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ABSTRACT

This work introduces a new methodology to predict the fatigue life of viscoelastic materials by considering
the creep effect on fatigue behavior under the concurrent effects of stress level, stress ratio, and temperature.
The model established based on the total amount of energy dissipated during fatigue loading. To estimate the
amount of dissipated energy under varying stress ratios and temperatures, two shift factors, y.,.,.(R,T) and
Wereep(R, T), Were derived, attributed to the cyclic and creep parts of fatigue loading. These shift factors were
subsequently incorporated into defined equilibrium equations to create the relationship between estimated
dissipated energy and fatigue life. The input data for the model consisted of the dissipated energy and cyclic
creep values obtained from experiments conducted at a reference stress ratio of 0.5 and reference temperature
of 20 °C, together with the storage and loss moduli measured from one dynamic mechanical analysis (DM A)
experiment in the temperature range of 15 °C-60 °C on a fully-cured epoxy adhesive. To validate the accuracy
of the results, the predicted fatigue life at three temperatures of 20 °C, 40 °C and 55 °C, each loaded under three
stress ratios of 0.1, 0.5, and 0.9 were compared with the experiments conducted under the same conditions.
Almost all predicted results were in good agreement with the experiments, nevertheless; at the stress ratio of
0.9 at 20 °C, due to the significant change in the cyclic creep behavior, the accuracy of the prediction was
lower. The developed model was used as a new constant life diagram (CLD) formulation, which afterwards
was further developed to plot three-dimensional constant life diagrams (3-D CLDs) in which the constant life

surfaces were a synergistic function of stress ratio and temperature.

1. Introduction

Viscoelastic materials, such as polymers and polymer-based com-
posites, which possess both viscous and elastic characteristics when
undergoing deformation [1], find extensive usages in a diverse range
of structural and construction applications, including wind turbine
rotor blades, aircraft, automotive industries, bridge decks, as well as
in sealing, dampers, and bio-based materials [1-6]. In these materials,
the environmental parameters such as humidity, exposure to a salt so-
lution, UV level, and ambient temperature can significantly affect their
mechanical properties via provoking various aging mechanisms that
degrade their physical, chemical and mechanical properties [7-13].
Among the different environmental parameters, temperature stands out
as one of the most influential. In this case, depending on the type
of the material used, even a few degrees of the temperature change
may considerably alter its mechanical properties, including quasi-static
properties, impact resistance, creep and fatigue behavior [1,14-16].
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Experimentally, it has been well-shown that in the majority of cases,
increasing the temperature resulted in a decrease in the yield stress and
ultimate tensile strength [8,17-21]. Accordingly, researchers have sug-
gested different methodologies to predict the tensile and compression
mechanical properties of viscoelastic materials, e.g. Eyring’s and Ree-
Eyring theories to predict the yield stress and the materials’ strength by
proposing shift factors [15,20,22-27]. Very recently, a new method-
ology was suggested to predict the tensile properties of viscoelastic
materials based on the amount of energy dissipated during tensile load-
ing as a synergistic function of temperature and loading/displacement
rate [28]. The temperature effect on creep properties of the polymers
and polymers-based materials has also been thoroughly investigated.
Creep rupture in these materials is generally a combined phenomenon
starting from viscoelastic deformation with the molecular rearrange-
ment and primary and secondary bond rupture, leading to micro-crack
formation and damage propagation [1,29]. Similar to quasi-static prop-
erties and creep behavior, fatigue life was shortened as the temperature
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Nomenclature

a, B, 1, v, a, b, g, k, n model parameters

F loading rate

€ strain

€ mean strain

€ width of triangle base to model hysteresis
loop

oy mean strain at failure

Wereep(R) stress ratio shift factor related to the creep

part of the fatigue loading
Vereep(R,T) stress ratio-temperature shift factor related

to the creep part of the fatigue loading

Vereep(T) temperature shift factor related to the creep
part of the fatigue loading

Weyetic(R) stress ratio shift factor related to the cyclic
part of the fatigue loading

Weyelic(R T) stress ratio-temperature shift factor related
to the cyclic part of the fatigue loading

Weyetic(T) temperature shift factor related to the
cyclic part of the fatigue loading

YDMA ratio of dissipated energy at temperature T
with respect to the reference temperature
in a DMA experiment

o stress

oy creep stress

o, stress amplitude

O pax maximum stress

o, mean stress

T characteristic time

E cyclic stiffness

E* complex modulus

E; s loss modulus

Egiorage storage modulus

E,;, total viscoelastic energy

f frequency

F, cyclic load amplitude

N fatigue cycle

Ny number of cycles to failure

R stress ratio

r coefficient of multiple determinations
universal gas constant

S—N; maximum stress versus number of cycles to
failure

S—t; maximum stress versus time to failure

t time

ty time to failure

W total dissipated energy (TDE)

Wereep TDE attributed to creep loading

Weyelic TDE attributed to cyclic loading

Wyiss dissipated energy per cycle

WppA dissipated energy obtained from DMA ex-

periment

increased in different types of the viscoelastic materials from polymers
to polymer-based composites materials. It has been shown that an
increase in temperature considerably degraded the fatigue resistance of
neat polypropylene as well as talc filled and short glass fiber reinforced
polypropylene [30]. In another study, it was shown that in short
fiber composite, fabricated by 50wt% short glass fiber reinforced and
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polyamide-6T/61 as matrix, the fatigue life was significantly decreased
by increasing temperature from 23 °C up to 80 °C [31]. It was also ex-
perimentally revealed in carbon fiber/polyimide composite and basalt
fiber/epoxy composite that the elevated temperature significantly al-
tered the fatigue damage evolution and the corresponding stiffness
degradation response of the fiber reinforced polymer matrix compos-
ites [32,33]. The joint effect of temperature and humidity level within
a hygrothermal environment can interact and influence the mechanical
properties, durability, and long-term performance of viscoelastic mate-
rials, especially composite materials [34,35]. For example, it has been
reported that the higher temperature can accelerate the diffusion rates
of the water molecules and degradation process of the adhesive as well
as debonding of the fiber/resin interface [36].

