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Abstract

Despite of the fact that more and more accessory devices are integrated to functionalize
a ballistic helmet system, its core ballistic protective function needs to be improved with
weight reduction was and still is the main course in engineering design. The two major
generic classes of synthetic fibres for ballistic composites are Ultra High Molecular Weight
Polyethylene (UHMWPE) fibre (0.97 g/cm®) and aramid fibre (1.44 g/cm®). In the area
of military helmets, these fibres are constructed into different topologies, draping/form-
ing into double-curvature geometric shape in multiple plies, serving as reinforcement for
composite shell. The preforming ways influence the subsequent impregnation / solidifica-
tion and curing step in manufacture, in terms of the fibre orientation and fibre volume frac-
tion. The inherent structural heterogeneity thus leads to scatter in permeability and com-
posite thickness, and have further impact in generating process-induced defects. During
the processing, the fibre continuity without wrinkles, together with voids-free are determi-
native factors to a quality final part. The aim of this paper is to review the manufacturing
technologies characterised by thermo-mechanical forming and Liquid Composite Mould-
ing (LCM), relating their processing parameters respectively to the properties of reinforce-
ments in one dimension (1D), two dimensions (2D) and three dimensions (3D), along with
that of the matrix in dry or wet phase, interdependency of them are sought.

1 Introduction

The factors considered in engineering design of military composite helmets for modern
society have a much broader spectrum [1-3], focusing not only on the ballistic resistance [4],
coverage [5] and curvature [6], but also on the comfort to the wearers [7], and the compat-
ibility with more and more desirable accessory devices [8]. These will make the design a
complex issue, while providing more freedom for designers. Most of all, achieving a hel-
met shell with sufficient ballistic resistance was and still is the priority task.

To improve the ballistic resistance, a wide range of experimental and simulation works
across various disciplinary sections have been done in literature. These works could
be subcategorized into the studies of material impact failure mechanisms [9, 10], fibre
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surface frictional treatments [11, 12] fibre architecture parametric analysis [13], drap-
ing (forming) [14] and ply-ply sliding [15] in preforming, hybrid materials [16], resin
enhancement [17] and manufacturing method optimization [18, 19]. These material-
related engineering results were validated by the investigation on the interaction between
helmet shell and human brain [20], where the blunt traumatic injuries and bone fracture
[21] was simulated based on different types of head forms [22], or tested by the way of
energy absorption [23]. To sum up, the protective ability improvement is largely dependent
on the tensile strength and modulus of the fibres used, along with the type of resin which
is used to adhere these fibres together.

Some reviews in the literature investigated the manufacturing methods for
thermoset which was closely related to the resin filling process taking account for vari-
ability of dry prepregs and the uncertainty in draping [18]. While the review on form-
ing include the knowledge of material mechanical properties verification [24]. There
is also review on the link between the helmet and head injuries as well [25]. However,
these works have not covered the fabric types correlate to the manufactures in specific
mechanisms. This review will based on the interdependency of materials properties,
fibre architectures, preforming and manufacturing methods. The manufacturing rules
in the fields of complex shaped composite parts (i.e. hemispherical, domed), will be
covered.

2 Primary Requirements

During the projectile penetrating textile-based materials [26], the strain propagates away
from the impact point along the axis of yarn, simultaneously the strain also develops at
opposite to the projectile flying direction to deflect the stress thus create the transverse
wave velocity, see Fig. 1. From the strain wave propagating direction, it is cleared that
the longer fibre, the better energy absorption. Thus, fibre continuity is desirable in rein-
forcements [23], it should be maintained throughout the whole manufacture without
disturbance.

A flat fabric with continuous fibres conforming onto the arbitrary shape of surface
was described as forming or draping [27]. The preforms free of wrinkles/folding or
misalignment serve as an ideal reinforcement for composite, achieving better energy
absorption. Shearing is the major mechanism determining the draping behaviour, which
can be predicted by bias extension and picture frame test [28]. The mouldability tester
was developed as an alternative as well [29].

