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The change of the Seebeck coefficient due to neutron
irradiation and thermal fatigue of nuclear reactor
pressure vessel steel and its application to the

monitoring of material degradation.

M. Niffenegger, K. Reichlin, D. Kalkhof

Paul Scherrer Institut, CH-5232 Villigen PSi, Switzerland

Abstract

The monitoring of material degradation, that might be caused by neutron irradiation and thermal
fatigue, is an important topic in lifetime extension of nuclear power plants. We therefore
investigated the application of the Seebeck effect for determining material degradation of common
reactor pressure vessel steei. The Seebeck coefficient (SC) of several irradiated Charpy
specimens made from Japanese JRQ-steel were measured. The specimens suffered a fluence
from 0 up to 4.5 xE19 neutrons per cm2 with energies higher than 1MeV.

The measured changes of the SC within this range were about 500 nV, increasing continuously in
the range under investigation. Some indications of saturation appeared at fluencies larger than
4.5xE19 neutrons per cm2. We obtained a linear dependency between the SC and the temperature
shift AT41 of the Charpy-Energy-Temperature curve which is widely used to characterize material
embrittlement.

Similar measurements were performed on specimens made from the widely used austenitic steei
X6CrNiTi 18-10 (according to DIN 1.4541) that were fatigued by applying a cyclic strain amplitude
of 0.28%. For this kind of fatigue the observed change of SC was somewhat smaller than for the
irradiated specimens.

Further investigations were made to quantify the size of the gage volume in which the termoelectric
power is generated. It appeared that the information gathered from a Thermo Electric Power (TEP)
measurement is very local. To overcome this problem we propose a novel TEP-method using a
Thermoelectric Scanning Microscope (TSM).

We finally conclude that the change of the SC has a potential for monitoring of material
degradation due to neutron irradiation and thermal fatigue, but it has to be taken into account that
several influencing parameters could contribute to the TEP in either an additional or extinguishing
manner. A disadvantage of the method is the requirement of a clean surface without any oxide
layer. A part of this disadvantage can be avoided by using the proposed new TSM.

Keywords: thermoelectricity, monitoring of material degradation, neutron irradiation induced
embrittlement, thermal fatigue, non-destructive testing, diagnostics, nuclear reactor pressure
vessel steel, Seebeck effect, ductile to brittle transition zone
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Zusammenfassung

Die Überwachung (Monitoring) der Materialschädigung, die durch Neutronenbestrahlung und
thermische Ermüdung verursacht wird, ist ein wichtiges Thema im Hinblick auf die
Betriebsverlängerung von Kernkraftwerken. Wir haben deshalb die Verwendung des Seebeck-
Effektes zur Bestimmung des Schädigungsgrades von typischem Reaktordruckbehälter-Stahl
untersucht. Der Seebeck-Koeffizient (SC) wurde an verschieden stark bestrahlten
Kerbschlagproben aus dem japanischen Druckbehälterstahl JRQ gemessen. Die Proben wurden
mit Fiuenzen von 0 bis 4.5x1019 Neutronen pro cm2 bei einer Energie über 1MeV bestrahlt.

Die gemessene Änderung des SC betrug im genannten Bereich ca. 500 nV, wobei ein stetiger
Anstieg mit zunehmender Fluenz beobachtet wurde. Bei einer Fluenz um 4.5x1019 Neutronen pro
cm2 konnten Anzeichen einer Sättigung beobachtet werden. Der Vergleich der thermoelektrischen
Messungen mit der die Materialversprödung characterisierenden Verschiebung der Charpy-
Energie-Temperatur Kurve hat einen linearen Zusammenhang zwischen SC und der in
Kerbschlagversuchen ermittelten Temperaturverschiebung AT41 ergeben.

Entsprechende Messungen wurden auch an Ermüdungsproben aus dem metastabilen
austenitischen Stahl X6CrNiTi18-10 (DIN 1.4541) durchgeführt. Die Proben wurden durch
zyklische Belastung mit einer totalen Dehnungsamplitude von 0.28 % und unterschiedlicher Anzahl
Lastzyklen ermüdet. Für diese Art der eingebrachten Materialschädigung wurden etwas kleinere
Änderungen des SC gemessen als bei den bestrahlten JRQ-Kerbschlagproben.

in umfangreichen numerischen Untersuchungen haben wir die Grosse des Probevolumens, in
welchem die thermo-elektrische Kraft (TEP) erzeugt wird, bestimmt. Es hat sich gezeigt, dass
dieses Volumen relativ klein ist, und dass deshalb die Information bezüglich Materialzustand aus
einem lokal begrenzten Gebiet stammt. Um diesen Nachteil der Methode zu entschärfen und
diesen zum Vorteil zu nutzen, schlagen wir eine neuartiges Gerät vor, welches wir Thermoelectric
Scanning jyUc roscoPe (TSM) nennen.