Viscoelastic materials experience various types of loading patterns
throughout their lifespan. It is well-documented that the mechanical
response of these materials is dependent on the specific type of load-
ing pattern applied to them [37-41]. The sensitivity of viscoelastic
materials to the type of the applied loading pattern is attributed to
their possession of two distinct sets of mechanical properties: cyclic-
dependent and time-dependent mechanical properties [42,43]. The
cyclic-dependent mechanical properties of viscoelastic materials, such
as fatigue stiffness and hysteresis loop area, can be measured in the
high-frequency fatigue experiments conducted under zero mean stress
conditions, where the material’s time-dependent deformation has a neg-
ligible impact. In contrast, the time-dependent mechanical properties
are associated with the material’s rheology and are measurable by per-
forming creep, recovery or relaxation experiments [1,7]. Other studies
further confirm that cyclic- and time-dependent phenomena can inter-
act during cyclic loading, and the degree of their interactions depends
on the materials type, applied loading pattern, and environmental
factors such as temperature and humidity level [12,14,44].

To present the fatigue data, S — N, or S —t, curves are normally
used where the variation of the maximum stress, ¢,,,,, mean stress o,,
or stress amplitude, o,, is plotted against number of cycles to failure,
Ny, or the duration of the fatigue experiment up to the failure, 7., on a
semi-logarithmic scale. Apart from S—N, or S—t, curves, fatigue life of
a material can also be illustrated using constant life diagrams (CLDs),
which demonstrate the concurrent effect of ¢,, and ¢, on the fatigue life
of the examined material at different stress ratios (R), defined as the
ratio of ¢,,, over o,,, [45]. The CLDs are divided into three sectors;
0 < R < 1 expresses tension — tension (T — T) fatigue, 1 < R < +o0
represents compression — compression (C — C) fatigue, while -c0 < R
< 0 denotes mixed tension — compression (T — C) fatigue loading that
can be tension- or compression-dominated.

In order to obtain a satisfactory assessment of the structural fa-
tigue behavior, the development of fatigue prediction methodologies
is necessary since conducting the experiments at all the different com-
binations of fatigue parameters and surrounding temperatures would
be costly, time consuming, and in some cases impossible. The majority
of the existing models were formulated by considering only the cyclic-
dependent mechanical properties, and the role of the time-dependent
mechanical properties on fatigue life was ignored, which led to in-
accurate fatigue life predictions as the stress ratio increased towards
1.0 [45]. In addition, to simulate the C L Ds, several models were devel-
oped as a predictive tool; however, they have all been formulated based
only on the cyclic-dependent mechanical properties [2,45]. In order
to obtain more accurate fatigue life predictions at different loading
patterns in viscoelastic materials, both cyclic- and time-dependent me-
chanical proprieties as well as the effect of temperature on them should
be considered [14,44,46]. To address the synergistic effect of loading
pattern and temperature on the fatigue life of viscoelastic materials by
considering both cyclic- and time-dependent mechanical proprieties,
Miyano et al. [14] suggested a fatigue life prediction methodology
founded on four assumptions; namely, (i) the same failure process for
static, creep, and fatigue failure; (ii) same time-temperature superpo-
sition principle for all strengths; (iii) linear cumulative damage law for
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monotonic loading; and (iv) linear dependence of fatigue strength on
stress ratio. To implement this model, a certain amount of input data
is required, including tensile experiments at different temperatures and
strain rates to plot constant strain rate (C.SR) master curves, and two
sets of S — 1, curves at room temperature, one at the stress ratio of
1.0, obtained from a pure creep experiment, and another from a set of
fatigue experiments at a stress ratio of 0.0, and finally, a set of fatigue
experiments at a stress ratio of 0.0 at the temperature of interest.

Statistically speaking, fatigue in structures is recognized as a sig-
nificant problem, and it is well-accepted as the most common failure
mechanism in structural components while pure static failure is rarely
observed [2,47,48]. However, according to the literature, the main
focus of the existing methodologies has been on the prediction of the
temperature effect on quasi-static properties and creep behavior of vis-
coelastic materials while the development of methodologies to predict
the temperature effect on fatigue behavior has not been investigated
to the same extent. This might be due to the fact that fatigue behavior
in viscoelastic materials is not an easy issue to deal with, especially
when the role of the creep is highlighted. As has been discussed in
previous works, to improve the accuracy of fatigue life prediction in
viscoelastic materials, especially for stress ratios close to 1.0, it is neces-
sary to incorporate time-dependent mechanical properties into fatigue
prediction methodologies [14,44,46]. This point was addressed in [46]
in which the suggested model simulated the S~ curves and CLD by
considering both time- and cyclic- dependent mechanical properties.
However, incorporating the temperature effect makes the prediction of
the fatigue behavior even more complex, since it requires that the effect
of the stress level, stress ratio and temperature are jointly observed.
To implement the model suggested by Miyano et al. [14], as has been
mentioned, a wide range of input data is required. Additionally, this
model was founded based on the linear cumulative damage law as well
as the linear dependence of fatigue strength on stress ratio, while the
behavior of many polymers and polymer-based composites is charac-
terized by a nonlinear viscoelasticity, especially at high stress levels
and elevated temperatures [1,43]. Furthermore, these materials do not
follow a linear cumulative damage law if cyclically loaded, due to the
complexity of the damage process [2,44]. Besides, the nonlinear nature
of the interactions between time- and cyclic-dependent mechanical
properties leads to a nonlinear relationship between the stress ratio and
fatigue behavior [38,44,46].

