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Abstract: Materials used in the technical application including composite reinforcements and
ballistic fabrics should show not only good mechanical performance but also better deformational
behaviors. Meanwhile, three dimensional (3D) warp interlock fabrics have been widely employed
in such applications to substitute the two dimensional (2D) fabrics because of their enhanced
through-the-thickness performance and excellent formability. The deformational behaviors of such
3D warp interlock fabrics have been also influenced by various internal and external parameters.
To understand and fill this gap, the current paper investigates the effects of the warp yarn interchange
ratios inside the fabric structure on the formability behaviors of dry 3D warp interlock p-aramid fabrics.
Four 3D warp interlock architecture types made with different binding and stuffer warp yarn
interchange ratios were designed and manufactured. An adapted hydraulic-driven stamping
bench along with hemispherical punch was utilized for better forming behavior analysis such as
in-plane shear angle and its recovery, material drawing-in and its recovery, deformational depth
recovery, and required stamping forces. Based on the investigation of various formability behaviors,
the formability of (3D) warp interlock fabrics were greatly influenced by the binding and stuffer
warp yarns interchange ratio inside the 3D warp interlock structure. For example, preform 3D-8W-0S
exhibited a maximum deformational height recovery percentage of 5.1%, whereas 3D-4W-8S recorded
only 0.72%. Preform 3D-8W-4S and 3D-8W-8S revealed 1.45% and 4.35% recovery percentages toward
the deformational height at maximum position. Besides, sample 3D-4S-8W revealed the maximum
drawing-in recovery percentage of 43.13% and 46.98% in the machine and cross direction, respectively,
around the preform peripheral edges. On the contrary, samples with higher binding warp yarns as
3D-8W-0S show the maximum drawing-in recovery percentages values of 31.21% and 34.99% in the
machine and cross directions respectively.

Keywords: 3D warp interlock structure; binding and stuffer yarn ratio; deformational behavior;
technical applications; high-performance fiber
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1. Introduction

Different research studies have used 2D and UD (Unidirectional) fabrics to develop various
fiber-reinforced composite parts and soft body armor panels for the past many years [1–3].
Those textile materials should also possess not only mechanical and ballistic performances but
also good bending and molding properties without affecting the final performances of the product.
However, selecting appropriate fabric type parameters including fabric architecture, weave type,
yarn count, fabric density, yarn composition, etc., are some of the most important steps that can help
to achieve the combined behaviors for the specific applications. Besides, the forming of the textile
materials could be affected by various factors [4–6] and become nowadays a common manufacturing
technique for various technical products including composite parts and body armor [7–9]. In general,
such kind of techniques mainly applied either on the liquid or solid materials depending on the final
application and the types of forming devices used. Moreover, the forming process could be achieved
using a dry or heated punch on the material to create the intended form. Apart from developing
different parts, such kind of techniques are also used to develop a three-dimensional shape product
from single pieces of material without involving any kind of stitching system [10,11]. The advantage
of such a manufacturing process is to improve not only the final product performance but also reduce
the raw material wastages and production time. For example, forming techniques can be used in
the manufacturing of the frontal panels of women’s soft body armor to resemble the female torso
shape by properly accommodating the bust [12–15]. In response, the designed product could then give
both the comfort and enhanced ballistic performance by removing the stitching and other material
weakening surface during for example traditional manufacturing. However, understanding the
different formability characteristics of the fabric before applying to any kind of technical application
i.e., body armor and composite parts are very important.

Nowadays, 3D warp interlock fabrics have become a promising fabric structure to be used as woven
textile-reinforced composites. Such textile-reinforced composites have been also increasingly used in
various engineering fields such as aerospace (as a framework, T- and X-shape panels, aircraft wings
leading edges, etc.,) [16], civil structure and construction [17], automotive (in engine rotors, nozzles,
and engine mount, etc.,) [18], medicine [19], sports [20], and defense applications [21] because of
their distinctive advantages over traditional materials such as metals and ceramics. Fiber-reinforced
composite materials are lightweight, stiff, and strong. They have good fatigue and impact resistance [22].
Their directional and overall properties can be tailored to fulfill the specific needs of different end
uses by changing constituent material types and fabrication parameters. Different definitions and
classifications have been propped about 3D warp interlock fabric for the last many decades by various
research studies [23–25], with the latest being [26] which proposed a complete and precise description
in their recent studies considering the different structure and yarn components of the 3D warp interlock.
According to this study, the 3D warp interlock structures have been classified mainly into four categories
as orthogonal–layer-to-layer (O-L), orthogonal–through-the-thickness (O-T), angle–layer-to-layer (A-L),
and angle–through-the-thickness (A-T) as shown in Figure 1. Such classification mainly depends on the
orientation and interlacing angles of the different weft layers by the binding warp yarns. For example,
A–T and A–L structure weft layers were bound in a diagonal direction completely or according to
different layers respectively. Whereas, in the O–T and O–L configuration, the different binding warp
yarns link the entire thickness or some of the layers respectively following an orthogonal direction.
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Figure 1. Representation of the four classes of 3D warp interlock fabrics types (a) interlock A-T,
(b)‘interlock A-L, (c) interlock O-T, and (d) interlock O-L [26]. (Reproduced with permission from
Elsevier with License Number 4911341267298)

Because of this different structure inside the fabrics, the 3D warp interlock fabric provides good
mechanical properties and delivers good ballistic performance along with good delamination properties
compared to the 2D fabrics [26–28]. Moreover, even though it has some difficulty with numerical
modeling [29] due to its geometrical and structural complexity, various studies agree on its capabilities
to substitute the traditional (2D and UD) fabrics. This is mainly due to their various advantages
including low shear rigidity and excellent formability behaviors [30]. For example, studies have
successfully worked on developing a single piece of the helmet using the 3D warp interlock as fibrous
reinforcement for composite by avoiding cutting the fabric [10,31–33]. The 3D warp interlock structures
also exhibited less fabric damage mechanisms during forming processes [34]. Another study also
developed a new monitoring approach with sensor yarns inside the fabric thickness to measure and
quantify different 3D warp interlock fabric behaviors during forming [35]. In the forming process,
apart from the external factors, the formability properties of 3D warp interlock fabric are affected by
several internal parameters. One of our studies focused on the design and manufacturing of 3D warp
interlock fabrics made of high-performance 930dTex para-aramid yarn to investigate the influences of
the fabric density on mechanical and molding behaviors [36]. Based on this research, the yarn and the
overall fabric density greatly influence both the forming and its recovery properties of the 3D warp
interlock fabric.

