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A B S T R A C T

The plasticity of metals leads to an internal heat generation during fatigue testing. Therefore, qualitative and
quantitative thermography are widely accepted for assessing fatigue damage. The onset of significant heat
generation and temperature rise is usually attributed to the fatigue limit of a material. Now, a 40-year-old
but just rarely used measurement technique using NTC thermistors is used to reveal the temperature profile
in a specimen. A direct comparison with modern thermographic methods exposes the much higher resolution
of this simple and inexpensive method. This method provides the much desired ability to assess fatigue limit
rapidly and efficiently with only one specimen, even for homogeneous materials and materials conditions with
high thermal conductivity or even for small specimen volumes, in a valid and very reliable manner.
1. Introduction

Fatigue damage of metals is by nature a progressive process of ongo-
ing reversible and irreversible deformation and damage accumulation.
Fatigue testing becomes more critical the closer one moves from high
load amplitudes and few cycles to failure (LCF, low cycle fatigue) into
the fatigue limit regime (HCF, high cycle fatigue), because the crack
initiation phase becomes more and more life-determining [1].

However, the crack initiation phase is afflicted by a large statistical
scatter. Therefore, to determine the fatigue limit, a large number of
specimens must be tested for a very high number of load cycles. At
the same time, the test frequency is often limited by strain rate effects
or severe specimen heating up through dissipation processes within
the plastically deformed microstructure. In combination, this leads to
disproportional costs just to determine one material parameter, the
fatigue limit. The standard methods are very time-consuming and as a
results, an efficient material development might be delayed. Therefore,
the one-specimen test for the fatigue limit is like the holy grail of fatigue
testing.

For this purpose, it is necessary to detect a change in the specimen,
i.e. to obtain a signal from the specimen that clearly indicates when
fatigue damage starts. Static material parameters as the yield strength
are not easily transferable because long before the macroscopic yield
strength is reached, microplasticity already occurs, which can accumu-
late into damage during fatigue. The well-known Bauschinger effect [2]
makes this also clear beyond doubt.
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Plastic deformation leads to irreversible changes in the microstruc-
ture of a material. This irreversibility becomes evident in the stress–
strain hysteresis. In the LCF case, the hysteresis loop area is large and
easy to measure just e.g. with a standard clip-on extensometer. But, in
the HCF regime, that is characterized by global elastic and just local
plastic behavior, it is hardly possible to determine the hysteresis loop
area with the measuring and testing techniques known at present. Since
the irreversible deformation work is essentially heat dissipated [3] (see.
Section 2), it is obvious to use thermometry to determine the quantita-
tive amount of heat generated per unit volume and per oscillation cycle
and contrast it to the stress amplitude applied.

The correlation of damage and the evolution of the specimen tem-
perature is not new. In 1914, C. E. Stromeyer attempted to relate the
fatigue limit of steel to the dissipated energy. For this purpose, he
determined the change in temperature of water, which he let flow
continuously through a sample [4]. Until the 1950s, there were a large
number of publications regarding the correlation of thermometry, en-
ergy dissipation and fatigue limit [5]. As the resolution of temperature
senors increased, the measurement accuracy of thermometry improved
significantly.

Basic work on the combination of an incremental load increases
test (LIT) with quantitative thermometry (QT) using thermistors with
negative temperature coefficient (NTCs) was done by Klaus Staerk, but
only published in German [6,7]. Although no one has continued up his
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seminal work, the resolution of his method is unsurpassed to this day
as shown in the following sections.

In the following years, the measurement of the temperature rise
in the middle of the strut of a specimen compared to the specimen
shoulders, mostly tempered by thermostats, came to the fore, mainly for
axial tension. The simple use of new thermographic cameras compared
to thermocouples and NTCs promoted this method. However, the lim-
ited thermal resolution of thermography and thermocouples with some
10 mK is several orders of magnitude worse than the thermal resolution
of NTCs.

