
JOURNAL OF MATERIALS SCIENCE34 (1999 )5927– 5936

The effect of time and temperature on flexural

creep and fatigue strength of a silica particle

filled epoxy resin
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Hitachi Research Laboratory, Hitachi, Ltd., Hitachi-shi, Japan 319-12

Composite materials that use an epoxy resin as a matrix resins have superior mechanical
properties over standard structural materials, but these materials exhibit time and
temperature behavior when used for long periods and under high temperatures. This time
and temperature behavior has not been fully explained. The purpose of this paper is to
further describe this time and temperature behavior, increasing the reliability of this class
of composite materials. The time and temperature dependence of flexural strength was
examined by creep and fatigue testing. Flexural creep tests were carried out at various
temperatures below the glass transition temperature. Flexural fatigue tests were carried out
at various stress ratios, temperatures below the glass transition temperature and 2
frequencies. The time-temperature superposition principle held for the flexural creep
strength of this material. A method to predict flexural creep strength based on the static
strength master curve and the cumulative damage law is proposed. When the fatigue
frequency was decreased while temperature and stress ratio are held constant the flexural
fatigue strength decreases. The time-temperature superposition principle was also found to
hold for the flexural fatigue strength with respect to frequency. C© 1999 Kluwer Academic
Publishers

1. Introduction
Epoxy resin with a filler, such as silica or alumina pow-
der, because of its excellent electrical properties, small
thermal expansion coefficient, strength and modulus, is
being used in many electric products. For example, the
composite tested in this paper is being used in molded
transformers, the propulsion coils for the magnetic lev-
itating vehicle and LSI encapsulation. In these appli-
cations the material undergoes complex loading, for
example fatigue and creep loading. Propulsion coils
and transformer applications require the composite to
prevent the deflection of the windings of the coils due
to magnetic forces. The material must also sustain its
properties as the temperature increases during opera-
tion. It is commonly known that the mechanical be-
havior of epoxy resin, and composites made with these
resins show viscoelastic behavior [1–6]. This viscoelas-
tic behavior is a major concern when designing struc-
tures for adverse environmental conditions and long
periods, such as the applications mentioned above. This
report is the study of the influence of time and temper-
ature on the failure strength behavior of this material
subjected to complex loading.

Many papers have been written on the effect of filler
in polymer composites on the mechanical properties
[7–14]. Most of the papers like Brown and Kimet al.,
discuss the effect of filler on the modulus and tough-
ness of the composite. Brown found that depending on

the type of filler the modulus and toughness will in-
crease with an increase in filler. This increase in filler
usually lead to a decrease in static and impact strength.
Kim et al. discovered that for less crosslinked epoxy
resins, the fracture toughness increases as particle size
decreases but size effects were not seen for highly
crosslinked epoxy resins. The finding of no size effects
was based on the finding that there was no change in the
maximum shear deformation for varying particle size.

Static strength of a composite similar to the one used
in this report was tested by Nishimuraet al. [15]. They
found that this composite’s static strength decreased
with temperature but did not examine the deflection
rate effect. They also found that at low temperatures
the initiation of fracture began in the silica particles. At
high temperatures they explained that the major cause
of failure was due to the interface between the particle
and the resin. Creep strength of this material was also
examined by Nishimura. They noticed that as temper-
ature was increased the slope of the strain-time graphs
increases. They also commented that the creep strength
versus time curves were practically horizontal showing
little slope. Comparison of creep and fatigue strength
showed that at low temperatures the creep strength was
higher than the fatigue strength.

Sinienet al. after performing creep tests on glass bead
filled polyethylene believes that creep damage plays an
important role at high stress levels [16]. Sinien showed
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that the particles improved the creep resistance at low
stresses but at high stress levels a low volume fraction
of particles resulted in the neat resin creep resistance
being higher than the filled composite. At low stress
level changing the adhesive conditions at the interface
of the particles and the matrix had little effect. At high
stress and low adhesive properties the creep resistance
equals that of the neat resin.

Fatigue properties of neat thermoset resins have been
analyzed by several researchers [17, 18]. Barronet al.
found that as temperature increases the crack growth
rate decreases although the failure stress decreases. He
also found that a rubber modifier helped decrease the
crack growth rate. An increase in fatigue resistance was
attributed to a decrease in the crack propagation rate,
which can be achieved from the addition of a rubber
modifier.