It was also revealed that weft layers inside 3D warp interlock fabrics are greatly interconnected
together through the binding yarn to produce thick reinforcement for different technical
applications [37,38]. The binding warp yarns also greatly help to dissipate loads in different directions
and keep the yarns by stabilizing the integrity of the entire structure [39]. In the 3D warp interlock
structure, the location of a binding yarn [20] ensures better mechanical properties in the thickness
direction as compared to stacked 2D fabrics. Besides, 3D woven fabrics are also involved in ballistic
protection due to the enhanced mechanical properties in the thickness direction as compared to
two-dimensional (2D) fabrics [40,41]. Even though the numerical and analytical studies are mostly
limited to 2D woven fabrics, the study revealed that 3D textile structures have a higher resistance to
multi-impacts with the easier and cheaper achievement of complex shape structures in comparison
with the 2D fabrics [14]. 3D warp interlock structures also show a high performance in ballistic
lightweight protection with good molding ability and display a better performance as compared to 2D
structures [42,43].
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The main goal of the current study is to investigate the influences of the warp yarns interchange ratio
on the forming characteristics of 3D warp interlock fabrics. Four different 3D warp interlock fabrics with
different warp yarns interchange ratios were designed and manufactured with the same yarn density
in the warp and weft directions. All the fabrics were produced with the same parameters including
material type (high-performance aramid fibers, Twaron CT-709 930dTex). A predefined single-curved
hemispherical shape punch with a pneumatic punching bench was used. Different formability and
recovery behaviors of the preforms were measured and discussed. In general, the research would help
to further improve the overall understanding of the influences of the warp yarn interchange ratio on
the formability behaviors of 3D warp interlock preforms.

2. Materials and Experimental Methods

2.1. Materials and Preform Preparations

2.1.1. Materials

Different variants of 3D warp interlock para-aramid orthogonal layer-to-layer (O-L) fabrics that
involve different warp yarns interchange ratios were produced and used in the forming behavior
investigations. The interchange ratio corresponds to the different proportion of binding and stuffer
warp yarns inside the 3D warp interlock structure. For the current study, four different ratios,
corresponding respectively to X% of binding warp yarn and Y% of stuffer war yarns (written as
binding warp yarns ratio (B) and stuffer warp yarns ratio (S)) have been chosen as 100–0% (B8:0S),
66–33% (B8:4S), 50–50% (B8:8S), and 33–66% (B4:8S). Based on this ratio, the binding warp yarns that
are used to build a link between the different layers of the fabric following a diagonal direction will be
different. However, all these fabrics were manufactured with the same high-performance p-aramid
fibers 930 dTex yarns (Twaron® produced by Teijin Aramid from the Netherland) with a yarn twist
of 25 twists/m in the Z direction for both warp and weft yarns and a breaking strength at 225 N.
Moreover, the manufactured fabrics possessed similar weft layers (five layers) and yarn densities
(48 ends per cm and 50 picks/cm). The actual areal density of all the fabrics was 970 g/m2 but was found
slightly different after the production due to the degradation and other process factors. All four 3D
warp interlock fabrics were designed geometrically using WiseTex® software (an open source software
licensed under the General Public License developed at the KU Leuven, Belgium) as shown in Figure 2.
The fabric was achieved on the DB-weave software before being transferred to the weaving machine
for production. A semi-automatic ARM dobby weaving loom was used to manufacture the different
3D warp interlock fabric structures. The complete yarn and fabric characteristics are illustrated in
Table 1.

Figure 2. The graphical schemes of the developed 3D warp interlock fabrics with different binding and
stuffer ratios (a) 3D-8W-0S (100–0%), (b) 3D-8W-4S (66–33%), (c) 3D-8W-8S (50–50%), and (d) 3D-4W-8S
(33–66%).
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Table 1. Main properties of the yarn and the produced 3D warp interlock fabrics.

Fabric Designations Fiber Linear
Density (dtex)

Fiber Strength at
Break [N/mm2]

Warp Yarn
(Binder: Stuffer)

Interchange Ratio

Actual Fabric
Density (g/m2)

Fabric Density
(Warp/Weft)

[yarn/cm]

Average Fabric
Thickness [mm]

3D-8W-0S 930 225 8:0 900 48/50 1.42
3D-8W-4S 930 225 8:4 920 48/50 1.44
3D-8W-8S 930 225 8:8 952 48/50 1.52
3D-4W-8S 930 225 4:8 944 48/50 1.63

A total of 24 beams, equipped with a warp tension controlling device, were used on the adapted
warp beam creel during manufacturing. Moreover, 24 heddle shafts in which each shaft consists of
100 heddles were installed on the machine to allocate one warp beam per shaft.

