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Study and analysis of mechanical and viscoelastic
behavior in flexure of laminated composites

In the present paper, seven laminated composites were the
subject of an experimental study to determine their mechan-
ical and viscoelastic properties by means of dynamic me-
chanical analysis in a bending configuration. The influence
of the frequency, fiber type and fiber orientation on dy-
namic mechanical properties of different system compo-
sites were investigated. Carbon/epoxy laminates exhibit a
great stiffness when fibers are oriented along the axis of
the clamps, and the maximum modulus was reported for
unidirectional carbon/epoxy laminate [08 plies] with
56.4 GPa. The glass transition temperature was found to de-
crease with the incorporation of fibers and increase with in-
creased frequency. For the Kevlar/epoxy laminate, an in-
crease of 12.5 8C in glass transition temperature was
observed. This is related to a better interfacial adhesion be-
tween epoxy matrix and Kevlar fibers.

Keywords: Composite laminate; Dynamic mechanical
analysis; Fiber/matrice interface; Glass transition tempera-
ture

1. Introduction

The use of thermosetting composite materials has enjoyed a
significant growth in many industrial applications due to
high mechanical properties and low density [1, 2]. Never-
theless, the mechanical performance of a composite materi-
als depends not only on the properties of the reinforcement
(type, orientation, geometry) and on those of the matrix,
but also on the quality (cohesion, durability) of the interfa-
cial zone which guarantees reinforcement/matrix compat-
ibility. This latter is ensured by a distribution of the stress
loads between the two components. As a consequence, the
degradation of the interfacial zone results in structural da-
mage such as fibers–matrix decohesion or delamination
which will impact the properties of the final composite
[3–5]. During their in-service use, composite materials are
subjected to mechanical stresses or exposed to different en-
vironmental conditions involving temperature and humid-
ity [6, 7]. At high temperatures above their glass transition
temperature (Tg), a thermosetting polymer undergoes three
transitions in its structural state, marked by two tempera-
tures: the Tg observed during the amorphous phase of the
polymer and the decomposition temperature (Td) at which
covalent bonds of the macromolecular skeleton start to

break under the action of thermal energy transferred to mo-
lecules [8].

According to Bai et al. [9], when temperature exceeds the
Tg, the polymeric material shifts from a glassy state to a
rubbery one due to the breaking of the covalent bonds of
the molecules (activation energy). This transition is fol-
lowed by a degradation of the physicochemical properties
of the matrix (break of the weak chemical bond and more
specifically of its interface with fibers). It is at this interface
level that thermal stress concentration starts, owing to the
difference in the expansion coefficients between fibers and
matrix. Such a phenomenon translates into the appearance
of micro deteriorations (interlaminar cracks) and into the
decohesion of the fiber/matrix interface [10–12].

Currently, the dynamic mechanical analysis (DMA)
technique is widely used for the experimental study of poly-
meric matrix composites [13–15]. It is based on the materi-
al’s response to sinusoidal mechanical stresses as a function
of temperature, frequency and time; enabling the measure-
ment of relaxation phenomena in polymers [16]. DMA al-
lows the determination of the different transitions poly-
meric materials undergo as a function of temperature, and
hence, making it possible to evaluate the viscoelastic prop-
erties of materials by means of their elasticity modulus (sto-
rage modulus E’), loss modulus E@, and loss factor (damp-
ing factor tan d) [17]. Therefore, a lot of information can
thus be gained. Beside the determination of mechanical
transition temperatures [18], we can, through isochronous
or isothermal tests, study molecular relaxation phenomena
within the material (activation energy, time, relaxation
characteristics) [19]. Along this line, some studies used
DMA to evaluate fiber/matrix interfacial adherence.

Thomason [20] used DMA to characterize the interfacial
zone of composites by measuring the glass transition tem-
perature of the matrix and observing its development as a
function of the nature of the interface. Indeed, an increase
in the glass transition may indicate a stiffening of the inter-
facial zone due to better fiber/matrix interaction. Khatibi
and Mai [21] demonstrated that a relation exists between
tan d peak and the interfacial adhesion strength, which can
give a real indication about molecular motion. The higher
is the molecular motion, the larger is the area under the
tan d peak, and the weaker is the interfacial adherence ob-
served. In fact, all studies have reported the existence of a
strong dependence of viscoelastic properties and an in-
crease in Tg besides other parameters like frequency, heat-

