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Abstract. The article analyzes the influence of the contact resistance of the electrodes on the inspection
result. It is shown that as the value of the measuring. resistor increases, the permissible value of the contact
resistance of the electrodes with the test sample increases. Anindirect method for monitoring contact resistance
has been proposed, which consists of passing a stable high-frequency current through the contact resistance and
measuring the voltage across this resistance. The variation/of relative voltage across the measuring resistor with
respect to the total contact resistance has been graphed. The maximum allowable contact resistance has been
determined to ensure that the measured thermoelectric EMF differs from the true value by no more than 10%. The
proposed method allows to measure contact resistance directly in the process of monitoring thermoelectromotive
force.
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1. Introduction

The thermoelectric'method is widely used for rapid testing of metals and alloys [1, 2]. It allows to
define the size of the decarburized layer and the quality of heat treatment, to sort supplied rolled metal and
sort finished qproducts. by steel grade, to determine the thickness of the steel carburization layer, and to
determine the amount of plastic deformation [3-12]. The thermoelectric dependence of X5CrNil8-10
stainless _steel .on the magnitude of plastic deformation was studied in [13], and the thermoelectric
characteristics.of plastically deformed steels ST3, 08KP AND 12H18N10T were studied in [14].

At the beginning of the 21st century, the thermoelectric method began to be used to test the temperature
of the weld in the friction stir welding process, based on measuring the temperature with a thermocouple
formed by the tool-workpiece connection [15-19]. The thermoelectric method was also used to control the
thermal resistance of the cooling radiator-body of a power semiconductor element system [20]. Another area
of application of the thermoelectric method is the measurement of the Seebeck coefficient of materials and
alloys [21-23]. The thermoelectric method has been successfully applied to inspect the thermal resistance of
a thermal interface and assess the degree of hydrogenation of a titanium alloy [24-27].

To solve problems of thermoelectric testing, several types of thermoelectric testing devices are
currently commercially produced. The ACTTR company from Taiwan produces SETARAM SeebeckPro for
Seebeck coefficient measurement. Linseis Messgeraete GmbH from Germany produces a line-up of Seebeck
coefficient and electrical resistance devices: SR-1, SR-3, etc. NETZSCH from Germany produces SBA 458
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NEMESIS for measuring Seebeck coefficient. The Japanese ULVAC GmbH produces “ZEM-3” for
measuring thermoelectromotive force (thermoEMF) and the Seebeck coefficient. Russian companies produce
OMET, METEK and T-3SP devices.

The time consumed by the thermoelectric method does not exceed 3-5 seconds, which is an advantage
of this method. The small dimensions of thermoelectric flaw detectors and the simple testing technique are
additional advantages of this method [28].

One of the disadvantages of thermoelectric inspection devices is the presence of contact resistance at
the points of connection of the electrodes with the test sample. The magnitude of the contact resistance will
depend on the force of pressing the electrodes to the sample, the angle of inclination of the sensor, and the
distribution of the load over the area of the electrodes [29-30]. This is especially evident during manual
testing, in which it is impossible to ensure the same pressing force and the same deviation of the electrodes
between the normal and the test sample. In addition, the contact resistance will depend, on the quality of
preparation of the surface of the electrodes and the tested product, on the presence of an oxide film; etc. In
particular, in it is noted that upon the presence of an oil film on the surface of the electrodes or the test
product, the contact resistance can increase to 100 Q and higher. The influence of contact resistance on the
thermoEMF value was studied in [31]. The authors proposed a way to reduce the contact resistance, which
led to a decrease in the measurement error of thermoEMF. The only device.that uses.a contact quality
monitoring system is the SBA 458 NEMESIS device from the German company NETZSCH. The authors
also encountered complaints about the manufactured thermoelectric control *device “TERMOTEST-1".
Consumers noted low repeatability of results when taking multiple measurements of the same product. The
analysis carried out by the authors showed that the low repeatability of the testing results was caused by high
contact resistance with insufficient pressing force of the measuring electrodes to the test sample.

