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Abstract Wrinkled fabrics in the preform exert signifi-
cant influence on the qualities of resin transfer molded
composites (RTMCs). The bending properties of compos-
ites with wrinkled fabrics were studied using several
wrinkled models with different wrinkled lengths and
numbers of fabric plies, as well as three different matrices
and four different loading rates. It was found that the
measured bending properties with a strong matrix are less
sensitive to wrinkling than those with a weak matrix. The
bending moduli of a composite with wrinkled fabric pre-
form are larger than those of a composite with a non-
wrinkled fabric preform even under the same effective fiber
volume fraction (V§) when the composite is loaded in the
middle of the wrinkled region. The bending strengths of the
wrinkled models are lower in low V{ and higher in high V}
than those of a perfect sample. Also, the bending strengths
indicate two failure mechanisms as a function of the ratio
of the wrinkled length to the span length (Ly/L). Based on
the experimental data, safe strength conditions of the
wrinkled models that are better than those of a perfect
sample are suggested under three-point bending.

Introduction
Resin transfer molding has been used to produce high-

performance polymer composites for structural compo-
nents in the aerospace, sports, and automobile sectors
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[1-3]. There are many advantages in using resin transfer
molded composites (RTMCs) over traditional composite
processing techniques, such as the filament winding and
compression molding of prepreg tape laminates as highly
complex structures, low temperature and pressure require-
ments, and short cycle times. Also, RTMCs possess some
unavoidable disadvantages due to the deformation of fabrics
during preform loading and/or the void content during
injection and curing processes. These drawbacks can be a
source of both initial micro-cracks and final failure. How-
ever, some cases of deformed preforms, such as wrinkled and
overlapped fabrics, can be the result of stacking sequences
and material properties as well as of in-plane loading that
depends on the loading conditions [4—6]. In those cases, the
deformed preforms exert considerable influence on
mechanical properties and failure modes of RTMCs.

Void problems can exist in finished composites due to
the void content of resin prior to injection and the extent of
void formation as well as growth during the mold filling
and cure processes. Varna et al. [7] studied the influence of
voids on the global mechanical behavior of laminates in
transverse tensile loading and reported that the laminates
have different types of void and void content. Low void-
content specimens not only had high strength but also
showed brittle behavior with low strain to failure. High
void-content specimens showed linear stress/strain behav-
ior at the early stage of the deformation process. Only large
and well-defined transverse cracks formed in low void-
content laminates before final failure. Multiple transverse
cracks with irregular shapes as well as numerous smaller
cracks formed in the high void-content Ilaminates.
The irregularity of these cracks resulted in lower stress
concentrations and stress levels in the weft fibers. In
addition, discontinuous fibers can occur during the preform
loading and thermoforming processes in the closed mold.
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The damage to composite materials due to the discontin-
uous fibers involves several failure modes such as matrix
micro-cracking, interfacial debonding, and fiber pull-out
[8—11]. This is due to the efficiency of the fiber/matrix load
transfer mechanisms and the stress concentration at the
fiber ends in composites. Several studies have focused on
the influence of composites with discontinuous fabrics on
the mechanical behavior and failure mechanisms. For
instance, Holmberg and Berglund [12] studied the prob-
lems of the fabric preform of U-beams. They reported that
the reinforcement easily led to discontinuity in the fabric
during preforming and/or mold closure. The discontinuity
in the fabric preform caused the problem of void content in
the finished composites. Also, the failure mechanisms of
composites with either continuous or discontinuous fibers
in the preform varied across the failure modes and was
affected by the material stiffness, geometrical preform,
processing technique, loading type, etc. Sreekumar et al.
[13] reported that the failures of laminated composites
encompass fiber breakage, fiber pull-out, and fibrillation,
which have different failure locations as functions of the
fiber length and fiber volume fraction. The failures tran-
spired at the highest stress concentrations, which were
related to the mechanical properties of the composites. In
general, the mechanical qualities of RTMCs depend on
several parameters such as materials, the preform archi-
tecture, and loading conditions; therefore, further research
is necessary.