2.1.2. Preform Preparations

Squared samples of each fabric with the dimensions of 250 mm × 250 mm were prepared, but
with different fabric thickness because of the binding effects of the warp yarn in each fabric. For better
tracking, monitoring, and analysis of the different important forming characteristics, a defined reference
tracer line by joining the specific indicator points were carefully drawn on the surface of the preforms.
Six surface reference lines each were drawn both in the machine (warp) and cross (weft direction) with
equal distance and amounts.

As illustrated in Figure 3, the different reference lines are designated as 0-0′, 1-1′ 2-2′, 3-3′, 4-4′,
and 5-5′ in the machine (warp) direction and respectively 0-5, D-D’, C-C’, B-B’, A-A’, and 0′-5′ in the
cross (weft) directions. Normally, such reference line tracers were drawn only on the quarter regions
(1/4th) of the active preform regions to investigate the different forming characteristics. This is because
the application of double-curved shape forming using the hemispherical punching test at the center of
the sample would give a uniformly distributed forming behavior on all surfaces of the preform regions.
This means that analyzing different forming characteristics on one quadrant (1/4th) is assumed to give
more probably uniform and similar forming behavior results for the rest of other sub-regions due to
the quasi-symmetrical hemispherical punching.

Figure 3. (a) Different 3D warp interlock fabrics for formability test (i) 3D-8W-0S (100–0%), (ii) 3D-8W-4S
(66–33%), (iii) 3D-8W-8S (50–50%), and (iv) 3D-4W-8S (33–66%), and (b) pictorial examples of positions
of reference point and line on the top surfaces of preform.



J. Compos. Sci. 2020, 4, 145 6 of 24

2.2. Formability Testing Device and the Experimental Methods

An adapted and specifically modified dry fabric forming machine [44,45] was performed at
room temperature and moisture conditions (20 ◦C and 65%HR) for our study. The utilized dry fabric
hemispherical forming test device with its different parts is shown in Figure 4. The vertical and
controlled movements of the four pneumatic jacks at the bottom of the device help to provide the
required speed for the non-heating punch to give the intended shape on the preforms.

Figure 4. Formability testing machine with its hemispherical punch.

The machine normally uses pneumatic mechanisms to control and operate the punching systems
at the bottom of the preform material. Before the formability test, the different prepared 3D warp
interlock preforms are carefully alighted and placed in the right positions through a laser light guide
between the lower die and the upper blank-holder. The blank-holder helps to firmly hold the preforms
by using the applied specific pressure. The pressure is mainly governed at the top of the open presser
die which is connected to the movable four pneumatic jacks. This presser die presses the blank-holder
at the four peripheral edges areas with appropriate pressure. The devices were normally designed to
entertain the different single curvature punch shapes with the integrations of the open-die system.
Among the different forming punch, hemispherical punch shapes were chosen to distribute the load
more uniformly and observe the local and global deformations of the preformed sample by following
the different paths of yarns in the structure both in the warp and weft directions [34,46]. Figure 5
shows the forming process at the initial and forming stages of the sample. Moreover, a digital camera
was also installed at the top center of the device to record and capture the whole fabric forming process.
The different forming parameters such as in-plane shear angle and material drawing-in with their
recovery can be then executed and optically measured by extracting the relevant information from
the recorded video using dedicated software called ImageJ with precisions of ±0.1◦. The four electric
jacks in the device were mainly used to control the punching speed and the force applied by the punch.
The applied force and its variations on the preform by the punch are normally detected and measured
by the load sensor (500 N ± 0.3%) which is attached to the jack. Moreover, the punch displacement
mainly depends on punch shape but set to be constant throughout the movement for a better punching
process (Table 2).
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Figure 5. Formability process of the sample by the hemispherical punch (a) before forming and
(b) while forming.

Table 2. The different forming parameter used during formability testing.

Forming Parameters Parameter Values

Punch shape Hemispherical
Punch diameter 150 mm

Stamping velocity 45 mm/s
Blank-holder pressure 0.4MPa
Max. Punching depth 65 mm

Such forming device is mainly designed to investigate the single-curved shape punch to analyze
the formability of dry textile materials at various dependent parameters. Dependent parameters like
blank-holder pressure, stamping velocity, punching force, shapes of punch, and punching depth should
be properly considered and settled throughout the forming process for better forming results [47].
For example, the blank holder pressure shows a significant effect on the formability properties because
of different force differences between the preforms and the holders [48]. Therefore, applying an
appropriate blank-holder pressure would help the preforms to deform rather than slide or wrinkle.
In this study, a hemispherical punch shape along with an appropriate blank holder and the open die
was utilized to investigate the influences of the warp yarn interchange ratio on the forming behaviors
of 3D warp interlock fabrics. The forming device also allows adjusting the pressure values on the blank
holders based on the forming test conditions. The complete and different parameters considered while
investigating three forming behaviors of the different preforms in this study are listed in Table 2.

Moreover, three specimens test were repeated following the same forming conditions for each 3D
warp interlock preforms to extract better measurement data along with satisfactory reproducibility.
However, to give good results and achieve better comparisons, all other internal and external parameters
were kept constant throughout the molding process of the different preforms.

3. Results and Discussion

3.1. Formability Behaviors of 3D Warp Interlock Fabrics

During the forming process, the different yarn starts to move relatively and could bring lots of
forming behaviors on the deformed fabrics [49]. The current study investigates the influences of the
warp yarns interchange ratio on the forming characteristics of 3D warp interlock fabrics. Figure 6
shows the representative pictures of the different deformed preforms 3D warp interlock fabrics by the
semi-hemispherical punch at the same testing conditions.
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Figure 6. 3D warp interlock preforms after deformation.

