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Abstract
Superalloy single-crystal steel grade is a material for high-temperature gas turbine parts and is essential for preventing explo-
sion accidents caused by high temperature and heat. To establish an infrastructure and a database for the characterization of 
gas turbine core materials, tests for thermal, mechanical, and electrical properties are required. The required thermal property 
tests include thermal conductivity, specific heat, and thermal expansion coefficient tests. The mechanical tests include tensile 
tests at room and high temperature and fatigue tests. The electrical tests include conductivity tests; also, in this study, vari-
ous measurement methods were used to compare and evaluate the reliability of the evaluation results for the conductivity 
test. The conductivity was compared and evaluated using five methods, namely, the four-terminal, direct current comparator 
resistance bridge, four-point probe, van der Pauw, and eddy current. The conductivity obtained was 1.210% International 
Annealed Copper Standard (IACS), and the measured values for the five methods agreed with each other within 0.1% or 
less, with a measurement uncertainty of about 0.2% to 0.6% or less within a 95% confidence level.
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1  Introduction

Various companies are providing policy support for the 
establishment of a material properties database (DB) for a 
gas turbine design, led by their governments (General Elec-
tric in the US, Siemens in Germany, Mitsubishi in Japan, 
and Ansaldo Energia in Italy). Also, it is difficult to secure 
the core and source technologies because gas turbine power 
generation system technologies are secured by the govern-
ments and technology leaks are strictly controlled by the 
government. Korea’s gas turbine base is inferior to those of 
advanced original equipment manufacturers, and research 
is conducted under the government’s lead, as it takes a huge 
investment to establish a DB of gas turbine material proper-
ties, which is a country's core basic asset [1].

To strengthen Korea's energy technology competitive-
ness, the development of high-efficiency and large-capacity 
gas turbine engines must be continuously promoted, and for 

this, a DB for the design of gas turbine core parts is required. 
For the development of a 270 MW class (H class) gas tur-
bine, a single-crystal superalloy material capable of with-
standing 1600 °C (metal temperature: 1100 °C) or higher 
is essential. This material is selected for development with 
consideration to cast-ability, weld-ability, economic feasi-
bility, material supply and demand, and thermomechanical 
characteristics. For the stable and efficient operation of gas 
turbine engines, it is essential to establish a DB of mechani-
cal properties such as tension, creep, low-cycle and high-
cycle fatigue of gas turbine component materials at high-
temperature, and environmental resistance properties such as 
high-temperature cyclic oxidation. In addition, basic thermal 
properties such as thermal conductivity, specific heat, and 
thermal expansion, which are essential for optimizing gas 
turbine design and structural integrity, and electrical prop-
erties such as resistivity and conductivity are required. In 
this study, we tried to obtain the electrical properties neces-
sary for building a material property DB of core materials 
required for the entire cycle, from the design of gas turbines 
for power generation and aviation to maintenance/repair/ser-
vice during operation. We evaluated the property using five 
methods and presented partly in an international conference 
and the details are described in the content [2].
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2 � Measurement Method

2.1 � Materials

Ni-based super-alloy is a material widely used for blades 
of gas turbines for power generation, cogeneration, and 
aviation; It is often produced as a single-crystal or one-way 
solidification. To improve efficiency and performance, the 
operating temperature of gas turbines is gradually increas-
ing to 1600 °C or higher, and the metallic material in the 
environment for this use is known to be at a temperature of 
1100 °C or higher. For this study, a single-crystal Ni-alloy 
material slab supplied by Precision Castparts Corporation, 
USA (dimensions 100 mm(width) × 150 mm(length) × 20 m
m(thickness)), was used.