The common meaning quickly developed that damage is accompa-
nied by an initial temperature rise in the center of the specimen [8]
and that a temperature rise below the fatigue limit is negligible [9]. Up
to the onset of localized failure, Meneghetti stated in 2007 that under
the assumption that the temperature in the center of the specimen
were a suitable parameter for describing the fatigue behavior, the
specimen should also always fail there [10]. But, this is known not to
be the case. Excluding inhomogeneities in the specimen material, the
temperature in the center of the specimen can, however, be determined
as an approximation for the curvature of the temperature profile, on
the supposition that the boundary conditions, i.e. the temperature at
the clamping, and so the heat conduction, are symmetrical.

Guo et al. achieved a breakthrough in 2015 by fitting the tempera-
ture profiles from a high-resolution thermographic measurement with
the steady-state solution of the heat equation [11]. Like Klaus Staerk
already reported in 1982, they were able to show that significant heat
is already generated during the LIT even at load steps below the fatigue
limit. This non-damaging heat generation can be attributed to anelastic
effects such as the Snoek effect [12] or dislocation oscillation [13].

However, the aim of this study is to reveal the benefits of QT using
thermistors in the direct comparison with thermographic methods.
The evaluation based on a simplified heat equation is contrasted to a
more complex evaluation based on curve fitting. The limitations and
challenges of the methods are highlighted.

2. Materials and methods

2.1. Thermodynamic background

From the mechanical and thermodynamic point of view, fatigue is
usually considered as a dissipative, quasi-static process. Most of the
dissipated energy is released as thermal energy, considered as heat
generation, causing the temperature of the material to increase.

Combining the first and the second principles of thermodynamics
provides the heat equation assuming the mass density 𝜌 = 𝜌(𝐫, 𝑡) =
𝑐𝑜𝑛𝑠𝑡. and heat capacity 𝐶 = 𝐶(𝐫, 𝑡) = 𝑐𝑜𝑛𝑠𝑡. being material constants
and independent of the thermodynamic state and 𝑇 = 𝑇 (𝐫, 𝑡) being the
temperature at a point 𝐫 at time 𝑡 [14] gives

𝜌𝐶�̇� − ∇ (𝑘(𝐫)∇𝑇 ) = 𝑑1(𝐫, 𝑡) + 𝑠𝑡ℎ𝑒(𝐫, 𝑡) + 𝑠𝑖𝑐 (𝐫, 𝑡) + 𝑟𝑒𝑥𝑡(𝐫, 𝑡) (1)

with the material’s heat conduction tensor 𝑘, the internal coupling
source 𝑠𝑖𝑐 , the external heat supply 𝑟𝑒𝑥𝑡, the thermoelastic source 𝑠𝑡ℎ𝑒
and the mechanical dissipation source 𝑑1. The left-hand side of Eq. (1)
describes a second-order linear differential equation of the temperature
whereas the right-hand-side groups all the heat supplies to the thermo-
dynamic state of the system. Considering the system with the Helmholtz
free energy 𝛹 as its thermodynamic potential in an equilibrium state
the system is characterized by a set of state variables being 𝑇 , the strain
tensor 𝜀 as the sum of the elastic and plastic strain tensors (𝜀𝑒𝑙 + 𝜀𝑝𝑙)
and a vector of n internal variables 𝛼𝑖. Then the intrinsic mechanical
dissipation source 𝑑1(𝐫, 𝑡) is

𝑑1 =
(

𝜎 − 𝜌 𝜕𝛹
𝜕𝜀𝑒𝑙

)

∶ �̇�𝑒𝑙 − 𝜌 𝜕𝛹
𝜕𝛼

⋅ �̇� (2)

The thermoelastic effect generates heat as

𝑠𝑡ℎ𝑒 = 𝜌𝑇 𝜕2𝛹 ∶ �̇�𝑒𝑙 (3)
2

𝜕𝑇 𝜕𝜀𝑒𝑙
The internal coupling source is

𝑠𝑖𝑐 = 𝜌𝑇 𝜕2𝛹
𝜕𝑇 𝜕𝛼

⋅ �̇� (4)

The internal coupling source 𝑠𝑖𝑐 is assumed to vanish because an
effect of the fatigue on the microstructural state can be neglected for the
small temperature changes in this investigation before crack initiation.
Hence, fatigue is considered to be a purely dissipative process [15].

