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ABSTRACT: Preforming technology has emerged as core to the manufacture of
engineering composites with enhanced properties at reduced production costs. Textile
technologies such as weaving, knitting, braiding, stitching and nonwoven individually
or in combination have been utilized in the design and manufacture of 1D, 2D, and 3D
preforms boasting increasingly complex architectures. Current research appears to be
geared towards reducing the occurrence of delamination as well as improving out-of-
plane impact properties by through-the-thickness reinforcement. Utilization of
improved impregnation techniques has played a vital role in the processing of preforms
for the aerospace, automotive, marine and other advanced engineering applications.
The current and previous research on preforms as well as the techniques used in their
manufacture has been reviewed in this article and future emerging trends highlighted.
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INTRODUCTION

PLENTY OF RESEARCH on preforms for composites has been reported in
the literature. The areas so far addressed by various researchers include,
but not limited to, mechanical properties [1,2], performance [3], draping [4]
and permeability [5,6]. A preform may be defined as a specific assemblage of
unconsolidated (i.e., no matrix added) fibrous materials such as fibers, yarns
and fabrics. High modulus fibers such as carbon and glass are often used to
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make up textile preforms, which are subsequently cured or consolidated to
form structural components [7]. Textile fabrics, utilizing technologies such as
weaving, braiding, or knitting have consolidated their place as important
preforms for advanced composites manufacture. A textile preform ensures
better control of fiber displacement as well as ease of handling and
transportation, thus reducing labor costs and increasing production rates in
composites manufacture [8].

Due to the different manufacturing processes, textile preforms vary
considerably not only in terms of fiber orientation and the degree of
entanglement, but also in the geometry. The preform architecture (varying
from simple unidirectional yarns to complex 3D preforms) is of great
importance because it influences the properties and performance as well as
the cost of the composites. The ever increasing interest in textile preforms
has been as a result of the available automated textile processing coupled
with controlled fiber distribution (and hence improved properties). Using
standard textile machinery, it has been possible to create flat and near-net-
shape complex preforms for engineering applications through weaving,
knitting, braiding, and stitching technologies [9].

Composite preforms are also manufactured by filament winding tows onto
a mandrel as proposed by Howell and Roundy [10]. The benefits expected
from this technique include low cost, high-fiber volume fraction, controlled
filament angle and a continuous filament on mandrel composite preform.
A preform with varying fiber orientations can be produced using infinite
number of filament winding angles, unlike braid or fabric preforms.
Moreover, since the preform is filament wound directly onto a mandrel,
fiber distortion and fabrication time are reduced. With fabric or braided pre-
forms, often an additional secondary step is required to transfer the materials
onto a mandrel to prepare for a preform for Resin Transfer Molding (RTM).

Braiding is a method of interconnecting strands into fabrics or
reinforcements. Yarns in braid direction interlace each other to form
preforms in the form of tubes, narrow flat strips, or solid 3D structures [11].

Weaving entails warp yarns in the fabric direction interlacing with weft yarns
at 90° to form the fabric. In the case of knitting operations, sheets, or tubes are
formed by interlooping yarns with each other. If required, other yarns may be
in cooperated to the knitted structure and held in by the loops. Other preform
formation methods include entangling (needled fabrics), bonding, and stitching.

The composite processing technologies, including the number of yarns
introduced and their direction and fabric formation principle utilized are
provided in Table 1.

This article reviews the previous and ongoing research on preforms as well
as the techniques used in their manufacture and their utilization in
engineering composites.



312 P. M. Wamsua aND R. ANANDJIWALA

Table 1. A comparison between different fabric formation techniques (reproduced
with kind permission from NISCAIR [12]).