2.2 � Four‑Terminal Resistance Measurement Method

The four-terminal resistance measurement method is a 
method to know the resistance of the sample by supply-
ing current to both ends of the sample and measuring the 
potential difference between them. The resistivity (ρ) of the 
metal is defined as the electrical resistance against the cross-
sectional area (A) and the length (L) of the sample and is 
obtained by the following Eq. (1) [3].

where ρ is resistivity, R is the resistance to electrode spacing 
L, A is the cross-sectional area, and the electrical conductiv-
ity (σ) is obtained by the following Eq. (2):

where the electrical conductivity (σ) is expressed in % IACS, 
which is a percentage unit calculated by Eq. (3) against pure 
copper (100% IACS). The ρ value of pure copper that was 
applied here is 1.7241 μΩ·cm at 20 °C.

For the sample used in this study, the material described 
in Sect. 2.1 was processed into a sample of 20 mm width 
(W), 100 mm length (L) and 5 mm thickness (t). Fluke 
5720A and 5725A were used as current sources and Fluke 
8508A was used as a current meter and voltmeter, respec-
tively. After supplying DC 10 A from the current source to 
electrodes A and B, the supply current was measured with an 
ammeter, the potential difference (V) was measured with a 
voltmeter at both ends of the electrodes (C, D), and then the 
resistance was determined by Ohm’s law (R = V/I) (Fig. 1). 
Electrodes C and D were manufactured as knife-edge 

(1)� = R
A

L
[Ω ⋅m]

(2)� =
1

�

[

S∕m
]

(3)%IACS = (1∕�) × 1.7241�Ω cm

electrodes (Fig. 2) to accurately measure the potential dif-
ference (V) of the gap (L) between two points of the sample; 
the voltage was measured after making vertical contact with 
the sample surface. In addition, for accurate measurement 
of the thickness and width of the sample, a thickness gauge 
was manufactured using the measurement principle of a ball-
to-ball point contact of two digital micrometers (Fig. 3a and 
b). The sample thickness was compared and measured using 
the digital micrometers and a gauge block, the traceability 
of which was maintained from the national measurement 
standard. The measurement was performed 9 times at 10 min 
intervals to obtain an average value and standard deviation 
of the resistance, and the resistivity and conductivity were 
calculated using Eqs. (1), (2), and (3). The measurement 
results are shown in Table 1, and the measurement uncer-
tainty was estimated as shown in Table 2.

2.3 � Direct Current Comparator(DCC) Resistance 
Bridge Method

In this method, two different DC current sources are respec-
tively supplied to two resistors to be compared; one of the 
current sources is adjusted to equalize the voltage across 
the two resistors, and the balance is measured with a gal-
vanometer. Simultaneously, the ratio of the current flowing 
through the two resistors being compared is kept constant 
through the variable turns NX (the bridge dial) of the DCC 
(Fig. 4), until the DC magnetic flux required to obtain a 
magnetic flux balance between the two circuits generated in 
the inner core becomes zero. When these two balance con-
ditions are simultaneously satisfied, Eq. (4) is established, 
and the resistance value (RX) of the sample to be measured 
is obtained from the ratio of the DCC resistance bridge dial 
value and the reference resistance value [4].

(4)
NX

NS

=
RX

RS

Fig. 1   Configuration diagram of the four-terminal measurement sys-
tem
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Using a commercial DCC resistance bridge (Model: 
MI 6010D), composed of the reference resistance RS and 
the measurement sample RX (Fig. 4), the sample RX was 

measured using the knife-edge electrodes used in the four-
terminal method described in Sect. 2.2, and the resistance 
was measured to be 725.869 μΩ. The resistivity, conductiv-
ity, and conductivity ratio calculated by Eqs. (1), (2), and (3) 
are shown in Table 3, and the uncertainty evaluation result 
is shown in Table 4.

The symbols in Fig. 4 are as follows:
NX: Variable turns of the current comparator, which 

means dials to measure a resistance.
NS: Fixed turns of the current comparator, which means 

reference coils fixed internally.
RS: Reference resistance for four-terminal measurements.
RX: Sample resistance for four-terminal measurements.
IS: Power supply providing a constant current to the refer-

ence resistance.
IP: Power supply providing a constant current to the 

sample.
D: Detector to sense the voltage difference produced at 

RS and RX.

