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[ Abstract] High-speed, highresolution infrared thermography, as a norr contact, fultfield, and nondestructive tech-

nique, was used to study the temperature variations of a cobalt-based ULTIMET alloy subjected to cyclic fatigue. During

each fatigue cycle, the temperature oscillations, which were due to the thermak elastic plastic effects, were observed and

related to stress —strain analyses. The change of temperature during fatigue was utilized to reveal the accumulation of fa-

tigue damage. A constitutive model was developed for predicting the thermal and mechanical responses of ULTIMET alloy

subjected to cyclic deformation. The model was constructed in light of internalstate variables, which were developed to

characterize the inelastic strain of the material during cyclic loading. The predicted stress —strain and temperature respons-

es were found to be in good agreement with the experimental results.
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1 INTRODUCTION

It is well known that a material changes its tem-
perature because of the mechanical deformation! '™ 'l
In materials subjected to cyclic loading, the dissipated
mechanical energy can be characterized by hysteresis
effects. Most of the energy manifests itself as heat.
The temperature evolution, resulting from the heat
generated during the fatigue process, was utilized to
monitor the fatigue crack propagation[3~ 1 to mea
sure the energy required to produce a unit area of a fa-

tigue crack by propagation'”!, to determine the en-

durance limit of some materials'® !, and to charac
terize the evolution of cumulative damage in the fa-
tigue process“’ % 10, 101

The temperature evolution is complicate, and the
data are hard to interpret not only due to the interre-
lated effects of thermal and mechanical coupling,
strain amplitudes, and loading histories, but also ow-
ing to multiple modes of heat transfer from the mate-
rial to the environment. The generated heat is mainly
removed from the material by three processes: 1)
conduction, which is the transfer of heat along a solid
object, 2) convection, which transfers heat through
the exchange of hot and cold molecules, e. g., air,
water, etc., and 3) radiation, which is the transfer
of heat via electromagnetic (usually infrared) radia-
tion.

In the present research, a stateof-theart in-
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frared ( IR) thermography system was utilized to
study temperature evolution of ULTIMET alloy, a
cobalt-based superalloy, subjected to high-cycle and
low-cycle fatigue at room temperature in air. A one
dimensional model was formulated to predict the ther
mal and mechanical responses of ULTIMET alloy un-
dergoing cyclic fatigue. This model is based on the
thermodynamics with internakstate variables original-

ly reported by Coleman and Gurtin' '

2  PHYSICAL BACKGROUND OF TEMPERA-
TURE EVOLUTION

The thermal and mechanical coupling effect ex-
ists in metals during mechanical deformation. Consid-
ering a solid stressed in the elastic range under adia-
batic conditions, the state of the solid can be de-
scribed by the strain € (or stress, 0) and tempera
ture ( 7). The equation of the state has the form:

J(& T)=0orf(0 T)=0 (1)

In the elasticdeformation range in which the
Hooke’ s law applies, the stress (or strain) —temper
ature relation can be derived from the laws of thermo-

dynamics'™'. The welkknown thermoelastic effect
can be described as
_ _ _ET
AT = T - To——Kl_ SVAE
or AT = T- To=- KT AO (2)

where K is a material constant, K = éL, a is the
y
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coefficient of linear thermal expansion, P is the mass
density, cy is the specific heat at a constant volume,
AT is the change of the absolute temperature, T is
the absolute temperature of the current state, T is
the absolute temperature of the previous state, A€ is
the change of strain, A0 is the change of stress, and
Uis Poisson’ s ratio.

In Eqn. (2), the temperature variation is nega
tively proportional to a change in the stress or strain
states of a homogenous elastic solid. In other words,
the temperature decreases as the stress or strain in-
creases in the elastic range, and vice versa. Based on
the thermoelastic effect, a great deal of research has
been done on the stress pattern analysis by the char
acteristic evolution of temperature under either adia-
batic or nomadiabatic conditions' 7~ !,

Fatigue of materials, as a complicate process of
gradual accumulation of damage, is mainly controlled
by the amplitude of the plastic deformation''® ', Tt
is well known that the stored energy is generally only
a small portion of the energy dissipated during fa-

[18~201 " Fven during the fatigue crack propaga

tigue
tion process, the stored energy, which is the integra-
tion of the increase of internal energy over all the ele-
ments in the plastic zone, is very small, compared
with the dissipation of mechanical energy, which can
be measured from the stress —strain hysteresis

119201 " Especially, high cyclic stresses or large

loop
cyclic plastic strain is the predominant cause of energy
dissipation. The conversion of the mechanical energy
into heat may be significant, and may have consider-
able effects on the fatigue behavior.

In the plastic deformation range, the stress and
strain relation is nonlinear. The strain cannot be com-
pletely recovered. For constitutive modeling, the pre-
sent state of a material depends upon either the pre-
sent values and the past history of the observable state
variables only, leading to hereditary theories, or the
present values of both observable state variables and a
set of internalstate variables, which are not directly
observable. Based on these two assumptions, the
functional theory and internal state variable theory are
developed. The internakstatevariable approach is
very attractive for modeling the nonlinear behavior of
crystalline solids.

In recent years, there was a substantial develop-
ment of so-called “ Unified theories”, in which the ir-
reversible processes, such as inelastic behavior and
damage, were represented by a set of internal vari-
ables' "', Kratochvil and Dillon'**” > presented an
analytical framework for the study of crystalline elas-
tic plastic materials and elasticvisco-plastic materials
in the thermal and mechanical fields. Krempl, et
all® ?®! proposed a rate-dependent isotropic theory,
and the mechanical constitutive equation and the heat-

conduction equation were developed. Moreover,

Allen et al'® * formulated a thermodynamic model

to predict the thermomechanical responses in a ther
moviscoplastic uniaxial bar using internal state vari
ables. Hart!*'! proposed internal state variables based
on the consideration of micromechanisms of material
deformation, e.g., grain boundary sliding. Although
those intended plasticity theories differed in the choice
of hardening variables, those models were represented
in a unified way as internal state variables.