Normally, because of the hemispherical punch shape, all the preform exhibited symmetric and
similar deformed shapes. However, the 3D warp interlock fabrics might reveal different important
forming and recovery behaviors due to warp yarns interchange ratio differences. This sub-section
discusses those important forming characteristics, including drawing-in, in-plane shear angle,
and inter-ply sliding of the different preforms for better understanding the 3D warp interlock
fabrics and its influence caused by the warp yarns interchange ratio.

3.1.1. Influence of Warp Yarn System on the Punch Force of 3D Warp Interlock Fabric

To obtain the final deformed shape of the preform, a vertical force was constantly applied to move
the punch from the bottom with the help of an electric jack along with sensors. The sensors under
the electric jack were designed to measure the amount of the force applied. Regulating the amount
of force applied to lift the punch from the bottom helps to properly stamp the clamped preforms by
the hemispherical punch (Figure 5) for a better forming process and to avoid process defects. Owing
to the sensor and its display, the different parameters including deformation time, displacement,
and peak loads will be automatically recorded after the forming process. In this section, we tried to
analyze the relations between the stamping forces and the deformation times for different preforms.
Figure 7a shows the punching load vs. deformation time curves of the different preforms during the
forming test. The results reveal similar trend evolutions of load versus deformation curves for all
3D warp interlock preforms. The load versus deformation time curve was started with insignificant
loads for around three seconds until the punch tip-off the preforms. Then, the load drastically starts to
increase through time while stamping the preform.
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Figure 7. (a) The punching forces versus the deformation time curves and (b) their maximum mean
values of punching forces for the different 3D warp interlock preforms.

The load has continuously increased until the preform reached the maximum deformation
displacement (65 mm). Finally, the force applied by the punch on the preform becomes constant
through time after maximum deformational height has been reached. Moreover, the maximum
punching load required for deforming and maintaining the final shape of the deformed preform of
the different 3D warp interlock preform is illustrated in Figure 7b. Based on these investigations,
the maximum punching loads were influenced by the binding and stuffer warp yarn interchange
ratio inside 3D war interlock fabrics. The study noticeably showed that the stuffer yarns ratio
shows an impact directly proportional to the punching force while forming on the different 3D warp
interlock preforms. This is due to the fact that the samples with higher stuffer warp yarns ratio possess
fewer yarn undulations in the warp direction which in turn needs a higher amount of punching loads
to deform the preforms to the maximum deformational depth. Sample 3D-8W-0S and 3D-4W-8S
revealed the minimum and maximum punching loads of 1250.26 and 1360.37 N respectively. Moreover,
Sample 3D-8W-8S and 3D-8W-4S recorded 1290.7 and 1316.13 N respectively to deform the preform to
maximum depth.

3.1.2. Influence of Warp Yarn System on the In-Plane Shear Angle

The inter-ply and intra-ply shearing are among the most common deformational modes of
the textile preform that might exist during the formability process. The forming of multi-layer
fabric preforms involves significant amounts of both intra-ply shearing and inter–ply sliding effect
while the fabrics undergo the deformation process. However, unlike multi-layered fabric preforms,
3D woven fabric forming faces considerable amounts of intra-ply shearing than inter-ply sliding due
to the better linking of the different weft layers throughout the thickness by the binder warp yarns.
Moreover, in textile material deformation, the intra-ply shearing effect is mainly associated with the
in-plane shear angle. The intra-ply shear angle is an angle mostly measured between the orthogonal
complement of warp and weft yarn at the crossover which is used to measure the amount of fabric
shear deformation. It is also analyzed based on the fiber orientation on the top surface of the preforms.
However, to better analyze and compare the different preforms’ in-plane shear angles, it should be
measured on the deformed preform surface where there are lower or insignificant amounts of wrinkles.
This is because wrinkling is one of the forming defects which makes the shearing angle measurements
difficult and might not give better result analysis of surface shear angle between the different deformed
preforms [50,51]. Figure 8 indicated the pictorial and its schematic representations of in-plane shear
and its recovery angles for the selected sub-regions of the preform. As shown in Figure 8, θ is the
perpendicular angle between the warp and weft yarns at initial/positions before forming a test and
measured mostly on the preform surface. The deformation by the de-crimping of the interlaced yarn to
conform to the intended compound curvature creates the in-plane shear angle, δ, which was developed
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between the weft and warp yarns at the crossover. So, the shear angle between the yarns on the
preform surface has been measured and computed as follows:

δ = |θ− µ| (1)

where;

δ is the in-plane shear angle
θ is the initial angle measured between the yarns (mostly 90◦), µ is the angle measured between the
weft and warp yarns after immediate deformation.

Figure 8. (a) The deformed preform and its different measurement angles on the surfaces of the
deformed preform to determine for in-plan shear angle values and its recovery (b,c).

Normally, the orientations of the fiber/yarn tend to return to the original position after releasing
the punching load on the deformed preforms. However, depending on the positions of shear on the
preform surface, the initial angle measurement values inside the sub-region could be higher when
negatively deviate or lower (positive deviation) as compared to the recovery angle. For example, as
it is observed in Figure 8b of sub-region 18, the measured angle at immediate deformation (µ) was
negatively deviated and found to be higher than the measured angle after recovery (ρ) measurement,
(µ > ρ). On the contrary, in Figure 8c of sub-region 16, the immediate angle measurement after
deformation (µ) was positively deviated and recorded lower values as compared to the recovered
angle (ρ) measurement, (µ < ρ). This is because through time the orientations of yarn tend to return to
its original angle orientation (θ). As it is also discussed in the experimental section, like other forming
characteristics, the different angles were efficiently captured by the inbuilt digital camera and extracted
with the help of ImageJ software for better analysis. Figure 9 shows the experimental and numerical
representations of the in-plane shear angle and its measurements of the different 3D warp interlock
preforms in the selected one quadrant sub-regions.



