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An IR (IR) thermography technique, as a nondestructive evaluation technique, was applied to investigate
the fatigue damage of reactor pressure vessel (RPV) steels during 20 Hz and 1000 Hz fatigue testing. Five
stages of temperature profile were observed: an initial increase of the average specimen temperature, a
region of temperature decrease, an equilibrium (steady-state) temperature region, an abrupt increase of
the temperature, and a drop of temperature following specimen failure. The relationship between the
temperature, stress-strain state, and fatigue behavior is discussed. Both thermodynamic and heat-transfer
theories are applied to model the observed temperature variation during fatigue. The stress-strain state of
the material has been back-calculated from the observed temperature profiles. The predicted and mea-
sured temperature evolutions and mechanical behavior during fatigue were found to be in good agreement.
Thermography appears to provide a useful method of investigating the stress-strain behavior during
fatigue.

Keywords fatigue, nondestructive evaluation, RPV steel, tem-
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1. Introduction

In 1829, the first fatigue test was performed in Germany on
steel chains, which were subjected to 100 000 tension cycles at
a frequency of 10 cycles per minute. Since then, a great amount
of valuable research has examined the fatigue behavior of ma-
terials due to the irreplaceable significance of this subject in the
engineering world.[1-8] In recent decades, fracture mechanics
has become the dominant concept used in describing and un-
derstanding fatigue behavior.

Although there is still excitement about concepts like frac-
ture toughness and endurance limit, data scattering, time-
consuming and costly experiments can give some difficulties
during fatigue testing of industrial components and structures.
Thus, more and more efforts have been focused on nondestruc-
tive evaluation (NDE) techniques for their critical importance
in fatigue-life assessments, structural-integrity evaluations,
failure prevention, and material savings. Several NDE methods
have been applied to monitor mechanical damage, including
ultrasonics, acoustic emission, eddy current, x-ray, and com-
puted tomography,[9-12] but relatively little work has been done
to characterize the fatigue behavior using thermographic IR
(IR) techniques.[13-17]

The relationship between material deformation and tem-
perature was first recognized in 1853 by Kelvin.[18] The ther-
moelastic[18-20] and inelastic[21] effects directly relate the tem-
perature to the material internal stress-strain state, which, in
turn, controls the fatigue behavior. However, the limited sen-
sitivity of the available instrumentation has restrained the full

development of thermography as an NDE technique until the
last two decades.[22-24] Recently, more research has shown the
potential of thermography in monitoring fatigue damage.[25-27]

Methods for the short-time measurement of fatigue limits have
also been suggested.[28] However, detailed investigations and
comprehensive analyses are necessary for developing an effec-
tive thermographic technique in characterizing fatigue behav-
ior, and detecting the associated damage.

In this paper, an advanced high-frequency and high-
sensitivity IR imaging system was used to monitor the tem-
perature evolution of reactor pressure vessel steels subjected to
20 Hz and 1000 Hz fatigue tests. Both thermodynamics and
heat-conduction theories are applied to explain and model the
observed temperature evolutions during fatigue.

2. Experimental Procedure

2.1 Material

The material used in fatigue tests is a reactor pressure vessel
(RPV) steel (SA533B1I2), which is composed of 0.203C,
0.23Si, 1.34Mn, <0.02P, 0.015S, 0.50Ni, 0.53Mo, 0.15Al,
0.005N, 0.01Cu, and balance Fe (wt.%). The steel plate was
first solution-treated at 899 °C for 1 h, then water-quenched to
40 °C, and finally tempered at 670 °C for 1 h. A tempered
martensite was the final microstructure. The yield strength of
the RPV steel was 587 MPa, ultimate tensile strength (UTS)
was 716 MPa, and total elongation was 29%, with a strain rate
of 4 × 10−3/s and a gage length of 1.27 cm used in the tension
test. A yielding phenomenon was observed in the test, as dis-
cussed later.

2.2 Fatigue Testing

Fatigue test samples are cylindrical bars with a gage length
of 1.27 cm and a diameter of 0.508 cm at the gage section. The
test samples are machined from the steel plate with the length
direction parallel to the rolling direction, and then polished in
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a sequence of 240, 400, 600, and 800 grit papers, followed by
9.5, 1, and 0.06 �m Al2O3 grit powders.

