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A mathematical model has been developed to describe the structural geometry of three-
dimensional textile preforms made by the two-step braiding process. These structures consist
of parallel yarns, interconnected with braiding yarns, that lie in complex spatial orientations.
The model predicts structural features such as fibre orientation, fibre volume fraction, and
interyarn voids from the key process variables of braiding pattern, advance rate, and yarn
geometry. The limiting geometry was computed by establishing the point at which yarns jam
against each other. Using this factor makes it possible to identify the complete range of
allowable geametric arrangements for this type of preform. Experiments of several bare and
impregnated samples confirmed the theoretical predictions and demonstrated that very high
fibre loadings (above 75% fibre volume fraction) could be achieved. The modelling technique
used a “unit cell” approach, which can be applied to many other types of preform for

advanced composites.

Nomenclature

Kk fibre packing fraction (fibre-to-yarn area ratio)

N, number of rings in idealized yarn with open
packing

N; number of filaments in yarn

f.  aspect ratio of axial yarns (as defined in Equa-
tion 3)

f,  aspect ratio of braiders (thickness to width)

f aspect ratio of braid completed (thickness to

width)

angle of braider yarns to braid surface (in end

projection)

yarn dimension {m)

braid thickness (m)

braid width (m)

number of axial columns

number of axial layers

angle of braider yarn to axial yarn (braider yarn

orientation)

pitch length for two braiding steps (m)

yarn linear density (kgm™')

T
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1. Introduction

A number of three-dimensional fabrics, sometimes
referred to as preforms, have been developed for re-
inforcing composites. These fabrics, which can be
made quite thick (up to about 0.5 m), offer advantages
over conventional weaves that are layered to form
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p  fibre density (kg m™3)

L, length of braider in a unit cell (m), P1 to P2 in
Fig. 6;

L, projected iength of L, (m)

V' volume of yarn or void component in a unit cell
(m?)

v, fibre volume fraction — all fibres to total volume

v,  braider volume fraction — braider fibres to total

fibres

void volume fraction — interyarn voids to total

volume

Subscripts

refers to theoretical open packing
refers to theoretical close packing
refers to axial yarns
refers to braiders
,n refer to axial yarns on braid face (see Fig. 5)
refers to total unit cell
refers to jamming point

— e~ g o®oo0

composites. The three-dimensional fabrics provide
enhanced properties and the possibility for near-
net-shape reinforcement.

A key property of three-dimensional fabrics is their
ability to reinforce composites in the thickness direc-
tion. Unlike conventional laminates, three-dimensional
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fabrics include fibres that interconnect layers
and are oriented at angles to the plane of the com-
posite. This construction reduces the usual tendency
toward delamination. Perhaps the most important
feature of the three-dimensional fabrics is the possibil-
ity of fabricating a wide range of complex shapes
ranging from solid rods to I-beams and thick-walled
rocket nozzles. Making these shapes integrally, rather
than from layers, eliminates the need for cutting fibres
to form joints, splices, or overlaps with the associated
local strength loss. Direct formation of integral shapes
also offers the possibility of greatly simplifying the
composite’s manufacturing process.

Other methods of reinforcing composites, such as
filament winding, also provide near net shapes. How-
ever, only fabric preforms fully interconnect the
fibrous array to provide both through-thickness prop-
erties and -a “stand alone” structure that is stable
without a matrix.

Processes for making three-dimensional fabrics
continue to be developed. The principal methods in-
clude variations of the traditional textile processes of
weaving, knitting, and braiding.

Weaving can be done by using either conventional
looms with multilayer constructions or entirely new
equipment. Knitting can be used to interconnect fibre
arrays that have been arranged by other techniques.
Knitting can also be used to create shapes (by meth-
ods similar to those used in making sweaters). Braid-
ing can form shapes either by overbraiding mandrels
in conventional circular machines or by using new
braiding patterns to form solid shapes directly.

Three-dimensional braids have been produced on
traditional horn-gear machines for ropes and packings
in solid, circular, or square cross-sections. However,
this type of machine uses only a small number of yarn
carriers ( < 24) and cannot form complex shapes.
Their applicability to composites is therefore limited.
A number of new machines without the traditional
horn gears have been developed to create complex
shapes. The new braiding processes include: two-step
[1], AYPEX [2], interlock twiner [3], and row and
column [4] (also referred to as omiweave, magna-

weave, through-the-thickness, and four-step, respect-:

ively, in the literature).