To describe the heat-evolution phenomenon of an
elastic plastic material during cyclic fatigue, a ther
modynamics -based framework may be developed with
internal state variables. Herein, only thermal and
mechanical properties of an isotropic material are con-
sidered, and magnetic, electric, and other factors are
neglected. Most of all, the irreversible deformation
behavior is described by a set of internal state varr
ables, which can characterize the state of the elastic
plastic deformation of a solid. All the mechanical,
thermodynamic, and internalstate variables are re-
ferred to a rectangular Cartesian system with the ax-
es, xj, where j takes on the values of 1, 2, and 3.
The time is designated as ¢. Thus, all the state varr
ables described herein are functions of x; and ¢.

The discussion is limited to the case of infinitesi-
mal deformation, and the initial state is assumed to be
stress'free. The present state of the material is char-
acterized by the independent observable state varr
ables, including a total strain, € (or stress, 0), ab-
solute temperature, T, temperature gradient, AT,
and internal state variables, a;, where ¢ is the num-
ber of internal variables ranging from 1 to n. The in-
ternatstate variables are assumed to be sufficient for
characterizing the state of inelastic deformation of a
solid. The state of the solid may be described as

f(& a, AT, T)=10
or  f(0 a, AT, T)=0 (3)

The total strain is assumed to be composed of the
elastic strain, &, and the inelastic strain, &, which
can be represented by internal state variables, ;.

€= &+ §= &G+ (4)
where the summation on the range of ¢ is implied.
The state of the material must satisfy the first law of
thermodynamics, i. e., the conservation of energy.
The thermodynamic first law may be described as

p il 0% n= 0 (5)

where [ is the mass density, U is the internal ener-
gy per unit mass, ¢ is the heat flux, and r is the heat
supply per unit mass. On the left-hand side of Ean.
(5), the first term is the change of internal energy,
the second term is the input of mechanical energy,
and the third term is the heat conduction. The right-
hand side of Eqn. (5) is the heat supply by internal
sources.

The volumetric Helmholtz free energy, H, is se-

lected as the thermodynamic potential throughout, as
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H= U-TS (6)
where S is the entropy per unit mass.

For a thermodynamic process, e. g., fatigue,
the second principle of thermodynamics asserts an in-
crement of entropy, AS> 0. In a variational form,
the Clausius Duhem inequality states that the rate of
production of entropy per unit mass, Y, is not nega-

tive:

s o
Pv= P - [ - M) 20 (7)

In addition, for one dimensional heat conduc
tion, the heat flux can be described by Fourier’ s e
quation

g= — kAT (8)
where k is the thermal conductivity, and is assumed
to be a constant.

Follow ing the classical approach of Coleman and
[12]

Gurtin' ', the coupled thermalFmechanical equation
is derived as
ol da pr_ﬁa_d_oa_ pr_&zH_d_f:_
oo di 00,07 dt 0€T di
Q°H dT _

It can be seen from Eqn. (9) that the tempera
ture, total strain, and inelastic strain are correlated
through the Helmholtz free energy. In addition, all
the above equations and discussions can be equivalent-
ly transformed in terms of the Gibbs free energy. The
proper choices of internakstate variables and the for
mulation of the Helmholtz free energy based on the
experimental justifications are crucial for the predic
tion of the thermal and mechanical responses of a ma-
terial subjected to cyclic fatigue.

3 EXPERIMENTAL

3.1 Material

ULTIMET alloy, developed by Haynes Interna-
tional, Inc., is a Co-Cr alloy containing mainly about
26% Cr ( mass fraction). The nominal chemical com-
position is shown in Table 1. The material used for
high-cycle fatigue testing was produced as follows: a
plate feedstock was reduced in thickness from 30. 48
cm to 1.27 em in a 4-pass crossrolling sequence at 1
200 C, and then, the material was solution-annealed
at 1 120 C for about 20 to 30 min and water
quenched to room temperature in order to retain the
face centered-cubic ( FCC) structure. At room tem-
perature, the average yield strength of the alloy,
which was defined at the intersection of the monoton-
ic stress —strain curve and the 0. 2% offset line, was
586 M Pa. The tensile strength, which was defined as
the maximum load divided by the initial cross-section-
al area, was 1 GPa. The elongation was 39% with a
gage length of 19. 05 mm.

3.2 Fatigue testing

A newly-developed electrohydraulic material test

Table 1 Nominal chemical composition
(mass fraction, %)

Co Cr Ni Mo W

Bal. 29 9 S 2
Fe Mn Si N C
3 0.8 0.3 0.08 0.06

system was used for the fatigue experiments. This
material test system featured an MTS Teststar Ils
controller and operation software, which allowed cus-
tomized configurations to satisfy different require-
ments for mechanical testing. It had high-accuracy
data control and fast date-acquisition capabilities. The
extensometer used was capable of measuring strains
during a fatigue test with a frequency ranging from 0
to 100Hz. The traveling distance of the extensometer
was 1. 27 mm with a gage length of 12. 7mm. All the
tests were conducted in air at ambient temperature
(about 298 K) .

U niaxial high-cycle fatigue tests were performed
using cylindrical specimens. The geometry of the
specimen is shown in Fig. 1. The gage section fea
tured a diameter of 5. 08 mm and a length of 19. 05
mm. The fatigue-test procedures were in accordance
with the American Society for Testing and M aterials
(ASTM) standard E466 for “ Conducting Constant
Amplitude Axial Fatigue Tests of Metallic Materr
als”** . High-cycle fatigue tests were conducted un-
der load control using a sinusoidal waveform at 20 Hz.
Loading was from tension to tension, with a R ratio
( Omin/ Omax, where Oui, and Ope were the minimum
and maximum applied stresses, respectively) of
0.05. High-cycle fatigue tests were performed until
the failure of a specimen or up to approximately 10’
cycles as rumrout.