The 1000 Hz fatigue tests were performed using an ad-
vanced high-frequency electrohydraulic MTS (Material Test
System, Eden Praire, MN) machine (Model 1,000 Hz 810) with
an R ratio of 0.2, where R � �min/�max, �min, and �max are the
applied minimum and maximum stresses, respectively.[29] The
servovalves of the machine were activated by voice coils,
which provided the necessary frequency of 1000 Hz.

For the 20 Hz fatigue experiments in air, the specimens
were loaded on an MTS machine (Model 810) at R � 0.2. A
load control mode was used, and different maximum stress
levels ranging from 500-650 MPa were applied.

2.3 Thermography

Thermography detection was conducted using a state-of-
the-art Raytheon Galileo thermographic IR (IR) imaging sys-
tem (Indigo Systems Corp., Goleta, CA) with a 256 × 256
pixels focal-plane-array InSb detector that is sensitive to a ra-
diation wavelength of 3-5 �m. The temperature sensitivity is
0.015 °C at 23 °C, while the spatial resolution can be as small
as 5.4 �m. The system has a maximum data acquisition speed
of 150 Hz at a full frame of 256 × 256 pixels and 6100 Hz at
16 × 16 pixels. During fatigue testing, a thin sub-micron graph-
ite coating was applied on the specimen gage-length section to
decrease surface-heat reflection.

A thermocouple was attached to the sample to calibrate the
IR camera at the beginning of each test. During calibration, a
heat gun was first used to heat up the specimen to a high
temperature. The specimen was then cooled in air, and the
temperature of the specimen was recorded from the thermo-
couple at different times. Then, the intensity of the IR camera
was calibrated to the corresponding temperature. A fully auto-
mated software system was used to acquire the data of tem-
perature distributions of the test samples during fatigue experi-
ments. The IR camera was used at low scan frequency of 0.1
and 0.2 Hz, and a high scan frequency of 120 Hz.

3. Results and Discussion

3.1 Fatigue Life and Temperature Evolution

The S (applied stress) versus N (fatigue life cycle) curves of
RPV steels at 1000 Hz and 20 Hz are presented in Fig. 1.
Increasing the test frequency from 20 Hz to 1000 Hz generally
resulted in a shorter fatigue life. Specifically, the fatigue en-
durance limit at 20 Hz seems to be higher than that at 1000 Hz.
Thermography detection results show that during fatigue test-
ing, the temperature evolution at 1000 Hz (Fig. 2) is much
higher than that at 20 Hz (Fig. 3), which could contribute to the
lower fatigue life at 1000 Hz than at 20 Hz. The details of the
temperature profiles have been discussed in previous work.[26]

The temperature profile (Fig. 3) was plotted in Fig. 4 on a
log scale of fatigue cycles for the 20 Hz fatigue test with an R
ratio of 0.2 and maximum stress level of 640 MPa. The tem-
perature profile in Fig. 4 was recorded at the midpoint of the
specimen gage-length section using the IR camera at a high
speed of 120 Hz (compared with a low speed of 0.1 Hz used in
Fig. 3). In Fig. 4, an initial increase in the temperature from

23.7-28.5 °C, followed by a temperature decrease (i.e., a
temperature hump) in the first 100 cycles, was observed, which
did not show up in Fig. 3 due to the lower camera speed,
compared with Fig. 4. Also, 100 cycles are too short to be
noticed on a normal scale in Fig. 3. After the hump, the tem-
perature approached a steady state of about 27 °C due to the
thermal equilibrium between the specimen and the environ-
ment. Next, the temperature increased abruptly from approxi-
mately 27-46 °C until the specimen broke due to the heat
from the large plastic deformation at the crack tip. Following
that, the sample failed, and the temperature dropped.

3.2 Temperature Hump

In Fig. 5, the dashed line represents the amplified hump in
Fig. 4. In Fig. 5, at the first stage, a slight temperature decrease
within the first 0.7 s is due to the thermoelastic effect, as
discussed later. Then, the temperature rose rapidly from the
first fatigue cycle at approximately 0.7 s and a temperature of

Fig. 1 Fatigue results of reactor pressure vessel steel

Fig. 2 Temperature profile of reactor pressure vessel steel during
1000 Hz fatigue testing, taken at an IR camera speed of 0.2 Hz
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23.7 °C, and reached a maximum of 28.5 °C at about 2 s. After
that, the temperature decreased gradually to a relatively con-
stant value. However, if the test was stopped after the tempera-
ture had become stable, and then restarted, no temperature
hump was observed, and the corresponding results were plotted
as a solid dark line in Fig. 5. Note that in both tests shown by
the dashed and solid lines, temperature oscillations within the
range of approximately less than 0.6 °C were observed within
each fatigue cycle.

