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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Fine ceramics (advanced ceramics, advanced technical
ceramics) — Measurement of Seebeck coefficient and
electrical conductivity of bulk-type thermoelectric
materials at room and high temperatures

1

This|document specifies the measurement methods for the electronic transport proper
type| thermoelectric materials at room and elevated temperatures. The measureme
covel the simultaneous determination of Seebeck coefficient and electrical cenductivity

thermoelectric materials in a temperature range from 300 K to 1 200 K. The measurement

applicable to bulk-type thermoelectric materials used for power generation, ehergy harves
and heating, among other things.
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Normative references

Terms and definitions

cope

following documents are referred to in the text in suchta way that some or all of t
Fitutes requirements of this document. For dated references, only the edition cited
ted references, the latest edition of the referenced document (including any amendme

EC 17025, General requirements for the competence of testing and calibration laboratori

V3331, Fine ceramics (advanced ceramics;\advanced technical ceramics) — Test meth
rical conductivity of conductive fine ceramics

he purposes of this document;, the following terms and definitions apply.
nd IEC maintain terminelogy databases for use in standardization at the following adc

SO Online browsingplatform: available at https://www.iso.org/obp

EC Electropedia‘ available at https://www.electropedia.org/

moelectric figure of merit

Fies of bulk-
nt methods
bf bulk-type
methods are
ting, cooling

heir content
applies. For
hts) applies.

es

od for total

Iresses:

rial

n'sionless factor representing the thermoelectric conversion efficiency of a given mate

3.2

thermoelectric power factor

S20

characteristic value of a thermoelectric material given by the product of the square of Seebeck
coefficient (S) and electrical conductivity (o)

Note 1 to entry: The units of the thermoelectric power factor are watts per metre per square kelvin (W/mK?2).
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Seebeck coefficient

S

intrinsic property which describes the induced voltage (thermal electromotive force, E) from a given
temperature difference (AT) in a material

Note 1 to entry: The units of the Seebeck coefficient are microvolts per kelvin (uV/K).

3.4

electrical conductivity

o

ability of a

Note 1 to ent

4 Princi

This docum
bulk-type th
can be used
type therm
set betweer
the surface
material is
point C) on
can be calcu

S=E/A

where

E is

p
AT is

For Seebeck

and cold-side thermocouple probes.

By using thg
on the foury
applied thrd
probes. The

4 1ol 1] £l & £ of ol ol L.
TatCTTar cCOanmovw orCtr airSpPUT T OT CICCTITCCITaTr gC°5

y: The units of electrical conductivity are Siemens per centimetre (S/cm).

ple

bnt is for simultaneously measuring the Seebeck coefficient and the electrical conductiv
ermoelectric materials using one measurement system. The off-axis-four-terminal me
to simultaneously measure the Seebeck coefficient and the electrical conductivity of

two metal blocks in the heating zone and two thermoceuple probes separately co
bf the specimen. The measurement of the Seebeck coefficient of a bulk-type thermoelg
necessary to measure the temperature difference between two positions (point H
a specimen and the voltage across the two same positions (Figure 1). Seebeck coeffi

lated by following Formula (1):
T

the induced thermoelectric voltage'(thermal electromotive force) between the point H
int C of the specimen;

the temperature difference)between the point H and point C (= Ty - T¢).

coefficient measureénient, measured temperature is the average temperature of the

» measuring system illustrated in Figure 2, electrical conductivity is also measured h
terminal method. This method is conducted by placing four probes. Constant currg
ugh the€wo outmost probes, causing a measurable voltage drop, V, between the two
electrical resistance, R, is calculated using Ohm’s law following Formula (2):

R=V/I

ity of
thod
bulk-

electric material using one measurement system. As shown in Figure 1, the specimlen is

htact
ctric

and
cient

M

and

hot-

ased
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(2)

where

V is

I is
The resistiv

p=RA/

the voltage;

the current.

ity, p, is be calculated following Formula (3):
|

(3)
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where
A is the cross-sectional area of the specimen;
l is the separation between the two inner probes.

The electrical conductivity is the reciprocal of the resistivity. For electrical conductivity measurement,
measured temperature is the actual temperature of the specimen, which generally can be measured by
furnace temperature.