0
2 g
E :
3
e e T e = ..%.
- T i
11.28
— 42.29 19.05
59.41 !
118.82

Fig. 1 Specimen geometry for high-cycle fatigue

3.3 IR thermography

Infrared is an invisible portion of the light spec
trum extending from 0. 75 to 1 000 Hm. All objects
warmer than absolute zero Kelvin emit energy some-
where within that range. The IR thermography is a
process of detecting the invisible infrared radiation
and converting the energy detected into visible light.
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The resultant image depicts and quantifies the energy
being radiated and reflected from the object viewed,
and can be transformed into temperature maps. The
IR thermography is a convenient technique for devel
oping digital temperature maps from the invisible ra-
diant energy emitted from stationary or moving ob-
jects at any distance. There is no surface contact or
any perturbation of the actual surface temperature of
the objects investigated. In the present study, a state
of-theart, high-speed, and high-sensitivity Raytheon
Radiance HS

record the temperature changes during high-cycle and

infrared imaging system was used to

low-cycle fatigue. The IR camera had a 256 mm X
256 mm pixels focalplane-array (FPA) InSb detec
tor, which was sensitive to 3~ 5 Hm wavelength ther-
mal radiation. The camera could be operated in a
snapshot mode and could be externally triggered. In
the high-speed mode, i.e., 144 Hz, up to 800 fulk
frame images could be taken into the memory of the
frame grab card, and then, transferred into the hard
disk. In the low-speed mode, i.e., 2 Hz or slower,
1, 000 fulFframe images ( about 100 MB) or more
could be stored directly into the hard disk. The tem-
perature resolution of the camera was 0. 015 K at 298
K. In addition, the IR imaging system was coupled
with the material test system through a synchronizer
to trigger the IR camera to record data at a certain
stress level such that any phase lag of data recording
was avoided.

Before fatigue testing, a thin submicroscopic
graphite coating was applied to the specimen in order
to reduce IR reflections and increase the thermal e
missivity of the specimen surface. The relationship
between the IR radiant energy and temperature was
established by coupling the IR camera and a thermo-
couple. After a specimen with graphite coating was
inserted into the material testing frame, a thermocou-
ple was attached on the back of the specimen, and the
IR camera was focused on the front surface. The
specimen was heated up to a temperature greater than
the estimated highest temperature during a fatigue
test, and then, the specimen cooled down to the
room temperature without perturbation. During the
cooling period, the readout of the thermocouple and
the thermographic image of the IR camera of the
specimen were recorded simultaneously at a constant
temperature interval, i.e., 5K, until the tempera
ture reached room temperature. Through the above
calibration procedure, the relationship between the
IR radiant energy and temperature was represented
by a best-fit line based on the linear regression analy-
sis of the measured values.

4 FATIGUE

4.1 Temperature evolution
The high-speed and high-resolution IR camera

had the advantages to take a series of insequence
snapshots at a frequency ranging from 0 to 144 Hz.
The thermographic images produced were converted
into a digitized-temperature-mapping file. With each
thermographic image, the temperature distribution
could be observed. With a set of images in sequence,
the temperature evolution could be obtained for each
pixel on the surface monitored. Detailed temperature
distributions on the specimen surface and temperature
changes as a function of time ( cycles) could be uti-
lized to characterize the fatigue process.

The spatial resolution of the IR camera was de-
pendent on the focal distance of its optical lens. In the
present study, the IR camera was kept at a relatively
constant distance of about 200 mm from the specimen
in order to monitor the whole gage section of the
specimen and the shoulder section connecting the grip
and gage sections. The area of a pixel represented
0. 149 mm X 0. 149 mm of the real dimension. A
thermocouple attached on the back surface of the
specimen was used for calibrating temperature and
monitoring approximate temperature variations.

A typical thermographic image is shown in Fig. 2
(a). The brightness of color indicates the tempera
ture difference. The brighter the color, the higher
the temperature, as represented by the calibrated col-
or bar of Fig. 2(a). From Fig. 2(a), a detailed tem-
perature distribution could be obtained for the shoul-
der and gage sections of a specimen subjected to high-
cycle fatigue.

With the aid of the high-speed mode of the IR
camera, the detailed temperature evolution during
higlrcycle fatigue could be observed. Through the
manipulation of thermographic images, the tempera-
ture changes along the centerline of the specimen, as
indicated by a dash line in Fig. 2(a), could be ob-
tained for a fatigue test. The total length of the
shoulder and gage sections was about 34 mm. The IR
camera was operated at 120 Hz, i.e., 120 fulkFframe
images per second. The fatigue test was conducted at
20Hz. The numbers 1 to 9, as shown in Fig. 2(b),
indicate the data points acquired by the IR camera at
a constant time interval of 1/120s. These data points
could equivalently represent time.

For the first fatigue cycle, the temperature oscil-
lation along the centerline as a function of time and
distance is presented in a three dimensional graph
(Fig. 2(b)). At both ends of the specimen-shoulder
sections, the temperatures were relatively stable and
kept at approximately 296. 4 K, which was close to
the room temperature. However, the temperature
varied greatly within the gage section. This was be-
cause the plastic strain (or strain) was mainly concen-
trated in the gage section. The temperature of the
shoulder sections did not change very much because
the stresses there were small and in the elastic region.
In addition, during this very short period of time,
heat transfer did not take place extensively.
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Fig. 2 Temperature variations along longitudinal direction of

specimen during first cycle of fatigue experiment
(a) —Schematic presentation of centerline along specimen;

(b) —T hree dimensional temperature variations as function of time and distance;

(¢) —Temperature evolution curve for midpoint of specimen ( O,,,x= 762 MPa, R= 0.05,

room temperature, in air, fatigue life of 41024 cycles and 20 Hz)

Due to the specimen geometry, the plastic strain
was concentrated at the specimen-gage section. Al
though there were conduction, convection, and radia-
tion heat transfers occurring simultaneously, the heat
generated in the material was mainly conducted
through the axial direction of the specimen. Hence,
the highest temperature was typically located at the
midpoint of the specimen-gage section. To decrease
the systematic error of the IR camera, the tempera-
ture of the midpoint was taken as an average tempera
ture over 10 X 10 pixels domain around the midpoint,
which is about 1. 49 mm X 1. 49 mm of real dimen-
sion, as shown schematically by the box in Fig. 2(a) .
Herein, the term “temperature” referred to the aver
age temperature over the 10X 10 pixels domain
around the midpoint of a specimen.

