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ABSTRACT: The creep behavior of new polymers pre-
pared by free radical polymerization of styrene-crosslinked
resins obtained from linseed oil and derived wood flour
(WF) composites have been analyzed. Results of short-time
flexural creep tests at different temperatures are reported.
The effects of the wood flour content and temperature are
discussed. The creep deformation is significantly reduced
with the incorporation of wood flour, due to the excellent
fiber/matrix interaction. The creep strain was modeled
using the creep power law and the Bürgers models. The pa-
rameters were determined from the best fitting of the exper-
imental data using a nonlinear optimization method.
Although both models gave a good description of the visco-
elastic creep of the materials, the Bürgers model was pre-

ferred because of its ability to predict recovery. A master
curve was built using the time temperature superposition
principle, and the time shifts were well fitted using Arrhe-
nius model. There was a good superposition of the short-
term master curve and long-term data for samples tested at
the same time after preparation. A reduction of the creep
deformation was observed when the responses of samples
tested after 2 and 5 years from preparation were compared,
which was attributed to aging derived from the oxidative
crosslinking of linseed oil fragments in the network. VC 2011
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INTRODUCTION

The development of polymers from renewable
resources has become an important subject in both
scientific research and commercial applications,
mainly because of their low cost and ecofriendly na-
ture in contrast with petroleum based polymers.1

Thus, vegetable oils have been used as natural sour-
ces for the preparation of different polymeric res-
ins2–5 during the last decade. Natural oils are triglyc-
erides of fatty acids, which have between 0 and 3
carbon–carbon double bonds. In particular, linseed
oil has been widely used as a drying oil in the paint-
ing industry because it contains a high percentage of
linolenic acid, with three unsaturations per fatty acid
chain.6,7

Since the original unsaturations of drying oils do
not participate in radical polymerizations, a more re-
active unsaturated reactive can be obtained by func-
tionalizing the linseed oil triglyceride molecules in
two steps: glycerolysis to produce mainly a mono-
glyceride, followed by the reaction with maleic an-
hydride, to produce a maleinated monoglyceride
with highly reactive C¼¼C double bonds.5,8 The
product is mixed with a reactive diluent such as sty-
rene and cured in the presence of an initiator by free
radical polymerization to obtain a crosslinked ther-
moset polymer.8 Some of the physical and mechani-
cal properties of these new polymers can be
improved with the addition of plant-based reinforce-
ments/fillers, such as wood flour (WF), to obtain
composite materials. One of the most important fac-
tors that affect the final characteristics of the compo-
sites is the fact that this matrix has carboxylic
groups that can interact with the hydroxyl groups
on wood flour giving a composite material with a
very strong fiber/matrix interface.9

In previous publications, the mechanical and ther-
momechanical behavior of these materials9 have
been presented and discussed, however, the creep
behavior has not been extensively evaluated.

The aim of this work is to investigate the creep
performance of woodflour-linseed oil based thermo-
set composites, since this viscoelastic behavior con-
stitutes an important criterion for evaluating the

Correspondence to: M. A. Mosiewicki (mirna@fi.mdp.edu.
ar).

Contract grant sponsor: CONICET; contract grant
number: PIP 6250/05.

Contract grant sponsor: Science and Technology
National Promotion Agency (ANPCyT); contract grant
number: PICT-2006-02153.

Contract grant sponsor: National University of Mar del
Plata (UNMdP); contract grant number: 15/G253 - ING
259/09.

Journal of Applied Polymer Science, Vol. 121, 2626–2633 (2011)
VC 2011 Wiley Periodicals, Inc.



long-term performance in practical applications. In
particular, the creep performance of the composite
materials from linseed oil resins and wood flour was
investigated taking into account the effects of filler
content and testing temperature. The power law and
Bürgers models were used to predict the viscoelastic
behavior of the composites. The time-temperature
superposition principle was applied for the construc-
tion of a master curve from short-term creep tests
and it was used to predict long term creep behavior.
The effect of time after sample preparation (aging)
on creep behavior was also evaluated.