Fatigue testing of filled thermoset composites has
mainly been concerned with the effect of the amount
and shape of the filler used in these composites [7, 15,
19, 20]. Many papers report the influence on the amount
of particulate filler and its effects on the strength of
the composite. Brown concluded that the addition of a
glass bead filler decreased the flexural strength of the
composite when conducting strain controlled fatigue
tests. Adhesion between the filler and matrix is be-
lieved to significantly influence the fatigue proper-
ties because of the stress concentrations around the
fillers [7]. Nishimuraet al. found that fatigue strength of
a silica filled epoxy resin was dependent on the type of
stress input wave and mean stress [15]. They also found
that the silica filled epoxy resin’s fatigue strength was
independent of the frequency range tested (1–10 Hz).
They concluded that most of the fracture results could
be attributed to the brittle fracture of the particles.

Research on the fatigue stress ratio influence on the
strength of epoxy matrix FRP (Fiber Reinforced Plas-
tics) has been performed previously [21–24]. Results
from Miyanoet al. and others showed that FRP fatigue
strength dependence on stress ratio changes as temper-
ature increases to the glass transition temperature of the
matrix resin. Fatigue strength was measured with sev-
eral ratios of mean stress to stress amplitude ranging
from near zero to 1. In comparison with the other stress
ratios the lowest fatigue strength at room temperature
occurred when stress ratio was near zero for a given
time. When the temperature neared the glass transition
temperature, the stress ratio of near zero had the highest
strength for a given time. Satin woven FRP composites
showed a smaller difference of strength due to stress
ratio when compared to unidirectional FRP. This be-
havior was explained to originate from the matrix resin
therefore this behavior should also appear in particle
filled composites.

Another variable of fatigue testing that needs to be
considered is frequency. Frequency effect from the
point of view of hysteric heating on polymer compos-
ite was studied by Hertzberget al. [25]. The authors
described the effect due to frequency caused by heat-
ing and the associated loss of stiffness. By cooling the
specimens with water they noticed a decrease in crack
propagation of 2.5%. They also commented that the ef-
fect of frequency is dependent on the viscoelastic prop-

erties and geometry of the specimens. Broutmanet al.
also focused on the temperature rise due to frequency
but included that stress level was also a factor [26]. He
concluded that epoxy resins are cyclic dependent not
time dependent.

The previous research clearly shows that problems
can arise when using polymer matrix composite ma-
terials at high temperature or extended times. Some
preliminary results have been published for this spe-
cific material [15, 27]. This paper will further explain
the mechanical behavior of this material. Since it has
been previously seen that the static strength shows vis-
coelastic behavior we assume that the creep and fatigue
results discussed here will also.

2. Experimental procedure
2.1. Specimen preparation
Specimens were an epoxy resin with crystalline sil-
ica particle filler. The epoxy resin and crystalline silica
particles were mixed and poured into molds made of
steel plates coated with a mold release of silicon oil,
to produce specimens approximately 5 mm thick. Air
bubbles were removed by placing the molds in a vac-
uum. Curing temperature and time were 130◦C for 3 h
then 150◦C for 5 h. These molds were then allowed to
cool to 25◦C at a rate of 30◦C/h. The specimens for
creep and fatigue testing were cut and sanded to di-
mensions of approximately 13× 5× 110 mm (width,
thickness, length). These specimens were after cured at
a temperature of 170◦C for 5 h with a cool down rate
of 30◦C/h. The silica content was 60% by volume with
a maximum dimension of 80µm and an average size
of 7µm, as given by the supplier.

2.2. Testing conditions
Flexural creep tests were performed in a 3-point bend-
ing jig at constant temperatures of 25, 40, 60, 80,
and 100◦C. A creep testing machine (Orientic CP6-L-
1000RX) with an attached constant temperature cham-
ber was used to perform the creep tests. The span of
the 3-point bending jig was 80 mm. At least three spec-
imens were tested for each combination of stress and
temperature.