J. Compos. Sci. 2020, 4, 145 11 of 24

Figure 9. General in-plane shear angle diagram representations for the selected sub-regions and its
measurement values for the different 3D warp interlock preforms.

For quick and better observation and comparisons, the different sub-regions of the preforms were
further clustered into three regions namely: Low, Medium, and High in-plane shear angle regions.
Based on the analysis, in general, all samples show a similar trend of in-plane shear angle values in
different clustered regions. High in-plane shear angle values were observed and accumulated both
around the neck and corner-end near the neck regions of the deformed preforms. For example, both the
deformed preforms around the neck area of sub-region 8, 9, 12, 13, and 14, and the majority of the
flat surfaces near the neck of sub-regions 19, 20 23, and 24 were laid on the high in-plane shear angle
clustered regions as compared to the other sub-regions. On the contrary, the center top deformed
preform of sub-region 1, 2, 3, 4, 6, 10, 11, 16, and 25, and the peripheral edges of the preforms sub-region
5, 15, 21, and 25 were located at low in-plane shear angle cluster region. However, according to
the observation, all the preforms do not have similar sub-regions that could locate on the medium
in-plane shear angle regions. Moreover, the in-plane shear angle values of the 3D warp interlock fabrics
were also greatly affected by the interchange ratio of binding and stuffer yarns in the warp direction.
According to these observations, as the compositions of the stuffer warp yarns inside the 3D warp
interlock fabric structure increases, the in-plane shear angles were observed to be higher in a majority
of the region. Samples 3D-4W-8S and 3D-8W-0S showed higher in-plane shear angles whereas samples
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3D-8W-4S and 3D-8W-8S revealed relatively lower or nearly equivalent in-plane shear angle values in
most of the sub-regions. This is due to the presence of an unbalanced warp yarns interchange ratio
that could reduce the stability of the preforms and might increase the deformation shearing effect
on the preforms. Therefore, yarns in such preform which is made of unbalanced warp yarns ratio
would be then easily disturbed and create a higher shear while forming easily. The maximum and
minimum shear angles of samples 3D-8W-0S and 3D-4W-8S recorded a shear angle of 34◦ and 28◦ and
1.042◦ and 0.142◦ respectively. Besides, a numerical model was developed to predict the deformational
behavior of the multi-layer 3D warp interlock preforms. Explicit finite element simulations using
the commercially available software (Abaqus FEA) have been performed for hemisphere geometry
to understand the influence of the warp yarn composition as shown in Figure 9. According to the
numerical simulations obtained by using the commercially available software (Abaqus FEA), it can be
also seen that the predicted final shape and the different local shear angles of different sub-regions in
one-quarter of the preformed dry fabric have shown a good agreement with the experimental result.

3.1.3. Influence of Warp Yarn in Material Drawing-In Values

In this section, the influences of binding and stuffer warp yarns interchange ratio on drawing-in
values of 3D warp interlock preform are tested in hemispherical forming processes. Generally, when the
dry fabric preform undergoes the forming process, some of the preform dimensions in warp and weft
directions could be consumed because of deformations. The consumed length is the measurement
that occurs when the preform surface draws toward the center or to the region where maximum
deformation took place. Thus, it is very critical and interesting to understand the drawing-in values of
different material preforms while deformation before applying specific applications. The consumptions
of the preform length measurement could be different at various preform positions depending on
the shape of the punch. For example, during formability using a single-curved hemispherical punch,
the fabric sample region with maximum deformation depth tends to consume the maximum length
(maximum drawing-in) toward the center as shown in Figure 8a. However, not only the punching
shape (diameter and depth) but also various factors would also contribute to the drawing-in values.
Based on researches, the preform binding pressure, stamping load, preform thickness, material types,
and fabric architectures were also some of the factors which greatly affect the drawing-in values [51,52].
Like shear angle measurements, the video taken by the inbuilt camera on the top of the forming machine
was extracted by the ImageJ software to compute the different drawing-in values at different positions.
Figure 10a–c shows the flat, deformed, and flat-deformed super-imposed preform representations to
compute the material drawing-in values at designated different positions.

As discussed in experimental methods (Figure 3), only 1/4th regions of the preforms were
considered for analysis because of their quasi-symmetric forming properties. The average value of the
three tested preforms with the same testing conditions is presented.

Figure 11a,b shows the representation of the drawing-in values at different positions both in
the weft and warp directions respectively. As per the general observations, the involvements of
different proportions of binding and stuffer warp yarns greatly influence the material drawing-in
values of 3D warp interlock preforms at different positions both in machines (warp, MD) and
cross (weft, CD) directions. The involvements of stuffer warp yarn directly proportional to the
preforms’ drawing-in values. As shown in Figure 11a, as the stuffer warp yarn interchange
ratio inside the fabric structure increases, the drawing-in values were found higher in all defined
positions. Samples having a higher stuffer warp yarns ratio inside the structure, for example,
sample 3D-4W-8S, revealed higher drawing-in values. On the contrary, preform with no stuffer yarn,
sample 3D-4W-8S, exhibited the minimum drawing-in values among all the preforms at all reference
positions. Moreover, preform 3D-8W-8S revealed higher drawing-in values in the majority of the
measured positions as compared to its counterpart sample, sample 3D-8W-4S. The main reason for
this would be the involvement of binding warp yarn inside the fabric increases, due to its higher yarn
undulations/waviness property, the preforms will not be quickly drawing-in toward the center of the
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punching region until all the undulated yarns are fully straightened [53]. Figure 12 represents the
waviness structure of both the stuffer and binding yarns which are taken from the preform 3D-8W-8S.
As the punching process proceeds, the preform will start to drawing-in only after the straightening of
the yarn is completed. This delay of drawing-in due to the straightening of the waviness of the yarn
inside the fabrics has shown a negative effect on the final drawing-in values of the preform.

