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Assessing the bending response of infiltrated reinforcement fabrics is crucial in wet compression molding (WCM)
as it affects macroscopic wrinkling. Binder-stabilized fabrics may be used in WCM to improve handleability and
reduce defects, necessitating their characterization. This study examines the bending behavior of an infiltrated
binder-stabilized carbon fiber unidirectional non-crimp fabric (UD-NCF), focusing on the effects of viscosity,
loading rate, and binder pre-activation. Infiltration reduces bending stiffness compared to dry fabric owing to

lubrication and lower tow-stitch friction, while higher loading rates increase bending stiffness for all considered
conditions. Moreover, binder pre-activation increases fabric stiffness by enhancing tow-stitch cohesion and
friction. As the first investigation on infiltrated binder-stabilized UD-NCF bending, this work advances under-
standing of the complex bending response.

1. Introduction

Liquid composite molding (LCM) processes have been used for over
50 years [1] to manufacture fiber-reinforced plastic composite parts
with complex shapes and high fiber volume fractions. LCM processes
have the potential for high production volumes at relatively low
manufacturing cost, which may compensate for high raw material costs
[1-5]. This class of manufacturing processes includes Resin Transfer
Molding (RTM), High Pressure-RTM (HP-RTM), and Wet Compression
Molding (WCM). Among these processes, WCM using highly reactive
resins is particularly promising for mass production. Unlike RTM pro-
cesses, WCM does not require a fabric preforming step or use of so-
phisticated metering equipment to inject resin into the mold or use of a
large press, which may increase processing throughput and decrease the
cost of the final fabricated part [4,6,7]. A typical WCM process consists
of five steps, as illustrated in Fig. 1. The fabric layers are first cut and
stacked before being introduced into the preheated mold. Next, the resin
is dispensed onto the fabric stack before the mold is closed. In automated
setups, resin application may be conducted outside of the mold, and the
impregnated fabric stack introduced into the mold. Thereafter, forming
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and infiltration of the fabric occur simultaneously during the molding
phase, removing the need for a dedicated fabric preforming step. Finally,
the resin cures, and the final part is removed from the mold.

Among the fabrics used in WCM processes, continuous re-
inforcements such as woven and unidirectional non-crimp fabrics (UD-
NCF) are commonly employed. UD-NCFs have recently gained attention
in the automotive industry owing to their excellent drapability, which is
well-suited for LCM processes [8]. UD-NCFs consist of parallel-oriented
fiber tows held together by stitching threads, which ensure the structural
integrity of the reinforcement and provide stability during handling and
manufacturing [8-11]. Unlike woven fabrics that comprise varying de-
grees of interlacing, the aligned fiber tows in UD-NCFs are not inter-
laced, which enhances the in-plane mechanical properties of the
fabricated composite material. According to Rudd et al. [12], NCF
composites can achieve up to 15 % greater load-bearing efficiency
compared to similar woven fabrics, offering a higher potential for
lightweight structures.

For structural components, many layers of UD-NCF oriented along
different directions are required to meet desired anisotropic properties
and performance requirements, which could result in thick components.
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For relatively large components comprising multidirectional layers, this
would require the application of a significant quantity of resin to the flat
fabric stack (i.e., step 3 in Fig. 1). However, producing such components
using WCM processes—especially in molds with deep cavities—presents
challenges related to resin management since the UD-NCF stack may
drape under gravity due to the mass of the applied resin. Draping of the
fabric stack prior to closing the mold may lead to resin pooling and
fabric shifting within the mold, which could lead to defects such as dry
spots, voids, and severe fabric wrinkling. A promising solution to
address this issue is the use of binder-stabilized UD-NCF, where pre-
activation of the binder before insertion of the flat stack into the mold
may provide increased fabric bending stiffness [13] and enable
improved resin management. Stabilizing binders are either thermo-
plastic or uncatalyzed epoxy resins, available in either solvent-based
liquid or dry powder form [14-16]. Stabilizing binders are typically
used to keep fabric layers adhered to one another and maintain fabric
integrity during operations such as trimming and handling [14]. At the
same time, stabilizing binders are necessary for preforming of UD-NCF
stacks during RTM processes. However, the use of binder-stabilized
fabrics may also introduce challenges, as they can affect processing
conditions and fabric formability.