The objective of this study is to develop a modeling methodology
to concurrently predict the fatigue life of viscoelastic materials at an
arbitrary combination of stress levels and stress ratios and surround-
ing temperatures by considering the creep effect on fatigue behavior.
Another objective of this study is to minimize the input data required
for the model, achieved by utilizing only one .S —t, curve at room
temperature, and avoiding the need for high-temperature fatigue ex-
periments. To achieve the mentioned aims, the application of the
previously developed model, [46], is extended in this work. The model
is applied to an epoxy adhesive. As input data, the experimental results
at the stress ratio 0.5 at 20 °C together with a dynamic mechanical
analysis (DM A) experiment in the temperature range from 15 °C to
60 °C, to cover both glassy and glassy-to-rubbery transition states,
were employed to determine the model parameters and consequently to
predict the number of cycles to failure. The accuracy of the predictions
was evaluated by comparing the predicted results at stress ratios of 0.1,
0.5 and 0.9 at each of three temperatures; 20 °C, 40 °C and 55 °C,
with experimental results obtained for the same conditions. In this
work, a novel three-dimensional CLD formulation is also developed
by expanding the previously introduced model to better understand the
influence of temperature rise on fatigue life as a function of the stress
level and stress amplitude. The output of this work may be used for
design purposes of viscoelastic materials for the outdoor constructional
and structural applications and it provides insights into the fatigue
behavior of materials.
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2. Fatigue life prediction methodology

The proposed prediction methodology was established based on the
amount of the specimen’s total dissipated energy (T'DE), W, during its
life under loading at different stress levels, stress ratios, and tempera-
ture. A flowchart illustrating the suggested methodology for predicting
fatigue life is shown in Fig. 1. It consists of four steps; starting by
importing the input data obtained from fatigue experiments at the
reference stress ratio and reference temperature, in which the hysteresis
loop areas were recorded and their shifts measured, together with a
dynamic mechanical analysis (DM A) measurement where the storage
and loss moduli were recorded at the temperature range of interest.
Next, the dissipated energy attributed to the cyclic and creep loading
from fatigue experiments were calculated along with the complex
modulus and dissipated energy from DM A analysis, which led to the
estimation of the model’s parameters. Following that, the shift factors,
Veyetic(R,T) and w,,,.,(R,T), were derived to predict the dissipated
energy at different combinations of the stress level, stress ratio and
temperature for cyclic and creep part of fatigue loading, respectively.
As output of the model, the S — ¢, curves at an arbitrary stress ratio
and temperature together with the CLDs were predicted.

2.1. DMA experiment (Temperature effect on viscoelastic behavior)

Dynamic mechanical analysis (DM A) is a testing method used to
analyze the mechanical properties of materials, and is particularly
valuable for viscoelastic materials, as they respond to dynamic stress
or strain. Two main outputs from the DMA experiment are the storage
modulus, Egyy.qe, and the loss modulus, E,. Eg,,qq iS @ measure of
the material’s ability to store energy and return it when the stress is
removed while E,, , indicates the amount of the energy dissipated in
the material. The complex modulus, which represents a combination
of both elastic and viscous responses in viscoelastic materials, obtained
from DM A experiment at temperature 7', is equal to;

E*(T) = \/Egmge(r) +E2 (T) m

loss

The ratio of the complex modulus at temperature 7', to the complex
modulus at the reference temperature 7, normalized complex modulus,
is shown in Eq. (2),

£V oD+ B
E(Ty) VE

Storage

(2)

(Ty) + E>_(Ty)

loss

Eq. (3) shows the amount of the energy dissipated at each cycle,
according to [1],

2 £y
Wppra = 70, E_ZS; 3
where ¢, is the stress amplitude in the DM A experiment. The ratio of

the amount of the energy dissipated at temperatures T relative to the
reference temperature is shown in Eq. (4).

_ Ep, (1) E¥(Ty)

= 4
Ypma v @) E2(T) ()]

Since material deformation is a thermally-activated process, its
temperature dependence may follow an Arrhenius type of expression
in Eq. (5),

Wpma = Aexp(— ) (5)

R,, T

gas

where Q is the deformation activation energy, R,,, is the universal gas
constant, T is temperature in kelvin, and A is the activation parameter.
As a result, the value for Q value is obtained according to Eq. (6).

oln(Wpara)

o(1/T) ©)

Q = _Rgas
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Fig. 1. Flowchart of fatigue life prediction methodology.

2.2. Fatigue experiment

2.2.1. Total dissipated energy (TDE)

In viscoelastic materials, hysteresis loops are formed by apply-
ing cyclic loading in the strain-stress coordinate system, as is shown
schematically in Fig. 2, in which the slope of each stress—strain hys-
teresis loop corresponds to the cyclic stiffness, E, and the hysteresis
loop shift is considered as an indication of the creep during the cyclic
loading, called cyclic creep [12,38,49,50]. The cyclic creep is described
by plotting the evolution of the average strain per cycle, ¢,, as a
function of time, which would be the number of cycles divided by
frequency. In the majority of the viscoelastic materials cyclically loaded
by an external source in the glassy state, most of the input mechanical
energy is recovered when the load is released, which is attributed
to the elastic component of deformation [46,51]. A part of the input
mechanical energy is, however, dissipated and irrecoverable due to the
inelastic component of the deformation, which changes the internal
energy of the system as a result of the specimen’s structural changes,
e.g. the damaging process and/or viscoelastic/plastic deformation, and
dissipates the self-generated thermal energy due to the internal friction

process [7]. Internal friction is a process in which heat is generated
as a result of the resisting frictional forces between the two sides of
cracks in a solid material while it undergoes deformation [7,52]. The
amount of the dissipated energy per cycle is obtained by measuring the
hysteresis area of each cycle [7]. Depending on the material type and
loading conditions, the generated heat can facilitate the damage growth
and accelerate the viscoelastic deformation by softening the polymeric
matrix, which again can lead to damage growth and thermal energy
dissipation. Therefore, there is an interrelationship, or thermomechan-
ical coupling, between the extent of the structural changes and amount
of thermal energy dissipation [53,54].

