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Abstract

Small diameter (<100 um) fibers (e.g. carbon fibers, Kevlar, and fiberglass) and
wires (e.g. ultrafine copper and aluminum wires) are frequently used in many different
engineering applications, such as for light weighting structures, electromagnetic
shielding for aircraft/infrastructure/EVs, vibration damping, biological sensors,
aerospace electrical devices, and electric windings just to name a few. Due to the
manufacturing process, the fibers and wires are pulled and stretched to produce a
preferential alignment. Therefore, thin fibers and wires typically display different
properties along the length of the fiber as opposed to their cross section and many
fibers/wires are considered transversely isotropic. The axial properties of fibers/wires
can be ascertained via tensile testing of single-filaments or fiber tows, but the radial
properties require much more effort to measure. Knowing these properties is important
for the accurate prediction of micromechanical models and manipulation of fibers
during micromanufacturing. In this paper, a new technique was developed to determine
the transverse/shear moduli and strength of a material by conducting tensile tests of the
material at increasing misalignment angles from the tensile axis. Due to the transversely
isotropic nature of the material, the transverse/shear moduli and strength influence the
experimental results recorded by the test machine to different degrees based on the
amount of misalignment in the test setup. An equation was derived to determine the

influence of each of the material properties based on the misalignment angle by
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manipulating the stiffness matrix for transversely isotropic materials using the
transformation matrices. Then, curve fitted coefficients were used to identify the
material properties. The strengths were similarly determined by curve fitting an off-axis
Tsai-Hill failure criteria to determine the influence of transverse, shear, and tensile
strengths based on the complex loading condition provided by the off-axis tensile test.
Zoltek Panex 35 carbon fibers were used to demonstrate this new technique and the
determined properties were then compared to those obtained from nanoindentation and
from literature. Fracture surfaces provide insight into the different failure mechanisms at

various misalignment angles.
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1  Introduction

Small diameter (< 100 um) fibers (e.g. carbon fibers, Kevlar, and fiberglass) and
wires (ultrafine copper and aluminum wires) are frequently used in many different
engineering applications, such as for light-weighting structures, electromagnetic
shielding for aircraft/infrastructure/EVs, vibration damping, biological sensors,
aerospace electrical devices, and electric windings just to name a few. Due to the fiber
manufacturing process, the fibers and wires are pulled and stretched to produce a
preferential alignment. Therefore, many of these materials are considered to be
transversely isotropic [1] [2] [3] [4] with the greatest modulus in the axial direction and
a much lower modulus (often by an order of magnitude) in the transverse direction.
Transversely isotropic materials have five independent elastic constants: the

longitudinal (or axial) modulus, E;, transverse modulus, E,, shear modulus, G,,, the



major Poisson’s ratio, v;,, and transverse Poisson’s ratio, v,,. The longitudinal modulus
and strength of a fiber is typically tested by manufacturers who then publish the data.
The other properties, however, are often not tested because it is time consuming and
require expensive specialized equipment. Studies have found the properties by using
single fiber compression [5] [6], nanoindentation [1] [7] [8] [9], laser resonant
ultrasound, or torsion tests [10] [11] [12]. Otherwise, they are estimated [9,13,14].
Although determining these properties may be time consuming, they are critical for
accurate predictions of micromechanical models. Therefore, finding a method that can
capture all these properties in one, that is less time consuming and does not require

additional specialized equipment is advantageous.

Past studies of single filament tensile tests [15] [16] [17] determined that
misalignment affects the measured longitudinal modulus, stress, and strain. This effect
on the longitudinal modulus was generally attributed to bending. However, very thin
fibers with such low dimensional stiffness that are flexible enough to be tied in knots,
such as glass fibers or CFs, should be treated as a cable without bending effects [18]
[19]. The results of this research [19] suggested that the effect was due to transversely
isotropic material properties. Some researchers introduce misalignment in fiberglass and
CF composites to estimate the shear modulus [20,21]. We extended this relationship to
determine shear/transverse moduli and strengths of single filaments. Additionally,
limited research has been published on the properties of the transverse and shear
strength and no public data has been published on the tensile strength of a fiber in the
transverse direction. Sawada and Shindo [22] measured shear strength through torsional

tests. While no transverse tensile data is available, Fujita et al. [6] performed direct



transverse compressive loading on single filament fibers to determine modulus and

strength properties of carbon fibers.