]
|
7
> 1 5 /
F5®
2
Ok i 1()
6
8
4
10—
Key
1  ypper metal block 2 specimen
3 lpwer metal block 4 heater
5 :Ioint C 6 pointH
7 pper thermocouple probe(cold side) 8 lower thermocouple probe (hot side)
9  durrent electrode 10 heating furnace
Figure 1 — Schematic diagram of off-axis four-terminal method for simultaneous mgasurement
of Seebeck coefficient and electrical conductivity

©1S0 2023 - All rights reserved 3
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Figure 2 +— Schematic diagram of four-terminal method to measute the electrical resistiv

The results

5 Significance and use

This docum
coefficient a
to be used fj
acquisition |

Thermoelec
the direct ¢
determined

2T = 52

where

S is

o is

bf an interlaboratory test are given in Annex A.

ent gives guidance for simultaneously meastiring the high-accuracy and low-error Seg
nd electrical conductivity of thermoelectric materials. Therefore, this standard is inte
br the development, characterizationahd quality control of thermoelectric materials,
or high-efficiency thermoelectric.system design, etc.

tric materials show Seebeck effect, Peltier effect and Thomson effect. The Seebeck eff
pnversion of heat into electricity. The conversion efficiency of a thermoelectric mater]
by the dimensionless thermoelectric figure of merit, zT, calculated following Formula

T [ K

the Seebeck coefficient;

theelectrical conductivity;

ity

beck
nded
data

bct is
ial is

[4):
(4)

K is

T is

the thermal conductivity;

the absolute temperature.

Thermoelectric materials show a trade-off relation between Seebeck coefficient and electrical
conductivity according to carrier concentration. Therefore, the accuracy of the power factor, S20, where
S is the Seebeck coefficient and o is the electrical conductivity, can be improved through simultaneous
measurement of Seebeck coefficient and electrical conductivity in one run.

6 Apparatus

6.1 Current source, accurate to +0,5 % on ranges of -1 A to +1 A used in the measurement.

© IS0 2023 - All rights reserved
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6.2 Electronic voltmeter, at least capable of measuring potential differences from 10-7 V to 0,05 V
with a resolution below 107 V.

6.3 Conducting metal blocks.

The contact surface of conducting metal blocks shall be sufficiently large compared to a measurement
specimen. A specimen shall be placed between two conducting metal blocks, such as platinum or
tungsten. One end of the specimen is heated while the other acts as a heat sink, dispersing heat, thus
cooling that side. In addition, the conducting metal blocks play a role as the electrodes for applying the
current when measuring the electrical conductivity.

NOT Pt or Pt - Pd alloy is the best electrode material due to high measuring temperatures.

6.4 | Thermocouple probes.

The |diameter of thermocouple probes shall be 0,5 mm or less to obtaipn-reproduciple Seebeck
coefflicient value. Thermocouples should have a resolution of at least 0,01 Klor better. THermocouple
probgs integrating electrical probes for measuring the voltage and thermal‘probes for m¢asuring the
temperature should be designed for working from 300 K to 1 200 K. Thermocouple prob¢s should be
checked periodically as their output may drift with usage or contamination.

NOTH In some equipment, the voltage can be measured only with{thermocouple wires withqut additional
electrical probes.

6.5 | Test chamber.

The test chamber shall be capable of heating both the specimen and the conducting metal blocks up
to at{least 1 200 K as well as maintaining the testitemperature within #1 K during the tegt, by which
vacupm environment shall be available for test.requirement. The test chamber should bge evacuated
beloyv 3 Pa and can be backfilled with a variety of gases such as helium, argon, nitrogen and oxygen or a
mixture of these. Low-pressure helium can be used to improve the thermal contact betwegn the probe
and the sample. However, low pressure.may affect the measured Seebeck coefficient. Detefmination of
optithum pressure of backfilled gas isrrequired by Seebeck coefficient measurement according to gas
pressure for the same sample to be measured. For the measurement of oxides, oxygen partial pressure
should be controlled and monitered to avoid the reduction or oxidation of the samples.

6.6 | Dimension-measuring device, such as a Vernier-calliper or other devices used for measuring
the dimensions of the sp€cimen, accurate to at least 0,01 mm in accordance with ISO 3611.

6.7 | Apparatus_and equipment, checked periodically through measuring a certified reference
matdrial or a reference material to ensure if they are working properly (see Annex B).