Fig. 2(c) shows the temperature evolution curve
for the midpoint of the specimen during the first fa-

tigue cycle. The numbers 1 to 9 indicate the data
points acquired by the IR camera at a constant time
interval of 1/120s. The temperature initially de-
creased from point 1 to 2, and then, increased from
point 2 to 7 during the first cycle. In the second cy-
cle, the temperature decreased from point 7 to 9.
Thereafter, the cyclic pattern of the temperature re-
peated throughout the fatigue test. From Fig. 2, it
can be seen that the IR camera was readily to detect
the delicate temperature change, e. g., 0.1K.

When the IR camera was operated at a lower fre-
quency, e. g. 1/8 Hz, the overall trend of the tem-
perature evolution could be observed. Herein, the
term “mean temperature” referred to the temperature
at the midpoint of the specimen gage section, which
was acquired at a lower IR camera speed and was used
for the representation of the average temperature over
the time interval. Fig. 3 shows the mean temperature
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Fig.3 Mean temperature profiles of

ULTIMET alloy
( Omax= 703 MPa and 762 MPa, R= 0.05,

room temperature, in air, and 20 Hz)

profiles for fatigue tests at two maximum stress lev-
els, 703 and 762 MPa. For the mean temperature
profile at a maximum applied stress level of 703 M Pa,
the mean temperature initially rose from room tem-
perature, 299 K, at the beginning, to 313. 5 K at
9000 cycles. The mean temperature stabilized at a
steady state of around 313.5 K from 9 000 cycles to
80 000 cycles. Then, the mean temperature increased
continuously until the specimen failed at a mean tem-
perature of 323 K. With a maximum applied stress
level of 762 MPa, the mean temperature rose from
299 K up to 323 K at 8 400 cycles, then remained at
about 320 K to about 36 000 cycles. It then increased
again until the specimen failed at a mean temperature
of 336.5 K. It was observed that the mean tempera
ture evolution during high-cycle fatigue underwent
four stages: an initial increase, a steady state, an
abrupt increase, and a final drop'"” *'. For the same
experimental conditions, a higher maximum stress
level caused a higher steady-state mean temperature
during fatigue tests, as illustrated in Fig. 3.

At an IR camera speed of 120 Hz, the tempera
ture evolution curves for three maximum applied
stress levels are shown in Fig. 4. At a maximum ap-
plied stress level of 645 MPa, the temperature oscil-
lated within 0. 5 K during the initial stage of the fa-
tigue test, i.e., from 1 to 3s. The average tempera
ture, which is defined as the sum of temperature ac
quired in each cycle over the number of data points,
increased slightly. At 703 MPa, the temperature ex-
hibited the same oscillation phenomenon, but the av-
erage temperature had a noticeable increase of about
3.2 K during the first 2s. At 762 MPa, the average
temperature increased much higher to about 9. 0 K.
Generally, the temperature oscillated with a certain
amplitude, and the average temperature increased
with fatigue time. The amplitude of the temperature
oscillation and the increase of the average temperature

304

298}

296}

294 1 . 1 )

05 10 15 20 25 3.

Time/s

Fig. 4 Temperature evolution curves of

ULTMET alloy
( Opmax= 645, 703 and 762 M Pa, R= 0.05,

room temperature, in air, and 20 Hz)

were found to increase with the maximum abplied
stress. The average temperature increased up to a
constant level as the cycling continued, if the sur
rounding temperature did not change.

4.2 Mechanistic understanding

Throughout the experiments, the temperature of
the specimen was recorded by the IR thermography
system, and the stress —strain responses were docu-
mented by the MTS system. Using the system con-
trol, the load was increased to the mean load level and
held for a short duration. Subsequently, a cyclic load
with a maximum stress of 703 MPa was applied, as
shown in Fig. 5(a). The corresponding evolution of
strain and temperature within each fatigue cycle dur-
ing initial loading are presented in Figs. 5(b) and
(¢). In the very short initial loading period of about 1
s, the load was applied relatively fast, and the condi-
tion of the specimen could be considered to be adia-
batic. Note that the temperature evolution in Fig. 5
(c) was measured at a high IR camera speed of 120
Hz.

When the load was initially applied, the strain
was elastic, and the stress (or strain) —temperature
relation could be described by Eqn. (2). At the initial
stress-free stage, the temperature was 295. 60 K, but
the temperature dropped to 295. 27 K when the stress
increased from 0 MPa to a mean stress level, 386
MPa, owing to the thermoelastic effect, as shown in
Fig. 5. During the initial short holding time with the
mean stress level of 368 M Pa, as presented in Fig. 5
(a), the strain remained constant at 0. 16% as exhib-
ited in Fig. 5(b), and the temperature remained at
295. 27 K without any obvious heat loss, as indicated
in Fig. 5(c).
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(a) —Stress; (b) —Strain;
(¢) —Temperature evolution versus time