In this research, misalignment (off-axis) tensile testing is used to quantify
transversely isotropic material properties for a single fiber. Using the linear elastic
relationship and Hooke’s law, an equation was developed to determine the effect of the
angle of misalignment on global (experimental) tensile modulus. This global modulus
involves all material properties. Shear modulus, G;,, and transverse modulus, E, have a
large effect for misalignment angles greater than 30°. Single filament tensile tests were
performed for varying misalignment angles between 0° and 80°. The experimental data
was curve fitted to the misalignment relationship. The coefficients from the curve fitted
function were used to determine the shear and tensile moduli. Similarly, the Tsai-Hill
equation was used with off-axis effects to determine the effect on global strength. The
strengths in the longitudinal, transverse, and shear directions (Xt, Yt, and S,

respectively) were determined by curve fitting the Tsai-Hill equation.

2  Methodology

2.1 Carbon fibers

Zoltek PX35 CFs were used for this study. Zoltek’s published datasheet states that
the fibers have an average diameter of 7.2 um, a tensile modulus of 242 GPa, and a
tensile strength of 4.137 GPa [23]. Prior to tensile testing, the diameter of each

specimen was measured optically with an Olympus BX-35 microscope.



2.2 Mechanical Testing

Single-fiber tensile tests were performed using a nanoscale tensile tester (MTS Nano
Bionix UTM), which has a maximum load capacity of 500 mN and 150mm of
extension. The extension of the specimen in the nanoscale tensile tester was measured
by an extensometer, and the force is measured by a nanomechanical actuator (NMAT)

head at the bottom grip of the specimen.

Fig. 1a shows a schematic of the experimental setup. Carbon fiber tensile samples
were glued onto custom paper templates with long mount tabs, thin bridging sections
are placed so that minimal load is imparted on the fiber during cutting, and triangular
cutouts at the ends of the gauge section to aid in fiber placement [19]. A gauge length of
10 mm was used for all samples. The technical specifications and compliance
corrections to perform the tests were in accordance with the standard ASTM C1557-14.
Tensile tests were performed at a constant strain rate of 10* mm/min with a tension
trigger of 750 uN. Load and displacement were recorded during the tests at a sampling
rate of 10 Hz. Stress and strain were calculated. Stress-strain curves were constructed
for each of the samples tested. The tensile modulus was calculated for each sample
through a regression of the linear portion of the stress-strain curves. Fiber cross-
sectional area was calculated for each sample using the measured diameter and used to

calculate tensile strength.

Once the sample was mounted, the top grip was installed on a bidirectional linear
stage to manipulate the sample in a horizontal plane. This allows for adjustment of fiber
alignment relative to the tensile loading axis. The CF tensile tests were run at different

angles (0°, 5°, 10°, 15°, 20°, 30°, 40°, 50°, 60°, 70°, and 80°). For each misalignment



angle, samples were tested until 10 valid tests were performed for a total of 110 data
points. The angle of misalignment was measured as the angle from vertical to the
centerline of the fiber (as described in [19]). The bidirectional linear stage allowed
misalignment angles of up to 45°. Therefore, to conduct tests at greater misalignment
angles, an extension arm (as seen in Fig. 1b) was manufactured. The compliance of the
extension arm was deemed to be negligible by conducting zero-misalignment tests with
the arm installed. No measurable compliance effect was detected. Thus, the extension
arm did not require any additional compliance modification to calculate the correct

stress/strain curves.

Specimen
grips

Extension

Fig. 1. () schematic of the experimental setup including sample, template, and grips. (b)
example of 80° sample with extension arm. (Color to be used)

2.3 Imaging System

A previously developed custom stereoscopic imaging system [19] was used to
measure the misalignment angle, 8, of the samples during tensile testing; see Fig. 2.
Two FLIR BlackFly S cameras (BFS-U3-200S6M-C, 20MP, 18FPS) were mounted to a
frame surrounding the tensile tester and aimed at the fibers. Image acquisition and

processing was performed using a customized LabView program constructed with the



National Instrument’s Vision Development Module. This setup allowed measurements

of misalignment angles with an error of less than 0.1°.

