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ABSTRACT The study focuses on unit cell FE modelling to predict coefficients of thermal
expansion (CTEs) for sheared fabric laminates. Shear, as a dominant deformation mode in
textile composites forming, introduces high degrees of anisotropy in both elasticity and
thermal expansion. The unit cell predictions are based on realistic fibre architecture and
measured material properties of constituent fibre and resin. Under the multi-scale framework,
the unit cell predictions are part of the essential input data for locally varied material
definitions. These definitions are used to model structural components to predict shape
distortion. The FE model gives predictions close to the experimental data, when the boundary
conditions are correlated to the coupon size. Nesting is an influential factor for CTEs. For
true material representation, in-plane periodicity and nesting have been considered.

INTRODUCTION

Shape distortion of composite components is a common problem in composites
manufacturing. The major cause of shape distortion is anisotropic thermal expansion, which
would impact not only on the manufacturing process but also the in-service performance [1].
There is a large body of work dedicated to quantifying the coefficient of thermal expansion
for fibre reinforced composites analytically. A critical review [2] on analytical models for UD
composites reveals that only Hashin’s model consistently predicts well both longitudinal and
transverse CTEs. To overcome the cumbersome calculation process of Hashin’s model,
Dong’s model was derived based on finite element analysis, facilitating accurate prediction of
transverse CTE by a single equation [3]. For cross-ply and woven composites, a number of
analytical models are available [4-6], however their accuracy suffers as over-simplifications
are made regarding local fibre architectures. Due to the increasing thermal anisotropy for
textile composites, experimental techniques such as thermoelastic stress analysis prove to be
questionable to quantify the fully anisotropic CTE tensor [7].

Finite element unit cell modelling remains the most promising approach for predicting the
CTE tensor with the advantages of consistency and cost saving. A unit cell model was
developed for predicting CTEs of 4-ply twill fabric laminate composites [8]. There was a
large difference (100% error) between the prediction and the experimental data. One possible
source of error could have arisen from accuracy of the geometric model.

The current study focuses on the geometric aspects of unit cell modelling for CTE predictions.
It aims to improve the quality of prediction, i.e. accuracy, consistency and efficiency by
automated creation of realistic geometries in TexGen'. The geometric description of a sheared
fabric (representing deformation during draping) considers yarn rotations as two elliptical
cylinders crossing each other at an oblique angle. The rotational angle is derived
mathematically from the tangential contact between yarns. Compatible voxelised mesh and
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periodic boundary conditions for the sheared domain have also been implemented. The CTE
predictions from the unit cell analysis are then validated against experimental data.

GEOMETRIC DESCRIPTION OF FABRIC SHEAR
For shear well below the locking angle, the changes in a fabric are predominantly due to
geometric constraints, causing (1) re-orientation of tow path; (2) rotation of tow cross-section;
(3) slight change of cross-section shape. These changes can be approximated by a geometric
approach, without resorting to an expensive finite element model. A simplistic approach is
described here to represent fabric shear based on the following principles and assumptions
(P&A):
(i) Total volume of yarns, as well as overall fibre volume fraction, is constant for
fabric subjected to shear smaller than the locking angle;
(i) Either warp or weft yarn path is re-oriented by a shear angle B;
(ili)  Rotation of yarn cross-section is due to tangential contact of two yarns;
(iv)  Change of yarn cross-section shape is such that yarn intersections are avoided and
total volume is conserved.

Projected tangential contact point R’

Section A-A

(b)

Figure 1. (a) Two identical elliptical cylinders | & Il crossing over each other; (b) Surface tangent between two
ellipses at Sectional view A-A of (a).

Figure 1 (a) idealises two initially perpendicular yarns subjected to a shear angle B. According
to P&A (ii), Yarn Il is re-orientated at an angle (90-B) to Yarn I.