As the stress and strain were continuously in-
creased, the temperature decreased from 295. 27 K to
295. 02 K. After the stress reached the yield strength
level of 586 M Pa, the temperature started to increase
because of the heat dissipation due to the irreversible
plastic deformation beyond yielding. During the un-
loading cycle, the strain decreased, and the tempera
ture continued to increase. For subsequent cycles, the
strain and temperature responses repeated, but the
residual level of plastic strain grew, and the mean
temperature continuously increased. As indicated by
the dash lines (B, B2, B3, Ba, and Bs) in Fig. 5,
it is very clear that the temperature reached its high-
est point in each cycle when the stress and strain were
at their minimums. However, when the temperature
reached its cyclic minimum, the stress and strain
were not at their maximam, as noted by the dash-dot
lines (A1, A2, A3, A4, and As) in Fig. 5. This
was because plastic yielding occurred prior to reaching
the maximum stress, which initiated the temperature
rise [ Figs. 5(a) and (¢)]. Thus, in the fatigue pro-
cess, the thermoelastic effect caused the temperature
to oscillate, and the irreversible inelastic deformation
caused the mean temperature to increase. The tem-
perature was found to oscillate within a range of ap-
proximately 0.4 K (as shown in Fig. 5), which was
easily detected by the high-speed, high-resolution IR
camera.

Typical stress —strain initial

curves during

Strain/%
Fig. 6 Stress —strain curves
(a) —At beginning; (b) —at 252nd, 253rd,
and 370 th cycles of fatigue test
( Omax= 703 MPa, R= 0.05, room temperature,
in air, fatigue life of 97 542 cycles and 20 Hz)

cycling are presented in Fig. 6. Plastic deformation
resulted because the maximum applied stress level was
set at 703 MPa, 120% of yield strength of UL-
TIMET superalloy. It can be seen that the hysteresis
loop was
“cyclically creeping” or “ratcheting”, in the direction

“walking”, which is generally known as

of increasing tensile strains. It is also seen that, in
Fig.6( a), the hysteresis loop was not closed at the
beginning of the high-cycle fatigue process. This was
because the amount of plasticity in tension was not
opposed by an equal amount of the plastic flow in
compression. Hence, the cyclic ratcheting resulted,
as illustrated in Fig. 6(a). At the beginning of cyclic
loading, the area under the hysteresis loop was rela
tively large. The rate of ratcheting generally de-
creased as fatigue loading continued. As shown in
Fig. 6 (b), the differences between the hysteresis
loops at the 252nd and 253rd fatigue cycles were not
distinguishable. There was still a large amount of
plastic strain buildup, which can be seen by compar-
ing the relative positions of the hysteresis loops at the
252nd (or 253rd) and 370th cycles. The accumula
tion of the irreversible plastic strain continued until
the mean strain reached a certain value depending up-
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on the maximum stress level. Generally, within the
stress range of 600 MPa to 764 MPa examined, the
mean tensile strain eventually stabilized at a constant
value after approximately 8 000 cycles, and the hys
teresis loop remained constant. The stabilized mean
strain and the area of the hysteresis loop increased as
the maximum stress level was increased.

Above a certain cyclic stress sensitivity limit, the
damping energy increased rapidly with the stress be-
cause the cyclic plastic strain began to be an important
cause of energy dissipation. At high cyclic stresses,
the plastic strain was the predominant source of ener-
gy dissipation. In the tensiorrtension, high-cycle fa-
tigue test, the temperature evolution corresponded to
the change of the stress —strain state. The tempera-
ture responded sensitively to the variation of the me
chanical state. It was experimentally found that the
stored energy was only a small amount of dissipated
energy, < 1%'". Hence, almost all the irreversible
mechanical energy due to the inelastic deformation
could be converted into heat. The mechanical energy
dissipated in each cycle could be represented by the
area of the hysteresis loop, as shown in Fig. 6. It was
very clear that during the initial cycles, the area of
the hysteresis loop was much greater than it was for
much later cycles. As the fatigue process continued,
the accumulation of plastic strain in each cycle de
creased due to strain hardening.

The increase of the mean temperature was pro-
portional to the area of hysteresis loop. From the first
law of thermodynamics, conservation of energy, as-
suming the specimen stressed in an adiabatic condr
tion, and ignoring the energy stored inside the mate-

rial, is
82 82
Ry AT = I o,de- .L ode (10)
1 1
where & and & are the minimum and maximum

strains, respectively, of the hysteresis loop, and 0,
and O refer to the local stresses in the upper and low-
er curves of the hysteresis loop. For ULTIMET ak
loy, Pis 8470kg/ m’, and cy is approximately equal
to the specific heat at a constant pressure, 456 J/ (kg*
K),

shown in Fig. 6, the calculated maximum tempera-

Using the digitized stress —strain data, as

ture for each cycle using Eqn. ( 10) is shown in Fig.
7. It can be seen that for the initial cycles, the pre-
dicted maximum temperature matched the experimen-
tal data quite well, after which deviations occurred.
The reason why this trend occurred was that during
the initial cycling, the condition of the specimen was
essentially adiabatic because of the fast loading condi
tion. After that, heat-transfer effects became impor
tant. Therefore, the predicted maximum temperature
at greater fatigue cycles (longer time) was higher be-
cause heat conduction had not been considered in the
calculation.

As stated in Eqn. (10), the increase of the mean

300

L d ——Experimental
295 O—Predicted

T 29 25 39 35 7

Time/s

Fig.7 Calculated and measured temperature

evolution during high-cycle fatigue
Opax= 703 MPa, R= 0.05, room temperature,
( p

in air, fatigue life of 97 542 cycles and 20 Hz)

temperature is proportional to the area of the hystere-
sis loop. In Figs. 6 and 7, initially the increase of the
mean temperature was relatively high due to the large
plastic deformation. As shown in Fig. 7, however,
the increase of the mean temperature decreased as the
fatigue process progressed due to the decreasing plas-
tic stain (as shown in Fig. 6), and the increasing
heat-transfer effects.

