Prediction of martensite start temperature of
power plant steels

T. Cool and H. K. D. H. Bhadeshia

Steels used in the construction of modern power plant contain relatively large concentrations of alloying elements. The
martensite start temperature of such steels is important during fabrication, and can not be estimated using conventional empirical
methods. It is demonstrated in the present paper that a recent theory due to Ghosh and Olson can be applied to predict both
published and new experimental data on the martensite transformation temperatures of power plant steels. However, the method
should not be used in circumstances where the steels contain & ferrite or undissolved carbides before transformation.

MST/3252

(© 1996 The Institute of Materials. Manuscript received 14 February 1994; in final form 14 March 1994. The authors are in
the Department of Materials Science and Metallurgy, University of Cambridge/JRDC, UK.

Introduction

It is planned that in future, power stations will be designed
to operate with steam temperatures in excess of 600°C.
The steels currently being developed to cope with these
requirements contain a total solute concentration which is
often in excess of 14 wt-%. The main solutes include strong
carbide forming elements such as chromium and molyb-
denum, with the chromium also providing the necessary
corrosion and oxidation resistance for prolonged elevated
temperature service. The main alloys under consideration
include numerous variants of the classical 12Cr—1Mo and
9Cr-1Mo steels.'™ These alloys have a high hardenability
and a microstructure which is predominantly martensitic
on cooling from the austenitisation temperature. Their
martensite start M, temperatures are therefore of consider-
able importance in deciding on the exact welding conditions
necessary to avoid cracking.’ 3

Martensite start temperatures are usually relatively easy
to calculate using empirical equations®™! as long as the
steels have a low alloy content. Even though empirical
equations exist for high alloy steels, they are not sufficiently
general and are known to provide inaccurate answers for
the new power plant alloys, even when these alloys are
fully austenitic (without & ferrite or undissolved carbides).*

An alternative approach is to use thermodynamic
theory,'®5 which has the advantage that any solute
combination can be considered provided the thermo-
dynamic data are available. In the thermodynamic
approach, martensite is said to be triggered when the
chemical driving force for composition-invariant transform-
ation of austenite to martensite of the same composition
achieves some critical value at the M, temperature

AG™{M3Y=AGE . . . . . . . .. ... (D

where AG™ {T} is the free energy change accompanying
the transformation of austenite to martensite of the same
composition at a temperature T. This differs from the
corresponding term AG?* for the transformation of austenite
to ferrite of the same composition because the latter does
not allow for the Zener ordering of the carbon atoms.'®!”
The term AGYE is the critical value of the driving force
needed to trigger martensitic transformation. The method
for calculating the M, temperature is illustrated in Fig. 1.
This method has been used successfully for low alloy steels
where it has been possible to rationalise experimental
data by allowing AGY to assume either a constant value
of about — 1100 J mol ! or by allowing it to vary slightly
with the carbon concentration, the exact variation being
defined empirically,**

Neither of these methods work well when applied to
high alloy steels. The purpose of the present work was
to see whether a new model developed by Ghosh and
Olson,'®? which takes into consideration the strengthening
of austenite caused by solute additions, can be applied to
the calculation of the M, temperatures of highly alloyed
power plant steels. The model is tested against published
data as well as new experimental measurements.

Ghosh and Olson model

The Olson and Cohen model® for the nucleation of
martensite relies on barrier-less nucleation, in which there
are no heterophase fluctuations as in conventional
nucleation theory, but the nucleation event is defined by
the faulting caused by the dissociation of a pre-cxisting
array of dislocations. Consequently, the activation energy
for nucleation is that associated with the motion of the
partial dislocations. The dislocations migrate against a
frictional stress 7o which consists of the sum of a thermal
Ty, and athermal 7, term. The dislocations must therefore
experience a force per unit length which is given by

(T, + T )bn

before they can migrate. In this expression, b is the
magnitude of the Burgers vector and n is the number of
planes over which the faulting occurs (ie. the number of
dislocations in the array). This is the force which opposes
the motion of the array. However, when transformation
is favoured, the faults created by the dissociation are
energetically favoured, ie. the fault energy per unit area yy
becomes negative. This gives total change in energy due to
faulting as

ye=npa(AG™ + G,) + 20 - (2)

where p, is the density of atoms in the fault plane, G; is
the strain caused by the embryo, and o is the interface
energy per unit area of embryo; the energies G are expressed
here in Joules per unit volume.