Fig. 2. Image of the camera and tensile tester setup [19] (Color to be used)

2.4 Nano-indentation

Nano-indentation tests were conducted to obtain modulus in the transverse direction.
Transverse indentations were performed on the as-produced fibers encased in epoxy and
polish to expose the transverse surface of the fiber. All tests were conducted on a Micro
Materials Ltd. Nanotest VVantage instrument, which enabled fine displacement control
with a resolution of <0.1 nm. The indentations were performed with a diamond
Berkovich indenter. An integrated optical microscope stage was used to precisely
position indentations on the surface of the specimen. The elastic modulus was obtained

using the Oliver-Pharr methodology [24]. 30 modulus measurements were taken along



the length of three separate fibers and averaged. The indentation depth was limited to

150 nm to account for local size effects [25] and surface curvature effects [26] [27].

3 Analytical Formulation

Fiber misalignment during tensile testing leads to off-axis loading of the fiber. To
setup this problem, the fibers is mounted between two grips of the tensile machine in
tension. Fig. 3 shows a small section of the fiber with the coordinate system. The fiber
is defined by the fiber coordinate system in the 1,2 direction where 1 is the longitudinal
direction and 2 is the transverse direction. The tensile testing machine is defined by the
global coordinate system where the origin is set at the bottom grips and vertical is the x-
direction and horizontal is the y-direction. Fiber misalignment is the angle between the
x-axis of the global coordinate system and the fiber’s centerline, as seen defined by 6 in

Fig. 3.

Fig. 3. CF & global coordinate systems

CF is a transversely isotropic, linear-elastic material, and is thus subject to Hooke’s
Law, o = E ¢. For a full 3-dimensional analysis, the transversely isotropic constitutive
equations have six stress/strain components. To reduce the 3D problem, the fiber was

not misaligned in the z-direction. This consideration reduces the problem to a 2D plane,



which results in only three remaining stress/strain components (oyy, 0y, Tx,) and also

reduces the five independent constants to four as the transverse Poisson’s ratio, v, IS

removed from stress/strain relationships. The stress-strain relationship is then as

01
T12

where C is the stiffness matrix. The stiffness matrix is formulated using the independent

follows:
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material properties as follows:
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The stiffness matrix is subject to the reciprocity law due to energy constraint:
vV 1%
2ok ®
The measured stiffness that would be determined by a direct tensile test (no
misalignment) in (1) is different from that that has misalignment. To determine this a
transformation must be performed. The transformation matrix that defines rotation is
used in conjunction with Hooke’s law to determine the stiffnesses in the global
directions [28]. The transformation matrix is given by
c s2  2-s-c
[T] = s2 c2 -2-s-c 4)
—sc s'c c?—s?

where ¢ = cos(#) and s = sin(8).



Converting Hooke’s law from the fiber coordinate system to the global coordinate
system requires transforming both the strain and the stress in those directions. Since the
cable is a 1D problem, it can only undergo strain and stress along the axis of the fiber

(1-direction). Therefore, the stress and strain in the global direction are given below:

&1 Eyx
1 Ox & &y
02 t = [T]4 9 ¢; 1 = [T] 1 (5)
112 Txy E V12 E Yy

Substituting Equations (4) and (5) into Equation (1) and manipulating to solve for the

global stress results in the modified Hooke’s Law:

o &x
ax — [T1-1 Ey
y (= [T (T4 4 (6)
Txy Eny
The stress-loading relationship is:
O-x Nx
{ay } A={N, (7)
Txy ny

where A is the cross sectional area of the fiber and N; are the load in the x, y, and xy

directions.

The load cell measures in the global x-direction and therefore we will assume that
N, is the only non-zero value in the matrices. Therefore, the only stress component that
can be determined is a,.. Multiplication of equation (6) and the substitution in Hooke’s

law in the machine yields the following x-direction modulus:
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where ¢ = 1 —vi,E2/E,.

Equation (8) can be simplified by using trigonometric identities. Expressions not
associated with 8 are condensed to a coefficient. The resulting equation is purely based
on @ and E, as follows:

(Bt = Bc* +y)

E
x {c*— nc2 +k

where a B, v, {, n, and k are curve fitting coefficients that relate to the material
properties as follows:

o = 4'E1,

1
B = EE; — E1Gyp — 2 (V12 + ;) E>Gqa,
Yy = E1E3 /4,
(10)
( = E12 + EZEI - 2U12E2E1 - 4‘612E1 + 4‘E2612V122,
n = 2E% — 2ui,E,E; — 4G1,E; + 4E,G,v%,, and
kK = E%.
The data fitting was carried out by a least squares regression method and was

implemented in the commercial software Maple 2020 [29].

