxy laminates (b)
(b") at low magnification (a) (b) and high magnification (a') (b").

fiber impregnation zones in CF/Nylon 6 laminates were observed as shown in
Figure 4(a’). It is well know that epoxy resin wets the carbon fibers at the
pre-polymer stage, while the Nylon 6 resin has been already polymerized during
the fiber impregnation process, which contributes to the capability of infiltrating
the fiber bundles of Nylon 6 resin is much lower than that of the unreacted

epoxy resin and finally leads to the fiber distribution difference.

3.2. Fiber Volume Fraction, Vj; of UD Laminates

V;of UD CF/Nylon 6 and CF/Epoxy composites could be calculated based on
their cross sectional ratio between carbon fibers and matrix by using the image
analysis software (/mage/ software) owing to their UD characters as introduced
in Section 2.2.3. As shown in Table 2, more than 40 pieces of specimens were
examined and the results indicated that the V;of UD CF/Nylon 6 and CF/Epoxy

composites were about 37.5% and 41.9%, respectively.

3.3. Interfacial Shear Strength of UD Laminates

According to Equation (3), the IFSS of CF/Nylon 6 and CF/Epoxy composites
could be approximated by the average shear strength. Two types of typical areas
in CF/Nylon 6 laminates (as shown in Figure 4(a)) including a carbon fiber ag-
glomeration zone (CF/Nylon 6-A: bad impregnation) and an ideal distribution
area (CF/Nylon 6-B: ideal impregnation) were separated and the corresponding
IFSSs were examined as reported in Figure 5. The IFSS results indicated that
CF/Nylon 6 laminates with ideal fiber impregnation (CF/Nylon 6-B, average
IESS = 18.0 MPa) exhibited over double IFSS than CF/Nylon 6 composites with
bad carbon fiber impregnation (CF/Nylon 6-A, average IFSS = 7.6 MPa). Mean
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Figure 5. IFSS of CF/Nylon 6 and CF/Epoxy composites ex-
amined through single-fiber push-out tests (a) and Weibull
plots of IESS for CF/Nylon 6-B and CF/Epoxy composites (b).

Table 2. Mechanical properties of unidirectional laminates.

Tensile/Flexure  Tensile/Flexure

9

Laminates Tests  Orientation N e modulus (GPa) _ strength (MPa)

Mean C.V. Mean C.V. Mean C.V.

(%) (%) (%)

CF/Nylon 6 20 37.36 7.1 85.4 4.1 1154.24 6.4

CF/EpoXy  Flexure ° 20 4173 56 8945 84 15122 107

CF/Nylon6  tests 21 37.7 8 5.49 6.6 5147  12.8
CF/Epoxy % 24 42.06 4.7 6.08 5.3 117.81 6

CF/Nylon 6  Tensile 20 - - 7.41 7.3 33.01 15.7

CF/Epoxy tests % 11 - - 7.62 6.2 71.84 7.3

while, CF/Epoxy laminates exhibited middle IFSS (average IFSS = 15 MPa).
From optical observation as shown in Figure 4(a), it is known that the low IFSS
zone was wider than the high IFSS zone in CF/Nylon 6 composites. The results
indicated that IFSS in this research examined through the single fiber push-out
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method by using the Berkvich Indenter with pyramid geometry showed a rela-
tively lower IFSS than that measured by other testing methods [34] [35] [36]
[37]. Nevertheless, the adverse effects of poor infiltrating capability in CF/Nylon

6 composites on the IFSS were examined evidently in present study.

