
Composite Structures 160 (2017) 89–99
Contents lists available at ScienceDirect

Composite Structures

journal homepage: www.elsevier .com/locate /compstruct
A comparative study of the mechanical properties and failure behavior of
carbon fiber/epoxy and carbon fiber/polyamide 6 unidirectional
composites
http://dx.doi.org/10.1016/j.compstruct.2016.10.037
0263-8223/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: stonemayan0416@gmail.com (Y. Ma), ueda.masahito@

nihon-u.ac.jp (M. Ueda), yokozeki@aastr.t.u-tokyo.ac.jp (T. Yokozeki), toshi@
maruhati.co.jp (T. Sugahara), amy_yuqiu_yang@dhu.edu.cn (Y. Yang), hhamada
@kit.ac.jp (H. Hamada).
Yan Ma a, Masahito Ueda b, Tomohiro Yokozeki c, Toshi Sugahara d, Yuqiu Yang e,⇑, Hiroyuki Hamada a

aAdvanced Fibro-Science, Kyoto Institute of Technology, Kyoto 606-8585, Japan
bDepartment of Mechanical Engineering, College of Science and Technology, Nihon University, Tokyo 101-8308, Japan
cDepartment of Aeronautics and Astronautics, The University of Tokyo, Tokyo 113-8656, Japan
dMaruhachi Corporation, Fukui 910-0276, Japan
eKey Laboratory of Textile Science & Technology, Ministry of Education, College of Textiles, Donghua University, Shanghai 201620, PR China

a r t i c l e i n f o
Article history:
Received 10 September 2016
Revised 13 October 2016
Accepted 15 October 2016
Available online 18 October 2016

Keywords:
Polymer matrix composite
Failure behavior
Damage mechanics
Prepreg
a b s t r a c t

Two types of unidirectional carbon fiber reinforced plastic were fabricated using identical carbon fibers
but different matrix systems. Thermoplastic polyamide 6 and thermosetting epoxy were used as matri-
ces. A large number of on-axis tensile tests of unidirectional carbon fiber reinforced polyamide 6 (CF/PA6)
and the unidirectional carbon fiber reinforced epoxy (CF/Epoxy) laminates were performed. Mechanical
properties and failure behaviors are discussed based on fiber distribution, impregnation conditions and
interfacial shear strength. Tensile strengths were predicted by means of a modified global load sharing
model and compared with experimental results. Step-by-step tensile tests revealed the fracture process
of 0-degree unidirectional CF/PA6 laminates.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon fiber reinforced plastics (CFRPs) have been used in an
extensive range of engineering applications because of their out-
standing mechanical properties, which enable lightweight and
extended service-life structures [1–5]. Metallic materials have
gradually been replaced by CFRP [6–9]. It is well known that the
mechanical properties of a CFRP are affected by various factors
such as the properties of the fiber and matrix, the fiber volume
fraction, fiber distribution, impregnation of the matrix, and com-
patibility between the fiber and the resin (interface and inter-
phase). Manufacturing processes such as temperature, pressure,
and process time also affect the mechanical properties. Therefore,
manymethods to improve the mechanical properties of CFRPs such
as fiber treatment [10–12], post-treatment [7,9], structure opti-
mization [7,9,13–15], and micro- or nano-scale filler doping [16–
21] have been investigated. One of the most efficient ways to ame-
liorate the capability of CFRPs is to choose an appropriate surface
treatment to improve interfacial strength between the fibers and
the matrix.

During loading of a unidirectional (UD) CFRP, mesoscopic
events, such as matrix cracking and fiber breakage, initiate and
propagate progressively. Such damage accumulates with increased
loading. Fiber breakage and matrix cracking often cause interfacial
de-bonding [22]. A firm adhesive interface (ideal impregnation of
matrix and strong bonding between fibers and matrix) is necessary
for the efficient transfer of stress throughout the interface [23].
Modification of the interface could affect fracture modes of a UD
CFRP, resulting in disparate mechanical properties [24–28]. The
fracture process of a UD CFRP is not currently well understood
because the process is extremely rapid (>500 m/s [29]). Ultimate
failure of a UD CFRP always occurs abruptly after initiation of
mesoscopic events, without any symptoms or visible signs of dam-
age serving as an alarm.