Recently, we developed a simple analytical model based
on the measured bending properties and failure mecha-
nisms of composites with wrinkled fabric preforms by
comparison with the results of composites with non-wrin-
kled preforms as functions of the fiber volume fraction and
other parameters [14].

The main objectives of this research are to provide the
“safe bending strength conditions” of composites with
wrinkled fabric preforms by examining the influence of
fabric preforms with varying wrinkled lengths and fabric

ply numbers as well as three matrices and four loading
rates under three-point bending. The failure modes related
to the bending strength depend not only on the wrinkled
length but also on the material properties and conditions of
testing. Hence, the “safe bending strength conditions” of
composites need to be considered and proposed for
designing composite products with wrinkled fabric under
the bending model.

Experimental
Materials

The E-glass plain woven fabric, K618, which has the same
properties in both the warp and weft directions, was
obtained from Hankuk Fibers Co. and used as the rein-
forcement. Three polyester resins, viz., R409, R235, and
SR825, which were obtained from Sewon Chemical Co. in
Korea, were used as the polymer matrix. For the curing
process at a room temperature of 25 °C, the hardener
material, Luperox DDM from Seki Arkema Co., was mixed
with the resins in a weight ratio of 1:120. Moreover, the
accelerator agent of P-VN from Sewon Chemical Co. was
also added to the previous mixture of the polyester, SR825,
and hardener, DDM. Table 1 presents the basic physical
and mechanical properties of the materials of the
composites.

Laminate fabrication

The laminate composites were fabricated by a resin transfer
molding process whereby the fabric preform was first
placed into a rectangular mold of 200 mm x 300 mm.
Then, the mixed polyester-hardener in the form of a liquid
was injected into the closed mold through the inlet while
the remaining air escaped from the mold through the vents.
Fiber-reinforced resin materialized inside the mold at room

Table 1 Basic physical and mechanical properties of the resin and fabric materials

Density (g/cm3) Viscosity

(Poise/25 °C)

Type

Curing time
at 25 °C (min)

Bending
strength (MPa)

Bending
modulus (GPa)

Polyester resin (after curing)

R409 1.12 1.17
R235 1.05 1.15
SR825 1.05 1.15

7 45 23
48 3
51 3.8

Count (Yarns/in.) Density (g/cm3)

Warp Weft

Thickness (mm)

Bending
strength (GPa)

Bending
modulus (GPa)

E-glass plain woven fabric (K618)
18 18 2.54

0.18 3.4 70
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Fig. 1 Set-up of a three-point bending specimen with the wrinkled
model

temperature and was fully cured after 2 h. Then, the fin-
ished composite was demolded [2, 15, 16]. The laminate
composites had uniform thicknesses, = 2.5 mm for
K618/R409 and ¢ = 2.1 mm for K618/R235 and K618/
SR825. In this study, the structures of the fabric preform
have two models including the non-wrinkled and wrinkled
models, which have various numbers of fabric plies within
the same warp and weft directions in the preform. The
wrinkled preform was fabricated during the loading process
from the plain woven fabrics, as shown in Fig. 1, and had
varying wrinkled length as the ratio of the wrinkled length
to the span length, Ly/L, ranged from 0.1 to 0.9. To make
the wrinkled preform with various wrinkled lengths, the
plain woven fabrics with extra length for wrinkling length
were prepared. Then, the fabric plies were laid into the
mold by hand to form wrinkled fabrics. A number of fabric
plies in the wrinkled models involved 1, 2, 3, and 4 plies.
The detailed conditions are the same as those described in
previous paper [14].

Specimens and testing

The specimens were cut from the original laminates by a
circular saw machine along the reinforcing fiber direction
with a length of 190 mm and width of 33.3 mm. The
wrinkled region was located at the middle section of the
specimens. The three-point bending tests, which had a span
length of L = 100 mm, were performed using a Shimazu
testing machine at a room temperature of 25 °C and rela-
tive humidity of 50%. All tests were done with the radius
of 2 mm for the loading head and supports. According to
Ref. [17], the radii of the loading head and supports could
influence the mechanical properties and should be chosen
to reduce the excessive indentation or failure due to stress
concentration directly under the loading head and supports.
Also, the arc of the loading head and supports in contact
with the specimen would be sufficiently large to prevent
contact of the specimen with the sides of the head and
supports. Based on the preliminary tests with other sizes,
2 mm radius seems to be suitable since 1 mm for stress
concentration and 3 mm for contact and sliding problems.