Auf Grund unserer Untersuchungen folgern wir, dass der SC durchaus für die Überwachung der
Materialschädigung durch Neutronenbestrahlung und durch thermische Ermüdung geeignet
erscheint. Allerdings darf nicht vergessen werden, dass die thermo-elektrische Kraft bzw. der SC
durch verschiedene Parameter beeinflusst wird.

Ein Nachteil der Methode besteht darin, dass beim verwendeten Gerät eine absolut saubere
oxidfreie Probenoberfläche erforderlich ist. Dieser Nachteil entfällt beim vorgeschlagenen TSM
teilweise.

Schlüsselwörter: Thermoelektrizität, Seebeck-Koeffizient, Überwachung von Materiafschädigung,
Neutronenstrahlenversprödung, Thermische Ermüdung, Zerstörungsfreie Materialprüfung,
Diagnostik, Reaktordruckbehälter-Stahl, Sprödbruchübergangszone
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1. Introduction

Monitoring of material degradation of low-ferritic reactor pressure vessel (RPV) steel is still an
unsolved problem. Especially material embrittlement caused by neutron irradiation and thermal
fatigue are important topics revived by the desire for lifetime expansion of nuclear power plants.

One physical effect that might be used for the detection of material degradation is the so-called
Seebeck effect. The fact that a heat flow is accompanied by a small electric current, discovered
1821 by Thomas Seebeck, is one of several thermoelectric effects and mainly used for the
fabrication of temperature sensors, the so called thermocouples (TC) [5]. The generated electric
field is proportional to the temperature gradient whereby the proportionality factor is called
Seebeck coefficient (SC). In chapter 2 we give a short introduction to the theory of thermoelectricity
that is essential to understand the origin of the TEP. A more detailed derivation of the theory of
thermoelectricity is given in reference [1].

It is well known by producers of TC's that the material dependent SC is not a constant, but might
change due to several influences, leading to a drift of the TEP [6,7,8,9]. One of this error sources is
the irradiation by neutrons that occurs in nuclear power plants or in the target of a neutron
spallation source. Other influencing parameters are e.g. heat treatments and plastic deformations.

However, if the change of SC is a definite function of the neutron-fluence and if the effect is large
enough compared with that of other influencing parameters, it could be used for monitoring of
material embrittlement which in the case of RPV is correlated to the neutron-fluence. First
investigations concerning this application were performed within the framework of the European
network AMES (Ageing Materials Evaluation and Studies) by EDF [2] and JRC Petten [3]. Their
results were encouraging enough to justify the TEP-method at PSI. For this purpose we used the
TEP-device from GEMPPM-INSA LYON that we used from EDF France, described in chapter 3.

in order to clarify the application of the TEP-method to neutron-embrittlement we measured the SC
of a set of irradiated Charpy specimens made from the Japanese RPV JRQ [4]. The results and
their comparison with other material properties are discussed in chapter 4.

Further, we investigated the change of the SC due to fatigue cyclic on a set of specimens made
from austenitic steel that suffered different number of load cycles with a total strain amplitude
Aet/2=0.28%. In chapter 5 we show results of these measurements followed by the comparison
with other material characteristics e.g. martensitic content.

For physical reasons (explained in chap. 2) the information gained by a TEP-measurement is
limited to a rather small gage volume near the heat source. In order to get an idea of the size of the
gauge volume we made extensive calculations by means of the finite element method (FEM). The
results are presented in chapter 6.

Our first investigations are very promising, especially for the application to neutron embrittlement.
However, in chapter 7 we propose a novel TEP-measuring method that we call Thermoelectric
Scanning Microscope (TSM) with the potential to improve the information about the material
degradation.
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2. Physics of the thermoelectric effect (Seebeck-effect)

In solids, heat is transported by phonons and free electrons. For metals, the main contribution to
thermal conduction stems from the electrons. Electrons are therefore carriers of both, thermal
energy and electric charge. That means: thermal and electric currents are coupled phenomena
with the consequence, that an electric current accompanies a heat flow. This is the origin of the
Seebeck effect. In the following introduction to the theory of thermoelectricity we start with the
Boltzmann equation and end up with the important formula for the thermoelectric voltage. The main
part of this chapter is due to [1] complemented with some practical aspects and interpretations of
the theory.
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energy flux density

electrical current

heat flow density

particle flux density

electrical charge
energy of the electron

element of the energy surface
velocity of the electron
electron distribution function

wave vector

radius vector
time
density of states
Fermi energy
electrical field
electrical conductivity
relaxation time
quantum mechanical transition probability

effective-mass tensor
Seebeck coefficient (absolute thermo power)

mean Seebeck coefficient
transport coefficient
thermo electric potential
temperature
Length of the integration path

Table 1: List of basic notation

Heat flux and electric current can be expressed as functions of the electric field and temperature
gradient by two coupled equations which are characterized by the coupling terms. To calculate the
coupling terms between thermal and electric currents, we start with the equations for the electric
current density j E and the energy flux density j , respectively.