Since the mean temperature variation is closely related to
the plastic deformation,[21,22] a reasonable explanation for the
presence of the temperature hump can be obtained from the
stress-strain curve in Fig. 6. This is a typical stress-strain curve
for the tension-tension fatigue test. Corresponding to the tem-

perature rise from approximately 0.7 s to 2 s in Fig. 5, the
stress-strain curve in Fig. 6 moved from the first cycle to 26
cycles, and the plastic strain increased from 0 to nearly the
saturated value of about 4.7%. During this period, a large
amount of heat was generated from the large plastic deforma-
tion, and the temperature of the sample increased quickly.
Moreover, the yielding phenomenon of RPV steels was ob-
served in the uniaxial tensile test (Fig. 7), which contributed to
large plastic (or inelastic) strains (Fig. 6), and, in turn, more
heat was generated. However, after that (the first 26 cycles),
relatively little plastic strain occurred due to the strain-
hardening effect (Fig. 6), and the temperature decreased when
the heat inside the sample was conducted to the environment,
and finally reached a relatively constant value due to the ther-
mal equilibrium between the heat generation of the specimen
subjected to cyclic loading and the environment. Note that in
Fig. 6, the maximum stress level was lower than 640 MPa for
the first several cycles because the fatigue machine needs some
time to stabilize the stress level at the beginning of the fatigue
testing.

Fig. 3 Temperature profile of reactor pressure vessel steel during 20
Hz fatigue testing, taken at an IR camera speed of 0.1 Hz

Fig. 4 Temperature profile of reactor pressure vessel steel during 20
Hz fatigue testing, taken at an IR camera speed of 120 Hz

Fig. 5 Temperature versus time profiles of reactor pressure vessel
steel tested at 20 Hz, �max � 640 MPa, taken at an Ir camera speed of
120 Hz

Fig. 6 Stress versus strain profiles of reactor stress versus strain
tested at 20 Hz, �max � 640 MPa

Journal of Materials Engineering and Performance Volume 12(3) June 2003—347



If the fatigue test is terminated and restarted, little heat will
be generated from the plastic deformation because the plastic
strain has already saturated. Thus, there will be no rapid tem-
perature rise in the first 100 cycles, as indicated by the solid
lines in Fig. 5. This trend shows a good correspondence be-
tween the temperature evolutions and the stress-strain charac-
teristics during fatigue.

4. Theoretical Modeling

Generally, in a fatigue test without outside heat sources, the
variation of the specimen temperature can be explained by
three factors[19-23]: (1) the thermoelastic effect, (2) the inelastic
effect, and (3) the heat-conduction effect. Note that the ther-
moelastic effect contributes to the temperature oscillation,
while the inelastic and heat-conduction effects play a dominant
role in affecting the mean-temperature change.

In the following text, a model combining the thermoelastic,
inelastic, and heat-conduction effects will be formulated. Spe-
cifically, the temperature profile during fatigue will be pre-
dicted and compared with the experimental data.

4.1 Thermoelastic Effect

During fatigue, the temperature was initially observed to
decrease in an amount proportional to the increase of the stress
in the ramp-up period, and then fluctuate regularly in a sinu-
soidal wave at the same frequency as the stress cycles (Fig. 5).
The amplitude of the temperature oscillation is about 0.5 °C
(Fig. 5). To explain these phenomena, a quantitative stress
analysis by means of the thermoelastic effect needs to be de-
veloped.

The basic relationship among the entropy, temperature, and
energy can be derived[18-20] from the laws of thermodynamics
in the form:

ds =
1

T

�U

�T
dT − �

ij
��ij

�T
d�ij with i, j = 1, 2, 3 (Eq 1)

where s is entropy, U is the internal energy, T is the absolute
temperature, �ij is the stress component, and �ij is the strain
component.

The basic equations of the stress, strain, and temperature
are:

�ij = 2G��ij +
v

1 − 2v
e�ij −

1 + v

1 − 2v
��T�ij� (Eq 2)

E = 2G�1 + v� (Eq 3)

where G is the shear modulus, � is Poisson’s ratio, E is the
Young’s modulus, � is the coefficient of linear expansion, �T
is the temperature change, �1, �2, and �3 are the principal strain
components, e � �1 + �2 + �3, and �ij � 〈1(i � j) |0(i 	 j)〉.

