Tpubopwvr u memoowl usmepeHul
2024. T. 15. Ne 2. C. 87-94
A.A. Soldatov et al.

Devices and Methods of Measurements
2024,15(2):87-94
A.A. Soldatov et al.

DOI: 10.21122/2220-9506-2024-15-2-87-94

Hands-on Experience of THERMO FITNESS TESTING
Device Use for Thermoelectric Evaluation
of Metallic Materials

A.A. Soldatov', A.I. Soldatov', M.A. Kostina!, A.A. Abouellail®

National Researcher Tomsk Polytechnic University,
Lenin Ave., 30, Tomsk 634050, Russia

2Sphinx University,

Regional Service Rd, New Asyut 71515, Egypt

Received 26.03.2024
Accepted for publication 15.05.2024

Abstract

The article describes experience of practical application of the differential thermoelectric tester
"THERMO FITNESS TESTING". Description of the sensor design and results of differential thermoelec-
tromotive force measurement for a large group of metals widely used in Russia are given. Usage of the
"THERMO FITNESS TESTING" device to test the quality of R6MS5 steel heat treatment is described.
Dependence of thermoelectromotive force on the heating temperature which can be used for practical pur-
poses was obtained. Usage the "THERMO FITNESS TESTING" to measure the thickness of a cement-
ed (carburized) layer of 12KH2N4A steel is considered. Dependence of the thermoelectromotive force
on the thickness of the cementation layer was also obtained.
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OnbIT IPUMEHEHUs MPUOOPA TEPMOITEKTPUUECKOTO
KOHTPOJIs1 MeTa/10B ¥ cIiaBoB « THERMO FITNESS
TESTING»

A.H. Connatos', A.A. Conaros', M.A. Kocruna', A.A. AGyemianin’

i . . o .
Hayuonanvnotii ucciedosamenvekuti TOMCKUL NOAUMEXHUYECKUL YHUGepCUMen,
np—m Jlenuna, 30, . Tomck 634050, Poccus
2
Yuusepcumem Cghunxc,
Pecuonanvnas cayscedbnasn oopoea, Hoto-Acvtom 71515, Ecunem

THocmynuna 26.03.2024
Ipunama k newamu 15.05.2024

[IpuBenena naGOpManKs 0 MPUMEHEHUH MpUOOpa TepMmodnekTpudeckoro koHTponss « THERMO FIT-
NESS TESTING» st KOHTpOJsi METaJUIOB M CIIJIaBOB, KOTOPbIE INMHPOKO pacrpocTpaHeHsl B Poccun.
OcoOenHocTri0 TIprubopa sBisgercs auddepeHnnanbHbIi TaTINK, B KOHCTPYKIIUH KOTOPOTO HUCIOIB3YETCS
JIBa HAarpeBaeMbIX JIeKTpoa. JlaTank cHa0XEH CUCTEeMOI HarpeBa U CTaOMIIM3AINH TEMIIEPATyPhl TOPSTIUX
3MeKTpo/IoB. HarpeBaemble SJIEKTPOJBI UMEIOT OJWHAKOBYIO TEMIIEpaTypy, YTO IO3BOJHIIO TOJIYYHUTH
BBICOKYIO IOBTOpsieMocTh m3MepeHus: TepmModJIC. OmmcaH Takke TPUMEpP HCIOIL30BaHUS TpUOopa
«THERMO FITNESS TESTING» s KoHTposis KadecTBa Tepmoobpabotku ctamm PO6MS. Ilomyuena
3aBucuMocTh TepMoO/IC oT TemmepaTypsl HarpeBa IIOJ 3aKajKy, KOTOPYI0 MOXHO HCIOJh30BaTh
ISl TIpaKTHYECKHWX TIieyieid. PaccMoTpeH emie ommH TpuMep ucmoib3oBanms mnpuoopa «THERMO
FITNESS TESTING» ais KOHTPOJIS TOJNIIUHBI IEMEHTOBAHHOTO cios ctaimu 12X2H4A. Takke moiydeHa
3aBUCUMOCTH TepMOIJIC OT TONIIUHBI CIIOS IIEMCHTAIIHH.