Figure 10. (a) Flat, (b) deformed, and (c) flat and deformed preform super-imposing to compute the
drawing-in values of 3D warp interlock preforms at different positions.

Figure 11. Influences of warp yarn system on the drawing-in values of 3D warp interlock preform at
different points in the machine (a) and cross (b) direction.
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Figure 12. (a) Microscopic and (b) models of fabric cross-sectional view respectively, and (c) binder
and (d) stuffer warp yarn waviness inside the 3D warp interlock fabric structure.

On the contrary, fabric with more stuffer warp yarn, for example, 3D-4W-8S, will start drawing-in
toward the center of the punch due to very low undulations of the yarn in the fabric as the punching
load starts to apply. This means that as the punching load is applied, the fabric directly starts to
draw-in toward the center without the straightening process of the yarn inside the fabrics. As shown
in Figure 12b, the interchange ratio of the warp yarn in the machine direction was also affected by
the drawing-in values of the preform in the cross-direction. Considering all the parameters in the
cross (weft) direction are similar, as the interchange ratio of binding warp yarns in the machine
direction increase, the drawing-values in the cross direction were also recorded lower and vice-versa.
This is because the presence of different warp yarns system in the fabrics will also impose different
compression loads on the weft yarns. However, the result still revealed a lowered drawing-in values
in the cross (weft) direction as compared to its corresponding machine (warp) direction at similar
reference measured positions. This is because of the involvement of higher yarn waviness in machine
directions to absorb some of the punching load before the drawing-in phenomenon takes place.
Moreover, the maximum and minimum drawing-in values of different 3D warp interlock preform
deformation both in machine and cross direction at various reference positions are presented in
Figure 12a,b. In general, the maximum and minimum drawing-in values were achieved at the top
center (MD (0-0′) and CD (0-5)) and far corner peripheral edges (MD (5-5′) and CD (0-5′)) of the
preform respectively for all fabric types.

3D-4S-8W and 3D-8WS-0S preforms possess the highest and lowest drawing-in values both in the
machine and cross direction among other preforms as shown in Figure 13a,b. 3D-4S-8W achieved a
1.46 mm (16.2%) and 1.43 mm (14.99%) higher drawing-in values than sample 3D-8W-0S in the machine
(0-0′) and cross (0-5) directions of maximum drawing-in positions respectively. Similarly, 1.55 mm
(30%) and 1.45 mm (27.25%) increments were observed at the minimum machine (5-5′) and cross (0-5′)
reference position of 3D-4S-8W than sample 3D-8W-0S. Besides, both samples 3D-8W-8S and 3D-8W-4S
have also exhibited higher and lower drawing-in values than 3D-8W-0S and 3D-4W-8S respectively
both in machine and cross directions. For example, sample 3D-8W-4S noted lower drawing-values
by 0.8 mm (8.3%) in the cross (weft) and 0.37 mm (4%) in the machine (warp) maximum positions.
Similarly, sample 3D-8W-8S also revealed lower drawing values by 0.59 mm (6%) in the cross (weft) and
0.12 (1.3%) in the machine (warp) maximum positions. Furthermore, for all the preforms, the maximum
and minimum drawing-in values were recorded slightly higher values in cross direction as compared
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to the machine direction. For instance, sample 3D-4W-8S shows a 0.53 mm (5%) and 0.21 mm (3%)
increment at maximum and minimum draw-in positions respectively in the cross direction than
machine direction. In the same way, 3D-8W-8S also revealed an increment of 0.06 mm (0.06%) at
maximum and 0.63 (1.1%) in minimum draw-in positions of values in cross direction than machine
direction. From this, it can be also concluded that within the same preforms the interchange warp ratio
in warp direction has played a great role in lowering the material draw-in in the machine direction.

Figure 13. The maximum and minimum drawing-in values of 3D warp interlock preforms in machine
(MD) (a) and cross (CD) (b) direction.

3.2. Material Forming Recovery Characteristics

After releasing the specific punching loads which are used for deformation, the different forming
behaviors of the textile material start to recover from its deformational state (formed initial dimension)
through time to the original position mainly in three dimensions (height, length, and thickness).
Because of the complexity of textile mechanics, even though it is very difficult to fully understand the
recovery behavior of the material, still it is also possible to use some quantitative analysis to compute
its recovery behavior. Understanding of such behaviors would help to define the suitability of an
engineered material for particular applications. While using forming as manufacturing techniques,
besides determining how much the textile material resists the forming loads and sustain its maximum
loads, it is also very important to understand how the material behaves in the recovery of the deformed
positions while removing the forming load [49]. The recovery properties of the textile material after
forming might be either important (where an anesthetic requirement is predominant, such as most
apparel or furnishing uses) or insignificant in some industrial applications (soft body armor, composite
parts, flat-spotting of tires, etc.). Normally, such recovery performance of the textile material is
mainly dependent on the different parameters which are involved during the forming process. In this
section, we tried to discuss the influences of the warp yarn interchange ratio on the different 3D warp
interlock preform recovery behaviors after releasing the deformational loads by hemispherical punches.
This includes the drawing-in recovery, maximum deformed depth recovery, and in-plane shear angle
recovery of 3D warp interlocks fabrics. The deformed preforms were kept in the standard atmospheric
conditions (20 ◦C at 65% RH) for 48 h before recovery measurements.

3.2.1. Influence of Warp Yarn System on Maximum Deformed Height Recovery

Deformational recovery at maximum depths of the preform in the punching directions is also one
of the forming characteristics that have to be considered while molding. This would help to consider
the recovery parameters while applying for the specific technical application including soft body
armor design and deformable composite parts. In this section, the effects of warp interchange ratios
on the maximum height deformational recovery of dry 3D warp interlock preforms in the forming



J. Compos. Sci. 2020, 4, 145 16 of 24

process have been investigated. Figure 14 shows the schematic diagrams at side views of preform
while deformation and after recovery at the maximum depth positions.