Jr- - ' fekv(k)f(k,r,t)

(2)
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To obtain the distribution function f(k,r,t)for electrons in an external field £ the Boltzmann
kinetic equation is widely used.

(3)

This equation describes the interplay between the two following mechanisms: the driving force of
the external field and the dissipative effect of the scattering of carriers by phonons and defects.
The terms on the left of the Boltzmann equation (3) are called the drift terms and the term on the
right is the scattering term. The scattering term can be derived from the quantum mechanical
probability wk.k for the transition from state k to k'.

DfikW V r
—TT * xfi~f\k)\wkk'f\k)~V-f\k )JMV/t/(^)i (4)
In)' J

In principle f(k,r,t) could be obtained from equation (3) with (4) as the right side, but due to the
complicated scattering term it is common practice to use the so-called relaxation time ansatz (5). It
assumes that the rate at which f returns to the equilibrium distribution f0 due to scattering is
proportional to the deviation of f from fo-

dt)s r(k)

t(k) is the time that is needed to return to the equilibrium distribution. Electrons obey the Fermi
distribution

1

We substitute (5) in (3) to get a differential equation for the distribution function

For a stationary state with — = 0, £ = 0, — ( V r J ) = 0 we have:
dt dt

- V A7 (8)
n

We substitute (8) in (1) and obtain

fi A- 0 r

For the uniaxial case (9) can be simplified to get

j =a&+^ dkTv^^-. (10)
Ex RTT3 J dT dx
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In the following we write the index x to indicate the considered direction.

For a spherical Fermi surface and a relaxation time t that depends on energy only, we get

lem* idET(E)ED(E)^^, (11)

where we made explicit use of

D(E) =
1

A

1 dSE (12)

for the density of states D(E).

a/0
Using the definition for the heat capacity Cv and the fact that is non-zero only in the vicinity of

dT
the Fermi energy Ef, equation (11) can be rewritten as

(13)
ox

that can be written in the form

& &(?) (14)
£r dx

where Ll
xx is a so-called transport coefficient that expresses that a temperature gradient is

associated with an electric current.

The Boltzmann equation (3) can also be used to calculate the heat flux due to electrons in an
external field € . The heat flux density is the difference between the transported energy j and the
current density jnEf.

JQ=J-EFjn (15)

We finally arrive with the following two equations for the electrical and thermal currents as a
function of their origins, electric field £ and thermal gradient.

(16)

(17)

The two equations (16) and (17) describes both, the Seebeck and the Peltier effect.

From (16) we get for jE=0, i.e., if we measure the electric potential using a high resistance
voltmeter, the electric field inside the metal:
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This is known as the Seebeck effect.

For applied electric field and a vanishing temperature gradient we get from (16) and (17) the
equations for the thermal and electrical current:

jQ=L2l£ and jE=Ln£ (19)

that can be summarized to

JQ=L-{L-YJE or jE=L?YjQ

(20)

where the coefficient Lrl \LU) =: n is the so called Peltier-coefficient.

The thermo electrical potential difference U between two points 0 and I of a specimen is

1 l T'
U = [£(x)dx = [dxK(T,*)— = \K{T,X) dT = K(7[ - 7"0 )CiXK{l,X,

0 0

where the mean Seebeck coefficient K is

dT ( 2 2 )

or because T is a function of the space coordinate x

(23)

Equation (21) expresses that the TEP U, which is generated between two points, is proportional to
the temperature difference between these points whereas the proportionality factor is the mean
Seebeck coefficient K. However, it is essential to realize that the TEP is generated only in the
area with a non-vanishing temperature gradient. Further, if the two points are at the same
temperature (T0=Ti) as in a closed loop, the integral (21) is zero in a homogeneous (K(x)=
constant) material. However, in an inhomogeneous material, where K(x) is an explicit function of x,
we will get a thermal voltage U even T0=Ti, as far as the temperature on the integration path is not
constant. Based on these properties of equation (21) we can determine K from a measurement of
the TEP by applying a temperature gradient over a specimen. K can be used to characterize the
change of the mean material property, i.e. embrittlement of the material due to neutron irradiation.

if we scan the specimen by moving a local temperature gradient along the specimen's surface, we
can detect localized inhomogeneities in the material.
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3. The used device for measuring the TEP

To experimentally verify the application of the SC for material characterization we used a special
equipment that allows to apply a temperature difference on Charpy specimens and to measure the
resulting thermo electric power.

The instrumentation of the used TEP-device consists of two parts. One part, shown in Photo 1, is
used to apply the temperature gradient on the specimen and to measure both, temperature and
thermo power. This device can be operated in the hot cell. The second part, shown in Photo 2,
acquires the data and is an easy to use control instrument that can be operated via touch screen
and can be put outside the hot cell.

