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bstract

The temperature-dependent thermo-physical and mechanical properties of a pultruded E-glass fiber-reinforced polyester (GFRP) composite
re investigated in this paper. Fitting of theoretical models of the material properties to results of TGA, DSC, hot disk, and DMA experiments
emonstrated good agreements. The constants for an Arrhenius representation of the decomposition mass-loss were determined using multi-curves
ethods. The effective specific heat capacity for the virgin material was found to increase during the decomposition process. A series model based

n component volume fraction during decomposition provided an accurate description of the thermal conductivity as a function of temperature

s measured by hot disk. Models based on the kinetic theory can describe the material degradation during glass transition as indicated by DMA
esults, while the parameters still need to be accurately identified. This paper provides a full set of temperature-dependent physical properties of a
olyester matrix composite and demonstrates the applicability of theoretical models to represent the experimental results.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Fiber-reinforced polymer (FRP) composites have been
ncreasingly used in different fields, such as defense, aerospace,

arine and civil engineering. Pultrusion is commonly used to
roduce FRP profiles with different structural shapes in an eco-
omic way. In many applications, these materials must withstand
levated temperatures while maintaining structural integrity. The
emperature-dependent thermo-physical and mechanical prop-

rties of an E-glass/polyester composite material, including
he specific heat capacity, thermal conductivity, mass transfer,
torage and loss modulus and decomposition behavior are the
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ocus of this paper. Due to the viscoelastic behavior of the
olymer matrix in many composites, the physical properties
f the composite can change drastically over relatively small
hanges in temperature [1,2]. Complicated processes occur at
haracteristic temperatures including the matrix glass transition
nd decomposition temperatures. The effective values of phys-
cal and mechanical properties are influenced by the chemical
hanges caused by increased temperature [3–5]. In order to esti-
ate and predict the thermal responses of composite materials,

t is necessary to evaluate and model the temperature-dependent
hermo-physical and thermo-mechanical properties.

Experimental investigations were conducted by Henderson
t al. on glass-filled phenol-formaldehyde (phenolic) resin com-
osite: temperature-dependent mass-loss during decomposition
as investigated by thermogravimetric method (TGA) in 1981
3]. Multi-curves method (Friedman method) was used to iden-
ify the kinetic parameters in the Arrhenius equation. The
emperature-dependent effective specific heat capacity (includ-
ng the decomposition) was studied in 1982 by differential
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Table 1
Fiber volume and weight fraction of pultruded 6 mm and 3 mm laminates

Sample Fiber volume fraction (%) Fiber weight fraction (%)
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mm 35.6 57.6
mm 36.1 58.1

canning calorimetry (DSC) [4,5]; and in 1983, the temperature-
ependent thermal conductivity was obtained by line source
echnique [6]. In the recent work conducted by Lattimer
nd Quellette in 2006 [7], the temperature-dependent mass-
oss, effective specific heat capacity, and thermal conductivity
ere investigated on glass fiber-reinforced vinyl ester com-
osites (GFRP) from ambient temperature to 800 ◦C. Inverse
eat transfer analysis was used to determine the thermo-
hysical properties by specifying the boundary condition of
he samples as close to adiabatic as possible. Together with
hese experimentally obtained temperature-dependent thermo-
hysical properties, a thermal response model was also proposed
n their work.

The temperature-dependent mass-loss due to decomposition
as further investigated for various polymer and composite
aterials, such as bismaleimide resin by Regnier and Guibe [8],
GEBA/MDA system by Lee et al. [9], etc.
Overall, the reported experimental and modeling work

onducted for the thermo-physical and thermo-mechanical prop-
rties of GFRP composites manufactured by pultrusion is very
imited. This paper provides a complete experimental data set for
emperature-dependent thermo-physical and mechanical prop-
rties of a pultruded GFRP composite. The experimental data
as then used to further verify recently developed models for

hermo-physical and mechanical properties [10,11].
. Description of experimental materials