2.4 � Four‑Point Probe(FPP) Method

2.4.1 � Single Configuration

The single-configuration technique is used to determine 
sheet resistance by measuring the resistance when contact-
ing a collinear FPP on a sample surface, and then apply-
ing the sample size and thickness correction factors against 
probe spacing [5–7]. Resistance RS is determined by apply-
ing current IAD between the probes A and D and measuring 
the voltage VBC between the probes B and C (Fig. 5), and is 
given by Eq. (5).

Fig. 2   Photo of the four-terminal measurement system

Fig. 3   Thickness gauge
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From the resistance, the sheet resistance RSS by the sin-
gle-configuration technique is given by Eq. (6).

(5)Rs = VBC∕IAD[Ω]

where kS is a correction factor and is given by Eq. (7).

(6)RSS = kS × RS

[

Ω∕sq.
]

Table 1   Resistance, resistivity, and conductivity measurement results using the four-terminal resistance measurement method

W(mm) t(mm) A(mm2) L(mm) Resistance (μΩ) Resistivity(ρ) (μΩ·cm) Conductivity(σ) (kS/cm) Conductivity ratio (%IACS)

20.02 5.00 100.1 50.98 725.48 142.45 7.020 1.210

Table 2   Measurement 
uncertainty analysis

Uncertainty factor Standard 
uncertainty

Combined standard uncertainty Expanded uncertainty (k = 2)

W (mm) 0.05% 0.15% 0.3%
t (mm) 0.08%
L (mm) 0.05%
Current source (I) 0.005%
Ammeter (A) 0.01%
Voltmeter (V) 0.01%
Type A 0.01%

Fig. 4   Schematic diagram of a DCC resistance bridge

Table 3   Measurement results of the resistance, resistivity, conductivity, and conductivity ratio using the DCC resistance bridge

W(mm) t(mm) A(mm2) L(mm) Resistance (μΩ) Resistivity(ρ) (μΩ·cm) Conductivity(σ) (kS/cm) Conductivity ratio (%IACS)

20.02 5.00 100.1 50.98 725.87 142.53 7.0163 1.210
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From Eq. (7), F(W/S) is a correction factor for sample 
size W against probe spacing S. The correction factors for 
the rectangular sample shown in Fig. 5 are summarized in 
Table 5. In Table 5, F(W/S) is equal to 4.5324 or π/ln2 when 
W/S is infinite, and it is determined by applying Table 5 for 
finite W and S [6].

In addition, F(t/S) is the correction factor for sample 
thickness t against probe spacing S and is shown in Table 6 
[7]. The samples used in this study were the same ones 
used in the above four-terminal resistance measurement 
method and had the dimensions of W = 20 mm, L = 100 mm, 
t = 5 mm. The probe spacing of the sheet resistance meas-
uring instrument was 1.00 mm, S was 1.00 mm, and t was 
5.00 mm, and therefore, F(t/S) = 0.2753. F(T) is the tem-
perature correction factor for the measurement environment 
and if the measurement temperature was (23.0 ± 0.5) °C, the 
factor equals 1.0 because F(T) = 1 – CT (T – 23). In addi-
tion, F(S) is the correction factor for probe spacing and is 
expressed as F(S) = 1 + 1.082 × (1 – S2/S) in a linear approxi-
mation. If S2 is equal to S, it is equal to 1.000.

2.4.2 � Resistivity Measurement

The resistivity is obtained from the following Eq. (8) using 
the FPP method, and it is given by the product of sheet 
resistance and thickness.

(7)kS = F(W∕S) × F(t∕S) × F(T) × F(S)

where ρ is resistivity, RS is sheet resistance, and t is sample 
thickness.

