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The effect of time and temperature on flexural
creep and fatigue strength of a silica particle
filled epoxy resin
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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. © 7999 Kluwer Academic
Publishers

1. Introduction the type of filler the modulus and toughness will in-
Epoxy resin with afiller, such as silica or alumina pow- crease with an increase in filler. This increase in filler
der, because of its excellent electrical properties, smallisually lead to a decrease in static and impact strength.
thermal expansion coefficient, strength and modulus, i&im et al. discovered that for less crosslinked epoxy
being used in many electric products. For example, theesins, the fracture toughness increases as particle size
composite tested in this paper is being used in moldedecreases but size effects were not seen for highly
transformers, the propulsion coils for the magnetic lev-crosslinked epoxy resins. The finding of no size effects
itating vehicle and LSI encapsulation. In these appli-was based on the finding that there was no change in the
cations the material undergoes complex loading, fomaximum shear deformation for varying particle size.
example fatigue and creep loading. Propulsion coils Static strength of a composite similar to the one used
and transformer applications require the composite tdn this report was tested by Nishimueaal. [15]. They
prevent the deflection of the windings of the coils duefound that this composite’s static strength decreased
to magnetic forces. The material must also sustain itsvith temperature but did not examine the deflection
properties as the temperature increases during opergate effect. They also found that at low temperatures
tion. It is commonly known that the mechanical be- the initiation of fracture began in the silica particles. At
havior of epoxy resin, and composites made with thes@igh temperatures they explained that the major cause
resins show viscoelastic behavior [1-6]. This viscoelasof failure was due to the interface between the particle
tic behavior is a major concern when designing struc-and the resin. Creep strength of this material was also
tures for adverse environmental conditions and longexamined by Nishimura. They noticed that as temper-
periods, such as the applications mentioned above. Thature was increased the slope of the strain-time graphs
report is the study of the influence of time and temperdincreases. They also commented that the creep strength
ature on the failure strength behavior of this materialversus time curves were practically horizontal showing
subjected to complex loading. little slope. Comparison of creep and fatigue strength
Many papers have been written on the effect of fillershowed that at low temperatures the creep strength was
in polymer composites on the mechanical propertiediigher than the fatigue strength.
[7—-14]. Most of the papers like Brown and Kiet al., Sinienet al. after performing creep tests on glass bead
discuss the effect of filler on the modulus and tough-filled polyethylene believes that creep damage plays an
ness of the composite. Brown found that depending ofmportant role at high stress levels [16]. Sinien showed
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that the particles improved the creep resistance at lowrties and geometry of the specimens. Broutreal.
stresses but at high stress levels a low volume fractioalso focused on the temperature rise due to frequency
of particles resulted in the neat resin creep resistanceut included that stress level was also a factor [26]. He
being higher than the filled composite. At low stressconcluded that epoxy resins are cyclic dependent not
level changing the adhesive conditions at the interfacéime dependent.
of the particles and the matrix had little effect. At high  The previous research clearly shows that problems
stress and low adhesive properties the creep resistancan arise when using polymer matrix composite ma-
equals that of the neat resin. terials at high temperature or extended times. Some
Fatigue properties of neat thermoset resins have beareliminary results have been published for this spe-
analyzed by several researchers [17, 18]. Baatosl.  cific material [15, 27]. This paper will further explain
found that as temperature increases the crack growtthe mechanical behavior of this material. Since it has
rate decreases although the failure stress decreases. been previously seen that the static strength shows vis-
also found that a rubber modifier helped decrease theoelastic behavior we assume that the creep and fatigue
crack growth rate. Anincrease in fatigue resistance wagesults discussed here will also.
attributed to a decrease in the crack propagation rate,
which can be achieved from the addition of a rubber
modifier. 2
Fatigue testing of filled thermoset composites has.z',I
mainly been concerned with the effect of the amount%'

Experimental procedure
. Specimen preparation
pecimens were an epoxy resin with crystalline sil-
ta particle filler. The epoxy resin and crystalline silica

of particulate filler and its effects on the strength OPysarticIes were mixed and poured into molds made of
p 9 steel plates coated with a mold release of silicon oil,

the composi'ge. Brown concluded that the addition of 3o produce specimens approximately 5 mm thick. Air
glass bead filler decreased the flexural strength of thSubees were removed by placing the molds in a'vac-
composite when conducting strain controlled fatigueuum Curing temperature and time were 1@or 3 h

