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ABSTRACT
In this study, experimental data, geometrical models, and FE analysis are presented for typical
structurally stitched multilayer preform composed of quasi-UD carbon-filmeen fbric. The
term ’structural’ presumes here that the stitching yarn does not only consolidate the plies (as
the non-structural one does) but forms also a through-the-thickness reinforcement. One stitching
technique — tufting — is studied, with 67 tex carbon yarn. The models account for general
features of the local preform geometry and are believed to allow for a sufficient modelling on the
meso-scale (textile unit cell) level. Experimental and theoretical results are presented, compared
and discussed; a “road” map is proposed for the modelling of structurally stitched preforms.

1. INTRODUCTION

Itis well-known that a significant variability can exists in the internal geometry of a textile
composite [1]. Particularly, this is the case for the structurally stitched preforms. The fibre
placement is not uniform even in a raw material (fibre tows or yarns). Then, the needles of
a knitting device (for NCF’s) or a textile process still more increase this non-uniformity

of the fibre content. While stitching structurally (i.e. with a relatively thick and firm
yarn), the fibres are again pushed aside the needle; a breakage and vertical movement
(crimpling) of some fibres can also be induced [2]. During the forming and compression
in a mould, the fibre distribution is changed again. Finally, the micro- and meso-structure
of a composite part can differ very much from that of the raw fabric.

Variability of the internal structure includes also random nesting of layers, random overlap
of the “structural” and “non-structural” piercing patterns and openings (for NCF’s), wide
distribution of the opening dimensions, etc. [2, 3]. As a result, the composite has a
complex hierarchical (meso- and micro-) structure having a significant randomization.
The meso level (0.1-100 mm) includes the yarn loops (non-structural and structural),
openings in the fibrous plies, gaps between the plies, etc. The micro level (10100
embraces the variable fibre content in a ply and yarn. Then, an investigation is difficult
due to a bulk of parameters (stitching method/speed, distance between stitches/seams,
dimension of the needle, properties of the preform/yarn, yarn tension, etc.). The modelling
is thus sophisticated and case-dependent, and a broad experience is wanted.

The present study aims at a generalized meso-scale modelling approach suitable for the
engineering purposes. The focus is laid on theoretical (method of inclusions) and FE
estimation of the homogenized mechanical properties. Damage onset is also considered.
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Figure 2: Face side (left) and backside (right) of the stitched preform.

2. MATERIALS

Quasi-UD hybridwoven fabric (warp: 24K carbon tows alternated with thin polysulfone
yarns; weft: the same polysulfone yarns) with the total areal weight of 228 ig/osed

as the raw material, Fig. 1. The areal weight of the carbon tows is 208 g/m

To characterize the meso-geometry, the fabric surface is scanned, and about 50 lines are
marked in a separate image layer for each dimension (yarn width, spacing). The layer is
saved as a bitmap file and committed to a Matlab applet, which searches for the marked
lines and calculated their lengths. Finally, the average values and standard deviations are
assessed. For the carbon tows, the measured width i$@.84 mm that agrees well with

the manufacturer’s data [4] —.5 ends per inch or 4.23 mm. For the polysulfone yarn,
the measured width is 0.20.0 mm (warp) or 0.920.18 mm (weft) that also agrees well

with the datasheet 60.5 ends and61 picks per inch).

The fabric was composed of 28 plies having symmetric stacking sequeri¢€§90°/0°/-
45°/90r/-45°/0°/0°/45°/0°/-45°/0°/45°] ;, where 90 corresponds to the warp (carbon fibre)
direction in the surface plies, i.e. to the horizontal direction in Fig. 1.

For the structural stitching, 1K carbon yarn [5] and the tufting method (KL RS 522
stitching head mounted on a KUKA-robot) are employed. The machine direction coincides
with 0° direction of the preform. The piercing pattern is square 5x5 mm; the backside loop
height is also about 5 mm. Typical photos of the stitched preform are shown in Fig. 2.
During the tufting, fiber-free zones (called “openings”) appear around the stitching sites;
these openings are naturally oriented along the global fibre orientation in the ply. Their
geometrical characterization is performed in the same way as described above for the
fabric structure; results are given in Table 1. Since the backside openings almost hide
under numerous yarn loops, Fig. 2(right), they are cut off within a small area sufficient
for the measurements. The backside loops show a relatively wide distribution in width
and height; this is obviously due to the fact that these parameters are hardly controlled
during the tufting and much influenced by the natural friction between the plies and yarn.
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Table 1:Measured dimensions of the “ openings’ and the stitching yarn

