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This paper deals with the thermoelastic response of ferrous and
non-ferrous metals at different loading rates. The goal is to
predict the stress-strain response based on temperature
changes caused by adiabatic processes. These data are intended
to be used for non-destructive full-field thermal stress analysis
(TSA). The influence of strain rate on temperature was
investigated in cyclically loaded dog-bone shape specimens with
initial and reduced thicknesses under sinusoidal-profile loads.
Testing parameters, such as the load magnitude and frequency
were chosen with respect to the specimen design and the results
of tensile tests. The dependence of thermoelastic properties of
metals on loading rate was found at frequencies between 0.005
and 1 Hz. Temperature changes at various loading rates are
presented and discussed.
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1 INTRODUCTION

Thermoelastic stress analysis (TSA) relies on the fact that cyclic
deformation of a material leads to changes in its temperature.
The phenomenon takes place in the elastic region, where the
material returns to its original shape after the force is removed.
The analysis describes very small changes in temperature, on the
order of fractions of °C [Boyce 1991]. In a test machine, when
the specimen is loaded by uniaxial tension to the limit of
proportionality (elastic region), its temperature drops. The
thermoelastic effect can only be observed in the elastic region.
In this case, temperature changes depend on the mean stress om
imposed by cyclic loading, as seen in aluminum-titanium alloys
[Machin 1987]. A strong relation between temperature and the
imposed stress was confirmed in nickel alloys [Andrew 1999].
For this application of TSA, adiabatic conditions must be met to
obtain objective and comparable results. Adiabatic conditions
were maintained by short intervals within which the load sum
change occurs Aai [Wong 1987], [Machin 1987]. Therefore, the
change Aaii can be rewritten as the ratio of the cyclic change AT
and the temperature in the reference unstrained state To
corrected by the parameter of the thermoelastic constant Kg
according to (1) [Boley 1960].
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The constant Ko can be obtained for materials with defined
physical properties and specific loading conditions [Wong 1987],
[Pitarresi 2003]. The definition (2):
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where a is the coefficient of linear thermal expansion, p is
density of the material in the undeformed reference state and

Cp is the specific heat capacity [Pitarresi 2003], [Tomlinson
2014]. Another substitution in the equation (2) can be used to
calculate the sensitivity to changes in the mean value o, using
the Gruneisen parameter g [Wong 1987], [Delennoy 1980].
Poisson's constant v and Young's modulus E are used in this
relation. For further rearrangement of these relations one has to
replace the constant Ko with the parameter K. The variable K
comprises changes in Young’s modulus E with temperature and
the mean stress o, according to (3) [Pitarresi 2003].
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Therefore, it can be assumed that the cyclic change AT is strain-
dependent as well as stress-dependent. In the calibration of TSA,
mechanical properties of the metals, the geometry of the
specimen, and the loading level and frequency are essential
considerations for obtaining reliable results. Adiabatic test
conditions can be maintained by applying cyclic stress with the
critical load frequency, as discussed in this paper. Based on these
assumptions, the geometry of the calibration specimen and the
loading frequency were chosen. The mean stress oy, significantly
influences the value of the parameter K (3). For this reason, the
nominal stresses will be constant and the test specimen will be
considered to be free from stress concentrators.

K =K

The geometry of the testing specimens is characterized by a
parallel gauge portion, where strain and stress distribution as
well as temperature changes are homogeneous throughout the
measured section.

2 EXPERIMENTAL PROCEDURE

In the experimental part of the study, mechanical tests were
performed to obtain the temperature-stress dependence. It was
determined for a wide range of metal alloys with different
strength characteristics and material thicknesses. One mean
value of stress om, two loading frequencies and 17 specimens of
ferrous and non-ferrous alloys were used to obtain the data.

2.1 Test specimen geometry

The selection of the geometry of a calibration specimen was
based on the assumption of uniform deformation of the body
and on minimum requirements for the testing equipment in
terms of the applied force and testing velocities. An adequate
strain rate € had to be considered to ensure that it causes
sufficient changes in the temperature of the specimen without
excessive heat transfer to the environment. The dimensions of
the body should be suitable for a wider range of metal
components.

Figure 1 Specimen geometry

The parallel gauge portion of the calibration specimen, as shown
in Figure 1, provides a uniform distribution of temperature and
stress changes over its entire surface. Thanks to this fact,
recording the temperature at certain nominal values of stress
becomes much easier. The strain rate can be calculated easily
using equation (4), where the loading velocity of the testing
machine is divided by the length of the parallel part of the testing
specimen, which is a constant value. The equation (4) allows the
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researcher to investigate the strain rate sensitivity of the tested
material.

g=— (4)

When the strain rate changes significantly, the mechanical
properties of the material change accordingly [Rund 2015],
[Cadoni 2016], [Dzugan 2017]. Materials are sensitive to strain
rate and work hardening can be their response to changes in
strain rate. In this case, Young's modulus increases in the elastic
region as does the rate of dissipation of energy and the
temperature changes. It causes volume changes in the specimen
tested.