3.4. Transverse Tensile Mechanical Properties of UD laminates

Table 2 shows the tensile properties of 90 degree UD CF/Nylon 6 and CF/Epoxy
composites. Typical stress-strain curves of 90 degree UD CF/Nylon 6 and CF/Epoxy
laminates are shown in Figure 6(a). The tensile strengths of 90 degree UD
CF/Epoxy composites ( 0y crgpor, = 71.84 MPa ) were over double times than
those of CF/Nylon 6 composites ( ogy.cepnyions = 33.01 MPa ). As shown in Table
2, a perceptible scattering of 90 degree tensile strength could be obviously ob-
served. Commonly, the corresponding statistical distribution of composite
strengths follows Weibull distribution [38], with the Weibull equation given as
Equation (6):

90

1|——90 De-CF/PA6
80 | —— 90 De-CF/Epox
70 - T
60 |
< |
E 50
2 |
S 40
& |
30 |
20 |
10
0 T T T T v T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012
Strain/-
(a)
2
1 @ CF/PA6 90 Deg Ten
i @ CF/Epoxy 90 Deg Ten >
0
A
S5
)
=
N’
S 241
E
s ln?n(l/(l-Fi))):7.5l98ln(o’)—26.771
R*=0.9512
9 In(In(1/(1-F,)))=16.035In()-69.04§
-4 1 R’=0.9458
AL L L L L L LR LA BLELELALL AL LR AL RAALLALA] RALLALLL
20 30 40 50 60 70 80 90
Tensile Strength, 6/MPa

(®)

Figure 6. Typical stress-strain curves (a) and Weibull plot (b)
of 90 degree UD CF/Nylon 6 and CF/Epoxy laminate under
tensile loading.
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O “
P :1—exp{—£o_—j } (6)
0

where P, is the cumulative probability of failure of a composite at applied tensile
strength o, , o isthe Weibull modulus (Weibull shape parameter), and o, is
a Weibull scale parameter (characteristic stress). Taking the logarithm of both
sides of Equation (6), rearrangement of the two-parameter Weibull statistical

distribution expression gives the following:

|n{|n[1_1F H:aln(af)—aln(ao) 7)

be obtained by linear regression from a Weibull plot of Equation (7). The proba-
bility of failure F; at the 7 ranked specimen from a total of N specimens is ob-

tained from the symmetric rank method as
i—-05
F= N (8)
where 7is rank of the each data point from lowest to highest strength.

Figure 6(b) shows the Weibull plots of transverse tensile strength for 90 de-
gree UD CF/Nylon 6 and CF/Epoxy composites. The Weibull modulus, «, for
90 degree CF/Nylon 6 and CF/Epoxy composites were calculated to be 7.5 and
16.0, respectively. The variations in Weibull modulus, «, can be ascribed to the
nature and distribution of the defects which are present in the laminates. As is
known to all, some flaws were created in composites during manufacturing
processes and different subsequent heat treatments. The existence of the raw
material variation and defects in UD laminates such as fiber misalignment, void
and non-impregnation leads to scattering of tensile strength. So the Weibull
modulus, «, can be considered as a defect frequency distribution factor [38].
High values of Weibull modulus indicates that defects are evenly distributed
throughout the composites. Low values of Weibull modulus indicates more de-
fects that are less evenly distributed, causing a greater scatter in strength [39].
The result of IFSS and transverse strength of laminates indicate that the poor
impregnation (high void content) of CF/Nylon 6 composites exhibited negative

effects on their mechanical properties and corresponding stabilities.

3.5. Fracture Toughness of 90 Degree UD Laminates

The fracture toughness results of CF/Nylon 6 and CF/Epoxy laminates examined
by compact tension tests are shown in Figure 7. Results indicate that CF/Nylon
6 laminates exhibited higher fracture toughness than CF/Epoxy laminates, which
indicates the capability of UD CF/Nylon 6 composites containing a crack to res-

ist fracture was better than CF/Epoxy composites [40].

3.6. Flexural Mechanical Properties of UD Laminates

The flexural mechanical results of both 0 and 90 degree CFRPs are shown in Ta-

ble 2. Typical deflection-load curves of 0 and 90 degree UD composites were
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shown in Figure 8(a) and Figure 8(b), respectively. Both 0 and 90 degree
CF/Epoxy composites exhibited obvious higher flexural modulus and flexural

strength than CF/Nylon 6 laminates as shown in Table 2. Especially, flexural
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Figure 7. Fracture toughness of 90 degree CF/Nylon 6 and
CF/Epoxy composites [40].
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strength of 90 degree CF/Epoxy laminates (=117.81 MPa) exhibited more than-
double times those of CF/Nylon 6 laminates (=51.47 MPa), which showed the
similar results to the transverse tensile mechanical properties.