The desired moduli can be determined as a function of these curve fitting

coefficients:

11
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E, =4y/E; (11)
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Equation (11) must assume a Poisson’s ratio. To separate the shear modulus and

Poisson’s ratio a more complex analysis is required.

A sensitivity study was performed to understand the impact of misalignment angle
on the individual material properties (longitudinal, transverse, and shear moduli and
major Poisson’s ratio). The results are presented in Fig. 4. The plots assumed the
following values for carbon fibers: E; = 1, E, = 0.1, G;, = 0.2, and v;, = 0.27. These
values were found from the properties of carbon fibers [7] [30] [31] which were
averaged and then normalized against the longitudinal direction. To analyze the impact
of the various material properties on the global tensile modulus (E,), the individual
properties (E;, E,, G,,, and v,,) were varied to 150% and 50% of their original
assumed values and plotted alongside the original assumed properties which was
labeled reference (or ‘Ref” for short). In addition, the maximum difference between the
offset (150% and 50%) and reference plot is calculated at each misalignment angle and

plotted in green.

Fig. 4a presents the sensitivity of E;. The change in E; is evident at 0° and mostly
influences the vertical shift of the misalignment equation at this position.
Correspondingly, Fig. 4a shows that changes in the E; modulus property results in large
changes at the 0° misalignment angle. Fig. 4b presents the sensitivity of E,. Similarly

shows that the effect of E, is most evident at the 90° and mostly influences the vertical

12



shift of misalignment equation at this position. Fig. 4c presents the sensitivity of G,
and shows that this property influences the slope of the misalignment equation between
the 20° and 70° misalignment angles. The largest effect on G, is 39% at 53°. The plot
shows that G, effects the slope in this region. Lastly, Fig. 4d shows the sensitivity of
v;1,. The major Poisson’s ratio only changes the experimental tensile modulus (E,) by a
maximum of 1.12% at 58°. Given this small change, the major Poisson’s ratio of the

fibers is not able to be extracted from these experiments.
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Fig. 4. Sensitivity study of misalignment results using normalized moduli for (a) E;, (b) E5, (c)
G2, and (d) v;,; the green line represents the percentage difference between the reference
normalized modulus and the normalized moduli when E,, E,, G,,, and v,, are varied by 50% or
150%. (Color to be used)

The strength is determined using the Tsai-Hill failure criterion for a transversely

isotropic material that is purely elastic [32], where:

1
Ox = | 7ca 1 1 s4 (12)
vzt (_2__2)C252 t vz
Xt S Xt Yt
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Equation (11) can be simplified using trigonometric identities. The expressions that
are constant and independent of 8 can be condensed into a coefficient, which allows

curve fitting. The resulting equation is purely based on 6 and E,, as follows:

(13)

where A, B, and D are curve fitting coefficients that relate to material properties as

follows:

Xt=+VA,

Yt =+/D, and (14)

Xt
VBXt? +1

A sensitivity study was also performed to determine the influence of each strength

S =

property at different misalignment angles. The results are presented in Fig. 5. The plots
assumed that Xt = 1, Yt = 0.15, and S = 0.4. Fig. 5a shows that X, has a similar to E;
with the main contribution from the 0° misalignment. Fig. 5b shows that Yt has the
majority of its sensitivity near 90° and Fig. 5¢ shows the that S shows highest
sensitivity between the 10° and 50° with the largest effect at 21°. The largest difference
between the strength and modulus sensitivities is that Y, has a high influence on the
results from 30° to 90°, which will affect the results when trying to decouple the
strength values. The next largest impact is the shear, S, which has a higher impact from

decrease than increases, as evidenced by the difference in 1.55 and 0.5S
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Fig. 5. Strength sensitivity study of misalignment results using normalized strengths for (a) X;,
(b) Y, and (c) S; the green line represents the percentage difference between the reference
normalized modulus and the varied results by 50% or 150%. (Color to be used)

4 Results & Discussion

All the tensile tests exhibited linear elastic behavior up until fracture of the fibers.
Upon fracture and at misalignment angles less than 60°, the fibers shatter and the
resultant shock wave dislodges the fibers at the glue points until the full fiber is no
longer attached to the template. Higher misalignment angles (>60°) fractures at or near
the middle of the gauge length, which resulted in large fiber fragments still attached to
the templates after testing. Fig. 6 shows typical stress-strain curves for the misalignment
angles examined. The figure shows that at higher misalignment angles, both the slope

