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INVESTIGATION OF PHASE TRANSFORMATION OF PRESSURE VESSEL MATERIALS
BY ELECTRICAL RESISTIVITY AND THERMAL ELONGATION MEASUREMENTS

K.Krompholz, D. Kalkhof

This paper describes the evaluation of thermal elongation and the dependence of electrical resistivity with
temperature at temperatures up to 1200 °C, in order to identify phase transitions for three selected reactor
pressure vessel (RPV) steels. It is possible to show that the phase transformation occurs in a temperature
interval within which a two phase field of the coexisting y- and a-phases exists. In this temperature interval
the material has to be considered as a compound, which is important for the mechanical testing. The mate-
rial did not return to its original state after heating, a dwell period and subsequent cooling. This was de-
tected by hysteresis effects during heating and cooling and from the observation of remaining austenitic
contributions in the microstructure after cooling. The region of the phase transformation was shifted to-
wards lower temperatures during cooling compared with heating.

1 INTRODUCTION

With respect to safety research the material behaviour
of the reactor pressure vessel under abnormal condi-
tions is a key factor. To calculate different scenarios,
reliable data on the coefficients of thermal expansion
and thermal conductivity are necessary. The reactor
pressure vessel material is of fine grained ferritic
structure, which undergoes a phase transformation
from the body centred cubic structure of the lattice to
the closer packed face centred cubic lattice at elevated
temperatures. This transformation is well known from
the iron-carbon phase diagram [1]. For RPV steels
knowledge is available from the time-temperature-
transformation diagrams [2]. Physical data are gener-
ally only measured in the regime of normal operation
(20 -300 °C).

There is a current lack of input data for modelling the
phase transformations with respect to calculating the
mechanical properties like creep behaviour, thermal
shock under accident conditions.

Within the REVISA project (Reactor Pressure Vessel
Integrity in Severe Accidents) one important task is
the physical-chemical investigation of phase transfor-
mation for the different RPV steels: 20 MnMoNi 55
(Germany), 15 CD 9 10 (France), and 15Kh2 MFA
(Russian), respectively. This contribution deals with
measurements of the specific electrical resistivity in
the temperature range -196 °C<T< 1200 °C and of
the thermal elongation in the range 20°C<T< 1200°C,
from which the linear and differential coefficients of
thermal expansion are determined. These measure-
ments are the basis for determination of the onset of
the phase transformation during heating and the re-
transformation during cooling [3]. The transport of heat
in solid metallic bodies is governed by electrons in the
conduction band, which is closely related to the elec-
trical conductivity. Hence the thermal conductivity can
be determined from the electrical resistivity [5-7].

2 THEORETICAL CONSIDERATIONS

2.1 Electrical resistance and heat conductivity

The results are discussed in terms of the physical
properties of the electronic structure of metals and
alloys. The relationship between the specific electrical
resistance and the heat conductivity is given by the
Wiedemann-Franz-Lorentz relation [6]

Xp = A T + B (1)

where p is the specific electrical resistivity, X the heat
conductivity and T the temperature delete. Bungardt
and Spyra [7] give

X =(0.021826 T + 5.7192) /p (2)

for austenitic stainless steels with a sum of the alloying
elements of lower than 50 % atomic fraction and

X = (0.029852 T + 1.67472) / p (3)

for ferritic steels with a sum of the alloying elements
lower than 10 % atomic fraction. The averaged error is
about ± 4% for the austenites and ± 5% for the ferrites.

The conductivity, X has units of W/cmK, the resistivity
has units of Q/m, and the temperature is in Kelvins.

2.2 Thermal elongation

For thermal elongation the linear coefficient of thermal
expansion is defined as

a | j n=( l - lo ) / lo(T-To ) (4)

where l0 and To are the initial length and temperature,
I and T the respective length and temperature at the
given temperature.

The differential coefficient of thermal elongation is
correlated with the derivative of the elongation versus
temperature, i.e.

Op=(1/I0) (dl/dT). (5)
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Table 1: Phase transformation of the pressure vessel materials, region of lattice transformation

Chemical composition (wt%)

Material

20MnMo Ni 55

15Kh2MFA

15 CD 910

C

.212

.178

.304

Si

.284

.310

.204

Mn

1.39

.444

.494

Cr

.122

2.70

2.09

Ni

.715

.161

.158

Mo

.515

.618

.950

Co

.0107

.0105

.0041

Nb

-

-

-

P

.006

.010

.003

s

.002

.011

.003

V

.0033

.54

.0088

Cu

.0297

.101

.0179

3 INVESTIGATIONS

3.1 Materials

The materials under investigation are the RPV steels
20 MnMoNi 55 (D), 15 CD 910 (F) and 15 Kh2 MFA
(RUS). The chemical composition is shown in Table 1.
The French steel 15 CD 910 is equivalent to the steel
2.25 Cr-1 Mo.

3.2 Dilatometric measurements

Specimens were fabricated with the diameter 5mm
and length 50 mm and were heated in a resistance
furnace with the heating rate of 0.5 degree/minute.
The temperatures up to 1200 °C were determined with
a Pt/Rh thermocouple.