4.3 Temperature profile during highr cycle fatigue

The thermal and mechanical responses of
ULTIMET superalloy are summarized in Fig. 8§,
which includes both the mean temperature and dis-
placement evolution of the material during high-cycle
fatigue under load control. The maximum and mint
mum displacements followed the same trend as the
mean temperature. Initially, the displacement in-
creased due to the uniformly distributed plastic defor-
mation of the specimen gage section. It was known
that slip lines generally multiplied and grew into per-
sistent slip bands (PSB). PSBs carried essentially all
of the plastic strain in the low-amplitude fatigue

3.0

Mean temperature/K

Number of cycles/10*

Fig. 8 Mean temperature and displacement

evolution of specimen during high-cycle fatigue
( Omax= 762 MPa, R= 0.05, room temperature,

in air, fatigue life of 41 024 cycles and 20 Hz)
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. In the initial stage, the increase in tem-
perature can be associated with plastic deformation.
In the second stage, the maximum and minimum dis-
placements remained essentially constant. With the
formation of persistent slip bands, which were dis-
tributed regularly over the gage section, the stress
and strain responses were stabilized as illustrated by
the closed hysteresis loop in Fig. 6(b). The stabilized
stress —strain curve resulted in a steady-state mean
temperature.

Once a macrocrack formed, the steady-state
stress —strain responses collapsed, and the third stage
emerged. In the third stage, the displacement in-
creased again. Macrocracks caused extensive plastic
deformation at the crack tip. Hence, the steady state
of the mean temperature was disrupted, and the mean
temperature exhibits another rise. The propagation of
a macrocrack could eventually lead to the failure or
separation of the specimen, and a corresponding drop
of the mean temperature in the fourth stage.

In summary, the temperature evolution during
higlrcycle fatigue was related to the stress —strain
state and fatigue damage. The mean temperature pro-
file of a high-cycle fatigue test typically exhibits four
stages: 1) an initial raise due to the heat generation
resulting from irreversible deformation of the materi-
al; 2) asteady state resulting from a balance between
heat generation and heat conduction in the material;
3) an abrupt increase (the breakdown of the steady
state) owing to the large plastic deformation caused
by stress concentration at the crack tip; and 4) a final
drop, caused by the separation of the test specimen.

S THEORETICAL MODELING

5.1 Characteristic constitutive equations for cyclic
fatigue

The present model is restricted to the considera-
tion of an isotropic, long, and slender bar, which is
subjected to a homogeneously applied deformation
field, such that the resulting stress field is everyw here
uniaxial in one dimension. All the mechanical, ther
modynamic, and internal state variables are referred
to a one-dimensional system with the axis, x, which
is along the longitudinal direction of the cylindrical
specimen. When x = 0, it corresponds to the mid-
point of the gage section of the specimen. Thus, all
the state variables described herein are functions of x
and t. The boundary conditions are shown in Fig. 9,
and there is no internal heat source, i.e., r= 0 in
Eqn. (9). With the consideration of one dimension,
the convection and radiation around longitudinal
boundaries can be incorporated into Eqn. (9) as

pQl da _ p],_&zH_d_G;_ pr_&zH_df;_
oa; dt 00;0T dt 080T dt
H AT, T, o

P]’aT2 e k8x2+ hA(T— T, +

GCrs(T - T = 0 (11)

A

Convection and radiation
Conduction heat transfers

h

Fig.9 Sketch showing boundaries
conditions of ULTIMET alloy during fatigue

where £ is the convection heat transfer coefficient,
p is the circumference of the cylindrical bar, A is the
cross'sectional area of the cylindrical bar, T, is the
temperature of environment, G is the geometric fac
tor between the specimen and surroundings, F( 1)
is the factor termed the emissivity, and s is the Ste-
farr Boltzmann constant. On the left-hand side of
Eqn. (11), the first three terms are related to the
change of a mechanical state, the fourth term is the
accumulation of temperature, the fifth term is the
heat conduction, the sixth term is the heat convec
tion, and the seventh term is the heat radiation.
Eqgn. (11) is the governing equation describing the
thermal and mechanical responses of a material sub-
jected to cyclic fatigue.

135361 hostulated a model

Bonder and Partom
based on two internal state variables, which were re-
ferred to hardness variables. One was related to the
isotropic hardening, and the other was the variable
accounting for the directional character of resistance
to the plastic flow following deformation. T he Bonder
and Partom model was employed to characterize the
e. g..,
[39]’ sol-

constitutive response of various materials,

[37-401 " aluminum  alloys

nickekbased alloys

. 40 .
der materials'*!, and some other materials, e. g.

[35, 36]

copper and titanium The internal state vari-

able, a;, can be represented by the kinetic equa

. [35~ 41,
tion ;

d_GL _ 2 1 . Z 2n

&t = FDeesl= (305 (12)
where Dg and n are experimentally obtained materi-

al constants, and Z is a measure of the strain harden-
ing, which is a function of the plastic work.

Z is composed of isotropic and kinematic harden-
ing,

= Z1+ ZD ( 13)
where Zjis the isotropic variable, and Zp is the dr
rectional hardening variable.

The evolution equations for the isotropic and the
directional hardening variables without thermal recov-
ery are described by Eqn. (14) and (15), respective
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ly:
dZ dW
El: mi(Zi= Z1) % Zi(0) = Zo (14)
dz dW
= DA exp(= maZn)](Za= Zn) St
Zn(0) = Zo (15)
where m1, mo, ms3, Zi, Z>, and Zy are material

constants. m, ma, ms3, Z1, and Z; are strain rate
and temperature independent for the material model-
ing purpose. Zj is strairrate independent, but tem-
perature dependent. In addition, the plastic work,
W, is determined by

dW da
=Wp B2l
dt ~ 0 d¢ (16}

Follow ing Allen’ s postulation'*”, the Helmholtz
free energy is expanded in the form of Taylor’ s series
in terms of the elastic strain and temperature as

E cy
_ =€ 2
H = Ho+ 20 2TOAT (17)
where H g is the free energy in the initial state, a

constant, E., is the effective elastic modulus, which
takes into account of the fatigue damage, and AT is
the temperature difference between the current tem-
perature, T, and the initial temperature, T, at the
strairr free state, AT = T — To. The specific heat at
a constant volume, cy, is
2
= (18)
or
Note that in Eqn. (17), although the first-order
terms have been neglected, the coupling among the

cy = — T

total strain, inelastic strain, and temperature is re-
tained ",

to microstructural changes has been neglected in the

Note also that the energy dissipation due

freeenergy Eqn. (17), because this mechanism was
shown to contribute only a small portion of energy to

[20. 301 purther, the fracture

the dissipation process
energy loss resulting from the crack propagation is ne-
glected.