Yarn

Textile introduction Fabric formation

technology direction principle

Weaving Two (0°/90°) (warp and weft) Interlacing (by selective insertion of 90° yarns
into 0° yarn system)

Knitting One (0° or 90°) (warp or weft)  Interlooping (by drawing loops of yarns over
previous loops)

Braiding One (machine direction) Intertwining (position displacement)

Nonwoven  Three or more (orthogonal) Mutual fiber placement

CLASSIFICATION OF PREFORMS

Composite preforms are commonly classified as either 1D, 2D, 2.5D,
or 3D. One dimensional preforms include twisted and untwisted fiber tows
and spun yarns. Two dimensional preforms are mostly manufactured by 2D
weaving, the most common weaving process. This weaving method involves
interlacing two orthogonal sets of threads termed warp and weft to form
a fabric. A 2.5D fabrics are pile fabrics produced on a conventional 2D
weaving machine using ground warp, pile warp, and pile weft sets of yarn.

The conventional 2D weaving technique can be designed in such a way to
permit the warp and weft yarns to be interlaced with binder warp yarns or
interlacer yarns in the through-the-thickness direction (z-direction). Such
a multilayer weaving produces a so-called interlaced 3D fabric [9].
A specifically designed 3D weaving machine can be used to produce a
fully interlaced 3D fabric, whereby all the three sets of yarns are interlaced.
Through the use of a special binding process, three orthogonal sets of
yarns can be connected together without weaving, knitting or braiding by
a non-interlaced fabric forming process often known as nonwoven.

The weaving of multilayer textile preforms consists of interlacing three
sets of yarns and orienting them into three mutually perpendicular
directions via an appropriate weave architecture and lift plan. Many
specialized weaving machines have been developed to manufacture multi-
directional preforms. However, due to the cost of these machines,
conventional Dobby and Jacquard weaving could still be better alternative.
A technique to manufacture multilayer woven textile preforms using a
Jacquard shedding mechanism has been described in a patent [13]. Ruzand
and Guenot [14] presented the first patent on modification of a standard
loom (with lappet bar pairs on top and/or bottom of the fabric) to carry out
a multi-axial weaving. Farley [15] also developed a multi-axial weaving
process based on lappet weaving.
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Table 2. Types of fabric and preform construction (reproduced with kind
permission from Wiley-VCH [11]).

Type Variations Construction
Uniaxial (1D) Uniaxial Uniaxial tape

Laminate
Biaxial (2D) Biaxial 2D Warp fibers stitched together

Triaxial (3D) Biaxial 3D

Triaxial 3D
Multiaxial/ Cartesian 3D
multidirectional  (orthogonal)

Polar 3D

Tetraxial 3D/4D
Pentaxial 3D/5D
Heptaxial 3D/7D
Undecaxial 3D/11D

Uniaxial filament winding

Fabric with warp and fill interlock

Biaxial 2D braiding

Filament winding

Fabric with layers of warp angle interlock

Filament winding with layer angle interlock

Triaxial 3D braiding

Fabric with layers of warp angle interlock
with stuffers in warp direction x-, y-, z-axes
orthogonal to each other

Axes of fiber oriented in polar coordinates

x and y fibers at 45° to each other along z-axis

+45° in-plane reinforcement with respect to
x-y along z-axis

Additional face and diagonal fibers

Additional face and diagonal fibers

Knitted preforms have enabled the manufacture of complex shaped
products, such as jet engine vanes, T-shaped connectors, helmets, medical
prostheses, car wheel wells, and aerospace fairings [16]. Deep drawn weft-
knit preforms have found use in bone plate implants where the extensibility
of preform is utilized to adapt to the underlying bone [17,18].

Other preforms include multi-axial multi-ply fabrics (MMFs). The
construction of these preforms show individual unidirectional plies arranged
in different directions and stitched together by suitable stitching yarns [19].
Various preform constructions utilized in the composites industry are

illustrated in Table 2.