7 S$ampling

7.1 Shape and dimension of specimen

The preferred shape of the specimen should be rectangular bar to ensure stable contacts with
thermocouple probes. The area of contact between the specimen and electrode is important, especially
to measure the Seebeck coefficient since this relates to heat transfer. The point of contact between the
specimen and the electrode is difficult to ensure the reliability of Seebeck coefficient measurement.
The two end sides of the specimen in contact with the metal blocks shall be parallel. The parallelism
tolerance of two end sides should be 0,01 mm or less. To secure the contact area between the specimen
and the electrode, surface roughness, R,, of 10 um or less is required. Figure 3 gives the recommended
dimensions of a rectangular bar-type specimen.

© IS0 2023 - All rights reserved 5
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Dimensions in millimetres

A =
L b
Width Depth Length
b d L
1,5to5 1,5to5 5to 25

Figure 3 — Recommended dimensions for a rectangular specimen

The cylindrjcal specimen can also be used. In this case, two thermocouple probes shall make stable
contacts on the surface of the specimen.

7.2 Pre-treatment

The surfacep of the specimen shall be ground and polished to ensure they are flat and acquire stable
contact with conducting metal blocks and thermocouple probes:

7.3 Storage

Specimens ghall be stored separately and not allowed to:fmpact or scratch each other.

7.4 Number of specimens

Three or mdre test pieces should be measuredfor the purpose of giving an overall estimation of Segbeck
coefficient gnd electrical conductivity.

8 Procedure

8.1 Dimension measurement of specimen

Measure th¢ width, depth and length of a specimen with a resolution of 0,01 mm. If the specimlen is
cylindrical, measurethe diameter and length of the specimen.

8.2 Placement of specimen

Place the specimen between two conducting metal blocks so that the specimen does not rock or shift
during the measurement. Thermocouple probes with lateral spring are then placed on the specimen, as
shown in Figure 1.

When connecting the thermocouple probes to the surface of the specimen, measure the accurate
distance between two thermocouple probes (I in Figure 1) to within 5 % of the distance.

NOTE1 Thermocouple probes mounted in a spring assembly can be moved in and out to achieve the desired
pressure.

NOTE 2 The spacing between two thermocouple probes can be adjustable, depending on the length of
specimen.

6 © IS0 2023 - All rights reserved
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8.3 Evacuating and purging the chamber

For measurement at high temperature in a vacuum environment, make the chamber reach a vacuum of
atleast 3 Pa.

For measurement at high temperature in an inert gas environment, the test chamber should be
backfilled with a variety of inert gas such as helium, argon, nitrogen or oxygen, or a mixture of these,
after purging the chamber several times.

8.4 Measurement of electrical conductivity

a)
b)

d)

e)

9

s shown 1n Figure 1, the specimen 1S placed between two conducting metal blocks.

eat the specimen placed between metal blocks in the test chamber to the desired.test
nd maintain this temperature.

or measurement of electrical resistivity, the effect of Peltier-induced voltage should
efore measuring, the linearity of I-V plot should be checked. This cénfirms the ste
improve the accuracy of the electrical resistivity measurement.

easure the electrical conductivity using the four-terminal method according to the g
SO 23331. Constant current, J, is applied to the specimen through the conducting metd
oltage drop, V, is measured on the thermocouple probes<as 'shown in Figure 1. The ¥
cross the sample should be measured within a second\after applying the dc curren
parasitic thermoelectric offset-voltage caused by the-Peltier effect. When the electt
etween the test specimen and the probes is stable, the voltage shall be proportional t
he applied current.

Measurement of Seebeck coefficient

fter measurement of electrical conductivity, heat one metal block to create a temperat
in the specimen.

or measurement of Seebeck “eoefficient, thermal contact between the specim
hermocouple should be confirmed. Before measuring, the linearity of temperatur
oltage should be checKed: This process enables the accuracy of the Seebeck
easurement to be improved.

At each measuring‘temperature, generate at least five temperature gradients within
These gradients.are to be kept in the range of 0 K- 10 K.

For each gradient, measure the temperature difference (AT = Ty - T) between the th
probes and)simultaneously measure the corresponding induced thermoelectric voltagg

Plotthé'measured values of E as a function of the measured values of AT and check for

emperature

be excluded.
ndy-state to

rovisions of
I blocks and
roltage drop
t to remove
ical contact
b changes in

ire gradient

bn and  the
e-dependent
coefficient

the sample.
ermocouple

,E.

inearity.