Photo 1: support for specimens

The specimens can be fixed on two supports made of copper by a pneumatic piston with constant
pressure in order to guarantee two contact lines. These contact iines are held on two different
temperatures fixed at 15°C and 25°C, respectively. This is controlled by internal Peltier elements,
cooling water, platinum resistance sensors and resistant heating within an accuracy of ± 0.1 °C.
The two temperatures are measured by thermocouples mounted under the contact surface of the
support and displayed on the screen. After stabilizing the system, the measured TEP is read out
and displayed on the screen. The amplifier for the thermo voltage has a resolution of 5 nV and is
characterized with an excellent stability due to temperature changes.
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Photo 2: Control monitor

Calibration of the instrument can be conducted by using a reference material. It is recommended to
perform a calibration from time to time in order to avoid drift of the electronic. Some technical
specifications of the instrument are given in table 3 below.

Dimensions
Power supply
Ambient temperature
Ambient humidity
Cooling water pressure
Cooling water flux
Temperature at electrodes
Temperature difference
Mostly used temperatures
Reference metal
Sensitivity
Expected error
Range for AT=10°C

48cm x 37cm x 17cm
220 V-50 Hz
15to30°C
below 70 %

2.10&Pa/max. 5.10bPa
Ca. 0.5 l/min

controlled 5°C - 20°C ±0.1°C
controlled 5°C-18°C ±0.1°C
T1=15oCT2=25°C,AT=10oC

Copper and Aluminium
0.002 nV/°C

0.2 % of measured value
-50MV/°C to +50|AV/°C

Table 2: Specifications of the TEP device
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4. Measurements of the Seebeck coefficient of neutron irradiated specimens

4.1 Charpy specimens

The irradiated specimens under investigation are of type Charpy ISO-V (55x10x10) made from
JRQ-steel (ASTM 533 BCI. 1) by Kawasaki Steel Cooperation at Mizushima Works. They were
cut from a well-specified position of a certain block. The manufacturing process is well specified
and summarized in tabie 3 below.

Process

Primary refining

Degassing and final refining

Pouring

Slabbing

Annealing

Reheating

Plate rolling

NDE

Heat treatment

NDE

Flame cutting

Testing

Manufacturing condition

180tBOF

Ladle refining furnace (ASEA-SKF Process)

Bottom pouring, big end up ingot

Dimension (mm): 340x2300x3430 2 slabs

Batch type reheating furnace: 1200 °C

Dimension (mm): 225x2500x3000 2 plates

Ultrasonic test (Straight beam method)

Normalizing: 900 °C

Quenching: 880°C

Tempering : 665°C x 12hr

SR : 620°C x 40hr

Ultrasonic test (Straight beam method)

Each plate was gas-cut into 6 pieces

(225 x 1000 x 1000) and test pieces

Chemical composition

Tensile test

Charpy impact test

Drop weight test

Hardness distribution

Sulfur print and macrostructure

Microstructure

Table 3: Manufacturing process

The chemical composition and mechanical properties of the JRQ-material is given in Tabie 4. The
specimens suffered three different neutron irradiation histories: un-irradiated (Ul), irradiated up to a
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certain fluence (I) and irradiated to 50% of the fluence followed by annealing 18h at 460°C and a

final irradiation up to 100% fluence (IAR). After irradiation, the specimens were stored for about 10

years at room temperature.

•'mimwB.

0.19
ifiiil

0.25
Klfiitnlll:

1.39 0.019
III!!!!
0.0040 0.50

ilili
0.83 0.12 0.140 0.003

Iiii
0.000

iiill
0.012

Table 4: Chemical composition of JRQ-steel in %

4.2 Measurements

The Seebeck coefficient was measured on the specimens summarized in table 5.
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Table 5: Measured specimens

To perform measurements the specimens were taken from the hot cell and put behind a lead
shielding wall where they were fixed in the TEP device. The time for applying the temperature
difference and stabilising the thermoelectric output signal was chosen to 3 minutes. After read out
the Seebeck coefficient, the specimens were put back into the hot cell immediately.

Ail specimens were measured on two surfaces that are rectangular to each other (notch up and
notch behind). In order to check the reproducibility of the measurements, some specimens were
measured at two different days at the same position on the surface.
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4.3 Results

The Seebeck coefficient of each specimen was measured at two different positions, namely at 0°
(notch up) and after a rotation of 90° about the longitudinal axis (notch behind). Figure 1 shows the
obtained Seebeck coefficients vs. neutron fluences for the irradiated (I) specimens. Similar results
for the irradiated-annealed-irradiated (IAR) specimens are shown in Figure 2, whereas Figure 3
summarizes all measured specimens. It appeared a pronounced correlation between SC and
fiuence. With increasing fluence the SC rises for both, the I- and the lAR-specimens. At higher
fluencies it seems that the SC for the lAR-specimens is slightly lower compared with I ones.