The external heat supply 𝑟𝑒𝑥𝑡 is considered to be time-independent
and is vanishing [14,16]. The heat conduction tensor is assumed to be
constant, even for changes in temperature, 𝑘𝑖𝑗 = 𝑘𝛿𝑖𝑗 hence Eq. (1)
simplifies to

𝜌𝐶 𝜕𝜃
𝜕𝑡

− 𝑘𝛥𝜃 = 𝑠 = 𝑠𝑡ℎ𝑒 + 𝑑𝑖 (5)

Here 𝛥 denotes the Laplace operator and 𝜃 the temperature variation
𝑇 − 𝑇0.

The heat source estimation throughout a 3D specimen is an ill-posed
problem and hence it is impossible to solve without information on
the heat source distribution. Boulanger et al. assumed that the surface
temperature equals the average depth-wise temperature distribution
and so, a mean heat source over each specimen cross section [14].
Integrating Eq. (5) delivers

𝜌𝐶

(

𝜕𝜃
𝜕𝑡

+ 𝜃
𝜏1𝐷𝑡ℎ

)

− 𝑘 𝜕
2𝜃

𝜕𝑥2
= 𝑠 (6)

𝜏1𝐷𝑡ℎ describes the heat exchange through the specimen surface with
its surroundings by radiation and convection. In a nutshell, Eq. (6)
describes the 1-dimensional temperature profile on the surface of a flat
specimen gauge length measurable by thermography in a temperature-
controlled room assuming that the surface temperature is representa-
tive and that the specimen is not heated up too much during fatigue
(no fatigue heat treatment).

If we consider e.g. a sinusoidal load function with the start time 𝑡𝑖 of
a load cycle 𝑖 and the frequency 𝑓 , the terms in Eq. (6) can be averaged.

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑑1(𝑖) = 𝑓 ∫ 𝑡𝑖+1∕𝑓
𝑡𝑖

𝑑1(𝜏)𝑑𝜏

�̄�(𝑥, 𝑖) = 𝑓 ∫ 𝑡𝑖+1∕𝑓
𝑡𝑖

𝜃(𝑥, 𝜏)𝑑𝜏

∫ 𝑡𝑖+1∕𝑓
𝑡𝑖

𝑠𝑡ℎ𝑒(𝜏)𝑑𝜏 = 0

∫ 𝑡𝑖+1∕𝑓
𝑡𝑖

𝜕𝜃(𝑥,𝜏)
𝜕𝜏 𝑑𝜏 = 0

(7)

Eq. (6) further simplifies to

𝜌𝐶
�̄�(𝑥, 𝑖)
𝜏1𝐷𝑡ℎ

− 𝑘
𝜕2�̄�(𝑥, 𝑖)
𝜕𝑥2

= 𝑑1(𝑖) (8)

For a given load cycle i, Eq. (8) is a second-order linear differ-
ential equation with coordinate-independent coefficients. The general
solution is of kind

�̄�(𝑥, 𝑖) = 𝐴1(𝑖)𝑒𝑏𝑥 + 𝐴2(𝑖)𝑒−𝑏𝑥 + 𝐴3(𝑖) (9)

ith

3(𝑖) =
𝜏1𝐷𝑡ℎ 𝑑1(𝑖)

𝜌𝐶
(10)

and

𝑏 =
√

𝜌𝐶
𝑘𝜏1𝐷𝑡ℎ

(11)

So, the heat generated per load cycle 𝑞 is given by

𝑞 =
𝑘𝑏2𝐴3(𝑖)