preform length, width, length/width stitching yarn loop height, loop width,
mm mm ratio width, mm mm mm

dry, face 6.951.21 1.42:0.17 4.88 1.02:0.28 - -

dry, back 6.66:1.19 0.74:0.11 8.92 0.8#0.18 5.0:0.81 3.610.54

cured, face 3.740.77 0.84:0.13 4.42 - - -
cured, inner 3.560.79 0.8%0.16 410 - - -
cured, back 3.950.79 0.810.25 4.88 0.850.23 4.8#0.85 3.22:0.39

Composite plates (stitched and non-stitched) are manufactured using the liquid resin
(toughened epoxy) infusion. The final thickness is 5.32 mm that gives the average fibre
volume fraction {’;) of 58% (without taking openings into account). Several pieces
are inspected with an optical microscope for details of the internal structure. Typical
micrographs of the stitching sites are shown in Fig. 3(left). Measured dimensions are
listed in Table 1, which reveals significant (about 50%) reduction in the size of the
openings if compare with the dry preform. This effect should be attributed to severe
densification of the fibrous plies in the mould (thickness in the dry state is about 9 mm).
Taking an average rhomboid 36.9 mm opening, it can be estimated thgtin plies

after the stitching is 62%, and the openings occupy 6.5% of the total volume.

The widths of the inner and surface openings are almost the same. This disagrees with
other materials [2] which show wider surface openings, since the yarn loop bends at the
face and backside and, therefore, pushes away the fibres more than in the inner plies. In
the present case the small difference can be due to severe compression in the mould.

A prominent nesting of the plies can be observed in Fig. 3(right), where the ply waviness
amplitude sometimes exceeds the average ply thickness (5:32/28mm). This effect
should also be attributed to the out-of-plane compression in the mould.

In the impregnated state, the yarn loop width at the face side is not measured due to
roughness of this surface; a smooth surface appears only after polishing out a relatively
thick layer including almost all yarn material. As for the backside, it is interesting that
the moulding changes the yarn width not very much, probably due to its twist.

The material properties — Young’s modulus$,Poisson’s ratioy (theoretically estimated

for the transversal direction), ultimate tensile stresg, etc. — are listed in Table 2.
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Figure 3: Typical micrographs of inplane (left; layer 5) or cross-sections (right).
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Table 2:Properties of the composite constituents (longitudinal / transversal)

material fibre, twist density, lin.dens. E, v offl;w,
pum  t/m  glen¥ tex GPa MPa
ply Tenax IMS 5131 5 0 1.80 820  290/14 0.236/0.011 5600/—
ply  Priform ST54/2Z 30 z2 1.24 54 2.48 0.3 70.2
stitch Tenax HTA 5241 7 S15 1.76 67 238/14 0.230/0.014 3950/-
resin ~ Cycom 977-2 - - 1.31 - 3.52 0.3 81.4
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(a) virgin (b) stitched, face (c) virgin (d) stitched, face
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Figure 4: Surface strains, under loading in 0 (a,b) and 90 (c,d) directions. The load
is applied in x-direction. The average strain level is 0.75% or 1.35%, respectively. The
presumable positions of the stitching yarns are shown with black lines.

3. EXPERIMENTAL

Uniaxial tensile tests are performed according to ASTM D3039; i.e., specimens having
a constant 5.3230 mm cross-section are used. Series of 6 specimens are tested for 0
(along the structural stitching) and 9@irections, at the cross-head displacement rate of

3 mm/min. The tests are monitored with the acoustic emission (AE) and full-field strain
registrations. Since the AE sensors should be removed before the specimen failure, the
loading is not completely monotonical but is paused at a certain load level.