5600 -,

5500-

5400-

O 5300-
V)

.2 5200-

O 5100-
O

^ 5000-

9

°> 4900-

4600

Seebeck Coefficient of Irradiated JRQ-Specimens 5550 -. Seebeck Coefficient of!AR-JRQ Specimens

0 1x10'9 2x10" 3x10" 4x10"

Fluence * [n/cm2]

5500

5450-

5400-

5350-

5300-

5250-

5200-

5150-

5100-

5050-

5000-

4950-

4900-

4850

• notch up
a notch behind

1x10" 2x10" 3x10™ 4x10" 5x10"

Fluence * [n/cm2]

Figure 1: l-specimens Figure 2: lAR-specimens
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I
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4900-

4800

Seebeck Coefficient of I- and I AR-JRQ Specimens

SC=4915+0.000744»02" I

1x1019 2x1019 3x10's

Fluence * [n/cm2]

4x1019 5x10's

Figure 3: SC of ail measured specimens
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4.4 Problems

Special attention had to be paid on the cleanness of the surface where the electrodes are in touch
with the specimen. An oxide layer or other pollution leads to unreliable results. An indicator for an
insufficiently clean surface is the drift of the SC signal; it will take a long time to achieve stability of
the output signal. We therefore had to remove the oxide layer by mechanically polishing the
measured surface. Such effects might explain one part of the scatter band in the presented results.

4.5 Correlation of the TEP with neutron embrittlement

Material embrittlement due to neutron irradiation can be characterized by the shift of the Nil-

Ductility Transition Temperature (NDTT). This shift of the Charpy-Energy-Temperature curve was

measured at energy levels of 41 J and 68 J, respectively. In Figures 4 and 5 the corresponding

temperature shifts for the Charpy Notch V (CNV) specimens, abbreviated with AT41 and AT68, are

plotted versus the neutron fluence for both, the I- and the lAR-specimens. The temperature shift

AT41 is equal to the change of the Nil-Ductility Reference Temperature ARTNDT-

Irradiation without annealing
i

1CO-J

30-

60-

•10-

20-

0-

j
—•— AT

- e - AfS U

80-

6 0 -

40 -

20 -

0 -

/

/

Irradiation with annealing

/
/

s
• AT41J

~ 8 " ATeaj

Fluence x1019cni'2,E>1MeV

Figure 4: ATCNV as a function of the Fluence Figure 5: ATCNV as a function of the Fluence for
for l-specimens lAR-specimens

Finally, Figure 6 shows the ATciwas a function of the SC. The linear dependency with a slope of
7.7 nV/°C could be used for monitoring the neutron embrittlement.

Change of TCNV vs. Seebeck coefficient
for un-annealed specimens

4900 5000 5100 5200 5300 5400 5500 5600

Seebeck coefficient [nV/°C]

Figure. 6: ATawas a function of the SC
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5. Measurements of the Seebeck coefficient of fatigued specimens

5.1 Specimens

The investigated fatigue specimens are made from the metastable austenitic steel X6CrNiTi 18-10
according to DIN 1.4541 which corresponds to AISI 321. The material was tempered 2h at 1040 °C
before quenched in oil.

In order to investigate strain dependent material degradation as a result of cyclic strain loading
(fatigue), the specimens were made of a special hourglass shape with changing cross section (see
Figure 7) in order to achieve different strain amplitudes at the same specimen.

d=18mm

•-32mm

220mm

Figure 7: cross section of fatigue specimen

5.2 Measurements

After fatigue by applying a cyclic strain controlled load of 2 Hz, total strain amplitude=0.28%, at
room temperature, the strain induced martensite was determined by neutron diffraction
experiments at the neutron spallation source at PSI [10], Neutron diffraction allows the non-
destructive quantitative determination of martensite in the bulk of the specimen by comparing the
Bragg peaks for the austenitic phase with that of the martensitic peak.

The specimens were axialiy cut into two halves and the SC was measured on the cutting plane.
The results are summarized in table 6. The usage factor D given in table 3 is defined by the
relation between the number of load cycles H for specimen i and the averaged number of cycles
needed to induce first visible macro cracks Nf (D=Nj/Nf).

5.3 Results

Itis important to note that most of the measurements were done at arbitrary position on the
specimen. With other words, the applied hot line of the TEP-instrument was somewhere on the
cutting plane. However, due to the geometry of the specimens the damage is located mainly in its
middle part. As the FE-calculations in chapter 6 confirm, the measured TEP is generated in a small
location near the contact of the heating. The large scatter band of the square symbols in Figure 8
is therefore not very surprising. It can be seen from the round symbols, which represent the
measurements taken at the middle of the surface (m.o.s.), that we got a much better tendency for
the SC as function of the number of cycles, if the position of the gage volume is well defined.
However, since measurements were done on a small set of specimens we suffer from a poor
statistics and further systematic investigations are needed to get confidence on the method.
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Specimen

Nr.

