
INTRODUCTION
Today, the automotive industry is one of the largest
and most significant sectors in the world, and it has
become a major consumer of engineering materials.
Although metallic materials are predominantly used
in this sector, the cultural and economic changes in
recent years have significantly influenced both mate-
rial preferences and design choices. The develop-
ment of polymer composite materials has become an
important supportive parameter for this change [1, 2].
Four factors are very important in the widespread use
of composite materials in the automotive industry:
weight saving, security, product quality, production
ease and flexibility [3]. The high energy absorption
ability of composite materials makes them more
advantageous than classic materials such as alu-
minium and steel, and because of these properties,
their usage has increased in automotive parts that
are exposed to collisions [4]. A chassis made of a
composite material absorbs 80% more energy than a
steel chassis in the case of a collision [5]. 

The easy moulding property of composites provides
several advantages. The production of big structural
complex parts as a whole eliminates the necessity of
part combining and montage, which allows materials
to be produced with higher resistance and lower cost.
Moulding processes are easy, and colouring during
moulding decreases the production time and cost,
and allows more colour options and aesthetic fea-
tures. As a result, composite materials are being
used in the production of outer body parts in the auto-
motive industry [6].
Automotive manufacturers are currently under pres-
sure to produce low-cost automobiles that are resis-
tant to environmental factors, have a high security
level, provide very good comfort and equipment, and
consume less fuel. Under these circumstances, com-
posite materials are considered to be the most con-
venient materials that can be used instead of alumini-
um and steel. The easiest method for establishing
lightweight materials without concession from
strength is the use of carbon fibre-reinforced com-
posites. However, carbon fibres are expensive for
automotive applications. On the other hand, glass
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Comportamentul structural și mecanic al compozitelor poliesterice ranforsate cu fibre de sticlă

În această lucrare, a fost efectuată o investigație asupra proprietăților mecanice ale compozitelor din rășină poliesterică
produse prin trei metode diferite: aplicare manuală, turnare prin transfer de rășină (RTM) și metode de turnare în foi
(SMC), armate cu văl de fibre de sticlă discontinuu și continuu, distribuit aleatoriu. În primul rând, s-au determinat
rezistența la tracțiune și modulul de elasticitate pentru a analiza proprietățile mecanice ale plăcilor compozite.
Rezistența la impact a fost determinată prin testul de impact Charpy. Pentru a determina deformarea materialelor după
impact, probele expuse la greutatea de cădere la viteză mică au fost supuse testului de încovoiere în 3 puncte și au fost
analizate pierderile de rezistență ale acestora. S-a stabilit că creșterea fracțiilor volumice de fibre a majorat rezistența
la impact a materialelor compozite. Cu toate acestea, utilizarea materialelor de inserție în structura compozitelor a
diminuat proprietățile mecanice și rezistența la impact ale acestora.
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fibre has found a very prevalent application area in
the automotive industry together with thermoplastic
and thermoset resins, due to its high rigidity and low
cost [7, 8]. Owing to new developments in production
processes and moulding techniques, glass fibre mats
are being used in lightweight and high-performance
automotive parts [9]. Some important moulding meth-
ods in the production of automotive composites are
the hand lay-up method, sheet moulding compounds
(SMC), bulk moulding compounds (BMC) and resin
transfer moulding (RTM). The products produced
using these methods are used inside beams, ceiling
and bottom panels, exterior body panels, bumpers,
and mudguards. While a ready fibre–resin mixture is
used in the production of these parts with SMC and
BMC methods, discontinuous and continuous fibre
mats, woven, knitting, and unidirectional fabrics can
be used as reinforcement with other methods such
as RTM and hand lay-up [10]. Generally, automotive
composites are expected to exhibit high impact
strength, high tensile strength, high fatigue resis-
tance, and strength preservation at different temper-
atures.  
Collision resistance is particularly important in auto-
motive parts, and research has generally focused on
the impact strengths and mechanical properties of
automotive composites. Simunovich et al conducted
a comprehensive study on this subject [11]. In this
study, the damage behaviour and propagation prop-
erties of random glass fibre mat–polyester resin com-
posite materials were determined experimentally, and
the damage behaviour of the composite parts was
modelled using the DYNA3D simulation program.
Santulli et al. [12] investigated the impact strengths in
glass fibre–polypropylene thermoplastic composites
by the Charpy test.  In another study, Piry et al. [13]
analysed the impact strengths and damage of glass
fibre–polyester resin composites produced by the
SMC method. The impact strength when the fibre dis-
tribution and fibre volume fraction were changed in
the structure was theoretically determined using the
EXPRESS simulation program. The loading amounts
for initialising a crack and the total energy amounts
for the structure to fracture were theoretically calcu-
lated, and the results were compared with experi-
mental data. Oldenbo et al. [14] investigated the
mechanical properties and fracture toughness of
standard and low fibre volume fraction glass
fibre–polyester resin SMC composites and found that
SMC composites with lower densities are more resis-
tant to small collisions. In a similar study, Gregl et al.
[15] found that the Young’s modulus was 20% lower
when 10% of glass spheres were added to the SMC
composition as a filler. Sheu et al. [16] found that
30% weight was saved when glass fibre-vinyl ester
composites produced by the RTM method were used
in bus bodies that operated with electricity, and they
studied the mechanical properties and impact
strengths of glass fibre–vinyl ester composites.  Kim
and Lee [17] studied the relation between surface
qualities and shrinkage ratios after curing glass fibre-
polyester resin composite parts produced by the