The analysis presented in this paper applies to the
two-step braid. This structure includes a large number
of parallel (axial) yarns aligned with the basic struc-
ture for efficient reinforcement and a smalier number
of braiding yarns (braiders) that form the shape and
interconnect the fabric.

A generalized schematic of a three-dimensional
braiding process is shown in Fig. 1. Axial yarns, if
present in a particular braid, are fed directly into the
structure from packages located below the track plate.
Braiding yarns are fed from bobbins mounted on
carriers that move on the track plate. The pattern of
motion of the braiders relative to each other and the
axial yarns establishes the type of braid being formed,
as well as the microstructure.

In the two-step braid, the braiders move according
to the pattern shown in Fig. 2. They are arranged
around the perimeter of an axial array as shown. It is
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Figure ! Schematic drawing of a two-step braider.

important to note that this axial array can be arranged
In essentially any shape, including I-beams, box
beams, circular tubes, and others. In each case, the
braiders move through the axial array in two sequen-
tial steps as shown. In the first, the braiders all move in
one diagonal line but in alternating directions. In the
second, they move along the other diagonal as shown.

Although the machine action consists of only two
steps, each braider moves through a large portion or
even all of the structure. This can be seen by tracing
the path of a single braider subjected to the repeated
two steps of machine action shown in Fig. 2. The
paths followed by all braiders will completely inter-
cinch the axial yarns and lock them in the desired
shape.

Compared with other three-dimensional braiding
processes, two-step braiding has several distinct ad-
vantages. A relatively simple sequence of braider mo-
tions can form a wide range of shapes. During each
step of the process, all the braiders are simultaneously
outside of the axial array, and it is then possible to add
various inserts to the structure or even rearrange the
axial array geometry. Furthermore, this structure can
be made with a high level of fibre packing, as will be
shown, and it includes a large number of axially
oriented fibres as needed in many applications.

The two-step process has motivated a number of
researchers and these studies have been reported.
El Shiekh and Li modelled the microgeometry using
idealized circular yarns [5]. Several investigators have
evaluated the mechanical properties of consolidated
two-step composites [6, 7]. The present paper includes
a microgeometric model of this structure based on
experimental observations. Measurements are also
made to confirm the basic theory proposed.

2. Analysis

Our analysis provides the basic description of the
microgeometry of two-step braids. The key inputs are
(1) the size, type, and shape of each of the two yarns
used, braiders and axial yarns; (2) the braid pattern
(size of axial array); and (3) the advance rate during
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Figure 2 Two-step braiding pattern showing the relative motion of yarns. (a) Step 1, (b) Step 2.

braiding. The key outputs are braid dimensions, fibre
orientation, interyarn void content, fibre volume frac-
tion, and geometric limits imposed by yarns jamming
against each other.

Although shaped parts are of greatest interest for
this type of structure, the analysis has been done on a
rectangular cross-section. We believe that the results
of this relatively simple structure provide approximate
solutions for shaped parts. The methodology de-
veloped here regarding yarn cross-sections, unit cells,
and yarn jamming can be used to analyse more com-
plex shapes, as well as other types of three-dimen-
sional fabrics.

2.1. Assumptions and limitations

1. Multifilament yarns are used for both braiders
and axial yarns. These yarns are made of a large
number of filaments, and they can readily deform their
cross-sections to prismatic shapes as they flatten
against each other.

2. Round filament cross-section.

3. Filaments are parallel along the yarn length, i.e.
zero twist.

4. Yarn tensions are high enough to ensure straight
yarn path, except for the braider yarns, which are bent
around the braid surface.

5. Inextensible filaments.

6. Rectangular braid shape with low aspect ratio —
thickness to width.

2.2. Packing of fibres in a yarn
The fibre volume fraction of a three-dimensional
fabric depends on the level to which yarns pack
against each other in the structure and the level that
fibres pack against each other in a yarn. In this section,
we describe two methods for estimating interfibre
packing, using methods reported in the textile literat-
ure; a later section covers yarn packing in the fabric.
The geometry of interfibre packing in yarns has
been studied by a number of researchers primarily for
textile applications [8]. Two basic idealized packing
forms were identified: open packing, in which the
fibres are arranged in concentric layers, as illustrated
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Figure 3 Fibre packing in yarns: (a) open-packing in circular yarns;
(b) close-packing in hexagonal yarns; (c) open-packing in diamond-
shaped yarn; (d) close-packing in diamond-shaped yarn.

in Fig. 3a; and close packing, in which the fibres are
arranged in a hexagonal pattern as in Fig. 3b.