R. Halimi et al.: Study and analysis of mechanical and viscoelastic behavior in flexure of laminated composites

1

In
te

rn
at

io
na

l J
ou

rn
al

 o
f 

M
at

er
ia

ls
 R

es
ea

rc
h 

do
w

nl
oa

de
d 

fr
om

 w
w

w
.h

an
se

r-
el

ib
ra

ry
.c

om
 b

y 
C

ar
l H

an
se

r 
V

er
la

g 
on

 O
ct

ob
er

 2
8,

 2
01

5
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ing rate [14, 22], fiber volume fraction [23], fatigue loading
[24] as well as the type and the orientation of fibers [25].
Goertzen and Kessler [14], Karbhari and Wang [22], re-
ported that the Tg of carbon/epoxy composite was strongly
influenced by heating rate and frequency. Goertzen and
Kessler [14] observed that the variation in Tg is more signif-
icant with frequency than with heating rate. An increase in
the frequency leads to a displacement of the maximum peak
of tan d, which represents Tg towards high temperatures.
Thomason [20], Melo and Radford [25] investigated the in-
fluence of the type of fibers and their orientations on the
mechanical and viscoelastic behavior of compsites. The re-
sults obtained by Thomason [20] showed that the storage
modulus and the loss modulus peaks are higher for carbon
fiber than for glass fiber composites. Moreover, the maxi-
mum peak of the loss modulus of the different composites
is shifted towards higher temperatures, compared to the ma-
trix. By using unidirectional glass fibers, he has also shown
that the peak of the loss modulus is shifted to higher tem-
peratures with respect to the untreated matrix. These results
are due, according to the author, to the interaction of the in-
terface between fibers and matrix. The subject of our work
is therefore to evaluate the mechanical and dynamic proper-
ties in flexure of composite laminates. The study investi-
gates the influence of temperature, frequency, the type of
fibers and their orientations on the mechanical and vis-
coelastic behavior of laminates during the loading. It also
highlights the interaction of the interface between fibers
and matrix.

2. Experimental procedure

2.1. Materials

The composite laminates studied in this work were manu-
factured using four types of reinforcement: the unidirec-
tional carbon weave fabrics (SikaWrap 230 g m–2 weight),
used in civil engineering for external strengthening of con-
crete structures, the plain weave carbon [0/90] fabrics (HR
3 K 200 g m–2 weight) with high mechanical stresses advi-
sable for aircraft construction, the E-glass plain weave [0/
90] fabrics (GWR 225 g m–2 weight) used especially for
boat building and the aramid (Kevlar) 2/2 twill weave [0/
90] fabrics (KF 197 g m–2 weight) used for various aero-
nautical and military applications. The characteristics of
the different reinforcement are shown in Table 1.

The matrix used for the preparation of laminates is an
epoxy resin, marketed in Algeria by GRANITEX�, and de-
livered as pre-dose kit. The matrix consists of a mixture of
component A: three-dimensional polymer type: diglycidyl
ether of bisphenol (DGEBA), with the element B: aliphatic

amine hardener, carrying the commercial name Medapoxy
Primary. The mass ratio between these two components is
0.67. The physical and mechanical characteristics of the
matrix are listed in Table 2.

2.2. Preparation of laminates

The laminated composite plates were prepared by vacuum
molding, using the ‘bagging’ technique [26]. This techni-
que consists of gradually replacing the vacuum by a resin,
using a vacuum pump, until impregnation of all fibers, and
then the vitrification of the resin. Once prepared, they were
put in an autoclave at 80 8C for 8 hours to allow polymeri-
zation. All laminates had eight plies, with an average thick-
ness of 2 mm. Laminates with unidirectional fibers are re-
ferred to as (UDL), the woven carbon fibers as (CL), the
woven glass fiber as (GL), while those including woven
Kevlar are designated by (KL). The properties of the differ-
ent composites are given in Table 3.
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Table 1. Designation and properties of different fibers.

Reinforcement type Style Weight (g m–2) Density

(g cm–3)

Thickness

(mm)

Tensile strength

(MPa)

Strain (%)

UD Carbon Unidirectional 230 ± 10 1.76 0.30 4300 1.8

Woven Carbon Plain 200 ± 10 1.80 0.28 3450 1.5

Woven E-glass Plain 225 ± 25 2.54 0.25 3100 4.4

Woven Kevlar 2 · 2 Twill 197 ± 20 1.45 0.20 2955 2.5

Table 2. Properties of the epoxy matrix.