Analytical modeling of tensile failure of a UD CFRP, followed by
fiber fragmentation is well established. A useful baseline is
obtained by assuming that stress re-distribution around broken
fiber follows global load sharing (GLS) [30,31]. This approach
assumes that the load from a broken fiber is shared uniformly
and equally to all remaining intact fibers across the cross-section
of the break point [30–44]. Curtin [30,31] was the first to develop
an analysis of the stress–strain response of a fragmenting bundle,
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based on the Cox’s [32] shear lag model, Rosen’s [33] chain of bun-
dle concept and the Kelly–Tyson [34] approximation model for
inefficient length. Curtin’s model was later extended by Neumeis-
ter [35,36] to account in an approximate way for the overlap of
influence zones adjacent to fiber breaks, and subsequently an exact
solution to the fragmentation problem was developed. Further
research using the GLS model has mainly focused on investigating
mechanical behavior, the influencing factors and mechanisms [37–
44].

In the present study, a typical thermoplastic resin, polyamide 6
(PA6) and a thermosetting epoxy resin were used as matrices to
fabricate UD carbon fiber reinforced PA6 laminates (CF/PA6) and
epoxy laminates (CF/Epoxy) through hot compression molding.
Their failure behaviors and mechanical properties were investi-
gated based on the fiber distribution, impregnation conditions
and interfacial shear strength (IFSS). The modified GLS model
was used to predict tensile strengths, which were then compared
with experimental results.

2. Experimental methods

2.1. Materials

2.1.1. Production of unidirectional composites
Two types of UC CFRP were fabricated using one type of carbon

fiber and different matrix systems. Two UD prepreg sheets were
prepared from carbon fibers (T700SC 12K, Toray, Tokyo, Japan)
with PA6 (MXD-PA, Mitsubishi Gas Chemical, Tokyo, Japan), and
carbon fibers (T700SC 12K, Toray) with epoxy (MCP939, Maruhachi
Corporation, Fukui, Japan). The mechanical properties of the raw
materials are shown in Table 1. The thickness of a single ply lamina
was about 0.1 mm. CFRP laminates with a thickness of 1 mm were
fabricated by laminating 10 plies of prepreg sheets with stacking
sequences of [0]10 for 0-degree longitudinal tensile tests. Molding
conditions were 280 �C for 3.5 min under a compression pressure
of 4 kg/cm2 for CF/PA6 laminates and 130 �C for 50 min under a
compression pressure of 25 kg/cm2 for CF/Epoxy laminates. Simi-
larly, laminates with thickness of 2 mm and stacking sequences
of [0]20 were prepared for transverse tensile tests. Specimens of
both CF/PA6 and CF/Epoxy laminates were cut with a size of
15 � 250 � 1 and 25 � 15 � 02 (Width � Length � Thickness:
Table 1
Mechanical properties of materials.

Material Manufacturer Type

CF Toray T700SC 12 k
PA6 Mitsubishi Gas Chemical Company MXD-PA
Epoxy Maruhachi Corp. MCP1110

E: Tensile modulus;r: Tensile strength;d:.Elongation;q: Density.
* Yield point.
$
Break point.

Fig. 1. Schematic of specimens used for tensile
mm) for longitudinal and transverse tensile tests, respectively.
Rectangular-shaped aluminum-alloy tabs were bonded on both
ends of the specimens using an epoxy adhesive (AralditeTM), as
shown in Fig. 1.

2.1.2. Sample preparation for microindentation tests
From the UD composites, specimens of about 2 mm � 25 mm

were cut out and embedded standing upright in a PMMA tube
filled with liquid epoxy resin. In this way, an epoxy resin cylinder,
containing a sample of CFRPs at the center with fibers in longitudi-
nal direction, is produced. 2 mm thick plate is cut off in order to get
a plane perpendicular to the fiber direction.

After cutting, the previously cut face side of the cylinder is
grinded and polished by using SiC abrasive paper with grain size
from 400, 600, 800, 1200, 1500–2000 step-by-step, then use the
aluminum powder with grain size from 1 mm, 0.1 mm to
0.05 mm progressively. For this procedure, the cylinder is clamped
in an adapter holding the cylinder perpendicular to the polishing
plane. After finishing the first side, the last step in the sample
preparation procedure is to grind and polish the second side of
the specimen in a similar manner as describe above, till a slice of
composite with a thickness of about 100 lm.

