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ABSTRACT

Pultrusion is the one of technologies to fabridée polymer composites to be used in many industrie

such as in aerospace, automotive and construatidunsiries. The high performance pultruded products
that are produced by this technique offer highdilbontent of at least 70%. In order to produce high
quality pultruded profiles, there are variablestsas fibre impregnation, resin viscosity, pullingesd

and curing temperature that have to be considenddtlzese variables are discussed in this study. The
review on the recent research in pultrusion procégses of resins used in pultrusion process and
mechanical properties of pultuded composites agsqnted.

Keywords: Pultrusion Process, Composite Manufacturing, Theetiog Polymer, Mechanical
Properties, Resin Bath

1. INTRODUCTION important because the wrong selection may lead to
costly resigning of the products and purchase of
Advances in composite materials have penetrated int alternative materials. Pultrusion was developedhin
various industries such as automotive, aerospaiidjry, late 1950 s by W. Brant Goldsworthy and was paténte
furniture and defense industries (Sapuan and Aded98;  as a method to make a fishing rod (Astreinal., 1991,
Sapuan, 2005). Manufacturing process with compositeShakyaet al., 2013).
components involved selection of suitable materials  Pultrusion technique has become one of the importan
design concepts and fabrication techniques. Ambeg t fibre reinforced polymer composite manufacturing
fabrication techniques for composites include itigc  techniques in the recent years and it is repoftat it is
moulding, compression moulding, hand lay-up, spay  the most cost effective technique for fabricatitrgctural
vacuum bagging, filament winding, resin transfer composite profile (Suratno and Ye, 1998). Pultnusian
moulding and pultrusion. Pultrusion is considenedhis also be used not only with conventional fibres lgtass
study. According to Hambaliet al. (2009; 2010), and carbon fibres but it can also be used with rahtu
selection of materials, manufacturing processes andibres in the form of continuous yarns (Sapuan,42Cds
conceptual design for composite materials is verythese materials demonstrated comparable specific
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properties with conventional fibres (Sasttaal., 2006; entered the die as the reinforced composites amedcu
Sapuaret al., 2003; Anwaret al., 2009). But, the shape (Chandrashekhat al., 2005).
of the products is limited to continuous profilagk as Latereet al. (2004) reported that the increase of fibre
rectangular, round tube, hollow square, bar andnbea loading in the fabrication of pultruded composites
The fibres are impregnated with the low viscous increased the mechanical and thermal propertietheof
liquid thermosetting polymer in the resin bath dhen composites. The major advantage of pultrusion E®&e
the pre-impregnated composites are pulled and curedhigh stiffness because of the higher fibre content
through heated die (Carlsson and Astrom, 1998).composites (more than 70%) (Noréhal., 2010).
According to Chandrashekhaghal. (2005), among the Pultrusion process has been widely used for faimga
composite fabrication techniques like injection diog), high performance products (Sumerak, 20049.(2) and it
pultrusion, extrusion and filament winding, pultias has been used to produce sporting goods, corrosion
(Fig. 1) technique has been found to show betterresistance parts, architectural components, transpo
improvement in composite properties during processi agriculture, chemical engineering, electronic aledtacal
because the fibers are pulled under tension when th engineering, aircraft and aerospace (Maal., 1990).

Control screen Monitor systemm Fiber creel

=EO

90

Pull Load cell . si /. .
ller oad ce i - E;R;:}.:n /. .
7= 00

S

Fig. 1. Schematic representation of pultrusion process (Qiaahekharat al., 2005)
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Fig. 2. Pultruded glass composite profile (Sumerak, 2004)
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This technology offers the integration of high volk stabilizer and other enhancement additives. Themeaf
fraction of fibre impregnation and composite the fibres are guided by a guide plate where thee§i
consolidation in the same process (Giordano andliif and resin are impregnated. The fibres are pulleautih
1997). The ease of production, the cost effectisene pre-form guides to eliminate excess resin befoteramy
and high productivity of this process made pultonsi a heated die where the composites are cured.
one of the interesting methods over others for the The heated die Hig. 5 in most of pultrusion
fabrication fibre composite products (Sharmtaal., process is divided into two zones; a low tempesmatur
1998a; 1998b). for gelation and a high temperature to cure thénres
Pultruded profile has been successful in replacingThe pultrusion die is heated by a heater and the
conventional materials such as wood, Poly (VinyloBte)  temperature is controlled using thermocouple sensor
(PVC) and aluminium in some engineering application \yhich interacts with heater to ensure the tempeeatu
(Martin 2006). KaZaK, one of the U.S pultruded peof s gyfficient and to avoid die from overheating ahi

