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ABSTRACT
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Textile composites made of woven fabrics have demonstrated excellent mechanical properties for the
production of high specific-strength products. Research efforts in the woven fabric sheet forming are cur-
rently at a point where benchmarking will lead to major advances in understanding both the strengths
and the limitations of existing experimental and modeling approaches. Test results can provide valuable
information for the material characterization and forming process design of woven composites if
researchers know how to interpret the results obtained from varying test methods appropriately. An
international group of academic and industry researchers has gathered to design and conduct bench-
marking tests of interest to the composite sheet forming community. Shear deformation is the domina-
tive deformation mode for woven fabrics in forming; therefore, trellis-frame (picture-frame) and bias-
extension tests for both balanced and unbalanced fabrics have been conducted and compared through
this collaborative effort. Tests were conducted by seven international research institutions on three iden-
tical woven fabrics. Both the variations in the setup of each research laboratory and the normalization
methods used to compare the test results are presented and discussed. With an understanding of the
effects of testing variations on the results and the normalization methods, numerical modeling efforts

can commence and new testing methods can be developed to advance the field.

1. Introduction

Woven-fabric reinforced composites (hereafter referred to as
textile composites) have attracted a significant amount of atten-
tion from both industry and academia due to their high specific
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strength and stiffness, as well as their supreme formability charac-
teristics. Woven fabrics (Fig. 1) are created by weaving yarn into a
repeating pattern. Yarn is made of continuous or stretchable fibers
with diameters typically in the order of micron meters (um). The
manufacture of components from woven fabrics involves a forming
stage in which the fabric is deformed into a desired shape either (a)
by a punch with the fabric being subjected to a binder holding
force as illustrated in Fig. 2 or (b) by machine or manual laying-
up where the fabric can be subjected to either complex edge
stretching or no stretching. This step can be performed at room
temperature for dry fabric or at elevated temperatures (i.e., ther-
moforming) for fabrics made of glass/carbon fibers commingled
with thermoplastic fibers. The formed fabric can further be injected
with resin and consolidated in a resin transfer molding (RTM) pro-
cess, a liquid composite molding (LCM) process [1,2].

Commercial applications for textile composites include prod-
ucts for energy absorption (e.g., helmet) [4], aerospace and defense



Fig. 1. (a) A textile composites fan made by SNECMA, (b) woven fabric and (c) fibers
in woven fabric.
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Fig. 2. Schematics of performing and resin injection molding processes [3].

applications (e.g., engine inlet cowlings, fuselage sections, rotor
blade spars and fuel pods) [5], automotive and structure applica-
tions (e.g., battery trays, seat structures, front end modules and
load floors) [6]. However, robust process simulation methods and
adaptive design tools are needed to shorten the design cycle
and reduce manufacturing cost, creating reliable final products
and expanding the applications of textile composites. Some exam-
ples of the fundamental questions from practitioners are (1) Is it
possible to form a specific three-dimensional geometry without
wrinkles or fiber breakage? (2) What are the final fiber orienta-
tions? (3) What is the final fiber distribution? (4) What process
parameters should be used to form such a part? To answer these
questions, an understanding of the mechanical behavior of woven
fabric is a key cornerstone.

Recognizing these requirements, a group of international
researchers gathered at the University of Massachusetts Lowell
for the Workshop on Composite Sheet Forming sponsored by the
U.S. National Science Foundation in September of 2001. The main
objectives of the workshop were to better understand the state
of the art and to identify the existing challenges in both materials
characterization and numerical methods required for the robust
simulations of forming processes. One direct outcome of the work-
shop, and the effort to move towards standardization of material
characterization methods, was a web-based forum exclusively for

research on the forming of textile composites, which was estab-
lished in September 2003 [7]. Other outcomes of the workshop
are in the form of publications [8-57], such as this one, highlight-
ing recommended practices for experimental techniques and mod-
eling methods.

Material property characterization and material forming char-
acterization were the two main areas related to material testing
identified at the 2001 NSF Composite Sheet Forming workshop.
Standard material testing methods are necessary for researchers
to understand the formability of the material, the effects of process
variables on formability, and to provide input data and validation
data for numerical simulations. Thus, the researchers embarked
on a benchmarking project to comprehend and report the results
of material testing efforts currently in use around the world for
textile composites to make recommendations for best practices.
Only the benchmark activities on material property characteriza-
tion are reported in this paper. Benchmark activities on the mate-
rial forming characterization, modeling methods, and frictional
behavior will be reported in future articles.

Three different commingled fiberglass—polypropylene woven
composite materials were used in this collaborative effort. The
materials were donated by Vetrotex Saint-Gobain in May 2003
and were distributed in July 2003 to the following research groups:
Hong Kong University of Science and Technology (HKUST) in Hong
Kong, Katholieke Universiteit Leuven (KUL) in Belgium, Laboratoire
de Mécanique des Systémes et des Procédés (LMSP), INSA-Lyon
(INSA) in France, Northwestern University (NU) in the USA, Univer-
sity of Massachusetts Lowell (UML) in the USA, University of
Twente (UT) in the Netherlands, and University of Nottingham
(UN) in the UK.

Intra-ply shear is the most dominant deformation mode in wo-
ven composite forming (Fig. 3); therefore, the trellis-frame (pic-
ture-frame) test (Fig. 4) and the bias-extension test (Fig. 5) were
identified for further study related to material shear-property
characterization. Six research groups listed submitted data for
the experimental trellising-shear section of the benchmark project
and four research groups submitted data for the bias-extension
test. A summary and comparison of the test methods and the find-
ings from all participating research groups is presented. The rest of

Attachment points for a
suitable loading frame.

Fig. 4. Trellising-shear test apparatus.

The lines indicate the rotation of the
tows as the fabric deforms. This
rotation is an indication of the amount
of shear.