The resistivity-measuring device manufactured using 
this FPP measurement principle is shown in Fig. 6, and 
when the FPP is brought into contact with the sample sur-
face, the resistivity given from Eq. (8) is indicated on the 

(8)� = RS × t[Ω ⋅m]

Table 4   Measurement uncertainty evaluation results

Uncertainty factor Standard 
uncer-
tainty

Combined 
standard uncer-
tainty

Expanded 
uncertainty 
(k = 2)

W (mm) 0.05% 0.1% 0.2%
t (mm) 0.07%
L (mm) 0.05%
DCC Resistance bridge 0.001%
Type A 0.02%

Fig. 5   FPP method and sample 
of a rectangular shape

Table 5   The correction factor for sample size against probe spacing; 
F(W/S)

W/S F(W/S) of rectangular shape

L/W = 1 L/W = 2 L/W = 3 L/W ≥ 4

1.0
1.25
1.3
1.75
2.0
2.5
3.0
4.0
5.0
7.5
10.0
15.0
20.0
40.0
∞

–
–
–
–
–
–
2.4575
3.1137
3.5098
4.0095
4.2209
4.3882
4.4516
4.5120
4.5324

–
–
1.4788
1.7196
1.9454
2.3532
2.7000
3.2246
3.5749
4.0361
4.2357
4.3947
4.4553
4.5129
4.5324

0.9988
1.2467
1.4893
1.7238
1.9475
2.3541
2.7005
3.2248
3.5750
4.0362
4.2357
4.3947
4.4553
4.5129
4.5325

0.9994
1.2248
1.4893
1.7238
1.9475
2.3541
2.7005
3.2248
3.5750
4.0362
4.2357
4.3947
4.4553
4.5129
4.5321

Table 6   The correction factor 
for sample thickness against 
probe spacing; F(t/S)

F(t/S) t/S

1.0000
1.0000
1.0000
0.9999
0.9974
0.9215
0.7983
0.6337
0.4067
0.2753
0.1385

0.100
0.141
0.200
0.333
0.500
1.000
1.414
2.000
3.333
5.000
10.00
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window, so it can be easily and conveniently measured. 
Table 7 shows the resistivity, conductivity, and conductiv-
ity ratio measurement results measured with a resistivity 
meter, and the measurement uncertainty was evaluated 
with the resistivity meter used for the measurement, probe 
spacing, and type A, and the evaluation results are shown 
in Table 8.

2.5 � van der Pauw Method

The principle of this method is to construct electrodes at 
the corners of four points (Fig. 7). For a conductive sample, 
supply a current in one direction and measure the voltage in 
the opposite direction to obtain the resistance values of RA, 
RB respectively. From the two values, the resistivity can be 
determined by Eq. (9) [8].

where ρ is electrical resistivity and t is thickness (mm) of 
the sample, and f(r) is 1 if the ratio of RA and RB is in the 
range of 1% or less.

The electrical conductivity σ is calculated by Eq. (2), 
and the electrical conductivity ratio is obtained by Eq. (3). 
The sample used in this study was the same one used in the 
above method, and was processed into a square with a size of 
20.02 mm × 20.02 mm × 5.00 mm to measure the resistivity 
by the van der Pauw method.

For measurement, RA = V34/I12[Ω] was obtained by 
building a measurement system as shown in Fig. 7, sup-
plying current to the first and second electrodes of the 
sample, and measuring the potential difference at the 
third and fourth electrodes. Then, a current is supplied 
to the first and third electrodes of the sample, the poten-
tial difference is measured at the second and fourth elec-
trode positions to obtain RB = V24/I13 [Ω], the resistivity is 
obtained from Eq. (9), and the conductivity and conduc-
tivity ratio was calculated by the above formulas (2) and 

(9)� =
�t

ln 2

RA + RB

2
f (r)[Ω ⋅m]

Fig. 6   Resistivity Meter

Table 7   Measurement results for resistivity, conductivity, and con-
ductivity ratio using the FPP method

Resistivity(ρ) (μΩ·cm) Conductivity(σ) (kS/
cm)

Conductivity ratio 
(%IACS)

142.45 7.020 1.210

Table 8   Measurement uncertainty evaluation results

Uncertainty factor Standard 
uncertainty

Combined stand-
ard uncertainty

Expanded 
uncertainty 
(k = 2)

Resistivity 0.15% 0.2% 0.4%
Probe spacing 0.10%
Type A 0.02%

Fig. 7   Configuration for van der Pauw measurement system
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(3). The measurement results of the resistivity, conductiv-
ity, and conductivity ratio are shown in Table 9, and the 
measurement uncertainty in Table 10. The current source, 
ammeter, and voltmeter used for the measurement were 
the same as the equipment used in the above four-terminal 
measurement method, and the current was supplied in the 
forward and reverse directions to reduce the measurement 
error due to the offset produced during measurements.