;[_ests(.j ,?dhe_sm_? bei\lfve_er;l the f'"?{] ar;dt_matrlx IS be'then 150C for 5 h. These molds were then allowed to
ieved to signiticantly intiuence the Tatigue proper ., 1, o5 at a rate of 30C/h. The specimens for

ties because of the stress concentrations around ﬂl;? . . .
. o : eep and fatigue testing were cut and sanded to di-
fillers[7]. Nishimuraet al. found that fatigue strength of b g 9

oL : ensions of approximately 35 x 110 mm (width,
asilica filled epoxy resin was dependent on the type o hickness, length). These specimens were after cured at

stress input wave and mean stress [15]. They also foung temperature of 17 for 5 h with a cool down rate

that the silica filled epoxy resin’s fatigue strength Was £ 30oC/h. The silica content was 60% by volume with

independent of the frequency range tested (1-10 Hz(% ; ; : .
maximum dimension of 80m and an average size
They concluded that most of the fracture results coul £7 um, as given by the supplier.

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]. Result2.2. Testing conditions
from Miyanoet al. and others showed that FRP fatigue Flexural creep tests were performed in a 3-point bend-
strength dependence on stress ratio changes as tempig jig at constant temperatures of 25, 40, 60, 80,
ature increases to the glass transition temperature of trend 100°C. A creep testing machine (Orientic CP6-L-
matrix resin. Fatigue strength was measured with sevA000RX) with an attached constant temperature cham-
eral ratios of mean stress to stress amplitude ranginger was used to perform the creep tests. The span of
from near zero to 1. In comparison with the other stresghe 3-point bending jig was 80 mm. At least three spec-
ratios the lowest fatigue strength at room temperaturémnens were tested for each combination of stress and
occurred when stress ratio was near zero for a givetemperature.
time. When the temperature neared the glass transition Results for the flexural fatigue maximum stress ver-
temperature, the stress ratio of near zero had the highestis number of cycles to failure curves were taken at
strength for a given time. Satin woven FRP composites frequency off =10 and 0.1 Hz at constant tem-
showed a smaller difference of strength due to stresperatures of 60, 80, and 100. Preliminary testing
ratio when compared to unidirectional FRP. This be-showed that at 10 Hz and 100, the surface tempera-
havior was explained to originate from the matrix resinture of the specimen only increased 1,Q, therefore
therefore this behavior should also appear in particleve assume there was negligible effect from heating
filled composites. do to testing frequency. These tests were conducted
Another variable of fatigue testing that needs to bewith a computer controlled servopulser EHF-FDO5-
considered is frequency. Frequency effect from the4LA (Shimadzu Co.) with an attached constant temper-
point of view of hysteric heating on polymer compos- ture chamber. Fatigue tests were performed under stress
ite was studied by Hertzbergt al. [25]. The authors control and a sine input wave. At least three specimens
described the effect due to frequency caused by heatvere tested for each stress level in 3-point bending.
ing and the associated loss of stiffness. By cooling thd-lexural fatigue was also conducted at several stress
specimens with water they noticed a decrease in craciatio R of 0.05, 0.5 and 0.8. Due to limitations of the
propagation of 2.5%. They also commented that the effatigue testing machine’s stroke, the span for fatigue
fect of frequency is dependent on the viscoelastic proptest was changed to 60 mm.
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2.3. Calculations 3.2. Creep strength and compliance

Three-point bending testing and calculations were per- master curve

formed according to the Japanese Industrial StandarBlexural creep strength(t) vs. log timet curves for all
(JIS) K 7203 [28]. Stress was calculated using Equathe testing temperatures are shown in Fig. 5. Flexural

tion 1: creep strength decreases with increasing temperature
and time. Even though = 40°C data shows a slightly
Cmax = @ 1) different slope than the other temperatures, itis believed
2bh? with extended data the slope would be the same for all

, ) i ) temperatures. There is also amore pronounced decrease
whereomaxis stress at failure (MPal isload atfailure iy sirength as temperature increases.