Fig. 1 Simplified illustration of
a projectile impact into a panel.
(Courtesy of [26])
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3 Materials for Ballistic Helmet
3.1 Ballistic Fibres

Among all the synthetic fibres, para-aramid (such as Kevlar, Twaron) fibre (1.44 g/cm?)
gained prevalence in helmet practical use for several decades [30, 31]. Recently, market
is shifting to the domination of the crystallized fibrils olefin ethylene UHMWPE (such
as Dyneema, Spectra and Endumax) fibres (0.97 g/cm®), which supersedes para-aramid
in both Vs, increment and weight reduction. The UHMWPE having high strength to
weight ratio characteristic, low coefficient of friction, good cut resistance and creep
effect [32], but low melting point (around 145-153 °C). Creep provides the chance for
the fibre being stretched and extended to a certain degree subjecting to some magnitude
of strains. However, the UHMWPE based material features higher back face deforma-
tion value than that of aramid.

Ascribing to their unique chemical structures where the atoms are held by the
strong covalent bonds, the traits of excellent tensile, high modulus and inertia to most
of the environments are presenting [30]. Thereof, the ballistic helmets currently can
be subcategorized into three types on material-based, namely UHMWPE-based hel-
met, aramid-based helmet and hybrid helmet combining both of these two materials or
others, depicted in Fig. 2.

3.2 Fibre Architectures

In application for military helmets, these fibres are constructed into different topologies
widely known as woven, unidirectional (UD), braided, stitched, and tufted fabrics [33].
The pores, fibre orientation and fibre volume fraction distribution inside these fabric
types present various interconnections and patterns, giving different fluid flow resistance.
Besides, the crimps (curvature) level determines the suitability for ballistic applica-
tion, simultaneously influencing the flow pattern [34] in later resin filling process or
response to compression force. These structural heterogeneities lead to scatter in perme-
ability and composite thickness, having further impact in process-induced defects. In
this review, the fibre architectures are broken down into the form of one dimensional
(1D), two dimensional (2D) (referring to 2D woven, UD shield and films here) and three
dimensional (3D) (referring to 3D solid woven, braided, stitched and tufted), to better
describe their flexural properties.

Ballistic helmet

UHMWPE helmet (ECH:0.9-1.1kgs) Aramid helmet (ACH 1.2-1.5kgs) Hybrid helmet (ACH 1.2-1.5kgs)
I g ——
.-l ~;
. . ‘ :
Representative ECH (2019) with Representative ACH(2003) with (Nano-technology application)
UD cross-plies 2X2 basket weave

Fig.2 Subcategories of ballistic helmet on material base (Courtesy of [6, 16, 35])

@ Springer



308 Applied Composite Materials (2022) 29:305-323

3.3 Matrices

As a primary constituent out of two in composite materials, the matrix provides adhesion
to hold the fibres in place. The bonding between fibre and matrix offers the interfacial shear
strength to lessen the risk of delamination. In the impact event, it also works as a transient
medium to transfer the load into the reinforcing fibres. The matrices are characterized into
thermoset (rigid) and thermoplastic (flexible) matrix. The major types and properties of
resin used for ballistic shown in Fig. 3.

4 Preforming

Preforming is a process to prepare the 1D, 2D and 3D fabric in a near-net-shape with-
out changing the microstructure, fibre continuity, and free of wrinkles and fibre distortion.
The different structural flexural capability are discussed, the fibre natural properties are
assumed to be neglected. Preforming takes up around 60% of total helmet manufacturing
time [1]. It is not easy to prepare a highly double curled dome with large locking angle
(normally > 50° degree).

4.1 1D Fibre Architecture Preforming

In the plural filament deposition (see Fig. 4a and b), the continuous filaments are blew and
deposited onto the helmet-shaped porous screen, with the resinous solution sprayed onto
the preform plies prior to or after the deposition [37]. While the filament winding [32, 8]
is arranged with the fibre orientation and distribution in a controlled manner (see Fig. 4c
and d), and different winding patterns were proposed (see Fig. 4e and f) [38, 39]. Despite
of fibre continuity retained and inter-plies sliding was mitigated, the drawback of this pre-
forming is high pore contents that might developed into resin rich area.