In fatigue experiments at the stress ratio of —1.0, energy dissipation
was attributed to the cyclic loading alone and therefore W was set
equal to W, .. At the stress ratio of 1.0, the origin of the energy
dissipation was attributed to pure creep and W was set equal to W,,,,,-
At other stress ratios, W was set equal to the algebraic sum of W, ;.
and W,

creeps @S follows:

W= I/chclic + I/Vcreep @
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ax

Cyclic stress
g

min

Cyclic strain

Fig. 2. Schematic representation of hysteresis loops during tension-tension fatigue
experiment [46].

W.e1ic Was defined by the summation of all the individual stress—strain
hysteresis areas measured throughout the lifetime of the specimen [7,
55]. Since during a fatigue experiment, all the fatigue cycles cannot
normally be recorded, the calculation of W, ;. according to Eq. (8)a is
not possible in most cases. Alternatively, W,,.,,, was obtained here by
calculating the area under the graph of w,;,, versus N from the first to

the last cycle according to Eq. (8)b.

Ny
Vl/cyclic = z Wyiss,i (Sa)
n=1
Ny
I/chclic =A Wgiss(N)dN (8b)

where w,;,, ; denotes the hysteresis loop area at ith cycle and N/ is the
number of cycles to failure. The total creep energy in a viscoelastic
material, E,;, is described with the following equation, according
to [1]:

Eyy = / o2 4 ©
0 (31'

where 7 is the characteristic time. By solving this equation for a
specimen loaded under o, with a creep strain of ¢, at the moment
of failure, W,,,,, is calculated by multiplying o, by ¢, as is shown in
Eq. (10).

I/Vcreep = O-Oef (10)
2.2.2. Stress level effect on TDE

Due to the inherent power-law nature of fatigue-related phenomena
in relationship to fatigue life [46], the evolution of W, ;. as a function
of 6,,,, can be described by Eq. (11)a, in which « and g are the model
parameters. In addition, another power-law equation was employed
to show the variation of W,,.,. with respect to the fatigue life, as
it is shown in Eq. (11)b, where 5 and y are model parameters, and
tfeyetic = Nyg/f where f denotes the fatigue experiment frequency.

w. —ac? (11a)

cyclic max
W, (11b)

—nt)
cyclic _rltf,cyclic

By setting Eq. (11)a equal to Eq. (11)b, as shown in Eq. (12), the
equilibrium equation related to the cyclic part of the fatigue loading is
obtained.

ac? 12)

— ntl
max ~ rltf,cyclic
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The variation of w,,,,, versus the fatigue mean stress, o,,, and creep

life were expressed by two separate power-law equations as shown in

Eq. (13)a and Eq. (13)b, respectively, in which q, b, g, and k were model
parameters.

W oreep =ac?, (13a)
Wereep =81 ereoep (13b)

The equilibrium equation of the cyclic creep part of the fatigue
loading is derived by setting Eq. (13)a and Eq. (13)b equal to each
other, as it is shown in Eq. (14).

aob =

k
m gtf,creep 14

2.2.3. Stress ratio and temperature effects on TDE

Cyclic loading

At constant o,,,., as the stress ratio increases, the hysteresis loop
area becomes smaller due to the lower stress amplitude, which causes
less internal friction. Accordingly, it was assumed that the hysteresis
loop area is inversely proportional to the number of cycles to fail-
ure [46]. To simulate the effect of the stress ratio and temperature
on W, the stress ratio-temperature shift factor related to the cyclic
part of the fatigue loading, v ,c;;.(R, T), is introduced as the amount of
dissipated energy per cycle at the stress ratio of R and temperature 7',
over the amount of dissipated energy per cycle at the reference stress
ratio, R, and reference temperature, T, as shown in Eq. (15).

wdixx,i(R’ T)
Wyiss,i(Ro> To)

To measure the hysteresis loop area, Hahn and Kim [56] suggested
an approximation in which each loop is modeled by using two triangles.
Fig. 3 shows hysteresis loops at constant o,,,, for two stress amplitudes
and two temperatures schematically. It is seen that this approximation
disregarded small parts of each hysteresis loop area. Mathematically,
the area of one hysteresis loop, which is equal to two triangles, is shown
in Eq. (16).

V/cyclic(R7 T = (15)

Wyiss(R,T) = €,(R,T)o,(R) ae)

where ¢, is the width of the triangle and ¢, is the amplitude of the
fatigue cycle. By implementing Eq. (16) into Eq. (15), the following
equation is obtained.