(or modulus) and the stress/strain to failure decrease.
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Fig. 6. Typical stress-strain curves for 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, and 80°
misalignment testing (Color to be used)

Table 1 shows the global averages of the modulus, strength, and strain at break
results from different misalignment angles. CV is coefficient of variation, which is the
standard deviation divided by the mean. As the misalignment angle increased, the
measured modulus (global x-direction) decreased. Although the strength and strain at
break also decreased with increasing misalignment angle, both the strength and strain
properties showed significantly more scatter than the modulus. This is to be expected, as

both strength and strain at break are strongly dependent on defects in the material [16]

[33] [34].

Table 1. Experimentally determined mechanical properties of CF at all the misalignment angles

Offset angle (°) MoEjéJ\l/u(s 0/(S]Pa) Strfgg/tr(\ 02)?]Pa) Stra[iCn \sn(]or/r;;anm)
0 233.5[13.9] 3.98 [27.8] 0.0148 [25.6]
5 211.3[9.08] 4.07 [25.5] 0.0168 [24.7]
10 205.1[14.5] 3.69 [29.6] 0.0154 [26.5]
15 200.5[11.2] 4.09 [28.2] 0.0178 [29.3]
20 163.9[11.7] 3.34[26.7] 0.0175[29.1]
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30 121 [15.7] 2.43[38.6] 0.0166 [42.4]

40 75.8 [22.3] 1.54 [62.8] 0.0087 [67.2]
50 50.42 [32.5] 1.11 [87.3] 0.0094 [38.9]
60 27.45 [39.5] 0.218[93.2] 0.0034 [89.1]
70 9.684 [45.4] 0.037 [94.1] 0.00167 [92.6]
80 9.730 [52.7] 0.023 [95.6] 0.0010 [92.8]

Table 2 shows the results of the material properties derived from the experimental
values using Equation (11). The longitudinal modulus and strength are slightly lower
than datasheet properties, which is attributed to that single fiber tensile test is prone to
small errors due to variations in the fiber. Other values are within the ranges found in

literature.

Table 2. Material properties derived from misalignment test

Values Reference

Properties (GPa)  Values (GPa) Ref
E, 233 242 [23]
E, 11.65 3.3-27.5 [1,7,8,35,36]
Gy 19.68 5-26 [7,22]
Xt 3.98 4.137 [23]
Yt 0.543 - -
S 2.82 0.6-1.4 [22]

Fig. 7a shows the tensile modulus of the experimental data compared to the
theoretical data. The five experimental results show good correlation. The curve fitted
results determined the other properties. The nano-indentation results were very close to
the measured E,. Fig. 7b shows the stress at break results for the different misalignment
angles. The results correlate well up to 30° and afterwards the experimental results are
much lower than the theoretical predictions. This is attributed to different failure modes

influencing the strength results after 30° which was examined by fractured surfaces.
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Fig. 7. Results of the curve fitting to the experimental results (Color to be used)

Fig. 8 presents SEM images of four different angles of misalignment angles (0°,
20°,50°, and 70°). Large differences in failure are shown between the different
misalignment angles. All misalignment angles show a granular surface, which is
commonly observed for CF and indicates brittle tensile failure [5] [37]. Wrinkling was
seen in many of the fracture surfaces of the fibers, and these wrinkles show directional
characteristics that indicate a fracture initiation point. All initiation points of the fracture
pattern start at the surface of the fiber and the fracture travels across the fiber. These
fracture patterns show clear differences for each misalignment angle. In the 0° fracture
surface, shown in Fig. 8a, the wrinkle propagates in all directions from the fracture
initiation point. However, the fractured surfaces from higher misalignment angles (Fig.
8b-d) show a directional wrinkle more akin to a wave that propagates through the fiber.
Upon close examination of the fracture patterns (Fig. 8b-d) at increasing misalignment
angles, it is evident that there are two competing failure modes occurring in the fibers:
shear failure and tensile failure. The granular fracture pattern is indicative of tensile