2. Problem statement

A thermoelectric monitoring device consists of an electranics unit and a sensor, which can be used for
direct or differential measurement of thermoEME. In the case of direct measurement of thermoEMF, the
sensor consists of two electrodes: hot and cold (Fig..1.a). For differential measurement of thermoEMF, the
sensor must have two hot electrodes and two cold electrodes (Fig. 1.b).

Sensor

Fig.1. Sensor of a thermoelectric device, a — for direct measurement of thermoEMF, b — for differential
measurement of thermoEMF, 1 — product under test; 2 — hot electrode; 3 — cold electrode; 4 — heater; 5 — standard
sample (reference); G - galvanometer

The equivalent electrical circuit of the sensor for direct measurement of thermoEMF consists of contact
thermoEMF E;: and E, internal resistances of these thermoEMF R; and R, and contact resistances of each
electrode Rs and R4 (Fig. 2). The current in the circuit (Fig. 2) will be determined by the internal resistance of
the galvanometer, the internal resistances of the thermoEMF sources R: and R», and the contact resistances
Rz and Rq:
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The internal resistance of thermoEMF sources made of different materials can be in the range from 0.01
to 1 Q. If the total contact resistance Rc= Rz + R4 changes from 0.01 to 100 €, then the thermoEMF source
current will change by several orders. In practice, it is not the current that is measured, but the voltage; for
this, instead of a galvanometer, a precision measuring resistor Ry is used, on which the voltage resulting
from the flow of current is measured. An equivalent circuit for this option is shown in Fig. 3, where E; —
contact EMF of the hot electrode with an inspected sample, E; — contact EMF of the cold electrode with an
inspected sample, R; — internal resistance of the contact EMF of the hot electrode with the inspected sample,
R, — internal resistance of the contact EMF of the cold electrode with the inspected sample, Rz & contact
resistance of the hot electrode with the inspected sample, R4 — contact resistance of the cold electrode with
the inspected sample, G — galvanometer, R, — total contact resistance, Rrr — measuring resistance.

()
N

Rc R ref
R3 R4
Y R2 R1 R2
E2
E1 E2
E1
Fig.2. Equivalent electrical circuit of a thermoelectric sensor Fig.3. ThermoEMF measurement circuit

The voltage across the measuring resistor will be determined from the expression:

E, +E,

V= .
“" R, +R, + R, + Ry

The results of calculating the relative change in voltage across the measuring resistor when the total
contact resistance R, changes from 0.1 Q to 10 kQ for three resistances of the measuring resistor Ry are
shown in Fig.4. Theinternal resistance of the thermoEMF source was taken to be 0.1 Q.
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Fig.4. Dependence of the relative voltage across the measuring resistor on the total contact resistance for three
measuring resistor values
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From Fig. 4 it is clear that if a measuring resistor of 0.1 kQ is used, the measured voltage will be 11%
less than the true one with a 10 Q contact resistance, and the measured voltage will be 50 % less than the true
one with a 100 Q contact resistance. If a 1 kQ measuring resistor is used, then a 10 % decrease in measured
voltage is observed for a 100 € contact resistance, and a 50 % decrease is observed for a 1 k€2 contact
resistance. For a measuring resistance of 10 kQ, a 10 % decrease in measured voltage is observed at a
contact resistance of 1 kQ. The permissible value of contact resistance, at which the measured thermoEMF
value differs from the true value by no more than 10 %, should be no more than 9 Q (measuring resistance
0.1 kQ), 100 Q (measuring resistance 1 k) or 1 k€ (measuring resistance 10 kQ2).

3. Method of Solution

Variations in contact resistance leads to variations in measurement results. To increase.the reliability
and repeatability of testing results, a contact resistance monitoring circuit is proposed. To do this,you can
use an indirect method, which consists in measuring the voltage across the contact resistance thanks to the
flow of a stable current. In order to find out the value of the total resistance of the contacts of the electrodes
with the inspected product, a circuit shown in Fig. 5 was proposed.