Results in Table 2 indicate that there is a scattering of bending strength. The
statistical distribution of mechanical properties is usually described by means of
the Weibull equation. The Weibull plots of 0 and 90 degree CF/Nylon 6 and
CF/Epoxy composites are shown in Figure 9(a) and Figure 9(b), respectively.
The Weibull modulus, «, for 0 degree CF/Nylon 6, 0 degree CF/Epoxy, 90 de-
gree CF/Nylon 6 and 90 degree CF/Epoxy composites were examined to be
19.05, 15.46, 9.30 and 19.49, respectively. As above mentioned, high values of «

corresponds to the stable mechanical properties [39].

3.7. Effect of V;on Flexural Mechanical Properties

The V;of 0 and 90 degree CF/Nylon 6 and CF/Epoxy composites are about 37% -
38% (C.V. = 7% - 8%) and 41% - 42% (C.V. = 4% - 6%), respectively. The rela-

tionship between V,& flexure modulus and V, & flexure strength are shown in
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Figure 9. Weibull plots for both 0 (a) and 90 degree (b)
CF/Nylon 6 and CF/Epoxy composites under flexural loading.
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Figure 10(a) and Figure 10(b), respectively. It is clear that the higher V,of same
type specimens, the higher flexure modulus and strength. It is worth to note that
90 degree CF/Epoxy laminates clearly exhibited higher strength than 90 degree

CF/Nylon 6 laminates even with similar 1

3.8. Effect of Void Content on Flexural Mechanical Properties

The relationships of void content versus flexure modulus and void content ver-
sus flexure strength of both 0 and 90 degree CF/Nylon 6 composites are shown
in Figure 11(a) and Figure 11(b), respectively. Results indicate that the flexure
modulus and flexural strength decrease with increasing void content of CF/Ny-
lon 6 laminates. The flexure modulus and strength of 0 degree CF/Nylon 6 la-
minates decreased asymptotically with increasing void contents.

Figure 12 presents the flexure modulus and strength fraction results of
CF/Nylon 6 laminates. As expected, the performance value decrease with the

porosity of laminates. It can be seen in Figure 12 that the flexure strength of
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Figure 10. Relationship between V,vs flexure modulus (a) and
V,vs flexure strength (b) of 0 and 90 degree CFRP composites.
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both 0 and 90 degree UD CF/Nylon 6 laminates are more sensitive to the void

content than flexure modulus.
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3.9. Effect of Fiber Distribution on Flexural Mechanical Properties

The cross sections of10 pieces of CF/Nylon 6 laminates after flexure tests were
used to evaluate the fiber distribution. For each pieces of CF/Nylon 6 laminate,
three types of unit areas (150 x 50, 150 x 75 and 150 x 150 um®) were separated
respectively and in total more than 50,000 carbon fibers were counted. The
Weibull plots of the carbon fiber number including above three types of unit
area (150 x 50 um”® in red, 150 X 75 um® in blue and 150 x 150 um? in black) are
shown in Figure 13. Data of total 10 pieces of laminates (more than half million
carbon fibers) were plotted together and fitted to linear relationship as shown in
Figure 13. The Weibull parameters of unit area 150 x 50, 150 x 75 and 150 x
150 um” are 2.58, 3.14 and 4.42 respectively, which indicates that the bigger vari-
ation occurred when decreasing the unit size in the direction of thickness. The
results indicate that the lay-up lead to the uniform fiber distribution in CF/Ny-
lon 6 laminates, which could be corroborated by the observed cross section as
shown in Figure 4(a). The relationship between fiber distribution coefficient
and mechanical properties is shown in Figure 14. In total, both flexural modulus
and flexural strength of CF/Nylon 6 laminates did not exhibited obvious positive

effects or good relationship with fiber distribution coefficient.