With the consideration of thermal expansion and

Eqn. (4), the elastic strain can be described as
&= & &= & a— aAT (19)

where a is the thermal expansion coefficient. The

stress —strain relation is obtained as
0= E. &= E. (& a- aaT) (20)
Substitution of Eqn. (17) and (19) into the en-
ergy balance Eqn. (11) results in the coupled thermal
mechanical formula:

[(E.¢- E.ai+ E.aTy) (L—(;l]— [E.aT gf+
dT T o

Ry T+ kS 5= hA(T- Ty -

f-ch(T“— TH =0 (21)

The terms in the first bracket arise due to the in-
elastic response, and the terms in the second bracket

are the classical thermoelastic coupling terms for an a-

diabatic condition! ',

5.2 Additional constitutive assumptions

Based on the previous experimental characteriza-
tion, the high-cycle fatigue process of ULTIMET al-
loy could induce thermodynamically and geometrically
irreversible plastic strains and thermodynamically ir
reversible but geometrically reversible anelastic
strains, as well as reversible elastic strains. As exhib-
ited in Fig. 6(a), the walking distance between any
two consecutive cycles is the thermodynamically and
geometrically irreversible plastic strain, since the
amount of plasticity due to the tensile stress was not
opposed by an equal amount of the plastic flow in the
compression direction. As fatigue progressed, due to
strain hardening, the stress —strain responses would
be expected to become elastic. However, due to fa
tigue damage, the stress —strain responses showed a
linear viscoelastic behavior. As presented in Fig. 6
(b), during the loading and unloading process, the
stress and strain can return to their initial stages, and
the hysteresis loop is a closed loop at a later stage of
cyclic loading. The anelastic behavior is geometrically
reversible, but thermodynamically irreversible due to
the energy loss of the hysteresis loop.

The exhibited viscoelastic behavior resulted from
fatigue damage is assumed to be understood as a clas-
sical linear Kelvin-Voigt model. T he constraint condi

tions implied by the Kelvin-Voigt model are

de d& da 4T
T T TIET (22)
d
0= nfﬁ E.& (23)
where FE,is the elastic modulus, and Tlis the viscos

ity coefficient.
With the comparison of Eqns. (20) and (23),

the effective elastic modulus, E., can be represented

in the form of

Nd&

& dt

The thermalmechanical response of the uniaxial

E= E.+ (24)

bar subjected to uniaxial homogeneous high-cycle fa-
tigue can be characterized using Eqns. (12) to (16)
and (20) to (23).

However, for the low-cycle fatigue of UL-
TIMET alloy, the thermodynamically and geometri-
cally irreversible plastic strains and reversible elastic
strains are of main interest. In addition, the tests
were conducted under constant strain rate control.
Hence, Eqns. (19) and (20) could be used to de
scribe the stress and strain behavior. The thermalk
mechanical response of the uniaxial bar subjected to u-
niaxial homogeneous low-cycle fatigue can be charac
terized using Eqns. (20) and (21) together with E-
gns. (12) to (16).
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5.3 Numerical simulation

In order to implement the formulated model to
predict the thermal and mechanical responses of the
higlr cycle fatigue of the material, the material con-
stants of ULTIMET alloy are obtained from the man-

ufacturing brochure as'**!

E= 238 000 M Pa
Thermal expansion coefficient
a=13.0x 107 K™

P= 8470 kg/ m’
Specific heat at a constant volume
cy= 456 )/ (kg*K)

Convection heat transfer coefficient
h= 12.5W/(m**K)

Geometric factor G=1

F=1

Stefarr Boltzmann constant
s=5.67x10" * W/ (m?**K%

Note that the specific heat at a constant volume

Elastic modulus

Density

Emissivity

was chosen as the value of the specific heat at a con-
stant pressure. In addition, the radii of the cylindrical
bar, R, were 2. 54 mm for high-cycle fatigue, and
3. 81 mm for low-cycle fatigue.

Methods to obtain the material parameters for
the Bonder-Partom’ s constitutive equations, Zo, Z1i,
Z>, Do, n, mi myand m3, were discussed by vari-

(35411 " The method by Chan et al*’- **
was used herein. Their procedure had its basis in

ous authors

physical and phenomenological considerations and in-
volved fitting the model parameters to the experimen-
tal data. By numerically integrating the coupled
Eqns. (12) to (16) and (20) with the model parame-
ters experimentally determined, and comparing the
experimental tensile-test results with predicted ones,
the material parameters of the model are refined to
best fit the experimental stress —strain curves. The
effective elastic modulus is equal to the elastic modu-
lus of ULTIMET superalloy. The obtained parame-
ters are shown in Table 2.