(N), L is the span (mm)) andh are the specimenwidth  The master curves of flexural creep strength vs. re-
and thickness (mm), respectively [28]. Strain for creepyyced timet’ at a reference temperature if= 40°C
testse(t) was calculated using Equation 2: is shown in Fig. 6. Construction of the master curve
was accomplished by shifting tlt) data points from
65(h ) Fig. 5. Flexural creep strength at the various tempera-
L2 tures were shifted along the log scale of time until the

. . . . data points overlapped, creating a smooth curve. The
where§(t) is the deflection (mm) at a given tirme fi P bp g

: . . . me-temperature shift factorgT) is defined as:
Creep compliance was determined using the inverse o* P iAT)
the modulus, giving the Equation 3:

e(t) =

an = (5)
Aph3s(t)

3
PL wheret is the experimental time data, atids the re-

where Dc(t) is creep compliance (1/MPa) at a given duced time. Since a smooth curve is produced when
time t, P is the constant load (N). Number of cycles Shifting theo (t) data with respect to time, the time-
were converted to time by the following Equation 4; temperature superposition principle is applicable.

De(t) = @)

t= f ) 25

Temperature: T=25°C
wheret is time (s),N is number of cycles (cycles) and

f istesting frequency (Hz). This allows the comparison
of fatigue with other properties usually measured with

time, as in static strength [22]. 4 :break point
15
3. Results and discussion Flexural creep
i i stress 6=130 MPa
3.1. Strain and compliance 120MPa 110 MPa

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 datataken. 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 during= 100°C tests. It
should also be pointed out that there is a relationship
between applied stress and the amount of strain. The 2r
stress effect also increases with temperature. Even a
difference due to stress can even be seen &€25

Fig. 4 is the compliance curves for all the temper- 15 | Flexural creep
ature conditions and various stress levels. Again you stress =130 MPa
can see, as in the strain data, that there is little change 120MPa o ipa
in compliance al =25°C. As temperature increases,
creep compliance also increases. As can be expected af- 1+
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 05 . . .
that compliance for materials is constant for all stress "o 1 2 3 4
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 importantigure 1 Flexural creep strain(t) vs. time forT = 25°C and 40°C at
point for design applications. various stress levels.

0'5 ] 1 1

Strain e(t) (%

T=40°C

log time t (min.)
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Figure 2 Flexural creep strain(t) vs. time forT =60°C and 80°C at
various stress levels.
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Figure 3 Flexural creep straia(t) vs. time forT =100°C at various
stress levels.

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
ar, vs. inverse of temperatur€, and for the static
strength and storage modulus from the matrix resin
[10]. The time-temperature shift factorg, a&changes
drastically with temperature near tfig of the matrix
resin. Shift factors ¢ are in good qualitative agree-
ment with the solid lines, which represent Arrhenuis’
equation. Thereforetg can be represented by using
activation energyA H and the Arrhenuis’ Equation 6:

AH 1 1
[ N=_—_ |=Z_ =
0gar,(T) 2.303R[T To} ©)

whereAH is the activation energy (kJ niol), R=gas
constant (8.314 102 kJ K- mol1), T is the testing
temperature (K) and is the reference temperature (K)
[29, 30]. The static strengthgcan be assumed to agree
well with Arrhenuis’ equation, the neat resins modulus
and static strengthrauntil temperature near thg, 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 thely 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
straine conditions, but creep experiments were con-
ducted at large strailevel. Itis 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

Flexural creep compliance master curves were prolevels and temperatures to qualify the use of this pre-
duced in the same manner as the creep strength mastdiction procedure.
curve, showninFig. 7a,b. The top master curve, Fig. 7a, Let ts(c) andt;(c) be the static and creep failure

is for a flexural creep stress level ®&= 90 MPa while
the lower master curve, Fig. 7b, is fer=110 MPa.

time for the stress. Further, suppose that the material
experiences a stress histarft) for 0 <t < t* wheret*

The experimental data shown in the left-hand side ofs the failure time under the stress history. The linear
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Figure 4 Flexural creep compliand®c(t) for all temperatures and various stress levels.
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Figure 5 Flexural creep stress vs. time at various temperatures.

cumulative damage law is:

v dt
/0 o®]

(6)

Our objective is to find the creep failure tim¢o) from
the static failure times(o) and the linear cumulative

damage law Equation 6.