2.2. Experimental procedures

2.2.1. Tensile tests
About 60 pieces of 0-degree specimens and more than 10 pieces

of 90-degree specimens were prepared. The tensile tests were car-
ried out on a computer-controlled, screw-driven universal testing
machine (55R4206, Instron, Kanagawa, Japan) equipped with a
100-kN load cell at a speed of 1 mm/min on the basis of testing
standard ASTM D3039 [45]. The tensile tests were performed at
room temperature in a relative humidity (RH)-controlled labora-
tory (23 ± 0.5 �C, 48 ± 2% RH).

2.2.2. Single-fiber push-out tests
Single-fiber push-out tests were performed using a Berkovich

Indenter with pyramid geometry (Nano Indenter G200, Agilent
Technologies, Oak Ridge, TN, USA), as shown in Fig. 2. The load
was applied at a constant rate of 0.2 lm/s. For single-fiber push-
out tests, the specimen is required to be thin, to allow fracture over
E(GPa) r(MPa) d.(%) q.(g�cm�3)

230 4900 2.1 1.8
2.4 82*/48

$
4.0*/136

$
1.1

3.2 80.6 5.4 1.2

tests, based on the ASTM D3039 standard.
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Fig. 2. Illustration of single-fiber push-out tests layout.
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the whole interface of the loaded fiber and to push the latter out
completely. Prepared thin slice specimens of thickness about
100 lm were placed on an aluminum foil with holes. The speci-
mens were arranged in such a way that a hole was positioned at
the position of the loaded fibers, enabling the indenter to push-
out the fiber completely into the hole.

The IFSS sy is calculated using Eq. (1).

sy ¼ Fmax

2prf lf
ð1Þ

where Fmax is the load when interfacial debonding occurs, typically
the initial peak load; rf is the fiber radius (T700S: 3.5 lm); and lf is
the specimen thickness.

2.2.3. Microscope observation
The fiber volume fraction, Vf, was measured on a polished sur-

face of the whole cross-section in a similar way to that described
in Ref. [8]. The fiber volume fraction was measured as follows. (i)
Images taken with an optical microscope (VHX-500F CCD camera,
KEYENCE, Osaka, Japan, which has a resolution of 1600 � 1200 pix-
els) were preprocessed by the aid of ImageJ software. (ii) Functions
in ImageJ software ‘‘Make Binary” and ‘‘Watershed” were used to
obtain binary photos, then the function ‘‘Noise? Remove outlier”
[46] was used to obtain clear boundary carbon fiber images of CF/
PA6 and CF/Epoxy laminates. (iii) The function ‘‘Analyze? Analyze

Particles” was used to calculate the area ratio
PFibercrosssection

crosssectionofCFRP

� �
,

which is clearly related to the fiber volume fraction because of
its UD characteristics. At the same time, the cross-section of spec-
imens was observed to investigate the carbon fiber distribution
and crack propagation in CF/PA6 and CF/Epoxy laminates.

2.2.4. Scanning electron microscope observation
All fracture specimens were observed with the optical micro-

scope and then selected samples were coated with an Au-Pd layer
and examined in more detail using a scanning electron microscope
(SEM, JSM 5200, JEOL, Tokyo, Japan).
3. Modified Global Load Sharing model

The ineffective length d of a fiber embedded in matrix is defined
by Eq. (2) according to the Kelly–Tyson approximation [34].

2d ¼ rf rf
sy

ð2Þ

where rf is the stress in intact fiber. The probability of fiber break-
age Pf(rf, 2d) is a function of rf and 2d, and follows a Weibull distri-
bution, as shown in Eq. (3)