𝑓
(12)

and can be evaluated by a 1D linear regression fit of the temperature
profile of the sample gathered by thermography. If the temperature
profile is not measured by thermography, the specimen surface can be
thermally isolated using e.g. foamed up polyurethane. Then 𝜏1𝐷 tends
𝑡ℎ
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to infinity because temperature exchanges with the specimen’s sur-
roundings by convection and radiation vanish. Eq. (8) further simplifies
to

𝑑1(𝑖) + 𝑘
𝜕2�̄�(𝑥, 𝑖)
𝜕𝑥2

= 0 (13)

A simple polynomial solution is given by

�̄�(𝑥, 𝑖) = −
�̇�
2𝑘

𝑥2 + 𝑚𝑥 + 𝑛 (14)

For 3 distinct measuring points for the temperatures using NTCs 𝑇1,
𝑇2, 𝑇3, at positions for example 𝑠1 at the lower end of the gauge length,
𝑠2 in the middle and 𝑠3 at the upper end of the gauge length �̇� can be
determined by [17]

𝑞 = �̇� ⋅ 1
𝑓

= 2𝑘
𝑓

(𝑇3 − 𝑇2) ⋅ 𝑠3 + (𝑇2 − 𝑇 1) ⋅ 𝑠1
𝑠1𝑠3(𝑠3 − 𝑠1)

(15)

Using 5 measuring point can further improve the fit to the temper-
ature profile assumed to be parabolic but this evaluation is not part of
this study because the specimen tested were too small for more than 3
NTCs.

2.2. Measurement of temperature profiles

Step-wise and continuous LITs were performed using a resonance
testing machine Rumul Mikrotron from Russenberger Pruefmaschinen
AG, Neuhausen am Rheinfall, Switzerland. The specimens were tested
with stress ratios 𝑅 of 0.1 and -1.

If the load amplitude increases, the specimen temperature (in the
middle) initially rises, but reaches a steady-state value after a minimum
number of load cycles [10,16]. The number of load cycles at each
load step was chosen to achieve this steady-state temperature. This
temperature is used for evaluating the curvature of the temperature
profile and thus for determining the heat generated per load cycle 𝑞.
𝑞 is then assigned to the respective stress amplitude.

All tests were carried out at room temperature of 25 ◦C.

2.2.1. Temperature profiles from NTCs
The temperature measurements were performed with miniature

thermistor from TE (type GAGA10KM3499J15). Due to its small size
(< 0.4 mm) and high resolution (±0.01 Ω) compared to its reference
resistance of 10 kΩ, a very local detection of the temperature with out-
standing temperature resolution is possible. Since NTCs have a variance
in their characteristic curves, a temperature-resistance calibration had
to be carried out for each thermistor. The reacting time of these small
NTCs is below 1 s and allows even for fast measurements without a
noteworthy delay.

In order to calibrate the NTCs, the NTCs were packed inside small
polymer foil bags and immersed in tempered water in a thermostat
bath. The temperature of the water bath is additionally measured
by a calibrated high resolution mercury thermometer. A temperature
range of 25 ◦C to 45 ◦C was selected for the water temperatures. The
temperature was adjusted in steps of about 5 ◦C.

The characteristic equation is calculated according to

1
𝑇 (𝑅)

= 𝐴′ + 𝐵′ ln
(

𝑅
𝑅0

)

+ 𝐶 ′ ln
(

𝑅
𝑅0

)2
+𝐷′ ln

(

𝑅
𝑅0

)3
(16)

with 𝑅 being the electric resistance at temperature 𝑇 and 𝑅0 the
reference resistance at 25 ◦C.

Since only a very small temperature increase occurs when the
fatigue limit is exceeded, the characteristic curve can be linearized. This
was done with by a Taylor series at the starting temperature, which is
finished after the linear term (see Fig. 1). As a result, the measurements
errors increases for the high stress amplitudes. For the fatigue limit
regime, the temperature increase is that small, that an error of less than
1% can be ignored (see Fig. 2).