JES : Polyester
Cross-Iin!<ing Vinyl ester
| onger time} ; PVB
Thermoset melting point Pheonolic
(rigid) | range (210°C-310°C) Epoxy
LLDE
Thermoplastic melting point N HDPE
| (flexible) | range (110°C-160°C) Polyethylene
i Entangle network i Polypropylene
i of amorphous | Nylon

(shorter time)

Fig.3 Common types of thermoset and thermoplastic matrices for ballistic composite [36] (PVB: polyvinyl
butyral; LDP: low density polyethylene; EVA: Ethylene—vinyl acetate)
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Fig.4 Plural filament deposition preforming (a), compressed moulding (b) [37]; Filament winding pre-
forming (c), followed by ‘fibre weld’ after cutting (d) [32]; Alternative winding patterns (e) (f) [38, 39]

4.2 2D Fibre Architecture Preforming

To mitigate the wrinkles/folding and evenly distribute the fibre volume fraction, cut-dart
technique was conventionally used, mainly for inextensible 2D woven aramid based pre-
forms, with various petal patterns designed (zig-zag-petal [40], curled cut pedal [41],
4-petal [42] and pin-wheel [31]), see Fig. Sa-d. 4-petal pattern was said to be the one most
reducing scrap and offset the seam intensity.

The cut-dart technique is also suitable for the hybrid helmet preforming, see Fig. Se.
Regardless of the layers staggering was expected to offset the seams effects, the cut-dart
inevitably resulting in the fibre discontinuity. To ease this discontinuity, one trial was made
by a combination of the plain, twill and satin weave in one dome shape patchy [43]. While
for the highly oriented UHMWPE-based 2D UD shields/films, the manufacturing ways are
normally utilise its extensibility in nature (i.e. crimp effect), processed with facilitators of
tooling and blank holders [44], with friction accounted.

4.3 3D Fibre Architecture Preforming

3D fabrics are enhanced in out-plane properties to mitigate the delamination, having
advantages of making near-net-shaped preforms. 3D woven includes the types of solid,
hollow, shell and nodal [43, 45]. Among of them, the interlock fabric having good
mouldability then suitable for complex shape forming [46—48], with the structural integ-
rity and fibre continuity maintained. The solid orthogonal has been studied for forming
over hemisphere but quite shallow in depth [49]. The 3D braided fabric has capability
of highly deformation, but might couple with potential defects, specially buckles [50].
In terms of the 3D stitched fabric (also called non-crimp fabric (NCF)), optimal stitch-
ing patterns (i.e. pillar) can facilitate forming of multiply preforms [44], and the blank
holder forces can also lessen the inherent asymmetrical shear behaviour [51]. Alterna-
tively, the tufting [52, 53] is also used to enhance the through-thickness property as well

" B3 o €5 9

(a) (b)

Fig.5 Cut-dart patterns (a) Zig-Zag petal (b) Curled Cuts pedal (¢) 4-pedal pattern (d) pin-wheel (e)
Hybrid helmet (Courtesy of [40-42, 40, 16])
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Table 1 3 D fabric used for complex shapes forming.

Types |Feature| Architecture Diagram Fsieaphensl Inter.lacmg Sources
shap points
i, |
TTAI [43] Mediate [46]
Solid LLAI [43] High [43]
) Orth 1 43 Medi 49’
Woven ogona [43] edia [49]
Hollow | Multilayer [43] High
Shell | Single layer [45] : High [45]
Braiding| Solid Multilayer : [50] High [50]
Unidirectional - S22 tg
Stitching| Solid plies with : : = ‘ [51] Low [51]
pillar stitches ¥ EEs
Fabric
Tufting | Solid |enhanced with [53] Low [53]
tufting

as to ease the wrinkles, however, the yarns are risk of being damaged. Many physical
specimens in complex shapes were demonstrated in Table 1.