Pf ðrf ;2dÞ ¼ 1� exp �2d
L0

rf

r0

� �m� �
ffi 2d

L0

rf

r0

� �m

ð3Þ
where r0, m, L0 are the Weibull scaling parameter, the Weibull
modulus and the span length to determine the Weibull parameters,
respectively. The analytical derivation of the GLS model is intro-
duced as follows. The matrix axial stress is neglected; namely the
composite stress rL can be derived as Vf times the fiber sustained
stress. The fiber sustained stress can be divided into two compo-
nents for intact and broken fibers. Thus, the average fiber stress is
defined as the sum of stress in the intact fiber times the probability
of non-fractured fibers and the recovery stress in the broken fiber
times the probability of failure, as indicated in Eq. (4):

rL ¼ Vf rf f1� Pf ðrf ;2dÞg þ 2sy
rf

LPf ðrf ;2dÞ
� �

¼ rf V f 1� 1� L
d

� �
Pf ðrf ;2dÞ

� �
ð4Þ

L is a parameter governing the stress recovery rate in broken
fibers. According to the Kelly–Tyson approximation [34], the stress
recovers linearly from the breakage point. Curtin [30,31] hypothe-
sized that the average distance from the fiber breakage is half of d,
as described in Eq. (5).

L ffi d
2

ð5Þ

Taketa [47] improved this hypothesis by taking into account the
possible positions of the fiber fracture in the range of 2d. L in Eq. (5)
could then be modified as

L ffi 7d
12

ð6Þ

Combining Eqs. (2), (4) and (6), the constitutive expression for
composite strength can be predicted, as shown in Eq. (7) [47]

rL ¼ rf V f 1� 5
12

rf

r1

� �mþ1
 !

ð7Þ

where

r1 ¼ rm
0 L0sy
rf

� � 1
mþ1

ð8Þ

rf ¼ r1

�
12

5mþ 10

� 1
mþ1

ð9Þ

Then, maximizing with respect to the strain yields, the ultimate
tensile strength is

r�
L ¼ Vfr1

12
5mþ 10

� � 1
mþ1 mþ 1

mþ 2

� �
ð10Þ

To construct a stress–strain curve, the linear relationship
between fiber stress and composite strain shown in Eq. (11) can
be substituted into above equations, where Ef is the fiber modulus.

rf ¼ Ef ef ð11Þ
4. Results and discussion

4.1. Fiber distribution

The cross-section of 0-degree CF/PA6 and CF/Epoxy laminates
are shown in Fig. 3(a) and (a’) and in Fig. 3(b) and (b’), respectively.
CF/Epoxy laminates exhibited a more uniform fiber distribution
than CF/PA6 laminates. CF/PA6 laminates exhibited a biased/inho-
mogeneous fiber distribution; a ‘‘bundle”-like fiber agglomeration
was observed. Poor fiber impregnation areas internally, with fiber
concentrations, were observed in CF/PA6 laminates, as shown in
Fig. 3(a’). The difference in fiber distribution between the two



Fig. 3. Cross-section of CF/PA6 laminates at low magnification (a) and high magnification (a’) and CF/Epoxy laminates at low magnification (b) and high magnification (b’).
Poor impregnation areas and resin concentration areas in CF/PA6 laminates can be observed in (a’).
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systems (CF/PA6 and CF/Epoxy) is that epoxy wets the fibers at the
pre-polymer stage, while the PA6 resin is already polymerized dur-
ing the fiber impregnation process and its ability to infiltrate the
fiber bundles is much lower than that of the unreacted epoxy resin.

4.2. Fiber volume fraction

Because of their UD character, the fiber volume fraction of CF/
PA6 and CF/Epoxy laminates were calculated according to the
cross-sectional ratio between fibers and laminates, which could
be measured by image analysis software (ImageJ software) as
explained in Section 2.2.3. The results of more than 30 specimens
showed the Vf values for CF/PA6 and CF/Epoxy laminates were
42.3% (C:V: �8.8%) and 46.5% (C:V: �7.7%), respectively.

4.3. Interfacial shear strength

The IFSS was approximated by the average shear strength given
by Eq. (1). The IFSS results for CF/PA6 laminates and CF/Epoxy lam-
inates are shown in Fig. 4. For CF/PA6 laminates, two kinds of typ-
ical areas including a fiber concentration area (CF/PA6-A: poor
impregnation) and a single fiber area (CF/PA6-B: good impregna-
tion) were measured, as shown in Fig. 4(a). The results show that
CF/PA6 laminates with good fiber impregnation (IFSS�18.0 MPa)
exhibited higher IFSS than CF/Epoxy laminates (IFSS�15.0 MPa).
However, the CF/PA6 laminates without good fiber impregnation
(IFSS�7.6 MPa) exhibited lower IFSS than CF/Epoxy laminates.
The lower IFSS area was dominant and was much larger than the
higher IFSS area in the cross-section of CF/PA6. The IFSS results
measured by the single-fiber push-out tests using the Berkovich
Indenter with a pyramid geometry in the present study exhibited
a relatively low IFSS than that measured by other testing methods
[47–50]. However, a negative effect of poor impregnation on the
IFSS of CF/PA6 laminates could be observed.
4.4. Mechanical properties