The embryo becomes unstable (i.e. becomes a nucleus)
when the force on the dislocations due to the negative fault
energy overcomes the frictional force

— =T, +Tw)bn - . . . . L (3)
It follows from the previous equations that
npa(AG™ + G)+20=—(t,+t)bn . . . . . (4)

If AG™ is now set equal to AGY, and it is assumed that
the 7, can be neglected due to the high temperatures
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involved, then

AGE = —pilbt,—20) -G, . . . . . . . . (5

- which has the form

AGE =K +K,pic} . . . . . . . .. . .(6)

. where K, includes the combined effects of the interfacial
“and strain energy terms, and K, is a coefficient, which

when multiplied by the function ¢ of composition c
incorporates the effect of solid solution strengthening by

- alloying additions on 7,.

This is an important equation because it explicitly defines
the critical driving force AG)* in terms of solute concen-
tration. Ghosh and Olson used solid solution theory to
obtain the form of the relationship, and experimental data

~ to obtain the coefficients K,

—AGE = K, +4009¢2° + 1879¢%5 + 1980c3 + 172¢%7
+ 141883 + 1868¢3 + 1618¢%5 + 752¢23
+ T14¢% + 1653¢%3 + 3097¢Q° — 352625 (7)

‘The coefficients were obtained by establishing the ¢

dependence and fitting over a wide range of compositions:
the maximum concentrations were approximately 2 wt-%

_ for carbon and nitrogen, 09 wt-% vanadium and about
 2-28 wt-% for all the other alloying elements.'®*2* Ghosh

~ Table1 Composition of experimental samples, wt-%

and Olson quoted a value of K, =1010J mol~!. It was
intended in the present work to use this equation to
attempt to predict the martensite start temperatures of
power plant alloys.

Calculation of free energy cﬁange

The free energy change AG™. for the transformation of
austenite to ferrite of the same composition can be
estimated as a function of temperature using standard
thermodynamic data and appropriate software to interpret
these data. The database used here is SGTE (Scientific
Group Thermodata Europe), which is an assessed and
reliable database. The computer program used to access
and interpret these data was Mtdata, a package developed
by the National Physical Laboratory, UK. The combination
of data and software can enable the free energy changes to
be calculated routinely for multicomponent steels.

However, to calculate AG™ also requires an estimation
of the Zener ordering energy, which arises because carbon
atoms in ferrite can in some circumstances order on one of
the three available sublattices of octahedral interstitial
sites, thereby changing the symmetry of the lattice from
bee to bet. i

The ordering temperature Tg is a function of the carbon
concentration!’

T(1—x)

Tl =S o ()

where x is the mole fraction of carbon, If the M, temperature
exceeds T¢ then the martensite is bee, but when it is below
1¢, the ordering energy Gy, is a complicated function of
temperature and carbon concentration, and was calculated
as in Ref. 17. The required free energy is then given by

AG™ =AG™ +Gpeper -+ - -~ o . . . (9)

Experimental technique

The chemical compositions of the alloys studied are given
in Table 1. The samples consisted of wrought steels and
those produced by welding. The former were supplied by
Rolls-Royce Industrial Power Group and the latter by
Oerlikon Welding Limited. The welded samples were
machined from manual metal arc welds which were prepared
to ISO2560 geometry, which ensures minimal dilution so
that all-weld metal samples can be obtained, and the
quoted compositions correspond to these all-weld metal
samples.