Properties Epoxy

Viscosity fit 25 8C (mPa s) 11000

Density p (g cm–3) 1.18

Young’s modulus E (GPa) 2.53

Tensile strength (MPa) 60–70

Flexural strength (MPa) 105

Maximum elongation (%) 3.6

Glass transition temperature Tg (8C) 90

Table 3. Description of different composite samples.

Compo-

sites

Structure Density

(g cm–3)

Volume

fiber

fraction

(%)

Thickness

(mm)

UDL1 [0]8 1.43 49 2.1–2.2

UDL2 [(0/90)2]S 1.49 47 2.1–2.2

UDL3 [±45]8 1.47 50 2.0–2.1

UDL4 [90]8 1.41 46 2.0–2.1

CL [C]8 1.45 45 1.9–2.0

GL [G]8 1.87 60 2.0–2.1

KL [K]8 1.35 57 1.6–1.7
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2.3. Static bending tests

Static three-point bending tests were performed on 90 ·

11 · 2 mm3 specimens, according to ASTM D790 stan-
dards [27], which specify the dimensions of test pieces, the
distance between the clamps, and the test speed. The tests
were conducted on a ZWICK testing machine 2 kN
(ZWICK/ROELL, Germany). The monitoring and the data
acquisitions were PC-based using testXpert 9.11 software.
According to ASTM D790, the flexural strength failure
(rf), the flexural Strain (ef), the flexural modulus (Ef) and
the shear strength (s) were calculated according to the fol-
lowing formulas:

rf ¼
3PmaxL

2bh2
ð1Þ

Ef ¼
mL3

4bh3
ð2Þ

smax ¼
3Pmax

4bh
ð3Þ

where Pmax is the applied force (N), L is the span (mm), b is
the width and h is the thickness of the specimen.

2.4. Dynamic mechanical analysis

DMA is used to determine the evolution of the viscoelastic
properties as a function of temperature, frequency or time,
by applying cyclic deformation [16]. The viscoelastic beha-
vior is generally described as a complex modulus E* =
E’ + iE@, where the real part E’, called storage modulus, re-
flects the conservative elastic behavior of the material and
an imaginary part E@ (loss modulus) characterizes the vis-
cous and dissipative behavior. The ratio E@/E’ = tan d is
the tangent of the phase angle, d, called loss factor. The dy-
namic mechanical tests were conducted in a three-point
bending mode, according to ASTM D4065 [28] and ASTM
D5023 [29] standards, using rectangular samples (50 · 10 ·

12 mm3). The DMA tests were carried out on a NETZSCH
dynamical mechanical analyzer DMA 242C (NETZSCH,
Germany). The analysis was made over the temperature
range (20–200 K) with a heating rate of 3 K min–1 while
applying different frequencies: 1, 2, 5, 10 and 20 Hz in
static air atmosphere. The deformation amplitude was
0.02 mm, which represents 1% of the height of the sample.

3. Results

3.1. Static bending tests results

The stress–strain curves of the static bending test for the
different laminated composites are shown in Fig. 1. Ta-
ble 4 gives the test results and shows the calculated values
of the flexural strength, the flexural strain, the shear
strength and the flexural modulus.

3.2. Failure surfaces examination

Optical and scanning electronic microscopes (SEM) were
used to examine the fracture surface of failed specimens
after static bending tests; the obtained micrographs are
shown in Figs. 2 and 3.

3.3. Dynamic mechanical analysis

3.3.1. Influence of temperature

Figure 4 shows the evolution of the storage modulus E’ and
the loss factor tan d as a function of temperature for the
epoxy resin alone and for UDL1 laminate, at 1 Hz.
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(a)

(b)

Fig. 1. Flexural stress–strain curves for different composite laminates:
(a) fiber type effect, (b) fiber configuration effect.

Table 4. Flexural properties for various composites laminates.