Calculation

9.1 Seebeck coefficient

Relative Seebeck coefficient, Sy;, can be calculated by following Formula (5):

E
Sm=7— ={ScTe—SuTu +S(Ty —Tc )}/ (Tu —Tc)
(Tqh—T¢)
where
Sy is therelative Seebeck coefficient (uV/K);

© IS0 2023 - All rights reserved
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E is the induced thermoelectric voltage (uV);

Sc  isthe absolute Seebeck coefficient of the electrical probe integrated in the TC thermocouple
probe (uV/K);

Sy is the absolute Seebeck coefficient of the electrical probe integrated in the TH thermocouple
probe (uV/K);

Ty  isthe temperature at the contact point between the specimen and the hot thermocouple
probe (point H) (K);

T, is[thetemperature at the contact point DeTWeen the Specimen anad the cotd thermocoupip
pyobe (point C) (K);

S is|the absolute Seebeck coefficient of the specimen (uV/K).
Thus, S can be calculated by following Formula (6):
SuTy —ScTe
C(Ty-Tc)

The temperature dependent absolute Seebeck coefficient of a reference miaterial such as Pt (see Ta!zle 1)
0 K.

S=Su+ 6)

shall be detprmined through separate measurement based on Thomson effect to obtain the valyes of
Sy and S¢. S¢ebeck coefficient of Pt can be estimated by -2,63 - 0,0145T at temperatures above 6

Table 1 — Seebeck coefficient values of Pt abyarious temperatures

Temperature Seebeck coefficient
K uVv/K
300 -5,28
500 -9,89
700 -13,31
900 -16,39
1100 -19,29
NOTE | In some equipment, the values of Seebeck coefficient already corrected for the contribution of the
probes|are provided.

The Seebeck coefficient of the.material at a given temperature is determined using the slope df the
voltage versus temperature difference when the voltage response to the temperature gradient is linear,
as shown in|Figure 4.

8 © IS0 2023 - All rights reserved
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o
—_
[N}
w
N
ul

Key
AT temperature difference (K)
E induced voltage (1V/K)

| data for p-type materials
o data for n-type materials

Figure 4 — Example of the induced voltage with respect to the difference in temperature

9.2 | Electrical conductivity
Elecfrical conductivity values should be calculated according to the provisions of ISO 23331.

The ¢lectrical conductivity éf the material at a given temperature is determined using the[slope of the
voltage versus the currentywhen the voltage response to the current gradient is linear, s shown in

Figure 5.

©1S0 2023 - All rights reserved 9
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25

20

15

Key
I current
V'  voltage

10 Expre;

10.1 Seebq

Report the

significant d

(mA)
(LV)

Figure 5 — Example of I-V plot for measurementof electrical conductivity

s5sion of results

10

20

40

60 80 100 120 140

eck coefficient and electrical eenductivity

160 I

Seebeck coefficient and electrieal conductivity of the specimen at various temperatures
as shown ip Table 2. Seebeck coefficient and electrical conductivity should be reported with|four

igits.

Table 2 — Seebeck coefficient and electrical conductivity at various temperatures
Temperature Seebeck coefficient Electrical conductivity

T S o
K uVv/K S/cm

300 -100,8 2708

350 -111,6 2567

400 -121,9 2430

450 -131,7 2295

500 -142,9 2141

550 -149,8 2023

600 -156,6 1909

650 -162,2 1803

700 -166,4 1709

750 -169,3 1625

800 -170,4 1557

850 -169,8 1503

10
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Table 2 (continued)

Temperature Seebeck coefficient Electrical conductivity
T S o
K uVv/K S/cm
900 -167,4 1464
950 -163,2 1441
1000 -156,9 1437

10.2 Variation of Seebeck coefficient as a function of temperature

The ¢xample of temperature-dependent Seebeck coefficient is shown in Figure 6.
S

-200 S s B B

-180 |- -
-160 |- o 0
-140 - o -
-120 | o -

-100 ~ O -

60 IR N o I R R H U S
300 400, 500 600 700 800 900 1000 T

T temperature (K)
S Jeebeck coefficient (WV/K)

Figure 6 — Example of temperature-dependent Seebeck coefficient

10.3 Variation of electrical conductivity as a function of temperature

The ¢xample of temperature-dependent electrical conductivity is shown in Figure 7.