2.2 Test conditions

2.2.1.

Flat components, such as sheets are characterized by flat cross-
section with low resistance to buckling. Literature data showed
that analysis of thermoelastic effect demands the cyclic loading
conditions for a sufficiently long period of time, which is
necessary for dissipation of energy in the tested material. For
this reason, the character of loading was considered only for the
cyclic tensile mode where the minimum stress is Omin = 0. The
described character of loading reveals a sinusoidal form, due to
a smooth nature of signal, that can negatively affect the results
of the test conducted at the constant load amplitude conditions
02 = Om.

Loading conditions

The loading conditions were defined on the basis of offset yield
strength found by tensile testing according to EN ISO 6892-1
Tensile testing — Part 1: Method of test at room temperature.
From the results, the amplitude of Ac or the peak value of
maximum stress omax, Was received. The maximum stress Omax
was specified as 1/2 of the offset yield strength YS. Three values
of frequency were applied in the test. The results showed that
adiabatic conditions were not met for the frequency of 0.005 Hz.
In the other cases, increasing the frequency from 0.1 to 1 Hz
resulted in adiabatic conditions in the test. The change of the
loading frequency required evaluation of deformation gcalc
according to Hooke's relation (5).

o,
gcalc = nEax (5)
Furthermore, the gripping system of the testing equipment was
modified in order to obtain a uniform temperature distribution
within the specimen in the unloaded state.

An illustrative sinusoidal signal of the measured temperature-
stress characteristic is shown in Figure 2. Using the presented
characteristics obtained at the maximum stress Omax
corresponding to half of YS of the tested material, the relative
cyclic temperature change AT can be derived when the stress
changes by Ao in the opposite direction [Harwood 1991],
[Tomlinson 2004].

Stress (MPa)
Temperature (°C)

— Stress (MPa) — Temperature (°C)

Time (s)

Figure 2 Schematic relationship between applied stress and resulting
temperature changes

2.2.2.

The setup conditions of the thermocamera measurements have
been modified no to interfere with the outcome and to achieve
high repeatability and reliability of results. This concerned the
measured specimen, the test machine and the test setup.

IRT measurements

For the thermographic measurement, the sample had to be
coated by application of several layers of spray with high
emissivity (more than 0.9) to avoid metallic reflections
(emissivity less than 0.2) [Usamentiaga 2014].

The properly applied paint layers allow to achieve almost zero
reflection of the metal surface of the measured object.
Furthermore, the applied spray layers do not affect the
measurement results. In order to eliminate metallic reflections,
3 coating layers were applied, resulting in a final layer thickness
of 30 um. Figure 3a presents one half of the specimen covered
using the high emissivity spray. The same specimen is shown in
Figure 3b in an infrared thermographic image. Figure 3b shows
that metallic reflections can significantly affect the temperature
record, distoring the test results.

a)

Figure 3 a) The image of the test specimen captured by a optical system
and b) its display in the thermogram

If ideal conditions were applied, the specimen would not interact
with the environment and behave like a completely isolated
system. The loading of the object in an adiabatic deformation
process results in corresponding change in temperature.
However, real conditions significantly vary from this ideal
behaviour, and therefore changes in temperature caused by
factors other than stress or deformation can be observed in the
tested material. It includes mechanisms of heat transfer, mainly
the convection and conduction, but the impact of plastic
deformation of material on the temperature is also noticeable.
A significant impact of heat transfer on the specimen
temperature is typical at lower test frequencies, when gradual
loading is applied and at the same time slight changes in the
ambient temperature and interaction with the body occur. This
factor can be reduced or eliminated by isolating the entire
system, for example by placing the assembly in a chamber or a
separate room with controlled testing conditions. Optimization
of the temperature distribution on the surface of the measured
object was performed using a steel round specimen of minimum
cross-section diameter of 4 mm in unloaded state.
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However, if conduction affects the testing results, it might be
necessary to consider a test system that isolates the test
specimen from the machine grips. Figure 4 shows two cases
where the temperature measurement is affected by conduction.
Box 1 indicates the measured area on the sample surface and
Box 2 represents the ambient temperature measured on the
aluminium plate. A typical problem is excessive heating or
undercooling by the clamping elements of the testing machine,
see Figure 4a. The lower half of the specimen is seen to be
heated due to conduction from the heated piston of the servo-
hydraulic machine. In Figure 4b, the temperature in the lower
half of the test sample is below ambient temperature. This is due
to the use of a clamping jaw with integrated cooling. However,
the described effects cannot affect the results of tests of
cyclically loaded materials at higher test frequencies, but it can
affect test results in the case of very slow loads under quasi-
static conditions.

a) b)
Figure 4 a) One side of specimen is cooles and b) heated

The thermogram of the specimen clamped in an
electromechanical testing machine is shown in Figure 5. The
uniform temperature distribution on the surface of the object
with a temperature of approximately 24 °C is shown on the
thermogram and color scale enclosed. For very low test
frequencies of fg0051;, the data from Box 2 was used to evaluate
the temperature change AT. For higher frequencies fo.015Hz, fo.112
a f1n,, the data from Box 2 was not used.