Laminates Flexural

strength

(MPa)

Flextural

strain

(%)

Flexural

modulus

(GPa)

Shear

strength

(MPa)

UDL1 639.4 1.00 54.5 7.11

UDL2 296.4 0.79 41.4 3.28

UDL3 177.7 3.75 10.7 1.97

UDL4 34.7 0.72 4.4 0.40

CL 505.2 1.21 29.1 6.31

GL 262.6 1.52 16.0 2.92

KL 141.4 2.10 15.2 1.56
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. Optical macrographs of failed laminates: (a) transverse crack and failure of the compressed zone in UDL1, (b) transverse crack, delamina-
tion and failure of the compressed zone in UDL2, (c) delamination and failure of the tensile zone in UDL3, (d) transverse crack in CL, (e) transverse
crack and failure of the tensile zone in GL and (f) delamination in KL.
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3.3.2. Influence of frequency

Figure 5 shows the effect of varying frequency on storage
modulus and loss factor with temperature for UDL1 com-
posite laminate. The results of Tgmeasurements for the dif-
ferent composite laminates are gathered in Table 5.

3.3.3. Influence of fiber type

Figure 6 shows the variation of storage modulus and damp-
ing factor as a function of temperature for CL, GL, KL

composite laminates at 1 Hz. Table 6 contains the results
of the DMA test for the matrix and various laminates.

3.3.4. Influence of fiber configuration

Figure 7 shows the variation of the storage modulus and
loss factor as a function of temperature at 1 Hz, for the five
configurations of carbon/epoxy composites. Table 7 shows
a summary of DMA tests for alone matrix and different
configurations of composites.

R. Halimi et al.: Study and analysis of mechanical and viscoelastic behavior in flexure of laminated composites

5

Fig. 3. SEM micrographs of failed laminates: (a) interfacial debonding in UDL1, (b) matrix cracking and clean fiber surfaces in UDL2, (c) fiber/
matrix splitting in UDL3, (d) fiber pullout in CL, (e) matrix cracking and fiber/matrix debonding in GL and (f) fiber breakage and little fiber slip-
page indicate good fiber/matrix adhesion in KL.
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4. Discussion

4.1. Bending tests results

According to the results shown in Fig. 1a, the CL composite
is the stiffest at about 29.1 GPa and displays the least strain
value of 1.21%, then comes the GL composite with flexural
modulus value of 16 GPa and strain up to 1.52%. Finally,
KL composite that presents a flexural modulus value of
15.2 GPa and strain of 2.1%.

It can be seen from Fig. 1b, that the stiffest laminate pos-
sesses a maximum of plies oriented at 08 relative to the axis
of the laminate. An increase in the thickness of 08 oriented
plies results in an increase of both the stiffness and the flex-
ural strength [30]. The results show that UDL1 laminate,
which has a maximum of plies (08 plies) oriented at 08 rela-
tive to the axis of the laminate, is the stiffest about 54.5 GPa
and exhibits the highest stress value of 639.4 MPa. Fol-
lowed by UDL2 laminate (04 plies) with flexural modulus
value of 41.4 GPa and stress of 296.4 MPa, then comes
UDL3 and UDL4 with flexural modulus values of 10.7 GPa
and 4.4 GPa, corresponding to stress values of 177.7 MPa
and 34.7 MPa respectively. Regarding UDL3 and KL lami-
nates, we notice that the maximum flexural strengths are
lower, and large strains (deformations) are observed at maxi-
mum stress failure. This is due to a slippage of the interfaces
between plies (delamination), which are less loaded with
shear stresses.

Figures 2 and 3 show three types of damage in three frac-
ture zones: tensile at the lower zone, shear at the intermedi-
ate, and compression at the upper one, which is the most
predominant one. Bezazi et al. [30] have previously ob-
served these damages on glass/epoxy and Kevlar/epoxy la-
minates during flexural tests. Zhang et al. [31] reported the
same regarding carbon/epoxy, glass/epoxy composites and
their different hybridizations.

R. Halimi et al.: Study and analysis of mechanical and viscoelastic behavior in flexure of laminated composites

6

Fig. 4. Variation of storage modulus and damping factor as a function
of temperature for the matrix and UDL1 composite laminate at 1 Hz.

(a)

(b)

Fig. 5. Dynamic data of UDL1 laminate for different frequencies: (a)
Storage modulus vs. temperature, (b) tan d vs. temperature.

Table 5. Measured Tg as a function of frequency for various composites, obtained from E’ and tan d curves.