In open-packed yarns the packing fraction, defined
as fibre to yarn area ratio, has been computed as a
function of the number of fibres. If the outer ring is
completely filled and the fibres are circular, the pac-
king fraction can be shown to equal

L NN, - D+ 1
° (2Nr - 1)2

where N is the number of rings and its relationship to
the number of yarns, N;, is given by

1 1 1 172
N, = - — 4+ (N — 1 2
: 2+[4+3(f )J @
For large numbers of fibres this packing fraction
approaches 0.75.
In close-packed yarns, for any number of circular
fibres if the outer layer is completely filled, the packing
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fraction can be shown to equal the area ratio of a circle
to an enclosing hexagon.

T

K =

¢ T 2317
= 091 3)

The level of packing fraction predicted by the two
models assumed circular and hexagonal yarns, re-
spectively. However, as shown in Fig. 3¢ and d, they
‘apply equally well to other shapes if the number of
fibres is sufficiently large.

In addition to the level of packing fraction, the
fibres also establish the yarn cross-sectional shape, i.e.
yarn packing in fabrics. This shape plays a significant
role in determining how many fibres can be packed
into a fabric. In the textile literature, the yarns are
often assumed to have a circular cross-section [9, 10].
However, it has been shown that even highly twisted
varns deviate significantly from circularity and the
yarn cross-section varies considerably for different
types of fabric. Many attempts have been made to
develop more realistic geometrical models for fabrics
by assuming shapes such as elliptical and race-track
sections [11].

In the experimental phase of this study, discussed in
a later section, we found that the yarns in two-step
braids tend to be prismatic. The axial yarns have
diamond cross-sections and the braiders are rectangu-
lar. The packing fraction was measured to be 0.78,
after consolidation for all yarns. This level lies between
the predicted levels of 0.75 and 0.91. The observed
yarn shapes were used to develop the fabric geometry
model.

Factors that affect both fibre and yarn packing
include yarn tension, interyarn contact, yarn twist,
fibre cross-section, fibre straightness, manufacturing
method, and fabric geometry. Precise description of
actual fibre packing in a particular yarn and yarn
packing in a particular fabric is possible only from
experimental observations.

2.3. Yarn cross-section

The previous section dealt with the number of fibres

that can be packed in a yarn. In this section, we
develop a model for the yarn cross-section as it occurs
in two-step braids. The model assumes that the yarns
have cross-sections as shown in Fig. 4 directly after
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Figure 4 Cross-sections of axial yarns in a rectangular braided
preform before consolidation.

Figure 5 Cross-sections of axial yarns in a rectangular braided
consolidated composite.

braiding. After matrix addition and consolidation, the
fabric is assumed to be flattened as shown on Fig. 5.
The axial yarn cross-section depends on its location in
the fabric. Central yarns, which form the bulk of the
structure, are diamond shaped. Axial yarns on the side
and corners of the structure are pentagonal as shown.
Braiding yarns, which are not shown in Figs 4 and 5
for reason of clarity, are assumed to be rectangular.

In our experiments we found that yarn cross-
sections corresponded closely to the assumed shapes
of Figs 4 and 5.

The aspect ratio of axial yarns, f,, is related to the
inclination angle of the braiders to the fabric plane by

a

L=

= tanvy 4)

This aspect ratio, f,, can vary significantly because of
braider yarn tension or external compression applied
at the forming point during the process. It can also be
changed by compacting the entire braided preform to
a specified braid aspect ratio f before or during resin
impregnation. These aspect ratios affect the shape of
the final braid (macrogeometry) as well as the braider
yarn orientation angle, o, and fibre volume fraction, v;
(microgeometry).

With unit axial aspect ratio (y = n/4), the cross-
section of the centre axial yarns becomes square. In
this special case, as will be shown, the fibre volume
fraction is at a maximum.