Fig. 3. Fabric shearing.
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Fig. 5. Bias-extension test apparatus.

this paper is organized as follows: a summary of the properties of
the materials used in this study is presented in Section 2, trellis-
frame setups at each participating institution and data processing
procedures are discussed in Section 3, and trellis-frame test results
and the normalization analysis are presented in Section 4. Simi-
larly, the experimental setup procedure and analytical calculation
of bias-extension are presented in Section 5, while Section 6 has
the results from the bias-extension tests. Finally, the comparison
of normalized shear force vs. shear angle obtained from trellis-
frame and bias-extension tests is compared in Section 7 followed
by a discussion on how the data from these tests can be used to ad-
vance the benchmarking effort related to the numerical modeling
of the benchmark fabrics in thermo-stamping simulations, and rec-
ommended future work.

2. Fabric properties

The three types of woven fabrics used in this study were do-
nated by Vetrotex Saint-Gobain (Fig. 6). The fabric properties, as
reported by the material supplier and benchmark participants,
are listed in Table 1. Each fabric comprised yarns with continuous
commingled glass and polypropylene (PP) fibers. These fabrics
were chosen because of their ability to be formed using the ther-
mo-stamping method.

3. Experimental setups of the trellis-frame test

A trellis frame, or picture frame, shown in Fig. 4 is a fixture used
to perform a shear test for woven fabrics [58-60]. Fig. 7 shows a
fabric sample loaded in a picture frame both in the starting posi-
tion and also in the deformed position. Using this test method, uni-
form shearing of the majority of the fabric specimen is obtained.
Displacement and load data are recorded to aid in the characteriza-
tion of pure shear behavior. Because recommendations for best
practices and standardized test procedures were two of the desired
outcomes of this research, we did not limit all groups to perform
the test using exactly the same procedure. However, the tests were
equivalent in principle. In all picture-frame tests, the fabric sample

WT"WI!“ "

Plain Weave

0 1 a 3
Balanced Twill Weave  Unbalanced Twill Weave

10m 2

Fig. 6. Woven fabrics used in this study.

Table 1
Fabric parameters (as reported by the material supplier unless specified otherwise)

Manufacturer’s style®

TPEET22XXX TPEET44XXX TPECU53XXX
Weave type Plain Balanced twill Unbalanced twill
Yarns Glass/PP Glass/PP Glass/PP
Weave Plain Twill 2/2 Twill 2/2
Area density, g/m? 743 1485 1816
Yarn linear density, 1870 1870 2400
tex
Thickness®, mm 1.2 (NU) 2.0 (NU) 3.3 (NU)
Yarn count, picks/cm or ends/cm
Warp 1.91 (KUL) 5.56 (KUL) 3.39 (KUL)
1.93 (HKUST)
1.95 (NU)
Weft 1.90 (KUL) 3.75 (KUL) 1.52 (KUL)
1.93 (HKUST)
1.95 (NU)
Yarn width in the fabric, mm
Warp 4.18 £0.140 1.62 £0.107¢ 2.72 +0.38¢
(KUL)® (KUL) (KUL)
4.20 (HKUST)
427 (NU)
Weft 4.22 £0.150 2.32+0.401°¢ 3.58+0.21¢
(KUL)® (KUL) (KUL)
4.20 (HKUST)
4.27 (NU)

2 Designated by Twintex.
b ASTM Standard D1777 (applied pressure = 4.14 kPa).
¢ Standard deviation.

is initially square and the tows are oriented in the 0/90 position to
start the test (Figs. 7 and 8). By using varying procedures, research-
ers could study and recommend methods for data comparison.

Before discussing the test procedure in detail, it should be noted
that some groups chose not to submit results for all of the fabrics
included in this study. Table 2 shows the tested fabrics by each
participant.

All researchers reported load histories and global-shear-angle
data for picture-frame tests conducted at room temperature. The
group decided that even though the temperature effect was an
important part of the process, initial comparisons among results
obtained using non-standard test procedures should be conducted
without varying the temperature. When the differences were
understood at room temperature, the additional complexity of
comparing results at elevated temperatures would be incorporated
into the study. In the remaining paragraphs of this section, frame
design and the clamping mechanism, sample preparation, shear
angle calculation and shear force calculation will be presented.

3.1. Frame design and clamping mechanism

Fig. 8 illustrates the different frame designs used in five re-
search groups. Although the frames used in this study are not
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Fig. 7. UML shear frame: (a) starting position and (b) deformed position. (Note that the top hinge has traveled from the bottom of the slot in the undeformed position (a) to
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Fig. 8. Picture frames designed, fabricated and used by the research groups.

identical, all of them have common features. For example, the
corners of each frame are pinned. When the fabric is loaded into
the frame, it is clamped on all edges to prevent slippage. The cor-
ners of a sample are cut out to allow the tows to rotate without
wrinkling the fabric. Thus, it appears that each sample has four
flanges (Fig. 8). It was assumed that all clamping mechanisms
held the fabric rigidly in the frame and there was no slippage.®

9 This assumption was later eliminated in the work of Boisse’s group [28], in which
they found that clamping force plays an important role in the measurement of shear
behavior using picture-frame tests.

Table 2
Tested fabrics in picture-frame tests used by participating researchers

Group Plain weave Balanced twill weave Unbalanced twill weave
HKUST Y N N
KUL Y Y Y
LMSP Y N N
UML Y Y Y
uT Y Y N
UN Y N Y

Note: Y = data reported; N = data not reported.

Thus, differences in clamping mechanisms are not taken into ac-
count in the analysis of the results, and the friction effect between
the fabric and grips can be ignored. With the fabric properly
aligned and tightly clamped in the frame, the distance between
two opposing corners is increased with the aid of the tensile testing
machine, and therefore the tows begin to reorient themselves as
they shear (Fig. 7).