Figure 5 An optimal temperature distribution on the surface of the
measured object

The correct setting of the thermographic measurement system
allows the experimenter to obtain a homogeneous temperature
field in the tested part of the specimens, see Figure 1. Figure 7

presents an example of the dependence of the absolute
temperature change on the load change.

Figure 6 Temperature distribution on test specimen with marked
measuring probes H1 to H5

— Frame Relative Time () vs. H1 -Temperature °C) — Frame Relative Time () vs. H2 - Temperature (:C)
— Frame Relative Time () vs. H3 - Temperature °C) — Frame Relative Time () vs. H4 - Temperature (:C)
— Frame Relative Time (s) vs. HS - Temperature (°C)
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210

Temperature £C)

203 T T T T T
30 35 a0 45 50
Time (s)

Figure 7 Absolute temperature changes measured in the active part of
the test specimen during cyclic loading in elastic region
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3 RESULTS AND DISCUSSION

3.1 Tensile tests

In the experimental part of the study, 17 specimens with
different thicknesses of several alloys were tested, see Table 1.
The test conditions correspond to the cyclic tensile loading. The
table presents the specimen sequence number, specimen
thickness t, Young's modulus E, yield strength YS and ultimate
strength UTS.

0.5
0.4 & 001 & 0397 6/0.371 0.388
:5' 0 0.365 0 0.372 0350 0.379
P
< A 0,260 A 0.268 A 0.276
A 0,224
0.2
Oo.1ss Oo.167 Do.iss Oo.a74
0.1
1 2 3 4 5 6 7 8 9 10 11
Specimen thickness (mm)
00.005Hz A 0.015Hz © 0.1Hz O 1Hz

- Zr alloy 1.03 91.5 421.8 481.1 Figure 8 Effects of specimen thickness on IR measurement
- AlMg3 1.20 71.7 1149  226.9 3.3 Thermoelastic response of metals at different loading
tes
- ENAW7xxx 315 720 3279 3636 ra
- HX260 steel  0.61 189.7 2999 3921 Temperature-stress ch'arac'terlstlcs of the metallic materials
under test are summarized in Table 2.
- HX180steel 0.67 2038 277.4 38538
- Dx56Dsteel 071 1449 1473 2926
- SPCN44OW  1.18 189.4 3409  450.0 _
steel
CRS00LA 181 2185 5187 6280 211 0231 0231 0203 0249 0.292
- Vocvnsi 091 2032 9238 9627 - 57 0.080 0.094 0155 0210 0.282
oCMnSi ] . : :
Stainless 0.50 212.9 317.2 794.6 - e e LE 5 0555
steel - 150 0.079 0198 0170 0152 0.236
- Steelsheet 095  189.6  287.4  539.0
- 139 0.068 0.147 0.188  0.173 0.232
- DCO1steel 149 1895 2157 3377
- 97 0.136 0155 0.260 0346 0,367
- Al600SA 941 - 74 0051 0138 0181 0.163 0.150
- Al600SA 768 610 2401 2604 - 170 0090 0224 0225 0190 0.225
- AI6005A 499 sy o 0119 0316 0259 0318 0311
- AlB00SA 3.05 - 462 0231 0237 0177 0.164 0216
Table 1 Quasi-static tensile test results - 158 0.075 0.268 0.259 0.250 0.306
3.2 Specimen thickness effect - 144 0.076 0311 0198 0207 0.250
Experimental measurements were performed only for one - 108 0057 0.19 0173 0145 0.177
aluminum alloy AI6005A, Table 1, using specimens marked as - 0174 0276 0388 0379
Al 14, Al 15, Al 16, and Al_17. In the experiment, the
- - = - P - 0.155 0224 0371 0.359
temperature increment values AT were measured for the 0 faee
respective specimen thickness and frequency of the test. - ‘ 0.167 0.268 0397 0.372
The test results presented in Figure 8 did not reveal any clear - 0.155 0.260  0.401 0.365

trend involving changes of the specimen thickness (3, 5, 8 and 10
mm). The results show a negligible dependence of AT on the
material thickness t and a strong dependence on the test
frequency. The frequencies fooosn; and foo1sn; appear to be too
low to lead to adiabatic conditions. On the other hand, at the
higher frequencies of 0.1Hz and 1 Hz, the values of AT were
saturated. That indicates that these results may correspond to
the adiabatic conditions correctly.