€,(R,T) 0,(R)

BTUSAERENZIA 17
€,,(Ro, Tp) 0,(Rg) an

chclic(R’ T) =

At constant stress ratio of R, by assuming that the temperature
change from T, to T would alter the fatigue stiffness from E(R,T)
to E(R,T), and knowing that, E « (c,/€,), the following equation is
obtained;

E(R,T) _ 0,(R,T) €,(R,Ty) _ €,(R,Tp)

= = 18)
E(R,Ty) 0,R Ty €,(R,T) €,(R,T)
Rearranging Eq. (18) leads to the following equation;
E(R,Tp)
€,(R,T)= mew(R,TO) (19)

Weyelic 18 then obtained, by substituting Eq. (19) into Eq. (17), as shown
in Eq. (20);
E(R,Ty) €,(R,Ty) 0,(R)

20
E(R,T) €,(Ry,Ty) 6,(Ry) 0

chclic(R’ T) =

As it was suggested in [46], at constant temperature, by assuming
that the cyclic stiffness is comparable at different stress ratios, ¢,,(R, T;)
/ €,(Ry,Ty) is equal to o,(R) / 0,(Ry) using Thales’s theorem, and
Eq. (21) is obtained after using the expression ¢, = 6,,,,(1 — R)/2.

E(Ty) , 1-R

(

2
ET) 1- RO) 21

chclic(R’ T) =



A.V. Movahedi-Rad et al.

O, (R)

Sw(R w Ty
Ey(RyT)

&

Fig. 3. Schematic representation of fatigue hysteresis loops, loaded under two stress
amplitudes of o,(R,) and o,(R), each at two temperatures of 7, and 7, and
corresponding approximation of hysteresis loop area by two triangles.

Accordingly, Eq. (21) can be rewritten in to the following form;

chclic(R)

cycli RT)= —— 22)
v vel C( ) chclic(T) (
in which;

—R )’ (23a)

Yeye IC(R) ( ) 23a

yel RO

_ E(T)

chclic(T) - E(TU) (23b)

To determine v, (T), it is assumed that the variation of fatigue
stiffness as temperature changes can be estimated by the variation of
the complex modulus obtained from the DM A experiment, which is
shown in Eq. (2). By multiplying the derived cyclic shift factor to the
right side of Eq. (12), the equilibrium equation related to the cyclic part
of the fatigue loading becomes stress ratio and temperature dependent,
as shown in Eq. (24);

@g, ﬂ WCyC["‘(R T)ntj cyclic (24)
Creep loading

The creep shift factor, y,,,,,(R,T), is introduced as the amount of
W_reep at stress ratio R and temperature T over the reference conditions,
according to Eq. (25).
creep(R T)

(Ry. Tp)

crccp

Vereep(RT) = (25)
It is assumed that the variation of the dissipated energy is temper-
ature dependent and it may follow an Arrhenius type of expression.

(R, T) = Wy(R)exp(— ) (26)

Lreep T

gas
where W, is obtained according to Eq. (10). By combining Eq. (10)
and Eq. (26) followed by inserting the resulted equation into Eq. (25),
Eq. (27) is derived.

ou(R)E, £ (R) 1 1
m T Em S exp(i(— -2 27
Gm(R())emyf(RO) Rgas TO T

The viscoelastic materials cyclically creep under ¢,,, and a power-

law function, e.g. Eq. (28), is used to express the stress and creep strain
relationship [38,57].

Vereep(RT) =

€m,f X O, (28)
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in which n is called the stress exponent. By knowing that ¢,, = 6,,,,.(1+
R)/2 and by introducing Eq. (28) into Eq. (27), Wereep(R,T) is obtained
at constant o,,,,, according to Eq. (29).

(29)

1+R )1+n

RT
(R,T) = BXP( T+ R,

(— - —))(

Yereep
g

The previous equation can be rewritten in the following form;

Wcreep( R)

cree, RT)=——7— (30)
v p( ) Wcreep(T)
in which;

1+R
Wcrecp(R) ( + )(1+n) (313)
Vereep(T) =exp (31b)

This model suggests that the deformation activation energy needed
to calculate w,,,,,(T) can be assessed by the amount of the deformation
energy obtained from the DM A experiment, as was shown in Eq. (6).
The equilibrium equation of the creep part of the fatigue loading is
derived by multiplying the right side of Eq. (14), according to Eq. (32);

aa = Yereep(R, T)gtf creep (32)

2.3. Prediction of fatigue life at arbitrary stress ratios and temperature

By rearranging Eq. (24), is calculated according to Eq.

(33).

tf,cyclic

b
- a Vo7
Lt eyelic = ('W/cyclu(R T) Omax (33)
In addition, #,,, is given by Eq. (34), which is obtained by
reorganizing Eq. (32);

' (—2 i
=(——)ko
el = e eroep(R.T)

EESEY

(34

To predict the S — ¢, curve at an arbitrary stress ratio and temper-
ature, Eq. (35) is proposed, in which both In(z ) and In(t 7 .,,,,) are
taken into account via a linear interpolation:

cyclic

In(t;) = ARy Feeyelie) + AR Feereep) (35)

where the loadlng rate or frequency is constant and 0 < R < 1.
This equation was also used to plot CLDs (see Section 6) in which
the predicted S -, curves at different stress ratios are employed to
simulate the ¢,, and o, at a specific constant life line of 7.

3. Experimental data

The application and prediction accuracy of the proposed model
were evaluated under tension-tension fatigue loading for an epoxy-
based resin with the commercial name SikaDur 330, a commonly
used material in structural engineering applications, supplied by SIKA
Schweiz AG. The adhesive was produced with a 4:1 resin-to-hardener
mixing ratio, as suggested by the manufacturer. Subsequently, the
adhesive was poured into aluminum molds of the specimen dimensions.
Curing occurred for 24 h under laboratory conditions (T = 25 + 5 °C,
RH = 50 + 10%), followed by four hours post-curing at 60 + 0.5 °C in
an oven.