3.3 Electrical resistivity measurements

Specimens were fabricated with square cross section
8x8 mm and length 25 mm. The distance between the
connections for the potential drop was 10 mm. The
temperature of -196°Cwas obtained in a bath of liquid
nitrogen. Temperatures up to 300 °C were achieved in
an electrical resistance furnace and up to 1200 °C in a
vacuum furnace. The same heating rate was selected
as for the dilatometric measurements. The tempera-
ture was measured by means of Chromel-Alumel
thermocouples for the low temperature regime, while
for the high temperatures Pt/Rh-thermocouples were
used.

3.4 Metallographic investigations

After heating and cooling at the prescribed rates, the
materials were metallographically examined by means
of an optical microscope to determine the remaining
austenitic contributions after cooling. The difference
between the original state and the state after heating
and cooling was compared for each of the RPV steels.

4 EXPERIMENTAL RESULTS

The specific electrical resistivities are shown in Fig. 1
while the variations of thermal conductivity with tem-
perature are presented in Fig. 2. The results from the
dilatometric measurements are the linear and the dif-
ferential coefficients of thermal expansion. As an ex-
ample, the results from these measurements for the
German RPV steel are presented in Fig. 3.

To investigate the source of the different material
characteristics before and after treatment, the austeni-
tic contribution in the bainitic structure was examined
with an optical microscope. Examples are shown in
Figs. 4 and 5.

15 CO 910
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Fig. 1: Specific electrical resistivity versus tempera-
ture for different RPV steels. The unsteadi-
ness in the curves show the borders of the
phase transition region.
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Fig. 2: Heat conductivity versus temperature for dif-
ferent RPV steels. The data were calculated
from the resistivity values.
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Fig. 3: Linear and differential coefficients of thermal
expansion versus temperature for the RPV
steel 20 MnMoNi 55

5 DISCUSSION OF THE RESULTS

5.1 Thermal elongation

The measurements of elongation as a function of tem-
perature clearly reveal the zone of the phase trans-
formation. For the German RPV steel the range of the
transition zone is from 690 °C up to 850 °C, see Fig. 1.
The resistivity after cooling differs from the resistivity
before heating. The reason is apparent from the mi-
crostructure, in which a residual austenitic structure
after cooling is observed. The contribution of the re-
sidual austenite is higher for the French and the Rus-
sian RPV steel, than for the German steel.

The relative elongation during cooling is less than
during heating and the region of phase transformation
is shifted towards lower temperatures. This is a normal
behaviour for diffusion controlled phase transfor-
mation, similar to undercooling. From thermodynamic
considerations it is clear that the system did not reach
an equilibrium state, although it was in a stationary
state during the heating and cooling processes.

From Table 2 we observe that the German RPV steel
exhibits the lowest transformation temperatures during
heating, while the French and the Russian steels are
similar. If the chemical compositions are compared,
both these materials are similar to the 2.25CM Mo
steel, while the German steel is very different in com-
position, and consequently in transformation behav-
iour. The main reason is the chromium content of the
alloys.

Table 2: Phase transformation of the pressure ves-
sel materials, region of lattice trans-
formation

Material

20 MnMoNi 55
15 CD 910
15 CD 910

Heating

T/K
962-1115

1045- 1150
1035- 1120

Cooling

T/K
not determined

1060-930
1056-970

5.2 Electrical properties and the thermal conductivity

The three RPV steels investigated here undergo
phase transformation at different temperature bands,
as seen from the resistivity measurements (Fig. 2).
The resistivity after cooling differs from the value be-
fore heating for the same reasons as described in
§5.1. From the specific electrical resistivities, the
thermal conductivity can be evaluated (Fig. 3).

5.3 Microstructure

The microstructural investigations show the differ-
ences between the materials in the original state and
after heating and cooling. A specimen was heat
treated for 0.5 hours at 770 °C, for which the results
are presented in Figs. 4 and 5. About 50 % of the mi-

Fig. 4: Bainitic structure of 20 MnMoNi 55 in the as
received state. Etched with 5 % HNO3 solution

Fig. 5: Mixed bainitic-austenitic structure of 20
MnMoNi 55 after heating and cooling. Etched
with 5 % HNO3 solution
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crostructure is austenitic. The contribution of the re-
maining austenite is larger for the 2.25Cr-1Mo type
steel (French and Russian steel) than for the German
steel. The comparison of the microstructures of the
French and the Russian steels in the original states
show the same features. The remaining austenitic
contributions after heating, 2 hours dwell time and
subsequent cooling are also comparable, while the
contribution for the German steel is distinctly smaller.

6 CONCLUSIONS

Measurements of physical properties of different RPV
steels in the phase transition region are presented.
The major goal is to identify the region of the phase
transformation. The results show that

• the phase transformation does not take place at a
definite temperature as it does for pure metals, but
occurs over a finite temperature band. Between the
onset and completion of the transformation a two-
phase field exists in which the contribution of the
two phases are stable at a given temperature.

• The reverse transformation does not proceed to
completion during cooling under the tests condi-
tions. The microstructure shows that high tem-
perature phase contributions remain in all cases.
The high temperature phase contribution after
cooling is larger for the 2.25Cr-1 Mo steels (about
40 %) than for the German steel 20 MnMoNi 55
(about 25 %). This can be seen from the electrical
resistance, where the values are closer to those
before heating in the case of the German steel than
they are for the other steels.
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