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Abstract

Novel technique to produce 3D multiaxis woven preform has been developed and presented in
this paper. Geometric characterization for the produced samples using the advanced machine
prototype has been carried out based on analyzing the captured micrographs for the cross
section of the impregnated samples. The geometry of the yarns within the structure (yarns
cross section shape and area and the yarns path) was investigated in addition to measurement
of geometric parameters of the yarns and the unit cell. The acquired geometric data serve
also in construction of a geometric model for this structure and better understanding the
effect of the structure geometry on its mechanical performances.

1. Introduction

The laminate composite material, made by stacking several layers of 2D fiber reinforcement
without fibers through thickness link, has high sensibility to delamination fracture and low
impact resistance [1,2]. Therefore, many studies focus on evolving the 3D fiber reinforced
composite structure by working on insertion of fiber reinforcement in the through thickness
direction using different textile technologies. The 3D weaving technology appeared as good
solution, where it allows the fabrication of continuous woven preforms composed of several
in-plane yarns layers (warp in 0° and filler in 90°) linked together by yarns passing in the
through thickness direction of the fabric called binder yarns or weaver yarns. The 3D woven
composite showed high fracture toughness and high delamination resistance compared to
equivalent laminates composites [3,4]. However, the abrasion of the yarns on loom
machineries and the waviness of the in-plane yarns in the through thickness of preform cause
degradation of the in-plane properties [5,6,7], in addition to the impossibility to align in-plane
yarn other than 0° and 90°. Therefore, the 3D multiaxis weaving technology has been
developed to enable insertion of in-plane fiber reinforcement in a direction +/-0° in addition to
0° and 90° [8,9]. To assess the effect of the biases yarns on the elastic properties of
composite, numerical mechanical analyses for the 3D multiaxis woven composite has been
earlier executed [10] after construction of predictive geometric model [11]. A significant
improvement regarding the in-plane out-of-axis performance and the shear properties were
noticed for the 3D multiaxis woven composite when compared to equivalent 3D orthogonal
woven composite. That encouraged to developing this weaving technology. Several patents
[12] have been published dealing with this technology, but they are still under development
and require more optimization. In this paper, the principle of the developed prototype of
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multiaxis weaving loom is presented with identification of the geometric properties of
fabricated samples.

2. Multiaxis 3D weaving machine
2.1. Description of the multiaxis 3D woven preform

The multiaxis 3D woven preform is derived from the 3D orthogonal woven preform, in which
several layers of in-plane no-interlaced yarns (oriented in 0° or 90°) are linked together only
by binder yarns passing through whole the thickness of the fabric for each column of weft
yarns. The multiaxis architecture possesses additionally in-plane biases yarns oriented in +6°
and —0°. Thus, this preform was defined as “5-axis” denoting the axis of the constitutive yarns
of the preform, Figure 1.

Through
thickness

Figure 1: Schematic for the multiaxis 3D woven preform illustrates the 5 axial yarns structure.

2.2. Developed techniques in the multiaxis 3D weaving machine

As the 3D orthogonal interlock weaving technology in which multiple filler yarns are inserted
simultaneously in each weaving cycle, the multiaxis 3D weaving technology requires,
additionally, assuring the +/-0° orientation of the biases yarns within the structure. Therefore,
the biases yarns are translated transversally to the longitudinal axis of the loom one step for
each weaving cycle, as shown in figure 2. This transversal translation movement should be
with respect to creating a proper gap through which the binder yarns could be inserted at each
weaving cycle without crossing the other in-plane yarns to avoid abrasion and rupture of these
yarns. That implies the necessity of exact controlling the position of biases yarns and warp
yarns in the weaving zone to create the proper gaps. All the patents published in this domain
focus on realizing this transversal translation of the biases yarns. The proposed mechanisms
produce prefoms containing two successive layers of biases yarns in opposite orientation +/-
0° without the possibility to insert warp layer between them and they are limited concerning
the possible number of layers. The importance of introducing warp layer between two
opposite successive layers of biases yarns is referred to decrease the delamination stresses that
could appear between them at the free edge of preform, according to mechanics of laminate
composite [13,14], in the case of high angle between two successive layers.