Creep analysis

A simple way to simulate the viscoelastic behavior
of a polymeric material is to use mechanical analo-
gies that include the viscous performance of dashpot
elements and the elastic response of spring ele-
ments. The particular Bürgers model used in this
work, a series combination of one Maxwell element
and two Kelvin-Voigt elements, is shown in the
Scheme 1.10,11

The total strain, e(t), is given by:

eðtÞ ¼ r
E0
þ r

E1
� 1� exp �t � E1

g1

� �� �

þ r
E2
� 1� exp �t � E2

g2

� �� �
þ r

g0

� t ð1Þ

where r is the constant applied stress, t is the time,
E0 is related to the instantaneous elastic response of
the material, E1 and E2 are the elastic modulus of
the springs, g1 and g2 are the viscosities of the dash-
pots in the Kelvin-Voigt elements and g0 is the vis-
cosity of the Maxwell element. Finally, the viscosity
of the dashpot of the Maxwell element is related to
the steady state creep, where the viscous flow is the
predominant behavior. This last term is negligible in
thermoset polymers, since the recovery should be, at
least theoretically, complete.

These parameters were obtained from the best fit-
ting of the experimental data, using the nonlinear
least-squares Levenberg-Marquardt optimization
algorithm.12

A simpler relationship of e(t) with time was also
used to explain the viscoelastic behavior of the mate-
rials, as follows13–15:

e tð Þ ¼ aþ b � tc (2)

where a, b, and c are empirically determined param-
eters. This model, although less versatile, is simpler
than the Bürgers one and has just three fitting pa-
rameters. In some cases, the parameter ‘‘a’’ is close
to zero and the simplification of Eq. (2) produces
small variations on the ‘‘b’’ and ‘‘c’’ parameters.

e tð Þ ¼ b � tc (3)

If the creep load is suddenly removed at a given
time (tr > 0), the strain decreases with time, along a
course called creep recovery. The rate of this shape
recovery depends on the material viscoelastic proper-
ties. This test allows directly determining whether a
material presents complete recovery or a permanent
set remains after unloading. When working in the lin-
ear viscoelastic region, the creep recovery behavior
can be predicted using the Boltzmann Superposition
Principle,13,16 thus the creep recovery-strain predicted
by the Bürgers model, er(t), is given by:

erðtÞ ¼ e tð Þ � r
E0
� r
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g1
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The parameters obtained from fitting the creep de-
formation, e(t), during the initial part of the tests,
were utilized in this work to predict er(t).

Generally, the creep deformation increases with tem-
perature and time. If the material does not change its
structure with time, the time-temperature-superposition
(TTS) principle can be used to predict the long-term
behavior from short-term measurements.16 The creep
curves obtained at different temperatures are super-
posed by horizontal shifts along a logarithmic time scale
(log aT) to obtain a master curve. This master curve can
be used to predict the long time response of the material
at the selected temperature. In the case of composite
materials, this assumption cannot be taken as valid a pri-
ori, but instead its applicability should be investigated.

On the other hand, the functionality of aT with the
temperature, according to the Arrhenius expression,
can be written as follows:

logðaTÞ ¼
�Ea

2:303R
� 1

T
� 1

T0

� �
(5)

where Ea is an activation energy and R is the univer-
sal gas constant, T is the test temperature and T0 is
the reference temperature.

Scheme 1 Mechanical analog for Burgers’ model.
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EXPERIMENTAL

Materials

Linseed oil provided by Grainer S.A. (Entre Rios,
Argentina) was used in this work. A resin was pre-
pared from the chemical modification of the linseed
oil. The synthesis of the resin corresponds to the
glycerolysis of the linseed oil with excess of glycerol
to obtain mainly a monoglyceride, followed by the
reaction with maleic anhydride to produce a malei-
nated monoglyceride, as it has been previously
reported.8,9

The synthesized linseed oil-based resin was fur-
ther crosslinked with styrene in a weight proportion
resin/styrene 60 : 40. The crosslinking radical poly-
merization was carried out at 90�C for 1.5 h fol-
lowed by postcuring at 150�C for 1.5 h with the
addition of a thermal initiator, benzoyl peroxide
(Lucidol 0.75, Akzo Chemical S.A.), 2.5% wt with
respect to the total reaction mixture. The details of
the synthesis and characterization of the matrix were
carefully described in previous publications.8,9

The composites were manufactured using the lin-
seed oil-based thermoset with the addition of pine
wood flour (J. Do Santos Freire, Buenos Aires,
Argentina). Wood flour had average particle sizes
ranging from 75 to 150 lm. Wood flour was dried at
75�C for 48 h in a vacuum oven.