Table 2 Model parameters for ULTIMET alloy
subjected to high-cycle faticue

Zy/ MPa Z,/MPa Z,/ MPa Do/s™!
2550 3100 60 10*
n mi/MPa~ '  m,/MPa~! m3/ MPa !
1. 085 0.15 5.44 0

Fig. 10 shows the experimental monotonic
stress —strain curves, and those generated by the
constitutive model with the above material parame-
ters. At the strain rate of 5x 107 % s~
mental stress —strain curve of ULTIMET superalloy

', the expert

showed that the material was initially elastically de-
formed, then yielded and plastically deformed.
With the strain rates of 0. 001 s~ ' and 0. 01 s™ ', the
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0 0.005 0.010 0.015  0.020 0,025
Strain

Fig. 10 Experimental and predicted stress —strain
curves for tension tests of ULTIMET alloy at
different strain rates

elastic and strain-hardening behavior shown in the ex-
perimental curve was not significantly different, but
the yield point was raised to higher values. The pre-
dicted stress —strain curves displayed similar trends as
the experimental ones at all three strain rates. The
good agreement of the experimental and predicted re-
sultsat 5x10°%s ', 0.001s™ !, and 0.01s™ ', in
Fig. 10 demonstrated the ability of the model to simu-
late the strain-rate effect.

To illustrate the stress —strain behavior and re-
sulting temperature rise, an example is considered for
a round bar subjected to high-cycle fatigue with an R
ratio of 0. 05, a maximum applied stress level of 703
MPa, and a reference temperature at 295. 60 K, the
same as the initial temperature of the specimen and
the temperature of the environment. The stress —
strain and thermal responses for the described condi-
tion can be obtained through the integration of Eqns.
(12) to (16) and (20) to (23). The numerical simu-
lation is fulfilled using a numerical integration
scheme. To fit the stabilized hysteresis loop, the vis-
cosity coefficient, Il is postulated to be small, as 0. 1
GPa*s. The inputs of the model require the applied
stress during fatigue, Fig. 11(a), the material con-
stants, E, @, @ ¢y, 0 h, R, G, F, and s, and
the parameters of Zo, Z1, Z>, Do, mi, ma, ms3,
and n, as shown in Table 2.

The experimental and predicted temperature os-
cillations of ULTIMET alloy at the initial stage of
high-cycle fatigue are shown in Fig. 11(b). In Fig.
11(b), the predicted temperature oscillations includ-
ed heat conduction, convection, and radiation. It can
be seen that, the present constitutive model was capa-
ble of predicting the complex temperature change re-
sulting from cyclic fatigue. In the time region [ of
Fig. 11(b), the initial temperature decreased due to
the thermoelastic effect as described by Eqn. (2).
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Fig. 11 Experimental and predicted temperature
oscillations for ULTIMET alloy at initial cycles
during high-cycle fatigue
(a) —MTS system command stress curve;

(b) —Corresponding temperature oscillations
( Omax= 703 MPa, R= 0.05, room temperature,
in air, fatigue life of 97 542 cycles and 20 Hz)

After the initial decrease, the temperature stayed
constant in the time region I of Fig. 11(b), corre-
sponding to the holding stage of the applied stress in
Fig. 11(a). The temperature continued to decrease
until the applied stress level was greater than the yield
strength of the material. The temperature then in-
creased sharply, which is due to the relatively large
plastic deformation, as shown in Fig. 11(b). When
the specimen was unloaded, the temperature contin-
ued to increase until the beginning of the second cy-
cle. Thereafter, the temperature oscillated around an
increasing mean temperature. As indicated by the
dashed lines, A and A,, in Fig. 11, the highest
temperature was always coincident with the lowest
stress level. However, the lowest temperature did not
concur with the highest stress level, as shown by the
dashed lines, B and B».

The experimental and predicted cyclic stress —
strain curves are shown in Fig. 12. The predicted and
experimental cyclic stress —strain curves are in rea
sonably good agreement. It can be seen that
ULTIMET alloy experienced strain ratcheting, and
eventually the strain stabilized with the typical shape
in Fig. 6(b) .

Since the cyclic loading was relatively fast, and
the heat-transfer effect was relatively small, the test-
ing condition could be regard as adiabatic. Especially,
at the initial stage of fatigue cycling, there is no sig-
nificant difference betw een the predicted temperatures
in the consideration of insulated condition, only heat
conduction, both heat conduction and convection,
and the combination of heat conduction, convection,

Fig. 12 Experimental and predicted
cyclic stress —strain curves of ULTIMET

alloy at initial cycles
( Omax= 703 MPa, R= 0.05, room temperature,

in air, fatigue life of 97 542 cycles and 20 Hz)
299

-—Experimental
a—Heat conduction, convection and radiation
o—Heat conduction and convection
298 0—Heat conduction

——Insulated condition

255 0.5 1.0 1.3 7
Time/ms
Fig. 13 Experimental and predicted temperature

oscillations with consideration of insulated
condition, only heat conduction, convection,
and radiation, for ULTIMET alloy at initial

cycles high-cycle fatigue
( Omax= 703 MPa, R= 0.05, room temperature,
in air, fatigue life of 97 542 cycles and 20 Hz)

and radiation, as shown in Fig. 13. The predicted
temperatures based on the above different boundary
conditions were in good agreement with the experr
mental one.

6 CONCLUSIONS

1) The thermography technique was capable of
characterizing the delicate change of the specimen
temperature during fatigue. It provided a new way to
analyze the fatigue process.

2) The temperature profiles during high-cycle
fatigue showed a characteristic trend, which could be
categorized into four stages: the initial raise, steady
state, abrupt increase, and final drop.

3) The increment of the mean temperature dur-
ing fatigue testing was mainly due to inelastic defor
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mation. The oscillation of temperature was caused by
the thermoelastic effect.

4) A constitutive model was developed for pre-
dicting the thermomechanical behavior of ULTIMET
alloy subjected to cyclic fatigue. The constitutive
model provided a better understanding of the thermal
and mechanical responses of the alloy undergoing fa-
tigue. The experimental and predicted results on tem-
perature evolution and stress —strain responses were
in good agreement for high-cycle fatigue.

5) The modified Bonder and Partom’ s constitu-
tive equations was adequate to characterize plastic de-
formation during high-cycle fatigue.
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