Note from Figs. 7-9 the inclusion of a sliding slot in the KUL and
UML frames. While the shear frames of HKUST, UT and LMSP were
displaced at the opposing two joints of their frames, the mecha-
nism by which the fabric deforms is aided by linkages in the frames
used by KUL and UML. UML'’s linkage was added to allow the frame
to displace at a greater speed than that which could be achieved by
the tensile test machine alone. It was found that the frame could
travel at a rate 4.25 times faster than what was possible through
the specified crosshead displacement rate. In addition to amplify-
ing the distance traveled, these linkages amplify the measured
force, and this amplification factor must be accounted for when
the results from all the groups are analyzed and compared. A de-
tailed discussion of the amplification factor associated with the
inclusion of the linkages and the various normalization techniques
is included in the discussion of results (Section 4). This section fo-
cuses on the similarities and differences of the test methods used
by each group.

3.2. Sample preparation

The sample size is noted as the area of the fabric without the
flanges because this area represents the amount of fabric that is de-
formed during the test. It is the area that encompasses the tows
which must rotate at the crossover points during the test. Table
3 lists the frame size and the maximum fabric size in one direction
and the testing speeds used by different research groups.
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Fig. 9. Schematic of picture frame (KUL).

Table 3

Frame size and test parameters

Group Frame (mm) Fabric (mm) Speed (mm/min) Specimen
temperature

HKUST 180 140 10 Room

KUL 250 180 20 temperature

LMSP 245 240 75-450

UML 216 140 120

uT 250 180 1000

UN 145 120 100

In addition to the difference in the sample size, additional dif-
ferences among the groups were related to sample preparation.
For example, to eliminate the potential force contribution from
shearing of the yarns in the edge (arm) parts of the sample, HKUST
removed all of the unclamped fringe yarns (Fig. 10). UT reported
that they removed some of the yarns adjacent to the center area
of the sample to prevent the material from wrinkling during test-
ing (Fig. 10). In the previous research by Lussier [43], it was re-
ported that care must be taken not to alter the tightness of the
weave or local orientation of the remaining yarns when removing
some yarns prior to testing the fabric. This statement was further
supported by HKUST who noted that theoretically in an obliquely
oriented or misaligned specimen in the frame, one group of yarns
would be under tension while the other would be under compres-
sion. Because a yarn cannot be compressed in the longitudinal
direction, a misalignment would indicate that the yarn buckles
out of the original plane and the onset of wrinkling in the fabric oc-
curs at lower shear angles than when the specimen is properly
aligned in the frame.

UT terminated their tests at the onset of wrinkling, as the shear
deformation is no longer uniform once wrinkling occurs. UML
noted that by “mechanically conditioning” the specimen, i.e., by

Fig. 10. Specimens with yarns removed from arm regions: (a) HKUST and (b) UT.

shearing the fabric in the frame several times before starting the
test, the variability in tension due to local deviations in orientation
could be eliminated. This occurrence indicates the importance of
the precise handling of both the sample and the test fixture.

3.3. Determination of shear angle

Fabric conforms to its final geometry mostly by yarn rotation,
i.e., shearing between weft and wrap yarns, denoted as the shear
angle y. y is commonly assigned as zero (0) at the initial stage when
weft and wrap yarns are perpendicular to each other. We will use
this shear angle as a common parameter for comparison in this
benchmark activity.

Fig. 8 shows the photos of different frames used in various
groups. In the laboratories of HKUST, UT and LMSP, a displacement
transducer in the tensile machine measures the vertical displace-
ment, d, of point A. Through trigonometric relations, the angle of
the frame, 0, is calculated

\/iLfrarne + d

cosf =
2 X Lirame

(1)
where Lg.me is the frame length indicated in Fig. 8. The shear angle,
7, is calculated from the geometry of the picture frame

y=90° 20 )

This value, 7, is also called the global shear angle. Note that this
value is taken to be an average shear value over the entire speci-
men. The actual shear angle at any point on the fabric may vary.

Figs. 7 and 9 show the picture frames used at UML and KUL,
respectively, where both had a linkage in their frames. In this case,
the displacements at point A in the corresponding figures are re-
ported. Therefore, instead of Lgame in Eq. (1), the length of amplifier
link, L,, as indicated in Fig. 7 was used in Eq. (1) to calculate the an-
gle of the frame. Eq. (2) applied to all five cases.

Optical methods, which can aid in the determination of the
shear angle at any particular point on the fabric specimen, also ex-
ist. HKUST used a camera to capture the arrays of images during
the loading process. They then processed these images with Auto-
CAD, as shown in Figs. 11 and 12. They found that the maximum
deviation between the measured shear angle and the calculated
shear angle (Eq. (2)) is about 9.3% and that the maximum deviation
typically occurs at larger shear angles.

KUL incorporated an image mapping system (Aramis) into their
experiment. After photos were taken by a CCD camera, displace-
ment and strain fields were identified by the Aramis software by
analyzing the difference between two subsequent photos. Fig. 13
shows a distribution of the total equivalent strain over an image
of a fabric sample during testing. By averaging the local shear an-
gles produced by Aramis and comparing them with the global



Fig. 11. Array of images captured during the loading process (HKUST).

shear angles calculated from the crosshead displacement using
Egs. (1) and (2), KUL generated the graph depicted in Fig. 14, which
shows that the shear angle values obtained using the two methods
are comparable. However, for the unbalanced twill weave, the dif-
ference becomes larger after a shear angle of 33°.