MANUFACTURE AND CHARACTERISTICS OF PREFORMS

One Dimensional Preforms

Unidirectional fibrous preforms, such as fiber tows (rovings) and yarns
are the simplest types of preforms. They can be used directly in composites
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FIGURE 1. Classification of textile yarns (reproduced with kind permission from
Katholieke Universiteit Leuven [20]).
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FIGURE 2. Types of unidirectional 1D preforms (reproduced with kind permission
from Katholieke Universiteit Leuven [20]). (a) Spun yarn, (b) continuous-filament
yarns.

manufacture as is the case in filament winding and pultrusion, but they are
often used as intermediate for 2D and 3D preforms. Textile yarns are
classified as ‘spun’ or ‘continuous’ as illustrated in Figure 1.

A yarn, which may be defined as linear assemblage of fibers formed
into a continuous strand having textile characteristics, can be either spun
(Figure 2(a)) or filament yarn (Figure 2(b)). The yarns may be impregnated
with polymer by liquid (by passing it through liquid resin bath) or solid
(by filling the yarn with a fine powder or use commingling thermoplastic
yarn with reinforcing yarn) processes. These preforms can be impregnated
and processed using RTM [21] and autoclave, among other methods.

One-directional (1D, unidirectional) preforms have an architecture that is
highly unbalanced and is suitable for applications that require axial
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Plain weave 5-Harness satin weave

2/2 Twill weave 3/3 Twill weave

FIGURE 3. Biaxial woven constructions (reproduced with kind permission from
Fiber Materials, Inc. [23]).

symmetry along the fiber axis. Wrap yarns are typically stitched to hold
them together [11].

Two and Higher Dimensional Preforms
Woven Preforms

Figures 3 and 4 schematically demonstrate conventional 2D fabrics.
Plain-woven fabrics are symmetrical and although they have good stability,
they are the most difficult to drape. These fabrics are characterized by high
crimp and hence show low composite mechanical properties. However, the
plain-weave resists shear deformation possibly because it is the most highly
interlaced and tightest of basic fabric weaves, albeit these characteristics
make this most common weave difficult to impregnate with commonly used
resins in composites manufacture. On the other hand, satin weave exhibits
minimum interlacing and as such exhibits reduced resistance to shear
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Triaxial weaves Quadrl axial weaves Uni-axial weaves (leno)

FIGURE 4. Uni-axial and multi-axial woven constructions (reproduced with kind
permission from Katholieke Universiteit Leuven [20]).

distortion. However, with increased number of harnesses, its ability to
conform to complex contour shapes (drapeability) increases. Other
advantages that make satin weaves important for applications such as in
aerospace include their high tensile and flexural strengths and minimum
thickness.

Basket weave is a variation of plain weave in which two warp and two
weft yarns are interlaced. It offers improved drapeability over the plain
weave though not as high as the twill weave. A twill woven fabric forms a
characteristic diagonal line on the fabric surface. It has a smoother surface
and is easier to wet out than plain woven fabrics. Its reduced crimp
contributes to slightly better mechanical properties than the plain woven. A
satin construction has minimum interlacing and crimp resulting in highly
flexible fabric and good mechanical properties of the composites [22].

Special weaving looms can be used to produce other weaves, such as
uni-axial as well as multi-axial. Leno fabrics are used to improve stability in
open fabrics. Due to their open structure, leno fabrics can only be used in
conjunction with other fabrics to produce composites components [16]

THREE DIMENSIONAL PREFORMS
Three dimensional preforms are either sandwich or solid types.
THREE DIMENSIONAL SANDWICH PREFORMS

The sandwich preform construction is depicted in Figure 5.

The sandwich weaving consists of two layers of 2D-weaves connected by
pile yarns. They are woven on a loom similar to that used for velvet or carpet
weaving; the difference being cutting at the end is omitted. If required, cutting
at the end may be done to produce fabrics popularly referred to as 2.5D
(Figure 6).
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FIGURE 5. Construction of 3D sandwich fabrics (reproduced with kind permission
from Katholieke Universiteit Leuven [20]).

2.5D-
fabrics
Weft yarns

Pile
threads

Knife

3D-fabric

Bottom warp

FIGURE 6. Construction of 3D sandwich fabrics and 2.5D fabrics (reproduced with
kind permission from Elsevier [24]).