companies have been reported to develop pultrudedapn cause the defect on the pultruded profile.
composite vertical element which replaced steeichian Generally, the continuous unidirectional fibres are

in shipboard railing system (Jacob, 2006). impregnated with low viscosity thermosetting matrix

2. PULTRUSION PROCESS befo_re passing through the heated die_ for profile
forming (Carlsson and Astrom, 1998). At this statipe,

Pultrusion is a continuous composite fabrication resinchanged from liquid to rubbery state and this
process where continuous reinforcing fibres aretransition is also known as gelation point or geinp
impregnated with thermosetting matrix and are pgllle and it continues to form solidified pultruded ptefi

through a heated die to form composite profiles (Baranetal., 2013a).

(Memon and Nakai, 2013). It has the capabilitiesuto The puller with the rubber clamp gripped the pesil
continuously with constant cross section proffég( 3  and the profiles are pulled through the cutter aredcut

Wiﬂ_]l_;he mass produ?tion_volume. be divided i to desired lengths. The clamp is controlled using
ermosetting pultrusion process can be divi int pneumatic controller system and it is reported that

three zones; heat transfer zone, pressure zonpudiint . ) : .
zone (Moschiaret al., 1996a). Firstly, the fibres are pneumatic s;_/stem 1S better_ than hydraulic clamp_|c(|wh_
was used in older version pultruded machine) in

pulled from the creel through a resin bafffig( 4) with ) ) ! .
the proper resin viscosity. Then, polymer solutisn Protecting the profile. The pulling speed is colié

placed in the resin bath, which contains polymeire ~ USiNg a programming control system and it can lsiyea
filler, catalyst, release agent, pigment, Ultra letqUV) monitored and controlled in the monitor screen.

Fig. 3. Pultruded glass fibre composites grating for pedasbridge. (Courtesy of Rasidin Senawi, InnovaiatrusionSdn. Bhd.
Seremban, Malaysia)
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Fig. 4.Resin bath in pultrusion machine (Courtesy of Rass#inawi, Innovative Pultrusion Sdn. Bhd. Serembarajéa)

Fig. 5. Heated die for beam profile (Courtesy of Rasidin 8&nlmnovative PultrusionSdn. Bhd. Seremban, Makys
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Another way to impregnate resin into the fibrebys  pressure for pultruded composites and further rebea
injecting the polymer matrix through resin injectio performed by Carlsson and Astrom (1998) investigate
chamber into heated die. This type of impregnationthe thermal analysis of the pultrusion processttiol\s
method improves the wetting of the fibre composited the relation between heat transfer and crystalbnat
in turn improves the properties of the pultrudedfite kinetics to the speed of the pulling force. Létial.

(Rahatekar and Roux, 2005). (2000) had developed heat transfer and the resia cu
reaction models of pultrusion process. The
3. PROCESSING PARAMETERS development is based on finite element analysisiand

) ] gives an option to control the fibre volume fractio
The properties of the pultruded composites aregijstribution, pulling speeds, resin cure kinetigitial

influenced by the processing parameters. According temperature, degree of cure profiles and different
Lam et al. (2003), throughout the pultrusion process, heating control method.