Results for the flexural fatigue maximum stress ver-
sus number of cycles to failure curves were taken at
a frequency of f = 10 and 0.1 Hz at constant tem-
peratures of 60, 80, and 100◦C. Preliminary testing
showed that at 10 Hz and 100◦C, the surface tempera-
ture of the specimen only increased 1, 2◦C, therefore
we assume there was negligible effect from heating
do to testing frequency. These tests were conducted
with a computer controlled servopulser EHF-FD05-
4LA (Shimadzu Co.) with an attached constant temper-
ture chamber. Fatigue tests were performed under stress
control and a sine input wave. At least three specimens
were tested for each stress level in 3-point bending.
Flexural fatigue was also conducted at several stress
ratio R of 0.05, 0.5 and 0.8. Due to limitations of the
fatigue testing machine’s stroke, the span for fatigue
test was changed to 60 mm.
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2.3. Calculations
Three-point bending testing and calculations were per-
formed according to the Japanese Industrial Standard
(JIS) K 7203 [28]. Stress was calculated using Equa-
tion 1:

σmax= 3PbL

2bh2
(1)

whereσmaxis stress at failure (MPa),Pb is load at failure
(N), L is the span (mm),b andh are the specimen width
and thickness (mm), respectively [28]. Strain for creep
testsε(t) was calculated using Equation 2:

ε(t) = 6δ(t)h

L2
(2)

whereδ(t) is the deflection (mm) at a given timet .
Creep compliance was determined using the inverse of
the modulus, giving the Equation 3:

Dc(t) = 4bh3δ(t)

PL3
(3)

where Dc(t) is creep compliance (1/MPa) at a given
time t, P is the constant load (N). Number of cycles
were converted to time by the following Equation 4:

t = N

f
(4)

wheret is time (s),N is number of cycles (cycles) and
f is testing frequency (Hz). This allows the comparison
of fatigue with other properties usually measured with
time, as in static strength [22].

3. Results and discussion
3.1. Strain and compliance
Creep strains vs. log time for all five temperature and
various stress levels are shown in Figs 1–3. The stress
levels and the amount of strain is representative of all
the data taken. There is nominal increase in strain before
failure at 25◦C, but as temperature increase the amount
of strain before failure increases. The largest amount of
strain before failure occurs duringT = 100◦C tests. It
should also be pointed out that there is a relationship
between applied stress and the amount of strain. The
stress effect also increases with temperature. Even a
difference due to stress can even be seen at 25◦C.

Fig. 4 is the compliance curves for all the temper-
ature conditions and various stress levels. Again you
can see, as in the strain data, that there is little change
in compliance atT = 25◦C. As temperature increases,
creep compliance also increases. As can be expected af-
ter considering the strain data, there is a stress influence
on compliance, with higher stress levels the compliance
of the composite increases. Even though it is thought
that compliance for materials is constant for all stress
levels this does not always hold true for viscoelastic
materials. This means that with higher loads the mod-
ulus of the composite decreases, which is an important
point for design applications.

3.2. Creep strength and compliance
master curve

Flexural creep strengthσ (t) vs. log timet curves for all
the testing temperatures are shown in Fig. 5. Flexural
creep strength decreases with increasing temperature
and time. Even thoughT = 40◦C data shows a slightly
different slope than the other temperatures, it is believed
with extended data the slope would be the same for all
temperatures. There is also a more pronounced decrease
in strength as temperature increases.

The master curves of flexural creep strength vs. re-
duced timet ′ at a reference temperature ofT0= 40◦C
is shown in Fig. 6. Construction of the master curve
was accomplished by shifting theσ (t) data points from
Fig. 5. Flexural creep strength at the various tempera-
tures were shifted along the log scale of time until the
data points overlapped, creating a smooth curve. The
time-temperature shift factor aT0(T) is defined as:

aT0 =
t

t ′
(5)

wheret is the experimental time data, andt ′ is the re-
duced time. Since a smooth curve is produced when
shifting theσ (t) data with respect to time, the time-
temperature superposition principle is applicable.

Figure 1 Flexural creep strainε(t) vs. time forT = 25◦C and 40◦C at
various stress levels.
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Figure 2 Flexural creep strainε(t) vs. time forT = 60◦C and 80◦C at
various stress levels.

Figure 3 Flexural creep strainε(t) vs. time forT = 100 ◦C at various
stress levels.

Flexural creep compliance master curves were pro-
duced in the same manner as the creep strength master
curve, shown in Fig. 7a,b. The top master curve, Fig. 7a,
is for a flexural creep stress level ofσ = 90 MPa while
the lower master curve, Fig. 7b, is forσ = 110 MPa.
The experimental data shown in the left-hand side of

the figure are an average of several data points. In the
case when the stress range at that particular temper-
ature was not conducted, the point was estimated by
linear interpolation. The time-temperature superposi-
tion principle also holds for the flexural creep compli-
ance for the composite material since smooth curves
were produced. Two stress levels are shown because in
previous graphs it was obvious that there is a compli-
ance dependence on stress level. The time-temperature
superposition principle held for both conditions, even
thought both the stress and strain levels were different.