© Si Mn Cr Mo Ni Co Cu N Nb \" W
Wrought samples
- B158 0-20 0:084 0-64 212 0-83 076 0013 0-045 0-006 0-020 0-32 0-63
- 4HSG 0-29 0:22 0-85 0-97 0-65 073 0:021 0-16 0-012 0-017 0-26 0-011
HYE 0-25 0-34 0-28 1-60 046 351 0:069 0-13 0-009 0-020 013 0-017
97 014 0-20 052 0-30 056 0084 0-021 0-088 0-011 0:010 0-23 0-007
P97 0-093 0-41 0-49 9:08 092 0-23 0:012 0-12 0-035 0 0:25 0
Steel F 0-13 0-19 0-55 10-2 1-51 0-62 0:10 0-050 0-060 0 0-21 0
- ADQ 011 0-026 0-44 2:01 0-94 0-043 0:008 0-032 0-005 0-022 0-008 0-009

0-099 0-17 101 9-30 1-00 0-08 0-0180 0-0539 0-0460 020

0-093 016 1-03 9-08 0-98 0-98 0-0180 00515 0-0430 019

0-101 017 1:02 912 1-00 192 0-0190 0-0494 0-0470 019

0-095 016 1-02 917 0-96 301 0-0180 0-:0489 0-:0450 0-19
0-095 0-18 1-04 - 935 1:00 0-08 0-:0170 0-0544 0-0510 0-19 103
0-096 020 099 925 0N 008 0-0180 00526 0-0530 0-19 1-92
0094 0-20 103 9-26 0-84 0-08 0-0190 0-0537 0-0580 019 2-99
0-097 018 1-00 9-10 0-96 093 0-0170 0-0529 0-0460 0-19 0-98
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2 Determination of martensite start temperature from
recorded strain versus temperature curve obtained
using thermomechanical simulator

The alloys provided were machined into cylindrical
samples 8§ mm in diameter and 12mm in length.
Transformation experiments were performed using a
Thermecmaster-Z thermomechanical simulator, which is
equipped to enable the simultaneous recording of the
diametric and longitudinal length changes (strain), in
addition to time, temperature, and load data. The specimen
was in each instance heated using a radio frequency coil
and the temperature was measured with a Pt/Pt-10Rh
thermocouple spot welded to the sample.

The martensite start temperature was obtained by heating
the sample to 1100°C for 600 s in the simulator, followed
by quenching at about 50 K s~™! using helium gas. On
plotting strain versus temperature, the M, temperature
could easily be found at the point where the curve deviated
from the straight line corresponding to the thermal
contraction of austenite. This is illustrated for a typical
instance in Fig. 2.

1t has been verified, using a multicomponent, multiphase
diagram calculation method,*® that the austenitisation
temperature of 1100°C is sufficiently high to be in the
single phase austenite region. Thus, all the carbides should
be dissolved. These calculations were carried out allowing
the austenite, ferrite, cementite, M, C, M,3Cy, MC, M- C;,
M;C,, ¢, and Laves phases to cxist. None of these were
found to be stable precipitates at 1100°C, so this was the
austenitisation temperature selected.

Comparison between calculated and
measured IV,

PUBLISHED DATA

An initial comparison was made of the calculated M,
temperatures against the vast range of low alloy steels
studied by Steven and Haynes* and some other high alloy
samples (12Cr-Mo-V and 9Cr-1Mo) investigated else-
where.? Figure 3a shows the results; the theory tends to
systematically underestimate the transformation - temper-
ature, indicating that the value of K, is probably too large.
The value of K, was therefore varied, and 683 J mol™" was
found to give optimum agreement, as indicated in Fig. 3.
The accuracy for the lowest of M, temperatures is relatively
poor, but this can not be attributed to equation (7) since
the concentration range covered by the relation is greater
than utilised in the present work. This modified value was
used in all subsequent calculations.
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3 Calculated M, temperatures versus those measured

(published data): line has unit slope and zero intercept,
so that any point on line indicates perfect agreement
between experiment and theory (analysis uses
equation due to Ghosh and Olson for AG¥E, with
a K;=1010Jmol ' and b modified value of K;=
683 J mol™")

NEW EXPERIMENTAL DATA

Figure 4 shows a comparison of calculated M, temperatures
of the alloys listed in Table 1, versus their measured
transformation temperatures. There is in general good
agreement, but the observed scatter is greater than in
Fig. 3b. The reasons are not clear, but there are some
special difficulties in the tungsten containing alloys.