2.6 � Eddy Current Method

Eddy current is a current of eddy shape generated in a 
conductor by electromagnetic induction when the mag-
netic field applied to the conductor changes with time 
(Fig. 8). That is, using the measurement method using 
eddy current, the electrical conductivity of the sample 
was measured using an electrical conductivity meter 
(Hoking 3000 DL) to which the principle of inducing 
electromotive force by an alternating magnetic field was 
applied [9].

This measurement method has a disadvantage in that 
the measurement accuracy is lowered because of the skin 
effect of the material and the effect of alternating current. 
It is, however, the simplest and easiest method for meas-
uring the conductivity of nonmagnetic metals.

The method has the advantage of being able to meas-
ure easily because the conductivity is indicated when the 
probe is placed on a sample with a flat surface (Fig. 9). 
The conductivity ratio measurement in this study was per-
formed 10 times after calibrating the conductivity meter 
using a conductivity standard specimen.

3 � Summary

There are various methods for evaluating the resistivity, 
conductivity, and conductivity ratio of conductive mate-
rials including metals, but the measurement methods can 
be applied differently depending on the size, thickness, 
and shape of the sample. In this study, five measurement 
methods for conductivity evaluation of the super-alloy 
single-crystal steel-grade materials used as materials for 

Table 9   Measurement results for the resistivity, conductivity, and 
conductivity ratio using the van der Pauw method

Resistivity(ρ) (μΩ·cm) Conductivity(σ) (kS/
cm)

Conductivity ratio 
(%IACS)

142.40 7.022 1.211

Table 10   Measurement 
uncertainty evaluation results

Uncertainty factor Standard 
uncertainty

Combined standard uncertainty Expanded uncertainty (k = 2)

W (mm) 0.05% 0.15% 0.30%
t (mm) 0.08%
L (mm) 0.05%
Current source (I) 0.005%
Ammeter (A) 0.01%
Voltmeter (V) 0.01%
Type A 0.01%

Fig. 8   Eddy current method

Fig. 9   Eddy current measurement system
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high-temperature gas turbine parts were described. The 
measured results for the resistivity, conductivity, and con-
ductivity ratio are shown in Table 11. The evaluations by 
all test methods agreed to about 0.1% or less regarding 
the conductivity. It was confirmed that reliable measure-
ment results can be obtained among the five measurement 
methods, irrespective of the measurement method selected 
and depending on the type of sample.

4 � Conclusion

Tests of the thermal, mechanical, and electrical properties 
are required as basic data for building the infrastructure of 
material property evaluation and a DB for gas turbine core 
materials. In this study, electrical property tests (resis-
tivity, conductivity, and conductivity ratio) were con-
ducted on H-class superalloy single-crystal steel grades 
for gas turbine power generation (dimensions: W = 20 mm, 
L = 100 mm, t = 5 mm). In addition, to confirm the reliabil-
ity of the measurement results, five measurement methods, 
namely the four-terminal, DCC resistance bridge, four-
point probe, van der Pauw, and eddy current, were com-
pared and evaluated. The comparison showed an agree-
ment of 0.1% or less between the measured values, and the 
measurement uncertainty [10] was evaluated to be between 
about 0.2% to 0.6% at the 95% confidence level (k = 2). 
In conclusion, this study confirmed that the resistivity, 
conductivity, and conductivity ratio could be evaluated 
by various measurement methods depending on the size 
or shape of the sample; in addition to securing the meas-
urement technology, reliable data were obtained on the 
electrical properties of superalloy single-crystal steel for 
gas turbine power generation.
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