Fig. 8 shows the flexural creep strength and com-
pliance master curve’s time-temperature shift factors
aT0 vs. inverse of temperatureT , and for the static
strength and storage modulus from the matrix resin
[10]. The time-temperature shift factors aT0 changes
drastically with temperature near theTg of the matrix
resin. Shift factors aT0 are in good qualitative agree-
ment with the solid lines, which represent Arrhenuis’
equation. Therefore aT0 can be represented by using
activation energy1H and the Arrhenuis’ Equation 6:

log aT0(T) = 1H

2.303R

[
1

T
− 1

T0

]
(6)

where1H is the activation energy (kJ mol−1), R= gas
constant (8.314× 10−3 kJ K−1 mol−1), T is the testing
temperature (K) andT0 is the reference temperature (K)
[29, 30]. The static strength aT0 can be assumed to agree
well with Arrhenuis’ equation, the neat resins modulus
and static strength aT0 until temperature near theTg of
the matrix resin. The modulus and static results were re-
ported previously in Reference [27]. It has been shown
that this composite becomes much more viscoelastic
near theTg of the neat resin.

The composite’s time-temperature behavior is heav-
ily influenced by the matrix resin. This can be con-
cluded from the agreement between the storage mod-
ulus behavior of the matrix resin and the results of the
master curves. The flexural creep compliance master
curve’s time-temperature shift factors do not correlate
as well with the neat resin shift factors as do the flexu-
ral static strength data. This is because storage modulus
and static strength testing were conducted under small
strain ε conditions, but creep experiments were con-
ducted at large strainε level. It is believed that the time-
temperature shift factors from a master curve of con-
stant strain properties conducted under small strain (ex.
relaxation modulus), would agree more closely with the
neat resins storage modulus data.

3.3. Creep strength prediction
The prediction method of flexural creep strength is pro-
posed based on the static strength master curve and the
linear cumulative damage law [31]. Additionally, flex-
ural creep tests should be carried out for several stress
levels and temperatures to qualify the use of this pre-
diction procedure.

Let ts(σ ) and tc(σ ) be the static and creep failure
time for the stressσ . Further, suppose that the material
experiences a stress historyσ (t) for 0< t < t∗ wheret∗
is the failure time under the stress history. The linear
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Figure 4 Flexural creep complianceDc(t) for all temperatures and various stress levels.

Figure 5 Flexural creep stressσ vs. time at various temperatures.

cumulative damage law is:∫ t∗

0

dt

tc[σ (t)]
= 1. (6)

Our objective is to find the creep failure timetc(σ ) from
the static failure timets(σ ) and the linear cumulative
damage law Equation 6.

Figure 6 Flexural creep strength master curve.

Choose an increasing sequence of stress,σi (i =
1, 2, 3, . . .), and denote the associated static and creep
failure time by t (i)

s and t (i)
c as explained in Fig. 9. In

the static test, the deflection rate is kept constant and
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Figure 7 Master curves of flexural creep compliance for a reference tem-
peratureT = 40◦C andσ = 90, 110 MPa: (a) Flexural creep compliance
master curve forT0= 40◦C,σ = 90 MPa; (b) Flexural creep compliance
master curve forT0= 40◦C, σ = 110 MPa.

Figure 8 Time-temperature shift factors for flexural static and creep
strength, flexural creep compliance and storage modulus for the matrix
resin.

the force-deflection curves are assumed to be linear up
to just before failure. It is therefore assumed, that the
stress increases linearly during the static test. Further, it
is assumed that the linear stress history can be approx-
imate by a staircase function with stepsσ1, σ3, σ5, . . . .
Thus, the linear stress history up to the stress levelσ4
is replaced byσ1 for 0<σ <σ2 andσ3 for σ2<σ <σ4
(Fig. 9). By the aid of the linear cumulative damage

Figure 9 Explanation of creep prediction method.

law, the creep failure timet (2n− 1)
c (n= 1, 2, 3, . . .) is

expressed successively by as follows:

t (1)
c = t (2)

s

t (2n− 1)
c = t (2n)

s t (2n− 2)
s

nt(2n− 2)
s − (n− 1)t (2n)

s

(7)

Therefore the creep strength is evaluated from Equa-
tion 7 and the master curve of static strength in which
the curve is extrapolated by a decaying exponential
curve. First the master curve of static strength is curve
fitted, usually with a 2 or 3 powerequation to obtain
static failure stress as a function of time. Then using
this equation, static failure time is calculated for equal
intervals of stress from low to high values within the ex-
perimental data range. These stress values now become
the predicted creep stress values. Then using Equation 7
and the time calculated from the static master curve
equation the creep failure time is calculated [32].