RTM method. They experimentally measured the sur-
face qualities and formations of the surface contour
lines related to the fibre volume fraction, and then
designed and produced the bus inner panels accord-
ing to the obtained results. Studies on RTM glass
fibre-polyester composites have mainly focused on
the shrinkage and warpage problems of these mate-
rials after curing [18, 19]. 
Recently, Karahan et al. investigated low velocity
impact [20], bending [21] and compression [22] prop-
erties of glass-vinyl ester composites. Zahid et al.
[23] experimentally investigated the interlaminar
shear strength of glass fibre-reinforced thermoplastic
polyurethane (TPU) and epoxy-based thermoset
composites enhanced with multi-walled carbon nan-
otubes (MWCNTs) and compared the performance of
thermoplastic and thermoset composites. Karahan
et al. [24] studied the impact and mechanical proper-
ties of hybrid composites made with natural and
glass fibres. They found that the impact properties
increased in hybrid structures. Karahan and Karahan
[25] investigated the impact properties of hybrid com-
posites woven from synthetic fibres, including glass,
carbon, and aramid, and compared these with 100%
glass fibre composites. Karahan et al. [26] investi-
gated the effects of resin type on the mechanical
properties and impact resistance of glass fibre com-
posites.
The purpose of this study is to investigate the impact
resistance of polyester resin composites used in the
automotive industry, reinforced with randomly discon-
tinuous and continuous glass fibre mats and glass
fibres produced by hand lay-up, RTM, and SMC
moulding methods. The mechanical properties of the
composite plates were determined for this purpose.
The impact strength was determined using the
Charpy test. To determine the deformation of the
materials after impact, the samples exposed to a low-
speed weight drop were applied a 3-point flexural
bending test, and their strength losses were deter-
mined. 