3.10. Fracture Behavior

Step-by-step flexure method was employed to investigate the fracture behaviors
of both CF/Nylon 6 and CF/Epoxy composites in present study. In detail, 0 de-
gree flexure tests were stopped at deflection of 1 mm, 3 mm, 4.8 mm and ulti-
mate deflection for 0 degree CF/Nylon 6 composites and 2 mm, 3 mm, 5 mm
and ultimate deflection for 0 degree CF/Epoxy composites, as shown in Figure
8(a). Meanwhile, 90 degree flexure tests were stopped at deflection of 1 mm, 2
mm, 3.5 mm and ultimate deflection for 90 degree CF/Nylon 6 laminates and 2
mm, 4 mm, 7 mm and ultimate deflection for 90 degree CF/Epoxy laminates, as

shown in Figure 8(b).

1 In(In(1/(1-F1)))=2.58 In(x)-13.08 -
] n(In(1/(1-F1))) n(x) \
4 In(In(1/(1-Fi)))=3.14 In(x)-17.08

0 In(In(1/(1-Fi)))=4.42 In(x)-26.95

In(In(1/(1-Fi)))

(500
(&% 150um
s
XX XX

7 +—_— 1
20 25 30 35 40 45 50 55 60 65 70

In(carbon fiber number)

Figure 13. Weibull plots of the carbon fiber number in three
types of unit area in 0 degree CF/Nylon 6 laminates.
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Figure 14. The effect of fiber distribution coefficient on mechanical properties of 0 de-

gree CF/Nylon 6 laminates.

The corresponding polished cross-sections of CF/Nylon 6 and CF/Epoxy la-
minates are shown in Figure 15 and Figure 16, respectively. The microscope

views along fiber direction of crack initiation and propagation in 0 and 90 de-

gree CF/Nylon 6 laminates were shown in Figures 15(I)-(IV) and Figures

15(1')-(IV"), respectively. In Figure 15(I), some fiber concentration areas with-
out enough resin impregnation could be observed in 0 degree CF/Nylon 6 lami-
nate, which was bended with deflection of 1 mm (as shown in Figure 1(a)).

With the increase of deflection, initial crack could be found in fiber concentra-

tion areas and then crack propagation also could be observed along fiber con-

centration areas in compression side of 0 degree CF/Nylon 6 laminates as shown
in Figure 15(II) and Figure 15(III), respectively. Final fracture of 0 degree CF/
Nylon 6 laminates occurred in the compression side by the coalescence of lots

of small cracks that form inside of fiber concentration areas, as shown in

K2
0:;5: Scientific Research Publishing

243



Y. Maetal.

Figure 15. Microscope view along fiber direction of crack initiation and propagation in 0
degree (I-III) and 90 degree (I’-IIT’) CF/Nylon 6 laminates.

(1, 11, 111)

Figure 16. Microscope view along fiber direction of 0 degree (i-iii) and 90 degree (i’-iii’)
CF/Epoxy laminates.

Figure 15(IV). Meanwhile, the fracture process of 90 degree CF/Nylon 6 lami-
nates seems similar to 0 degree CF/Nylon 6 laminates. Cracks also initiated from
fiber concentration areas without enough resin impregnation and propagated
along fiber concentration areas then give rise to final failure as shown from Fig-
ure 16(I’) to Figure 15(IV'). However, the crack initiation and propagation oc-
curred in the compression side of 0 degree CF/Nylon 6 laminates (belong to
Mode II: Shear, sliding) while occurred in the tensile side of 90 degree CF/Nylon
6 laminates (belong to Mode I: Tension, opening). On the other hand, the mi-
croscope views along fiber direction of 0 and 90 degree CF/Epoxy laminates
were shown in Figures 16(i)-(iii) and Figure 16(iii'), respectively. No obvious
damage or crack could be observed in both 0 and 90 degree CF/Epoxy laminates
before final fracture. Meanwhile, the final fracture speeds of both were extremely
fast. The final failure always happens suddenly without any symptom or visible
signs of damage serving as an alarm.