Table 2 Test results at constant stress amplitude and different test
frequencies

The test frequency fooosh; (Table 2) is close to quasi-static test
conditions. Due to long exposure of the specimen to the ambient
environment, its temperature is changing. Therefore, the
increment AT shows no dependence on the test frequency or the
strain rate €. This effect can be result of the material interaction
with the environment and can indicate that adiabatic test
conditions have not been met.

The minimum increment of AT was observed in case of
aluminum alloys, where heat dissipation was more intensive
compared to the other tested materials. For alloy Zr_1 (E =91.5
GPa) the temperature increase is almost equal to the
temperature increase of steel St _11 (E = 212.9 GPa), despite the
fact that the deformation of the mentioned steel was 3 times
lower.
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Figure 9 Temperature-strain dependence at frequency 0.005Hz

The results presented in Figure 10 show a slight trend of
increasing AT with increasing calculated deformation €. The
effect of the test speed is noticeable in the case of aluminum
alloys, where the time periods between the single load cycles are
reduced compared to the frequency fooosn.. NO changes were
observed in case of steel alloys.

0.4
Oo.367
03 O 260 0,276
. o84 0225 0268 _———
< 0.181 \ﬂ3’\; - g 0200 mfo.zos
L 02 198 0259
< 0.224 E{
o 170 0.177
oL 0.173 0.1
0.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
€ %
catc (%) y = 0.4047x + 0.1712
R?=0.2639
00.015Hz

Figure 10 Temperature-strain dependence at frequency 0.015Hz

Increasing the test frequency to 0.1 Hz (Figure 11) allows to
achieve the adiabatic test conditions (see Figure 8). In this case,
saturation of resulting AT was observed. A significant increase in
temperature was noticed for the alloys with lower Young
modulus E such as samples Al_2, Al_3, Al_6 and Al_14 to Al_17
(see Table 1 and Table 2) with the change of the test frequency
from 0.015 to 0.1 Hz.

0.6
Oo.559
0.5 0.401
0.318 0.397 =T
oG 04 e
—
< 0.163  0.250 g Qo346 __ —To3s8
e 03 0.173 IZI/ 0210 = _ - 0.371
< - Oo.249
0.2 ’\ﬁ 0.207
- Oo.164
o £~ 0.190
. 0.145 0152
0.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
€ calc (A,) y =1.1534x + 0.119
00.1Hz

Figure 11 Temperature-strain dependance at frequency 0.1Hz

The greatest increase of AT value was observed for aluminum
alloys and the lowest for steel alloys. For most of the steel alloys,
such as St_7, St_8, St_9, St_10, St_12 and St_13, the increment
was negligible or even negative. This effect can be caused by the
measurement errors. In case of the applied frequency fiy,, all the
tested materials exhibit an increase of AT, which is easy to notice
when compared to the frequency of foosHz. In the case of Zr_1

alloy, no significant increase of AT was observed despite the

lower E modulus, similar to aluminum alloys. This result
corresponds to the results of steel alloys.
0.4 00.565
0.3 0.282 0.367 0.372 =T
0'316/ 0365 ="
0.306 =
— 0.250 /J_,,,—'" 0.379
£ 02 ) &L 0/ 0350 © 0.292
2 .
5 o\o 225 Qsare
01 o.1soﬁ? 0.236
0.177
0.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
€ caic (%)
y = 1.0625x + 0.1727
0 1Hz R?=0.435

Figure 12 Temperature-strain dependence at frequency 1Hz

4 CONCLUSIONS

In this experiment, the effects of optical conditions and test
setup on thermoelastic properties of metallic materials were
investigated. The optical conditions included the surface
treatment of the measured object performed to remove natural
reflections which tend to affect the measurement results. The
test setup conditions involved recommendations for clamping
the specimen in the test machine and the choice of test
equipment. The core of the study discussed the effects of load
frequency changes on thermoelastic properties of alloys in
thermoelastic stress analysis (TSA) performed on simplified
objects.

The specimen thickness was not found to affect the measured
thermoelastic properties. The largest temperature increments
AT were achieved for aluminum alloys and the smallest ones for
steel alloys. For this reason, the temperature-stress
characteristics were measured for the selected group of
materials.

It follows from the above findings that for successful calibration
of TSA on specimens, it is necessary to know specific loading
conditions under which the real component analysis will be
performed.

The range of test frequencies confirmed saturation of AT
between 0.1 and 1Hz, which can indicate adiabatic conditions.
To confirm the effect of the thermoelastic response of the
material on the test frequency, it would be required to increase
the test frequency to 10 Hz. Application of higher frequencies
was not possible due to the capacity of the electro-mechanical
machine and the test will be performed in the upcoming
experiments.
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