KaroueBbie cioBa: TepmoDJIC, nuddepeHnanbHblii JaTIWK, dJIEKTpoJ, KodddummeHnt 3eebeka,
Hepa3pyHIAIoIINi KOHTPOJIb
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Introduction

After discovery of the Seebeck effect, the ther-
moelectric method for the testing of metal and alloy
products became widely used [ 1-6]. Thermo-electro-
motive force (thermoEMF) occurs in a closed circuit
of two conductors, where junctions are at different
temperatures. This condition is provided by the hot
and cold electrodes of the thermoelectric detector,
which provide two junctions with different tempera-
tures in contact with the tested product. The thermo-
EMF value depends on the temperature difference
between the hot and cold junction, therefore it must
remain unchanged during the measurement process.
Thermoelectric testing devices utilize measurement
systems of absolute [7-19] and differential thermo-
power [20-23]. The differential thermoEMF mea-
surement system is preferred due to the higher noise
immunity, sensitivity, and stability of the instrument
readings. This is due to the same temperature regime
at the contact points of the hot electrodes. The sim-
plest testing system based on differential thermopow-
er is shown in Figure 1.

Stan ard %

Heating element ¢

Cold electrodes

i I

0
Hot electrode
Test Sample

Figure 1 — The simplest differential thermoelectric mea-
surement system

The circuit consists of a sensor, a standard ref-
erence, a test specimen, and a galvanometer. The
sensor contains a hot electrode with a heater and
two cold electrodes. One electrode has a higher tem-
perature than the other. The electrode of the higher
temperature (hot electrode) is at temperature ¢,. The
other electrode of the lower temperature (cold elec-
trode) is at temperature #,, which is usually at am-
bient temperature. A galvanometer connected to two
cold electrodes forms a closed circuit together with a
reference, hot electrode, and a test specimen. The dif-
ferential thermoEMF depends on the temperature dif-
ference and the Seebeck coefficients of both samples:

Edi/' = AT(ax - aref )s

(1

a,r1s the Seebeck coefficient of the standard, a, is the
Seebeck coefficient of the test specimen; AT = t,—¢,.

Errors in measuring differential thermoEMF are
caused by two factors:

1. Incorrect determination of temperature differ-
ence AT at measurement points due to imperfection
of temperature sensors and their calibration [24].

2. Mismatch of points between which the tem-
perature difference AT and the differential thermo-
EMF E,-are measured.

In addition, the differential sensor shown in Fig-
ure 1 is inconvenient for practical use, because it has
three independent electrodes: one hot and two cold,
and its use in mobile devices is difficult. In addition
to the above, it is necessary to provide four contacts:
the first is the contact of the hot electrode with the
standard, the second is the contact of the hot elec-
trode with the test specimen, the third is the contact
of the first cold electrode with the standard and the
fourth is the contact of the second cold electrode
with the test specimen.

Design features of the developed device

Authors have developed and implemented an
original sensor design which is easy to use and is an
integral part of the developed differential thermo-
electric tester.

The main technical characteristics of the ther-
moelectric tester are given in Table 1. It should be
noted that thermoelectric testing devices are indica-
tor-type devices.

The sensor design and sensor's position on the
tested and reference samples is shown in Figure 2a,
whereas Figure 2b shows a photograph of the sen-
Sor.

It uses two heated electrodes E, and E, with
a common heater. Heated electrodes are made of
the same metal or alloy. This sensor design is very
convenient for practical use. When measuring dif-
ferential thermopower, it is necessary to ensure
that electrical and thermal contacts of the hot elec-
trodes with the reference and the test specimen are
established. Moreover, one hot electrode is only in
contact with the reference, and the other is only in
contact with the test specimen, while a common
heater for the heated electrodes ensures the same
temperature at both contact points. In the sensor
housing, the electrodes are glued together into a
common structure, and an insulating fiberglass gas-
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ket is placed between them. A heating element is
placed in the resulting round hole inside the elec-
trodes along with a temperature sensor just like the
ones installed in temperature-controlled soldering
stations. The electrodes are placed in the sensor
housing. The resulting thermoEMF is the sum of
the EMF of the contact pairs included in the mea-
suring circuit of the sensor:

E, =E*E, ~E+E,~E, )

where £, is the EMF of the metal pair the first hot
electrode- reference; E, is the EMF of the metal pair
reference-test specimen; E, is the EMF of the metal
pair the second hot electrode-test specimen; E, is the
EMF of the metal pair the first hot electrode-copper
connecting conductor; E5 is EMF of the pair of met-
als: the second hot electrode is a copper connecting
conductor. Since the heated electrodes are made of
the same alloy, we can write:

E,=E;. )

Table 1

Technical characteristics of the developed differential thermoelectric tester

Parameter Unit of Measurements Magnitude
Supply voltage Volt 220
Sensor temperature Degree Celsius 130+3
Temperature accuracy % +5
Threshold voltage during sorting Y 0.01...0.4
ThermoEMF measurement range uv 0...£9.99
Device readiness time minutes 15

Turning on the "Accepted" signal

Turning on the "Not accepted" signal

The indicator is green

The indicator is red

EMF is less than threshold voltage

EMF is greater than threshold voltage

Temperature
stabilization
unit Sensor
housing
Heater and
temperature
sensor

Thermal EMF
Heated electrode 1

measurement
unit
Reference
simple Heated electrode 2
Testing simple Insulator
a

Taking into account expression (3), formula (2)
will take the form:

E

w=EtE —E,.

“

The reference can be of any shape, because ther-
moEMF does not depend on the size and shape of
the sample. Technologically, it is easiest to produce

b

Figure 2 — Differential sensor: a — schematic representation of the sensor; b — photograph of the sensor

a reference metal or alloy in the form of a parallel-
epiped.

Value of thermopower is influenced by various
factors: structural condition, heat treatment, coating,
chemical composition, etc., therefore, the standard
reference and the test specimen should have only
one distinctive feature. For example, if the chemi-
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cal composition is inspected, then the other distin-
guishing features should be the same (heat treatment
mode, coating, structural condition, etc.).

It should be noted that not all groups of steel
can be inspected. According to Russian GOST stan-
dards carbon steels are divided into 3 main groups
(A, B, C), where Group A steel is usually used for
parts that are not hot in the manufacturing process,
Group B steel is used for parts that undergo hot form-
ing (stamping, forging) or heat treatment, and Group
C steel is typically used for welded structures. For
example, Group A steels, cannot be inspected due to
the different chemical composition of the same steel
grade. The steels of groups B and C can be inspected,
because they have the same chemical composition.
The preparation of samples for inspection includes
cleaning from rust, oil and dirt. Moreover, cleaning
cannot be carried out with a file or a similar tool to
exclude the ingress of tool particles into the contact
area of the electrodes, which will entail a change in
thermopower.

If the reference and the test specimen are the
same in chemical composition and structural state,
then the thermopower E, and E; will be the same,
but opposite in sign, and £, will be zero. If there are
deviations in the chemical composition or structural
state of the tested specimen from the standard, the
thermoEMF E, and E; will be different. £, will not
be equal to zero, however, considering the fact that

the contact temperature corresponds to the ambient
temperature, its value will be several orders of mag-
nitude lower compared to £, and £;. The compliance
criterion can be selected by the user by changing the
value of the "threshold". In most cases, this value
corresponds to 0.1 uV and is associated with the
tolerance of the chemical composition of the same
grade of steel produced at different times or by dif-
ferent manufacturers.

The proposed differential sensor design makes
it possible to reduce overall dimensions and increase
ease of use, especially in a portable version powered
by a battery for operation at sites where there is no
power supply network (oil pipelines, cold warehous-
es for storing supplied metal, etc.).

Application

For acceptance inspection and testing of com-
pliance with the Russian GOST standard of supplied
products and sorting of finished products by steel and
alloy grades, thermoEMF measurements of the most
widely used steel grades in Russia were carried out
using the developed differential thermoelectric tester
for metals and alloys.

Results of differential thermoEMF measure-
ments are given in Table 2, where columns list dif-
ferent steel grades used in the manufacture of the
standard reference, and rows indicate test specimens.