LMSP also incorporated an image mapping system into their
experiments. Optical measures were made with a zoom lens that
covered the entire specimen area. A typical measured displace-
ment field is shown in Fig. 15 and the equivalent strain field distri-
bution can then be obtained as shown in Fig. 16 [22]. Note that
there exists a variation of logarithmic shear strain, &y, in the pic-
ture-frame specimen. Fig. 17 compares this logarithmic shear
strain obtained by optical measure to those given by the frame
kinematics. Similar to the findings reported by KUL, the difference
between the calculated shear angle and the measured shear angle
is negligible before 33°, however, becoming larger as the frame dis-
placement advanced.

As the difference between the global shear angle and the local
shear angle is small especially at the initial deformation zone as
confirmed by HKUST, KUL and LMSP, the shear angle reported in
the rest of this paper is the global one calculated from the cross-
head displacement.

3.4. Determination of shear force

The force needed to deform the fixture must be measured accu-
rately to determine the actual force required in shearing the fabric.
The shear force, F;, can be calculated from the measured pulling
force and the current frame configuration as

F FUiF/
F5:2c059:2c059 3)

where F is the net load and 6 is the angle shown in Fig. 9 calculated
using Eq. (1). To eliminate the error caused by the weight and iner-

Fig. 13. Image of the fabric and the central region with the von Mises strain field
(KUL).
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Fig. 14. Typical relationship between the optically measured shear angle and the
shear angle of the frame, unbalanced twill weave (KUL).

tia of the fixture, the net load F should be obtained by subtracting an
offset value F from the machine-recorded value F* when the fabric
is being deformed in the picture frame.

The offset value F can be determined by two means. HKUST and
UML conducted several tests on their frames without including a
fabric sample to record the force required to deform the frame,
F. KUL used a different method to measure the force required to
deform the fixture, F'. Their method required a hinge (Fig. 18) to
balance the initial weight and calibrate the results under various
loading speeds.

Fig. 12. Shear angle measurement on a photo (HKUST).
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Fig. 16. A typical strain field in a picture-frame test (LMSP).

Recall that UML and KUL have a linkage in their frame design
(Figs. 7 and 9), which introduces an amplification factor in the
force calculation. To calculate the shear load, the kinematics of
the picture frame must be studied.

Let us first examine UML'’s picture frame shown in Fig. 7. The
free body diagrams of the side frame BC and BAF are shown in
Fig. 19.

From Fig. 19, note that joint C is free for motion. Using symme-
try, it can be determined that the force applied on joint C from links
CD and BC is zero. Thus, performing a static analysis using the free
body diagram of link BC (Fig. 20a),

Fg—F;=0 or Fg=F, (4)
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Fig. 18. Hinge for calibrating the force required to deform the frame.

Fig. 17. A comparison between global strain component z,, measured with optical
device and the theoretical strain corresponding to frame kinematics (LMSP).



Fig. 19. Schematic diagram of the picture frame at UML.

Fig. 20. Free body diagrams of (a) link BC and (b) link BAF.

where Fg is the force on joint B between link BC and link BAF and F;
is the shear force of the fabric sample applied to link BC.
Then, from the free body diagram of link BAF shown in Fig. 20b,

Mp=0 or Fyliame Sin(20) — FeL, sin(20) = 0 (5)

where M, is the moment at point A, Liame is the length of link BC, F;,
is the shear force applied on the amplifier frame from the tensile
machine and 0 is the angle between link BC to the vertical direction
as seen in Fig. 23. Solving Eq. (5) for Fg,

_ Fala

Lframe

Fg

(6)

Defining an amplification factor as

_ Ltrame
*= I, (7)

From the geometry of the amplifier frame, the shear force of the
amplifier, Fs,, can be calculated

F
Foa = 2cos 0 ®)
where F is the force measured on the load cell in the crosshead or
F’ — F in Eq. (3).
Substituting Eqgs. (4), (7) and (8) into Eq. (6), we can obtain
F
S~ 20c0s0 ©)

Thus, in processing the picture-frame test data at UML, Eq. (9) is
used to calculate the shear load. After comparing Eq. (9) with Eq.
(3), it should be noted that the shear force equation is only altered
through the inclusion of the amplification factor in the denominator
on the right-hand side of the equation. Eq. (9) will reduce to Eq. (3)
if the amplification factor, «, approaches 1.

A similar analysis can be performed on the frame used by KUL.
However, some differences exist because the amplification linkage
in the KUL frame is inverted when compared to the amplification
linkage in the UML frame (Figs. 7 and 9). The geometry of the link-
age in KUL's frame is shown in detail in Fig. 21. Note that none of
the angles of the KUL amplification linkage are equal to the shear
angle for the fabric as the crosshead moves in the vertical direction.
Thus, the amplification factor for the KUL frame is not a constant
value like it was for the UML frame. However, upon performing a
kinematic analysis, an equation (as opposed to a constant value)
can be determined for the amplification factor, «, and substituted
into Eq. (9).

4. Experimental results of the trellis-frame test

In the previous section, frame design, specimen preparation and
the calculation of shear angle and shear force were discussed. Here,
in this section, results from these six research groups (i.e., HKUST,
KUL, LMSP, UML, UT and UN) will be compared. Note that the
capacities of the load cells were varied (1-50 kN) from each group.
Since the tensile machine with the high load capacity induced
noisy load data, the force data were smoothed in advance of the re-
sults comparison.

4.1. Behavior of the plain-weave fabric

Fig. 22 shows the data comparison of shear force data by Eq. (9)
as a function of the calculated shear angle for plain-weave fabric at
room temperature. Here, the amplification factor introduced by the
linkages in the frames used at UML and KUL was considered, i.e., L,
was used in the shear angle calculation in Eq. (1) and « was used in

Fig. 21. Geometry of picture frame (KUL).
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the shear force calculation in Eq. (9) for data from UML and KUL. In
the other cases, Lgame Was used in Eq. (1) to calculate the shear an-
gles and Eq. (3) was used in obtaining the shear forces. As can be
seen from Fig. 22, results show similar behaviors within a certain
small angle 35° except for LMSP result. To demonstrate the impor-
tance of considering the amplification factor in the calculations,
Fig. 23 shows the comparison when the amplification factor was
not included, which resulted in a quite different figure. Also, in or-
der to examine how results varied for each data, error bars are
plotted in Fig. 23 for several group’s curves and the variations in
the shear force behavior were below 5 N within a 35° shear angle
range.