Compounding and molding

Composite materials were prepared by mixing the
dried filler and the reactive mixture (linseed oil-
based resin, styrene and benzoyl peroxide) in an in-
tensive mixer at room temperature and 50 rpm. No
appreciable reaction occurs under these condi-
tions.9,14 The resulting paste was filled in a cylindri-
cal metal mold (145 mm of diameter and about 3
mm of thickness), which was left open for 1.5 h at
50�C to decrease the viscosity of the reactive mixture
and to facilitate the step corresponding to filling the
mold. Then, the mold was closed and the tempera-
ture was increased to 90�C. The mixture was cured
at this temperature for 1.5 h under pressure (4 MPa),
and then postcured at 150�C for another 1.5 h. Sam-
ples were prepared with 0, 20, and 30 wt % of wood
flour. All the specimens were dried at 75�C for 24 h
in a vacuum oven prior to be tested.

Mechanical tests

Creep tests

The tests were carried out in a Perkin–Elmer
dynamic mechanical analyzer (DMA 7) in creep
mode (‘‘instantaneously’’ applied stress-step), using
the three point bending fixture with a specimen plat-

form of 15 mm length under nitrogen atmosphere.
The stress range selected for running the tests
needed to identify the linear viscoelastic (LVE) range
were chosen below the ultimate stress of the unrein-
forced material tested in three points bending until
failure. The rest of the creep tests were run at a fixed
stress of 7 MPa (LVE range). The sample dimensions
were � 20 � 2 � 3 mm3 and the linear dimensions
were measured up to 0.01 mm. Short-time creep
tests were conducted during 60 min, using samples
prepared 2 years before testing, while long-term
creep tests were carried out for 7 h, using specimens
prepared 5 years ago.

RESULTS AND DISCUSSION

To ensure working in the linear viscoelastic range,
the unfilled specimen (which corresponds to the
sample that shows larger creep deformations under
any given test conditions) was tested in creep mode
at 30�C during 60 min applying different stresses.
Figure 1 shows the corresponding strain versus time
curves. All the curves show similar characteristics:
instantaneous elastic strain on loading, a transition
zone of decreasing creep rate and eventually, an in-
cipient steady creep region. As it was expected,
higher applied stress leads to larger creep strain. In
Figure 2, the creep strain experienced by the unfilled
matrix at 60 min testing was plotted as a function of
the applied stress (testing temperature ¼ 30�C). If
the response of the material is in the linear visco-
elastic range (small deformations), the relation
between stress and strain is linear, since the compli-
ance (strain/stress) depends only on time (which
was selected as 60 min) and not on the magnitude
of the deformation. Thus, from the analysis of the
isochronous tests, a stress of 7 MPa was selected to

Figure 1 Strain (%) as a function of time at different
stresses for the unreinforced linseed oil based polymer at
30�C.

2628 MOSIEWICKI, MARCOVICH, AND ARANGUREN

Journal of Applied Polymer Science DOI 10.1002/app



perform all the rest of the creep tests, ensuring test-
ing all the samples in the linear viscoelastic range.

Effect of the wood flour addition

The final properties of composite materials depend
on the individual properties of the components as
well as on the interactions developed at the inter-
face. Figure 3 shows the effect of the incorporation
of wood flour to the linseed oil-based matrix on the
creep behavior at 20�C [Fig. 3(a)] and 30�C [Fig.
3(b)]. The addition of 20 wt % of particles reduces
significantly the deformation of the material as com-
pared with the neat polymer, as it was expected due
to the higher rigidity of the filler/reinforcement. By
further increasing the filler/reinforcement concentra-
tion to 30 wt %, an additional decrease of creep de-
formation is observed, but the incremental effect is
smaller.

In general, when the filler wetting and dispersion
in the polymeric matrix are carried out efficiently,
the rigidity of the composites increases with filler
concentration. In the present case, the interaction fil-
ler-matrix is excellent, as it was previously
reported,9 due to the H-bonds formed between the
hydroxyl groups of the wood flour and the hydroxyl
and carboxylic groups present in the synthesized
resin. Thus, the creep resistance is expected to
increase due to the presence of the strongly interact-
ing wood flour, which reduces the mobility in the
molecular segments of the matrix.