failure and the wave-like fracture pattern is shear failure, as indicated in Fig. 8b-d.
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Fig. 8. SEM images of fracture surfaces of the cross section (left) and longitudinal (right) for (a)
0°, (b) 20°, (c) 50°, and (d) 70° misalignment tensile test (Color to be used)
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The SEM images were used to measure shear angled fracture (exampled in Fig. 8d)
and the different areas that failed in tension and shear. The results are shown in Fig. 9.
The higher misalignment angles tend to produce a steeper angled shear failure segment
than the lower misalignment angles. This different failure type indicates that the failure
mechanism for more highly misaligned fibers starts as shear removing cross-sectional
area to the fiber until the tension drives the remaining failure in a net section type failure
mechanism. As the misalignment angle increased, the cross-sectional area of the fiber
that failed in shear stayed constant relative to the total cross-sectional area of the fiber.
The cross-sectional area of the shear failure region was approximately half (0.5 +/-
0.05) of the total fiber cross-sectional area for misalignment angles. This step-behavior
Is interesting to note, as it implies that there is a point where the additional
misalignment does not increase the shear failure region. These results require further

studies to understand the damage mechanisms caused by the misalignment.
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Fig. 9. Normalized tensile and shear area at different misalignment angle and shear fracture
angle at different misalignment angle (Color to be used)
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An additional sensitivity study was performed to determine the number of different
misalignment angles needed to determine consistent transverse and shear moduli.
Therefore, the E; modulus and Xt strength were set at the values at no misalignment
and the rest of the results varied. Table 3 presents the results of this sensitivity study.
The number of misalignment angles decreased from eleven to three. Three is the
minimum number of points needed for the curve fitting of all three parameters. The
moduli values showed that reducing the number of data points to five had no significant
difference in the results up to the fourth significant digit. This suggests that to get
accurate moduli properties only 5 misalignment angles are needed. However, the
strength values are more sensitive. The strength values varied significantly when
reducing the number of angles. At 5 misalignment angles, the shear strength values
increase significantly. This indicates that the shear strength is very susceptible to
experimental data and can cause extremely high values to be produced when curve
fitting. Therefore, during curve fitting, it would be worthwhile to place upper and lower
limits on the shear strength. For example, the shear strength of single fibers has been
experimentally found to between 20 and 70% of Xt for pitch-based and PAN-based
carbon fibers [22]. Subsequently, it is suggested to carefully inspect the shear strength

value.

Table 3. Sensitivity of the transversely isotropic material properties based on number of data

points

o Number E; E, G2 Xt Yt S
Angles (°) included - hgles (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

0,5,10,15,20,30,40,50,
502050 11 233 1165 19.68 398 0543 282

0, 10, 20, 30, 40, 50,
o0 70,50 9 233 1165 1968 398 0546 2.58
0,20,40,60,80 5 233 11.65 19.86 398 0449 244
0,40,80 3 233 773 166 398 0543 491
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Although this paper only explored CF material, the proposed method has
applicability to other fibrous and metal materials, such as other polymers
(polyethylenes, nylons, etc.) or metal wires (copper, aluminum). The small size of these
fibers makes it difficult to find the transverse and shear properties of a single filament.
The model is limited in that v,, cannot be found due to sensitivity and v,, cannot be
found due to the misalignment being fixed in the global xy plane. If the sensitivity can

be overcome, then v,, could be reintroduced by measuring 3D misalignment angles.

As noted above, shear strength is susceptible to overestimations based on
experimental strength data. This is based on the complex nature of failure in the fibers

and the coupling of the strength-based properties in the Tsai-Hill criteria (see Fig. 5).

5 Conclusions

In the present work, an experimental method was developed to determine the
modulus and strength properties of a brittle transversely isotropic material: longitudinal
modulus, E,, transverse modulus, E,, shear modulus, G,,, longitudinal strength, Xt,
transverse strength, Yt, and shear strength, S. In this approach, misalignment between
the tensile axis and the fiber axis was introduced to allow for the effects from the shear
and transverse moduli/strength to be introduced into the experimental data. A formula
was developed to determine the relationship between the material properties and
misalignment angle. This formula was used to curve fit the experimental data and

extract the material properties.

In addition, fractured surface SEM images provide insight into the different failure

methods at various misalignment angles. These fractured surfaces showed that at
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misalignment angles greater than 30°, there is a combined shear and net tension failure

mode.

The ability to accurately determine material properties has a large impact on
producing accurate predictions of micromechanical models. The practical approach
shown here will allow for easier determination of the material properties for
transversely isotropic materials. This method can be extended to more anisotropic
materials (>5 independent constants) such as orthotropic or fully anisotropic. However,
additional tests in different misalignment directions would be required to determine the

additional independent constants.
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