150
Reference temperature T,=40°C
Testing temperature

= g T=25°C

g 1B F ° ° T=40°C
s o T=60°C

=]

£ A T=80°C

=2

H # T=100°C
7 100 |

[ 3

$

3]

B

3

»

2

LI}
50 1 1 L 1
-25 0 25 5 75 10

log reduced time t (min.)

Figure 6 Flexural creep strength master curve.

Choose an increasing sequence of stres$, =
1,2,3,...), and denote the associated static and creep

failure time bytsi) andty as explained in Fig. 9. In
the static test, the deflection rate is kept constant and
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Figure 7 Master curves offlexural creepcomplianceforareferencetem--l_-herefore the creep strength is e\{aluated fro_m Eq_ua'
peraturel = 40°C ando = 90, 110 MPa: (a) Flexural creep compliance tion 7 and the master curve of static strength in which
master curve follp = 40°C, o = 90 MPa; (b) Flexural creep compliance  the curve is extrapolated by a decaying exponential
master curve foflp = 40°C, o = 110 MPa. curve. First the master curve of static strength is curve
fitted, usually wih a 2 or 3 poweequation 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

Reference temp. Ty=40°C

Time-temperature shift factor log ay4(T)
(]
T

[@=0=90MPa  Flexural creep compliance shift
A=c=110MPa Tactors for the composite
9 | - 5:2"3531':32}{2 strength shift factors for 1%0 static master curve Reference temperature T4=40°C
o Flexural creep strength shift factors for the .
composite l:l Testing temperature
41 Llo Storage modulus shift factors for the matrix - C|:|:’I ° O T=25°C
resm, - - : . 125 ° n&i, ° © T=40°C
34 32 30 28 2 24 22 ®° o T=60°C
AT 1078 ) E A T=80°C
- B T=100°C
Figure 8 Time-temperature shift factors for flexural static and creep § 100 | ©reep prediction curve
strength, flexural creep compliance and storage modulus for the matrix 2
resin. o
=4
(7]
the force-deflection curves are assumed to be linear up [y
to just before failure. It is therefore assumed, that the CL
stress increases linearly during the static test. Further, it
is assumed that the linear stress history can be approx- s , ,
imate by a staircase function with steps oz, o5, . . . . -5 0 5 10

Thus, the linear stress history up to the stress leyel
is replaced by for 0 <o <oz andozforos, <o <oy

log reduced time t (min.)

(Fig. 9). By the aid of the linear cumulative damage Figure 10 Flexural creep strength prediction curve.
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static master curve. The solid line represents the predicvhereomin is the minimum stress anghax is the maxi-
tion method. Itis a conservative estimate of the flexuramum stress during fatigue testing. Minimum stresgs
creep strength. This method would serve well duringis the smallest stress value during one fatigue cycle
design when a conservative estimate creates a largé€t/frequency). Maximum stresg,a«is the largest stress
margin of safety. It seems that if an average was takemalue during one fatigue cycle. Mean streggsanis the

of the static master curve and this prediction methocaverage value betweei,i, andomayx these definitions

a more accurate estimate would be produced. We arare explained graphically in Fig. 11. AR increases
hesitate to propose this because of no physical meanirfgom 0 to 1 for a constant maximum stress, the stress

behind using an average.