To conduct the fatigue experiments on the adhesives, dog-bone
specimens according to ASTM D638-14 [58], with gauge length dimen-
sions of 57.0 x 13.0 x 4.0 mm? (length x width x thickness) were
used in which the grip-to-grip distance was 115 mm. The details of the
specimen dimensions are illustrated in Fig. 4.

The fatigue behavior of the adhesive at three stress ratios of 0.1, 0.5,
and 0.9, each at three temperatures of 20 °C, 40 °C, and 55 °C were
examined. To control the temperature of the environment, all fatigue
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Fig. 4. Specimen dimensions of the epoxy adhesive for fatigue experiment.

experiments were conducted in a chamber, and a fan was employed to
circulate the air within the chamber. At each temperature and stress
ratio, a wide range of cyclic loads was applied to the specimens in
order to cover a wide range of fatigue lives. In addition, at each
condition, three specimens were examined. In all fatigue experiments,
at the different stress levels, the loading rate, F, was kept constant
at 2.5 kN/s, and accordingly, different frequencies were selected. The
frequency, f, of each load level with cyclic load amplitude, F,, was
calculated by solving the following equation:

F=4F,f (36)

The variation of the longitudinal strains was measured by a digital
image correlation (DIC) (camera Point Grey - Grasshopper3 with a
resolution of 2.2 Mpixels and Fujinon HF35SA-1 35 mm F/1.4 lens)
with an acquisition frequency of 160 images/s. The video-extensometer
measured the relative position of two lines marked on the specimens’
surface and calculated the corresponding strain values. For selected
cases, the surface temperature of the specimens during the deformation
was measured, and no significant self-generated temperature was mon-
itored during the fatigue loading. The data obtained from the fatigue
experiments loaded under the stress ratio of 0.5 and at 20 °C was used
as input data and all other experiments served to validate the prediction
results.

Fig. 5a shows the fatigue hysteresis loops of the studied material
loaded at the reference stress ratio of 0.5, under a selected stress level
of ,,,, equal to 24 MPa at 20 °C. As the number of cycles increased, the
specimen cyclically crept, which resulted from the viscoelastic defor-
mation of the polymeric matrix as well as the permanent deformation
that might have been induced by fatigue damage. The variation of mean
cyclic strain versus number of cycles is shown in Fig. 5b, which shows
a rapid increase at the early stage of loading, followed by a steady
state evolution up to the failure. Fig. 5b also depicts the variation of
hysteresis loop area against the number of cycles. It was observed that
as the number of cycles increased, hysteresis loop areas were almost
constant. According to Egs. (8) and (10), the values of W, ;. and W,
were calculated as 77.223 and 0.104 MJ/m?, respectively.

Dynamic mechanical analyses (DM A) were performed to deter-
mine the thermomechanical behavior of the studied material. A TA
Instruments Q800 dynamic mechanical analyzer in single cantilever
configuration was used to perform the experiments. Specimens mea-
suring 35.0 x 10.0 x 3.0 mm? (length x width x thickness) were
prepared in the same manner as those for the fatigue experiment.
Three experiments were carried out on three different specimens in the
temperature range of 15 °C to 60 °C with a heating rate of 5 °C/min in
an air atmosphere, and the same loading rate at the top and bottom
of specimen edges as in the fatigue experiments. Fig. 6 shows the
variations of storage and loss moduli versus temperature. It can be
seen that the storage modulus gradually decreased as temperature
increased; however, the decreasing trend became steeper in the glassy-
to-rubbery transition state at temperatures higher than the T, ..,
which was around 47 °C. Additionally, the loss modulus did not change
significantly at temperatures lower than the T, ,,; however, beyond
that, it increased considerably.
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Table 1

A summary of model parameters for studied epoxy adhesive.
a B n Y a b g k n
3.02e+29 -19.69 3.23e-04 1.16 2.54e-03 1.29 0.22 -0.06 0.29

4. Model application
4.1. DMA experiment

The variation of the normalized complex modulus with respect to
temperature is depicted in Fig. 7a. In the glassy state, the normalized
complex modulus decreased gradually as the temperature increased.
A reduction of 15% in the complex modulus was measured as the
temperature increased from 20 °C to T, At temperatures greater
than the T, ., the complex modulus decreased more rapidly and at a
temperature of about 60 °C, the complex modulus had lost 45% of its
20 °C value.

Fig. 7b shows the evolution of the natural logarithm of w4
plotted against the inverse of the temperature in kelvin. It was observed
that the activation energy, which according to Eq. (6) is the slope of the
curves multiplied by -R,,,, was divided into two regimes: low temper-
ature, attributed to the glassy state of material, and high temperature,
related to the transition state. In the low temperature regime, which
was in the range from 20 °C up to T, ,,,, the activation energy was
9.83 kJ/mol while in the high temperature regime, from T, ,,,, to

60 °C, the activation energy was much higher, at 121.90 kJ/mol.
4.2. Fatigue experiments

The input data for the fatigue experiments, obtained under a stress
ratio of 0.5 at 20 °C, was utilized to establish the values of the model
parameters, consisting of a, g, v, a, b, k, g, and n. Weyelic Was determined
by measuring the area of the hysteresis loops using the formulation
presented in Eq. (8). The variation of the obtained W, was plotted
against o,,,, for the studied material in Fig. 8a in a double-logarithmic
representation. It was evident that a significant increase in W, ;. oc-
curred as o,,,, decreased. Through fitting Eq. (11)a to the experimental
data points, the model parameters « and g were determined. Eq. (11)b
depicts the evolution of W, against 7, in a double-logarithmic
coordinate system, in which two other model parameters,  and y, were
estimated by fitting Eq. (11)b to the experimental data points.