EXPERIMENTAL
The reinforcement materials and their properties that
were used in hand lay–up and RTM methods are
given in table 1. CE 92 N8 type unsaturated polyester
was used as a resin. Methyl Ethyl Ketone Peroxide
(50% active) was used for curing with a ratio of 2%,
and 6% Cobalt Naphthenate was used with a ratio of
0.25% as hardener and catalyst. In the SMC method,
two ready compounds with different fibre volume
fractions were used. The compound was in the form
of a non-cured layer including fibre, resin and other
filler and additives. The ratios of used SMC compos-
ite contents are given in table 2.
Hand lay-up, RTM and SMC moulding methods were
used in the production of composite plates with
dimensions of 300×300×4 mm. In table 3, the rein-
forcement elements and resin amounts in plates pro-
duced by hand lay-up and RTM methods can be
found. In the hand lay-up operation, resin was
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applied to glass fibre mats by a roll and left for curing.
In the RTM method, resin injection was performed at
a pressure of 3 bar, and the material was left under
pressure at room temperature for 45 minutes to cure.
In the SMC method, moulding was carried out under
a pressure of 60 kg/cm2 and a temperature of 140ºC.
The samples were left to cure for 5 minutes. To deter-
mine the mechanical properties of the materials, their
tensile strength and modulus were primarily mea-
sured. For this purpose, the breaking load and break-
ing strain were first determined. The tests were con-
ducted using an HTE Hounsfield tension test device
with 50 kN capacity, according to ASTM D638 stan-
dards. Tensile strength and elastic modulus were cal-
culated using equations 1 and 2, respectively:

FsC =       . (1)w  t

where sC is tensile strength (MPa), F – maximum
load (N), w – sample width (mm), and t – sample
thickness (mm).

sC DlEC =        ; e = . (2)e               l0
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Here, EC is elastic modulus, e – breaking strain, l0 –
initial sample length (mm), and Dl – breaking elonga-
tion (mm). 
In order to determine the impact resistance, a low-
speed weight drop method was used. Spherical-
ended weights of 1 kg, with a 45 mm diameter, were
dropped from 1 m onto the samples. The strength
losses were determined using a 3-point flexural
bending test. Samples were supported from 2 sides
during the weight drop as shown in figure 1.

Fig. 1. Fixing of the samples from two sides during
weight drop

THE REINFORCEMENT MATERIAL TYPES USED IN HAND LAY-UP AND RTM SAMPLES

Material type Glass fibre type Weight
(g/m2) Supplier

Randomly continuous glass fibre mat-U850 E-glass continuous filament 300 Vetrotex-Saint Gobain
Randomly discontinuous glass fibre mat-EMAT-1 E-glass discontinuous fibre 450 Cam Elyaf Inc.
Randomly discontinuous stitched glass fibre mat E-glass discontinuous fibre 450 Cam Elyaf Inc.

Table 1

REINFORCEMENT ELEMENTS AND FIBRE VOLUME FRACTIONS IN HAND LAY-UP
AND RTM COMPOSITE PLATES

Production
method Reinforcement materials

Total weight of
reinforcement
materials (g)

Weight of
finished
plate (g)

Fibre volume
fraction (%)