Typically, the bending load was applied at the middle of
the span, as shown in Fig. 1, with a loading rate of 5 mm/
min and recorded with the deflection of the beam [17].
Moreover, different loading rates (3, 15, and 50 mm/min)
were also examined to enhance the understanding of their
effects on the bending strength. At least three samples were
prepared for each group from which the mean values were
reported.

Results and discussion
Influence of the matrix on the mechanical properties

For the three-point bending mode with a thin thickness of
the laminated composites, both the normal stress and shear
stress should be present throughout the beam span. The
total deflection (0) at the mid-point of the beam with nor-
mal and shear factors is considered as follows [18]:

_PL* | 3PL 1)
~ 4Eb3  10Gbt
where G = ﬁ and v is the Poisson’s ratio.

In Eq. 1, P is the applied load, L is the span length, b
and t are the width and thickness of the specimen,
respectively, and £ and G are the normal and shear moduli,
respectively. Strictly speaking, this equation can be used
for an isotropic material and also used with caution for a
material with “fiber” symmetry as in woven or cross-plied
fabrics at fiber reinforcements of 0° and 90°.

Then, the bending modulus and strength of the specimen
can be given as follows:

E:%(1+15—2(1+v)(£)2> 2)

55\ 2 PN
b+ 6(L> -4(3) (L>

In Eq. 3, 0* is the deflection at the middle of the beam
corresponding to the maximum load of P .

Figure 2 depicts the load—displacement curves of the
K618/R409 composite with several fabric plies. First, there
was a linear region where the composite was elastic for
representing the stiffness of the composite. Then, the
bending load increased monotonically with the deflection
and obtained its maximum value when the fibers achieved
their potential strengths that related to the failure modes.
Thus, from those load—displacement curves using Egs. 2
and 3, respectively, the bending modulus and bending
strength of the composites could be determined for various
fiber volume fractions as well as reinforcing elements. At
the maximum applied load, those curves observed with
different failure modes and propagation processes that

3PaxL
Omax =
2bt?

(3)
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Fig. 2 Load-deflection curves of the K618/R409 composite with a
non-wrinkled preform

Breaking fibers

Fig. 3 Failure modes of the K618/R409 composite with a non-
wrinkled preform

depended on number of fabric plies. When the number of
fabric plies in the composites was low, i.e., three or five
fabric plies, the micro-cracking of the fiber/matrix interface
occurred initially on the compression side around the
loading head at the maximum applied load and then
enlarged with the specimen deflection, as shown in Fig. 3a.
It can be believed that this phenomenon was due to not
only the nature of materials but also the stress concentra-
tion influencing from the loading head. However, the
failure was due to the breaking fibers on the tension side
(Fig. 3b) when the number of fabric plies was high,
i.e., seven or nine. Also, the deflection at the mid-span of
the beam decreased with increasing number of fabric plies
in the preform, which was expected for the same thickness.
It is clear that a composite with a low fiber volume fraction
is more flexible than that with a high fiber volume fraction,
which affects the stiffness and strength of the laminated
composites [9, 13, 19].