HKUST and UML mechanically conditioned the samples prior to
testing (see discussion in Section 3.2). KUL reported data for each
of three repetitions of the test on a single sample. Examining the
data from the third repetition of the test on a single sample can
be equated to mechanical conditioning, as the sample has de-
formed two times. KUL noted that the data from the second and
third repetitions on a single sample were comparable with each
other, but both were below the data from the first time the sample

was deformed in the shear frame (see Fig. 23). UT performed their
tests using “as is” samples without prior mechanical conditioning,
which also explained why their data were slightly higher than the
others.

The discussion in the remainder of this subsection will focus on
the region of the plot before the shear angle reaches 60°. It is at
approximately 45° where locking began to occur for this fabric.
Locking refers to the point at which the tows are no longer able
to freely rotate and they begin to exert a compressive force on each
other as the fabric is further deformed. The force required to de-
form the fabric begins to increase significantly as the locking angle
is reached and surpassed. When the compression of the tows
reaches a maximum, wrinkling begins to occur and the fabric be-
gins to buckle out of plane. Wrinkling in a formed part is consid-
ered a defect and thus is undesirable. Fig. 24 shows the shear
force vs. shear angle obtained from different groups up to 60° of
shearing angle where the amplification factor was considered.

Careful readers must have noted one deficiency in the data for-
mat presented in Fig. 24, i.e., the total shear force was presented.
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However, each group has a different frame size as reported in Table
3. One proposed method for normalization was to use the frame
length as presented in Harrison et al. [25] based on an energy
method. Their assumption was that the frame length was equal
to the fabric length. Fig. 25 presents the shear force results normal-
ized by the length of the frame used by each group. As seen, the
normalization brought curves closer, but noticeable deviations still
exist. Frame length could be an indicative of the sample size, i.e. a
larger frame may indicate a larger sample size which in turn would
indicate the deformation of a greater number of crossovers. How-
ever, as there is no standard ratio for the length of a test sample
to the length of the frame, this method is not the best method
for normalization.

The investigation continued by comparing the data when nor-
malized by the fabric area. Here, the fabric area was defined as
the inner square area of the sample, i.e., the arm areas were ne-
glected as shown in Fig. 26. The fabric area is directly related to
the number of crossovers in the material. A larger sample would
have more yarns resulting in more crossovers between the yarns.
With an increased number of yarns and crossovers, a larger force
is required to shear the sample. Fig. 27 shows the results when
the data were normalized by the inner fabric area. Again, this nor-
malization technique brought the curves closer together.

The normalization by the inner fabric area is quite straightfor-
ward and reasonable if part of yarns in the arm area was pulled
out so that no shear occurred in the arm area. However, when
yarns in those arm area were not pulled out as shown in Fig. 7, then
additional contribution of shear force from the arm area must be
considered. Peng et al. [44] proposed a normalization method
based on an energy method. They studied the case where the
length of the fabric sample was not necessarily equal to the length
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Fig. 25. Shear force normalized by the frame length vs. shear angle.
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Fig. 26. Sample area used for normalization as shown in Fig. 27.
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Fig. 27. Shear force normalized by the inner fabric area vs. shear angle.

of the frame. The shear force data can be normalized using the fol-
lowing equation:

Fnormalized = Fs . @ (10)
Lfabric
where Fpormalized 1S the shear force normalized according to the en-
ergy method, F; is the shear force obtained from Eq. (9), Lgame is the
side length of the frame and Lg,y,ic is the side length of the fabric.
The above equation reduces to the method proposed by Harri-
son et al. [25] for the case when the fabric length is equal to the

frame length, in which case Lgame = Ltabric, and

1t

Lframe

(11)

Fnormalized = Fs . Lo

fabric
as proposed in Harrison et al. [25]. Fig. 28 presents the normalized
data using Eq. (10).

In summary, for the plain-weave fabric tested here, we demon-
strated the importance of recognizing different frame designs used
in the benchmark and therefore obtaining the correct shear force is
the very first step in material characterization. Fig. 22 presents the
calculated total shear force vs. the calculated global shear angle in
each test where Fig. 24 shows the same data but up to a shear angle
of 60° for better illustration. Furthermore, the total shear force is
first normalized by only the frame size shown in Fig. 25, by only
the inner fabric area shown in Fig. 27 and finally by the combination
of frame size and fabric size shown in Fig. 28. From Fig. 28, it can be
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Fig. 28. Shear force normalized using the energy method vs. shear angle.



concluded that the testing results from different groups using dif-
ferent shear frames can be compared for plain-weave fabrics.

4.2. Behavior of the balanced twill-weave fabric

Similarly, picture-frame tests for the balanced 2 x 2 twill-
weave fabric were conducted in KUL, UML and UT as indicated in
Table 2. The properties of the fabric are listed in Table 1. Following
the same procedure outlined in Section 4.2, here, only the final re-
sults of the normalized shear forces using Eq. (10) are plotted
against the global shear angle (Eq. (2)) as shown in Fig. 29 consid-
ering the amplification factor resulting from the specific shear
frame design. Note that the scattering for this fabric is much great-
er than that of the plain-weave one.