Figure 4 shows typical strain fields at the face side of different specimens. It is seen that
the tufting causes prominent strain concentrations at the stitching sites, in comparison
with the non-stitched specimens. For some specimens loaded idit@@tion, analysis

of the strain history in such local maximums reveals almost constant strain rate until a
moment, when it starts to increase rapidly. This moment can be attributed to the damage
onset; afterwards, the local strain more and more differs from the average one. For
example, the specimen shown in Fig. 4(c,d) fails at the average strain of 1.57%, while
the ultimate local strain approaches 2.5%; the rapid increase starts at about 1.1% of the
average strain (the stress level of about 400 MPa). However, it is difficult to say if it is the
damage driving the final failure or not; future X-ray investigation should clarify this.

Figure 5(right and centre) shows the cumulative energy of events recorded with the AE
equipment. The damage onset is seen already at the beginning of the tests, when a
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Figure 5: AE energy in normal (left) and logarithmic (centre) scales. Right - cumulative
sum of AE event counts.

few low-energy events occur with low frequency. At a certain moment, the frequency
increases, the energy content rises quickly, and the specimens starts to emit popping
sounds indicating appearance of relatively large cracks (since this occurs at different
stresses for0and 90 specimens, the sounds are not due to a tab cracking). This should be
attributed to a mass microcrack formation, presumably in the off-axis plies; corresponding
stress level is denoted further @&™. Under O loading, this mass cracking starts at the
stress level of about 160 MPa both for the non-stitched and stitched specimens, while for
90 loading the stress levels differ significantly (250 vs. 120 MPa).

The clearest picture of the material behaviour is given by the cumulative sum of AE event
counts, Fig. 5(right). A drastic change of the curve slope is seefftlevel. It is also
interesting to note that the event curves have two almost linear parts; this means that the
increase of the event number is almost constant within each part.

Similar behaviour is observed for the Poisson’s ratio, Fig. 6, which also shows a distinct
change at about the same transition strain as the AE curves. Before this threshold, the
plots show a wide variation; its reason is still not clear for the authors. After passing
the threshold, the Poisson’s ratio is more conformable within each test series and keeps
almost constant magnitude as the axial strain increases.

Table 3 summarizes the measured mechanical properties: the Poisson’s ratios (averaged
in the strain range 0.05-0.3%) and Young’s moduli, as wett 48 level, Fig. 5(right).

The standard deviations do not exceed 15%.
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Figure 6: Poisson’s ratio variation during the loading.



Table 3:Homogenized mechanical properties of the composite (mean val ues, non-stitched
/ stitched). The moduli are given in GPa, stress—in MPa.

Ey Eygq E, Go,90 10,90 90,0 gdam odam
test data 73.4/87.7 46.9/38.9 - - .271/.353 .249/.161 148/174 247/120

TexComp 93.6/94.5 49.6/50.2 7.5/8.6 24.0/24.2 .338/.337 .179/.179 - -
FE 88.9/86.2 46.3/44.7 8.0/8.5 21.8/21.2 .368/.374 .192/.194 /165 -/140
FE* 85.7 44.9 8.0 21.0 372 195 250 140

* with opening but without stitching yarn

4. GEOMETRICAL MODELLING

The preform model is built using StitchTex software, which is a stand-alone application
based on WiseTex approach to the generalized textile description [6]. Thus, StitchTex is
integrated with existing geometrical and mechanical models of the relaxed or deformed
2D and 3D woven, 2- and 3-axial braided, weft-knitted, and non-crimp warp-knit stitched
fabrics, and laminates built on their base. The integration with WiseTex allows also for a
direct use of the existing software solutions for the modelling of a resin flow through the
reinforcement, micro-mechanical calculations of the composite properties, micro-macro
analysis of a composite part, FE models, and virtual reality visualization [6].
The present model is an inevitable simplification of the actual internal structure; e.g., it
does not account neither for heavy nesting nor for deplanation of the plies caused by
consolidation in the mould, Fig. 3(right). It is obvious that a semi-analytical approach can
not mimic such features, which are hardly modelled even in an FE analysis.
First, consider the fabric model, which is built with the thickness of 0.19 mm (the laminate
thickness divided by 28 plies) and parameters listed in Section 2. To achieve the best
agreement with the nominal total areal weight of the fabric, a denser structure is modelled
for the carbon yarns (0.1X3.9 mm cross-section). The polysulfone yarn width is also
accepted a little smaller than the measured one: the cross-sectional size is@1GHmM
(along carbon yarns) or 0.0249.9 mm (across them).
The model is built easily with WiseTex but absence of nesting results in a too high local
V} inside the yarns; it even slightly exceeds 100% (in reality these “excess” fibres fill
the voids between the yarns and plies due to nesting and distortion of the yarn shapes).
If, other way round, the yarn thicknesses are chosen to give a reasdraliteen the
ply thickness is overestimated, and the ovelallis underestimated. Since the correct
V7 is crucial for method of inclusions used further to calculate the homogenized stiffness
matrix, the latter way (with a realisti; inside yarns) is adopted. Then, the geometrical
model is created with the thickness slightly larger than the nominal one andipal
about 90% (below the ultimate packing case of 90.7%) inside the yarns. The warp and
weft crimp is chosen to minimize the fabric thickness for the given yarn dimensions.
The model of the reinforcement fabric is shown in Fig. 1(right).
The preform model is built by 1) multiplication and rotation of the ready fabric model
exported from WiseTex and 2) appending the stitching loops (optionally). The following
simplifying assumptions are accepted to produce a physically sound and computationally
feasible model sufficient for a correct estimation of the homogenized properties:

e as already noticed above, no nesting is modelled. The preform is a stack of flat plies,

which have equal uniform thickness, and their bounding boxes do not intersect;
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¢ the openings are not modelled, since a) WiseTex approach does not allow to split a
yarn and b) the openings have a negligible effect on the homogenized stiffness [7].
Thus, there are interpenetrations of the stitching and fabric yarns but this does not
matter for the physical model used further (method of inclusions);

¢ the piercing patternis regular (constant stitching length and distance between seams).
This is a reasonable simplification for a well-controlled robot process, although
some irregular scatter can be observed even in such an “ideal” case [2, 3];

e seams are straight (no zig-zag offset of the piercing pattern) and parallel. No initial
shift is assumed between them (i.e., a rectangular piercing pattern is produced);

e the stitching yarn consists of a single strand (in reality, it can be composed of several
twisted strands). This assumption is accepted due to a strong randomization of the
strand positions and shapes along the yarn path [2];

e the cross-section is circular along the through-the-thickness yarn path. The yarn
flattening is optionally modelled only at the preform surface, to avoid segmentation
of the surface plies in an FE model (since the yarn diameter can exceed the ply
thickness, and the latter can be cut if the yarn is sunk into the preform). The cross-
sectional area is preserved constant along the yarn (just to simplify the FE model);

¢ the through-the-thickness yarn path is either straight or helical (spiral built around
an imaginary straight line). In reality, it can be inclined due to a local deformation
of the preform during the stitching, draping, compression in the mould, etc. This
can play a role for the out-of-plane stiffness but is difficult to be accounted for
without an unnecessary complication of the model;

e elastic yarn bending is assumed in some cases; in other cases, the yarn bent shape
is defined reasoning from purely geometric considerations (straight lines, arches);

¢ the backside loops are placed regularly. Their height is equal and a little reduced
if compare with the measured one. This allows avoiding interpenetrations of the
stitching yarns that is important for the FE model discussed in the next Section.

The geometrical models of the stitching loop and stitched preform are shown in Fig. 7. In
the latter case, for better visualization, the stitching loops are not sunk and flattened.

Figure 7: Models of the stitching loop repeat (left) and stitched preform (right).

To calculate the homogenized elastic properties, the method of inclusions [8] is used,
which is implemented in TexComp software. In the computational scheme, the model
thickness is reduced atrtificially to achieve the nominal one (5.32 mm), thus “nesting” the
inclusions into the volume having the correct average



Table 4:Material properties estimated using the Chamis' formulae (moduli are in GPa)
Vi, % Er Er Ez Grr Grz Gz vir Vvrz vzL
ply, no openings 58 1685 86 7.2 57 23 2.8 0.255 0.373 0.012
ply, with openings 62.1 1800 90 75 6.0 25 3.0 0.253 0.361 0.013
stitching yarn 90.7 216.0 11.7 117 733 4.7 733 0.234 0.237 0.013

Results are listed in Table 3 and are in a good agreement with the experimental data. The
difference can be due to natural reasons: 1) inaccuracy in the material properties (which
can differ a little from the nominal values) and 2) neglected deplanation and nesting of
the plies. There is also an error inherent for the homogenization procedure; particularly,
it assumes no free surfaces, while the laminate thickness is limited.