Also, the physical and mechanical properties of mate-
rials including the matrix viscosity, element reinforcement,
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and geometrically discontinued fabrics, can impact the
quality of RTMCs [8, 20, 21]. To confirm the influence of
the matrices, the bending modulus (E) and bending strength
(0max) Of the composites with three different matrices
(K618/R409, K618/R235, and K618/SR825) were exam-
ined and shown in Fig. 4. Those composites were fabri-
cated from the same fiber material (K618) as the non-
wrinkled preform. It can be seen that the experimentally
measured results increased with the number of fabric plies
(Fig. 4a) as well as the effective fiber volume fraction (V})
(Fig. 4b). V{ was calculated based on the respective den-
sities of the matrix, fiber, and composite and assumed to be
50% of that of the measured fibers in the fabric preform;
this was due to the load carrying fibers owing to the nature
of the woven fabric, K618, which has “fiber” symmetry
when cross-plied at the 0° and 90° directions. For a given
Vf’ of 6%, the differences in the bending modulus of K618/
SR825 relative to those of K618/R409 and K618/R235
were approximately 1.9 GPa and 0.9 GPa, respectively,
and the differences in the bending strength were approxi-
mately 18 MPa and 11 MPa, respectively. For a given V|
of 14%, the differences in the bending modulus of K618/
SR825 relative to those of K618/R409 and K618/R235
were about 3.6 GPa and 1.2 GPa, and the differences in the

(a) 30
K618/R409
K618/R235 }E

K618/SR825
K618/R409 } e

K618/R235 O Pid

Kets/sRezs | - - 200

e - L 150

§ /§ L 250
7

N
o
L
cooprPme

N
o
L
\

\
AR
AR

\

\

\

\

\

\
o

- + 100

—
o
L

————— + 50

Bending modulus, E (GPa)
o o
-
\
\
\
\
\
s}
\
I\\ \\
\ \
Bending strength, o, . (MPa)

0 1 2 3 4 5 6 7 8 9 10
Number of fabric plies, n

~_~
) £
@W
o

K618/R409 % ﬁ —
K618/R235  E 1 - r 250
K618/SR825

7
K618/R409 A7 =
K618/R235 O, g | 200
K618/SR825 -

-2 - 150
/%://I; -

N
(%]
L
coorme

n
o
L
\
\
A\
AV
\
\
\
\
\
\
\
\
\
foh

—_
[$)]
L

5 __
el L 100
-z

e
o
L

—=Z-"__-§ r 50

Bending modulus, E (GPa
(9]
\
\
\
\ (o2
Bending strength, o, ., (MPa

0o 2 4 6 8 10 12 14 16 18
Effective fiber volume fraction, V,'= 0.5V
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bending strength were about 75 MPa and 20 MPa,
respectively. The extent of the differences depended on
both the matrix and the fiber volume fraction that indicated
the fiber bridging matrix and stress transfer under bending
[20, 22]. The mechanical properties of composites were
found to depend on the stacking sequence and matrix
system. For composites with the small number of plies or
low effective fiber volume fraction, the loading capacity
was strongly dependent on the interlaminar shear stress of
the matrix that occurred in sub-surface plies. However,
with the larger number of plies or higher effective fiber
volume fraction, the load carrying fibers were dependent
not only on the potential strengths of materials but also the
fiber bridging matrix, which related to the resin viscosity
and permeability in RTMCs. Also, under a matrix with low
viscosity, it was easy to thoroughly wet the preform with a
reduction in the void content and enhance the matrix for
fiber interaction in RTMCs [23, 24]. In general, as a
function of V{, the bending modulus and bending strength
of the composite with a high stiffness matrix increase
rapidly and are larger than those of a composite with a low
stiffness matrix. It is clear that the influence of the matrix
on the mechanical properties is small when the fiber vol-
ume fraction is small, but becomes larger when the fiber
volume fraction increases.

Influence of the wrinkled preform with different
matrices on the mechanical properties

Figure 5 depicts the variation with the effective fiber
volume fraction (V{) of the bending modulus of the K618/
SR825 composite, which is fabricated from either non-
wrinkled or wrinkled preforms (with varying number of
plies). For wrinkled preform models, a number of fabric
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Fig. 5 Variation of the bending modulus of the K618/SR825