(FEVER)

1.2A

1.2 B

2.6 A

2.6 B

1.4A

1.4 B

2.2 A

2.2 B

1.7A

1.7 B

1.3B

1.6

2.3 A

2.3 B

2.5 A

2.5 B

Usage factor

D

0

0

0.4

0.4

0.6

0.6

0.6

0.6

0.8

0.8

0.8

1.0

1.0

1.0

1.0

1.0

Martensite
in vol-%

0

0

0

0

0.61

0.61

0.54

0.54

0.93

0.93

0.94

3.1

1.49

1.49

1.49

1.49

SC in [nV/°C]
measurement nr. 1

-2687

-2566

-2864 (-2897)

-2253

-2964

-2944

-2870

-2902

-3028

-2819 (-2859)

-2783 (-2797)

-2738

-3172

-2989 (-2835)

-2823
-2719

SC in [nV/°C]

measurement nr. 2

-2685

-2660

-2915

-2680

-2875

-2915

-2634

-2915

-2985

-3012

-2815

-2823 (-2841)

-2980

-2934

-2814

-2685

Table 6: results of measured fatigue specimens

V
1
o
V)

-2500-,

-2600-

-2700-

-2800-

-2900-

-3000-

-3100-

-3200-

Seebeck coefficient vs. number of cycles

-5000

• arbitrary position
® hot line at m.o.s.

SC—2686-0.0118N+1.1776E-7N2

5000 10000 15000 20000 25000 30000 35000

number of cycles N

Figure 8: SC vs. number of cycles with AE=0.28%

For specimens 2.3A (D=1, Martensite content up to 1.5 %), 2.5A (D=1, Martensite content up to
1.5 %) and 2.4A (D=0, Martensite content=0 %) we measured the SC in an interval of 3mm in
order to evaluate the variation of SC in axial direction. A variation of the SC is expected due to the
hourglass shaped specimen in which most of the strain induced martensite was found in the middle
(at an axial distance of about 30 mm). In Figure 9 we compare the martensite distribution
determined by x-ray diffraction and finite element calculation with the SC [10].
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Martensite [vol.-%]
measured at ESRF

H 3.50 - 4.0
3.0-3.5
2.5 - 3.0

' 1 2.0 - 2.5
i 1.5 - 2.0
1.0 --1.5
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Figure 9: Change of SC vs. axial position
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The curve indicated by red dots does not change a lot with the axial position because the
martensitic content in this specimen is about zero. The curve indicated by green triangles shows
more or less the expected behavior, whereas the curve labeled with black squares shows some
irregularities. Similar deviations from the ideal calculated distribution appeared also in the x-ray
scan. We therefore assume that some part of the scatter can be explained by the local sensitivity
of the measuring method.

Our measurements therefore proved the possibility of performing a TEP-scan over the surface of a

specimen or component to gain a more complete picture of the material state.

5.4 Comparison with the content of deformation induced martensite

The variation of SC can be compared with the martensitic contents, which is an indicator for the
fatigue state of metastable austenitic steels. A clear influence of the martensite on the SC can be
seen in Figure 10. The results shown in Figure 10 correspond to the round symbols in Figure 8 e.g.
the position of the hot electrode was in the middle of the specimen. However, for deriving a relation
to express the SC as a function of martensite, we need more data.

-2650 -i

-2700 -

§ -2750-

R -2800-

-2850 -

-2900

Seebeck coefficient vs. Content of Martensite
measured in the middle of the specimen

SC=-2875+195.2xexp-Martensite/0.3227)

-0.2 0.0 0.2 0.4 0.5 0.8 1.0 12

content of martensite
1.4 1.6

Figure 10: Seebeck coefficient vs. martensite content in X6CrNiTi18-10 (DIN 1.4541)

5.5 Problems

Figure 9 and 10 show the quite large scatter of the measured SC values for the fatigued
specimens. However, it does not allow concluding that the method is not applicable for monitoring
the material degradation due to fatigue. One part of the scatter band can be explained by the test
condition and the specimen preparation that was by far not perfect. The measurements were
performed on a few arbitrary available specimens and we have to accept the leak of data to allow a
good statistic. Furthermore, a similar scatter appeared as well in the fatigue indicators itself, e.g.
the content of martensite that is neither homogeneously distributed as shown for one example in
Figure 9. Further more the determination of martensitic contents itself was only possible within a
certain accuracy. More systematic investigations are therefore needed.
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5.6 Scatter band for steel 22NiMoCr3-7

In order to evaluate the scatter band that can be expected due to uncertainty of both, the
measuring system and material inhomogeneity, we measured the SC of a set of 24 Charpy
specimens made from the low-alloy RPV steel 22NiMoCr3-7. The specimens were taken from an
unirradiated reactor pressure vessel that was formed by forging. Specimens were taken from
different positions of the same block, specimens 1 to 6 from section F, specimens 20, 21 and 22
from section G and all others from section ABC3. The result is shown in Figure 11. The SC
depends obviously from the position from where the specimens were cut. We see that the values
for SC scatter from 5750 up to 6200 nV. That is in the same order of magnitude as the change due
to neutron irradiation of the JRQ-steel.