Considering

�U

�T
=

�Q

�T
= C�
,

where 
 is mass density and C� is the heat capacity at constant
strain, and combining Eq 1-3, the following equation can be
derived:

s =
C�
�T

T
+

E

1 − 2v
��1 + �2 + �3� (Eq 4)

where C� is the heat capacity under constant strain, and 
 is the
density.

For a constant pressure,

Q = H = Ts = C�
�T +
ET

1 − 2v
��1 + �2 + �3� (Eq 5)

where Q is heat and H is the volumetric Helmholtz free energy.
The relationship between Cp, the heat capacity at a constant

pressure, and C� is:

Cp − C� =
3E�2T


�1 − 2��
(Eq 6)

Combining Eq 2, 3, 5, and 6 gives:

Q = Cp
�T + T���1 + �2 + �3� (Eq 7)

where �1, �2, and �3 are the principal stress components.
Under adiabatic conditions, Q � 0,

�T = −
T�

Cp

��1 + �2 + �3� = −KT��1 + �2 + �3� (Eq 8)

where K is the material constant, and equals

�

Cp


While the absolute temperature of the material does not
change sharply during each fatigue cycle, the temperature will

Fig. 7 Stress versus strain curve of reactor pressure vessel steel dur-
ing tensile testing
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fluctuate in an amount proportional to the sum of the principal
stresses, which has been observed in our uniaxial fatigue
test.[30,31] In Eq 8, increasing the stress decreases the tempera-
ture, while decreasing the stress increases the tempera-
ture.[30,31]

4.2 Inelastic Effect

The thermoelastic effect, the heat from the plastic deforma-
tion, and the yielding phenomenon in Fig. 6 and 7 all contribute
to the temperature-rise region of the hump during the first 100
fatigue cycles in Fig. 5 and 6. To quantify the heat-generation
phenomenon of an elastic-plastic material during high-cycle
fatigue, the following assumptions have been made:

1) Consider an isotropic, long, and slender bar, which is sub-
jected to a homogeneously applied deformation field such
that the resulting stress field is everywhere uniaxial in one
dimension.

2) Only a fixed system of one-dimensional axis along the lon-
gitudinal direction of the cylindrical test bar will be con-
sidered.

Thus, considering only the plastic-strain contribution and
neglecting the thermoelastic effect and thermal expansion, the
basic thermodynamic equation[30] becomes:


Cp

�T�x,t�

�t
= k

�2T�x,t�

�x2 + � (Eq 9)

where � is the constant heat generation rate due to the inelastic
deformation, k is the thermal conductivity, t is the time, x is the
specimen gage-length dimension.

If considering only the thermoplastic effect, Eq 9 can be
simplified to:


Cp

�T�x,t�

�t
= � (Eq 10)

Since

W = ��dt = ��d�,

where � is the stress and � is the strain, integrating Eq 10 with
time gives:


Cpi = �
�min

�max
�ud� − �

�min

�max
�l d� = Ai (Eq 11)

where  is the temperature change due to the thermoplastic
effect for each fatigue cycle, �min and �max are the minimum
and maximum strains, respectively, of the hysteresis loop, �u

and �l refer to the stresses in the upper and lower parts of the
hysteresis loop, A is the area of each hysteresis loop, and i
represents the number of each fatigue cycle.

4.3 Heat-Conduction Effect

To provide a better prediction of the thermography results,
the heat-transfer effect needs to be considered. For RPV steels
tested in air, two heat-transfer processes are involved. One is
the heat conduction between the specimen and the main body
of the MTS machine through grips and the other is the heat
transfer between the specimen and the air around it. However,
since the heat capacity of steel far exceeds that of air, it is
reasonable to ignore the heat transfer to the air.

For steady one-dimensional conduction without energy con-
version, the basic heat conduction equation is:


Cp

�T

�t
= k

�2T

�x2 (Eq 12)

The specimen is held by a pair of grips that are loaded on
the machine. For the continuity of the one-dimensional heat-
conduction model, the length of the grips and non-gage section
of the specimen need to be converted into an effective length of
material with the same cross-sectional area as the gage section.
The key is that the heat passing through a cross section should
be the same before and after conversion. As for the inclusion of
the heat-conduction effect, the temperature in the main body of
the machine is equal to room temperature, and the length of the
grips (20.32 mm) and non-gage length of the specimen (3.83
mm) are converted into an effective length of 14.05 mm with
a diameter of 5.08 mm (the same as the gage diameter of the
specimen).[31] Considering that the specimen is a homogeneous
round bar, and assuming that the temperature gradient is con-
stant with x-axis, a simplification can be made as follows:

�T

�x
=

T − T0

�x
(Eq 13)

where T0 is the room temperature of 24 °C, and �x is the
effective length from the center of the specimen to the end of
the grip.