Based on P&A (iii) for rotational angle of the yarn cross-section, a mathematical expression is
obtained to relate yarn cross-sectional width (w), yarn cross-sectional height (h), shear angle
(B) and contact point (at normalised length, R). For any contact point at distance R between
Yarn I and Il (where R is a normalised length, 0 < R < 0.5, Figure 1(a)), a sectional view A-A
in Figure 1(b) illustrates the tangential relationship of two elliptical cross-sections to
determine the rotational angle 6. The parametric equations of Ellipse I are
w
x= 2sinf

cost

h
y =Esint Eq(1)

The eccentricity parameter t in Eq(1l) can be expressed in terms of the contact point at
distance R along the axis of yarn Il :

cost=1—4R Eq(2)

The tangential angle would be around 90 degrees at the contact regions near R = 0 and R =
0.5. This would introduce an unrealistic rotation of the yarn cross-section, hence the projected
tangential contact point R’ is taken at a distance from the contact point R. After testing on a
range of textiles, the distance at 1/10" of the yarn width w from R was found to give good
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results across the range and this is the value which has been used in the implementation in
TexGen.

W Slnﬁ wnen s = V.

Substitute R" in Eq (2),

1—4R —2sinff when 0 < R < 0.25
cost = > Eq(3)

1—4R +§sinﬁ when 0.25 <R < 0.5

The tangential angle 6 is calculated based on the intersection point with axes X and Y, shown
in Figure 1 (b),
tan @ 1 1
sin@ = =+ =+ Eqa(4)
Vi+tanZ @ \/1+(hs‘£‘;ﬁ)z tan? t \/1+( w )2( L

nsinB/) ‘cos2t

By substituting cos(t) from Eq (3) into Equation (4), the rotational angle can be determined at
any contact point along the yarn path.

AUTOMATION IN TEXGEN

In order to simplify and automate geometric modelling of sheared textiles, an extension to the
automated “2D wizard” has been implemented in TexGen, allowing a shear angle to be
specified and enabling an option to create a sheared domain. After specification of the weave
pattern, the textile is automatically generated. Nodes are created on the yarn paths at each
crossover point between warp and weft yarns; spacings are adjusted according to the shear
angle giving an idealised geometry with all yarns having constant, elliptical cross-sections.

Specification of a sheared textile without further modification results in a large number of
intersections. A “refine” option has been implemented in order to remove intersections and to
create a more realistic textile model. First, the section interpolation is set to allow multiple
cross-sections along the yarn length, thereby allowing changes in cross-section along the yarn.

Four extra cross-sections are inserted, giving five equispaced sections with values of R, as
specified in the previous section, from 0.005 to 0.495 (including the section at the node where
R=0.25). The rotation at each of these sections is shown in Figure 2(a) and can be seen in
Figure 2(b) where two of the yarns have been removed for clarity.

Based on P&A (iv), changes are made to the yarn cross-section shape to minimise any
remaining interference between yarns. A function within the 2D wizard finds intersections
between sections and the surface meshes of adjacent yarns and adjusts points on the section,
replacing the original elliptical section with a polygonal section.

It has been observed that in real textiles the surface yarns tend to flatten and that there is an
offset between the centre of one yarn and the point at which the surface yarn passing over it
drops away, shown in Figure 3(a). In the automatically generated, unrefined, TexGen model
the surface tow would drop away immediately from the node over the centre of the yarn,
following the contour of the yarn it crosses. Also, where interference has been corrected there
will have been loss of volume in the yarns which would result in decreased volume fraction of
the textile.
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Figure 3. (a) Tow drop offset; (b) Intersection of section points with bottom domain plane

In order to address both of these issues an algorithm has been developed which allows the
yarn to be adapted at each cross-section. It is assumed that each yarn is constrained to lie
within the fabric thickness specified in the wizard. For each section a set of modifiers are
calculated based on the intersection between a line perpendicular to the centreline of the
polygon, passing through one of the points on the perimeter, and either the upper or lower
plane parallel to the z axis and specified by the thickness. This is shown in Figure 3(b).
Modifiers of less than unity are applied immediately, thus constraining the yarn to the
specified fabric thickness. An iterative method is then used to extend the points on the
polygon along the line of each modifier, using the original yarn area and maximum extension
given by the intersection with the plane as constraints.

(a) Maximum intersection depth
#,’m T (©)
Rotation angle Section height increased

—————

(b) S —— ﬁ @

Tow drop offset

Figure 4. Refinement stages, (a) Unrefined; (b) Rotation only; (c) Rotation and intersection correction; (d)
Rotation, intersection correction and adjusted section height.