4.4.1. Longitudinal loading
Mechanical properties of CF/PA6 and CF/Epoxy laminates are

summarized in Table 2. Calculated stress–strain curves of 0-
degree laminates from the modified GLS model and typical exper-
imental stress–strain curves (CF/PA6: Vf � 0.431, CF/Epoxy:
Vf � 0.475) are compared in Fig. 5. The basic parameters including
Young’s modulus, diameter and gage length, Weibull scale and
shape parameters, IFSS and fiber volume fraction used in the pre-
sent calculation are shown in Table 3.

The relationship between Vf and tensile modulus and the rela-
tionship between Vf and tensile strength, together with results
from the GLS model are shown in Fig. 6(a) and (b), respectively.
Vf and tensile modulus exhibited a linear relationship and fitted
the rule-of-mixtures prediction well, as shown in Fig. 6(a). The
experimental IFSS and that cited from ref [47] were used to predict
the strength by the GLS model. Results indicated that the GLS pre-
diction exhibited a good fit to the strength of CF/PA6 laminates.
However, the predicted results for CF/Epoxy laminates showed rel-
atively high tensile strengths compared with experimental results
because of the relatively low experimental IFSS. The relationship
between modulus and strength by tensile tests, together with
results from the GLS model are shown in Fig. 7.

The results shown in Table 2 indicate that there was an appre-
ciable scattering of tensile strength. The statistical distribution of
composite strengths is usually described by the Weibull equation
[51], with the Weibull distribution given by

PF ¼ 1� exp � rf

r0

� �a� �
ð12Þ

where PF is the cumulative probability of failure of a composite at
applied tensile strength rf , a is the Weibull modulus (Weibull



Fig. 4. Interfacial shear strength of CF/PA6 and CF/Epoxy laminates measured by push-out tests (a) and Weibull plots of interfacial shear strength for CF/PA6-B and CF/Epoxy
laminates (b).

Table 2
Mechanical properties of unidirectional laminates.

Composites Alignment Number Vf (%) Tensile modulus (GPa) Tensile strength (MPa)

Mean C.V. (%) Mean C.V.(%) Mean C.V. (%)

CF/PA6 0� 59 42.3 8.8 98.2 8.2 1308.9 9.2
CF/Epoxy 67 46.5 7.7 109.1 7.3 1664.0 8.3

CF/PA6 90� 20 – – 7.4 7.3 33.0 15.7
CF/Epoxy 11 – – 7.6 6.2 71.8 7.3

C.V.=Coefficient of variation.

Fig. 5. Typical tensile stress–strain curve comparisons between experiments and
predictions from the GLS model.

Table 3
Material constants used in calculations.

Material constants CF/PA6 CF/Epoxy

Young’s modulus of fiber (Ef) 230 GPa# 230 GPa#

Diameter of fiber (rf) 7 lm# 7 lm#

Fiber gage length (L0) 100 mm* 100 mm*

Weibull scale factor (r0) 2700 MPa* 2700 MPa*

Weibull shape factor (m) 9.03* 9.03*

Interfacial shear strength (sy) 18 MPa 15 MPa
Fiber volume fraction (Vf) 42.27% 46.50%

# From Tory Corp;
* Cited from Ref [47].
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shape parameter), and r0 is a Weibull scale parameter (characteris-
tic stress). Taking the logarithm of both sides of Eq. (12), rearrange-
ment of the two-parameter Weibull statistical distribution
expression gives the following:

ln lnð 1
1� Fi

Þ
� �

¼ a lnðrf Þ � alnðr0Þ ð13Þ

Hence the Weibull modulus a can be obtained by linear regres-
sion from a Weibull plot of Eq. (13). The probability of failure Fi at
the ith ranked specimen from a total of N specimens is obtained
from the symmetric rank method as
Fi ¼ i� 0:5
N