The creep behavior of materials at 10, 20, 30, and
40�C was modeled using Eq. (1) and the correspond-
ing parameters were obtained from the best fitting
curve. Figure 3(a) shows the experimental results at
20�C (points) and the fitted curves obtained apply-
ing the Bürgers model (solid line). Table I summa-
rizes the values of the calculated parameters

obtained from the fitting of the experimental creep
data of the composites containing different wood
flour concentrations and measured at different
temperatures.

At any given temperature, the values of all the pa-
rameters (E0, E1, E2, g0, g1, and g2) increase with the
wood flour concentration. These results are in agree-
ment with the increased rigidity of the composites
as the concentration of wood flour increased, analo-
gously to the results previously reported for the
bending properties of these materials.9 The nonreco-
verable creep, represented in the model by the
response of the dashpot connected in series, is inver-
sely related to the viscosity g0. The results show that
this parameter increases with wood flour content in
correlation to the decreasing permanent deformation
of the composites, which was attributed to the effect
of the presence of the rigid particles. The instantane-
ous elastic deformation of the material is reduced as

Figure 3 a) Experimental creep results of unreinforced
polymer and wood flour composites at 20�C (points) and
the fitted curve obtained applying the Bürger model (solid
lines). b) Experimental creep results of unreinforced poly-
mer and wood flour composites at 30�C.

Figure 2 Creep deformation of unreinforced linseed oil
based polymer after 60 min of applied load at 30�C.
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more wood flour is incorporated into the composite
and this is correlated with the modulus of the Max-
well spring in the model.

Figure 4 shows the comparison of experimental
results and curves calculated using the power law
model. Although the Bürgers as well as the power
law models give very good fitting of the data, the
power law model is simpler and requires less fitting
parameters (Table I). However, it offers neither the
possibility of prediction of other linear viscoelastic
properties like the Bürgers models does, nor a good
description of the recovery process. The nonlinear
optimization fitting algorithm indicates that the pa-
rameter ‘‘a’’ of the power law model is close to zero,
so that relatively small variations of the parameter
‘‘b’’ and ‘‘c’’ are observed if the Eq. (2) is simplified
taking ‘‘a’’ identically equal to zero. The parameter
‘‘b’’ is in this case related to the elastic initial
response of the material, and the parameter ‘‘c,’’
related to the viscous creep response.

Table I shows that parameter ‘‘b’’ decreases as
more wood flour is incorporated in the polymeric
matrix, which is due to the lower initial deformation
associated with the higher rigidity of the composites.
The same trend is observed in parameter ‘‘c,’’ it
decreases as wood flour content increases. This
clearly denotes that the rate of viscous creep is very
much reduced because of the addition of WF.

Creep and creep recovery

The complete recovery of the thermoset polymers is
expected at equilibrium.17 In our case, when the sam-
ples are unloaded after 60 min testing, they recover
instantaneously the initial elastic strain. However, a
retarded slower recovery continues, leaving a con-
stant permanent deformation. Thus, although low
strains were used in this work, permanent deforma-
tions were recorded in all the materials, as can be
noticed from Figure 5. This behavior can be attributed

TABLE I
Bürgers and Power Law Fitting Parameters

Bürgers model Power law

Temp. (�C) WF (wt %) E0 (GPa) E1 (GPa) E2 (GPa) g1 (Pa�s) g2 (Pa�s) g0 (Pa�s) b c

10 0 0.87 4.74 5.88 3.54 � 1012 6.40 � 1011 2.14 � 1013 0.6097 0.0805
20 1.56 11.94 12.57 7.68 � 1012 6.35 � 1011 8.52 � 1013 0.3995 0.0486
30 1.67 17.42 15.70 11.25 � 1012 13.18 � 1011 9.13 � 1013 0.3679 0.0452

20 0 0.82 2.89 2.71 1.94 � 1012 1.26 � 1011 1.14 � 1013 0.6796 0.1010
20 1.46 8.67 7.56 4.77 � 1012 1.28 � 1011 4.12 � 1013 0.4335 0.0605
30 1.63 11.54 8.35 6.85 � 1012 3.51 � 1011 5.20 � 1013 0.3892 0.0570