The current from the generator flows through two circuits: through the.measuring resistor Ry and
through series-connected resistors Rc+R1+R2. The equivalent load resistance for a stable current generator
will be determined by the expression:

_ Rref ’ (RC + F\)l + RZ)
" R, +R.+R +R,
The results of the calculation using formula 1 of the dependence of the load resistance of the current

generator on the contact resistance for three values of the‘measuring resistor are shown in Fig. 6. The
following values were used in the calculation: R1+R>=10.1 Q, Rres = 0.1 kQ; 1 kQ; 10 kQ.

1)
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Fig.5. E Schematic diagram of the circuit used in the Fig.6. Dependence of the current generator load
indirect measurement of the total contact resistance resistance on contact resistance

As can be seen from Fig. 6, with an increase in contact resistance, the load resistance of the stable
current generator increases. At large values of contact resistance, it tends to the resistance of the measuring
resistor. An increase in the load resistance of the current generator will lead to an increase in the voltage
across the load, which will be determined by Ohm's law:

Rref '(Rc + Rl + Rz)
R, +R. +R +R, '
where 1 is the flowing generator current.

The modeling results of changes in the relative voltage across the load, performed in accordance with
formula 2 for various values of the measuring resistance, are given in Table 1.

V,=IR, =1 )
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Table 1. Simulation results of relative voltage across the load

Rc, KO VL/ VL max

Rret = 0,1 kQ Reet = 1 kQ Rrer = 10 kQ
0,01 0,00111 0,000121 2,19996E-05
0,1 0,002016 0,00022 3,9999E-05
1 0,010989 0,001209 0,000219975
10 0,092652 0,010999 0,002017952
100 0,505252 0,10009 0,019821487
1000 0,918189 0,550022 0,181833801

10000 1 1 1

The graphical dependence of the relative voltage across the current generator load on. the contact
resistance is shown in Fig. 7.
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Fig.7. Dependence of the relative voltage on the load of the current generator on the contact resistance for three
values.of the measuring resistor

It is clear in Fig. 7 that if the contact resistance is less than 1 Q, then the relative change in voltage
across the load does not exceed 1% for.a.0.1 kQ measuring resistor and decreases by an order of magnitude
for a 1 kQ measuring resistor.and by two orders of magnitude for a 10 kQ measuring resistor. Taking into
account the results presented in'Fig. 4 for a contact resistance of 9 Q (at Rrer = 0.1 kQ), the relative change in
voltage across the_load of the current generator will be 10%, the same change will be for a contact resistance
of 100 Q (at Rrer = 1 k€) and 1 k€ (at Rrer = 10 kQ).

Connecting the current generator to the electrodes and determining the voltage at the contact resistance
is explained in Fig.8. The current generator produces a sinusoidal current of constant amplitude I,
independent of the load resistance. When this current flows through the measuring resistor, a voltage V.
appears. The.same-resistor is the load of the thermoEMF source and the voltage Vewr is measured on it.
Since Vewr is @ voltage with zero frequency, and V. is a high-frequency voltage, then to separate these
voltages, bandpass and band-stop filters with a resonant frequency equal to the frequency of the current
generator are used.

From the output of the bandpass filter, the voltage is supplied to the amplifier, then to the rectifier, and
to the analog-to-digital converter, from which the binary voltage code is sent to the microcontroller, which
calculates the total contact resistance based on expression (4), after conversion of which we obtain

R — IRref ' (Rl + RZ) _VL(Rl + RZ) _VL Rref (3)

‘ VL - IRref

Taking into account the fact that (Ri+Rz2) << Rref, expression 3 simplifies to the form:
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Fig.8. Block diagram of the control unit for the total contact resistance of the'electrodes with the inspected product

The terms | and Re in expression (4) are constant quantities, therefore, to calculate the contact
resistance it is necessary to measure only V.. The proposed method allows you to check the value of the total
contact resistance directly in the process of measuring thermoEMEF.

4. Experimental Investigation

To conduct experimental studies, a stand was made containing an electronics module connected to a
personal computer, a sensor and software that allows to'display the value of thermoEMF and the total contact
resistance (Fig. 9) [32]. The electronics module includes a system for heating and stabilizing the temperature
of the hot electrode, a thermoEMF measurement system and a system for monitoring the total contact
resistance. The measuring resistor in therexperimental setup was 100 Q with a tolerance of 1 %.