Figure 4 shows a pair of crossing yarns at different stages of the build textile process. Figure
4(a) shows the yarns before refinement. After rotation, Figure 4(b), the size of the maximum
intersection is reduced and the intersections are more evenly distributed. Intersection
correction removes these intersections, Figure 4(c), but results in loss of volume from the
yarn. The final stage of the refinement increases the height of the upper yarn, in this case to
the limit specified by the overall fabric thickness. The side view of the lower yarn shows the
tow drop offset produced by the height adjustment at different sections along the yarn.

THERMAL MECHANICAL ANALYSIS

For periodicity it is necessary to apply translational symmetry to formulate the boundary
conditions. Positioning the unit cell at a shear angle B, as in Figure 5, the periodic formulation
was derived from a generic form [9].

Corresponding nodes on Faces A & B can be mapped onto each other and their relative
displacements are:
—ulgtu|,—S,e2 =0
—v|g+v|, =0 Eq(5)
—wlgt+wl, =0
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Faces C and D:
—ulp+ulc—=Si(ef sin B + v, cos B) = 0
—v|p+v|c=S;e)cos =0 Eq(6)
—wlptw|c =0
Faces E and F orthogonal to Z (Thickness C):
—ulgtulp — Cye, = 0
—v|g+vl|r — nyz = Eq (7)

y/\
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Figure 5. Periodic boundary set-up for a unit cell of sheared woven fabric

In addition, there are a set of similar equations applied to edges and vertices (corner points) of
the unit cell to complete the boundary setups.

The thermal mechanical analysis was performed in ABAQUS Standard™ as a static analysis

with a temperature perturbation of 1 degree. For composites with sheared fabric
reinforcement, it is more convenient to express the coefficients of thermal expansion as a
tensor in the local coordinate system. The CTE tensor is recovered from the strain tensor for
the unit cell under the temperature perturbation.

MATERIALS AND EXPERIMENTS
Laminates were manufactured from a plain weave dry fabric, Hexcel CF0504 (3K HTA 5131

carbon fibres, 200 gsm, 5 ends per cm) and CYTEC MTMA46 resin, using resin film stacking
[10]. Three 10-ply laminates with V¢ =47.5% were made under these conditions: (1) un-
sheared, (2) 16° shear and (3) 20° shear. The consolidation used an autoclave at 6 bar, 5 hours
initial cure at 80°C, ramp rate 2'C/min. After cooling below 60°C and release of pressure, the
laminates were post-cured free standing for 1 hour at 120°C. Shown in Table 1, the geometry
was measured from microscopic images of laminate sections.

Table 1 Geometry of single ply fabric CF0504

Yarn width Yarn height Yarn in-plane spacing Laminate thickness

1.76mm 0.16mm 2.03mm 2.4mm

The elastic and thermal properties for HTA fibre were obtained from the literature where
direct experimental measurements were made [11-14]. Yarn in the cured laminate was treated
as a UD composite with V¢ = 65%. Yarn properties were derived from a micro-mechanical
finite element model. These data, as listed in Table 2, were used as the input parameters for
the FE models of the laminates.

The cured laminates were then cut into small rectangular prisms (5mm x 40mm x 2.4mm,
width x length x thickness) along specified directions. The CTE measurements were made
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using a pushrod dilatometer, Netzsch DIL 402C. The push-rod dilatometer measured the
change along the length dimension, which would be a combination of shear and extension
(shrinkage) for highly anisotropic sheared fabric composites.

Table 2 Elastic and thermal properties of the laminate constituents

Fibre Resin Yarn
E., (GPa) 235 2.7 153
E,, Es (GPa) | 15 7.86
Gy, Gi3(GPa) | 15 3.55
Ga3 (GPa) 2.66
Vi 0.3 0.4 0.33
Va3 0.3 0.48
a1 (Y7K) -0.4 40 -0.12
07 (*/K) 10 19.7
0a3 (*/K) 10 19.7

A correlation is found that the measured change of the sample length in the dilatometer is
expressed by the thermal strains

AL =Ly — L, = Lo&yx + Wp|yay|
As a result, the measured CTE is

AL &y W, |yl W,
Xdilatometer = m = ﬁ + L_:ﬁ = Qe + L_:axy Eq(8)

where in the current experiment, W, = 5mm, L, = 40mm; a,,, @, are predicted by the unit
cell model. This enables a direct correlation of thermal properties between the lab-scale test
piece and the material in large composite structures represented by a unit cell model with
periodicity.