Frequen-

cy (Hz)

Tg (8C)

UDC1 UDC2 UDC3 UDL4 CL KL GL

E’ tan d E’ tan d E’ tan d E’ tan d E’ tan d E’ tan d E’ tan d

1 67.8 85.7 72.3 83.6 52.5 82.0 71.6 85.7 74.6 86.1 83.6 102.5 72.0 82.5

2 71.2 87.5 74.6 85.4 54.2 84.6 73.3 86.8 76.2 88.3 85.2 105.7 75.4 84.4

5 74.1 89.6 77.0 87.8 56.3 87.1 76.0 88.7 78.5 90.5 87.5 110.4 78.1 86.5

10 77.1 91.7 79.6 89.9 58.4 88.9 78.6 90.8 80.8 92.6 89.4 114.0 79.2 88.6

20 80.2 94.1 81.0 92.5 60.5 91.1 80.1 93.1 83.1 95.5 92.1 120.1 80.4 91.5
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(a)

(b)

Fig. 6. Effect of fiber type on dynamic data at 1 Hz: (a) storage modu-
lus vs. temperature, (b) tan d vs. temperature.

Table 6. DMA data for different types of composite laminates at 1 Hz.

Laminates E’ at 25 8C

(GPa)

E’ at 150 8C

(GPa)

Loss of E’ (%) Tan d Max peak Tg from Tan d

(8C)

Tg from E’ max

(8C)

CL 28.8 4.0 86 0.34 86.1 74.6

GL 17.3 4.0 76 0.21 82.5 72 .0

KL 16.4 7.1 56 0.10 102.5 83.6

Matrix 3.6 0.2 94 0.39 90.0 81.1

(a)

(b)

Fig. 7. Effect of fiber configuration on dynamic data at 1 Hz: (a) sto-
rage modulus vs. temperature, (b) tan d vs. temperature.

Table 7. DMA data for different configuration of composite laminates at 1 Hz.

Laminates E’ at 25 8C

(GPa)

E’ at 150 8C

(GPa)

Loss of E’ (%) Tan d Max peak Tg from Tan d

(8C)

Tg from E’ max

(8C)

UDL1 56.4 6.7 88 0.36 85.7 67.8

UDL2 45.7 5.0 89 0.30 83.6 72.3

UDL3 12.2 0.6 95 0.31 82.0 52.5

UDL4 4.8 0.6 87 0.26 85.7 71.6

CL 28.8 4.0 86 0.34 86.1 74.6

Matrix 3.6 0.2 94 0.39 90.0 81.1
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In comparison of UDL1, UDL2 and CL laminates, the
failure occurs firstly in the upper surface, which is strained
by the transverse cracks initiated at 908, then in the middle
by interlaminar segregation (delamination between plies)
until complete fracture of the laminate. This is due to the in-
terfaces between fibers and matrix, which are heavily sub-
ject to shear stresses. In the case of GL laminate, it can be
seen that the samples failed first with a transverse mode by
transverse cracks in the 908 fibers, causing delamination be-
tween 08 and 908 layers and then to the failure of the fibers
of the lower surface in tensile. The UDL3 and KL laminates
show very little damage by transverse cracking and the
main failure is due to delamination between layers.

4.2. Dynamic mechanical analysis

4.2.1. Influence of temperature

The results indicate that the viscoelastic properties of the
matrix and the laminates are highly affected by the tem-
perature (Fig. 4). In the case of the matrix, two transitions
are observed: a first one at 60 8C and a second one at
90 8C. The first transition indicating a b relaxation corre-
sponds to lateral motion of macromolecular strings and lo-
calized bond groups, which find sufficient free space to
move [16]. By incorporating the fibers to the epoxy matrix
as in the case of UDL1 laminate, we observe a noticeable
improvement in the storage modulus (stiffness) and a disap-
pearance of the b transition. This latter is attributed to a re-
striction on the motion of polymer strings, resulting from
the presence of fiber/matrix interface.

According to ASTM E1640 [32], the second transition
corresponds to Tg which translates into a sharp drop of the
storage modulus with a maximum amplitude of tan d peak.
Such a result reflects the shift from a glassy state to a rub-
bery one, which correspond to a collective motion of mole-
cule strings. Below 60 8C, a slow decrease of 3.3% of the
storage modulus and a slight increase of the loss factor,
with respect to the initial state, are observed. This is fol-
lowed by a substantial drop of 27.7% of the storage modu-
lus in the case of the matrix. At temperatures less than or
equal the Tg, a sharp drop about 60% of the storage modu-
lus and an increase in the loss factor, until it reaches the
maximum, is reported for both the laminate and the matrix.
Above the Tg, a drop in loss factor and a decrease of 20% of
storage modulus is first reported, then the two parameters
stabilize at 125 8C for the two cases.