there are factors that needed to be taken intouatco A separate heating zone in heated die improves the
such as resin viscosity, fibre fraction, die tenapere, curing system of the pultruded profile based onayel
resin polymerization and pulling speed. Accordimg t curing times. Moschiaet al. (1996b; Liet al., 2002) had
Santoset al. (2012), it is important to control the studied the pultruded curing system by simulatisjg
pultrusion process parameters in order to produce dinite element analysis where the heated die isrsepd
profile with high quality. into three heating zones. Shokrieh and Aghdami 1201
In the early production of the pultrusion process, developed three stage cure degree sections inkige t
the heating occurred only in one section with séngl heated die in pultrusion machine. They developtdee
temperature set and it is difficult to control theating stage gel point model using finite element simolatio
temperature and the heating inside die due to stripanalyse the behavior of the resin in pultrusiorcpss.
heater, hot oil, or steam (Meyer, 1986). Implemegti The volume of resin that shrinks has been a higher
the technologies such thermocouple sensor and splieontribution to the deformation of the cured resin
heating zone in the pultrusion process improved thecompared to thermal expansion because of the
pultrusion productivity. different temperatures of the resin and the die has
Among these variables, the curing temperature isbecome smaller (Baraet al., 2013b). Joshiet al.
the most significant factor that affects the puled (2003) presented the analysis through finite eldren
profile during pultrusion process (Coelho and Calad study the behavior of pultruded glass reinforcedxgp
2002). The matrix curing behaviour became the mostcomposite at die inlet and die cooler temperatime.
critical factor in pultrusion process and it incketithe  their previous work, Joshi and Lam (2006) had
resin bonding behaviour, type and size of the di¢ a successfully developed 3D simulation using finite
the heater capacity. Different types of the registsm element/nodal control volume for thermoplastic and
have their own behaviours and the promoter onlg act thermosetting matrices in pultrusion process.
as a bonding enhancement. There are many studies to optimize the parameters
Even though the progress in the types of resiresyst in order to improve the properties of the pultruded
has not taken place significantly in the last decad profiles either in terms of physical or mechanical
continuous research is being carried out in undedihg properties. The pressure and temperature are ianort
the behaviour of resins when they are being exptsed parameters to control in the pultrusion processr(As,
heat in order to improve the product quality and 1992). The pressure is normally affected by the
productivity. Coelho and Calado (2002) had repothed viscosity of the polymer matrix, fiber fraction,llér
the non-uniform distribution of the degree of cuneer ratio, pulling speed and improper setting on the
the cross section had led to poor quality of thirpded temperature (Gadarst al., 2000). Without a proper
profiles. It is important to control the degree mire setting of the temperature, there is a tendency the
during pultrusion process in order to produce goodreinforcement being trapped inside the die.

quality pultruded profiles (Lanet al., 2003). Uniform The velocity of the pulling speed must be
curing of the reinforcement improved the isotropic controlled properly to reduce the pulling forceatigh
properties and homogeneity of pultruded profiles. the pultrusion die Kig. 6). The pulling force occurs

For that purpose, Astrom (1992) had developedstarting from fibre creel until the die inlet andstly
pultrusion process model to study the temperatma a occurs when cross linking reaction between polymer
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molecules inside heated die (let al., 2003). The
factors that influenced the pulling speed of thenposites
during pultrusion process is frictional force, wgs force
and internal die pressure (Lackey and Vaughan, 1994
When the velocity of the pulling speed reduces, the

2002). Poor wetting mainly takes place due to high
viscosity of resin.

Wilcox and Wright (1998) discussed some important
parameters related to pultrusion process and deedlo
artificial intelligent system to optimize the pareters

damage on the pultruded material can be reducednvolved. A 3 layer artificial neural network hackdnm

(Carlone and Palazzo, 2008).

Krasnovskii and Kazakov (2012) stated that
optimal pulling speed should result in quality
pultruded products with no cracks and fibre brea&kag
Smith (2007) reported that the increase of the arhou
of release agent in the polymer matrix formulatoam
reduce the pressure inside the die during pullinthe

developed and it had the capability to analyse the
parameters in order to choose the optimum comloinati
of parameters to produce high quality pultruded
composite products.