The skin and core connection is a source of weakness in a sandwich
structure during loading [25-27]. Manufacturing sandwich structures by
velvet weaving, a variant of weaving discussed by Vuure et al. [24] and
schematically shown in Figure 6 gives a high skin-core debonding resistance.

SOLID 3D PREFORMS

Solid 3D fabrics constitute multiple layers of weft and warp yarns
interconnected possibly with Z-yarns. There are four basic textile-
manufacturing techniques that are capable of fabricating solid 3D textile
reinforcements: weaving, knitting, braiding, and stitching [28,29].

3tex commercialized a manufacturing process for 3D orthogonal woven
fabrics [30]. These materials have been extensively used as preforms for the
manufacture of composites for defence, aerospace, automotive, and other
sectors.

Three dimensional fabrics do not require additional binding yarns. The
3D weaving technique provides structural features and performance
characteristics, such as a through the thickness reinforcement that
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substantially reduces the possibility of delamination. These preforms have
filled a ‘gap’ that existed in the world of composites. While unidirectional
composites are transversely isotropic (i.e., having identical properties in both
transverse directions, but not the longitudinal direction), laminated
composites are generally monoclinic. In other words they have good in-plane
properties, but very poor out-of-plane properties. Though 3D woven and 3D
braided composites are generally anisotropic, they can be made quasi-
isotropic through various weaving and braiding techniques and this with the
obvious advantage of being much lighter than the isotropic metals.

Three dimensional fabrics have better permeability than stacked 2D ones
and easily wet-out through the z-yarns that act as capillary channels. The
faster and easier wet-out results in reduced cycle time, saving on production
costs per unit [31]. The obvious advantage of the z-direction reinforcement is
the improved out-of-plane properties, including impact tolerance.
Composites made from 3D preforms exhibit better tensile, flexural, and
compressive stiffness and strength than their 2D counterparts. Furthermore,
3D weaving enables near-net fabrics to be molded into components like
I-beams, stiffened panels or even 3D ceramic composites for parts that
require thermal shock resistance, such as rocket motor nozzles [32]. The 3D
preforms find applications in the aerospace, maritime, infrastructure, and
medical fields.

In spite of these positive attributes, some researchers have reported
a 10-50% decrease in the in-plane properties of 3D preforms as a result
of weaving, compared to 2D preforms [33—36]. The lower properties could
be due to increased crimping and fiber misorientation during insertion
of z-binder yarns, as well as fiber damage.

The inclusion of z-axis yarns in 3D weaving results in a very robust
structure with high interlaminar strength and damage tolerance. The highly
automated computer controlled looms ensure high production of quality
products. Automatic weaving consists of shedding, picking, and beating-up
mechanisms. These mechanisms work in tandem to enable the warps and
wefts to be interlaced to form woven fabrics. Two other mechanisms namely
let-off and take-up are engaged for continuous weaving operations.

Weaving techniques such as lappet weaving, tri-axial weaving, and pile
weaving [37—40] have been extensively reported in the literature.

BIAXIAL 3D PREFORMS

The biaxial 3D weaving may be designed in such a way that the warp yarn
passes completely through the thickness or interlocks only the adjacent
layers. The alternative is to have the warp yarn directed in such a way that it
interlocks any number of adjacent layers.
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MULTIDIRECTIONAL PREFORM CONSTRUCTION

The advantage of composites design over design with conventional
materials is that the fibrous reinforcement can be placed in the direction
where strength is required. Such efficient utilization of the load bearing
reinforcement is employed in the design and construction of multi-directional
preforms. In case where isotropic composite materials are required, a
balanced weave would be most desirable. However, it might be necessary to
insert diagonal fibers if shear strength is important in the reinforcement [11].

THREE DIMENSIONAL ORTHOGONAL PREFORM

This common multi-directional preform is also referred to as block
preform. It helps to achieve optimum material design through flexible
orientation and spacing of selected yarns.

Orthogonal and/or angle interlocked multi-layer woven fabrics are woven
using multi-warp weaving methods [28].