Most studies focused on characterizing binder-stabilized fabrics
investigated the influence of the stabilizing binder on fabric perme-
ability and resin viscosity. Estrada et al. [14] reported that increasing
the binder concentration leads to reduced fabric permeability. Brody
and Gillespie [15] examined the effects of thermoplastic binder on vinyl
ester resin and found that the binder powder gradually dissolved in the
resin, decreasing in particle size over time. Additionally, they observed a
significant delay in resin curing and an increase in viscosity. Yoo et al.
[16] investigated the influence of epoxy binder on the permeability and
friction coefficients of woven fabric, revealing that the stabilizing binder
can reduce permeability by up to 98 % and increase the fabric friction
coefficient by as much as 200 %. Neunkirchen et al. [17] reported that
the molten stabilizing binder forms an interlayer film, which blocks
some capillary channels and slows down capillary flow.

Several studies have concentrated on evaluating the impact of sta-
bilizing binders on intra-ply draping mechanisms, including membrane
and compaction behaviors (see Fig. 2). Wei et al. [18] examined the
compaction behavior of woven fabrics and NCFs, noting that the
application of stabilizing binder increases the initial thickness and
relaxation of the stack. However, it also reduces the elastic recovery,
enhancing the viscoelastic properties of the fabric stack. Portela et al.
[19] analyzed the effect of pre-activating the stabilizing binder on the
membrane performance of both dry and impregnated UD-NCF. Their
findings indicate that the molten binder coats the fiber tows, increasing
cohesion between the tows and stitching yarns, which in turn enhances
membrane stiffness. Broberg et al. [20] investigated the transverse shear
behavior of a binder-stabilized glass UD-NCF to better comprehend the
forming process in the manufacture of wind turbine blades. Their results
demonstrated an increase in load corresponding with an increase in
deformation rate.

Given the critical importance of draping mechanisms within the
WCM process and the objective of optimizing the final components, it is
essential to thoroughly characterize the fabric utilized in manufacturing
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[22]. In previous studies, the bending mechanism was frequently
neglected due to the low stiffness characteristic of fabrics, with primary
focus on membrane behavior [23,24]. However, flexural behavior plays
a key role in describing fiber curvature and can significantly influence
the wrinkle formation during the forming stage, compromising the
mechanical performance of the final part [25-29]. Senner et al. [30]
emphasized that low bending stiffness can lead to substantial fabric
deformation under minimal bending loads.

Several test methods have been developed to characterize the
bending behavior of engineering textiles, including variations of the
cantilever test (e.g., Peirce, vertical, and free-hanging tests), rheometer
bending test (RBT), and buckling tests [31]. Traditional three- and four-
point bending tests are, in general, not employed for fabric character-
ization due to their low flexural stiffness caused by relative slippage
between fiber tows. These test setups are typically reserved for thick
reinforcements or small composite samples with higher bending stiffness
and are therefore avoided in fabric studies [23,26,32]. Krogh et al. [31]
compared various testing methods for characterizing fabric bending
stiffness. The first method, known as the Peirce cantilever test [33],
involves a simple setup with an inclined plane over which a fabric strip
overhangs. Bending stiffness is estimated when the tip of the fabric
contacts the plane, assuming a constant stiffness. However, this
assumption may oversimplify fabric behavior and fail to capture
nonlinear responses [31]. Despite its limitations, the simplicity of the
Peirce method has contributed to its popularity among researchers
[23,31,34-37]. Poppe et al. [32] observed that some Peirce method
variations use a weight to clamp the non-overhanging end of the fabric
strip. This weight compresses the fabric under an undetermined degree
of compaction, altering boundary conditions and potentially introducing
inconsistencies in the results. Alternatively, the Kawabata bending test
(KES-FB2) employs a specialized device with two clamps securing the
specimen, while one clamp rotates to impose a controlled curvature and
loading rate. This method enables direct measurement of
moment—curvature curves, even under cyclic loading conditions, and
effectively captures nonlinear, hysteretic, and loading-rate-dependent
behaviors. An adaptation of this setup was introduced by Sachs and
Akkerman [28], which modifies the test for compatibility with rheom-
eter equipment—referred to as the Rheometer Bending Test (RBT). The
RBT is widely recommended in the literature for its accuracy and
capability to characterize rate-dependent, temperature-sensitive, and
hysteretic responses of fabrics [31,32].