5 Manufacturing Methods

The manufacturing methods are used to handle the preforms and matrix systems in a proper
way to achieve an optimal relationship between them. A process named after a unique char-
acteristic in one paper might just labelled with a different acronym in another. For example,
the Vacuum Assisted Resin Transfer Moulding (VARTM) and Resin Infusion under Flex-
ible Tooling (RIFT) [54] share the same fundamental principles. Thus, one primary task of
current review is to characterize these manufacturing methods. The machine, tools, energy
supply systems or operations used for one of the methods, might also be suitable for the
other, the boundaries are not clear among of them. However, one underlying factor influ-
encing the selection of desirable method and parameters is the phase of the matrix (solid or
liquid). On this base, the manufacturing methods are divided into two categories, namely
the thermo-mechanical forming which is handling the solid dry prepreg and the Liquid
Composite Moulding (LCM) deals with the wet resin filling, as listed in Fig. 6.
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Out-of-Autoclave (OoA):
1D,2D,3D architectures Energy sources: ( ) 1kBoundary condmons‘

air, steam, hydraulic oil system % Compression Moulding

A ) (SMC, BMC) @» Mould heats |[ Crimps
%+ Matched Metal Die Mould shape || Creep
«% Stamp forming Mould rate

% Deep Drawing - Membrane
¢+ Thermo-hydroforming stress/heat Constrained systems

distribution » Roller tracking device
Autoclave > Blank binder ring
Thermo-mechanical forming | > Springs & clips
N Hand Layup / Spray-up @ > Diaphragm/bladder
Manufacturing >
methods
Qualitative products

Vacuum bagging
Liquid Composite Moulding
Liquid resin filling | Vacuum Assisted RTM (VARTM) / RIFT l

(Lcm) | Resin Transfer Moulding (RTM) ‘

| Structural Reaction Injection Moulding (SRIM) |

| Compression Resin Transfer Moulding (CRTM) |

Filling velocity

| Infusion/Compression LCM (1/C LCM) |
Resin viscosity

Inter-/intra-tow Pressure Moderate ‘ Vacuum Assist Resin Infusion (VARI) ‘
permeability or |_gauge |or| heat Resin Film Infusion (RFI)
I l Seemann Composite Resin Infusion Moulding Process (SCRIMP) l

Fig.6 Schematic demonstrate the manufacturing methods (subcategorized into Liquid Composite Moulding
(LCM) and thermo-mechanical forming)

5.1 Thermo-Mechanical Forming

This is a fairly quick process, carried out by the chance of extensibility which is largely
depend on the tensile, compressive and creep [55] properties of materials (i.e. UHMWPE),
or by inter-yarn sliding and rotation for those virtually inextensible materials (i.e. aramid),
both dominated by shear deforming mechanisms. The preforms present as prepreg are
coated with semi-crystalline resin on the surface in half cure, the resin is melt and interact
with fibres subjecting to the heat and pressure compression. Shorter resin flow in this pro-
cess will contribute to nearly void free final part.

5.1.1 Machine Set Up (Autoclave and Out-of-Autoclave)

5.1.1.1 Autoclave/Compression Moulding / Matched Metal Die Autoclave [56] is an equip-
ment that can produce more sophisticated, high quality and complex geometric parts thanks
to its uniformly heat and pressure supply system (radiation take up 60% of total amount of
heat transfer [57]). But the investment on autoclave equipment itself is relatively heavy, so
that the out-of-autoclave (OoA) techniques were developed as alternatives.