Angle interlock is similar to biaxial 3D weaving with layer angle interlock
while full depth warp interlock is equivalent to triaxial 3D weaving with
stuffers in warp direction (Figure 7).

THREE DIMENSIONAL POLAR COORDINATE WEAVE

Figure 8 illustrates a 3D polar coordinate preform. The polar coordinate 3D
weave finds use in cylindrical shapes. As in the case of 3D orthogonal preforms,

<

|
o

3D Orthogonal

Full depth warp interlock

O - Fillyarn
£-3" Straight warp yarn
= Thru-the-thickness warp yarn

Angle interlock

FIGURE 7. Multidirectional preforms (reproduced with kind permission from Fiber
Materials, Inc. [23]).
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optimum composite design is achieved through optimizing the type and
amount of fibers and their spacing in the axial, circumferential, and radial
directions. Typical such parameters are indicated in Table 3.

A typical 3D polar weaving loom was developed by Yasui et al. [42].
According to the authors, the loom is capable of making up to 24
layered preforms with through-the-thickness reinforcement using rapier needles.

TETRAXIAL 3D OR 4D PREFORM CONSTRUCTION

A 4D construction as indicated in Figure 9 is basically a 3D orthogonal
structure that has been interlaced with x-and y-direction fibres at 45° axis.

PENTAXIAL 3D OR 5D

There is a similarity between a 5D design and 4D, the difference being the
+45° weave configuration in-plane reinforcement with respect to the x—y
fibers along the z-axis.

Circumferential

3D Cylindrical

FIGURE 8. Three Dimensional Polar Coordinate Preform (reproduced with kind
permission from Fiber Materials, Inc. [23]).

Table 3. Typical characteristics® of 3D polar coordinate preforms
(reproduced with kind permission from The Minerals, Metals &
Materials Society [41]).

Weave spacings (mm) Fiber volume (%)
Diameter (mm) z 0 r z 0 r Total
99 1.5 1.8 2.8 15 23.2 93 475
286 1.6 2.3 2.7 11.8 221 132 471
500 14 8.7 1.4 6.0 30.0 39 399
1156 1 2 1.7 11 23 1 45

%z =axial direction, 8 = circumferential direction, r=radial direction.
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4-D In-Plane

FIGURE 9. Four-dimensional woven construction (reproduced with kind permission
from Fiber Materials, Inc. [23]).

FIGURE 10. (a) Typical ‘across the corners’ diagonals 7D construction — type 1 and
(b) typical ‘across the face’ diagonals 7D construction-type II (reproduced with kind
permission from Wiley-VCH [11]).

HEPTAXIAL 3D OR 7D

As shown in Figure 10(a), one type of 7D design can be produced by
diagonally reinforcing across corners T, U, V, and W, in combination with
the basic 3D x, y, and z yarns. Another type of 7D is constructed by placing
diagonal yarns across the face of the preform as indicated in Figure 10(b).
In both cases, elimination of the baseline 3D orthogonal portion would
produce a 4D construction.

UNDECAXIAL 3D OR 11D

An 11D design is produced by combining the two methods of making 7D
design (i.e., diagonal across the corners and diagonal across face to face)
with the 3D base structure (Figure 11). The 11D is an isotropic structure.
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FIGURE 11. Typical ‘across the corners’ diagonals plus ‘across the face’ diagonals
11D construction (reproduced with kind permission from Wiley-VCH [11]).

Braiding
2D BRAIDS

Braiding occurs through the alternate exchange of rows and columns of
yarn carriers.

Braided preforms manufacturing technology has attracted a lot of interest
because of the through-the-thickness strength and increased damage
tolerance the preforms provide to structural applications. Moreover, cost
savings are significant, thanks to the automation of the manufacturing
process. However, braids exhibit reduced in-plane properties due to the yarn
path relative to the axial direction.