Table 2

Values of differential thermoEMEF of some of the widely used steel grades, denoted in Russian Cyrillic

alphabet between parentheses

Steel 9KHS R6MS5 3KH3M3F 4KH4VMF KHI2MF 6KHV2S U8A  KHI2F1 KHVG
grade (9XC) (P6M5) (3X3M3d)  (AMU22) (X12MD) (6XB2C) (Y8A) (X12d1) (XBI)
9KHS 0 —-0.95 -1.35 —-0.90 -1.25 —-0.45 —-0.60 -1.30 —0.80
(9XC) +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05
R6MS 0 -0.30 +0.15 -0.25 +0.55 +0.30 —-0.30 +0.25
(P6MS) +0.05 +0.05 +0.05 +0.03 +0.05 +0.05 +0.05 +0.05
3KH3M3F 0 +0.40 +0.10 +0.70 +0.75 +0.12 +0.50
(3X3M3D) +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05
4KH4VMF 0+ —-0.35 +0.45 +0.40 —0.30 +0.20
(JA122) 0.05 +0.05 +0.05 +0.05 +0.05 +0.05
KHI12MF 0+ +0.70 +0.60 —-0.10 +0.45
X12MD) 0.05 +0.03 +0.05 +0.05 +0.05
6KHV2S 0 —0.15 —0.85 —-0.25
(6XB2C) +0.03 +0.03 +0.05 +0.5

USA 0 —-0.70 —-0.10
(V8A) +0.03 +0.05 +0.05
KH12F1 0 +0.55
(X12d1) +0.05 +0.05
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Continuation of Table 2

Steel 20KH SHKH15 KHI2M KHI2F1 30 45 Us (V8) Ul2
grade 0X)  (IIX15) (X12M) (X12d1) (Cr.30)  (Cr.45) (V12)
20KH 0 0.50 0.90 1.90 0.50 0.60 0.75 0.80
(20X) +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +5 +0.05
SHKH15 0 1.25 2.00 0.12 0.20 0.50 0.55
(IIX15) +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05
KHI12M 0 1.00 1.35 1.45 1.60 1.65
(X12M) +0.03 +0.05 +0.05 +0.05 +0.05 +0.05
KH12F1 0 2.05 2.15 2.40 2.45
(X12d1) +0.03 +0.05 +0.05 +0.05 0+0.05
0 —0.10 0.10 0.15
30(Cr.30) +0.05 +0.05 +£0.05 +0.05
0 0.20 0.25
45 (Cr43) +£0.05 +0.05 +0.05
U8 0 0.05
(¥8) +0.05 +0.05

From Table 2 it can be noted that some pairs
have very close thermoEMF values. For example,
KHI12F1 steel and KH12MF steel, as well as KHVG
steel and U8A steel. In Table 2, the pairs of steel 30
and steel 45, as well as steel U8 and steel U12, have
similar thermoEMF values. Therefore, errors are
possible during verification of supplies and sorting
of finished products of these pairs of steels. Other
steel grades have a greater difference in thermoEMF
and there are no problems with their sorting.

The developed thermoelectric testing device for
metals and alloys was used to inspect the quality of
heat treatment of R6MS5 steel, of which 10 samples
were used to study the dependence of thermopower
on the heating temperature. The samples were heated
in a CHO 24/1250 furnace with a temperature range
of 1150-1250 °C. The step of temperature change
was 10 degrees. Quenching was carried out by cool-
ing in oil. A sample of heat-treated steel of the same
grade, heated to 1225 °C, was used as a reference.
The resulted dependence of measured differential
thermoEMF on temperature is shown in Figure 3.
The confidence interval is 7 %.

Before inspecting another steel grade, it is nec-
essary to conduct preliminary studies on the depen-
dence of thermoEMF on the heating temperature. In
addition, it should be considered that when heated,
a decarbonized layer appears on the sample surface,
which has a strong effect on the value of thermo-
EMF, therefore it must be removed before measure-
ment.