3.4. Explanation of stress ratio

Fatigue tests were conducted at 3 stress raies.05,
0.5and 0.8. Stress rati®is the ratio of minimum stress

to maximum stress:

(1)

75

Omin
R =
Omax
A
Creep
© (R=1)
§ Fatigue
=1 o) R =0.6
@ | Omax amp :: ] )
Cmean atigue
1 (R =0.2)
Omin f l -
0 )
Time t
Figure 11 Explanation of stress ratiB.
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-1 [1] 1 2 3 4 5 6
log number of cycles to failure N; (cycles)

amplitude goes to 0 and mean stress becomes equal
to maximum stress. WheR 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 Rrge
values. Thisis showninFig. 11. Stress ratide£ 0.05

is assumed to be equal =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 strengtls for all testing tempera-
ture and stress ratios are plotted in Fig. 12. Flexural
fatigue strengthy is assumed to be equal to flexural
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Figure 12 Flexural fatigue strength vs. log nhumber of cycles to failure Figure 13 Flexural fatigue strength vs. number of cycles to failure for
for various stress ratioR at constant temperatures.

various temperature for each stress r&io

5933



175

- testing temperature T=60°C - T=60°C
150 | ° PPY - «a [
> * ®»
[ [ X X ® oeo0e
- ’.. ° ”. °
125 | - - " .
o ¢ o0 00 T ®
e % - 0%
100 L o™ %% i 5
] ]
| I nm
m m
nn [ |
75 |+ stress ratio, frequency I
0O R=0.05f=0.1Hz
175 N ¢ R=0.5f=0.1Hz . . L N ,
- O R=0.81{=0.1Hz T=80°C T=80°C
K B R=0.05f=10Hz L
% 150 - & R=0.5{=10Hz - o
£ ® R=0.8f=10Hz
S 15 L O <D esee | DD
% ¢ ©© “e °
° D O a
3 H D¢ 0w u 0 ¢ &«
.%’ 100 | aaxalee o B e o ©
e OCXMe ¢ 0 @ -dﬁg%oo
e e m et ®
2 * *
H 75 | ™ " | u n
o
175 1 1 L 1 1 1 1 1 1 1 1
T=100°C T=100°C
150 | W -
]
125 | o I~ a
00 00‘. 44000
100 | C? 'y oo - » a
o &b *» -e De
75 L K “..“ P ---mg.
[n=m 2. o X3 o 110
O O =m [ =]
s 3 | [ | (34
50 1 1 1 1 I 1 1 1 1 1 I
<1 0 1 2 3 4 5 6 -4 -2 0 2 4 6
log number of cycles to failure N¢ (cycles) log time to failure t; (min.)

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 t¢2lcycle.  fatigue damage can be thought of a step-wise accumu-
The points at a log number to failufdi = —0.3 and lation of damage equal to static strength at the same
a stress ratidR=0.05 for each temperature is flexu- temperature with a time to failure equal to the time of
ral static results. Since static tests could not be coni/2 fatigue cycle. Since the time-temperature superpo-
ducted at log time to failure equal t61.08 (calcu- sition principle, using the time-temperature shift fac-
lated using Equation 4), stress values were arrived abrs from the matrix resin, held for the static strength
by using the time-temperature superposition principlenvhich corresponds well with the curves representing
and the master curve of static strength [27]. Using thdhe fatigue strength, then it can also be said that the
time-temperature shift factors from the modulus dataime-temperature superposition principle also holds for
of the matrix resin, the strength at log time to failure the initial fatigue strength.
tr = —1.08 was calculated. A single stress ratio condition for each temperatures

As temperature increases, the difference emong is plotted in Fig. 13. This shows clearly that the slope
the 3 stress ratios decreases, showing that as tempeiat-the curves of all stress ratios changes little with tem-
ture increases, stress ratio has less of an influence qerature. The decrease in strength due to temperature
fatigue strength. The slopes of the curvesRoe0.05  becomes larger as stress ratio increases, this shows that
and 0.8 are almost constant for all temperatures. Frorareep damage increases with temperature and is an in-
the data shown and previous results [27], at low temperfluence on fatigue strength.
atures the composite fails with little deformation but as
the temperature increases the composite becomes more
ductile and creep damage occurs. 3.6. Frequency influence