The hot electrode heating system and temperature stabilization system consist of Temperature Sensor 1,
Temperature Sensor 2, heater, and microcontroller (Fig. 9). Information about the temperature of the hot
electrode comes to the microcontroller from Temperature Sensor 1, and about the temperature of the cold
electrode from Temperature Sensor 2. The microcontroller determines the temperature difference between
the hot and cold electrodes and generates a control action for the heater to maintain the temperature
difference between the hot and'cold electrodes of 100 °C.

The total contact resistance monitoring system consists of a high-frequency stable current generator, a
bandpass filter, an..amplifier, an AC voltage rectifier, an analog-to-digital converter (ADC2), and a
microcontroller. A stable current generator produces an alternating current that flows through the contact
resistance of the electrodes with the test sample. The voltage resulting from the flow of this current is
isolated by a bandpass filter, amplified, rectified, and converted into a digital code that is sent to the
microcontroller. The value of this voltage is used to determine the total contact resistance in accordance with
formula (4).

The thermoEMF measurement system consists of a band-stop filter for suppressing the variable
component, an amplifier, an analog-to-digital converter (ADC1) and a microcontroller. The voltage taken
from the hot and cold electrodes, after suppressing the alternating component in the band-stop filter, is
amplified, converted into a digital code and supplied to the microcontroller. The received information is
transferred to a personal computer via the USB interface.
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Fig.9. Structural diagram of the experimental installation

The computer software allows to display the obtained data in the form of a-graphical dependence and
save it in a separate file. The operator interface consists of two tabs (Fig. 10). The first tab is called “Charts”
and allows to display data received continuously from the experimental setup. The second tab is called
“Settings”. This tab displays control data for the experimental setup (Figal1).

The “Charts” tab contains several windows. There is “Sum™ at the top left of the window shown in
Fig.10 displays the total thermoEMEF value, and “Number of Values” displays the number of values involved
in thermoEMF averaging, and “Average” displays the calculated average thermoEMF value. The next white
box to the right shows the temperature of the hot electrode. The active tab shown in Fig. 10 contains two
graphs. The top graph displays thermoEMF in green and contact resistance in red. Moreover, the scale of the
axis for displaying contact resistance is reduced by 100 times, i.e. The displayed value must be increased by
100 times. The bottom graph displays therm@EMF in green and the temperature of the hot electrode in red,
provided that the contact resistance is less than the set threshold value and the duration of this process is
more than 1 second.

In order to explain the presented values in Fig. 10 and take them as an example, it is important to take
into account that the x-axis of.the top graph records time in 10 ms increments. The measurement process
begins at a time corresponding to 2.2 s (count number 220). Until this time, the thermoEMF value is zero and
the contact resistance is 42007Q; which corresponds to the maximum displayed value. In the reading interval
220...260, fluctuations in contactesistance up to 300 Q are observed, the thermoEMF value is -20 uV. The
calculated value is.-18 pV. In the'sampling interval of 280...300 and 320...340, the contact resistance is near
zero, however, the measurement process was only 20 readings (200 ms), which is less than 1 second and
therefore this data.is not displayed in the lower graphic window. In the sampling interval 370...515, the
contact resistance is about 10 Q, the measurement process was 1.45 seconds. (515-370=145 counts), which is
more than'l second. and this interval is displayed in the lower window. From the bottom graph it can be seen
that the temperature of the hot electrode is 132 °C, and the thermoEMF is -69 uV. The graph shows a
transient process that takes about 50 ms (counts from 0 to 5).