Thickness of
finished plate

(mm)
Hand lay-up 3 plies EMAT-1 discontinuous mat 121.5 587.85 20.66 4.4

RTM-1 3 plies U850 continuous mat 81 442.24 18.32 3.6

RTM-2 2 plies stitched mat + 1 ply U850
continuous mat 108 486.73 22.18 4

Table 3

SMC COMPOSITE RATIOS AND PLATE
THICKNESS OPTIMIZATION

SMC materials SMC-1 SMC-2
Discontinuous glass fibre (%) 22 28

Polyester resin (%) 26 28
Calcium Carbonate filler (%) 48 40

Pigment and thickener
additives (%) 4 4

Total (%) 100 100
The thicknesses of finished

plates (mm) 3.8 4

Table 2

The losses in mechanical properties of the samples
after impact were determined by a 3-point bending
test. The 3-point bending tests were performed using
an Instron 4301 device according to ASTM D790
standard. The bending strength and bending modu-
lus were calculated using equations 3 and 4, respec-
tively. Here, sCF is the bending strength of the com-
posite plate, ECF – the bending modulus of the com-
posite plate, F – maximum force (N), l – composite
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continuous felt. The volume fraction of this plate is
lower compared to the hand lay-up method, but the
tensile strength is 12% higher, and the elastic modu-
lus is 50% higher. This shows that the stiffness of the
continuous felt reinforced composite plate produced
by the RTM method is higher. Moreover, the low stan-
dard deviation demonstrates the homogeneity of the
structure. 
Continuous mat reinforced RTM composites are a
good solution for obtaining high strength and high
stiffness at the same time. However, due to the high
cost of continuous mats, they are used together as a
hybrid with discontinuous felts in the RTM process
while producing the parts for the automotive industry.
Practical applications have shown that if discontinu-
ous, randomly distributed felts are used in the RTM
process, fibres disintegrate during resin injection,
which prevents a homogeneous structure from being
obtained. For this reason, stitched discontinuous ran-
domly distributed felts have been developed. These
structures are generally suitable for resin injection but
cannot be used alone. They are generally used
together with continuous felts. In the RTM-2 compos-
ite plate, two layers of stitched, randomly distributed
felts were used together with one layer of continuous,
randomly distributed felt. The fibre volume fraction in
this felt is about 22%. Although this ratio is 4% high-
er than that of the RTM-1 composite plate, the
increase in tensile strength is not significant.
However, the elastic modulus is 37% higher. But
there has been a 17% standard deviation in the mod-
ulus values of the RTM-2 composites. 
Although the fibre volume fraction of the SMC-1 com-
posite plate is 22%, its tensile strength has been

plate length (mm), w – plate width (mm), t – plate
thickness (mm), m – tan a, is the slope of the load-
elongation curve of the elastic region.
The impact strength of the samples was determined
using a KSG-70 type Charpy test device in accor-
dance with DIN 53453 standard. The samples were
tested without notches. Following the Charpy tests,
impact strength was calculated using equation 5.
Here, KC represents the impact strength (J/m3), AC –
the fracture energy (J), l – the composite plate length
(mm), w – the plate width (mm), and t – the plate
thickness (mm).

3FlsCF =       . (3)
2wt 2

ml 3ECF =       . (4)
4wt 3

AC 109
KC =       . (5)wtl 

RESULTS AND DISCUSSION
To determine the mechanical properties of the com-
posite plates produced using different methods, the
tensile load and breaking strain were initially mea-
sured. Based on these results, the tensile strength
and elastic modulus were calculated using equations
1 and 2. The results are presented in table 4. In the
hand lay-up method, a discontinuous and randomly
distributed mat was used, resulting in a composite
plate with approximately 20% fibre volume fraction.
The tensile strength of this plate was around 50 MPa,
but a 20% deviation in strength and modulus values
is noteworthy. The reason for this phenomenon is

a                                                 b

MECHANICAL PROPERTIES OF COMPOSITE PLATES FROM HAND LAY-UP, RTM, AND SMC METHODS

Production
method

Maximum load, F
(kN) Breaking strain, e Tensile strength, sC

(MPa)
Elastic Modulus, EC

(MPa)
Hand lay-up 4.43 ± 0.96 0.090 ± 0.01 50.30 ± 10.92 587.20 ± 101.92

RTM-1 4.06 ± 0.13 0.060 ± 0.01 56.44 ± 1.80 891.47 ± 71.54
RTM-2 4.65 ± 0.40 0.048 ± 0.005 58.15 ± 4.99 1227.64 ± 214.47
SMC-1 2.65 ± 0.081 0.044 ± 0.003 34.89 ± 1.062 790.46 ± 58.29
SMC-2 5.77 ± 0.22 0.070 ± 0.01 72.18 ± 2.75 984.89 ± 127.76

Table 4

Fig. 2. The air voids between the fibres of the composite plate
are produced by the hand lay-up method and resin-rich regions:

a – x400; b – x1000

attributed to air voids in the plate, which
weaken the structure. Figure 2 shows the air
voids within the composite plate structure
produced using the hand lay-up method.
In the structure produced by randomly dis-
tributed felt, fibres gather during the resin
impregnation, leading to resin-rich regions
and deteriorating the homogeneity of the
structure. This can be considered as anoth-
er factor for the deviation between the val-
ues. No air voids are left in the composite
plate structure produced by the RTM mould-
ing method, so the structure is denser. The
fibre volume fraction is about 18% in the
RTM-1 composite plates produced using
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determined to be around 35 MPa. Since it is pro-
duced under high pressure, no air voids are present
in the structure. However, in the SMC composition, a
significant amount of calcium carbonate is used as a
filler alongside fibre and resin. Calcium carbonate
behaves like air voids in the structure and decreases
the strength significantly (figure 3). As shown in fig-
ure 3, calcium carbonate particles negatively affect
fibre-matrix interface adhesion within the structure.
Figure 4 compares the SMC composite with the hand
lay-up and RTM composites. However, considering
the elastic modulus value, it seems that calcium car-
bonate increases the stiffness. The fibre volume frac-
tion in the SMC-2 plate is 28%. The 6% increase in
the ratio raised the tensile strength more than
twofold. However, the increase in elastic modulus
compared with the SMC-1 plate is 24%. The
decrease in the filler ratio and the increase in the
resin ratio cause the ductility of the structure to
increase slightly. Although there is a significant
increase in strength due to the glass fibre volume
fraction, the same increase did not occur in the stiff-
ness of the material.
The most important performance parameters in auto-
motive composites are impact strength and the
amount of energy required for fracture. The impact
strengths of the materials produced for this purpose
were determined using the Charpy test. The impact

IMPACT STRENGTHS OF COMPOSITE PLATES
FROM HAND LAY-UP, RTM, AND SMC METHODS

Production
method

Fracture energy,
AC (J)

Impact strength,
KC (kJ/m3)

Hand lay-up 1.16 ± 0.38 478.16 ± 155.73
RTM-1 1.18 ± 0.21 596.68 ± 102.92
RTM-2 1.61 ± 0.32 731.06 ± 145.46
SMC-1 0.64 ± 0.11 304.17 ± 51.45
SMC-2 1.39 ± 0.18 629.87 ± 84.74

Table 5

a                                                    b                                                    c

Fig. 4. The comparison of surface and inner structures of:
a – SMC; b – RTM; c – hand lay-up composites

Fig. 3. Calcium carbonate particles in SMC
structure and fibre-matrix interface (×10,000)

strengths were calculated using equation 5. The
results are in table 5. When the results were anal-
ysed, it was seen that the minimum impact strength
was observed in the SMC-1 composite material.
According to this result, a high filler content decreas-
es the toughness of the structure. In SMC compos-
ites, the impact strength and toughness of the struc-
ture increase in relation to the fibre volume fraction.
Although a large amount of air voids are present in
composite plates produced by the hand lay-up
method, they exhibit greater impact strength com-
pared with the SMC-1 composite materials. However,
there is approximately a 30% deviation in the impact
strength values of the composites produced with the
hand lay-up method. The reason for this phe-
nomenon is the resin–rich regions formed due to air
voids and disordered distribution of fibres in the
structure. The impact strength in the RTM-1 continu-
ous felt-reinforced composite material is greater than
that produced with the hand lay-up method, despite
its lower fibre volume fraction. In RTM-2 composite
material, a 4% increase in fibre volume fraction
results in a 23% increase in fracture strength. The
hybrid structure used in the RTM-2 composite mate-
rial offers several advantages: The stitched mat
increases the fibre volume fraction and toughness,
while the discontinuous mat prevents rupture after
fracture and increases the ductility of the material at
the same time. Figure 5 illustrates the fracture of the
RTM composite material, revealing a brittle fracture.
As a result, the energy required for breaking increas-
es. In figure 6, while the fibres of discontinuous felt
break completely after impact, the thinner filaments in