composite with the effective fiber volume fraction for different
wrinkled lengths
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Fig. 6 Effective fiber volume fraction (V}) versus the ratio of
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plies in the wrinkled region were three times more than the
one in the non-wrinkled region. It led to the effective fiber
volume fraction (Vf) in the wrinkled region of the beam
which was larger than that in the non-wrinkled region when
Lw/L > 0.25 as well as the V{ in the wrinkled region was
smaller than the one in the non-wrinkled region when
Lw/L < 0.25. Therefore, the V{ used throughout the beam
span of the wrinkled models was averaged from the
wrinkled and non-wrinkled regions. The V} increased with
increasing Ly/L as shown in Fig. 6. Due to the nature of
the geometrical preform and loading type, the fiber con-
centration occurred at the wrinkled region and affected the
carrying load of the beam under bending. Thus, the bend-
ing modulus of the wrinkled models was almost larger than
that of the non-wrinkled preform as a function of Vj.
In addition, the results of the wrinkled models were almost
the same for a given V{ even when the number of wrinkled
fabric plies and wrinkled lengths differed in the preform.
It is clear that the wrinkled models can be expected in some
cases for improving the bending modulus and have a large
value with a high fiber volume fraction.

To examine the influence of the stiffness matrix mate-
rials on the bending modulus of composites with wrinkled
preforms, comparisons between the non-wrinkled and
wrinkled models for three different matrices were done as
shown in Fig. 7. AE is the difference in the bending moduli
of composites with wrinkled and non-wrinkled models as a
function of the effective fiber volume fraction regardless of
the number of fabric plies in the preform. The results
indicate that the composite with a low stiffness matrix
(K618/R409) has larger AE and is more affected than the
composite with a high stiffness matrix (K618/SR825).
The physical and mechanical properties of matrices should
be similar to both properties of fiber/matrix interface and
the delaminated matrix. It led to a difference in the stress
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Fig. 7 Difference in the bending modulus between the non-wrinkled
and wrinkled models for three different matrices

and yield cross-linking of the composites with three dif-
ferent matrices. Also, the influence of segregation depen-
ded on the geometrical structure of the fabric preform and
the fiber/matrix interface [9, 21, 25]. The difference in the
bending moduli of composites with non-wrinkled and
wrinkled models increased with increasing V}. It is clear
that composites with high fiber volume fractions are more
sensitive to wrinkling.

The variation with the fiber volume fraction of the
bending strength of composites with the wrinkled preform
for K618/R409, K618/R235, and K618/SR825 corre-
sponding to various wrinkled lengths manifested two
phases, as shown in Fig. 8a—c, respectively. This phe-
nomenon was due to the efficiency of the fiber/matrix load
transfer mechanisms and the stress concentrations at the
wrinkling ends in the preform of the composites. The
bending strength was controlled by the interfacial bonding
strength between the fiber and matrix for the first phase
when the wrinkled length (Ly) was smaller than the critical
wrinkled length (Lcw). However, it was controlled by the
potential strength of the fibers for the second phase when
Lw > Lcw. The experimentally measured results of the
second phase increased and had a greater slope than those
of the first phase. The separation of the two phases with the
increase in the critical wrinkled length of Lcw, as shown in
Fig. 9, indicates that a composite with a strong matrix has a
short Lcw. Moreover, differences in the bending strengths
of the composites that were fabricated by the three different
matrices were small when the wrinkled length was small.
But they became larger when the wrinkled length
increased. It is clear that the bending strength of the
composite depends not only on the matrix but also on the
geometrical preform as the wrinkled pattern.

The failure mode and propagation process until ultimate
ply failure (that is related to the maximum load) depended
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on the wrinkled length and number of fabric plies. When
Lw < Lcw, the interfacial failure was the dominating
failure mechanism [8, 25, 26]. The initial cracks occurred
at the wrinkling ends, which had the load-transfer and
stress concentrations because the wrinkled fabrics were
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assumed to be discontinuous fibers, and led to reductions in
the strength and life due to the growth in damage around
these stress concentrations. Further loading caused a weak
fiber/matrix bond so that as the micro-cracks reached the
interface, they got deflected along the interface rather than
pass straight through the fibers. Then, the matrix bridges
failed, and the interfacial cracks grew and connected with
the macroscopic cracks. Finally, the fiber and matrix of the
wrinkled region would result in debonding as the opening
failure mode, as shown in Fig. 10a. On the other hand,
upon further increment in the wrinkled length within the
range, Lw > Lcw, failure was due to the buckling and/or
micro-crack fibers that occurred at the wrinkling ends or
the location of application of the loading with high stress
concentrations [9, 12], as shown in Fig. 10b, c. The fibers
could achieve their potential strength and the composite
failure was controlled by the fibers. Thus, from the view-
point of the failure mode, composites with wrinkled fabric
preforms always have two failure mechanisms that depend
on the wrinkled length or fiber volume fraction. The