Among the OoA processes, the compression moulding [58] and match metal die [59]
are equipped with a pair of mould (the male can be metal or rubber). A so-called hydro-
static resin pressure might force the reinforcement back from its right place inducing wrin-
kles [60]. These are conventional methods widely adopted for manufacturing aramid-based
PASGT or ACH with prepreg in cu-dart patterns [30, 61], see Fig. 7a. Without cut-dart,
the prepreg prone to have excess materials accumulation around the spherical brim as no
clamping devices used [59], see Fig. 7b. Both techniques featuring high fabric-mold fric-
tion, thickness variability, longer cycling time as heating and cooling in one system.
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Preload with stacking pre-pregs

Curing and cooli

Fig.7 (a) Compression moulding for 2D woven aramid prepreg in cut patterns (Adapted from [30]); (b)
Matched metal die forming (Courtesy of [59])

5.1.1.2 Stamp Forming / Deep Drawing / Thermo-Hydroforming Stamp forming [62] and
deep drawing (a draw depth to radius of 16:10) [63, 64] are set up with blank holder for
prepreg restraining [51]. Compressive membrane stress was reported to responsible for
wrinkles subjecting to shearing [65]. These methods are good for thin materials in lower
fibre content [66], but limited in use for more complex shaped and large thick parts. Thermo-
hydroforming is then developed with stronger and flexible constraining devices to achieve
shaped variants [19, 67], the principles of it are demonstrated in Fig. 8d. The female part
can be replaced by cycled hot/cool air/steam/hydraulic oil and prepreg sealed with flex-
ible rubber diaphragm, bladder or membrane, eliminating the scratches associated with the
traditional compression matched metal dies, and reduce 50% cost of equipment. The draw-
backs include an oil leaking into punch cavity as high pressure lift the blank [19], a punch
displacement of 50 mm needs relatively high force 1200 N [68].

5.1.2 Energy Supply Systems

The energy systems typically can be that of air, steam and oil based set up. But the out-
comes of them have not been satisfactory, such as damage helmet crown in air-based sys-
tem ascribing to too high and non-distributed temperature and creep [63], insufficient creep
amount around the hemisphere and fibre breaking near the crown in steam assisted sys-
tem [59], and the variable of shape (i.e. the ear position) feasibility is unclear and likely
oil leaking in hydraulic oil backing system [19], depicted in Fig. 8c-d. Thus, an ideal set
up might be a combination of traditional compression moulding with hydraulic oil-based
moulding.
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Chamber filled
with air, steam or
hydraulic oil

Prepreq sealed with
flexible bladder,
membrane or
diaphragm

Might oil leaking if
prepreq lift up

Fig.8 (a) Air-based system (Courtesy of [63]) (b) Steam-based system (Courtesy of [59]) (¢) Hydraulic
oil-based system (Courtesy [19]) (d) Thermo-hydroforming set up (Courtesy of [71]).

5.1.3 Additional Constrain Systems

On the other hand, a range of constrain systems useful for suppressing the process-induced
defects, and trade-off the high production rate against affordable machinery, were devel-
oped [69]. The evidences also found that approximate 20 MPa in-plane stress can have a
positive effect on wrinkle-free part with shearing angle around 60° [70]. The variants of the
constrain system are listed in Table 2.

The clamping devices that are suitable for holding the thin ply including roller track-
ing device [66], springs and clips with avoiding fabric-tool friction [35]. The blank binder
rings system with larger holder size and adjustable pressure are preferable, to satisfy the
uneven strain distribution during deforming [51]. The diaphragm [57] is a sophisticated

Table2 Constrain system variants in literature.

Blank binder ring Frame holding Frame winding Diaphragm / bladder
male tool/punch _——
binder ring/ Croep rame
draw rieg/
blank holder
setup 7 Shape frame
prepreg ply
o
female tool/die
[mot visible here)
preforms Thick Thick Thick Thick
thickness
Sources [64] [63] [63] [57]
Vacuum Bagging Springs Springs & clips Roller tracking
Setup R U
Pr.e forms Moderate Moderate Thin Thin
thickness
Sources [(19] [35] [72) (66]
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Related to laminate thickness / Bending stiffness

Deform mode | Tensile in warp and weft | | in-plane shear | I transverse compression I | transverse shear

Fig.9 Schematic deform mode in thermo-mechanical forming process

arrangement work well for thick plies formation, however, costly. Alternatively, vacuum
bagging film is one of the choice to replace the diaphragm/bladder constraining [19, 57].