Fig. 10 is the prediction curve of flexural creep
strength based on the cumulative damage law and the

Figure 10 Flexural creep strength prediction curve.

5932



static master curve. The solid line represents the predic-
tion method. It is a conservative estimate of the flexural
creep strength. This method would serve well during
design when a conservative estimate creates a larger
margin of safety. It seems that if an average was taken
of the static master curve and this prediction method
a more accurate estimate would be produced. We are
hesitate to propose this because of no physical meaning
behind using an average.

3.4. Explanation of stress ratio
Fatigue tests were conducted at 3 stress ratios,R= 0.05,
0.5 and 0.8. Stress ratioR is the ratio of minimum stress
to maximum stress:

R= σmin

σmax
(7)

Figure 11 Explanation of stress ratioR.

Figure 12 Flexural fatigue strength vs. log number of cycles to failure
for various stress ratiosR at constant temperatures.

whereσmin is the minimum stress andσmax is the maxi-
mum stress during fatigue testing. Minimum stressσmin
is the smallest stress value during one fatigue cycle
(1/frequency). Maximum stressσmaxis the largest stress
value during one fatigue cycle. Mean stressσmeanis the
average value betweenσmin andσmax, these definitions
are explained graphically in Fig. 11. AsR increases
from 0 to 1 for a constant maximum stress, the stress
amplitude goes to 0 and mean stress becomes equal
to maximum stress. WhenR is small, this means that
the stress amplitude is quite large in comparison with a
largeR, which has a small stress amplitude. This means
that asR increases to 1 the stress amplitude becomes
smaller but the mean stress becomes larger. Therefore
damage due to creep loading should increase for largeR
values. This is shown in Fig. 11. Stress ratio ofR= 0.05
is assumed to be equal toR= 0 since it is difficult to
test at a smaller stress ratio with a 3 point bending jig.
This is due to the loading point losing contact with the
specimen creating an impact type condition. To obtain
a range of values, specimens were also tested at stress
ratios ofR= 0.5 andR= 0.8.

3.5. Flexural fatigue strength
Flexural fatigue strengthσ for all testing tempera-
ture and stress ratios are plotted in Fig. 12. Flexural
fatigue strengthσ is assumed to be equal to flexural

Figure 13 Flexural fatigue strength vs. number of cycles to failure for
various temperature for each stress ratioR.
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Figure 14 Flexural fatigue strength vs. number of cycles and time to failure for the 2 frequencies data.

static strength with a time to failure equal to 1/2 cycle.
The points at a log number to failureNf =−0.3 and
a stress ratioR= 0.05 for each temperature is flexu-
ral static results. Since static tests could not be con-
ducted at log time to failure equal to−1.08 (calcu-
lated using Equation 4), stress values were arrived at
by using the time-temperature superposition principle
and the master curve of static strength [27]. Using the
time-temperature shift factors from the modulus data
of the matrix resin, the strength at log time to failure
tf =−1.08 was calculated.

As temperature increases, the difference inσ among
the 3 stress ratios decreases, showing that as tempera-
ture increases, stress ratio has less of an influence on
fatigue strength. The slopes of the curves forR= 0.05
and 0.8 are almost constant for all temperatures. From
the data shown and previous results [27], at low temper-
atures the composite fails with little deformation but as
the temperature increases the composite becomes more
ductile and creep damage occurs.

The points atNf =−0.3, static strength, corresponds
well with the curves that represent fatigue strength
at R= 0.05 for each temperature. This means, initial

fatigue damage can be thought of a step-wise accumu-
lation of damage equal to static strength at the same
temperature with a time to failure equal to the time of
1/2 fatigue cycle. Since the time-temperature superpo-
sition principle, using the time-temperature shift fac-
tors from the matrix resin, held for the static strength
which corresponds well with the curves representing
the fatigue strength, then it can also be said that the
time-temperature superposition principle also holds for
the initial fatigue strength.