Fig. 10 Failure mechanisms of composites with wrinkled preforms

bending failure that is related to the bending strength of the
composite is controlled by the toughness of the matrix for
the first phase (Lw < Lcw) and the potential strength of
fibers for the second phase (Lw > Lcw). Also, the bending
strength of composites with wrinkled preforms for the
second phase increases more quickly than that of the first
phase as a function of the fiber volume fraction.

Safety model for composites with wrinkled fabrics

A comparison of composites with non-wrinkled and wrin-
kled models with respect to the bending strength as a
function of the fiber volume fraction, which are expected for
various numbers of fabric plies and wrinkled lengths,
indicates that the results of the wrinkled model could be
larger than those of the non-wrinkled model when the
wrinkled length (Ly) was large enough, i.e., Ly > Lsw,
where Lgw was the safe wrinkled length. Improved prop-
erties resulted for the composites with wrinkled preforms
due to the contribution of the fiber concentration and the
realized potential strength of the fibers at the location of the
applied loading. To use the safe wrinkled length (Lsw) from
the experimental data for designing composites, it is nec-
essary to generalize this behavior. If composite products
with wrinkled fabric are loaded under bending and over the
wrinkled region, the safety of such products can be pre-
dicted as a function of the bending modulus (£) and bending
strength (0.,,x) of the composite with a given number of
fabric plies (n) or effective fiber volume fraction (Vy). Thus,

n:f(LSW7L7O_maxaE)' (4)
Based on this study, the number of fabric plies (n)

should be converted to the effective fiber volume fraction
(V}) at the safe wrinkled length (Lsw) as follows:

! E 0.6 W
v — k( ) a(5) 5)
O max
, E L
hqumk+06m< >+q<ﬁﬂ> (6)
O max L

In the above equation, k and g are the coefficients that
may depend on several conditions such as the geometrical
preform, stacking sequence, and matrix system, as well as
the type of loading.

For composite products to not fail, oc/gp should exceed
unity, where o is the composite strength and op applies to
a perfect or non-wrinkled composite. Then, using the
modified rule of mixture [13, 14], we can express this
requirement as follows:

@ZQWW+%O—W) (7)

where oy and o, are the bending strengths of the fiber and
matrix materials, respectively, and Cj is the fiber efficiency
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parameter that indicates a fair correlation between the
experimental and predicted results for the bending strength.
Then, by combining Egs. 5 and 7, we can write

E 06 Lsw
oc>0m+ k(6—> eq(T) (Caaf - O'm) (8)
max
Thus, the design of safe composite products with
wrinkled fabric preforms can be predicted for given
properties of the matrix, fiber, and composites. In the
present study with E-glass woven fabric reinforced
composites, the experimentally measured results for the
effective fiber volume fraction versus the number of fabric
plies and the safe wrinkled length are shown in Figs. 11
and 12, respectively. Based on Eq. 5, the coefficients of k
and g were determined and are depicted in Table 2. The
value of k was a constant that might depend on the loading
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Fig. 11 Effective fiber volume fraction versus the number of fabric
plies at the safe wrinkled length

S Il
= 181 il
®  K618/R409 il

- Regr. /./
S 154 = K618/R235 £

= ———- Regr. .//
S A K618/SR825 179

= 124 |——— Regr. .