When applying the NTCs, special care must be taken to ensure
that the fatigue strength is not impaired and that a support as stable
3

Fig. 1. Fit of Eq. (16) to calibration data sets of temperature and electrical resistance of
3 NTCs on one specimen to get the characteristic curve. The Taylor series approximation
is added.

Fig. 2. Comparison of the temperature calculated by Eq. (16) 𝑇 and the approximation
by a Taylor series 𝑇𝑇 𝑎𝑦𝑙𝑜𝑟 for the NTCs at the top and bottom position (red, blue
line) and the middle position (black line) of a coarse-grained Ni specimen. The
bottom temperature is below the top temperature in all tests carried out because the
heat conduction boundary conditions were asymmetrical for our testing setup at the
resonance testing machine. The calculated error for the heat generated per load cycle
𝑞 from Eq. (15) by using the Taylor approximation. The temperature evolution for
each load step of the step-wise LIT indicates cyclic softening. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

as possible is created. The thermistors were applied to flat tensile
specimens in form of a layered composite. This provides the advantage
that the composite could easily be re-used for a number of tests and
specimens.

For this purpose, an electrical insulating Mylar foil was glued to the
specimen surface with a thin layer of cyanoacrylate. The insulating foil
must be as thin as possible to achieve a fast reacting time. The three
NTCs were then applied to the film using double-sided adhesive tape.
To protect the NTCs, another layer of insulating film was then applied
(Fig. 3). For the round tensile specimens, the application was carried
out by a layer of insulating foil and by embedding the NTC in adhesive
tape. The specimens with the adapted NTCs were thermally isolated
using foamed up polyurethane pipe insulants.

The electrical resistances of the NTCs were measured using standard
digital multimeters, Keithley DMMs with a resolution of less than
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Fig. 3. NTC setup for attachment to the specimens, (a) schematic and (b) fixed to a flat tensile specimen.
10 mΩ, readout with LabVIEW® via a GPIB2USB adaptor. The data
evaluation was done with MATLAB®.

2.2.2. Thermography
Thermographic images were acquired with 1 fps and 382 x 288

pixel2 in the full window mode with an infrared imaging system (Micro-
Epsilon thermoIMAGER TIM 450) with a thermal sensitivity of 0.04 K
at room temperature. In order to have a good emissivity the specimens’
surface was coated with graphite spray. To have stable temperature
conditions and to reduce heat conduction and interference radiation,
the setup was shielded using paper fleece sheets.

The temperature profiles along the specimens’ gauge length resulted
from averaging the temperature data along the width of the flat tensile
specimens.

2.3. Materials

For the fatigue tests, macro-round tensile specimens were prepared
from S235JR (1.0038 steel) and 1.0314 steel and flat tensile speci-
mens from S235JR. Flat specimens from Ni serve as reference material
for calibration measurements. All specimen geometries were designed
according to ASTM standard E466-07.

Noteworthy microstructural changes in the materials due to heating
up during fatigue can be excluded because the maximum temperature
during fatigue was well below 30 % of the homologous temperature.

All specimens were ground and polished to 1 μm using SiC pa-
pers and polycrystalline diamond polishing suspensions to avoid an
influence of the specimen’s surface state on the crack initiation and
therefore, the fatigue strength.

3. Results

The results from the thermographic temperature profile measure-
ment are shown in Fig. 4. The double-exponential fit from Eq. (12) is
in very good agreement with the raw temperature data, averaged along
the specimen width in order to reduce noise.

Fatigue of metals results in an advancing increase in temperature
in the middle of a tensile specimen and, due to thermal conduction
to the specimen’s shoulders and to the clamping, in a parabolic or
double-exponential temperature profile (see Figs. 5 and 4). In case of
asymmetrical thermal boundary conditions, such as un-cooled clamp-
ings, the profiles are asymmetrical concerning the specimen’s geometry.
If the thermal conductivity is high, the increase of temperate is less
pronounced due to a large heat flux. If the specimen is small, less heat
is generated and the increase in temperature is also small. Since the
specimen temperature follows directly from the heat generated per load
cycle and the heat loss through heat flux per time, the temperature
in the middle of the specimen also decreases with decreasing test
frequencies. Hence, for small specimens even with a parallel length of
4

Fig. 4. Temperature profile at 180 000 load cycles for coarse-grained Ni measured by
thermography, averaged along the specimen width. A double-exponential fit is in good
agreement with the raw temperature data. 𝑞 follows from Eq. (12).