Figure 14. Schematic diagrams of preform in front view at maximum deformation (Ho) and after
recovery (Hr).

The deformational depth (Ho) is the measured highest deformation value while forming in the
stamping direction. This measured deformation height value is the first deformational height which is
constant throughout the preforms (65 mm). Whereas, deformational depth (Hr) is the deformational
depth of the preform measured after the recovery. Both the deformational depth while and after
forming was measured using a height measuring scale having 0.01 mm precision. The deformational
recovery percentage (∆D) at the highest deformational displacement is given as:

∆D = ((Ho−Hr)/Ho) ∗ 100 (2)

where:

∆D is the deformational recovery in percentage at maximum central depth toward the punching load;
H0—Deformational recovery at maximum central depth while forming;
Hr—Deformational recovery at maximum central depth after recovery.

Figure 15 illustrates the deformational recovery results at maximum depths for 3D warp interlock
fabrics preform made with different warp yarn interchange ratio. This investigation helps to reveal the
influence of the warp yarns inter-change ratio on the deformational depth recovery of 3D warp interlock
fabric during forming. In general, the involvement of higher stuffer warp yarns inter-change ratio inside
the 3D warp interlock structure involves form of a higher depth deformational recovery percentage at
maximum (tip) position as compared to the fabric with lower stuffer warp yarns interchange ratio.
Preform 3D-8W-0S (100% binder yarn) and 3D-4W-8S (33.3% binding and 66.7% stuffer warp yarns)
revealed a lower and higher deformational height recovery percentage respectively compared to all
other preforms.

Sample 3D-4W-8S exhibited the maximum deformational height recovery percentage, whereas
3D-8W-0S recorded only 0.72%. Moreover, samples 3D-8W-4S and 3D-8W-8S revealed 1.45% and 4.35%
recovery percentages toward the deformational height at maximum position. Such performances are
not only due to the involvement of higher yarn waviness, but 3D warp interlock fabrics with more
binding warp yarns also give a tendency of good linking of the different layers of yarn throughout the
weft layers. Performing such good interlacing of yarns could produce a higher binding force within the
yarns inside the fabric and finally helps to enhance the stability of the preforms and resist the recovery
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after deformations. In general, the investigation revealed that the warp yarns interchange ratio affects
the deformational recovery of dry 3D warp interlock fabric preforms at maximum positions.

Figure 15. Molding recovery at maximum depths of the different preform.

3.2.2. Influence of Warp Yarn System on Drawing-In Recovery

As mentioned previously, the textile material undergoes recovery from deformation after removing
the punching force. The regaining of the material plane dimension both in warp and warp directions is
important among the different recovered parameters. Such regaining of textile materials is referred to
as drawing-in recovery values. For the sake of better measurement and comparisons, the recovery
measurements followed the reference points for all the preforms. Figure 16 shows the representations of
drawing-in values at initial and after material recovery from forming. The recovery of the dimensions
was computed in both directions of the 1/4th sub-regions by measuring the drawing-in values during
forming and after keeping the deformed preform for 48 h in atmospheric conditions. ImageJ software
was utilized to measure both the drawing-in values during and after the deformations.

The drawing-in recovery of each preform was computed as follows:

Dr = (Do−Di) (3)

where:

Do—drawing-in values at the initial;
Di—drawing-in values after recovery;
Dr—the recovered drawing-in values after removing the load and waiting 48 h.

The recovery percentage after molding could be calculated by the following formula;

%∆D = (∆D/ D0) × 100% (4)

where, %∆D = recovery percentage.
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Figure 16. Pictorial and schematic representations of deformed preforms of the quadrant sub-region
for drawing-in recovery representation.

To better understand the recovery performance and effects of the warp yarn system on the
different 3D warp interlock preforms, the recovery percentage of the preform for the selected reference
positions were computed. Figure 17a,b shows the material drawing-in recovery percentages values of
the different 3D warp interlock preforms with different warp yarn system in the machine and cross
direction respectively. Based on these results, the involvements of the warp yarns interchange ratio
on the drawing-in recovery played a great role both in the machine and cross directions. In general,
the drawing-in recovery percentages of the preforms were found higher at the top center of the preforms
and decrease as it goes toward the peripheral edges of the preform. However, sample 3D-4W-8S
revealed higher drawing-in recovery percentages values around the far peripheral edges of the preform.

Figure 17. Influences of warp yarn inter-change ratio on the drawing-in recovery percentages of 3D
warp interlock preforms at different points, (a) machine direction (MD) and (b) Cross direction (CD).

The 3D warp interlock preform with a higher interchange ratio of stuffer warp yarns revealed
higher drawing-in recovery percentage both in the warp and weft directions. However, 3D warp
interlock fabrics with higher binding warp yarn interchange ratio face lower drawing-in recovery
percentage to retain its original material position. For instance, 3D-4W-8S preform with higher
stuffer warp yarns interchange ratio, and 3D-8W-0S preform with lower stuffer warp yarns
interchange ratio, recorded higher and lower material drawing-in recovery percentage respectively
in the majority of sub-region both in machine and cross directions compared to other preforms.
Moreover, samples 3D-8W-8S and 3D-8W-4S both show a higher drawing-in recovery percentage than
samples 3D-4W-8S. The yarns inside the 3D warp interlock fabrics made with higher binding warp
yarn interchange ratios were not highly stressed during the forming process. This is due to the presence
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of extra yarn length/waviness during fabric production. This extra length of yarn/waviness then helps
to relieve higher stress during forming by the punching loads which in turn gives lower yarn recovery.
Moreover, the recovery percentage of the different preforms was also found higher in the machine
(warp) than cross (weft) direction at the same reference positions. This is because the weft yarn faces
higher stress by the punching load due to its interlacing structure than the warp yarn. Figure 18a,b
also shows the maximum and minimum drawing-in recovery percentage values of different 3D warp
interlock preforms in the machine and cross directions respectively. Sample 3D-4W-8S revealed the
maximum drawing-in recovery percentage values of 43.13% and 46.98% in the machine and cross
direction respectively around the preform peripheral edges.