Recent studies in the literature have focused on the bending behavior
of binder-stabilized fabrics. Broberg et al. [38] investigated the forming
of binder-stabilized glass fiber NCF for manufacturing thick parts and
found that, in transition regions, the stabilizing binder may increase
wrinkle formation. They also observed that large compressive loads can
cause the formation of large wrinkles and damage to the binder material.
In a subsequent study, Broberg et al. [39] characterized the nonlinear
behavior of glass fiber NCF using a modified cantilever test. They
concluded that incorporating material nonlinearities in the simulation
model improves the prediction of wrinkle formation. Similarly, Ghazi-
moradi et al. [40] used the modified cantilever method to characterize
the nonlinear bending behavior of a dry and inactivated binder-
stabilized carbon fiber UD-NCF. They reported significant anisotropy,
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Fig. 1. Schematic of the steps for a typical WCM process.
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Fig. 2. Draping mechanism present during the WCM process [21].

with low bending stiffness in the direction transverse to the fiber tows
and notable stiffness along the fiber direction. The characterization data
were later used to calibrate an anisotropic material model implemented
in commercial finite element software [41]. Broberg et al. [39] and
Ghazimoradi et al. [40] investigated the behavior of a binder-stabilized
UD-NCF; however, neither considered the effect of binder pre-activation
nor the impregnation of the fabric, due to the targeted manufacturing
processes.

Despite advancements in understanding the bending behavior of
binder-stabilized UD-NCFs, it is important to note that in the WCM
process, forming occurs during the molding phase (Fig. 1) when the
fabric is impregnated. Therefore, all draping mechanisms, including
bending behavior (Fig. 2), may behave differently from those reported in
previous studies [38,40], which did not consider fabric infiltration or
pre-activation of the binder due to the different manufacturing processes
that were investigated. One study that did consider the influence of
infiltrated fluid viscosity on the bending response of reinforcement
fabrics was conducted by Poppe et al. [32]. An RBT test and a variation
of the Peirce test were used to characterize the bending behavior of an
infiltrated woven fabric. Although Pope et al. [32] were the first to study
the bending response of an impregnated reinforcement fabric, their
study exclusively considered a non-binder-stabilized woven fabric. This
left a gap in the literature for other binder-stabilized fabrics, particularly
UD-NCFs, which may influence the fabric’s behavior. To date, no studies
have focused on characterizing the bending response of infiltrated
binder-stabilized UD-NCFs and the corresponding influence of binder
pre-activation. In this study, the bending behavior of an impregnated
binder-stabilized carbon fiber UD-NCF is investigated through a series of
RBTs. Consequently, the influence of the loading rate, fluid viscosity,
and activation of binder on the bending response is investigated.

Polyester stitching yarns
in tricot pattern

Carbon Fiber (CF) tow

Transverse
direction

A

2. Fabric material and experimental methodology
2.1. Fabric description and specimen preparation

The studied binder stabilized UD-NCF, namely PX35-UD300 (Zoltek,
US), comprised axially oriented parallel tows, each composed of 50 K
continuous PX35 carbon fibers (CF). The tows were stitched together
with a 76 dtex polyester yarn in a tricot pattern. In addition, the textile
included transversely oriented supporting glass fibers (GF) with low
linear density to improve handleability, while a thermosetting polymer
powder binder was dispersed on the stitch tricot pattern surface (Fig. 3).
The textile has a total areal density of 333 g/m?. Fabric specimens with
dimensions 140 mm x 60 mm (with CF aligned along the longer
dimension) were cut from a roll using an automated cutting table (Ziind
Systemtechnik AG, Switzerland). Lastly, 20 ¢St and 100 cSt silicone oils
were used to impregnate a subset of the specimens, as they represent the
viscosities of various epoxy resins under elevated temperature process-
ing conditions.