5. FEMODELLING

The meso-level FE analysis (meshing of the laminate and stitching yarn volumes, mesh
superposition technique) is performed using MeshTex/Sacom/M3 softwares [9].

To decrease the computational costs, itis interesting to access the influence of the stitching
yarn and openings on the FE results; the stitching loop is quite complex, and if it is
possible to obtain reasonable estimations of the composite properties without the stitching
included, e.g. as done in [10], then pre-processing of the FE model can be much easier.
Thus, the FE analysis is performed for several models of different complexity: 1) only
laminate without stitching and openings, 2) without stitching but with openings, and 3)
with stitching and openings. In the last two variants, the local fibre re-orientation around
the openings is accounted for also, following the procedure proposed in [7]. Both the
opening an area of misaligned fibres are modelled as ideally rhomboidal.

For simplicity, textile structure of the plies is neglected, and they are modelled as UD mats
having the same averadé of the carbon fibres as the initial fabric. This is a reasonable
simplification due to compact placement and a low crimp of the carbon-fibre tows in
the relaxed fabric. Polysulfone yarns are not modelled also, since their stiffness and
strength are similar to these of the matrix material, Table 2. The homogenized orthotropic
properties are determined using the Chamis’ formulae, Table 4.

The stitching loop is meshed using the centerline coordinates and cross-sections imported
from StitchTex geometrical model described above, Fig. 7(left). As noticed in the previous

/

Figure 8: FE mesh of the laminate and stitching loop (5312 elements in total). For the
backside ply, the opening is shown in pink, and the area of re-oriented fibres — in yellow.
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Figure 9: Typical stress distributions (a-sg) and damaged elements in the yarn loop (d,

mode T&LT, marked red) under loading ifi @irection at 0.1% average strain.

(a) no stitching (b) face, stitching (c) back, stitching
Figure 10: Damaged elements in the surface plies (mode L, marked white) under loading
in 90° direction at 0.8% average strain.

Section, the cross-sectional area is preserved to be constant along the stitching loop, and
only the shape changes (ellipse with different axes ratio).

The FE models of the laminate and stitching loop are shown in Fig. 8. Te fik%.32 mm

unit cell, the backside loop of the stitching yarn is meshed in two parts. Periodic boundary
conditions (translation symmetry of the unit cell) are applied in the model plane.

To obtain the elastic properties, the model is sequentially loaded am@® 90 directions

by applying 0.1% strain. Results are given in Table 3 along with the test data and
theoretically estimated values; they are in a good agreement. Typical stress distributions
are shown in Fig. 9. It is seen that the opening results in a prominent disturbance of the
stress field; introduction of the stitching loop causes even greater stress concentrations.
However, the effect on the stiffness matrix in very small, less than 3%. The exception is
the out-of-plane stiffness, which rises in 7% if the stitching loop is superimposed.

The damage onset and propagation are calculated also, using the Hoffman’s criterion; the
damage mode is set by the maximum value among the corresponding stress-to-strength
ratios. It is obtained that the stitching loop triggers the damage onset, which appears
earlier than in the case with the opening but without the loop. The damage growth is also
more extensive in the former case as revealed by Fig. 10. The damage onset stresses are
given in Table 3 and are in a good agreement with the test data.

6. CONCLUSIONS

This paper deals with a case study of the meso-level geometrical and FE modelling of a
structurally stitchedvovenlaminate. The main results are
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e the structural stitching produces a negligible influence on the in-plane components
of the homogenized stiffness matrix. Accounting for the stitching loop is important
only for the transversal stiffness and related constants. Thus, relatively simple
models without openings can be used to obtain the stiffness matrix;

e however, the stress-strain fields are sensitive to a local geometry, which can play the
role of a stress concentrator and trigger damage. Therefore, presence of the stitching
yarn and openings, as well as specifics of their modelling is important for a correct
computation of the damage onset and propagation. Of course, word “correct”
should be understood here in a relative sense due to a strong randomization of the
micro- and meso-level internal structure of a real composite;

e for a typical structurally stitched composite, FE simulation results and theoretical
estimations (method of inclusions) are compared with experimentally measured
properties. They agree well thus showing efficiency of the developed models.
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