Smith and Swanson [43] have investigated the biaxial strength properties of
2D triaxial braid materials using four sets of architectures. The researchers
report reduced strengths in the axial direction compared to the corresponding
laminates of similar fiber and matrix materials.

Two-dimensional braids can be either soutache, tubular, or flat [28]. Most
of braiding for composites is horizontal, though braiding can also take place
vertically. The braiding process has been successfully used with glass, aramid,
carbon, ceramic, and metallic fibers. Structural applications of braided
composites range from rocket launchers to automotive parts to aircraft
structures [44].

Braiding can be classified into conventional braids and formed braids.
In the case of conventional braids, the fabrics are formed in space and rolled
around a take-up mechanism, while formed braids are directly braided on to a
mandrel. Filament winding presents a good example where a shaped mandrel is
covered with a braided fabric resulting in a near-net-shape manufacturing [45].
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Braids are constructed in either flat or tubular configurations. While the
former are used primarily to selectively reinforce certain areas, such as in
pultruded parts, tubular braids produce hollow cross-section in parts, such
as windsurfer masts, as well as lamp and utility poles pultruded over a
suitable mandrel [37].

A biaxial braid is in fact a variation of 2D weaving. Its importance lies in
its ability to conform to various shapes. Preforms that require high tensile
strength are braided at small angles (~10°), while those for torsional
strength are braided at 45°. For improved hoop strength, braiding angles of
~85° are utilized [11].

THREE-DIMENSIONAL BRAIDS

Braiding has gained popularity in manufacturing preforms because it can
produce more complex 3D structures than any of the other textile processes.
The properties of composites based on 3D preforms are influenced by the
fiber volume fraction as well as the proportion of fibers in each of the x, y,
and z directions. Manufacture of these 3D braided preforms can be by
conventional horn-gear machine or by modifying a conventional braiding
machine. Other braiding machines include a track and column [46], a 2-step
[47], a 4-step [48], and a matrix loom [49]. The complexity of braided shapes
is due to the fact that braids exhibit a large convergence zone in which yarns
are literally tensioned into the final pattern, such tensioning enables fabric to
be formed over a complex shaped mandrel [11]. Since the fibers conform
well to the mandrel, it is possible to braid different geometries, such as
cylindrical, square, hexagonal, etc. An illustration of a typical braid
construction is depicted in Figure 12.

Three-dimensional braiding is capable of inter-twining tows to produce
thick and net section preforms in such a way that distinct layers are almost
entirely eliminated [50]. Normal braided preforms can be of constant cross-section,
while more complex ones can be created by braiding onto a suitable mandrel.
Pre-impregnated fibers can be braided and the part transferred for curing [51].

The 3D braided preforms boast of increased structural integrity as well
as a higher possibility of near net shape manufacturing. The impact properties
and damage tolerance are notably higher with respect to traditional
laminated composites [52]. 3D composites have a greater transverse
strength than 2D composites possibly because they lack interlaminar
zones that are known to favor propagation of delamination cracks.
Further, 3D braided tubular preforms have been speculated to exhibit
greater energy absorption capability than the corresponding 2D braided
tubular ones [53].
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FIGURE 12. Schematic of braid construction (reproduced with kind permission from
Fiber Materials, Inc. [23]).

During braid formation, there is no beat-up of filling or weft as is the case
with woven structures, hence the relatively low shear resistance exhibited by
braided structures and the corresponding high deformability in the axial and
radial directions. These characteristics of braided structures permit
production of near-net-shape structures in addition to enabling the former
to conform to varying cross-sectional shapes such as cones and nozzles. Due
to the high torsional stiffness of braids, tubular braided composites are used
in the manufacture of vehicle drive shafts [22].

With net-shape manufacturing, complex preform structures very similar
to the required finished products can be produced without the need for
scrapping and post-processes machining operations.

Braiding has been successfully utilized in many critical applications in
shaped parts because of its structural integrity, durability, design flexibility
and precision [45]. A major limitation in 3D braiding is that the machine size
determines the maximum preform size and therefore most braiding machines
are able to produce braided preforms of small dimensions only. The machines
are also slow and have short production runs. Despite their structural
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advantages, 3D braids are not able to adequately compete in cost with 2D
braids and laminates [37,54,55].