By measuring the cyclic creep from the fatigue experiments at
the stress ratio of 0.5 at 20 °C, W,,,, was calculated according to
Eq. (10). The evolution of W,,,,, against ¢, is shown in Fig. 9a in
a double-logarithmic coordinate system in which a direct relationship
between o,, and W,,,,, was observed. To estimate values for the model
parameters a and b, Eq. (13)a was fitted to the experimental data points.
In order to determine the model parameters g and k, first the evolution
of the W,,,,, against 7, in a double-logarithmic scale was plotted, and
then Eq. (13)b was fitted to the experimental data points, as shown in
Fig. 9b. The last model parameter, n, was calculated by fitting Eq. (28)
to the experimental data points, as is shown by the plot of ¢,, , versus
6, in Fig. 10 on a double-logarithmic scale. A summary of all model
parameters obtained in the different materials is presented in Table 1.

5. Model validation

The estimated model parameters, as tabulated in Table 1, were
inserted into Egs. (33) and (34) in which two terms of v, and
Wereep Were determined according to Egs. (21) and (29), respectively.
The values obtained for # ;. and ?; ., were then substituted into
Eq. (35) to predict the fatigue life subjected to the stress ratio R and
stress levels ¢,,,, at temperature T.

Fig. 11 presents S — , curves of the examined material, defined

as the variation of ¢,,, versus 7, at various stress ratios (0.1, 0.5,
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and 0.9) and temperatures (20 °C, 40 °C, and 55 °C). The data points
represent the experiments, and the solid curves show the predictions.
The predicted S —t, curves were validated by comparing them with
the experimental results. In this case, the accuracy of the predictions
at each stress ratio and temperature was quantified by calculating the
coefficient of multiple determinations (+>), where 1.00 represents the
highest precision of prediction. The resulting r2 scores for the different
temperatures and stress ratios are displayed in Table 2.

The S —t, curves at stress ratio 0.1 are shown in Fig. 1la. It
can be seen that the predicted fatigue life successfully followed the
experimental data points at 20 °C, 40 °C, and 55 °C, as quantitatively
indicated by high r? scores of 0.866, 0.856, and 0.822, respectively.
However, the model slightly overestimated the fatigue life at high-
cycle fatigue at 20 °C and 55 °C, and underestimated them at low-
cycle fatigue at 40 °C. Fig. 11b shows the § — 1, curves at a stress
ratio of 0.5, in which the model was in good agreement with the
experiments at 40 °C and 55 °C, resulting in r? scores of 0.901 and
0.833. A closer comparison between the experiments and predictions
illustrated that the model overestimated the fatigue life at high-cycle
fatigue at 55 °C. The accuracy of the model’s predictions at a stress
ratio of 0.9 was verified by comparing the predicted S — 7, curves at
different temperatures with the experimental data points at the same
stress ratio, as is shown in Fig. 11c. Experimental observations revealed
that slope of the S~ curve at 20 °C was much lower in comparison to
those observed at 40 °C and 55 °C at this stress ratio, as well as with the
S —1t, curves loaded under the stress ratios of 0.1 and 0.5 at different
temperatures. Such a considerable change in S -7, curve, loaded under
the stress ratio 0.9 at 20 °C, could be attributed to the pronounced

Table 2
Prediction accuracy at different stress ratios and temperatures in terms of coefficient
of multiple determinations (r?).

20 °C 40 °C 55 °C

R=0.1 0.866 0.856 0.822

R =05 1.000* 0.901 0.833

R =09 0.664 0.804 0.813
* Used data.

creep effect on the fatigue behavior due to the high o,, levels, which
was not taken into account by the imported model parameters (Table 1)
nor by the v, function. Therefore, the predicted S —¢, curve loaded
at the abovementioned conditions was steeper than the trend of the
experimental results, which led to an overestimation of fatigue life
at low-cycle fatigue and consequently a r? score of 0.664. At 40 °C
and 55 °C, the predictions followed the experiments well, resulting
in r2 scores of 0.804 and 0.813, respectively; however, they were
overestimated at high cycle fatigue values.

6. Model of CLD

The CLDs of the studied material in the tension-tension sector
were predicted according to Eq. (35) at three temperatures of 20 °C,
40 °C, and 55 °C and are shown in Fig. 12. The tension-tension sector
was bounded by radial lines representing the S — ¢, curves at stress
ratios between 0.0 and 1.0. CLDs consist of constant life lines, each
of which is formed by joining points on consecutive radial lines, all
corresponding to a specific fatigue life value [45]. To incorporate the
experimental data into the predicted CLDs, power curve fitting was
performed on all available experimental fatigue data at each stress
ratio. In each material, the constant life lines were selected in a range
in which the experimental data existed at all three studied stress ratios.

Fig. 12a shows the CLD at 20 °C. It can be seen that at a stress
ratio 0.1, there was a good agreement between the simulated constant
life lines and the experiments at low and intermediate constant life
lines; however, the prediction underestimated the fatigue life at the
high constant life line. It was observed that at the stress ratio of 0.9, the
experimental data points were close to each other due to the low slope
of the S — 1, curve, as shown in Fig. 11c. In this case, the predicted
constant life lines underestimated the fatigue life at low constant life
line, but were in good agreement at intermediate and high constant life
lines.

The predicted CLD at 40 °C is depicted in Fig. 12b where at the
stress ratio of 0.1, the predictions were in good agreement with the ex-
periments at the intermediate constant life line, provided overestimated
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values at the low constant life line, and slightly underestimated values
at high constant life line. At a stress ratio of 0.5 the predicted results
were accurate at intermediate and high constant lifelines, but provided
overestimated values at the low constant life line. At the stress ratio 0.9,
at intermediate and high constant life lines, the fatigue life prediction
underestimated the fatigue life while at low constant life lines, it closely
followed the experiments. The prediction results for temperature 55 °C
are illustrated in Fig. 12c. In general, it can be seen that the suggested
model at the three studied stress ratios underestimated the fatigue life
at high constant lines while it provided good agreement at intermediate
and low constant life lines.