Figure 18. The maximum and minimum drawing-in recovery values of 3D warp interlock preforms
after forming in (a) machine and (b) cross direction.

On the contrary, samples with higher binding warp yarns as sample 3D-8W-0S show the
maximum drawing-in recovery percentages values of 31.21% and 34.99% in machine and cross
direction respectively. Sample 3D-8W-8S retains its maximum drawing-in recovery percentage in
machine directions more compared to 3D-8W-4S than in cross directions.

3.2.3. Influence of Warp Yarn System on In-Plane Shear Angle Recovery

Like the drawing-in values, the in-plane shear angles of textile materials also tend to recover to its
original positions after releasing the punching loads during the forming process. The recovery angles
of the deformed preform (|ρ − µ|) could be determined by measuring the different angles between the
warp and weft yarns as shown in Figure 8. The angle at initial deformation (ρ) was measured while
deformation whereas, the final angle µ is measured after releasing the punching loads and keeping the
preforms for another 48 h at atmospheric conditions. Figure 19 shows the in-plane shear angle recovery
values of the different 3D warp interlock preforms for the selected sub-regions. Like the in-plane shear
angle, the recovery also was clustered into three main regions, high, medium, and low in-plain shear
angle recovery regions for brief and better understanding. Based on the result analysis, regardless of
the inter-change ratios of the warp yarn insides the fabric structure, nearly all the deformed preforms
possess a higher amount of shear angle recovery around the neck of sub-region 8, 9, 12, 13, 14, 19, 23,
and 24. This is due to mainly the involvement of higher status of deformation in the specified regions.
Whereas, the lower shear angle recovery was observed on the top and peripheral edges of deformed
preform sub-regions 1, 2, 4, 6 11, 16, and 25. On the contrary, sub-region 3, 15, 17, 20, 22, 19, 18 shows
medium values of in-plane shear angle recovery for all the preforms. Besides, as shown in Figure 19,
3D warp interlock preforms having more stuffer warp yarns interchange ratio inside the structure
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revealed higher shear angle recovery in the majority of the sub-regions as compared to preforms with
lower stuffer warp yarns.

Figure 19. In-plane shear angle recoveries for the selected sub-regions of the different 3D warp interlock
preforms in ascending order.

Preforms 3D-4W-8S and 3D-8W-0S revealed higher and lower in-plane shear angle recovery,
respectively in the majority sub-regions as compared to other types of the preform. The maximum
in-plane shear angle recovery for 3D-4W-8S was 12% higher than preform 3D-4W-8S in the
same positions. Whereas, preform 3D-8W-4S and 3D-8W-8S preforms show comparable in-plane
shear angle recovery in most of the measured preform sub-REGION POSITIONS. FINALLY, the higher
in-plane shear angle recovery for all 3D warp interlock fabrics was observed for the preforms that have
higher shear angle values during deformations.

4. Conclusions

The current experimental investigation aims to study the influences of the warp yarn interchange
ratio on the formability behaviors of dry 3D warp interlock p-aramid fabrics. Four different 3D warp
interlock fabrics were constructed based on the binding and stuffer warp yarns interchange ratio inside
the structure. The same hemispherical punch forming process was executed for all samples to analyze
the different important formability and recovery behavior of the different preforms. Based on the result
the following conclusions were drawn:
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• In general, the different forming characteristics of 3D warp interlock fabrics were greatly influenced
by the warp yarn interchange ratio. For example, the increments of the stuffer warp yarns
interchange ratio exhibit an impact, and directly proportional to the stamping force while forming.
Sample with higher stuffer warp yarns ratio possesses less yarn undulation in the warp direction
which in turn needs a higher amount of punching loads to deform the preforms to its maximum
deformational depth.

• The in-plane shear angles were also observed higher in the majority of the region for preform
with lower binding warp yarns in the 3D warp interlock fabric.

• The preforms having higher stuffer yarn ratio revealed higher drawing-in values than preforms
with no or less stuffer warp yarns.

• The warp yarns interchange ratio also revealed a great influence on the forming recovery properties
of 3D warp interlock fabric. The involvement of a higher stuffer warp yarns interchange ratio
possesses a higher deformational recovery percentage at maximum depth as compared to the
fabric with a lower stuffer warp yarn interchange ratio. For example, preform 3D-8W-0S exhibited
a maximum deformational height recovery percentage of 5.1%, whereas 3D-4W-8S recorded
only 0.72%. Moreover, preform 3D-8W-4S and 3D-8W-8S revealed 1.45% and 4.35% recovery
percentages toward the deformational height at maximum position.

• The drawing-in recovery percentages of the preforms were found higher at the top center of the
preforms and decrease as it goes toward the peripheral edges of the preform. Specifically, Sample
3D-4S-8W revealed the maximum drawing-in recovery percentage of 43.13% and 46.98% in the
machine and cross direction respectively around the preform peripheral edges. On the contrary,
samples with higher binding warp yarns as 3D-8W-0S show the maximum drawing-in recovery
percentages values of 31.21% and 34.99% in the machine and cross directions respectively.
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