TRIAXIAL 3D BRAIDS

Triaxial braiding is similar to 3D weaving [11]. The braids are constructed by
inserting a third yarn parallel to braid axis to increase tensile strength and
stiffness. The braiding and preform curing processes are carried out on a
mandrel.

Mats and Nonwovens

Nonwovens are fibrous assemblies converted into fabric by chemical,
thermal, or mechanical means and often a combination of these methods.
The densities are somewhat lower than those suitable for structural
applications as they range from 10g/cm® to 100 g/cm?. However, use
of nonwoven preforms in automotive and marine applications is
continually increasing. New developments, such as impregnation of
nonwoven mat of continuous acrylic filaments with ceramic or metal
matrix have extended applications of nonwoven composites to construction,
aerospace, filtration, industrial, medical protection, sporting, and transpor-
tation fields [56].

Mats are classified as either chopped strand mat or continuous strand mat
(continuous filament mat). These two types of reinforcements do not show
a dramatic difference in the resulting mechanical properties of the composites.
To produce continuous strand mats, continuous yarns are swirled onto a
moving carrier film or belt and subsequently held together by a thermoplastic
polymer binder. On the other hand, chopped strand mats are produced by
chopping continuous fibers into lengths of ~25 mm and depositing them onto
a carrier film or a perforated mould. A binder is used to hold the fibers
together.

The chopped mats can be compression molded to manufacture the preforms.
The heated thermoplastic binder helps to mold the fibers into net-shape, which
is further cooled to set the shape [22]. The preforms are then used in Resin
Transfer Molding (RTM) or Vacuum Assisted Resin Infusion [VARI].

Nonwovens find use in many technical applications in composite
preforms that often require 3D nonwoven constructions. These preforms
are prepared from flat webs, in a process associated with high cost due to
the necessary conversion process, and uneven final product as a result of
joints. Gong et al. [57] report a 3D nonwoven preform production technique
directly from staple fibers. The process, claimed to be efficient by the
authors, uses air-laying principle to form the web and thermal through-air
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bonding method for the web consolidation. The fibers are placed on a porous
mold in the form of a web, the latter being consolidated to form the final
product. Regulation of the airflow as per the shape of the mold ensures that an
even product is produced. An even fiber distribution around the whole 3D
mold can be achieved by varying the local porosity as suggested by Ravirala
and Gong [58].

Directed Fiber Preforming (DFP) is an important technique used in
the manufacture of nonwoven preforms. The manufacture of complex 3D
preforms by directed fiber preforming has significant process features, such as
excellent repeatability and minimal wastages. Moreover, since tows or
rovings are used as reinforcement instead of woven fabrics, there are cost
benefits of DFP in composites manufacture. In this method a robot-mounted
mechanical chopper head is used to spray chopped fibers and a polymeric
powdered binder onto a perforated tool face.

The preform thickness is controlled by compressing the fibers with
a matched perforated tool as hot air is cycled through the perforations for the
purpose of consolidating the binder. The preform is then transferred to
a separate mold and injected with resin to make the composites [60]. Preforms
for a boat deck and lampshade are good examples of the directed fiber
preforming process.

Knitting

Knitting is an alternative to weaving in which a looser and more flexible
fabric is produced by either weft knitting (one yarn used) or warp
knitting (multiple yarns used).

Previously, knitted preforms were underutilized because of their perceived
extensible and unstable structure. However, knitted preforms have rekindled
attention with a growing awareness of their formability and 3D net-shaping.
But as would be expected, the highly curved fiber architecture of knits causes
lower in-plane strength and stiffness compared to unidirectional and woven
fabric composites. But knitted composites show excellent out-of-plane
properties and energy absorption capability [8].