Fig. 5. Evolution of the specimen steady-state temperature of S235JR steel measured
at 3 distinct points by NTCs during LIT, interpolated by Eq. (14), profiles are shown
for stress levels between 130 MPa and 210 MPa in steps of 10 MPa.
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Fig. 6. 𝜎𝑎 − 𝑞 data from 1.0314 steel at 𝑅 = −1, cyclic softening is visible in each
load step (red curve) from an severe increase in 𝑞 after a load increase, followed by a
relaxation to the steady-state. After the transition to failure accumulation, no steady-
state is reached during the last step, the last 105 load cycles. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. Comparison of the stress amplitude 𝜎𝑎 with the steady-state heat generated per
load cycle 𝑞 from a staircase test (LIT) for S235JR steel for flat and round specimens
and for different 𝑅 values. For 𝑅 = 0.1 a jump in 𝑞 becomes evident due to the onset
of plasticity at the upper yield point followed by softening (lower yield point).

less than 10 mm, low test frequencies (even for servohydraulic testing
systems) and for metals with high thermal conductivity of the material
such as Al, the NTC method is the method of choice.

If the stress amplitude 𝜎𝑎 and the heat generated per load cycle 𝑞 are
contrasted (Fig. 6), the knee-point stress amplitude 𝜎∗𝑎 becomes evident
(see Figs. 7 and 8).

Fig. 7 shows the 𝜎𝑎 − 𝑞 curves for the S235JR steel specimens,
whereas 𝑞 denotes the steady-state value prior each load increase step.
It is remarkable that, regardless of the R value, the transition value of
𝑞 is the same, i.e., damage appears to start by a process that leaves a
characteristic fingerprint in the heat generation. The specimens tested
at 𝑅 = 0.1 show an abrupt increase that can be attributed to the
yield strength effect. When the upper yield strength is reached, cycling
softening occurs and the heat generation increases through the easy
dislocation slip. If 𝑅 < 0 cyclic hardening leads to a continuous increase
in heat generation.
5

Fig. 8. Direct comparison of the knee-stress amplitude 𝜎∗
𝑎 with the fatigue limit

estimate from a staircase test, analysis following Hueck and by maximum-likelihood
method (incl. scattering bands) for 1.0314 steel.

Fig. 9. Evolution of heat generated per load cycle, measured by the NTC method
(Eq. (15)) and by thermography (Eqs. (8)–(12)) for coarse-grained Ni.

4. Discussion

4.1. Validity of thermodynamic equations

With a temperature increase of less than 5 ◦C in the middle of
the specimen up to the fatigue limit regime, only a deviation in the
determination of 𝑞 of less than 1 % is expected, originating from
the non-constant coefficient of thermal conductivity 𝑘(𝑇 ) as shown by
Staerk et al. [7].

The knee-stress amplitude 𝜎∗𝑎 is computed from the heat generated
per load cycle in the steady-state regime of each load step in the LIT 𝑞
and the corresponding stress amplitude 𝜎𝑎 levels. During the iterative
procedure, the logarithmized value-pairs are divided into 2 classes and
within the classes, linear regression is used to determine the slope of
the curve. 𝜎∗𝑎 is estimated as the stress amplitude at which the classes
are divided in such a way that the change in the slope of the regression
lines becomes maximum (Fig. 8).