The “Settings” tab is used to control, manage and test the experimental setup (Fig. 11). The hot
electrode heating system and temperature stabilization system consist of Temperature Sensor 1, Temperature
Sensor 2, heater, and microcontroller (Fig. 9). Information about the temperature of the hot electrode comes
to the microcontroller from Temperature Sensor 1, and about the temperature of the cold electrode from
Temperature Sensor 2. The microcontroller determines the temperature difference between the hot and cold
electrodes and generates a control action for the heater to maintain the temperature difference between the
hot and cold electrodes of 100 °C.
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Sum=58103  MNumberof Values = 116 Averape = 69 132¢ Graph 1 Graph 2 |

Fig.10. The developed computer software with the “Charts” tab on
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Fig.11. The developed computer software with the “Settings” tab on
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The total contact resistance monitoring system consists of a high-frequency stable current generator, a
bandpass filter, an amplifier, an AC voltage rectifier, an analog-to-digital converter (ADC2), and a
microcontroller. A stable current generator produces an alternating current that flows through the contact
resistance of the electrodes with the test sample. The voltage resulting from the flow of this current is
isolated by a bandpass filter, amplified, rectified, and converted into a digital code that is sent to the
microcontroller. The value of this voltage is used to determine the total contact resistance in accordance with
formula (4).

The thermoEMF measurement system consists of a band-stop filter for suppressing the variable
component, an amplifier, an analog-to-digital converter (ADC1) and a microcontroller. The voltage taken
from the hot and cold electrodes, after suppressing the alternating component in the band-stop filter, is
amplified, converted into a digital code and supplied to the microcontroller. The received information is
transferred to a personal computer via the USB interface.

The “Reset” button allows to set the stand to its original state. The “Version” button allows:you to
display the name of the current version of the microcontroller program. The “Get ADC” button is used to
check the operation of the analog-to-digital converter. The “V Supply” box displays_supply voltage counts,
whereas the “K temp” box shows a coefficient for calculating the temperature of the hot electrode. In the
“Offset” window, you set the offset of the thermocouple characteristic for measuring the temperature of the
hot electrode. The right window displays data coming from the test bench. The “Settings™ tab is used during
the initial setup of the experimental stand.

5. Conclusion

The conducted studies showed the influence of contact resistance on the result of inspection by the
thermoelectric method. A method for monitoring contact resistance:has been proposed and investigated,
which consists of measuring the voltage across resistance when, current flows from a high-frequency
generator, which makes it possible to measure contact resistance directly in the process of monitoring
thermoEMF.

The accuracy of measuring contact resistance depends/on the accuracy of measuring the high-frequency
voltage after rectification, which is determined by the ADC error and the quantization step. Modern
microcontrollers have built-in ADCs, the quantization step of which is 2.5 mV, and the absolute error does
not exceed 2 or 3 least significant digitszof the ADC. In addition, the accuracy of the contact resistance
measurement will be affected by the stability of the voltage and current of the high-frequency generator. In
practical implementation, the total ‘error in determining the contact resistance did not exceed 10%. The
proposed method is advisable to'use with manual testing devices when it is impossible to ensure the same
pressing force of the sensor_to the.test sample during repeated measurements. In automated thermoEMF
measurement systems, the/clamping force is maintained the same in each measurement cycle and, in this
manner, the potential for encountering this problem is eliminated. In the current case, the existing standards
do not take into account the magnitude of contact resistance and are based on zero contact resistance.
However, in the presence of contact resistance, the result of measuring thermoEMF will depend on the value
of the contact resistance, which must be taken into account.

The.proposed approach can provide a significant increase in the reliability of thermoelectric inspection
results through the<use of a contact resistance control unit and rejection of results with high contact
resistance. The permissible value of contact resistance depends on the size of the measuring resistor and the
internal resistance of the thermoEMF source. The larger the value of the measuring resistor, the greater the
permissible value of contact resistance. The choice of acceptable value depends on the required accuracy of
thermoEMF measurement. For a measuring resistor with a resistance of 1 kQ, an internal resistance of the
thermoEMF source of 0.1 Q and an allowable value of contact resistance of 10 €, the thermoEMF
measurement error caused by the contact resistance will not exceed 1%.

The proposed system for monitoring contact resistance was implemented in the thermoelectric testing
device “TERMOTEST-2”, where the problem of low repeatability of testing results disappeared. If the
contact resistance is more than 1 Ohm, the measurement result is not displayed on the device indicator and it
is necessary to re-measure. It should be noted that the system for measuring contact resistance can be made
in the form of an autonomous unit, which can be equipped with thermoelectric control devices in operation
and thereby increase the reliability of the measurement results.
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