The pultruded GFRP laminates (provided by Fiberline A/S,
enmark) investigated in this study consisted of E-glass fibers

c
a
(
t

Fig. 1. Material architecture for pultruded 3mm (lef
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mbedded in an isophtalic polyester resin. The laminates had
wo different thicknesses (3 mm and 6 mm). Burn-off tests were
erformed to obtain the fiber mass content of the materials
ccording to ASTM D3171-99 [12], the volume fraction was
alculated considering a glass fiber density of 2.53 g/cm3; the
esults are summarized in Table 1. Observation of the resid-
al char material after a burn-off test showed that the laminate
onsisted of two mat layers sandwitching a layer of unidirec-
ional roving. The mat layer of the 6 mm laminate consisted of
chopped strand mat (CSM) and a woven roving ply [0◦/90◦],
oth stitched together, while the 3 mm laminate contained only
CSM on each side. Microscopy was further used to obtain

he details of the fiber architecture (see Fig. 1). For 3 mm lami-
ates, the mat and rovings layers had an average thickness of
.6 mm and 1.8 mm, respectively, while the 6 mm laminates
xhibited 1.5 mm and 3.0 mm average thickness for mat and
oving layers, respectively. The required sizes of the specimens
sed in the following experiments were cut or ground from these
aminates.

. Experimental investigation

.1. Temperature-dependent mass change

The Thermogravimetric analysis method is widely accepted
s a standard to investigate the mass change of polymer
aterials, including polymer matrix composites during the

ecomposition process [13]. The specimens were created by
rinding the 6 mm laminate into a powder using a rasp. The
aterial was taken through the entire laminate thickness to

nsure that the fiber and resin contents of powder and lam-
nate were the same. These specimens were analyzed by a
GA Q500 machine from TA Instruments, Inc. The tests were

arried out from ambient temperature (25 ◦C) to 700 ◦C in an
ir atmosphere with a flow rate of 60 ml/min. Four heating rates
2.5, 5.0, 10.0, and 20.0 ◦C/min) were used. The initial mass of
he specimens was 6.0 ± 0.3 mg for all runs. The experimental

t) and 6mm (right) laminates by microscope.
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hot plate sensor, which is of lower accuracy. The results from the
Mika sensor were then calibrated to the Kapton sensor results at
ambient temperature. All of these results are shown in Fig. 4.
ig. 2. Temperature-dependent mass fraction at different heating rates from
GA.

urves of mass fraction (temperature-dependent mass divided
y the initial mass) are shown in Fig. 2.

.2. Temperature-dependent specific heat capacity

Different methods can be used to obtain the specific heat
apacity of the material at different temperatures, such as direct
easurement by calorific method (ASTM C351), indirect mea-

urement by transient hot wire method (ASTM C1113), transient
ine source (ASTM D5930-97), or laser flash (ASTM E1461-
1). Differential Scanning Calorimetry (DSC), introduced in
STM E1269 [14], was used as a direct measurement method

n this paper.
For the DSC experiments, powder was ground from 6 mm

aminates. Two specimens of virgin material (13.7 and 12.0 mg)
ere tested by a DSC analyzer (DSC Q1000, TA instrument,

nc.) from ambient temperature to 300 ◦C under a heating rate
f 5 ◦C/min. Small specimen masses were used in order to reduce
he temperature gradients in the material. During testing nitrogen
tmosphere at a purge rate of 50 ml/min was maintained to pre-
ent thermo-oxidative degradation. Under the same conditions,
wo specimens from char material (25.4 and 23.0 mg) obtained
fter burn-off experiments were tested. The resulting experimen-
al curves for the temperature-dependent specific heat capacity
normalized with respect to the initial mass) of the virgin and
har materials are shown in Fig. 3.

.3. Temperature-dependent thermal conductivity

For measuring the temperature-dependent thermal conductiv-

ty, two different categories of analytical methods are available:

. Steady heat flux analysis, such as (amongst others) guarded
hot plate method (ASTM C177), or comparative longitudinal
heat flow (ASTM E1225).

F
o
a
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. Transient heat flux analysis, such as transient hot wire method
(ASTM C1113), or transient line source (ASTM D5930-97).

The hot disk method with transient thermal analysis was used
n this case. This is an experimental technique developed using
he concept of the transient hot strip (THS) technique, first intro-
uced by Gustafsson [15]. The method is accepted as one of the
ost convenient techniques for studying thermal conductivity

16,17]. One advantage is that the apparatus employs a com-
aratively large specimen that allows analyzing the material in
ts proper structure rather than as a small non-representative
oupon.