2.2. Rheometer bending test setup

Fig. 4 illustrates the test setup used for the RBTs, comprising a
customized MCR501 rheometer (Anton Paar, Austria), an oil collector
plate, and an enlarged frame utilized for supporting and bending the
fabric specimen over the angular range from 0 to 60°. The use of an
enlarged frame enhanced the reproducibility of the tests. This frame is
subdivided into two fixtures: a fixed fixture that supports the rectangular
fabric specimen on one side and a rotating fixture that supports the
specimen on the opposite side. Teflon tape was applied to the frame
fixtures to mitigate friction with the fabric specimen. Additionally, in-
dustrial duct tape was fixed on both ends of each specimen to maintain
the CF tow orientation along the horizontal direction. For the infiltrated

Supporting Glass
Fiber (GF) yamn

(b)

$» Longitudinal direction

Fig. 3. Images of the PX35-UD300 UD-NCF showing different constituents and microstructure: (a) stitch tricot pattern surface, and (b) supporting glass fiber surface.
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Fig. 4. (a) Setup of the RBT with a fabric specimen mounted in the frame fixtures, including a prepared specimen and its measurements, (b) top-view schematic of

the RBT setup.

samples, 2 ml of silicon oil was dispensed with a syringe onto the central
region (approximately 70 mm x 60 mm), where the bending occurs, to
avoid wetting the contact interfaces. Following impregnation, the
specimens rested for 2 min prior to testing to ensure complete
saturation.

Bending tests were performed at room temperature under four
distinct conditions (refer to Table 1). While typical WCM processes are
performed at elevated temperatures in a pre-heated mold, the fabric is
usually formed before reaching the mold temperature. Consequently,
tests at elevated temperatures were not considered herein as they are not
representative of WCM processes. For the first three conditions, speci-
mens had their binder system pre-activated at 120 °C for 20 min prior to
being supported in the fixtures. These specimens were subjected to an
applied angular velocity of either 0.1, 1.0, or 10.0 RPM. The binder
present in the investigated fabric is a thermosetting polymer, which,
when thermally activated, melts and coats the fabric. Following pre-
activation, subsequent variations in temperature would have a low in-
fluence on the binder, given that this process is irreversible; however,
this factor was not considered in the study. For the fourth condition,
specimens with no binder pre-activation were utilized, and an angular
velocity of 1.0 RPM was applied. For all conditions, three viscosity cases
were considered: dry, silicone oil with a viscosity of 20 cSt, and silicone
oil with a viscosity of 100 cSt, yielding a total of 12 test cases. Both oil
viscosities mimic the viscosity of typical resins during the manufacturing

Table 1
Different conditions tested using the RBT setup.
Condition  Binderstate  Angular velocity Viscosity ~ Number of
[RPM] [cSt] specimens
1 Activated 0.1 Dry 8
20 8
100 8
2 Activated 1 Dry 8
20 8
100 8
3 Activated 10 Dry 8
20 8
100 8
4 Inactivated 1 Dry 8
20 8
100 8

process. Note, a total of 8 repeated tests were performed for all test cases
(i.e., 96 tests in total).

The rheometer was set to move from 0° to 60° for every test,
considering the different bending rates. Data acquisition was performed
at intervals of 0.5 s, 0.05 s, and 0.01 s for the tests at 0.1, 1.0, and 10.0
RPM, respectively. The bending moment, M(6), and rotation angle, 6,
were recorded for each experimental test. For every condition, the
rotation angle was converted to curvature x using [31,32]:

gfzheo(t)
K= 6

R

where R is the rheometer bending radius, assumed to be constant
throughout the test. Next, the moment M(x) was divided by the sample
width. The width-normalized bending stiffness (i.e., bending stiffness
per unit width) was defined as the slope of the width-normalized
moment—curvature plot.