In this project, the guide blocks technique has been used to control the movement of biases
yarns. In this technique, each individual bias yarn pass through one guide block. The total of
guide blocks displace together in closed cycle, when guide block arrives to extreme position
in the row, it move up/down to the next level, so, the associated yarn changes its orientation
from +6° to -8°. A warp yarns layer is inserted between the two successive opposite biases
layers by passing through the holes of fixed bar and all the guide blocks move around it
thanks to the special shape of the guide blocks and the bar. Otherwise, the transversal
translation of biases yarns on the weaving machine implies adapting the other mechanisms
required for weaving process.
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Five samples of multiaxis 3D woven architecture have been fabricated using this developed
prototype with variation of the linear density (denoted p) of the used yarns and their number
(denoted n") in the preform. All samples have the same number and order of layers as
following: 90°/ 0°/ -6°/ 0°/ +6°/ 90°/ +6°/ 0°/ -0°/ 90°, and the detailed manufacture and
weaver parameters are listed in table 1.
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Figure 2: trajectory of yarns in the weaving zone.
3. Geometrical characterization

The geometrical characterization of the fabricated samples is necessarily required to identify
the geometry of the component yarns within the structure and evaluate their geometrical
parameters. This evaluation will help, in the next work, on the first side to assess the effect of
the architecture, the manufacture parameters and the weaving parameters on the preform
geometry and on another side to evaluate their influence on the mechanical perormance.
Furthermore, this characterization aids to re-evaluate the earlier predictive geometric model
towards construct a more accurate RVE, serving in the mechanical modeling, as well to
improve the weaving process.

The geometrical characterization involves the microscopic observation of the component
yarns inside the structure and measuring the characterizing geometric parameters of the unit
cell (fiber volume fraction, proportion of each yarn sets, preform thickness, repeat
dimensions) and of the yarns (cross section dimensions and area, crimp of yarns).

3.1. Microscopic observation

The optical method could be used to observe paths and cross sections of the yarns inside the
preform by capturing images for the preform cross sections. But, cutting and manipulating the
dry preform lead to distortions of shapes and positions of yarns because of the poor cohesion
between fibers within the yarn. Therefore, the samples have been impregnated using a
transparent resin allowing the distinction between the yarns cross sections. Then, they have
been cut in four specific planes. These cut planes have been specified depending on the
position of the binder yarn and the crossing point between the two opposite biases yarns. Two
cut planes are in warp direction, one is through a binder yarn (denoted warp-a) and the other
is at the middle between two binder yarns (denoted warp-b). The other two planes are in filler
direction, one is when the crossing point of the two opposite biases yarns (+0° and —0°) is in
the plane of binder yarn (filler-a) and the other is when this crossing point is between two
binder yarns (filler-b).
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yarns | Fiber material | Unit | Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5
Warp E-Glass gKm| 900x3 | 900x3 | 900x3 | 2400x2 | 2400x 3
e Filler E-Glass gKm| 900x2 | 900x2 | 900x2 | 2400x2 | 2400x 2
uxn
Biases E-Glass gKm| 900x1 | 900x2 | 900x 1 |2400x 1 | 2400x 2
Binder Aramid g/Km 172 172 172 172 172
. Ay lI/em | 1,628 1 1 1 1
binder per cm
e 1/cm 2 1 1 1 1

Table 1: manufacture and weaver parameters of five produced samples.
3.2. Fiber volume fraction measurement

Two experimental methods could be followed [15]: density measurement method and resin
removal method. We followed the density measurement method involving the measurement
of the density of the produced composite, in addition to know the density of the component
yarns and that of the used resin. Then, the equation (1) could be applied to evaluate the fiber
volume fraction. Where, p. (g/cm’) is the density of composite sample, ps is the density of
used fiber, py, is the density of used resin and FVF is fiber volume fraction (%).

FVF (%) = ﬁ 100 (1)

3.3. Crimp measurement

The yarns are undulated into the through thickness of the fabric due to the interlacement
between the warp and filler yarns as in the 2D fabric or between warp and filler yarns from
different layers of fabric as in the 3D angle interlock. Further, the in-plane yarns could be also
misaligned in the fabric plane due to inappropriate weaving setting. Crimp percentage term is
used to express the measure of this waviness in yarns [16].

The crimp of in-plans yarns into the through thickness of fabric could be arisen even when
no-interlacement between in-plane yarns as for 3D orthogonal fabric by binder yarn pushing
filler yarns into through thickness also when compacting the preform through consolidation.
The waviness in the through thickness direction of the yarns affects strength, ductility and
fatigue life of woven composite [6]. Further, the misalignment of in-plane yarns from load
direction contributes to the formation of the kink band when compression of composite
structure [6]. Therefore, it is important to quantify the crimp of in-plane yarns in the
composite architectures. Further, this quantification aids to define the path of the yarns within
the structure through construction the geometric model.