4.2.2. Influence of frequency

It can be seen that the storage modulus and the loss factor
are affected by frequency. An increase in the frequency
leads to an increase of the storage modulus over the tem-
perature range (60–150 8C) (the glass transition region).
Beyond that range, E’ values remain nearly unchanged
(Fig. 5a). Figure 5b also shows an increase and a shift in
tan d peak amplitude, which corresponds to a relaxation
(Tg) towards high temperatures (rubbery domain). This is
in agreement with previous experimental studies [14, 22].
According to Karbharin and Wang [22], the variation of Tg
with frequency is mainly related to the variation of the acti-
vation energy of the glass transition relaxation (mobility of
molecular string segments through adherence). The higher

is the frequency (shorter periods), the smaller is the possibi-
lity to observe molecular relaxation phenomena. The incre-
ment of tan d peak with the increasing of frequency is also
associated with the activation energy of the glass transition
relaxation. The material indicates a more brittle response
reflecting that a large part of mechanical energy, supplied
by the oscillating force, was dissipated in the materials as
heat (friction and internal motion).

For a 3 K min–1 heating rate, the highest Tg variation is
found to be for KL laminate 17.6 8C (120.1–102.5 8C),
whereas the lowest is found to be for UDL4 laminate
7.4 8C (93.1–85.7 8C). This can be explained by the impor-
tant activation energy in KL laminate originating from a
good interfacial adherence between fibers and matrix.
Furthermore, the glass transition variation for CL laminate
at a similar heating rate is 9.4 8C (95.5–86.1 8C), a result
very close to that found by Goertzen and Kessler [14],
which is 9.6 8C.

4.2.3. Influence of fiber type

The results show that at room temperature (25 8C), the sto-
rage modulus values are higher compared to those obtained
for the matrix alone (Fig. 6a). This can be explained by an
attenuation of the macromolecular string motion. This im-
provement is related to the creation of a fiber/matrix inter-
face during the crosslinking process, which increases the
stiffness in the temperature range above the Tg. From Ta-
ble 6, it can be seen that the CL composite is the stiffest
and exhibits the highest storage modulus of 28.8 GPa at
room temperature, whereas the GL and KL laminates are
less stiff and exhibit almost similar storage moduli of
17.3 GPa and 16.4 GPa respectively. In the temperature
range above the Tg (150 8C), the KL composite loses about
56% of its initial storage modulus which correspond to
7.1 GPa, whereas CL and GL composites have an equal sto-
rage modulus about 4 GPa with a loss of 86% and 76% re-
spectively. The results also reveal a decrease in the tan d

peak amplitude (Fig. 6b), and a slight shift of the Tg towards
low temperatures when we move from a matrix alone
(90 8C) to CL (86.1 8C) and GL (82.5 8C), this is equivalent
to a decrease of 3.9 8C for CL and 7.5 8C for GL. This can
be explained by a low energy dissipation resulting from to
the incorporation of fibers, which are purely elastic materi-
als. Such results contrast with those found by Thomason
[20], who demonstrated that for the different composites,
the temperature Tg shifts to higher values with respect to
the matrix. On the other hand, an increase in Tg value to
102.5 8C for KL composite was observed; this amounts to
a shift of 12.5 8C. It is to be pointed out that the properties
of fibers in a bending configuration are very poor, those dis-
crepancies in the mechanical properties and viscoelastic be-
havior can be attributed to the type of the fibers and the
quality of fiber/matrix interfaces which develop during the
curing of the matrix. Unlike carbon and glass, which are
mineral fibers, Kevlar fibers and epoxy matrix share the
same organic nature, which leads to a better interaction of
the interfaces. The composite becomes more ductile and
displays an enhanced resistance to temperature, compared
to carbon/epoxy and glass/epoxy.

The SEM micrograph shown in Fig. 3f, confirms that KL
composite presents good fiber/matrix adhesion, with little
fiber slippage. The fibers are coated with matrix and the
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failure occurred by both matrix cracking and fiber break-
age, improved interfacial adhesion between Kevlar fiber
and epoxy matrix. Whereas in the case of CL and GL, inter-
facial debonding and fibers pullout can be observed in
Fig. 3d and e. Also, the clean fiber surfaces indicate a low
interfacial bonding between the fibers and the epoxy ma-
trix.