Only the through-thickness thermal conductivity was mea-
ured. The specimen used consisted of two 100 mm square plates
f 6 mm thickness. The hot plate sensor was placed between the
wo plates and was then heated by an electrical current for a
hort period of time. The dissipated heat caused a temperature
ise in both, the sensor and the surrounding specimen. The aver-
ge temperature rise of the sensor was measured by recording
he change of the electrical resistance. Resistivity changes with
emperature and the temperature coefficient of resistivity (TCR)
f the sensor material were determined in advance. By com-
aring the recorded transient temperature rise with that of the
heoretical solution from the thermal conductivity equation, the
hermal conductivity was determined.

Hot disk experiments (using a Hot Disk Thermal Constants
nalyzer, manufactured by Hot Disk Inc.) were repeated three

imes on each virgin and char specimen at ambient tempera-
ure using a Kapton hot plate sensor which provides relatively
igh accuracy. Experiments at higher temperatures, up to 700 ◦C,
ere performed on both virgin and char material with a Mika
ig. 3. Effective specific heat capacity on virgin and char materials as a function
f temperature (normalized with respect to initial mass of sample) from DSC
nd modeling.
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f
material did not change noticeably until the decomposition of
ig. 4. Temperature-dependent effective thermal conductivity on virgin and char
aterials from hot disk experiments and modeling.

.4. Temperature-dependent mechanical properties

In order to obtain the temperature-dependent elastic and vis-
oelastic mechanical properties of the material (storage and
oss moduli), and to determine the kinetic parameters of the
lass transition, DMA was conducted on specimens with 3 mm
hickness (see Section 2 for material description). Consider-
ng the orthotropic characteristics of the composite materials,
wo specimens were cut from different directions (longitudi-
al and transverse, see Fig. 1). The resulting size was 50 mm
ong × 5 mm wide × 3 mm thick. Cyclic dynamic loads were
mposed using a dual cantilever fixture on a DMA 2980 Dynamic

echanical Analyzer from TA Instruments, Inc. The detailed

rocedure is according to ASTM D 5023-99 [18]. The specimens
ere ramped from room temperature to 250 ◦C at three different
eating rates (2.5, 5 and 10 ◦C/min) and a dynamic oscillation
requency of 1 Hz. The specimen at 5 ◦C/min was cooled to room

ig. 5. Temperature-dependent storage modulus, loss modulus and tan-delta in
ongitudinal direction from three-run DMA (1–3: number of run).
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ig. 6. Temperature-dependent storage modulus, loss modulus and tan-delta in
ransverse direction from three-run DMA (1–3: number of run).

emperature and heated back to 250 ◦C two more times so that
ny changes from post-curing or thermal degradation could be
oted. The results from different runs at 5 ◦C/min are shown in
ig. 5 for longitudinal direction (i.e. pultrusion direction) and
ig. 6 for transverse direction; the results for different heating
ates for the longitudinal direction are shown in Fig. 7.

. Discussion and modeling

.1. Temperature-dependent mass transfer

The temperature-dependent mass fraction curves from dif-
erent heating rates are summarized in Fig. 2. The mass of the
he polyester resin started. The onset of decomposition temper-
ture (Td,onset) was determined as the temperature at which 5%
f the mass was lost, and Td was determined as the point when

ig. 7. Storage and loss modulus normalized by the initial values at 25 ◦C for
ach specimen, and tan-delta curves in longitudinal direction for three different
eating rates (◦C/min).
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Table 3
Kinetic parameters for glass transition and decomposition

Transition Activation energy
EA (J/mol)

Pre-exponential
factor, A (min−1)

Reaction
order, n

Glass (Ozawa) 118,591 2.49 × 1015 1.89
G
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of glass fibers.

The model for temperature-dependent effective specific heat
capacity, normalized to the initial mass, Cp,c, and proposed in
ig. 8. Derivation curve of temperature-dependent mass for different heating
ates.

he mass decreased at the highest rate, based on the derivative
eight curve in Fig. 8. The results from different heating rates

re summarized in Table 2. It can be seen that both, Td and
d,onset, increased with the increase of heating rate, because a

ower heating rate corresponded to a longer heating time, and
hus resulting in a more noticeable decomposition at a same
emperature point. The residual mass fractions from all heating
ates are around 60% (see Table 2) of the original material. Thus,
onsidering the fiber mass fraction of 58% obtained by burn-off
see Table 1), most of the residual material in the TGA was glass
ber.