Sarrionandiaet al. (2002) suggested that a key for
optimization of the pultrusion process is to masher
polymerization reaction in the pultrusion die.

composites. However, the increase of release agen@iordano and Nicolais (1997) reported that die

affects the quality of the pultruded products.
Astrom et al. (1991) performed theoretical
modelling of a pultrusion process by optimizing

temperature, polymerization reaction, rheologidenge
of resin and resin viscosities are the variabldésctihg
the behaviour of the pultruded composites. They als

important parameters such as temperature, pressurgXPlained that polymerization reaction and rhedabi

and process pulling force. Moschiat al. (1996a)
carried out a theoretical modelling of pulling sgee

for pultruded epoxy composites. They revealed that

high pulling velocity reduces the thermal stressl an
pressure inside the heated die.

Chachadet al. (1996) studied the effect of pulling
speed for different sizes of flat pultruded compesi
Increasing pulling speed increases the degree o
curing due to the high exothermic temperature at th
center line. Also, the flat pultruded composites

experienced lower degree of cure when pulling speeaO

is reduced. Rapeat al. (1999) developed a numerical
model for flow through porous media which employs
the finite volume method and among the parameter
that they studied include the pressure and pulling
speed in pultrusion die. In the developed moded, th
pulling speed, fibre volume fraction, matrix visdgs
guide plate and degree of cure affected the pressur
Jeswani et al. (2009) also revealed that the
increase of pulling speed improved the properties o
the pultruded profile. Liet al. (2003) implemented
mat tracer method and short die length method in
studying the effect of die length on the pullingesd
in pultrusion process. The increase of the die tlieng
does not affect the pulling force.

change of the resin strongly influenced the final
properties and the quality of the pultruded proguct

4. RESINS USED IN PULTRUSION
PROCESS

Baranet al. (2013b) highlighted that in pultrusion of

]xhermo set composites, the exothermic reactionhef t

matrix begins when the composite reaches initiation
temperature at which the gelation of the resinlg a
bserved. Therefore, the thermosetting resin ptags
Important part in the degree of curing behaviourerg

are some polymer matrices that have been used in

spultrusion process such as polyester, vinyl ester,

phenolic and epoxy (Vuppalapatét al., 2014). Each
polymer matrix has its own specific characteristic
advantages for processing, performance and applicat

Polyester resin has been widely used to produce
pultruded profiles (Tomlinson and Holland, 1994).
Excellent performance and cost effectiveness pmthe
matrix the highest demand in current pultrusion
manufacturing field. However, polyester is poorédsist
the high temperature and is quit brittle.

Phenolic has the ability to withstand very high
temperature compared to other polymers and it dehyi

Fibres become compacted due to the viscosity oféPplied in oil and gas industry. However, the usiion

thermosetting resin in the pultrusion process. Tvosild
decrease the transverse permeability of the filhes
would affect the wet out process (Shalgaal., 2013).
Complete wet out of the fibers during pultrusiogass
leads to high quality pultruded profiles with good
mechanical properties (Rangh al., 2011; Cheret al.,
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process with phenolic is quite difficult performedhere
many additives are required during the formulation
process. Phenolic is normally possessed high vigcos
and hence it is related to poor wetting charadtesiand

it leads to poor mechanical performances. To redlee
viscosity of phenolics, Beda al. (2005) has suggested it
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should diluted with water. Yun and Lee (2008) vinyl ester but the price of epoxy is higher thanyV
introduced bubble in the phenolic foam and it casuce ~ ester. Furthermore, epoxy is advantageous wheriaspec
the weight of the pultruded profiles. mechanical properties, thermal degradation and high
Vinyl ester and epoxy demonstrated better wetting COrrosion resistance are required (Seval., 2012).
compared to other polymers because of their Martin  (2013) reported that urethane resin
comparatively low viscosity. In addition, these etals  providesthe highest glass loading compared to stdye
can accommodate higher percentage of fibre thug theand vinyl ester which leads to pultruded urethane
offer better mechanical and thermal performancexigp Ccomposites to have flexural modulus properties @ggi
shows much better mechanical performance compared tthe ~ properties ~ of  aluminum Fg. 7).

e

=..| "\

Fig. 6. Pneumatic puller in pultrusion process (CourtesRadidin Senawi, Innovative PultrusionSdn. Bhd. SeeemiMalaysia)