To verify the statistical significance of the influence of loading rate,
impregnation fluid viscosity, and binder pre-activation on the fabric
bending stiffness, pairwise analyses were conducted on width-
normalized bending stiffness for two conditions using a two-sample T-
test. The null hypothesis for a T-test assumes no difference between the
sample data and is accepted when the corresponding p-value is greater
than 0.05. Otherwise, the null hypothesis is rejected, indicating a sta-
tistically significant difference.

3. Results and discussion

To ensure consistent analysis of all collected data for each condition
(Table 1), the moment values were interpolated within the range from 0°
to 60° to align the angle measurements across all eight specimens. Then,
the angle measurements were converted to curvature, and the moments
were normalized. The mean and standard deviation values for the
normalized moment were calculated for the set of specimens for each
investigated condition, represented by solid lines and shaded regions in
Fig. 5, respectively. It is worth noting that, across all conditions, the
results were repeatable with minimal scatter, and the normalized
moment values exhibited a linear increase with increasing curvature. A
small number of specimens exhibited responses that deviated from the
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Fig. 5. Normalized moment-curvature plots for the four tested conditions, each including dry, impregnated with 20 cSt silicone oil, and impregnated with 100 cSt
silicone oil infiltration cases: (a) Condition (1) — binder pre-activated and 0.1 RPM velocity, (b) Condition 2 — binder pre-activated and 1 RPM velocity, (c) Condition
3 - binder pre-activated and 10 RPM velocity, (d) Condition 4 — binder inactivated and 1 RPM velocity.

majority of repeated tests for each condition. These outliers were
omitted from the analysis, as they were not considered to be represen-
tative. Additionally, the normalized bending stiffness for each condition
was determined as described in the previous section, utilizing the full
range of curvature data from 0 to 0.0165 mm~!. Tables 2 and 3 present
the normalized bending stiffness values for the activated and inactivated
specimens, respectively, while these data are also plotted in Fig. 6.

As mentioned in the previous section, the fabric samples were
extracted from the same binder-stabilized fabric roll with a CNC table
machine. The relatively minor variability of the bending test results may
be attributed to several factors, including material defects, sample
preparation, and the testing procedure. Previous studies observed that
stitching yarn cross-over points in NCFs can be unevenly distributed,
which may lead to in-plane tow misalignment and out-of-plane crimp
[42-44]. Uneven stitching yarn patterns may influence the size of the
fiber tow and the thickness of the layer. Thus, it is plausible that these
variations may lead to some degree of scatter in the bending stiffness,
albeit deemed to be minor in this study. In addition, the application of
stabilizing binder powder may also vary across different regions of the
roll. This variation may lead to higher bending stiffness in specimens
with greater binder content. Moreover, although the amount of silicone
oil was carefully measured before impregnating each specimen, some
minor variations in the amount of o0il and impregnation uniformity may
have also affected the bending response of the specimen and contributed
to scatter in the presented data. Variations could have also been induced
during the fabric specimen preparation, particularly during cutting with
the CNC table machine. The cutting procedure involved several steps,
including aligning the fabric on the cutting table. The fabric may have
been slightly misaligned, resulting in slightly off-axis specimens and
lower fabric bending responses. Lastly, data scatter may also be attrib-
uted to positioning of the fabric specimens during the tests. As the fabric
specimens were not clamped to the fixture, they may have exhibited
some inclination at the beginning of the tests or minor shifting as the
moving frame rotated.

The normalized bending stiffness of the dry UD-NCF along the fiber

Table 2
Normalized bending stiffness values of the pre-activated samples (Conditions 1 —
3).

Loading rate Dry Viscosity 20 cSt Viscosity 100 cSt
[RPM] [N mm] [N mm] [N mm]

0.1 5.44 3.77 3.35

1 5.53 3.41 3.83

10 6.29 4.49 5.12

Table 3
Normalized bending stiffness values of the inactivated samples (Condition 4).