the continuous remain intact, maintaining the struc-
ture’s integrity.
Fracture toughness is an extremely important param-
eter, especially for automotive parts where collision is
important. However, while information such as
Poisson’s ratio and elastic modulus is needed to find
this value, it is certainly a parameter directly related
to the impact energy. Therefore, a comparison based
on the impact energy value instead of finding the
value gives almost the same trend [27]. 
The impact strength and elastic modulus of the com-
posite plates produced by hand lay-up, RTM and
SCM methods are compared in figure 7. As seen in
the figure, the impact strength increases similarly to
the elastic modulus. However, this trend is not valid
for SMC-1 plates. The toughness of the structure is
very low due to the excessive amount of filler in
SMC-1 composite parts. However, with a 6%
increase in the fibre volume fraction, the toughness
and energy absorption capability of the structure
increase by approximately twofold. In this case, it can
be concluded that the increase in the fibre volume
fraction has the greatest effect on impact strength
[28–31].
In automotive composites, one of the biggest prob-
lems, especially in exterior body and bonnet parts, is
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the small bumps during parking. This causes small
cracks in the composite parts, decreasing the
strength of the structure. In this study, this problem
was simulated by a low-speed weight drop method.
The bending strength and modulus values of the
weight-dropped samples were determined using a
3-point flexural bending test, and losses in strength
and modulus values were compared to parts that did
not undergo weight drop. Bending strength and
modulus were calculated using equations 3 and 4,
respectively. Results are given in table 6. According
to these results, bending strength and modulus
increase with increasing fibre volume fraction, but
losses in bending strength occur after impact.
Composite parts produced using the hand lay-up
method have low bending strength, but due to their
ductile structure, the loss in bending strength after
the impact is low. Moreover, the bending strength of
RTM composites increased threefold with a 4%
increase in fibre volume fraction. However, as the
fibre volume fraction increases, the post-impact loss
in bending strength also increases. It was observed
that bending strength was halved in RTM-2 compos-
ite parts. Interestingly, the decrease in bending mod-
ulus is limited. The simultaneous decrease in dis-
placement value and strength limits the change in
modulus. This phenomenon can be observed in the
load-displacement curve in figure 8. Cracks that
occur in the structure after a weight drop decrease
the structure’s elasticity, and rupture occurs where
the cracks accumulate. In this case, both bending
and displacement decrease.
In SMC composites, a 6% increase in the fibre vol-
ume fraction results in a threefold increase in bend-
ing strength. The loss in bending strength also
increases after impact due to the higher fibre volume
fraction, but this loss is less significant than in RTM
composites. The decrease in bending modulus is
approximately 5%, similar to the other composites.
As a result, it can be concluded that while the fibre
volume fraction increases, the bending strength
improves, but the post-impact bending strength loss-
es also increase. Moreover, significant changes do
not occur in the bending module after impact.  

Fig. 5. Brittle fracture behaviour in RTM composite
structure (×1000)

Fig. 7. The impact strengths and elasticity modules
of Hand lay-up, RTM and SMC composites

Fig. 6. The fracture in the RTM-2 composite part
after impact



CONCLUSION
The following conclusions were drawn from this
study:
• With increasing fibre volume fraction, mechanical

properties and impact strength improve. However,
calcium carbonate used as a filler reduces the
mechanical properties and impact strength of the
composite structure, making it more brittle. It is very
difficult to maintain homogeneity in composite parts
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3-POINT BENDING TEST RESULTS FOR COMPOSITE PLATES FROM HAND LAY-UP, RTM, AND SMC METHODS

Production
method

Bending strength, sCF (MPa)
% difference

Bending modulus, ECF (MPa)
% difference

Non-impacted Impacted Non-impacted Impacted
Hand lay-up 28.92±7.2 27.01±7.5 6.6 658±132 621±137 5.6

RTM-1 25.83±2.8 21.08±4.2 18.3 1143±86 1086±94 4.9
RTM-2 76.53±4.8 34.56±5.1 54.8 2276±287 2162±264 5
SMC-1 15.27±2.5 15.11±2.2 1.04 976.9±72 922±86 5.5
SMC-2 50.88±6.1 42.34±5.7 16.8 1687±182 1618±195 4.1

Table 6

produced by the hand lay-up method.
The mechanical performance of such
parts is limited, and they should not be
used in critical applications where
strength is required. The mechanical
properties of composite parts produced
using the RTM method increase with
fibre volume fraction. Such parts can be
used in applications requiring high per-
formance. Their energy-absorbing capa-
bility and impact strength are higher
compared with composites produced
using the hand lay-up and SCM meth-
ods. However, RTM composites lose
most of their strength after impact. 

• The mechanical properties of SCM com-
posites improve with fibre volume frac-
tion. However, due to the high filler con-
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