Simplifying decomposition of resin as one-step chemical pro-
ess, this process can be modeled by the Arrhenius equation:

dαd

dT
= Ad

β
· exp

(−EA,d

RT

)
· (1 − αd)n (1)

here αd is the conversion degree of decomposition, Ad is the
re-exponential factor, EA,d is the activation energy, and n is the
eaction order. R is the universal gas constant (8.314 J/mol K),
nd β is a constant heating rate. The Ozawa method [19], as a
ulti-curves method, was used to identify the kinetic parame-

ers (Ad, EA,d and n) and the results are summarized in Table 3.
ubstituting these parameters into Eq. (1), the theoretic conver-

ion degrees of decomposition were obtained in Fig. 9 (only
he curves at heating rates 20 ◦C/min and 2.5 ◦C/min are shown
or better viewing), which compared well with the experimen-
al results. However, some variations still were found between

able 2
ecomposition temperatures Td,onset, Td and residual mass from TGA tests at
ifferent heating rates

eating rate (◦C/min) Td,onset (◦C) Td (◦C) Residual mass (%)

0 304 371 61.0
0 287 353 59.6
5 274 337 59.9
2.5 260 321 60.4 F

T

lass (Kissinger) 131,387 3.24 × 1016 0.86
ecomposition (Ozawa) 124,953 2.72 × 1010 2.75

50 ◦C and 400 ◦C. Considering that decomposition is a compli-
ated process and different elemental reactions are involved, a
ingle equation cannot entirely described all the concurrent pro-
esses. It seems that the decomposition can be better described if
eparating it as a two-stage process [3]; however, the problem of
dentifying the kinetic parameters from two coupled processes
emains a challenge in such an approach.

.2. Temperature-dependent heat capacity

As shown in Fig. 3, when the temperature is lower than
50 ◦C, the increase of the specific heat capacity of the virgin
aterial is very small; in fact, theoretically, the specific heat

apacity of pure resin or fibers increases with temperature based
n the classic Einstein or Debye model. When the temperature is
lose to 275 ◦C (Td,onset is 274 ◦C at a heating rate of 5 ◦C/min,
ee Table 2), the effective heat capacity of the virgin material
tarted to increase faster, because the decomposition process is
n endothermic chemical reaction. Similar experimental results
lso can be found for glass-filled phenol-formaldehyde resin
omposite in [5], and for E-glass fiber vinyl ester in [7]. The
hange of the DSC curve of the char material is very small when
emperature is increased up to 300 ◦C, since it mainly consisted
ig. 9. Conversion degrees of decomposition at different heating rates from
GA; comparison to results from Ozawa method.
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Table 4
Glass transition temperature Tg and Tg,onset by DMA tests from different runs
and for different directions

Run Tg,onset Tg

Longitudinal
(◦C)

Transverse
(◦C)

Longitudinal
(◦C)

Transverse
(◦C)

1 112 112 156 157
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10], can be expressed as:

p,c = Cp,b · (1 − αd) + Cp,a · Me · αd

Mi
+ dαd

dT
· Cd (2)

here Cp,b and Cp,a are the specific heat capacity of the virgin
nd decomposed char material in kJ/kg K. Mi and Me are the
nitial and final mass. Cd is the total decomposition heat in kJ/kg,
d as obtained in Section 4.1.

The modeling curve for true specific heat capacity of char
aterial (Cp,a) was calculated based on the model in [10], and

omparing with the DSC curve on char material in Fig. 3, a
ood agreement was found. Substituting the theoretic curve of
p,a into Eq. (2), and taking the value at 100 ◦C from the DSC
urve of virgin material as Cp,b, the model curve of the spe-
ific heat capacity of the virgin material can be obtained. The
omparison with the DSC results on virgin material is shown
n Fig. 3. The increase of heat capacity due to decomposition is
ell described by this model; while there is still a small incre-
ent of heat capacity from the initial temperature to around

00 ◦C that remains unaccounted for in the model. This differ-
nce could be due to the fact that the true specific heat capacity
f pure material (for example, pure polyester) is increasing with
emperature or because of measurement inaccuracy in the initial
tage of temperature increase. Similar results also can be found
n DSC results on E-glass fiber vinyl ester in [7]. Since the high-
st temperature achieved in the experiments was only 300 ◦C, the
ecomposition process was not fully covered; the theoretic curve
n the higher temperature range should be further confirmed, as
ell as the total decomposition heat, Cd.