©1S0 2023 - All rights reserved 11


https://standardsiso.com/api/?name=8d8254dfb9378d0a5817c22d85857f39

ISO 24687:2023(E)

3000 T — 7 T I — T — 7 — 7 T I — T

2500 n

2000 i N

1500 |- o

1 OOO 1 ! 1 ! 1 ! 1 ! 1 ! 1 ! 1 ! |

Key
T  temperature (K)
o electrical conductivity (S/cm)

Figure 7 — Example of temperature-dependent electrical conductivity

11 Test report

The test replort shall be in accordance with thereporting provisions of ISO/IEC 17025 and shall contain
the following information if available:

a) the nanje of the testing establishment;

b) the date of the test, report identification and number, operator and signatory;
c) thetemperature and relative humidity in the laboratory;

d) areference to this decument, i.e. ISO 24687:2023;

e) all detalls for identification of test material (material type, manufacturer, batch or code number);

f) the shape andthe dimensions of the test specimens and the distance between two thermocguple
probes;

g) methods used for measuring Seebeck coefficient and electrical conductivity;

h) all details of test conditions (e.g. currents, ambient temperatures, temperature differences);
i) environmental conditions, e.g. vacuum, inert gas, gas pressure;

j) calibration procedures, if applicable;

k) the results for Seebeck coefficient and electrical conductivity;

1) the plots of measurement of Seebeck coefficient and electrical conductivity;

m) the number of tests carried out and the number of valid results obtained;

n) comments about the test or test results;

12 © IS0 2023 - All rights reserved
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0) details of any occurrence which could have affected the result.

© IS0 2023 - All rights reserved 13
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Annex A

(informative)

Interlaboratory evaluation of Seebeck coefficient and electrical
conductivity of bulk-type thermoelectric materials

A.1 Gene

An interlab
the results ¢

A.2 Samj

A.2.1 Maferial

a) p-typel
b) n-type’

A.2.2 Maferial dimension

2mmx2m

A.3 Test

A.3.1 Temperature range

a) 300K-
b) 300K-

A.3.2 Method

Off-axis foul

A.3.3 Env
Backfilled w

ral

hle

Bij ;Sb; ;Te; sintered bulk.

n x 8 mm.

conditions

-terminal method.

ironment

ith Hé (99,999 %).

iy sHf) sNiSnj 9gSb) ¢, sintered bulk.

520 K for p-type Bi ;Sb; ;Tez sintered bulk.
1 000 K for n-type Tiy sHf; cNiSn 9gSb (, sintered bulk.

ratory test was undertaken by nine laboratories using two types of samples.' Detail$ and
f the interlaboratory test are as follows.

A.4 Laboratories participating in the interlaboratory test

The information of 9 laboratories participating in the interlaboratory test is shown in Table A.1.

14
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Table A.1 — Information on participating laboratories

Country Institute Testing system Sample name
ZEM-3 (ULVAC, Japan) YU-ZEM
Yonsei University
BS-1 (BlueSys, Korea) YU-BS
Sungkyunkwan University ZEM-3 (ULVAC, Japan) SKKU-ZEM
The Republic of I'Jniversity ofS.eoul . . ZEM-3 (ULVAC, Japan) UOS-ZEM
Korea Korea Institute of Ceramic Engineering ZEM-3 (ULVAC, Japan) KICET-ZEM
and Technology
Thermoelectric Tatal Solution ZEM-3 (”I VAC ]apan) TS-ZEM
Korea Electric Power Corporation BS-1 (BlueSys, Korea) KI[EPCO-BS
BlueSys BS-1 (BlueSys, Korea) BS-BS
USA Northwestern University In-house system NWU-HMS
Shanghai Institute of Ceramics,
China ZEM-3 (ULVAG;Japan) SICCAS-ZEM
Chinese Academy of Sciences
A.5 | Results

Electrical conductivity and Seebeck coefficient from 9 laboratories for the p-type Bij s

shown in Figure A.1 and Figure A.2, respectively.
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A.1 — Electrical conductivity from nine laboratories for the p-type Bi, ;Sb, ;Te;
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