Here, the crimp percentage for warp yarns, in through thickness direction of preform, is
measured on the captured micrographs. On the cut plane “warp-b” for all produced samples,
the length of center line of the warp yarns (L) is measured on a known straight distance (L).
The centre line is defined by spline passing through the midpoint of vertical segments
defining the thickness of the yarn, as illustrated in Figure 3. Then from the ratio of the
difference between the two lengths to the length (L) the crimp percentage is computed. In the
same manner, the crimp of filler yarns was measured on the two cut plane “filler-a” and
“filler-b”.
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3.4. Packing factor

The packing factor (pf) of the filaments inside the constitutive yarns indicates the contact
pressure applied by the surrounding yarns. That varies depending on interlacement
architecture of yarns and the fiber density in the unit cell. The higher value corresponds to
higher pressure on the perimeter of the yarn so smaller cross section area. Otherwise, the
packing factor parameter is essential to assigning the material properties of yarns in the
mechanical modeling since the yarn is considered as a composite material of fiber and matrix.
This parameter could be calculated by computation method consisting of implementing the
following equation based on the measured area of the yarns cross section (S [mm?]) in
addition to the linear density of the yarns (u [g/Km]) and the fiber density (p [g/cm’]).

u10-3
Sp

pf = (2)

4. Results and Observations

4.1. Measured parameters

On each micrograph, the yarns cross section is outlined and its area is measured using image-j
software tools, Figure 3. Also, the two dimensions; width (/) and height (/) of each yarn cross
section are measured then the aspect ratio (AR) between these two dimensions is computed.
In the same manner, the dimensions of the unit cell (Lw, Lf, H) for each sample are measured.
The fiber volume fractions of the five preforms were measured by “the density measurement
method”, and the results are reported in the table 2, where, the density of the E-glass fiber and
aramid fiber was 2.58gr/cm’ and 1.44gr/cm’ respectively, from the provided data sheet, while
the density of the used matrix was 1.142gr/cm’. The mean of the packing factor for the yarns
in the five samples is computed by equation (2) after measurement of the yarns cross section
area, Table 3.

A variation in order of 3.5% to 7% was noted for the total thickness values between the four
micrographs of each sample. The higher thickness is at “filler-a” and “warp-a” planes where
the binder yarn pass over the crossing of the two biases yarns (-0° and +0°), whereas the
lower thickness is at filler-b and warp-b where the crossing of the two biases yarns is between
two binder yarns.

4.2. Crimp percentage of in plane yarns

The mean and the standard deviation of the crimp percentage for warp yarns and weft yarns
are listed in Table 4.

As explained earlier, in the multiaxis 3D woven architecture, there is no interlacement
between the in-plane yarns that is why the measured crimp percentage for warp and middle
(inner) filler yarn is low whereas the extreme (outer) filler yarn shows higher crimp resulting
from the binder yarn, passing over it. With less yarns gap, the extreme filler yarn experiences
higher waviness at filler-b plane where the biases yarns crossing is not on binder yarn plane,
so binder is more able to push the outer filler yarns toward the preform centre. That is
corresponding to the thickness measurement results where lower thickness value is obtained
on filler-b plane. In the 2D plain fabric, the crimp percentage of the warp and filler yarns is
around 3-5%. Thus, the crimp of inner in-plane yarns, in through-thickness direction of
preform, could be negligible for this architecture.
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Figure 3: micrographs of cross sections of sample-1, a) at cut plane warp-a, b) at cut-plane warp-b. Green line

for the centre line of warp yarn, red outline for filler yarn and yellow outline for biases yarns.

sample-1 | sample-2 | sample-3 | sample-4 | sample-5
| FVF [%] 31,12 25,02 26,35 33,13 34,95

Table 2: Fiber Volume Fraction percentage of the five samples.

Yarns Sample-1 Sample-2  Sample-3  Sample-4  Sample-5
Warp 0,51 0,43 0,44 0,51 0,47
Filler-middle 0,54 0,48 0,53 0,52 0,52
Filler- extreme 0,41 0,39 0,42 0,44 0,39
Filler- under z 0,56 0,55 0,77 0,67 0,65
Bias 0,48 0,46 0,45 0,52 0,55
Binder 0,40 0,39 0,34 0,34 0,38

Table 3: the mean of the computed packing factor for the yarns in the five produced samples.

cut plane sample-1 | sample-2 | sample-3 | sample-4 | sample-5
Warp yarn | warp-a 0,04 0,14 0,19 0,10 0,07
outer 0,02 0,23 0,08 0,13 0,08
filler-a
Fill inner 0,01 0,16 0,05 0,13 0,07
feryam outer 0,21 0,05 0,03 0,29 0,28
filler-b |
inner 0,04 0,04 0,01 0,01 0,00