The same measurements were performed at two different days (24.4.01 and 30.4.01) in order to

test the reproducibility of the results. As shown in Figure 11 the deviation between the two

measurements is rather small, especially if we keep in mind that the specimens were dismounted

between the measurements and no care was taken concerning the exact position of the

electrodes.

6500 i

6400

c
.2
'o
E

6300

6200

6100

E 6000
O
O

o

<D

CO

5900 4 -

5800-

5700 4

5600

5500

Scatterband of SC in 22NiMoCr3-7 (A508 cl.2)

date:24.4.01
date:30.4.01

(F) 1,2,4,6 (11,12) 17 (G) 20-22 24,27

(position) specimen number

32

Figure 11: measured Seebeck coefficient of 22NiMoCr3-7

Unfortunately we have no data for the change of the SC due to neutron irradiation for this material.
For this reason we are not able to conclude whether the uncertainty due to the initial material state
is small enough for the application of the method to monitor the fatigue process.
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6. Where is the thermo electric power generated and how local is the expected information?

As shown in chapter 2 the generated thermoelectric voltage in a certain volume element is
proportional to the temperature gradient and the local Seebeck coefficient in the corresponding
volume element. If the temperature is constant over some part of the specimen, no contribution to
the TEP will come from that part even the SC is large. For the interpretation of a measured TEP it
is therefore essential to know the size and location of varying temperature areas, especially if we
are not allowed to assume a homogeneous material. For this reason extensive 2- and 3-
dimensional finite element calculations were performed for our experimental arrangement.

6.1 2D-Calculations

The 2D-finite element calculations were done with a model (Figure 12) constituted of 22400 8-node
quadriiateral elements for thermal conduction. The temperatures 15°C and 20°C, respectively of
the contact lines of the 2 thermocouples (TC-i and TC2) are set as boundary conditions (Dirichlet
boundary condition). Three outlines (Figure 12) are set to the temperature To (15°Cand 20°C,
respectively) to take the heat exchange with different ambient temperatures into account. With
these input conditions steady state calculations were performed.

.. Outline Temperature To

1 L2

Lenath
Height

- 55 mm
- 10mm

Length

Li = 15mm
L> = 15 mm

TC,'

TC;
TC,

* 25°C
- 15°C

f1 J

H
ei

gh
t 

"'

-

Figure 12: 2D model of the specimen

Figure 13 shows the temperature as a band plot on the 2D-model for an ambient temperature of
15°C and 20°C, respectively and gives a good overview about the temperature distribution. It can
be seen that the area with elevated temperature is rather small.
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Figure 13: Temperature band plot of the 2D-mode! with different ambient temperature To

The high heat flux is particularly concentrated around the thermocouples TCi and TC2 and is
exponentially decreasing within a radius of around 2.0 -2.5 mm as shown in Figure 14 which is a
zoom of the 2D-model around the thermocouples TCi and TC2.

• HEAT FLU;*
• RSTCALC-"

.44 14

TO, -

.4200

.3900
36<XS
.3303
.3003
.2700
2403
.21 CO
.1-303
. 1503
.1203

0603
.0303
.0000

= 25C'G

Figure 14: Heat flux at the 2 positions of the thermocouples TCi and TC2: ambient temperature
20°C

In the following 2 figures the temperature gradients and profiles are documented even more
clearly. Figure 15 shows them along the side of the thermocouples TCi and TC2 and Figure 16
shows them normal to the thermocouples, it is easy to recognize that outside a radius of 2.0-2.5
mm around the thermocouples the specimen is close (±1 °C) to the ambient temperature of 20°C.

With an ambient temperature To of 15°C the situation is somewhat different. Obviously, there is
only a temperature gradient in the region of the thermocouple TC. where the specimen is hold to
25°C. The radius around TCi where the temperature difference of 1°C to the ambient temperature
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To is reached (Figure 17 and Figure 18) is enlarged to 6.0mm. The comparison of the two cases,
To=2O°C and TC=15OC, shows that the gage volume will be determined not only by the geometry of
the specimen but as weti by the ambient temperature and the applied temperatures at the two
electrodes.
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the specimen, T0=15°C
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6.3 3-D Calculations

In order to analyse the temperature profile by means of a more precise model that takes into
account the 3-dimensiona! problem and the heat exchange with the ambient through the free
surfaces we built a 3-D modei of the Charpy specimen (Figure 19).

Only one half of the specimen was modelled with a symmetry plane in half of the depth of the
specimen in order to model the physical symmetry of the problem and to get a sufficient number of
elements for the required accuracy. The modei is composed out of 9280 3D conduction elements
in 4 element groups and 1104 convection elements laying on all outer surfaces in 4 element
groups either. The finite element mesh was created with a smaller ratio of the element length
around the thermocouples T d and TC2 where we will obviously find the biggest temperature
gradients.
Homogeneous Neumann boundary conditions (no heat transfer normal to the piane) were applied
to the symmetry plane. On the lines of thermocouples T d and TC2 Dirichiet boundary conditions
were set to 25°C and 15°C, respectively in order to modei the heat load. On ail free surfaces we
applied Cauchy boundary conditions with a heat coefficient h of 150W/m2K and an ambient
temperature To of 20°C.