Since:

k
�T 2

�x2 = k

��T − T0

�x �
�x

= k
1

�x

�T

�x
(Eq 14)

Using Eq 13 and 14, Eq 12 can be converted into:

�T

�t
= k

1

��x�2
Cp

�T − T0� (Eq 15)

In the following section, the thermoelastic, thermodynamic,
and heat-transfer effects will be combined to predict the tem-
perature evolutions versus the number of cycles curves, includ-
ing the temperature variations in the first 100 cycles. The tem-
perature evolutions will be predicted using the stress and strain
data during fatigue cycles and compared with the experimental
data.
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4.4 Comparisons of Experimental Results and Theoretical
Predictions

The relevant material constants of the RPV steel are:

Linear thermal expansion coefficient: � � 1.1 × 10−5 /°C
Density: 
 � 7.8 g/cm3

Specific heat at a constant pressure: Cp � 0.48 J/g · °C
Thermal conductivity: k � 50 W/(m K)

Combining the calculation of the thermoelastic, inelastic,
and heat-transfer effects using Eq 8, 11, and 15, the theoretical
temperature profile of the whole temperature hump is predicted
in Fig. 8. The detailed calculation has been given in Ref. 31. In
this figure, the theoretical model predicts the temperature
hump, which is in good agreement with the experimental data.
However, the predictions and experimental results in the tem-
perature-decrease part do not fit each other exactly. The devia-
tion can be explained by the fact that the present heat-
conduction model is a simplified model, while the real heat
transfer between the specimen and environment is much more
complicated (e.g., the heat transfer between the specimen and
the surrounding air, and the temperature gradient not being
exactly constant along the x-axis). Also, for the first two fatigue
cycles, the predicted and measured results do not fit each other
closely, which can be explained as follows. The surface and the
center of the sample have not reached a uniform thermody-
namic state at the very beginning of the test. The surface tem-
perature can be more easily dissipated, relative to the interior of
the sample. Thus, the measured surface temperatures of the test
specimen by thermography can be lower than the predicted
values.

4.5 Back Calculation

In the previous section, the prediction of the temperature
profiles during fatigue has been conducted using the stress-
strain data. In this section, the back calculation from the tem-
perature to stress and strain state will be performed and thus the
deformation behavior of RPV steels will be determined from
thermography.

From the temperature profile in Fig. 5, we can easily cal-
culate the stress state by the thermoelastic effect. At the ramp-

up period of fatigue testing, the stress increases from zero to
the mean stress of the fatigue testing. At the same time, the
normalized temperature decreases from 24 °C to 23.67 °C (Fig.
5). The mean stress can then be calculated by Eq 8 as:

��max + �min

2 � =
�T1 − T0�

−KT0
(Eq 16)

where �max and �min are the maximum and minimum stresses,
respectively, and T1 is the specimen temperature at the end of
the ramp-up period, which equals to 23.67 °C.

At the constant temperature region, a temperature oscilla-
tion (�Tosci) of 0.46 °C can also be expressed by the equation
below:

�Tosci = −KT��max − �min� (Eq 17)

Thus,

��max − �min

2 � =
�Tosci

−2KT
(Eq 18)

Using Eq 16 and 18, the maximum stress and the minimum
stress were then calculated as 638 MPa and 123 MPa, which is
very close to the nominal stress level in the test (�max � 640
MPa and �min � 123 MPa). The elastic strain during fatigue
can then be calculated easily by the equation:

�e = ��E (Eq 19)

where �e is the elastic strain.
However, the inelastic strain of the specimen cannot be

directly obtained from the original temperature profile because
the mean temperature change is determined not only by the
inelastic effect but also by the heat-conduction effect. Thus, the
first step to calculate the inelastic strain will be to subtract the
heat-conduction effect from the original temperature profile.

For each data point recorded in the fatigue test, the time
interval, �t, is 0.00483 s. If we consider dt ≈ �t � 0.00483 s,
Eq 15 becomes:

dTj = k
1

�x2
Cp

�Tj − T0�dt (Eq 20)

where j represents the jth experimental temperature data point,
and dTj is the temperature correction due to the heat-
conduction effect for each fatigue data point.