4.3. Behavior of the unbalanced twill-weave fabric

Finally, picture-frame tests for the unbalanced 2 x 2 twill-
weave fabric were conducted in KUL, UML and UN. Due to the rel-
atively large yarn size of this fabric compared to the picture frame
and the difficulties of handling this fabric, only two groups submit-
ted their testing results. The properties of the fabric are listed in
Table 1. Following the same procedure outlined in Section 4.2,
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Fig. 29. Normalized shear force vs. global shear angle of the balanced twill-weave
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Fig. 30. Normalized shear force vs. shear angle of the unbalanced twill-weave
fabric.

here, only the final results of the normalized shear forces using
Eq. (10) are plotted against the global shear angle (Eq. (2)) as
shown in Fig. 30 considering the amplification factor resulting
from the specific shear frame design. Between these three groups,
the comparison is acceptable.

5. Experimental setups of the bias-extension test

The bias-extension test involves clamping a rectangular piece of
woven material such that the warp and weft directions of the tows
are orientated initially at 45° to the direction of the applied tensile
direction [25]. Fig. 31 shows a sample set where the specimen is
placed in an oven so that high temperature tests could be con-
ducted. In the bias-extension test, when the initial length of the
sample (Lp) is more than twice the width of the sample (wy), there
exists a perfect pure shear zone in the center of a sample (zone C
shown in Fig. 32). It has been shown [61] that the shear angle in
region C is assumed to be twice that in region B, while region A re-
mains undeformed assuming yarns being inextensible and no slip
occurs in the sample. Therefore, the bias-extension test is consid-
ered to be an alternative to the picture-frame test to study the
material behavior of fabrics.

Several research groups conducted the bias-extension tests and
reported load histories and global-shear-angle data conducted at
room temperature which are listed in Table 4. In the remaining
paragraphs of this section, sample preparation, shear angle and
shear force calculation will be presented.
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Fig. 32. Illustration of a fabric specimen under a bias-extension test [61].



Table 4
Tested fabrics in bias-extension tests used by participating researchers

Group Plain weave  Balanced twill weave  Unbalanced twill weave
HKUST Y N N
INSA-Lyon/NU Y Y Y
NU Y Y N
UN Y N Y

Note: Y = data reported; N = data not reported.

5.1. Sample preparation

Unlike the picture-frame tests, the clamping device and sample
preparation in bias-extension tests are much simpler. Take NU’s
tests for example, a pair of grippers can be easily fabricated as
shown in Fig. 33. One critical aspect in the bias-extension test is
to ensure that fiber yarns are oriented at +45° to the edges of the
grippers before testing. As shown in Fig. 34, for an unbalanced
weave, extra care must be given. The black solid lines indicate
the fiber yarn directions while an initial visual inspection might
wrongly take the dashed lines as initial fiber yarn directions. A
twist of fabric might be noticed in the bias-extension test if the ini-
tial fiber yarn directions are not orientated exactly.

An aspect ratio of two (2) was used to prepare samples at
HKUST, NU, UN and INSA-Lyon/NU. Lines were drawn from the
central point of the sample’s edge at A to point B along the warp
yarn and through other points as depicted in Fig. 35, which shows
a marked plain woven fabric with a yarn width of 4 mm. These
lines would be used to help measure the shear angle variation dur-
ing the test. The areas of CIG] and KHLF are clamped by the grip-
pers. Setting the initial length precisely helps to improve the

— Half of the grip

Assembled

Fig. 34. The unbalanced twill weave fabric in a bias-extension test. Note that the
thin solid lines, not the thick solid lines, followed the yarn directions (INSA-Lyon/
NU).

Fig. 35. A 16-yarn sample.

repeatability of tests. When the sample is under loading, the exten-
sion, the tensile force, the width of the sample in the middle, and
the angles between DE and EA, and the angle between HE and EF
can be recorded. For samples using other aspect ratios, one can
prepare a mold to copy the pattern onto the fabric. Table 5 lists
the sample sizes and process conditions used in various groups.

5.2. Determination of shear angle

For a general bias-extension test, Lebrun et al. [61] developed
formulae to calculate the global shear angle based on the assump-
tion that there exists three distinguished areas in terms of shear
deformation and each area has a uniform shear deformation.
Fig. 32 illustrates the notations used in Eq. (12) to calculate the glo-
bal shear angle

(H+0)—W p

0s0 = S H-Wycosto "+ ZH=W)cos v

(12)
where ¢ is a displacement during the test.

The shear angle in region C (Fig. 32) can also be measured using
image processing software based on pictures taken during a test. A
joint effort between researchers at INSA-Lyon and NU was made to
investigate bias-extension tests. The true shear angle in the fabric
was measured using two methods. The solid line with triangle
symbols shown in Fig. 36 was the result from the manual measure-
ments of angles based on the images taken. The solid line with
square symbols was the result from the image correlation soft-
ware, IcaSoft developed at INSA-Lyon [62,63]. As can be seen, the
shear angle from the software showed a good agreement with
the actual (measured) shear angle. Furthermore, it was concluded
that the theoretical shear angle calculated by Eq. (12), represented

Table 5
Sample size and process condition used in the bias-extension tests
Group Material Length Width Speed Temperature
(mm) (mm) (mm/min)  (°C)
HKUST Plain weave 230 115 10 20
INSA- Plain weave 230 115
Lyon/ 300 100
NU 450 150
Balanced twill 300 150
weave 300 100
450 150
Unbalanced 400 200
Twill weave
NU-new Plain weave 230 115
NU-old Balanced twill 240 120
weave 300 150
UN Plain weave 200 100 50
250 100
300 100
Unbalanced 200 100
twill weave 250 100
300 100
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Fig. 36. Plot of shear angle in zone C vs. displacement of the plain weave fabric with
a sample size of 150 mm x 450 mm in a bias-extension test (INSA-Lyon/NU).

by the solid black line, can accurately reflect the true shear angle in
the fabric until the shear angle reaches a value of 30°. In Fig. 36, the
shear angle curves from the image analysis and by manual mea-
surement are compared with the theoretical one for the plain
weave with a 150 mm x 450 mm dimension. Note that the differ-
ence between the theoretical shear angle and the true shear angle
was below 5° until 30° shear angle and became large after this an-
gle. Similar behavior was observed for other fabrics.