.,.•*:';• *s :Mv: -v-::.

, , - : : : . • : ; , : : : • • : . : : : • . :> : : ; : •

i o;

V - . - • "

•^O^ >*•"' ..,•'•' '

Length - S5mrn
aS-Depih ~ Smm
Height ™ 10 mm
Lj r,15mm

L2 ~ 1 Smm
TC * 2S*G

Figure 19: 3D FE-Model
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Figure 20 shows the temperature band plot on the surface of the 3D-model with a good visibility of
the large gradients around the thermocouples on the surface. However, the temperature gradient
in the direction of the depth is rather small.

"N,
Temp. j°C]

24.67
24.00
23.33
22.67
22.00
21.33
20.67
20.00
19.33
I 8.67
18.00
17.33
16.67
16.00
15.33

Figure 20: Temperature field on the 3D model

To have a better overview on the temperature gradients of the specimen along the height and
depth we made cut planes on various levels. The temperature band plots in Figure 21 show them
for some chosen distances. As already mentioned in the 2D calculation, outside a radius of 2.0-
2.5mm of the thermocouples the temperature drops to the ambient temperature with an accuracy
of 1°C. The estimated gage volume around the two electrodes therefore is about 12 to 20 mm3.
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7. Proposal for a novel Thermoelectric Scanning Microscope (TSM)

We herewith propose the construction of a novel thermoelectric scanning microscope that can

perform 2-dimensional or even 3-dimensiona! pictures of the degradation state of the specimen.

The principle of such a TSM is as followed:
A heat source is used for scanning the surface of the specimen (Figure 22). This can be realized
with a LASER., resistant heating or an other heat source that induces a hot spot in the specimen.
The induced moving temperature gradient will lead to a thermoelectric power. The generated
potential field can be measured with electrodes mounted on the specimen. Three components of
the TEP can be measured in order to get information about the anisotropy of the SC. Dependent
where the potential is measured; we will measure only the change of TEP due to inhomogeneities
or the absolute TEP.

B

Moving directions

> E

Electrodes

Figure 22: Schema of a Thermoelectric Scanning Microscope

To measure the x-component of the absolute TEP the potential difference between the A and B

electrodes has to be measured, the y-component of the TEP is between A and D etc.

If only inhomogeneities are of interest, the potential difference between C and B or between E and

D, respectively, can be measured* This configuration has the advantage to be independent of the

surface preparation because a contact less heat source could be used.

The measured data can be stored together with the space coordinates (X,Y,Z) in order to generate

a 3-dimensional isopolot of the SC over the surface.
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8. Conclusions

Measurements of the Seebeck coefficient on irradiated Charpy specimens were performed in the
Hotlab at PSI. A clear and physically acceptable correlation between neutron fluence and SC was
found for the investigated JRQ-steel. The comparison of the shift in the Charpy-Energy-
Temperature curve, which is a measure for the material embrittlement, with the change of the SC
shows a linear dependency. We therefore conclude that the change of the Seebeck coefficient can
be used for monitoring the neutron irradiation induced embrittlement of RPV-steel.

A significant change of the SC was also found in fatigued specimens made from austenitic steel
X6CrNiTi18-10 (Din 1.4541). The coordinate dependent martensitic content was reflected in the
SC by scanning the surface of the specimen. We mention that no micro-cracks existed in the
scanned surface. This means that fatigue of material could be detected in the pre-cracked state.

However, we could show by measuring a set of specimens made from steel A508 cl.2, that the SC
depends as well from the position in the block from where the specimen was cut. Unfortunately, the
scatter band due to material inhomogeneities can be of the order of the changes due to neutron
irradiation or fatigue. For this reasons knowledge of the initial state of the material is necessary.

A further disadvantage is the sensitivity of the method to the surface condition. The surface has to
be absolutely clean; this can be achieved by mechanically polishing it.

Extensive finite element calculations have shown, that the change of SC measured is related to the
small part of the specimens where the temperature gradient is applied. The calculations also have
shown the influence of the ambient temperature on both, the amount of the measures TEP and the
location of its generation. For inhomogeneous materials this might lead to misinterpretations of the
results. However, the method has a potential to be improved by using a thermoelectric scanning
microscope as proposed in this report. Such a microscope would be able to produce 3-dimensional
plots in which the distribution of inhomogeneities and localized damage could be visualized.

We propose the realization of a TSM. As far as we know, this method is new and might open a

promising possibility for monitoring of material degradation.

Further investigations should be done in order to check the possibility of avoiding the surface
problems e.g. by trying other methods of heat load (e.g. LASER) and to study the separation and
quantification of influencing parameters.

The application of the method to detect fatigue in ferritic steels should also be investigated.
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