.3. Temperature-dependent thermal conductivity

The thermal conductivity measured for virgin and
har material at room temperature are 0.325 ± 0.004 and
.069 ± 0.002 W/m K, respectively. Char material has a much
ower thermal conductivity at room temperature since the resin
as already decomposed; gaps and voids are left in the composite
etween the glass fibers that significantly increase the thermal
esistance (shielding effects, see [10]).

The thermal conductivity measured at different temperatures
or both virgin and char material are shown in Fig. 4. The thermal
onductivity of the char material (mostly glass fibers) increased
ith the temperature, because the thermal conductivity of glass
bers also increases at these temperatures.

The change of thermal conductivity of the virgin material is
omparatively small when temperature is lower than 280 ◦C (i.e.
efore the decomposition of the resin), while a strong decrease
s apparently when the temperature is approaching Td due to
hielding effects of emerging voids [10]. When the resin is fully
ecomposed, the temperature-dependent thermal conductivity
urve approaches and follows that of the char material.

At any specified temperature, the composite material can be

onsidered as a material composed of two phases: the virgin
aterial and the decomposed char material, which are con-

ected in series in the heat flow (through-thickness) direction.
he effective thermal conductivity of the composite materials

A
d
a
g

116 118 159 161
124 123 162 162

an then be obtained as

1

kc
= Vb

kb
+ Va

ka
(3)

here Vb and Va are the volume fractions of the virgin material
nd decomposed char material, which can be expressed as [10]

b = 1 − αd (4)

a = αd (5)

Considering kb as the thermal conductivity of the virgin mate-
ial at room temperature (0.325 W/m K), and ka as the curve of
emperature-dependent thermal conductivity of char material in
ig. 4, the model curve of the virgin material was obtained.
he comparison with the experimental data in Fig. 4 shows
good agreement. It should be noted that the time-dependent

emperature progression (a constant heating rate, for example)
s necessary to determine the conversion degree of decomposi-
ion, αd (see Section 4.1). As this information was not available
n the high temperature hot disk experiments, the temperature-
ependent αd obtained at 20 ◦C/min (in Section 4.1) was used in
qs. (4) and (5) to estimate the volume fractions of the different
hases at different temperatures. This comparatively high rate
as adopted in view of the rapid heating of the hot disk oven

ystem.

.4. Temperature-dependent mechanical properties

As shown in Figs. 5 and 6, for both longitudinal and transverse
irections, the storage modulus monotonically decreased with
he increasing of temperature, with the highest rate of change
ccurring between 145 ◦C and 165 ◦C. The glass transition tem-
erature, Tg (determined by the peak point of the tan-delta
urve), and the Tg,onset are summarized in Table 4 for different
uns of the specimens in different directions. It can be seen that
he resulting Tg from the two different directions is very similar,
ecause the temperature effects mainly depend on the polyester
esin, which was the same. On the other hand, three-run DMA
ests on the same specimen showed that Tg is slightly increased
ith the number of runs for both directions (see Table 4). The

urves of storage and loss modulus from different runs, however,
re almost the same, thus post-curing effects were not observed.

s also reported by the profile manufacturer, 180 ◦C was reached
uring the pultrusion process and thus full curing must have been
lready achieved. It should be noted that a small peak before
lass transition was found for the loss modulus and tan-delta
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Table 5
Storage and loss moduli for different material states in two different directions

Material state Storage modulus, E1 (GPa)