The optical measurement was also used to examine another
assumption used in the calculation of bias-extension test, i.e., the
shear angle in zone B (Fig. 32) is half of that in zone C. Fig. 37 shows
a contour of shear angle in a plain weave fabric with a sample size
used in a bias-extension test. The contour was obtained from the
optical measurement software Icasoft at INSA-Lyon. It can be seen
that the assumption held well for the majority of areas.

5.3. Determination of shear force

As discussed in Section 5.2 and illustrated in Figs. 32 and 37,
there exists three distinguished deformation zones in a bias-exten-
sion test. In this subsection, we will illustrate how to obtain the
normalized shear force vs. shear angle from a bias-extension test
following the four basic assumptions: i.e., (a) shear angles in each

zone are considered uniform; (b) the shear angle in zone C is twice
that in zone B; (c) there is no shear deformation in zone A; and (d)
the initial fabric has a perfect orthogonal configuration, i.e.,
90 =45°,

A simple kinematic analysis of a bias-extension sample shown
in Fig. 32 gives us the shear angle in zone C, v, as a function of fabric
size and the end displacement, 4, as

_1( Lest
~:90°—29:9O°—2cos1< © )
’ V2Ly

Lo+
—90° —2cos! ("7> 13
TP (13)
where Lo =H — W and H and W are the original height and width of
the specimen, respectively.

The power made through the clamping force, F, is dissipated in
two zones, zone B and zone C

F-§=(Cs(r) A7)+ (Cs (3) A%) 14

where A, is the original area of zone C, which is subjected to a shear

angle of y, A is the original area of zone B, and Cs(y) is the torque per

original unit area that is needed to deform the fabric in shear [64].
From Eq. (13), we can obtain

V2

= Lysin0

§=—20 (15)

Substitute Eq. (15) and geometrical parameters of A, = M and
A, = W? into Eq. (14), we can obtain

1 V2 . Y

= s ((H W)Fsin0 — W-C5<2))

w
_ 1 H Y ¥ v
—2H73W<<W—1>F(cos§—sm§)—W‘Cs(§)> (16)
The unit torque Cs(y) can be related to shear force Fyy, as
) — . ) AN A 7
Cs(7) = Fn(y) -cos(y) and  Cs(2) = Fan(5) -cos (3) (17)

Hence,
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Fig. 37. Contour of shear angle in a plain weave fabric with a sample size in a bias-extension test obtained from the optical measurement software Icasoft (INSA-Lyon/NU).



The above derivation can also be found in [28]. Note that here Fy, is
the normalized shear force per unit length, the same quantity as
Frormatized in Eq. (10) from the picture-frame test. Therefore, the
experimental clamping force vs. displacement curve can be first
converted to the curve of clamping force vs. shear angle using Eq.
(12), then using an iterated process, the normalized shear force
per unit length Fg, can be represented against the shear angle.

6. Experimental results of the bias extension

In the previous section, specimen preparation and the calcula-
tion of shear angle and shear force were discussed. Here, in this
section, results from four research groups (i.e., HKUST, INSA-Lyon,
NU, and UN) will be compared for tests conducted at room temper-
ature. Data labeled as HKUST, NU-old and UN were obtained in
2004, while NU-new was tested in 2007. INSA-Lyon and NU collab-
orated in the summer of 2007 in performing those tests marked by
‘INSA-NU’. UT also submitted their testing data; however, it was for
consolidated fabric [12] and therefore will not be included here in
this paper. Like the picture-frame test, the force data were
smoothed for the highly noised load data.

6.1. Behavior of the plain-weave fabric

Fig. 38 illustrates the raw experimental data with error bars re-
ported from each group. Note that the specimen sizes and ratios
are different among those tests. Using Egs. (12) and (18), normal-
ized shear forces per unit length are plotted in Fig. 39.

As shown in Fig. 39, all data showed consistent results within a
certain shear angle 35° range except for 100 x 200 UN and
100 x 300 INSA-NU data. The difference might be due to the han-
dling of specimen. Note that the normalized shear force curves
were almost similar regardless of the different ratio of width-
length and showed good agreement with the results from the pic-
ture-frame tests as shown in Fig. 45, which will be discussed in the
next section.

Fig. 40 shows the comparison between high temperature tests
and room temperature ones as well as between two different load-
ing speeds. One can clearly see that the tensile load is much lower
when the temperature increases. Experiments at high temperature
are conducted by heating the sample in an oven to the expected
processing temperature before the test (Fig. 31). During the test,
the oven is maintained at a specified temperature. As for the load-
ing speed, it can be seen that the deformation rate does not affect
the tensile force.
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Fig. 38. Tensile force vs. crosshead displacement of plain weave for bias-extension
tests.
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Fig. 39. Normalized shear force obtained from bias-extension tests for plain weave.
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Fig. 40. Load vs. displacement curves of plain weave for high-low temperature and
high-low loading speed (HKUST).

6.2. Behavior of the balanced twill-weave fabric

Similarly, the balanced twill-weave fabric was tested at differ-
ent laboratories. Fig. 41 illustrates the raw experimental data re-
ported from each group. Note that the specimen sizes and ratios
are different. Using Eqgs. (12) and (18), normalized shear forces
per unit length are plotted in Fig. 42. Even several curves showed
similar behavior for the normalized shear force, and they still
showed a large deviation between each other. However, when
the data are compared with the results from the picture-frame
tests, the bias-extension results are within the range of the pic-
ture-frame test results as shown in Fig. 46.