ð14Þ

where i is rank of the specimen from lowest to highest strength.
The Weibull plots of tensile strength for 0-degree UD CF/PA6

and CF/Epoxy laminates are shown in Fig. 8(a). The Weibull modu-
lus a for 0-degree CF/PA6 and CF/Epoxy laminates were calculated
to be 13.3 and 14.9, respectively. The difference in Weibull modu-
lus can be attributed to the distribution of the flaws that exist in
the composites. It is well known that many defects are formed in
a carbon fiber during precursor manufacturing and various subse-
quent treatments. The existence of these defects, including fiber
misalignment, void and non-impregnation in UD composites
results in scattering of the tensile strength. As a result, the Weibull
modulus can be regarded as a defect frequency distribution factor
[51]. High values of a indicates that there are few defects and they
are evenly distributed throughout the material. Low values of a
indicates more defects that are less evenly distributed, causing a
greater scatter in strength [52].



Fig. 6. (a) Relationship between Vf and modulus for both CF/PA6 and CF/Epoxy laminates. The continuous line represents the predicted Vf and modulus relation using the
rule-of-mixtures. (b) Vf and tensile strength for both CF/PA6 and CF/Epoxy laminates. The continuous lines represent the predicted Vf and modulus relation using the modified
GLS model. The shaded area indicates the scattering of predicted tensile strength using the GLS model, based on the experimental interfacial shear strength results.

Fig. 7. Relationship between tensile modulus and tensile strength of CF/PA6 and
CF/Epoxy laminates with different fiber volume fractions.

Fig. 8. Weibull plots of tensile strength for 0-degree (a) and 90-degree (b) unidirectiona
fracture modes for 0-degree CF/PA6 and CF/Epoxy laminates after tensile tests are mark
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4.4.2. Transverse loading
Mechanical properties of 90-degree UD CF/PA6 and CF/Epoxy

laminates are shown in Table 2. Results indicate that the transverse
tensile strengths of CF/Epoxy laminates were more than double
those of CF/PA6 laminates. The Weibull plots of tensile strength
for 90-degree UD CF/PA6 and CF/Epoxy laminates are shown in
Fig. 8(b). The Weibull modulus a for 90-degree CF/PA6 and CF/
Epoxy laminates were 7.5 and 16.0, respectively. According to
the IFSS and the transverse strength of UD CF/PA6 and CF/Epoxy
laminates, it could be inferred that the poor impregnation of CF/
PA6 laminates had negative effects on the mechanical properties
and their stabilities.

4.5. Fracture behavior

After tensile tests, two typical fracture modes, including split-
ting and the step-like mode, of both CF/PA6 and CF/Epoxy lami-
nates were observed, as shown in Fig. 9. Specimens fractured in
the step-like mode showed a smoother fracture surface (as shown
in Fig. 9(a) and (b)), while specimens fractured in splitting mode
l CF/PA6 and CF/Epoxy laminates. Fracture modes, including splitting and step-like
ed in (a).



Fig. 9. Two typical fracture modes of CF/PA6 and CF/Epoxy laminates. (a) Step-like
fracture mode of CF/PA6 laminates; (b) Step-like fracture mode of CF/Epoxy
laminates; (c) Splitting fracture mode of CF/PA6 laminates.
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exhibited a broom-like head (as shown in Fig. 9(c)). The main dif-
ference was that 0-degree CF/Epoxy laminates all showed the
step-like fracture mode after tensile tests, while CF/PA6 laminates
exhibited not only step-like fracture modes (�54.7%) but also the
splitting fracture mode (�45.3%). The fracture behavior distribu-
tion of CF/PA6 laminates are shown in Figs. 6(b), 7 and 8(a). There
is no evident relationship between the fracture mode and mechan-
ical properties.

4.6. Step-by-step optical observation

To investigate the fracture process in both CF/PA6 and CF/Epoxy
laminates, step-by-step tensile tests were carried out. In detail,
Fig. 10. Crack propagation in CF/PA6 laminates under different axis tensile strain via c
initiated from the fiber concentration bundles, in which insufficient bonding existed; (b
breakage; (c) and (c’) strain�1.2%: Crack propagated along the concentration areas
observation.
tensile tests were stopped at strains of 0.2%, 0.8% and 1.2% for
CF/PA6 laminates and 0.2%, 0.8% and 1.3% for CF/Epoxy laminates,
as shown in Fig. 5. The corresponding polished cross-sections and
side-sections of CF/PA6 and CF/Epoxy laminates are shown in
Figs. 10 and 11, respectively.