Using Eq 20 to subtract the heat conduction effect from the
original temperature profile, the temperature for each data
point becomes:

Tjc = Tj + �
n=1

j

dTn (Eq 21)

where Tjc is the temperature after the subtraction of the heat-
conduction effect.

The new back-calculated temperature profile without the
heat-conduction effect (Fig. 9), is in contrast with Fig. 8, when

Fig. 8 Measured and predicted temperature evolutions of RPV steel
during fatigue testing at 20 Hz, �max � 640 MPa
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the presence of the heat-conduction effect causes the decrease
of the temperature following the attainment of the maximum
temperature, as mentioned before. In Fig. 9, the solid line is the
back-calculated temperature profile without including the heat-
conduction effect, while the dashed line is the predicted tem-
perature profile using the stress-strain data before the heat-
conduction correction. From the figure, the back-calculated
temperature profile is in good agreement with the theoretical
prediction.

The subtraction of two adjacent peak temperatures of each
fatigue cycle can be directly related to the heat generated dur-
ing each fatigue cycle. Then, Eq 11 can be rewritten as follows:


Cp�Tk+1 − Tk� = �
�min

�max
�u d� − �

�min

�max
�l d� = Ak ≈ �max × �ink

(Eq 22)

Where k represents the kth cycle, Tk is the peak temperature of
the kth cycle, Ak is the area of the hysteresis loop of the kth
cycle, and �ink

is the inelastic strain of the kth cycle.
Thus, the inelastic strain that is generated in each hysteresis

loop can be calculated by:

�ink
=


Cp�Tk+1 − Tk�

�max
(Eq 23)

Figure 10 represents the measured and predicted inelastic
strain changes during fatigue testing. The solid line is the ex-
perimental results, whereas the dashed line shows the predicted
results. The experimental and predicted results are in reason-
ably good agreement. However, since the temperature for the
first two cycles does not meet the theoretical model well (Fig.
8), and the real stress was not very stable for the first 10 cycles,
which has been discussed before, the predicted data do not fit
the experimental data well for the first several cycles. How-
ever, after 10 cycles, both curves match each other well. And
the trends of the two curves are similar: for the first 4 cycles,
the inelastic strain increases due to the yielding phenomenon;

after 4 cycles, the inelastic strain decreases, material is strain
hardening. Thus, the temperature profile appears to be able to
be used to predict the inelastic behavior during fatigue in light
of the back-calculation scheme.

5. Conclusion

A high-speed and high-sensitivity thermographic IR detec-
tion system has been applied to investigate the relationship
between the temperature evolutions and fatigue behavior of
RPV steels during 20 Hz and 1000 Hz fatigue testing. The
temperature profiles during fatigue can be divided into five
stages (Fig. 11): (1) an initial temperature increase due to the
yielding phenomenon and plastic deformation; (2) the tempera-
ture decrease resulting from the heat-conduction effect; (3) a
constant temperature region owing to the equilibrium between
the material and the environment; (4) an abrupt increase re-
sulting from the large plastic deformation and stress concen-
tration at the tip of a macrocrack; and (5) a final drop due to the
separation of the specimen. The constant temperature region
during the 1000 Hz fatigue test can reach above 95 °C, relative
to approximately 25 °C at 20 Hz. The much higher temperature
could contribute to a shorter fatigue life at 1000 Hz than 20 Hz.

The temperature variations during fatigue can be modeled
by incorporating three factors: (1) thermoelastic effect, (2) in-
elastic effect, and (3) heat-conduction effect. In a fatigue test
without the applied heat source, the oscillation of temperature
during fatigue can be explained by the thermoelastic effect,
while the increase in the mean temperature is mainly caused by
the inelastic effect with the consideration of heat conduction. A
theoretical model has been developed to simulate the tempera-
ture profiles during fatigue. Moreover, the model can be used
to back-calculate the stress-strain state from the experimental
temperature profiles. The predicted results were found to be in
good agreement with the experimental data. Above all, using
the temperature profile to back calculate the stress-strain state
provides a new method of analyzing and investigating the fa-
tigue behavior of a material by simply monitoring its tempera-
ture evolutions.

Fig. 9 Back-calculated and predicted temperature profiles without
including the heat-conduction effect of reactor pressure vessel steel
tested at 20 Hz, �max � 640 MPa, and R � 0.2

Fig. 10 Predicted and measured inelastic strain versus number of
cycles profiles of reactor pressure vessel steel tested at 20 Hz, �max �
640 MPa, and R � 0.2
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