5.1.4 Prepreg Deform Mechanisms, Defect Sources and Calibrating Tools

5.1.4.1 Deformation Mechanisms The deformation mechanisms of thermo-mechani-
cal forming were fully reviewed in [73], the progressively developing deform mode was
depicted in Fig. 9. The process is largely dependent on the physical change of material ten-
sile properties (such as creep) under moderate heat and pressure, and intra-/inter ply shear
caused by sliding, followed by transverse compression and bending [73]. The latter is mostly
related to laminate thickness and bending stiffness [69]. In these physical change, friction
plays an importance role in dominating the forming process of 1D, 2D and 3D structures.
The friction include that generated between fabric and tool [75].

In mesoscale, the deformation resistance in biaxial woven fabric comes from the fric-
tion at crossover points [13, 76]. The Pin Join Net (PIN) is a typical model for explaining
the shear behaviour of woven fabric (sliding between the weft and warp yarn at crossover
point), with the shearing angle being used as one of the indicators. While in unidirectional
laminate, the PJN model may also valid especially in those with relatively high inter-ply
friction, where [0,90] and [45,-45] cross-ply were reported as this case. This is align with
the result that lay-up sequences influence the wrinkles formation [14]. In macroscale, the
friction and shear behaviour of fabric generate the in-plane membrane stress [65] when
subjecting to the normal force and then give significant impact during forming [14, 15, 78].

Table 3 Potential defeats characterization in thermo-mechanical forming

Preforms Defects Sources Potential detriments

Bt

In-plane waviness Load path and compressive strength

Load path, compressive strength,
Breakage pungls frictional contact between metal punch
and preforms

l

Woven
Slippage ==t [¥ |Load path, yarn sliding
Lost tensile strength; induce
. discontinuity; affecting
Jamming Beyond locking angle compression after impact;
resin rich area
Wrinkling Load path, compressive strength
Highly .
oriented & I:;g?:ﬁss non- Load path, compressive strength
unidirectioal ty

Load path, un-uniformility of strain

Buckling distribution , fibre/ply sliding

@ Springer



Applied Composite Materials (2022) 29:305-323 315

5.1.4.2 Defects Categories and Sources The response behaviours of 1D, 2D and 3D preforms
isolate various relative defects, including those list in Table 3. These material-dependent
defects might come from many sources, which are closely relating to machine setting and
processing variables, such as temperature and heat-transer, tool velocity, lateral restrains from
dies, pre-tension from different type/sizes/holding time of clamps, where friction interaction
is underlying [62]. The different coefficients of thermal expansion (CTE) between tool and
prepreg, or that between fibres and matrix will further induce residual stress [79, 80], apart
from the other sources of materials shrinkage, processing temperature, cooling rate and oxida-
tion environment.

5.2 Liquid Composite Moulding (LCM)

Typically, the liquid resin handling techniques are widely well known as Liquid Composite
Moulding (LCM). The methods categorized in LCM family having the traits of dry fab-
ric preloaded in the design moulding, resin filling drawn by boundary conditions to wet
the dry preforms in the closed (matched metal dies) or opened moulds (vacuum polymeric
bag), well wetting of the preforms and the curing degree are the primary concerns.

5.2.1 Manufacturing Techniques

5.2.1.1 Pultrusion /Hand Layup / Spray-Up Among this class, some methods are not dem-
onstrating its suitability for ballistic helmet manufacturing in reasons. The pultrusion [81]
with capability of producing constant cross section only is limited for complex shaped
manufacturing, while hand layup and spray-up having chance of uneven resin distribution
together with volatile styrene as chronic health issue to working environment, were not good
candidates.