The tungsten containing 9%Cr alloys are presented in
more detail in Fig. 5; it appears that large concentrations
of tungsten lead to poor predictability. Further investigation
revealed that the 1%W alloy does not become fully
austenitic at 1100°C (or at higher austenitisation temper-
atures); metallography revealed the presence of o ferrite
(Fig. 6), consistent with the fact that the hardness of the
3%W alloy was also much lower than that of the other
tungsten containing alloys (340 HVI0 compared with
400 HV10). It is therefore not surprising that the calculated
martensite start temperature does not agree with that
measured. In fact, thermodynamic calculations® revealed
that at equilibrium, all of the alloys containing 1 wt-% or
more of tungsten should contain some ferrite at 1100°C.
The data from all such alloys have been identified in Fig. 4,
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treatment at 1100°C

4 Calculated M, temperatures versus those measured
for experimental alloys listed in Table 1: line has unit
slope and zero intercept, so that any point on line
indicates perfect agreement between experiment and
theory (analysis uses equation due to Ghosh and
Olson for AG¥, with K, =683 Jmol ')

and might explain the additional scatter apparent in Fig. 4
when compared with Fig. 3b.

The Ghosh and Olson method was intended to apply to
fully austenitic alloys, and relies on the availability of
accurate thermodynamic data. Care must therefore be
exercised in the application of the method to power plant
steels in particular.

- Conclusions

In the Ghosh and Olson method for the calculation of
the martensite start temperature, the critical value of the

. driving force needed to trigger martensitic transformation
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5 Calculated M, temperatures versus those measured

for tungsten containing experimental alloys listed
.in Table 1

it

6 Micrograph showing presence of 4 ferrite in 3 wt-%
tungsten containing alloy (Table 1) after quenching
from 1100°C (optical)

is a function of the solid solution hardening ability of
alloying elements. It has been demonstrated here that the
method can be used reliably to predict the martensite start
temperatures of a wide range of power plant steels,
including those which are rich in alloying elements. The
addition of large concentrations of tungsten (3 wit-%) to
the 9Cr—1Mo steels makes it impossible to fully austenitise
the alloy. This makes it difficult to calculate the M,
temperature of the partially austenitic sample. The effect of
o ferrite and of undissolved carbides on the M, temperature
requires further investigation.

Acknowledgements

The authors are grateful to the EPSRC, DTL and Rolls-
Royce Industrial Power Group for financial support, and
to Professor C. Humphreys for encouraging this work. The
contribution of one of the authors (HKDHB) was under
the auspices of the Atomic Arrangements Design and
Control Project which is a collaborative venture between
the University of Cambridge and the Research and
Development Corporation of Japan.

References

1. v. K. SIKKA, C. T. WARD, and K. C. THOMAS: ‘Ferritic steels for
high temperature applications’, 65-84; 1983, Metals Park,
OH, ASM.

2. P. J. ALBERRY and D. J. GOOCH: Weld. Met. Fabr., 1985,
53, 332-336.

3. R. PANTON-KENT: ‘Weld metal hydrogen cracking behaviour,

microstructure and hardness of MMA welded 9Cr—1Mo steels’,

Report no. 404/1989, TWI, Abington, Cambridge, 1989.

w. STEVEN and A. G. HAYNES: J. [ron Steel Inst., 1956,

183, 349-359.

. P. PAYSON and C. H. SAVAGE: Trans. ASM, 1944, 33, 261-280.

. L. A. CARAPELLA: Met. Prog., 1944, 46, 108.

. E. 8. ROWLAND and S. R. LYLE: Met. Prog., 1945, 47, 907.

R. A. GRANGE and H. M. STEWART: Trans. AIME, 1946,

167, 467-501.