30 0 0.80 1.41 1.37 1.04 � 1012 4.02 � 1010 2.93 � 1012 0.5482 0.1909
20 1.30 6.65 4.14 3.23 � 1012 8.08 � 1010 2.61 � 1013 0.4450 0.0798
30 1.52 6.17 4.21 3.96 � 1012 9.08 � 1010 2.86 � 1013 0.4342 0.0779

40 0 – – – – – – – –
20 1.19 3.04 2.80 2.01 � 1012 6.85 � 1010 1.60 � 1013 0.5213 0.1038
30 1.30 2.98 2.79 1.87 � 1012 7.14 � 1010 1.78 � 1013 0.4937 0.1048

Figure 4 Comparison of experimental (points) and pre-
dicted (solid lines) creep using power law model for the
unreinforced polymer and composites at 20�C.

Figure 5 Creep and creep recovery of the unreinforced
polymer and composites at 20�C. Experimental results
(points) and Bürger model (solid lines).
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to the nonreacted (dangling chains) or lightly cross-
linked fatty acid chains that can be irreversibly
deformed when the stress is applied and cannot
recover their original conformations or locations as
the load is removed during the recovery part of the
test.18 As it was discussed in a previous publication,
after the chemical modification of the linseed oil,
highly reactive carbon–carbon insaturations are intro-
duced by means of a maleinization reaction. How-
ever, up to two fatty acid chains per molecule with
less reactive carbon–carbon double bonds can remain
pendant in the crosslinked network having a plasticiz-
ing effect on the polymer. The wide thermal transi-
tions measured by dynamic–mechanical tests are in
agreement with a morphology corresponding to a het-
erogeneous network with various relaxation mecha-
nisms.9 The creep rate after the initial response is
reduced by the addition of WF, but as discussed
above the viscous creep leads to the appearance of a
nonrecoverable deformation. The consequence of WF
addition appears as an increase of the viscosity, g0, of
the Maxwell dashpot, related to the reduced mobility
of the chains in the rigid filled composites and in
agreement with the decreasing permanent deforma-
tion of the composites.

The parameters calculated from fitting the creep
deformation (Table I) were used in Eq. (4) to predict
the recovery part of the curves. The recovery predic-
tions for the different composites are also shown in
Figure 5. Considering that the recovery part of the
test is a prediction (not a fitting), the agreement
between theoretical calculation and experimental
results is good.

Effect of temperature

In general, higher temperatures increase the creep
rate limiting the applicability of the material. Figure 6

illustrates the strong temperature dependence of
the creep behavior of the composite containing
30 wt % wood flour. The instantaneous deformation,
as well as the viscous creep, increase with tempera-
ture, as it was expected because of the higher mobility
of the molecules. While the composites prepared
with 20 and 30 wt % of wood flour tested at 10, 20, 30,
and 40�C were found to be in the linear viscoelastic
range, the behavior of the unreinforced material
at the highest temperature is outside this range
(large deformations are reached during the test and
the compliance of the material becomes a function of
both time and level of deformation or stress during
the last part of the test) and thus, it is not reported in
Table I.

The nonlinear behavior at 40�C can be explained
by reference to previous studies which showed that
the glass transition temperature of the unfilled cross-
linked polymer (recently prepared sample) was cen-
tered at 73�C (measured at the maximum of tan d in
a dynamic mechanical test), exhibiting a broad tran-
sition that showed relaxation mechanisms already
active at temperatures as low as 40�C, leading to
large creep deformations.9

The Bürgers parameters included in Table I show
that as the temperature increase, E0, E1, E2, g1, g2,
and g0 values decrease. The rigidity of the materials
decreases with temperature and consequently, the
creep deformation increases.

The behavior of the Power law parameters (Table
I) is also consistent with the previous discussion:
higher temperatures produce higher ‘‘b’’ parameters
due to higher initial elastic response. The parameter
‘‘c’’ also increases with temperature denoting that
the rate of steady creep is also increased.

Time-temperature superposition and validation of
the prediction for long term creep

The TTS principle was utilized to predict long-time
creep behavior using a master curve produced from
the short-term creep tests performed at different
temperatures. Although this technique cannot be
assumed to be applicable a priori in multiphase sys-
tems, it has been shown to be effective in the charac-
terization of different composite materials.10,19–21 To
predict long-term data, the creep data at various
temperatures were shifted according to the TTS prin-
ciple. The reference temperature selected was 20�C.
The ‘‘master curve’’ constructed from short-term
data (samples tested 2 years after preparation) for
the composite containing 30 wt% wood flour is
shown in Figure 7.