Fig. 9 reveals that, in a direct juxtaposition of the measured gener-
ated heat per load cycle 𝑞 from thermography and estimated by the
NTC method, the thermography suffers from the comparable lower
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Fig. 10. Direct comparison of 𝜎𝑎−𝑞 data, measured by thermography and calculated by
Eq. (8) (Guo et al. exponential fit) and Eq. (15) (Staerk et al. parabolic fit). Deviations
between both curves are just visible in the lower part on the left-hand side.

resolution resulting in temperature scattering and a higher zero-level of
𝑞. Although the resolution is worse, the knee-stress amplitude is also de-
terminable as the onset of the curve instead of a knee-point. However, it
is not undoubted if the knee-point can be determined even for materials
which request a higher resolution due to a higher thermal conductivity,
a smaller sample size or for testing with lower frequencies. These
parameters result in less increase in temperature and therefore, the
transition point might be transcended using thermography.

Apart from all questions concerning the resolution of the thermog-
raphy, it is nevertheless striking that in the upper part both curves
coincide. Although the NTCs were operated without additional thermal
isolation, due to the simultaneous thermographic measurement, no
significant differences in the results are observable. Comparing the
thermographic evaluation according to Guo et al. using Eqs. (8)–(12)
with the evaluation according to Eq. (15), no significant difference
in the determined generated heat per load cycle are visible (Fig. 10).
This underlines that even without thermal isolation of the specimen,
influences due to radiation and convection can be neglected. 𝜏1𝐷𝑡ℎ thus
tends to infinity. For our experiment the evaluation based on the
simplified heat Eq. (13) is redundant to using Eq. (8).

4.2. The knee-stress amplitude 𝜎∗𝑎 , an estimate for the fatigue limit?

The 𝜎𝑎 − �̇�-curve is obviously divided into two regimes. It is reason-
able to correlate the knee-point between both with the fatigue limit. In
the lower stress regime, the fatigue-resistant regime, heat generation
is assumed to be due to anelastic effects such as the Snoek effect, the
Zener mechanism or dislocation oscillations [13]. The temperature rise
is explained by the heat generation from the emission of acoustic waves
during oscillations of dislocation segments [18].

In the region of high Morrow exponents, the finite-life fatigue
regime, the higher energy dissipation occurs due to dislocation motion,
which can lead to damage in the interplay between strain accumulation
and progressive dislocation immobilization [19,20]. In the popular
view, the energy dissipation beyond 𝜎∗𝑎 is associated with the formation
of persistent slip bands (PSB) [21].

Stanzl-Tschegg et al. showed that even below the plastic strain am-
plitude 𝜀𝑎,𝑝 at which PSBs occur in conventional HCF testing, localized
PSBs already occur in the very-high-cycle fatigue (VHCF) regime during
ultrasonic fatigue testing. Furthermore, although PSB formation leads
to a measurable hysteresis loop, in the VHCF range the fatigue limit is
6

about twice the threshold value of the plastic strain amplitude 𝜀𝑎 for
PSB formation [22].

This highlights the fact that the mechanisms underlying the knee-
point in the 𝜎𝑎 − �̇�-curve are only beginning to be understood and that
a more detailed consideration is needed in the future.

However, 𝜎∗𝑎 describes the onset of cyclic plastic deformation, not
everywhere in the specimen but at least at some localized spots. If this
contributes to damage is not imperative. But, 𝜎∗𝑎 is with certainty, a
lower estimate for the fatigue limit.

4.3. Correlation with the finite-life fatigue strength

During fatigue, the magnitude of plastic strain amplitudes 𝜀𝑎,𝑝 is
affected by both, microstructural changes and potential crack opening
and by crack growth effects. Therefore, 𝜀𝑝,𝑎 consequently does not
allow discrimination between these mechanisms. However, if one ad-
ditionally considers the temperature and the electrical resistance of the
specimen (material separations = cracking), a separation of the damage
mechanisms is possible, if necessary.