9. A. E. NEHRENBERG: Trans. AIME, 1946, 167, 494.

10. K. wW. ANDREWS: J. Iron Steel Inst., 1965, 203, 721-727.

11. K. J. IRVINE, F. B. PICKERING, and J. GARSTONE: J. Iron Steel
Inst., 1960, 198, 66-81.

12. H. K. D. H. BHADESHIA and €. MIDDELTON: Internal report

‘Martensitic transformation in 12CrMoV steels’, Central
Electricity Generating Board, 1982

=

[-R- NP

Materials Science and Technology January 1996 Vol. 12




44 Cool and Bhadeshia Prediction of martensite start temperature of power plant steels

13. L. KAUFMANN and M. COHEN: Prog. Met. Phys., 1958, 7, 165. 19. ¢. grosH and G. B. OLSON: Acta Metall. Mater., 1994, 42,

14. H. K. D. H. BHADESHIA: Met. Sci., 1981, 15, 175-177. 3361-3370. ‘

15. H. K. D. H. BHADESHIA: Met. Sci., 1981, 15, 178-180. 20. G. B. OLSON and M. COHEN: Metall. Trans., 1976, TA, 1897-1923.

16. c. zener: Trans. AIME, 1946, 167, 550. 21. G. B. OoLsON: Personal communication to H. K. D. H.

17. 1. C. FISHER: Met. Trans., 1949, 185, 688—650. Bhadeshia, 1995.

18. G. GHOSH and G. B. OLSON: in Proc. Int. Conl. on ‘Martensitic 22. MTDATA Metallurgical Thermochemistry and Thermo-
transformations’, 353-358; 1993, California, USA, Monterey dynamic Database, National Physical Laboratory, Teddington,
Institute for Advanced Studies. UK, 1995. :

STEEL AND THE ENVIRONMENT
IN THE 21ST CENTURY

2-3 April 1996 ' ‘ London

Organised by The Institute of Materials

SCOPE ;

Steelmakers face increasingly rigorous demands for higher quality and more sophisticated products

at lower prices. Steelmaking processes will continue to evolve to meet these demands, but with ever

increasing environmental requirements, the challenges ahead are immense. Global environmental

concerns go beyond the capacity of any single enterprise. Cooperation both within the steel industry

and with steel consumers must be strengthened to develop cost effective technological solutions

to these problems. Steelmaking inevitably gives rise to significant quantities of fume, dust, and

waste. The challenges facing the industry are therefore to minimise discharges and optimise the

recycling of waste. The introduction of ‘clean technology’ for the 21st century is essential. The

objectives of the conference are:

e to share knowledge on a wide range of environmental issues, placing particular emphasis on
the need for low cost solutions

e to highlight ‘international best practice,” wherever possible demonstrating novel, innovative,
and proven solutions to environmental problems

o to highlight the future challenges facing the industry and to improve cooperation and
collaboration bétween research and development, plant designers, steelmakers, and regulators.

It is intended that the conference should cover a wide range of issues, the topics outlined below

giving only a broad indication of the scope.

-

Driving forces

e legislation, voluntary agreements, and image e litigation e regulators — pressures,
responsibilities, and effectiveness e financial incentives, penalties, and constraints

e insurance and risk management/assessment

Clean technology

e effecrive prevention, collection, and treatment of emissions e state of the art emissions
abatement — precipitators, baghouses, doghouses, scrubbers, suppression e innovative and
novel effluent treatment plants e energy conservation

Environmental toolkits :

e developments in monitoring techniques ® BPEO assessment

Recycling waste management

e today’s waste, tomorrow’s raw material e recycling of process dusts, slurries, refractories and
slags, automobilies, packaging e waste minimisation e landfill/incineration costs

FURTHER INFORMATION

Requests for further details should be addressed to:
Ms C. Pearcey, Conference Department (C628), The Institute of Materials, 1 Carlton House
Terrace, London, SW1Y 5DB : )
Tel: 0171-839 4071 (direct line: 0171-235 1391); Fax: 0171-823 1638.
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