Loading rate Dry Viscosity 20 cSt Viscosity 100 cSt
[RPM] [N mm] [N mm] [N mm]
1 3.95 2.91 2.88

direction for the condition with inactivated binder at 1 RPM angular
velocity (see Table 3) is approximately 64 % greater than the normalized
bending stiffness of 2.41 N mm for a dry non-bindered 12 K carbon fiber
plain woven fabric studied by Poppe et al. [32], using the same RBT
setup. The comparatively lower bending stiffness of this woven fabric is
presumably attributable to the presence of yarn interlacing and the
smaller tow size, when contrasted with the UD-NCF examined herein.
Additionally, the normalized bending stiffness of the dry UD-NCF along
the fiber direction for the same condition is approximately 7.34 %
greater than the normalized bending stiffness of 3.68 N mm for a binder-
stabilized UD glass fabric with a tricot stitching pattern and an areal
density of 1322 g/m? investigated by Krogh et al. [31] using an RBT
setup. This difference can be attributed to several factors, including the
lower angular velocity used in Ref. [31] (i.e., 0.75 RPM) and differences
in the fabric composition and architecture. Although a one-to-one
comparison with a similar fabric is not feasible, these comparisons
reveal that the bending stiffness of the studied carbon fiber UD-NCF
along the fiber direction is relatively high in comparison to other com-
mon reinforcement fabrics. More generally, the findings also highlight a
significant influence of loading rate, viscosity, and binder pre-activation
on the fabric’s bending behavior, which will be discussed hereafter.
The effect of loading rate on the fabric bending stiffness is illustrated
qualitatively in Fig. 5 (a), (b), and (c). As the angular velocity increased
from 0.1 RPM to 1 RPM and from 1 RPM to 10 RPM for the dry-activated
binder case, the average normalized bending stiffness increased by 1.65
% and 13.74 %, respectively (Table 2). This observation aligns with
previous studies indicating the dependency of bending stiffness on
loading rate for dry woven fabrics [32,45]. The bending stiffness of UD-
NCFs is influenced by the interaction between fiber tows and stitching
yarns [40]. As the fabric bends, the stitching yarns slide over the fiber
tows, generating friction between the fabric constituents. Bending oc-
curs once all the frictional resistance is overcome [46,47]. At higher
loading rates, there is less time for the fabric constituents to overcome
static friction, resulting in reduced relative sliding and consequently
higher measured fabric bending stiffness. Additionally, since the fabric
specimens were not clamped to the RBT fixture, some slippage was
observed, as reported in Ref. [32], with this effect being more
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Fig. 6. Normalized bending stiffness for the four tested conditions, each including impregnated with 20 cSt silicone oil, impregnated with 100 cSt silicone oil
infiltration, and dry cases: (a) Condition (1) — binder pre-activated and 0.1 rpm velocity, (b) Condition 2 — binder pre-activated and 1 rpm velocity, (c) Condition 3 —
binder pre-activated and 10 rpm velocity, and (d) Condition 4 — binder inactivated and 1 rpm velocity. (e) Normalized bending stiffness vs loading rate for the

indicated infiltration case.

pronounced at an angular velocity of 0.1 RPM. Consequently, lower
loading rates resulted in lower apparent bending stiffness because of the
easier overcoming of static friction. Interestingly, the effect of loading
rate on the specimens impregnated with a 20 cSt viscosity oil was much
less noticeable (Table 2). The impregnation of the fabric with a low-
viscosity oil has reduced friction between the fiber tows and stitching
and enabled increased relative movement, which has reduced the degree
of the influence of loading rate on fabric bending stiffness. Moreover, for
the specimens impregnated with a 100 cSt viscosity oil, the normalized
bending stiffness increased by 14.32 % and 33.68 % (Table 2) as the
angular velocity increased from 0.1 to 1 RPM and from 1 RPM to 10
RPM, respectively (i.e., a similar trend to that of the dry pre-activated
binder specimens). However, the stronger influence of loading rate on
specimens infiltrated with higher viscosity oil may be because the fric-
tional bending restraint is relatively greater compared to specimens
infiltrated with lower viscosity oil. Table 4 lists the p-values associated
with each pair of normalized bending stiffness data for each loading rate
and impregnation condition. Only two of the nine comparisons yielded
p-values greater than 0.05, confirming that an increase in loading rate
results in a statistically significant increase in fabric bending stiffness.
The impregnated fabric specimens exhibited lower bending stiffness
when compared to dry specimens for each condition, which is shown

Table 4

P-values obtained through T-Test comparing the normalized bending stiffness
for different loading rate pairs, for each impregnation case. Note, green text
refers to P-values > 0.05.