If we exclude cracking, the temperature increase arises essentially
from the work of plastic deformation 𝑊 [3]. Introducing a hysteresis
form factor 𝐹 for the stabilized state of the mechanical hysteresis, an
estimate of the total area of the hysteresis loop, the work per cycle 𝛥𝑊
becomes to

𝛥𝑊 = 𝐹 ⋅ 𝜀𝑝,𝑎 ⋅ 𝜎𝑎 (17)

The Morrow equation, Eq. (18), for the cyclic hardening [23] is based
on the Ramberg–Osgood equation and is

𝜎𝑎 = 𝑘′ ⋅ 𝜀𝑛
′
𝑝,𝑎 (18)

with the cyclic hardening coefficient 𝑘′ and the cyclic hardening or
Morrow exponent 𝑛′. Combining Eqs. (17) and (18) delivers

𝜎𝑎 =
(

𝑘′

𝐹 𝑛′

)
1

1+𝑛′
𝛥𝑊

𝑛′
1+𝑛′ (19)

If we assume that a constant (and large) fraction of the work of
deformation is dissipated as heat, a constant temperature profile is
formed under the assumption of constant thermal conductivity and
constant thermal boundary conditions (see Section 2). Therefore, it
follows

𝜎𝑎 = 𝑐𝑜𝑛𝑠𝑡. ⋅ 𝛥𝑇
𝑛′

1+𝑛′ (20)

With the exception of the time immediately after the start of a test or
after a load amplitude increase step in a LIT, the work of deformation,
and hence the temperature profile, always becomes stationary. Thus,
the knee-value of the stress amplitude in the LIT 𝜎∗𝑎 can be directly
correlated with a change in the Morrow exponent 𝑛′.

The Morrow exponent in the finite-life fatigue regime is the pa-
rameter to identify with the aim to determine the SN curve from
the QT data. By default, 𝛥𝑇 or a corresponding damage parameter is
measured on one specimen at 3 points in a LIT using cooled clamps.
An additional constant amplitude fatigue test (CAT) was performed to
check for effects of thermal conductivity and of the load history during
the LIT [24,25]. The slope 𝑏 of the Basquin equation

𝑁𝑓 = 0.5(
𝜎𝑎
𝜎∗𝑎

)−𝑏 (21)

for the numbers of load cycles to failure 𝑁𝑓 that describes the finite-
lifetime regime follows from the Morrow Eq. (18) as

𝑏 = 𝑛′

5𝑛′ + 1
(22)

This procedure has already been published by Starke et al. as the phys-
ically based fatigue life calculation method PHYBAL [24–26]. Hence,
using QT to determine the knee-stress amplitude 𝜎∗𝑎 in a LIT allows
to evaluate the whole SN curve. If effects from the load history are
present, two additional tests are needed (CAT) to correct 𝑛′. So, QT can
be extended to the evaluation of the finite-lifetime regime (see Fig. 11).
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Fig. 11. Combination of fatigue limit estimate as the knee-stress amplitude from
QT and a short-time evaluation of the finite-lifetime regime. The CAT shows good
agreement with the results of the LIT. Hence, effects from the load history during the
LIT are disregarded. Therefore, a second CAT is omitted.

5. Conclusion

Quantitative thermography allows to elucidate the evolution of heat
generation during fatigue. Thereby, deformation mechanisms seem to
a show characteristic heat generation per load cycle. The experimental
results are highly reproducible.

It is shown that classical thermometry is superior to thermography
in temperature measurement due to the higher temperature resolution
of the sensors. It has been shown that elaborate thermal isolation of
the specimens is unnecessary because radiation and convection have
only a negligible contribution to the overall heat flux as long as the
specimen thermal boundary conditions are not too asymmetric or the
temperature difference between the clamps is not higher than the
specimen heating up.

QT using thermography is the easy method of choice for materials
with low thermal conductivity, with large sample volume and at high
frequencies. However, one must be able to exclude strain rate effects.
QT with NTCs helps to expand the limits of thermography.

In addition to the QT, the damping of the material [27] e.g. in
resonance fatigue testing can be considered as a further parameter for
determining the fatigue limit. A combination of both methods can pro-
vide further information about the underlying deformation mechanism
in future investigations.
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