The axial yarn dimensions can be calculated from
the cross-section of the consolidated braid in Fig. 5.
These relations are given in terms of yarn area and
inclination angle. The yarn area is in turn evaluated
from its linear density and the fibre packing fraction
and density.

k 1/2
S, = | — 5
: [paxa sin(zv)] ®
A, — 054
S — n a
" 28, P, %, CO8 Y ©)
Am — 0.5
S = -m T2 7
" 28, p.x,siny @

The parameters %,, A, and i, are the linear density of
the centre and both “side” axial yarns, p, is the fibre
density, and x, is the packing fraction. The assump-
tions of A, = 0.5, and A, > 0.5, are implied in the
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expressions above to ensure positive values of S, and
S,. Also, the packing fraction x, is assumed to be
constant for all axial yarns.

The braiding yarns are shown in Fig. 6 for two steps
of the braiding pattern as indicated. These yarns are
assumed to be rectangular with aspect ratio, f,. The
aspect ratio is usually much less than unity because of
compression by the axial yarns. Its level can be ad-
justed by such factors as yarn tension and lateral
compliance. The dimension of a braider yarn can also
be calculated from its packing fraction (x,), yarn
linear density (A,), and fibre density (py).

A 1/2
s - [5] ®

2.4. Model of a unit cell of the three-
dimensional fabric

In this section we develop the basic relations of macro
and microgeometry for the rather complex three-
dimensional structure of two-step braids. The key
outputs are the fibre orientation and the volume of
each component — braiding yarns, axial yarns, and
interyarn voids.

This computation employs the technique of a “unit
cell”, which repeats throughout the structure. In many
fabrics such a unit cell is readily identified, but in
fabrics of this complexity it can be very difficult to
define. Fig. 7 shows the unit cell identified for this
analysis. There are four such symmetrical cells, label-
led A-D, which repeat as a group. Because of the

(a)

n—e/® & & & 0\0 @

Figure 6 Path of one braiding yarn in fabric: (a) braid pattern; (b)
end view; and (c) top view.
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symmetry, any one can be used to find the required
relations.

The length of the unit cell in Fig. 7 is the length of
braid formed in one of the two machine steps. This
length is actually half of the fabric pitch length, as
shown in Figs 6-9. Five layers are shown in Fig. 7, but
the computation permits an arbitrary number to be
used. The number of columns, however, has been
assumed to be very large so that the rather complic-
ated edge effects can be avoided. Fig. 8 shows the
difference between finite and infinite columns and the
effect on braider paths.

The width and thickness of the braided preform can
be computed from Figs 5 and 6 in terms of the basic
input variables. Note that, in this portion of the
computation, the restriction of infinite numbers of
columns is not imposed. The resulting relations can be
shown to equal

w o= (m— 1)555Y v ©)
‘=" ; lcjsy v (10)
where
v, = sin(2y) +% + )"“S;p?éka - 1_ ;o an
U, = sin(2y) + % + X“S;p?:fa " i o (12)

From Equations 9 and 10, the aspect ratio of the
braided preform can be obtained

P
w

n— 1,
m—lﬂ

An important special case exists if the linear density of
each side axial yarn (A, and A,) equals half that of the
centre axial yarns (A,). In that case, {, =\, and
Equation 13 simplifies to

Ja (13)

L
2

n—1

— 14

1
f=h

With a known or preset f, the aspect ratio of axial
yarns, f,, can be calculated from Equation 13 or estim-
ated from Equation 14.

The braiding yarn orientation can be determined by
computing the projected length of one braider in the
end view of the structure (points P1-P2 in Fig. 6),
which is the projected length in a unit cell. Note that,
although the angle of the braiders to the axial yarns
remains constant and equal to a, it appears to vary on
the top view in Fig. 6. This apparent variation occurs
because the length of braider moving through the
fabric has a different projected angle than one moving
on the fabric surface. The projected length, L, equals

L, = tcosecy + 2S,(1 — cosecy) + 2S5,cosy

(15)

P
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Figure 7 Unit cell modc! of three-dimensional fabric showing four symmetrical repeating cells. Each one includes a braiding yarn and a
number of axial yarns.
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Figure 8 Effect of fabric width on braid geometry: (a) top view of finite-width preform; (b) infinite-width preform.
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The braider yarn angle is then simply given by

tan_l[zhﬁ] (16)