Being able to predict the fatigue life at different combinations of
stress ratios and temperatures meant that the proposed model was
capable of plotting a three-dimensional constant life diagrams (3-D
CLDs). The 3-D CLDs offers a better assessment of the synergistic
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effect of temperature and stress ratio on fatigue life of the investigated
material in which each surface in a 3-dimensional coordinate system
might be called a constant life surface. Fig. 13 shows the 3-D CLDs
from different perspectives in the constant life surface range of 10° s up
to 10° s. As the temperature increased, it was noted that the constant
life surfaces shifted towards lower values of ¢, and o,, indicating
a decrease in the fatigue resistance of the material under study. By
passing from the glassy state to the transition state, at T, the
degradation of the fatigue properties became more pronounced, as was
shown by a distinct alteration of the surface gradient of the constant life
surfaces, causing the constant life surfaces to approach each another.

7. Model limitations and potential extensions

It has been well-documented that the fatigue behavior of viscoelas-
tic materials in T — T fatigue loading differs from other loading states,
e.g. C — C fatigue [45]. Accordingly, the parameters of the model
summarized in Table 1 are valid for stress ratios ranging from 0.0 to
1.0, covering T — T fatigue, while these parameters may vary in other
loading states. Additionally, the investigated temperature range of the
material was in the glassy and glass-to-rubber transition states. At other
temperatures, viscoelastic materials may undergo different molecular
relaxation processes, such as entering the rubbery state at temperatures
higher than T, [59,60].

While this work focused on predicting the fatigue behavior of one
of the most commonly used viscoelastic materials: an epoxy adhe-
sive, the suggested model is also applicable to predict the fatigue
behavior of other viscoelastic materials, e.g. rubbers and composites.
In the case of composite materials, unlike adhesives, several damage

11

mechanisms, including matrix cracking, matrix/fiber interface debond-
ing, fiber breakage, and delamination, are activated either indepen-
dently or synergistically during fatigue loading [7,61,62]. In these
cases, the contribution of all mentioned damage mechanisms to fatigue
life is monitored by the total amount of the dissipated energy. The
applicability of the model to predict the fatigue life of glass/epoxy
fiber-reinforced polymer composites at room temperature was demon-
strated in [46]. Nevertheless, further experimentation and validation
would be necessary to confirm the applicability of the model at other
temperatures.

In this work, to avoid having the humidity effect on fatigue life, all
fatigue experiments were conducted at a constant humidity level, as
mentioned in Section 3. However, it is well-documented that changes in
humidity levels alter the fatigue behavior of viscoelastic materials [11,
34]. The application of the suggested model can also be extended to
consider the effects of humidity levels on fatigue life. This could involve
deriving new humidity-shift factors, w(RH), to calculate the amounts
of dissipated energy at different humidity levels.

8. Conclusions

In this study, a methodology was introduced to predict viscoelastic
material fatigue life across various stress levels, ratios, and tempera-
tures, accounting for creep effects. The model predicted fatigue life
based on total energy dissipation during fatigue testing, considering
cyclic loading (W,,,;;.) and creep loading (W,,,,,). Energy dissipation
was estimated using stress ratio-temperature shift factors (... (R, T)
and y,,,,,(R,T)) incorporated into an equilibrium equation. Experi-
mental data from a single S — ¢, curve at a reference stress ratio
and temperature, along with storage and loss moduli from a DMA
experiment, serve as model inputs. The methodology was applied to
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an epoxy adhesive using experimental data at a stress ratio of 0.5 and
20 °C, and DMA results from 15 °C to 60 °C. The model was employed
to predict the fatigue life of the epoxy adhesive subjected to the stress
ratios of 0.1, 0.5, and 0.9 at temperatures of 20 °C, 40 °C, and 55 °C.
Accordingly, the following conclusions were drawn:

1. The predicted S —t, curves were compared with experiments at
different conditions. In general, the predictions were in a good
agreement with the experiments, supported by high coefficients
of multiple determination. Nevertheless, due to the high ¢,
values for the experiments at the stress ratio of 0.9 and 20 °C, the
cyclic-creep behavior significantly changed, led to a less accurate
predictions.

2. The model developed was used as a new CLD formulation and
predicted constant life lines at different conditions. The predic-
tions were in good agreement with experiments, nonetheless,
in general, the model underestimated the fatigue life at the
high constant life lines. In addition, the model showed a lower
prediction accuracy under the stress ratio of 0.9 at 20 °C due
to the significant change in the slope of the experimental S -1,
curve.

3. This work introduced the first three-dimensional Constant Life
Diagrams (3-D CLDs) by plotting conventional CLDs at var-
ious temperatures. 3-D CLDs showed that fatigue resistance
degraded as the temperature increased as the constant life sur-
faces shifted towards lower values of ¢, and ¢,, which was
intensified at temperatures higher than T, ;.

4. In viscoelastic materials, an increase in the stress ratio tends
to amplify the creep effect, which could lead to a significant
change in material’s fatigue behavior. In such instances, it might
be possible that the model parameters, describing the slope of
cyclic and creep dissipated energy against stress level or fatigue
life on a double logarithmic scale, could be influenced by the
stress ratio. To address this, new y(R) functions could be derived
to simulate the stress ratio effects on these parameters, but this
would require additional input data.
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