5.2.1.2 Seemann Composite Resin Infusion Moulding Process (SCRIMP) / Structural Reac-
tion Injection Moulding (SRIM) The SCRIMP [82] originated from the hull production good
for large complex structure with low pressure, while it is not cost efficient for smaller size
domed shape. While the SRIM [83] involve with quick injection (1-4 min) of liquid low vis-
cose reactants into a matched mold, fast polymerization to achieve the shaped part, the large
thermal coefficient of liner expansion (TCLE) of the part which is depend on the properties
of the reinforcement content and type, limit its widely application.

5.2.1.3 Resin Transfer Mould (RTM) / Vacuum Assisted Resin Transfer Mould (VARTM) RTM
is an alternative process to autoclave. The pressure required is still higher than atmospheric
pressure [84], low flow rate is favourable for good impregnation. When the additional vac-
uum is applied to ‘evacuate’ the mould preloaded with reinforcement before or during the
resin injection, it is the widely known vacuum assisted RTM (VARTM) [85] process, also
named Resin Infusion under Flexible Tooling (RIFT) [54]. The VARTM was derived from
so the called Macro method for boat hull production developed in 1950 [54]. Ascribing to
the closed mould in VARTM, the emission of styrene is less to a large extent. Even with a
resin pressure as low as 1 bar, a high fibre volume fraction component can be achieved. The
factors influencing the fibre wetting in VARTM process including the resin surface tension,
fibre surface tension, dynamic contact angle of resin and fibre, adsorption and the desorp-
tion effects of volatile chemical constituent from resin and finishes on fibre surface[86].
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Film vacuum bag
(Mono- or double layers)

Breather cloth

Mold released steel caul plate

Preform lay-up

+—

Silicone rubber
Vacuum Metal tool ! b

sealant tape

Fig. 10 Schematic of Vacuum Assisted Resin Infusion and outcome (Courtesy of [46, 87, 88])

5.2.1.4 Vacuum Assisted Resin Infusion Developing a suitable closed tool for the RTM/
VARTM process is costly, this capital investigation can be minimised by replacing the half
mould with a flexible polymeric film, named vacuum assisted resin infusion (VARI), set up
referring to Fig. 10. This method has advantage of capability of manufacturing large size or
complex structures. Many physical specimen of highly dome helmet have successfully cre-
ated by use of this method [46, 87]. Figure 11

5.2.1.5 Resin Film Infusion (RFI) / Compression Resin Transfer Moulding (CRTM) The RFI
process [89] is similar to that of SCRIMP using low pressure and one-faced moulding tools,
but the resin is introduced as a solid film, such that a well impregnation can be secured in
the thickness direction. The CRTM process [90] was proposed to enhance the concepts used
in RTM. The preform filled with resin has subjected to compaction before the moving upper
mould directly in contact with the preform surface, lessen the chance for fibre distortion or
damage induced by the friction.

a b c d

Fig. 11 Step-wise polymerization in curing process. (a) pre-polymer and curing agent prior to cure; (b) cur-
ing started: molecular size increasing. (¢) Gelation achieved: continuous network d) full cure [94]
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5.2.2 Influencing Factors in LCM

There are many inertia factors hindering the creation of high quality part in LCM, and
tremendous efforts in the literature have been tried to analysis and predict the resin filling
and curing behaviour, giving solution to the common issues, which is associated with resin
viscosity, friction, curing and permeability.

5.2.2.1 Curing and Resin Viscosity Curing is a progressive and exothermic chemical reac-
tion process in a form of cross linking in thermoset resin, closely relating to the resin vis-
cosity [91, 92]. The curing degree was found to have influence on the residual stress in the
strain history monitoring, and the residual stress is likely to trigger cracking [93]. The curing
has thus further impact on the chemical shrinkage, thermal expansion/contraction and cure-
dependent mechanical properties of final part. The molecular size is increasing after curing
[94], and the curing process is illustrated in Figure 11.

During the progressive process in curing, the cure kinetic, degree of cure, exothermic
reaction of the resin, resin linear elastic and glass transition (Tg) estimation are intensively
studied in literature [95]. The cure kinetic for epoxy resin system was tried to be inter-
preted by Eq. (1):

-E
R(a,t) = 62—‘: :Aoexp<R—7f1)(1 —a) )]

where A is the pre-exponential constant; E, is the activation energy; R is the universal gas
constant; m and n are the orders of reaction (kinetic exponents).