The volume of each component in the structure can be
determined by computing the total length of one
braider in a unit cell.

o =

L, = —©*

= 1
2cos o (17

The volume of braiding yarn in a unit cell can be
shown to equai

o= Lbfbsl?; (18)

Similarly, the volume of axial yarns in a unit cell
equals

h
V, = ESa[(n — 1)§,sin(2y) + 48,cosy] (19)
And the total volume of a unit cell equals

W= "4+ gbeb[(n - DS, + L] (20
The fibre volume fraction, v; (total fibre volume/unit
cell volume), the braider fibre volume fraction, v,
(braider fibre volume/total fibre volume), and the
volume fraction of the void space, v, (volume of inter
yarn voids/unit cell volume), can then easily be com-
puted from Equations 21-23

Vix, + ok,

= -22a ' b7 21

Ug | v (21)

oKy

= b 22

T Yk, + Hke ®)
o+ N

=1- 23

vy 7 (23)

2.5. Criterion for yarn jamming
The geometric structure of any three-dimensional

fabric is limited significantly by the action of yarns.

jamming against each other. The model given in the
previous section does not consider this limitation.
When yarn jamming is included, the allowable fabric
states are reduced. In this section, we develop the
quantitative limits associated with this action in a
two-step braid. It is interesting to notice that the
mechanism of yarn jamming, although discussed fre-
quently in the textile literature, is often neglected in
the analysis of composites.

In two-step braids, the fabric geometry has no limits
as the braider angle becomes very small. In that case,
the braiders approach an array parallel to the axial
yarns. However, as the pitch length is reduced, the
braider angle increases, and a point is reached in
which the yarns jam against each other. If all other
parameters remain constant, the pitch length cannot
be reduced further.
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Figure 9 Surface geometry of braid at jamming point.

The point of jamming is shown in Fig. 9. Compare
the unjammed view of Fig. 8b. The specific yarn-to-
yarn contact point is shown, together with the per-
tinent fabric parameters. Surprisingly, this rather com-
plex limiting fabric state can be described simply by

28,
L= 4
& sina 24

where h; denotes the pitch length at jamming point.

In a narrow or finite width structure, the geometry
becomes considerably more complex due to end ef-
fects. Fig. 8a shows the yarn path for a structure seven
columns wide. Note that the braider crossing points lie
on an angled line. In an infinitely wide structure,
Fig. 8b, these crossings lie perpendicular to the braid-
ing direction. The jamming point as given above
applies equally well to finite-width structures.

Owing to the end effect of finite-width structures,
the orientation angle of all braiders are not equal. The
braiders passing through the side face of the fabric will
have less length in a braiding step. However, because
all yarns are advanced at the same rate, the pitch
lengths of all braiders are equal, and the “end” braid-
ers will lie at a somewhat lower angle than those
passing through the centre of the structure.

The point of jamming not only gives the boundary
condition for the fabric model, it also provides an
important process limitation. During braiding, it has
been observed that, as long as the fabric is advanced
fast enough to avoid jamming, the point of conver-
gence is stable in space. Under this normal process
condition, no beat-up mechanism is required, and the
braid pitch length equals the braid take-up length in
each machine step. If for any reason, the advance rate
is reduced and the pitch length drops below the
jamming level, the convergence point will automatic-
ally move closer to the braiding plane until no further
braider motions are possible and the process breaks
down. This condition occurs because the pitch length
in the fabric becomes greater than the length advanced
by the machine.



3. Experimental procedure

A number of two-step braids were made on laborat-
ory-scale equipment similar to that shown in Fig. 1.
The details of these samples are given in Table I. The
bare fibre preforms (Braid I) were rectangular in
cross-section, consisting of twelve-column by five-
layer axial yarns (Kevlar® 49 with a linear density of
9.57 x 1073 kg m~}) and fifteen braiding yarns (Kev-
lar 49 with a linear density of 2.39 x 10" *kgm™?).
The consolidated samples (Braid IT) were also rectan-
gular in cross-section, with seven-column, five-layer
axial arrays and ten braiders as shown in Fig. 3. All
axial yarns were made of Kevlar 29 with a linear
density of 3.33 x 1073 kgm™? (30000 denier, denier
= ¢g/9000 m) and 27273 filaments. Kevlar 49 was
used for the braiding yarns. They were much finer
than the axial yarns with a linear density of 2.53
x 107* kgm™! (2280 denier) and 2072 filaments.