The same work was carried out on the same sam-
ples tested 5 years after curing and a master curve
was also constructed. The creep of the composite
sample containing 30% WF was also measured over

Figure 6 Creep of the composite with 30 wt % of wood
flour at different temperatures.
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a period of 7 h to check the prediction obtained
from using the short time-master curve. Figure 7
also shows the comparison between the long term
experimental deformation and calculated master
curve (both corresponding to the 5-years-aged mate-
rial). The agreement of predicted and experimental
results is quite good, which indicates that the mate-
rial is stabilized and thus, prediction from the mas-
ter curve is possible.

The horizontal shift values, aT, utilized for the con-
struction of the two master curves were well corre-
lated using the Arrhenius Eq. (5) as it is shown in

Figure 8 for the composite with 30 wt % WF. The
Ea/R values calculated from the Arrhenius equation
as a function of the WF content (samples tested 2
years after preparation) are shown in Table II. The
activation energy increases with WF concentration
due to the increased creep resistance resulting from
the addition of the rigid particles. The effect of aging
is discussed in the following section.

Aging effect

The effect of room temperature aging on the creep
response of the 30 wt % composite was evaluated by
comparing the performance of samples tested 2
years and 5 years after curing. The experimental
creep curves obtained for the composite are shown
in Figure 9. For all the testing temperatures, it is
clear that the creep deformation decreases as the
time after sample preparation increases, which was
attributed to aging effects, as it was reported in a
previous work focused on linseed oil based thermo-
set.22,23 It is known that the highly unsaturated lino-
lenic acids in the linseed oil are responsible for the
drying properties in this vegetable oil and the reason
why it has been widely used in the painting indus-
try.6,7 Even after chemical modification by glyceroly-
sis and maleinization, carbon–carbon double bonds
from the original fatty acid chains remain in the

Figure 7 Short-term master curves (5-years aged sample,
solid line and 2-years aged sample, dotted lines) and ex-
perimental results from long-term creep data (5-years aged
sample, points) for the composite with 30 wt % wood
flour. Experimental long term creep results were obtained
at 20�C, which is the reference temperature for the two
master curves.

Figure 8 Experimental shifts (log aT) (points) used in the
construction of the creep master curves and calculated
Arrhenius’ fittings (5-years aged sample, solid line and 2-
years aged sample, dotted lines).

TABLE II
Ea/R Value from the Arrhenius Equation as a Function

of the WF Content

WF (wt %) Ea/R (K)

0 21,385
20 23,252
30 24,808

Figure 9 Experimental creep results for the composite
with 30 wt % wood flour tested at different temperatures
and different time after preparation: Solid lines: 2 years;
dotted lines: 5 years.
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polymer structure. The action of atmospheric oxygen
on these unsaturations produces chemical changes
by slow oxidative crosslinking reactions in these
polymers, which in turn affect the properties of the
cured materials.

The fittings of the 2 and 5-years shift factors, aT, to
an Arrhenius Eq. (5) for the composite with 30 wt %
WF, leads to Ea/R values of 24,808 and 29,727 K,
respectively. The increase in activation energy with
time supports the fact that aging increases the creep
resistance of the material, in agreement with the
above discussed characteristics of drying oils.

CONCLUSIONS

The creep behavior of new polymers and composites
based on linseed oil resins and wood flour was stud-
ied. Short-time creep results showed that the creep
deformation is significantly reduced with the incor-
poration of wood flour due to the excellent interac-
tion fiber/matrix.

The power law and the Bürgers models were able
to describe the viscoelastic behavior of the unrein-
forced polymer and the composites. Two Kelvin-
Voight elements were necessary to adequately fit the
experimental curves obtained during creep and
creep recovery. The simpler power law offered a
good fit only of the creep part of the test.

A master curve was built using the time tempera-
ture superposition principle and it was used to pre-
dict long-term creep behavior of the 5-year aged 30
wt % composite.

The creep deformation of the samples decreases
when they are tested at increasing times after curing.
This effect was attributed to the aging of the linseed
oil based polymer.
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