A

Fig. 7. Pultruded polyurethane composite profile (Marfi13)
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5. MECHANICAL PROPERTIES OF epoxy composites. The compressive behaviour otypes
PULTRUDED COMPOSITES of pultruded composite rods were compared. Theyl use
finite element modelling to assist a prediction tbe
Ma et al. (1997) studied mechanical and flame retardantcompressive failure.
properties of the pultruded Novolac type phenolic In the pultruded phenolic development, there are
composites with different resin viscosities andirgrr ~many additives added for polymerization of the mesi
temperatures. They designed three parts of thenbeat System such as hexamine, formalin, release ageht an
zones. The first heating zone at 110°C is for ttessc filler. The addition of contain of the additives in
linking reaction between formalin and residual mieRor composites should be optimized to retain the meachhn
the second zone at 130°C, hexamine, an additive, iperformance of materials. The purpose of addingrfil
converted to NI§| which acts like Catalyst for the such in resin System is to reduce the use of t"}ﬁ’nm
polymerization in the resin system. The third igaione  matrix and cost reduction. In addition, as reportsd
completely cured the resin and the composites m’camLackey and Vaughan (1994) fillers such as calcium

:t)ijcde)llle;tsoﬂzm'cvzbiﬂg erf?gizstt%r;tthF:eUIgi?fc(ja?gntp\r/?;ilﬂe;z? carbonate, hollow glass microspheres and liquicbeub

Novolac phenolic resin on mechanical propertiesthef 2;?] g(ljstooirrll]yrléizdﬂfg iﬁd:gfrtei?sf:fé:f the métsua

pultruded profiles.Figure 8 shows the viscosity of the P . pac L

Novolac type phenolic resin with 10% wt. hexamind af Generally, additive and f'”?‘rs are used in th_e!rpsl_o N

the Resole type phenolic resin with 5% sulfonidaci process to enhance the physical and mechanicagrfiep
Creighton and Clyne (2000) investigated compressiveOf the pultruded proﬂles_, to solve product_lon idiffty and

strength properties of pultruded carbon fibre miréd  t0 reduce the production cost (Boukhét al., 2006).
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Fig. 8. The viscosity of the Novolac type phenolic resirthwl0%wt. hexamine and of the Resole type pherrein with 5%
sulfonic acid (Maet al.,1997)

////4 Science Publications 1805 AJAS



A.M. Fairuzet al. / American Journal of Applied Sciences 11 (1G98-1810, 2014

Figure 9 shows typical load-displacement curves for 20°C to 140C and found that the pultruded composites
pultruded  glass/polyester ~ composites  containingare temperature sensitive. It shows that the riesqquite
different amounts of fillers and tested lah = 24. Even  brittle when the temperature is increased but high
though phenolic pultruded composites have beendfasn ~ volume fraction of fibres in the pultruded compesit
excellent resistance to fire, but the mechaniaaparies of ~ reduces the fracture failurefFigure 10 shows the
this pultruded profile is worse compared to otlypes of ~ Maximum impact forceRr,) and fracture energyE()
pultruded profiles. Mat al. (1997) studied the effect of the Vs temperature °C). Creaet al. (1997) studied the
additive content called hexamine on mechanicalestigs ~ thermal effect on the tensile properties of puleuiglass
of pultruded composites and revealed that 10-12% offibre reinforced polyester composites. The ressitsw
hexamine content gave the maximum flexural strength ~ that pultruded glass fibre reinforced polyester posites

Tsanget al. (1999) investigated the impact of fracture ¢an Wwithstand up to 23Q without losingtensile

behaviour on the performance of pultruded glasgefib Properties.Figure 11 shows tensile modulus of glass
reinforced vinyl ester composites within the rargfe  fibre reinforced composites with expose temperature
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£ |
~ 4000 |
2000 |
2000 |
1000
fe=————— - —_— i H
0 > 10 15 20 25
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Fig. 9. Typical load-displacement curves for pultruded gflaslyester composites containing different amooftillers and tested
at L/h 24. (1 = length, h = thickness, B = 20%, G326, D = 40%) (Boukhilet al., 2006)
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Fig. 10.Maximum impact force (F,,) and fracture energy (EVs temperature’C) (Tsanget al., 1999)
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