The braided preforms (Braid I1) were inserted into a
metal mould and impregnated with a polymeric ma-
trix by resin transfer moulding. The epoxy resin sys-
tem used consisted of a mixture of 70 parts of Epon®
Resin 9405 by weight and 30 parts of Epon Curing
Agent® 9470, Both the metal mould and resin mixturé
were preheated to 100 °C. The resin was injected into
one end of the preform under pressure while the other
end was subjected to vacuum. Although the fabric was
quite dense, the resin flowed throughout the preform.
The impregnated material was held in the mould at
150°C for 3 h to cure the resin.

It was observed that the preform surface, which was
relatively rough, followed the general contour of
Fig. 4. After consolidation, the surface was flat, re-
sembling that shown in Fig. 5.

Cross-sections of samples after impregnation (Braid
IT) are shown in Fig. 10. These photomicrographs
confirm the basic assumptions regarding the shape
and packing of the component yarns. The axial yarns
were clearly diamond shaped and the braiders were
approximately rectangular. The cross-sections were
evaluated on a computer-based image analyser to
determine the level of fibre packing. As shown in
Table I, the yarn packing fraction was found to aver-

age 0.70 for the bare fibre preforms (Braid 1) and 0.78-

for the consolidated composites (Braid II).

TABLE I Theoretical and experimental results

Fibre volume fraction was determined from meas-
ured dimensions and component weights. Fibre ori-
entation and yarn aspect ratio were measured from
the photomicrographs.

4. Results and discussion

Using the equations developed in the analysis, we
established the key relations between process vari-
ables and fabric geometry. Some of these results were
compared with measured values, as will be discussed.
In addition, we found that the range of allowable
fabric structures for this type of braid is limited to
special parameter combinations, as dictated by effects
such as yarn jamming and fibre packing.

The microgeometric parameters of the test samples
were compared with computed values and are sum-
marized in Table I. Both a bare fibre preform and a
consolidated composite are included. Note that these
materials differ in both yarn size and braid pattern.
There was excellent agreement between measured and
predicted levels of fabric dimensions, fibre orientation,
and fibre volume fraction. The relatively high levels of
fibre volume fraction for both the preform and com-
posite are characteristic of this type of structure. The
experiments reported are not intended to cover a wide
range of variables, but rather to confirm the validity of
the model developed.

The results of the geometric analysis can be re-
presented in many ways, and the selection of relations
evaluated depends on the specific technical need. We
have focused on fibre orientation angle and fibre
volume fraction to describe the braid geometry. The
relationship between these variables and the process
parameters is shown in Figs 11-15. All variables are
given in dimensionless form, and in each case show a
number of variables were fixed.

The fibre volume fraction relation in Fig. 11 shows
that for the fixed parameters selected, only a limited
window exists for this type of fabric construction. The
window is bounded by two factors: yarn jamming and
the point of zero braid angle. Fabric constructions
corresponding to the curved line marked “jamming”
are at their tightest allowable point, and constructions
at the o = 0 curve have infinite pitch length. As the

Parameters Braid [ (preform) Braid II (composite)
Measured Computed Measured Computed
h(gm™?) 9.57 3.33
Ay(gm™1) 239 0.25
m 12 7
n 5 5
h (mm) 17.8 4.98
fi 0.78 1.32
T 0.12 0.05
K, 0.70 0.78
Ky 0.70 0.78
t (mm) 9.0 8.9 7.0 73
w (mm) 63.0 62.9 15.0 14.6
o (deg) 65.0 65.9 75.0 76.7
v; (%) 56.0 56.8 73.0 73.6
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Figure 10 Photograph of a cross-section of braided consolidated
composite (Braid II in Table I).
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Figure 11 Fibre volume fraction plotted versus ratio of braider-to-

axial linear density. Allowable process window is shown (x, = 0.8,
Ky =08, 7v=238%f,=02,n=275).
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Figure 12 Fibre orientation angle versus ratio of braider-to-axial
yarn linear density. Allowable process window is shown (x, = 0.8,
kK, =08, v=38 f, =02, n=25).