For CF/PA6 laminate, the crack initiated from the fiber concen-
tration areas first (strain�0.2%), as shown in Fig. 10(a). With an
increase in tensile strain (strain � 0.8%), the crack propagated into
the fiber concentration areas with little fiber breakage and then
along the fiber concentration areas with greater fiber breakage
(strain � 1.2%), as shown in Fig. 10(b) and (b’) and Fig. 10(c) and
(c’), respectively. However, there was no obvious stiffness degrada-
tion in the stress–strain relation of CF/PA6 laminates, even though
the cracks gradually occurred during the tensile process, as shown
in Fig. 5, because of small amount of the damages. In contrast, for
CF/Epoxy laminates, there was no obvious crack or fiber breakage
up to a tensile strain of 1.3%, as shown in Fig. 11.

The fracture surfaces of CF/PA6 and CF/Epoxy laminates are
shown in Fig. 12(a) and (b), respectively. It is clear that more
cracks propagated along the fiber concentration areas in CF/PA6
laminates and fractured into small parts. In contrast, most of
the cracks in CF/Epoxy laminates propagated along the thickness
direction.

Fig. 10 indicates the existence of stress concentration of CF/PA6
laminates. Therefore, modified GLS model may not be adequate in
this case, and local load sharing (LLS) model is appropriate alterna-
tive. However, the experimental results showed relatively large
scatter, which could cause by non-uniform fiber distribution and
variation in interfacial strength from place to place. Non-uniform
fiber distribution and interfacial strength variation need to be con-
sidered to predict scatter in tensile strengths.

4.7. SEM observation

The SEM observation of fracture surfaces along the fiber direc-

tion (marked ‘‘A�” and ‘‘�AD”, as shown in Fig. 9(a) and (b),
respectively) of both CF/PA6 and CF/Epoxy laminates in step-like
fracture mode are shown in Fig. 13(a) and (b), respectively. It is
clear for CF/PA6 laminates that delamination occurred and cracks
ross-section and side-section observation. (a) and (a’) strain�0.2%: The first crack
) and (b’) strain�0.8%: Crack propagated in the concentration areas with little fiber
with greater fiber breakage. (a–c) cross-section observation; (a’–c’) side-section



Fig. 11. Cross-sectional observation of CF/Epoxy laminates under different axis tensile strains via cross-section and side-section observation. (a–a’) strain � 0.2%, (b–b’)
strain � 0.8%, (c–c’) strain � 1.3%. (a–c) cross-section observation, (a’–c’) side-section observation.

Fig. 12. Cross-section observation of (a) CF/PA laminates and (b) CF/Epoxy laminates after breakage. More cracks propagated along the fiber concentration areas in CF/PA6
laminates and then fractured into small parts. Most of the cracks in CF/Epoxy laminates propagated along the thickness direction.
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propagated along the fiber concentration areas, as shown in Fig. 13
(a). However, no delamination occurred and few large-scale cracks
and smooth fracture surfaces could be observed in CF/Epoxy lam-
inates, as shown in Fig. 13(b). The SEM observation of the fracture
surface vertical to the fiber direction (marked ‘‘�B” and ‘‘�BD”, as
shown in Fig. 9(a) and (b), respectively) in both CF/PA6 and CF/
Epoxy laminates in step-like fracture mode are shown in Fig. 14
(a) and (b), respectively. It was found that much of the PA6 resin
surrounding carbon fibers were torn from fibers, which indicates
that cracks propagated mainly in the lower IFSS area. In contrast,
for CF/Epoxy laminates, many cracks propagated in the epoxy
matrices. These representative characteristics indicate that frac-
ture of CF/PA6 and CF/Epoxy laminates were dominated by interfa-
cial failure and cohesive failure, respectively.

The SEM observation of the fracture surface along (marked
‘‘�C” as shown in Fig. 9(c)) and vertical to (marked ‘‘�D” as shown
in Fig. 9(c)) the fiber direction of CF/PA6 laminates in splitting frac-
ture mode are shown in Fig. 15(a) and (b), respectively. Similar to
the behavior shown in Fig. 13(a), cracks in CF/PA6 laminates prop-
agated along the fiber concentration areas, as shown in Fig. 15(a).
Representative interfacial failure (adhesive failure) could be
observed in Fig. 15(b).