Table 4: Crimp percentage of warp yarns in the five samples.
4.3. Cross section of filler yarns

The shape and the area of the filler yarns cross sections, on the same cut-plane, vary in
function of its location through the thickness inside the preform due to the interaction and the
contact with surrounding yarns. At the cut plane “warp-a“, we can distinguish three sections
for filler yarns, figure 3-a. At mid-plane of preform, the filler yarn section, denoted “middle”,
has lateral contact with binder yarn, which has vertical trajectory at mid-plane, and contact on
upper and lower surfaces of its section with two adjacent bias layers. So, it has more tend to
rectangular cross section shape. Otherwise, the filler yarn at the two extreme surfaces of
preform has two different sections both of them have one contact surface with the next warp
yarn layer. However, the first section, denoted “filler- under z”, when binder yarn passes over
filler yarn it takes semi-elliptical cross section shape with less cross section area (higher
packing factor) comparing to “middle”, table 3. Contrariwise, the second section, denoted

6
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“extreme” no binder yarn passing over it so less contact pressure resulting in higher cross
section area (lower packing factor) with more elliptical shape. At the cut plane “warp-b”,
Figure 3-b, as this plane is between two binder yarns just the two cross sections “middle” and
“extreme” are noted.

Furthermore, concerning the regularity of the area of the filler middle section across the cut-
planes, a low variation is observed whereas a more important variation regarding the AR.

4.4. Cross section of Warp and biases yarns

The variation of the bias and warp yarns cross section area between the cut planes is less than
7.12% and 9.48% respectively. Otherwise, the variation of AR, signify the variation of the
shape, is more important and more dispersed; further, it could be related oppositely to yarns
counts per unit cell. However, the variation of AR for warp yarns cross section is less
important than in bias yarns and it is more stable between the two planes. That is attributed to
the variation of the contact with surrounding yarns along its trajectory inside the structure due
to the passage under binder yarns. Where, as shown in cut plane type “a”, the bias yarns pass
between two through thickness plane of binder yarns so higher lateral pressure resulting in
lower AR. However, as no binder yarn is in cut plane type “b”, less lateral pressure resulting
in higher AR and elliptical cross section shape are noticed.

Concerning the repeatability at the same cut-plane and between the unit cells, the variation of
the area for the bias and warp yarns is approximately about 10%, while the variation of the
AR is more important and more dispersed. That is could be referred to the yarns gap
parameters, where the variation is less important with poor yarn gap. Also that is related to the
weaving process because of the manual functioning of the mechanisms.

4.5. Path and cross section of binder yarn

As illustrated in Figure 3-a, the binder yarn could be divided into two parts; through thickness
part and crown part (passing over filler yarn and appears on the top and bottom surfaces of
preform). The inclination angle (o) of the through thickness part of binder yarn relative to
horizontal mid-plane of preform was measured as shown in Figure 3-a. This angle a is varied
between 90°-93° for samples (1, 4, 5) and 65°-80° for samples (2, 3). It is affected essentially
by count per unit length and linear mass density of the filler and biases yarns in a unit cell of
the structure and the preform thickness. For higher fiber content it tends to 90° whereas it
decreases with less fiber content. Otherwise, the shape of the binder yarn cross section varies
along its path. This variation may be noticed through monitoring its thickness. The thickness
of through-thickness part is more important than at crown part (flatten or semi elliptic cross
section) and that is attributed to the contact conditions with the surrounding yarns.

Conclusion

The prototype has been developed showing the possibility of fabrication of a 3D multiaxis
woven preform with biases in-plane yarns oriented around + and — 45° with separation the
two successive layers of biases yarns by a warp yarns layers. In the realized geometric
characterization for the produced samples, the component yarns geometric parameters (cross
sections dimensions, area and filament packing factor) as well the unit cell parameters (unit
cell dimensions, preform thickness, FVF) are measured.

The binder yarns have not an exact vertical path in the preform through thickness, but it
depends on the count per unit length and the linear density of filler and bias yarns and the
preform thickness. It could be accepted a uniform and constant cross section area for warp
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yarns also for bias yarns whereas for filler yarns its cross section shape and area vary
depending on its position within the structure. Low crimp percentage was noticed for in-plane
yarns in the though thickness direction of the preform but the outer filler yarns shows more
important crimp at the crossing over by binder yarns. Otherwise, the crimp should be re-
evaluated also after the consolidation of the preform with compaction as in the case of RTM
process. The in-plane yarns in the closed-packed preform keep their initial arrangement and
show less crimp percentage than the more opened-packed one.
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