Longitudinal Transverse
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lassy 29.6 18.9
ubbery 4.26 1.91

urves in all runs and in both directions (see Figs. 5 and 6). This
ould result from secondary relaxations of the polymer resin
20] or from additives. DMA results from different heating rates
howed similar behavior, as shown in Fig. 7 where the storage
nd loss modulus were normalized by their initial room tem-
erature values for each specimen. Faster heating rates delay
he temperature of glass transition noted by the right shift of
he storage modulus curves and the peaks of tan-delta and loss

odulus curves.
The glass transition can be modeled by the Arrhenius equa-

ions [11]:

dαg

dT
= Ag

β
· exp

(−EA,g

RT

)
· (1 − αg)n (6)

here αg is the conversion degree, Ag is the pre-exponential
actor, EA,g is the activation energy (which is considered as
constant for one specified process) for glass transition. The
zawa method [19] and Kissinger method [21] were used to
etermine the kinetic parameters based on the curves from three
ifferent heating rates. The corresponding kinetic parameters
re summarized in Table 3.

Knowing the degree of conversion for the different transitions
rom Eq. (6), the temperature-dependent storage modulus, E1,m

f FRP composite materials can be calculated as:

1,m = E1,g · (1 − αg) + E1,r · αg (7)

ig. 10. Comparison of experimental and modeling curves of temperature-
ependent storage modulus in longitudinal direction (at 5 ◦C/min).

(

(

(

Acta 469 (2008) 28–35

here E1,g and E1,r are the storage moduli in glassy state and
ubbery state, respectively. These values are obtained based on
he DMA (see Section 3.4) and are summarized in Table 5. It
as found that the storage moduli in glassy state obtained by
MA for both longitudinal and transverse directions are very

imilar to the corresponding values of elastic modulus reported
n [22]. The mechanical properties are considered as zero for the
ecomposed state.

The modeling curves of temperature-dependent storage mod-
lus, resulting from the Ozawa and Kissinger methods, are
hown in Fig. 10 for the longitudinal direction (at 5 ◦C/min).
he discrepancy between the modeling and experimental results
ould be attributed to the inaccuracy of the methods for the
inetic parameter estimation, or because of the EA-dependencies
nduced by multi-step kinetics of the process. Different methods
or kinetic parameters identification were discussed and com-
ared in detail in [23–27], and an error analysis was presented
n [28]. These methods are mainly used for the kinetic analysis of
he decomposition process and seldom for the analysis of glass
ransition. It is apparent that the application of these methods
o obtain kinetic parameters for glass transition requires further
nvestigation.

. Conclusions

For the further understanding and application of pultruded
FRP composites under elevated and high temperatures,
series of experiments were conducted to investigate the

emperature-dependent thermo-physical and mechanical prop-
rties, including the mass-loss, specific heat capacity, thermal
onductivity, and storage and loss modulus. The following con-
lusions were obtained:

1) The mass of the composite material is stable before Td.
When the decomposition is approaching, the mass starts
to decrease rapidly. The Arrhenius equation can be used
to model the decomposition process; multi-curves methods
were used to identify the kinetic parameters. Further inves-
tigation could be involved in the feasibility of characterizing
decomposition behavior by multi-stage chemical reactions.

2) The change of specific heat capacity of the composite mate-
rial is not very significant when the temperature is below Td.
However, the measured value rapidly increases during the
decomposition process because additional heat is required
for this endothermic chemical reaction. This behavior can
be well modeled with the concept of effective specific heat
capacity. However, measurements over a higher temperature
range would be desirable to cover the whole decomposition
process, and to further verify the total decomposition heat.

3) The thermal conductivity of fully decomposed material is
much lower than that of virgin material at room temperature.
For decomposed material, thermal conductivity was seen to
increase with temperature. For virgin material, the effec-

tive thermal conductivity is decreased when decomposition
occurs, since shielding effects are induced by emerging
voids filled with gases from the decomposed resin. The
effective thermal conductivity can be accurately described
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by a series model whereby the volume fraction of different
phases can be obtained from the decomposition model.

4) The storage modulus of the composite material decreased,
while the loss modulus increased, with increasing tempera-
ture. The rates accelerate when temperature is approaching
Tg. However, when temperature exceeds Tg, the loss
modulus starts to decrease. The temperature-dependent
mechanical properties show similar behavior in both lon-
gitudinal and transverse directions. The Arrhenius equation
was used to describe the glass transition. However, the esti-
mation of the kinetic parameters for glass transition using
existing multi-curves methods led to inaccurate results and
further investigation is warranted.
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