The points alNs = — 0.3, static strength, corresponds Fig. 14 shows flexural fatigue strengthfor all testing
well with the curves that represent fatigue strengthtemperatures and stress ratios for frequend¢ies0.1
at R=0.05 for each temperature. This means, initialand 10 Hz. The left hand side ésvs. log number of
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175 plied to a change in frequency we again used the time-
tetrﬁf;te"r'ag:ure, frequenc temperature shift factorsrgT) from the matrix resin’s _
150 | O o To60°C. f01T1s modulus data. The equation for time-temperature s_hn‘t
B T=100°C, f=10Hz factor a,(T) (Equation 5) as applied to frequency is
125 | defined as:
° t f
100 | o ar, = t_, = T 8
[a =]
75 | LN wheret is the experimental time dattl,is the reduced
- time, f is the testing frequency, anfd is the reduced
B S sl frequency. Using Equation 874T) vs. /T curve
5 (Fig. 8) from the static strength master curve, testing
S | " O T=80°C, {=0.1Hz frequency off =10 Hz, and af’ = 0.1 Hz the testing
® B T=100°C, f=10Hz temperature was calculated to Pe=60°C.
2 | c m Fig. 15 shows fle_xural fatigue strengthvs. num-
- 0o ber of cycles to failureN; for several temperatures.
g 00 L The graph clearly shown that the data frdmne= 60°C,
5 ?]’;_ f =0.1 Hz andT =100°C, f =10 Hz overlap each
B i other. As temperature increases the alignment of the
5 T - 2 testing conditions lessens as is explained by the
* -] time-temperature superposition principle. If we had
175 —_ tested at temperatures beldw= 60°C, thef =0.1 Hz
data would have an increasing higher flexural fatigue
) I strength
milisatdiaisi This proves that the time-temperature also holds for
125 g the frequency behavior of flexural fatigue strength. This
means that short time, high temperature tests results can
100 | be used to predict long term low temperature behavior.
a OCm
[ ] = ]
wr om - 4. Conclusions . _
5 ., , , , o= 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 0 1 2 3 4 5 6

log number of cycles to failure N¢ (cycles)

Figure 15 Flexural fatigue strength vs. number of cycles and time to

failure for R=0.05 and various temperatures and frequencies. (1) The flexural creep strain and compliance is time,
temperature and stress level dependent, becoming more

cycles to failureNs while the right hand side is vs. ~ Viscoelastic near the glass transition temperature of the

log time to failuret;. Equation 3 was used to convert Matrix resin. o
number of cycles to failure to time to failure so that (2) The flexural creep strength of the composite is
static strength results could be compared with fatigudime and temperature dependent. Even though the com-
strength results. One point that is noticed in both side®0Site is viscoelastic in nature the slope of the flexural
of the graph is that the scatter is reduced when test'€ep strength stress vs. time curves can be considered
ing frequency is decreased. From tKesection of the ~ €qual. _ . o
figure it is seen that as temperature increases the ef- (3) The time-temperature superposition principle
fect of frequency lessens. When comparing the 2 freheld for the flexural creep compliance and strength for
quencies, for a given number of cycles to failiig  thiS composite material.

f =10 Hz test operate for less time thdn=0.1 Hz. (4) Using the static strength master curve and the cu-
In other words, since the frequency effect shown inmulative damagel_awaconservatlve method was proved
N; graphs decreases, time becomes less of a factor &3 b€ able to predict the flexural creep strength.
temperature increases. For the same time to fatiyre  (5) The fatigue strength is time and temperature de-
f =10 Hz cycles more thaf = 0.1 Hz. Therefore the Pendent, becoming more viscoelastic near the glass
t; side shows that number of cycles effect is becomiransition temperature of the matrix resin. The time-

ing stronger sincéf = 10 Hz data has a lower fatigue {emMperature superposition principle using the matrix
strength for a given time to failurte. resin’s shift factors held for the initial fatigue strength

behavior of the composite material.
(6) As temperature and stress ratio increased the fa-
3.7. Application of the time-temperature tigue strength also becomes more creep damage depen-
superposition principle dent.
We have shown that the time-temperature superpo- (7) As temperature and frequency increase, number
sition principle holds for the initial flexural fatigue of cycles becomes more of an influence on fatigue
strength. To prove that this can be extended and apstrength than time.
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(8) Thetime-temperature superposition principle us-17
ing the time-temperature shift factors from the matrix

resin’s modulus master curve also holds for the fre-18-

quency behavior. Since this principle holds true short
time, high temperature tests results can be used to pre-

dict long term low temperature behavior. 19.
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