A single stress ratio condition for each temperatures
is plotted in Fig. 13. This shows clearly that the slope
of the curves of all stress ratios changes little with tem-
perature. The decrease in strength due to temperature
becomes larger as stress ratio increases, this shows that
creep damage increases with temperature and is an in-
fluence on fatigue strength.

3.6. Frequency influence
Fig. 14 shows flexural fatigue strengthσ for all testing
temperatures and stress ratios for frequenciesf = 0.1
and 10 Hz. The left hand side isσ vs. log number of
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Figure 15 Flexural fatigue strength vs. number of cycles and time to
failure for R= 0.05 and various temperatures and frequencies.

cycles to failureNf while the right hand side isσ vs.
log time to failuretf . Equation 3 was used to convert
number of cycles to failure to time to failure so that
static strength results could be compared with fatigue
strength results. One point that is noticed in both sides
of the graph is that the scatter is reduced when test-
ing frequency is decreased. From theNf section of the
figure it is seen that as temperature increases the ef-
fect of frequency lessens. When comparing the 2 fre-
quencies, for a given number of cycles to failureNf ,
f = 10 Hz test operate for less time thanf = 0.1 Hz.
In other words, since the frequency effect shown in
Nf graphs decreases, time becomes less of a factor as
temperature increases. For the same time to failuretf ,
f = 10 Hz cycles more thanf = 0.1 Hz. Therefore the
tf side shows that number of cycles effect is becom-
ing stronger sincef = 10 Hz data has a lower fatigue
strength for a given time to failuretf .

3.7. Application of the time-temperature
superposition principle

We have shown that the time-temperature superpo-
sition principle holds for the initial flexural fatigue
strength. To prove that this can be extended and ap-

plied to a change in frequency we again used the time-
temperature shift factors aT0(T) from the matrix resin’s
modulus data. The equation for time-temperature shift
factor aT0(T) (Equation 5) as applied to frequency is
defined as:

aT0 =
t

t ′
= f ′

f
(8)

wheret is the experimental time data,t ′ is the reduced
time, f is the testing frequency, andf ′ is the reduced
frequency. Using Equation 8, aT0(T) vs. 1/T curve
(Fig. 8) from the static strength master curve, testing
frequency of f = 10 Hz, and af ′ = 0.1 Hz the testing
temperature was calculated to beT = 60◦C.

Fig. 15 shows flexural fatigue strengthσ vs. num-
ber of cycles to failureNf for several temperatures.
The graph clearly shown that the data fromT = 60◦C,
f = 0.1 Hz andT = 100◦C, f = 10 Hz overlap each
other. As temperature increases the alignment of the
2 testing conditions lessens as is explained by the
time-temperature superposition principle. If we had
tested at temperatures belowT = 60◦C, the f = 0.1 Hz
data would have an increasing higher flexural fatigue
strength.

This proves that the time-temperature also holds for
the frequency behavior of flexural fatigue strength. This
means that short time, high temperature tests results can
be used to predict long term low temperature behavior.

4. Conclusions
The following conclusions were obtained from flexural
creep and fatigue tests conducted at several tempera-
tures and loading conditions for an epoxy resin con-
taining a crystalline silica particle filler:

(1) The flexural creep strain and compliance is time,
temperature and stress level dependent, becoming more
viscoelastic near the glass transition temperature of the
matrix resin.

(2) The flexural creep strength of the composite is
time and temperature dependent. Even though the com-
posite is viscoelastic in nature the slope of the flexural
creep strength stress vs. time curves can be considered
equal.

(3) The time-temperature superposition principle
held for the flexural creep compliance and strength for
this composite material.

(4) Using the static strength master curve and the cu-
mulative damage law a conservative method was proved
to be able to predict the flexural creep strength.

(5) The fatigue strength is time and temperature de-
pendent, becoming more viscoelastic near the glass
transition temperature of the matrix resin. The time-
temperature superposition principle using the matrix
resin’s shift factors held for the initial fatigue strength
behavior of the composite material.

(6) As temperature and stress ratio increased the fa-
tigue strength also becomes more creep damage depen-
dent.

(7) As temperature and frequency increase, number
of cycles becomes more of an influence on fatigue
strength than time.
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(8) The time-temperature superposition principle us-
ing the time-temperature shift factors from the matrix
resin’s modulus master curve also holds for the fre-
quency behavior. Since this principle holds true short
time, high temperature tests results can be used to pre-
dict long term low temperature behavior.
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