pitch length h/S, increases, the fibre volume fraction
decreases as shown. Increasing the ratio of braider-to-
axial linear density causes the maximum allowed fibre
volume fraction, which is limited by jamming, to go
through a minimum. At fixed levels of pitch length, an
increase in this ratio generally causes the fibre volume
fraction to decrease because the inclusion of larger
braiding yarns creates more voids. However, at large
ratios above approximately 3, an increase in ratio
gives a higher fibre volume fraction. At a ratio of
about 200, the fabric reaches a curious limit in which
the braiders are jammed at a very low angle. The fibre
packing in the yarns, taken as 0.8, limits the maximum
fibre volume fraction in the fabric. The degree to
which the yarns pack in a fabric, the yarn volume
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Figure 13 Property map of fibre volume fraction and fibre orientation angle for varying pitch length and fraction of braiding fibres (x, = 0.8,

K, = 0.8, 7 = 38°, f, =02, n=5).
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Figure 15 Effect of inclination angle of braiders to braiding plane
on the fibre volume fraction (x, = 0.8, x, = 0.8, f, = 0.2, A,/A,
= 0.1, h/S, = 5).

fraction, can be determined from the plots shown
simply by dividing the indicated fibre volume fraction
by the fibre packing factor.

The orientation angle is plotted against the same
parameters in Fig. 12. As expected, increasing the
pitch length reduces this angle. The linear density
ratio of braiders-to-axials has a relatively low effect
below a level of unity. Above this point, increasing the
size of braider yarns increases fibre angle especially at
higher pitch lengths. Jamming limits the allowable
fabric geometries as the braiders increase in size and
the pitch length decreases.

A property map of fibre volume fraction and ori-
entation angle is shown in Fig. 13 for fixed levels of
- several parameters. As the pitch length increases, the
orientation angle decreases and the fibre volume frac-
tion remains about constant. For a fixed pitch, as the
fraction of braiding fibres increases, the variables
change as shown until the yarns jam. This property
map indicates that a wide range of orientation angle
and fibre volume fraction can be achieved by varying
the pitch and the relative amount of braiding fibres

used. This map provides guidance in designing a fabric
for a particular application.

The inclination angle of the braiders, vy, shown in
Fig. 6, can be used to adjust the fabric geometry. In
most cases, when the braiders are pulled tight, this
angle tends to be close to 45°. However, it can be
varied during braiding by a forming plate or after-
wards by adjusting the dimensions of a mould. Chan-
ging the inclination angle permits the fabric dimen-
sions to be adjusted and the microgeometry to be
altered.

The effect of changes in inclination angle on ori-
entation angle is shown in Fig. 14. Increasing the
inclination causes the orientation angle to go through
a minimum at about 80° for a five-layer braid. As the
number of layers increases, the orientation angle in-
creases and the minimum shifts to the left.

The fibre volume fraction is also affected by the
inclination angle as shown in Fig. 15. It goes through
a maximum at about 45°. The number of layers
essentially has no effect on this variable.

5. Conclusions
We draw the following conclusions from the analytical
and experimental work.

1. The unit cell approach has been used effectively
to define the geometric relations describing the com-
plex three-dimensional geometry of two-step braids.

2. Preliminary experiments confirm the basic math-
ematical predictions.

3. The two-step braid can be made in a wide range
of geometric patterns by adjusting the key parameters
of ratio of braider-to-axial yarn linear density, pitch
length during braiding, inclination angle, and number
of braiding layers. Generally high fibre volume frac-
tions are possible (up to 75%), and generally high
orientation angles result when the fabric is close to the
point of jamming,

4. This braid, as most textile structures, can be
made only in a limited process window (as shown in
Figs 11-13). The factors limiting the allowable struc-
tures are yarn jamming and the point of zero orienta-
tion angle.

5. The fibre orientation, «, and volume fraction, v,
can readily be adjusted by increasing the following
variables:

{a) pitch length h, which reduces both o and v;;

(b) ratio of braider-to-axial linear density A,/%,,
which decreases v; at low ratios and increases it at high
ratios;

(c) inclination angle, v, which adjusts o through a
minimum and ¢, through a maximum;

(d) number of layers n, which increases a;

{e) braider thickness-to-width ratio, f,, which in-
creases the jamming angle.

6. The fibre packing in two-step braids forms pri-
smatic axial yarns and rectangular braiding yarns.
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