P ’/

S 4. im

° 77 /®

z 77

O 6 s/

© "

2 s, =

= B

3 e

m O

00 01 02 03 04 05 06 07 08 09 1.0
Ratio of safe wrinkled length to span length, Lg,/L

Fig. 12 Effective fiber volume fraction versus the ratio of the safe
wrinkled length to the span length
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Table 2 Coefficients of k, ¢, and C, for given V| at Lgw

Composite Lsw Vi k q C,
K618/R409 0.72 8.58 0.85 x 1073 3.55 0.3
0.78 13.5
0.85 18.99
K618/R235 0.45 3.94 0.85 x 1073 4 0.35
0.65 9.54
0.74 15.5
K618/SR825 0.4 3.73 0.85 x 1073 4.4 0.41
0.62 9.25
0.71 15.06

type in three-point bending with a loading rate of 5 mm/
min. Also, the value of ¢ depended on materials and was
larger when the composite with wrinkled preform had a
stronger matrix, which was expected for the same fiber
material in the preform. By correspondence with different
ratios of the bending strength of the matrix to that of the
fiber, the value of g can be predicted for other composites
as shown in Fig. 13. The fiber efficiency parameter that
was predicted from the modified rule of mixture was less
than unity (Table 2) because of the quality of permeability
with the existing void content and the weak fiber/matrix
interface depending on the viscosities of the matrices and
the natural woven fabric, as well as the processing method
[14]. As expected, the safe wrinkled length also can be
predicted from the given properties of materials and the
fiber volume fraction, as shown in Fig. 14. This prediction
can be used as a design tool in the case of wrinkled fabric
composites. In general, Figs. 13 and 14 show the
importance of the bending strength of the matrix for the
composite with wrinkled fabric especially in the range of
qg=2and g =5.

6.0

5.5 1 ®  Experimental
—-—- Predicted

5.0 4 =

45 e
4.0 - e

Value of g

3.5 =
301~

2.5+

2.0 T T T T T T
0.0120 0.0126 0.0132 0.0138 0.0144 0.0150 0.0156 0.0162

o,/

Fig. 13 Prediction of ¢ for given ¢ ,/o¢
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Fig. 15 Bending strength of the K618/R235 composite for various
wrinkled lengths and loading rates

Also, the effect of varying the loading rate up to 50 mm/
min on the bending strength of the K618/R235 composite
with wrinkled models is shown in Fig. 15; this will clarify
the impact of the loading rate on the safety evaluation of
composite products, which depends on the wrinkled length
and/or fiber volume fraction. The experimentally measured
results increased slightly with the loading rate, which was
expected from the same material and effective fiber volume
fraction. The trend in these results is in good agreement
with Ref. [27] for fabric-reinforced composites. In other
words, the variation in the loading rate leads to a small
increase in the bending strength; the change in the value of
k is negligible as a function of the tested loading rates
under three-point bending. If there are large differences in
the bending strength depending on the loading rate, the
coefficient, k, can be adjusted. However, the coefficient
will not be hugely different since the strengths of normal
and wrinkled composites will change similarly for this type
of composites.

Conclusions

For composites with non-wrinkled fabric preforms, the
experimentally measured results for the bending modulus
and bending strength increase with the number of fabric
plies or fiber volume fraction. A laminated composite with
low fiber volume fraction is more flexible than a composite
with high fiber volume fraction. Also, the influence of the
matrix on mechanical properties is small when the fiber
volume fraction is small, but becomes larger when the fiber
volume fraction increases.

For composite with wrinkled fabric preforms, the
bending strength and failure can be separated into two
phases, which are controlled by the interfacial bonding
strength for the first phase when the wrinkled length is
small and by the potential strength of the fibers for the
second phase when the wrinkled length is larger than the
critical wrinkled length. Also, since the bending strength of
the second phase increases with a large slope when com-
pared to the first phase, the composite is more sensitive to
fibers than to the matrix.

As a function of the fiber volume fraction, the bending
modulus of the wrinkled model is always larger than that of
the non-wrinkled model. It is clear that the wrinkled model
can be expected in some cases for improving the bending
modulus of the RTMCs. Also, the bending strength of the
wrinkled model can be larger than that of the non-wrinkled
model when the wrinkled length, Ly, is larger than, Lgw,
the safe wrinkled length. The design within the safe
wrinkled length ensured the safety of composite products,
which can be predicted from the given properties of
materials and the fiber volume fraction.
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