Fig. 14. SEM observation of the fracture surface of (a) CF/PA6 laminates and (b) CF/Epoxy laminates vertical to the fiber direction. (a’) Large amounts of PA6 resins
surrounding the carbon fibers were torn from the fibers, which could be directly observed in CF/PA6 laminates. In contrast, for CF/Epoxy laminates (b’), many cracks
propagated within the epoxy matrices.

Fig. 13. SEM observation of the fracture surface of (a) CF/PA6 laminates and (b) CF/Epoxy laminates along the fiber direction. Cracks propagated along the fiber concentration
areas and delamination occurred in CF/PA6 laminates. No delamination, but axial cracks, occurred in CF/Epoxy laminates.

Fig. 15. SEM observation of the fracture surface along and vertical to the fiber direction of CF/PA6 in splitting fracture mode.
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Fig. 16. SEM observation of the fracture surface of 90-degree CF/PA6 (a and a’) and CF/Epoxy laminates (b and b’) after transverse tensile tests.
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The SEM observation of the fracture surface of 90-degree UD
CF/PA6 and CF/Epoxy laminates are shown in Fig. 16(a) and (a’)
and Fig. 16(b) and (b’), respectively. In CF/PA6 laminates, the clean
carbon fiber surfaces indicate extensive interfacial failure. Cracks
initiated and propagated in the lower IFSS area. In contrast, the car-
bon fibers in CF/Epoxy laminates are held together by the epoxy
matrix. Similar to the shearing fracture mode of 0-degree UD lami-
nates shown in Fig. 14 (observed from the side of ‘‘�B and ‘‘�BD” in
Fig. 9(a) and Fig. 9(b), respectively), fracturemodes of 90-degree CF/
PA6 and CF/Epoxy laminates were dominated by interfacial (adhe-
sive failure) and matrix damage (cohesive failure), respectively.

It is worth emphasizing that although the IFSS of CF/PA6 lami-
nates in some restricted areas were higher than those in CF/Epoxy
laminates, cracks initiated and propagated in the ubiquitous lower
IFSS area, which resulted in the above extensive interfacial failure
in both 0-degree and 90-degree CF/PA6 laminates under tensile
tests.
5. Conclusions

Mechanical properties and failure behaviors of a UD carbon
fiber reinforced PA6 and epoxy laminates were investigated, based
on fiber distribution, impregnation conditions and IFSS. The results
obtained can be summarized as follows:

a) Fibers in CF/Epoxy laminates exhibited more uniform distri-
bution than the fibers in CF/PA6 laminates. Epoxy resin wets
the fibers at the pre-polymer stage, while the PA6 resin is
already polymerized during the fiber impregnation process,
and its ability to infiltrate the fiber bundles is much lower
than that of the unreacted epoxy resin.

b) CF/PA6 laminates with good fiber impregnation exhibited a
higher IFSS than CF/Epoxy laminates. However, CF/PA6 lam-
inates without good fiber impregnation exhibited lower IFSS
than CF/Epoxy laminates. The fracture surfaces of 90-degree
UD CF/PA6 laminates indicate that cracks propagated mainly
in the lower IFSS area, showing interfacial failure. In con-
trast, the fracture surfaces of 90-degree UD CF/Epoxy
showed cohesive failure.

c) The tensile strength of both CF/PA6 and CF/Epoxy laminates
follow the Weibull distribution. CF/Epoxy laminates exhib-
ited higher Weibull moduli than CF/PA6 laminates. The
modified GLS model prediction exhibited a relatively good
fit to the strength of CF/PA6 laminates, while the predictions
for CF/Epoxy laminates showed a relative high tensile
strength compared with experimental results.

d) Zero-degree UD CF/Epoxy laminates all showed the step-like
fracture mode after tensile tests, while CF/PA6 laminates
exhibited both step-like and splitting fracture modes.

e) For CF/PA6 laminates with a non-uniform fiber distribution,
matrix cracking and fiber breakage were observed before
ultimate failure. In contrast, for CF/Epoxy laminates with a
uniform fiber distribution, there was no obvious crack or
fiber breakage until the tensile strain at ultimate failure.
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