The fracture behaviors of 0 and 90 degree CF/Nylon 6 and CF/Epoxy lami-
nates were shown in Figure 17(IV), Figure 17(iv), Figure 17(IV') and Figure
17(iv"), respectively. It is obvious that the first fracture of 0 degree laminates in-
itiated from upper surface (Compression side) while 90 degree laminates in-
itiated from lower surface (Tension side). For both 0 and 90 degree CF/Epoxy
laminates with, the specimens were separated into two parts while CF/Nylon 6

laminates not, which related to the fracture toughness difference.
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3.11. SEM Observation

The flexure fractured surface of the 90 degree CF/Nylon 6 and CF/Epoxy com-
posites were observed using SEM observation as shown in Figure 18(A) and
Figure 18(B), respectively. It is obvious that some carbon fibers were pull-out
from the fractured surface of 90 degree CF/Nylon 6 laminates. But for CF/Epoxy
laminates, the morphology of fractured surface exhibited a glossy morphology,
with lots of banding and resin covering most of carbon fibers on the fractured
surfaces. On the other hand, the compression side and tensile side of CF/Nylon 6
laminates were shown in Figure 18(a) and Figure 18(d), respectively. Similarly,
CF/Epoxy laminates were shown in Figure 18(c) and Figure 18(d), respectively.

Both Figure 18(A) and Figure 6(b) simply show that interfacial strength be-
tween CF and Nylon 6 resin is much lower than CF and Epoxy resin. Rough
fracture surface of CF/Nylon 6 laminates and smooth surface of CFs indicated
adhesive failure with de-bonding between CF and Nylon 6 resin. By contrast,
fracture surface of CF/Epoxy laminate is relatively flat because cohesive is do-
minant. Fracture occurred within epoxy resin. Meanwhile, some epoxy resin on

CFs also indicates the cohesive failure.

4. Conclusion

In this study, typical thermoplastic resin Nylon 6 and thermosetting epoxy resin
were used as matrices to manufacture UD CF/Nylon 6 and CF/Epoxy laminates
for investigating their mechanical flexure properties and failure behavior. The

main results of this work were as follows:

Figure 17. Final flexure fracture of 0 and 90 degree CFRP laminates. (IV) 0 degree
CF/Nylon 6, (iv) 0 degree CF/Epoxy, (IV’) 90 degree CF/Nylon 6, (iv’)) 90 degree
CF/Epoxy.

“Ta) CompressiomSide

(b} Tensile Side

Lt Al
FTTTNLT T . T

Figure 18. SEM observation of 90 degree CF/Nylon 6 (A) (a) (b) and CF/Epoxy (B) (c)
(d) laminates.
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1)

2)

3)

4)

5)

CF/Nylon 6 laminates exhibited bad fiber distribution and higher void con-
tent while CF/Epoxy laminates with similar fiber volume fraction showed
uniform fiber distribution and less void content owing to the difference of
infiltration capability between two resin systems.

Bad fiber distribution in CF/Nylon 6 laminates lead to more void content ex-
isted in fiber concentration areas, which has negative effects on their interfa-
cial properties and finally affects the mechanical properties. Especially, 90
degree CF/Epoxy laminates with uniform fiber distribution (less void con-
tent, stable interfacial properties) exhibited more than double tensile and
flexure strength comparing to CF/Nylon 6 laminates with similar fiber vo-
lume fraction.

The statistic fiber distribution condition of CF/Nylon 6 laminates were inves-
tigated based on a large number of carbon fibers (>half million) and results
showed that fiber numbers in each unit area of laminates exhibited fitting
Weibull distribution.

The positive effects of higher fiber volume fraction and less void content on
the flexural mechanical properties were approved in this study. Meanwhile,
their hybrid effects on flexural mechanical properties were investigated.

The step-by-step optical observation and scanning electron microscope ob-
servation were carried out and confirmed that the fiber distribution and in-
terfacial properties affected the failure process of UD laminates in a large ex-
tent. Cracks in 0 and 90 degree CF/Nylon 6 laminates initiated from fiber
concentration areas without enough resin impregnation then propagated

along fiber concentration areas up to final fracture.

The fracture characteristics of UD CF/Nylon 6 composites with ductile matrix

included both matrix plasticity and fiber/matrix interfacial failure (belong to

adhesive failure mode) while CF/Epoxy composites with brittle matrix showed a

glossy appearance with most of matrix failure in fractured surface (belong to

Cohesive failure model).
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