1140 1160 1180 1200 1220 1240 T7,°C

Figure 3 — Dependence of differential thermoEMF on
heating temperature for hardening of R6MS5 steel

The main controlling parameter of chemical and
thermal treatment is the depth of the saturated layer.
To inspect the depth of the saturated layer, the metal-
lographic method is traditionally used, which is a di-
rect inspection method that is capable of determining
the depth of the cemented or nitrided layer with high
accuracy. Nonetheless, this method of inspection is
considered destructive because it requires the prepa-
ration of a metallographic specimen and, in addition,
the testing procedure is lengthy. To assess the pos-
sibility of using the developed differential thermo-
electric tester to inspect the depth of the cemented
layer, the dependences of the differential thermo-
EMEF on the depth of the layer on the sample were
plotted. To study the dependence of thermopower
on the thickness of the cemented layer, samples of
12X2H4A steel were prepared, subjected to cemen-
tation, quenching and tempering. The change in the
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thickness of the cementation layer was achieved by
grinding the surface of the samples. The size of the
sanded layer was 0.2 mm each time. At the same
time, the thickness of the cemented layer was in-
spected metallographically. After each grinding, the
differential thermoEMF was measured. The standard
reference was made of the same grade of steel but
was not cemented.

The differential thermoEMF along the depth of
the ground layer was determined at each step using
5 measurements. The time of one measurement is no
more than 3 s. The obtained dependence (Figure 4)
can be used as a calibration dependence to determine
the depth of the cemented steel layer.

30 rE Y%
20 r
10 F
d, mm
0 1 1 1 1
0 0.5 1 1.5 2

Figure 4 — Dependence of the differential thermoEMF
on the thickness of the cemented layer

The confidence interval for the experimental de-
pendence presented in Figure 4 is 6.5 %.

As can be seen from Figure 4, the change in dif-
ferential thermoEMF from the thickness of the ce-
mented layer is almost linear.

To inspect the thickness of the cemented or ni-
trided layer on another steel grade, it is necessary to
first obtain its dependence of the thermoEMF on the
thickness of the cemented layer and use it for calibra-
tion.

Conclusion

The thermoelectric tester developed by the au-
thors has found application in various industries
for incoming inspection of supplied steel, such as
quality control of heat treatment, determining the
presence of a decarburized layer and its depth, and
determining the thickness of the steel carburization
layer. All commercially produced portable thermo-
electric testing devices do not implement the differ-
ential sensor due to its bulky and inconvenient de-
sign. Hence, their main drawback is the change in
thermoEMF when the hot electrode is cooled due

to heat transfer to the cold sample under test. The
authors proposed an original design of a differential
sensor that ensures the same temperature regime of
hot electrodes, as well as ease of operation with such
a sensor. A simultaneous change in the temperature
of two hot junctions leads to a change in the absolute
emf of each hot junction, but the difference remains
unchanged.

A linear dependence of thermoEMF on the heat-
ing temperature for hardening R6MS5 steel has been
established, which can be used to assess the qual-
ity of heat treatment. Moreover, with an increase
in the heating temperature for hardening from 1150
to 1250 °C, the thermoEMF decreases from 40 pV
to —20 pV. The authors also established a linear de-
pendence of thermoEMEF on the thickness of the ce-
mented layer of steel 12X2H4A. With an increase
in the thickness of the cemented layer from 0.02 to
1.8 mm, the thermoEMF increases from 2 to 22 pV.
This relationship can be used to evaluate the quality
of cementation.

To sort widely used steel grades, during the
practical use of the device, differential thermoEMF
was measured for 15 steel grades. Most of them
have large differences in thermoEMF and can be
accurately determined. However, minor differences
(0.05+0.05 uV) were revealed for such pairs as:
KHI12F1 — KH12MF, KHVG — U8A, Steel 30 —
Steel 45 and U8 — U12, which makes it difficult to
sort these steel grades.

One of the possible ways to solve this problem,
according to the authors, may be a multi-temperature
regime. If the thermoEMF of the marked pairs of
metals varies in temperature (different slope of the
characteristics or their nonlinearity), it is possible
to measure the thermoEMF at several hot junction
temperatures and process the obtained data. This
field of research is a key focus for the authors.
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