6.3. Behavior of the unbalanced twill-weave fabric

For the unbalanced twill-weave fabric, only INSA-NU and UN
groups reported the test result for the bias-extension test. Both
groups performed four tests for each dimension and all results
showed almost similar behavior. In Fig. 43, raw experimental data
are illustrated. Using Eqgs. (12) and (18), the normalized shear
forces per unit length are plotted in Fig. 44. Even though the
dimension of samples is different from each other, three UN data
showed similar behavior while INSA-NU data showed big deviation
from UN data.
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Fig. 41. Tensile force vs. crosshead displacement of balanced twill weave for bias-
extension tests.
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Fig. 43. Tensile force vs. crosshead displacement of unbalanced twill weave for
bias-extension tests.
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Fig. 44. Normalized shear force obtained from bias-extension tests for unbalanced
twill weave.

7. Summary and future work

The properties of woven fabrics are very different from
conventional materials, such as bulk metals and polymers. This
phenomenon leads to the interest in the material community of
woven-fabric composites to conduct benchmark tests. It has been
shown that picture-frame tests are able to produce valuable exper-
imental data for characterizing the shear behavior of textile com-
posites. Mechanically conditioning the sample can also improve
repeatability as demonstrated in the laboratories. This was shown
through results from UML and KUL. UML’s samples were all
mechanically conditioned and appeared very repeatable. While
KUL did not mechanically condition their samples, they conducted
the shear test three times on each fabric blank and noted a large
difference between the 1st run and the 2nd and 3rd runs. However,
there was no large difference in the results when only comparing
the 2nd and 3rd runs. Mechanical conditioning may equalize tow
tensions left in the fabric from the weaving process and therefore
reduces the variability and increases the repeatability. However,
mechanical conditioning might not be feasible in industry unless
the material handling system is modified.

The optical methods showed that determining the shear angle
mathematically from the crosshead displacement was a reasonable
method before the plain-weave fabric reaches the 35° shear angle
in picture-frame tests and 30° in the bias-extension tests. There-
fore, data beyond these angles are recommended to be interrupted
using optical measurements instead of theoretical calculation of
the shear angle.

Normalization methods were presented for comparing test
data from various groups. Now it is interesting to compare the
normalized shear force vs. shear angle from picture-frame tests
and bias-extension tests. Figs. 45-47 show the comparison results
where results from bias-extension tests are in solid curves while
those from picture-frame tests are in dash-dotted curves. As
shown in Fig. 45, test data showed similar behaviors, even though
the testing method and aspect ratios were different. For the bal-
anced twill weave, both test results were located within the same
range as shown in Fig. 46, even though the deviation was not
small. Therefore, it can be concluded that the suggested normal-
ization methods by Egs. (10), (12) and (18) for picture-frame and
bias-extension tests give consistent shear force behavior for iso-
tropic and homogeneous fabrics. As for the unbalanced twill
weave in which the anisotropy and directionality are quite large,
both normalization methods did not give consistent results as
shown in Fig. 47.
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0.2

1.2
N Bias Extension Test | | | | /’
g 150x300 INSA-NU Lo
E 1O ——— 450450 INSANU |t
£ ——— 100x300 INSA-NU Lo /
8 08 1+ —=-—-- 1205240 NU-Old |~ —b ol L%,,
8 || 150x300 NU-Old Lo
E I I I I | } } } /l/‘
§ 0.6 1 Picture Frame Test ﬂffffffﬂ'*** AR
7 UML Lo
o] | |
8 04+ —— UT A-——t-54
= ———- KUL Ist 71
s L |
£
=]
Z

0.0

15 20 25 30 35 40 45 50 55
Shear Angle (Deg.)

0 5 10

Fig. 46. Normalized shear force vs. shear angle from picture-frame tests and bias-
extension tests for balanced-twill weave.

tests forbalanced-twillweave.

0.30 _ :
’g Bias Extension Test
= —— 200x400 INSA-NU
2 0.25 + ——- 100x200 UN
— ——-= 100x250 UN
()
g 020 R 100x300 UN
E‘ Picture Frame Test
8 0.15 ¥+ —— UML
% — — - KUL Ist
o] | ——-- KUL3rd
8 010+ . UN
S o |l
4 <.
£ 005 11 g
co e ot =~
Z m A
0.00 : T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55

Shear Angle (Deg )
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extension tests for unbalanced-twill weave.

Test results provided by different groups show consistency but
still have some deviations. Further studies are under way to help
develop a standard test setup and procedure for obtaining accurate

and appropriate material properties. For example, the effect of
clamping force on shear behavior in the picture-frame tests needs
to be taken into account in material characterization. Material re-
sponses under different speeds and temperatures will be further
investigated. Calibration, sample preparation, and other important
techniques to increase the accuracy of the tests will be collected
and shared among the community. High temperature tests present
challenges to researchers as they limit the use of optical devices
and require higher sensitivity of the testing equipment.

Since precise descriptions for mechanical material properties
in the numerical simulations are required to predict the accurate
responses for the composite sheet forming, the well-defined nor-
malization methods are necessary. Even though there still are
deviations, the suggested normalization methods can give consis-
tent shear behaviors especially for the homogeneous fabrics.
Therefore, further numerical simulations are needed to use the
suggesting normalized shear property in order to obtain the con-
sistent forming results and predictions. For the non-homogeneous
fabrics such as an unbalanced twill weave, a careful material
description is required and further studies for the standardization
methods are needed to be investigated. The next phase of this
benchmark activity is to focus on the predictability of various
material models and simulation methods in modeling the ther-
mo-stamping of woven composites in terms of shear angle pre-
diction, force and deformed shape predictions. Interested
readers can refer to the benchmark website [7] for the latest
updates.
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