0.1 RPM x 1 RPM 0.1 RPM x 10 RPM 1 RPM x 10 RPM

Dry 7.64 x 1071 8.99 x 1073 9.79 x 1073
Viscous 20 229 x 107! 2.99 x 1072 2.55x 1073
Viscous 100 1.80 x 1072 1.50 x 10°° 2.75x 1074

qualitatively in Fig. 5. For example, the normalized bending stiffness of
the dry specimens and specimens impregnated with 100 cSt viscosity oil
tested at an angular velocity of 1 RPM (Fig. 5b, Table 2) were, respec-
tively, 62.17 % and 12.32 % greater than that of the specimens
impregnated with a 20 cSt viscosity oil. Similar findings were reported
in Ref. [32] for a carbon fiber woven fabric, where it was determined
that the silicone oil acts as a lubricant, reducing friction among the fiber
tows and supporting yarns, which resulted in lower fabric stiffness.
Similarly, in this study, the friction between the carbon fiber tows and
the polyester stitching yarns was reduced for impregnated specimens,
leading to a reduction in the fabric’s bending stiffness. The observed
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increase in bending stiffness for the specimens impregnated with the
higher viscosity oil may be due to greater friction caused by the 100 cSt
oil in comparison to 20 cSt oil [32]. It must be noted that at higher
angular velocities (Fig. 5c, Table 2), the bending behavior of the sample
impregnated with 100 cSt silicone oil converged with that of the dry
fabric samples, possibly due to the comparable frictional resistance be-
tween the fabric constituents and, thus, similar bending restriction when
compared to the dry samples [47,48]. Another interesting observation is
that the bending stiffness of the specimens with inactivated binder
(Fig. 5d, Table 3) was notably less influenced by the presence of viscous
oil. This finding might be due to the relatively low friction between the
fiber tows with inactivated stabilizing binder and the stitching, which
led to reduced sensitivity to impregnation oil viscosity on the bending
stiffness. Similar two-sample T-tests were performed (Table 5), revealing
that for all but two test case comparisons, there were statistically sig-
nificant differences in the normalized bending stiffness.

Lastly, the effect of binder pre-activation on the bending behavior
was evaluated by comparing the results illustrated in Fig. 5(b) and 5(d)
as well as Tables 2 and 3. It was observed that binder pre-activation
enhances bending stiffness, attributable to the improved cohesion pro-
vided by the molten binder [19]. When the fabric is subjected to heat,
the binder melts and coats the fiber tows, increasing inter- and intra-tow
friction and consequently bending stiffness. This effect was more pro-
nounced in the dry samples, indicating that the impregnation fluid vis-
cosity tends to counteract the influence of the activated binder. Broberg
et al. [38] also reported variations in bending stiffness in binder-
stabilized non-crimp fabric, which could potentially lead to an
increased propensity for wrinkle formation. Once again, two-sample T-
tests were conducted, and none of the comparisons failed to reject the
null hypothesis (Table 6).

4. Conclusions

This study has shown that the applied angular velocity, pre-
activation of the stabilizing binder, and the viscosity of the impregna-
tion fluid significantly influence the bending behavior of a carbon fiber
unidirectional non-crimp fabric (UD-NCF), particularly at large curva-
tures, which are likely to occur in components with complex geometries
fabricated via wet compression molding (WCM) process. More specif-
ically, pre-activation of the stabilizing binder and increased loading rate
contributed to an increase in bending stiffness across all three infiltrated
conditions (i.e., dry, infiltrated with 20 cSt silicone oil, and infiltrated
with 100 cSt silicone oil), owing to increased friction between the car-
bon fiber tows and stitching yarns. However, infiltration of the fabric
with a low viscosity fluid resulted in a decrease in bending stiffness
relative to the dry condition due to decreased tow-stitch friction. In
contrast, the decrease was less pronounced for the higher-viscosity oil
infiltration condition considered in this study. The influence of pre-
activated stabilizing binder and fabric impregnation observed in this
investigation for the studied UD-NCF is expected to be similar for other
types of binder-stabilized fabrics, although the magnitude of these ef-
fects may vary depending on the specific fabric architectures. It is
important to note that for a WCM process, an additional binder pre-
activation step will be required prior to dispensing resin on the fabric
stack, which would increase process complexity to some extent due to
heating requirements. In an industrial setting, the addition of this step