Resin viscosity is one of the influencing factors to curing, it was suggested that the
upper limit for viscosity in RTM should be 800 mPa.s (ImPas=1 centipoise) [96]. And
the viscosity plays an important role in fluid flowing pattern that affect the permeability as
well.

5.2.2.2 Permeability and Friction Under Vacuum Like that in the thermo-mechanical form-
ing, the frictional interaction between yarns and plies, or preforms and tools, in LCM will
take place subjecting to vacuum before or during resin filling, having a significant effect on
wrinkles formation [97]. Nesting phenomenon and geometrical variants [34] are induced
by compaction in thickness direction. The compaction from vacuum will also get the pore
pattern inside the structure changed and the permeability of fabric vary that will add uncer-
tainty to the part quality.

When the resin flowing through the preforms from inlet to outlet, the major inertia it
encountering are that come from viscosity of the resin, pressure profile and surface tension
of fibre. The permeability is a dimensional quantity that can be normalized in the principle
directions by Eq. (2) [99]:

us He

r=4tAP

where K* is the unsaturated permeability in r (x,y,z) position; 4 is the resin viscosity; € is
the porosity; AP is the pressure difference; r; is the inlet port radius; r; is the radius of the
flow front. When the fabrics were sheared to accommodate the double domed shape, the
permeability variants are likely to occur. It was observed that the permeability was in a
linear increase between principle and secondary axis when shear angles up to 15°, while

{r?[21n(;—f) —1]+r3} 2
0
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it presented non-linear when shear angles over 20° [100]. More fluid flowing models have
been reviewed in [34].

6 Conclusions

Current research has been carried out around two major generic synthetic fibres para-
aramid and UHMPWE, which are good at performance in the ballistic resistant applica-
tion, ascribing to their special chemical structure where the atoms are hold together by the
strong covalent bonds. The high modulus, tensile strength and inertia to most of the envi-
ronment are the critical features enable them to be the potential candidate for the ballistic
composite helmet creation.

These two fibres can be constructed into different topologies, widely known as woven,
unidirectional (UD), braid, stitched and tufted fabrics, they are divided into 1D, 2D and 3D
preforms to talk about the flexibility respectively and presenting the advantage and draw-
backs. Among of them, the woven fabric, including 2D and 3D woven, together with UD
fabric are the two favourable fibre architectures used in ballistic protection, thanks for their
high friction between yarns / fibres giving contribution. These architectures are conformed
onto the double domed shape surface to achieve ideal preforming, where fibre continuity
and free of wrinkles / folding or misalignment are desirable.

In preforming stage, the cut-dart technique is the conventional method used both for
extensible and inextensible materials though, it will result in fibre discontinuity that is not
good for strain wavy propagation away from the impact point, and lessen the material to
engage in taking up more stress coming from projectile. On the other hand, the creep effect
of UHMWPE fibre can be utilized to achieve the domed shape curvature, many trials in
physical specimen have been successfully obtained. However, the creep effect is a highly
polymeric type dependent method. Aligning with the material market shift is taking place
from aramid dominating to UHMWPE taking up the place increasingly, combination of
the structural integrity in 3D fabric made of inextensible aramid-based material with the
creep effect of the UD / film made of UHMWPE fibre, are identified as a good choice for
preforming.

For the manufacturing methods, VARI with less instrument investment is still the first
priority, the other manufacturing methods reviewed in this paper are going to be alterna-
tives offering informative parameters reference. In sum up, the fibre properties in nature,
the fibre architectures, resin types and manufacturing methods are strongly interdependent
to each other when considering the manufacturing the ballistic composite helmet, engi-
neering are to be carried out with specific parameters selection. And current study has pro-
vide a good database.

Data Availability All data generated or analysed during this study are included in open published articles
(and its supplementary information files) as indicated respectively.
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