RESULTS AND DISCUSSION
For the three laminates, non-shear, 16° shear and 20° shear, the unit cells were first generated

in the TexGen 2D wizard as single plies, shown in Figure 6 Upper. The importance of finite
laminate thickness and random nesting was recognized in the test materials. Hence ten plies of
fabric were collated with randomness in both warp and weft directions, sampled by a Latin
Hypercube method[15], shown in Figure 6 Lower. The periodicity was removed in the
thickness direction for these unit cells, while maintaining the in-plane periodic boundaries.

The finite element analysis was performed in ABAQUS using uniform voxelised elements.
The converged mesh size was found, using in total 2 million elements (100x100x200). The
CTE predictions are listed together with the experimental data in Table 3. Three randomly
nested laminates based on a Latin Hypercube method were modelled for each case, resulting
in small standard deviations of 0.5%. Both the experimental and numerical data of CTEs
show increasing anisotropy for increasing degrees of shear. A consistently good match within
5% error was found between the predictions from the 10-ply nested laminate unit cell and the
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experiments for the laminates with non-shear and 20° shear plies. In the case of the 16° shear
laminate, the discrepancy is slightly higher at 12.9%. A plausible explanation of the
difference could be due to the error at the manufacturing stage. It was possible that 16° shear
angle was not achieved due to fabric relaxation before consolidation. Consequently the
measured CTE was lower than the expected value with a fixed shear angle 16°.

] A

Figure 6. Unit cells representing single ply (upper) and 10-ply laminates (lower) with each ply of (a)non-shear,
(0)16° shear and (c)20° shear

Table 3. Comparison of predicted CTEs with the experimental data
6

CTE (xlO- /K) Non-shear 16 shear 20 shear

a 2.170 1.422 1.240

XX
a 2.160 4.960 6.420

Yy
o 0.0071 12.40 14.240

- Eq(5) in X in X inx iny
Prediction 2.171 2.97 3.02 8.20
Experiment 2.12 2.63 2.99 8.46
Error (%) 2.4 12.9 1.0 -3.1

The study also aimed to investigate how construction of the unit cell for composite laminates
influenced the prediction of CTEs. Two main factors were identified as laminate thickness
and ply nesting. Both factors contribute to the anisotropy of elasticity and CTEs in each ply.
Unit cell modelling helped quantify the underlying factors. The construction details of each
unit cell are listed in Table 4 together with the CTE predictions. A randomly nested 10-ply
unit cell with a thickness 2.4mm matched the test sample closely in terms of geometry. The
CTE prediction was closest to the experimental data with 2.4% error. Keeping the 10-ply
construction with the same thickness, another unit cell with perfectly zero nesting deviated
from the prediction by 18.4%. A unit cell of a single ply with in-plane and through-thickness
periodicity describes an extra-thick, perfectly stacked laminate with no nesting. The predicted
CTE from this model was 50% higher than the experimental data.

CONCLUSIONS

This study has successfully addressed the issues related to unit cell modelling for CTE
prediction of textile composites. Based on some basic principles and assumptions, fabric
geometry was refined to simulate shear deformation. This refinement process was automated
in TexGen to ensure consistency of geometric modelling. A correlation was established and
validated between the anisotropic CTE tensor and the measured data from a small laboratory
coupon. The reliability and sensitivity of CTE prediction was assessed by the unit models
with controlled geometry variations. Two geometric factors of laminate thickness and nesting
were found to be significant for textile reinforced composites.
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Table 4. Influence of laminate thickness and nesting on CTE

Model CTE prediction in Note
-6
warp (x10 /K)
Experiment 2.12
Infinite size in in-plane and 3.20

thickness, zero nesting,

Weft
representing by single layer
with periodic boundary

condition (pbc) Warp

Ten layers, no nesting, pbc in- 251

plane

Ten layers, random nesting, pbc | 2.17+0.01
in-plane (3 laminate models )

(bt p
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