4.2.4. Influence of fiber configuration

The results show that UDL1 laminate has the highest sto-
rage modulus of 56.4 GPa at room temperature, followed
by UDL2 about 45.7 GPa. These values are very close to
those obtained in the static three-point bending tests. This
could be attributed to the number of straight fibers parallel
to the axis 08 between the clamps, thus ensuring a better dis-
tribution of the loads applied and a good energy transfer to-
wards the two clamps. Furthermore, UDL3 and UDL4 com-
posites have poor mechanical performance without fibers
along the 08 orientation, lengthwise to the clamps. In the
temperature above the Tg, the storage moduli of UDL3 and
UDL4 are 0.6 GPa equal to that of the matrix alone, much
lower than that of UDL1 and UDL2 with values of
6.7 GPa and 5 GPa, respectively. Consequently, it can be
inferred that the distribution of the loads applied to the la-
minates oriented at ± 458 and 908 is primarily ensured by
the matrix. The UDL3 laminated composite has a storage
modulus slightly higher than that of UDL4 as a result of
the cross-plies 458. Even though the fibers are discontinu-
ous, a certain quantity of energy is transferred.

By comparing the values of the temperature Tgmeasured
from the maximum peak tan d (Fig. 7b), a slight decrease in
the tan d amplitude and a shift of Tg toward low tempera-
tures (glass region) are observed for the different configura-
tions of the laminates. UDL1 composite shows a decrease
of 4.3 8C (90–85.7 8C) in the temperature Tg, slightly lower
than that of UDL2 which drops by 4.6 8C (90–83.6 8C), and
to UDL3 (8 8C). This difference in the Tg of the various la-
minates can be explained by a stiffening of the interfacial
zones due to a better interaction between the fibers and ma-
trix. In addition to this, the shear stress is directly impacted
on the Tg. Chua [33] reported that the loss factor of the tem-
perature Tg of glass/polyester laminated composite de-
creases proportionally with the interfacial shear as well as
with the transverse bending stress. In this case, the shear
stress measured by static bending of UDL1 laminates is
7.11 GPa, larger than that of UDL2 and UDL3 with values
of 3.28 GPa and 1.97 GPa, respectively. This, results from
the number of fibers oriented at 908, which have more free-
dom (slippage effect between plies and resin) on the hori-
zontal plan and in the same direction as the shear stress.
Consequently, the slippage between the layers is more sig-
nificant for UDL2 and UDL3 laminates, and thus, a lower
Tg compared to UDL1 laminate.

5. Conclusion

The influence of temperature, frequency, the type of rein-
forcements and their orientations on the mechanical and
viscoelastic behavior of composite laminates has been de-
termined by using dynamic mechanical analysis DMA in
flexure. The results indicate that the storage modulus de-
creases with increasing the temperature for all laminates

due to increased motion of molecule strings. At 25 8C, the
results of storage modulus of the laminates were found to
be very close to the modulus measured in static three-point
bending. The composite laminates exhibit a great stiffness
(high storage modulus) when a maximum of fibers are or-
iented along the axis between the clamps, and the highest
modulus has been reported for UDL1 composite with a val-
ue of 56.4 GPa. Thus, the glass transition temperature de-
creases when a maximum of fibers are oriented at 908 due
to a sliding of the layers relative to one another. The in-
crease in frequency gave rise to a change in Tg at high tem-
peratures for all laminates, and the maximum was measured
for the KL composite (17.6 8C), which exhibited a good in-
terfacial interaction between fibers and matrix.

The analysis of the viscoelastic behavior of the matrix is
found to be strongly affected by the presence of fibers: we
are dealing here with a mechanical coupling phenomenon.
It is interesting to note that the glass transition temperature
of the CL and GL composites was found to be shifted to
lower temperature, while an increase of 12.5 8C in the Tg
of the KL laminate was observed. This is related to a better
fiber/matrix interaction between epoxy matrix and Kevlar
fibers. The organic nature of both components offers a bet-
ter adaptation (higher deformation). Furthermore, the sto-
rage modulus of KL laminate is the lowest in the glassy re-
gion (below Tg), but higher in the rubbery region compared
to other laminates.
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