Table 5

P-values obtained through T-Test comparing the normalized bending stiffness of
pre-activated binder specimens for different fabric impregnation case pairs, for
each loading rate. Note, green text refers to P-values > 0.05.

Dry x Viscous 20 Dry x Viscous 100 Viscous 20 x Viscous 100

0.1 RPM 5.83x 104 1.48 x 10°° 8.59 x 1072
1 RPM 417 x 1075 1.47 x 1074 1.13x 107!
10 RPM 2.45x 1078 1.52x 107* 2.25 x 102
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Table 6

P-values obtained through T-Test comparing the normalized bending stiffness of
specimens with and without stabilizing binder pre-activation under different
impregnation conditions at 1 RPM.

Dry Viscous 20 Viscous 100

5.63x 104 4.82x 102 424 x 1073

would not affect the overall process cycle time, so long as the binder pre-
activation time is less than the cure and demolding time.

The generated test data fills a critical gap in the literature and can
help improve material models for future forming simulations of binder-
stabilized UD-NCFs. An improved understanding of the bending
behavior of UD-NCFs achieved in this study can also be used for opti-
mizing WCM processes. Optimizing the press closing speed and the resin
viscosity may aid in suppressing the formation of macroscopic wrinkles.
At the same time, the use of a binder-stabilized fabric will increase
stiffness, which could lead to better resin management before mold
closing while also influencing fabric formability. As shown, the use of a
stabilizing binder notably influences the bending response of the studied
UD-NCF, where an increase in bending stiffness may potentially reduce
the number of wrinkles during forming at the expense of increasing their
size as reported by Boisse et al. [11]. Similar findings were reported in
Ref [38], where the authors studied a binder-stabilized glass UD-NCF
and observed an increase in wrinkle size due to higher fabric bending
stiffness. However, forming of continuous reinforcements on complex-
shaped molds induces in-plane shear deformation, which can also
contribute to the formation of wrinkles on the fabric depending on the
forming process boundary conditions. Haanappel et al. [49] investigated
the drapability of two fiber-reinforced thermoplastic materials on a
mold with a double-curved surface, highlighting that bending stiffness,
as well as intra-ply deformation and friction, significantly influence
drapability. Significant wrinkling in the double-curved regions was
observed, where the authors noted that the number and size of wrinkles
are dependent on the fabric properties. Specifically, it was stated that
fabrics with greater bending stiffness were more sensitive to wrinkle
formation. Nevertheless, these studies have not identified an optimal
range of bending stiffness, as the drapability of an engineering textile is
influenced by multiple parameters. Despite the important contributions
made through the study herein, the connection between bending stiff-
ness, formability, and associated defect formation remains unclear as it
likely depends on additional factors, such as the number of layers, ply
orientation, and mold shape. Therefore, establishing such a relationship
for the studied binder-stabilized UD-NCF is left for future work. Broadly,
this work aims to assess the potential trade-offs between increased fabric
stiffness and formability for complex shapes typical of real-world
applications.

Additional future work is planned that is worth mentioning. The
bending behaviour of the UD-NCF along the transverse direction was not
studied herein, given that the fabric bending stiffness along this direc-
tion is anticipated to be orders of magnitude lower than that along the
longitudinal direction. The resolution of the rheometer would not
adequately capture the low-magnitude transverse bending stiffness.
Future work will focus on modifying the rheometer bending test setup to
enable testing along the transverse direction. Finally, future studies will
explore whether binder type, concentration, and form, fiber tow count,
and stitching pattern influence the bending stiffness of the UD-NCFs. The
rate-dependent bending response of the UD-NCF will also be studied,
since related data is important for developing rate-dependent forming
models.
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