The high extensibility, previously considered a drawback to the use
of knits as composite reinforcements, comes in handy in the manufacture of
complicated composite parts [61]. Further to the use of knitted structures in
thermoplastic and thermoset reinforced rigid composites, these preforms are
also used to reinforce elastomers. The energy absorption capacity of the
loop structures has been shown to positively contribute to the good impact
and delamination resistance of knitted preform composites. Though the
impact performance of knitted composites is improved by the yarn
architecture of the knit, the structural performance is low [62].
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The increased use of 3D multiaxial warp knitted (MWK) fabric
preforms has been associated with their reported low production cost,
high production efficiency, structural integrity, flexibility in design, high
tear resistance, and improved through-the-thickness strength [63].
The structure of MWK is represented by two diagonal weft yarns, a warp
yarn, and a horizontal weft yarn. The structure is produced on a special
raschel machine and pillar stitches are utilized to hold the layers from both
sides [39].

Sandwich 3D knitted preforms are knitted on Raschel knitting machines,
such as the double-bed. Closed and open skin 3D knitted sandwich preforms
are illustrated in Figure 13. The open 3D-knits have demonstrated excellent
drapability as well as ventilating properties.

Stitching

Stitching methods were developed as a result of inherent poor impact,
in-plane shear properties, and poor delamination resistance of composites
manufactured from woven structures. But just like weaving, stitching also
reduces mechanical properties of the reinforcing fibers [37].

Stitching is either used to assemble and hold together single or multilayered
textile preforms or to increase impact resistance by addition of through-the-
thickness reinforcement [64]. It offers distinct advantages particularly if the
preforms are to be utilized for complex shaped structures [65]. However,
stitching of preforms creates faults in the plane of the material and this damage
has an adverse effect on the mechanical properties of the composites [66—69].

Cut-and-sew preforming can be used to convert 2D to 3D shapes ready for
molding [51]. The preform materials are kept in place by sewing or stitching. The
advantage of this preforming method is the expected reduction in production
cycle times since the cut-and-sew usually takes place outside the mold.

Closed skin 3D-Knitted sandwich Open skin 3D-Knitted sandwich

FIGURE 13. Closed and open skin 3D knitted sandwich preforms (reproduced with
kind permission from Katholieke Universiteit Leuven [20]).
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FIGURE 14. Gaps and misorientation in stitched preforms (reproduced with kind
permission from Katholieke Universiteit Leuven [20]).

Noncrimp fabrics, also known as inlaid, have become increasingly popular
in the recent past. The development of these fabrics was after realization that
the highly crimped yarn resulting from the traditional 2D weaving, though
a fast and economical process, led to reduced composite properties.
The manufacture of noncrimp fabrics (NCFs) involves laying tows flat,
straight and fully extended, and subsequently knitting/stitching by fine
filaments, such as polyester thread to keep the tows in place [28]. Several angle
layers can also be laid in different direction to produce multi-layer noncrimp
fabric constructions.

Due to the absence of crimp, NCFs exhibit better mechanical properties
than the corresponding weaves. Moreover, since multiple layers can be used in
one preform, there is considerable labor time saving because of precise rapid
layup of multilayered reinforcement. However, some stitch-induced problems,
such as gaps and in-plane fiber misorientations (Figure 14) can be expected.

The development of textile reinforced composites with optimum
performance requires use of preforms comprising high flexibility, form-
ability, stability, high axial rigidity, and desired permeability.

CONCLUSIONS

The advancement of preforming technology, encouraged by the develop-
ment of automated production and active research has contributed to the
renewed interest in the design and manufacture of preforms for engineering
composites. From the trend established in this review, the production can
only become more sophisticated and thus a spin-off into more and new
applications of preforms in the field of composites will be witnessed.
The successes witnessed in solving, to a great extent, the low out-of-plane
impact properties of preforms designed for in-pane applications, by
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incorporating through-the-thickness reinforcement in 3D preforms, are
likely to be taken further. Future research is, therefore, likely to produce
even more innovative multi-directional preforms suitable for diverse
applications in the composites industry.
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