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Differential scanning calorimetry study of
diffusional and martensitic phase
transformations in some 9 wt-%Cr low carbon
ferritic steels

B. Jeya Ganesh, S. Raju*, Arun Kumar Rai, E. Mohandas, M. Vijayalakshmi,
K. B. S. Rao and Baldev Raj

The results of a comprehensive characterisation study of different phase transformations that take
place upon heating and cooling in some low carbon, 9 wt-%Cr steels with varying concentrations
of microalloying additions are presented in this paper. The steels investigated include: standard
9Cr-1Mo grade, V and Nb added modified 9Cr variety, controlled silicon added versions of plain
9Cr variety, (Ni+Mn) content controlled modified 9Cr welding consumables and one composition
of W, Ta added reduced activation steel. The various on-heating diffusional phase changes up to
the melting range and subsequent rapid cooling induced martensitic transformations are
investigated in a controlled manner using differential scanning calorimetry under different heating
and cooling rates, in the range 1-100 K min~". In addition to the accurate determination of Acy,
Acs, Ms3Cg, MX carbide dissolution and o-ferrite formation temperatures upon heating, the
melting range and the associated fusion enthalpy have also been established for these steels.
The effect of prolonged thermal aging at temperatures of 823-873 K on austenite formation
characteristics has also been investigated for standard and modified 9Cr—1Mo steels. The critical
cooling rate for the formation of martensite on cooling from single phase austenite region is
estimated to be about 4-5 K min~" for all 9Cr steels investigated in this study. The effect of
holding at 1273 K in the austenite region on martensite start temperature Mg, has also been
evaluated as a part of this study. The experimental results are discussed in the light of the
prevailing understanding of the physical metallurgy of high chromium low carbon steels.

Keywords: 9Cr steel, Phase transformation, Calorimetry, Microstructure, Martensite, Enthalpy

conditions. Besides such general power plant related
relevance, certain special grades of 9Cr based ferritic—
martensitic steels, with carefully tailored minor element
composition and heat treatment schedules are also the

Introduction

It is well known that low carbon, highly alloyed ferritic—
martensitic steels containing about 9 to 12 wt-%Cr with 0-1

to 0-15 wt-%C, and other controlled alloying additions,
such as Mo, Mn, Nb, V, Si, W, Ta, Ni, Al, Cu, Co, N, B,
etc., find their major application in conventional and
nuclear power plants."® These steels possess good high
temperature oxidation resistance,” higher values of thermal
conductivity and lower thermal expansion coefficients® than
the corresponding high strength austenitic stainless steels.
Besides, the ferritic steels also have good tensile and creep
rupture strength up to about 873 K.,>!'° in addition to
fairly adequate welding characteristics'' and fracture
toughness properties'? under typical power plant service
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candidate materials for select fast fission and fusion
reactor applications.'*'* This nuclear relevance of 9Cr
ferritic steels originates in their excellent swell resistance
against high energy neutron irradiation.'® In view of such
wide spread application potential, it is only natural that
many issues pertaining to physical, mechanical and
process metallurgical aspects of these high chromium
ferritic steels have drawn extensive attention in the past.'
In fact, the research on the development of high temper-
ature creep damage tolerant power plant ferritic alloys is
still witnessing an active growth phase, as newer variants
with adroitly engineered composition and processing
controls are designed'®!” to meet stiffer targets that are
currently set with respect to operating temperature, stress
and radiation levels, besides load following requirements.

Materials Science and Technology 2011 voL 27 NO 2
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Added to their outstanding commercial appeal,
ferritic steels also offer an interesting playground for
conducting some fundamental investigations on alloy
phase stability and phase transformation phenomena in
ferrous systems. It is generally the case with ferritic
alloys that they exhibit a spectrum of microstructural
features which ensue as a consequence of different
diffusional and displacive phase transformations that
these steels experience during different processing steps.
A fundamental understanding of the physical chemistry
of these phase changes is therefore essential from the
standpoint of enabling a systematic and knowledge
driven approach to the design of service stable micro-
structure in these alloys.'® Despite the fact that quite an
extensive information based on microstructure—prop-
erty—performance correlation has already been built up n
over the years for the power plant steels,®!*?! there is
nevertheless a paucity of reliable data on basic thermo-
dynamic and kinetic quantities associated with diffu-
sional and martensitic phase transformations. In
particular, accurate experimental data on transforma-
tion temperatures, their dependence on thermal history,
the enthalpy values associated with different phase
changes and the transformation kinetic parameters such
as diffusional mobility and activation energy, etc., are
still not available in open literature for many advanced
9Cr steels. It is amidst this background that the authors
have initiated in the recent past, a comprehensive
calorimetry based characterisation of thermodynamic
and kinetic facets of phase changes that are generic to
low carbon high chromium nuclear grade ferritic steels.
As a part of this broad based research initiative, an
attempt has been made in this study to measure
accurately the phase transformation characteristics in
ten typical alloy compositions belonging specifically to
low carbon 9Cr based ferritic steel family. It may be
added that these compositions are of special interest to
Indian Fast Reactor program, in the sense that specific
compositional adjustment of the standard commercial
varieties, such as EM10 and P/T91 has been done to suit
our indigenous design stipulations of select in pile and
out of pile applications in sodium cooled fast reactors
and also as a prospective candidate material for certain
fusion related applications.

The primary experimental technique adopted in the
present study is differential scanning calorimetry (DSC),
in which appropriate standards have been employed for
accurate temperature and heat flow calibration. Further
by imposing precisely controlled heating, isothermal
holding and cooling schedules on well characterised
small and regularly shaped samples, it is in principle
possible to study the phase transformation phenomenon
with minimal problems arising from internal thermal
gradients and large instrumental thermal lag.> Taking
adequate care of these issues facilitates obtaining reliable
transformation temperature data using thermal analysis
techniques.”® To begin with, the relevant experimental
details are presented briefly in the following section.
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Welding consumable 4
Typical base metal
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Reduced activation ferritic-martensitic steel

Welding consumable 1
Welding consumable 2

Plain 9Cr—1Mo
9Cr—1Mo-0-24Si
9Cr-1Mo-0-42Si
9Cr—1Mo-0-60Si

Mod. 9Cr-1Mo and its welding consumables

Silicon added plain 9Cr-1Mo steel
Mod. 9Cr-1Mo

Details

Experimental details
Composition, heat treatment and general
metallographic characterisation

In Table I, the chemical compositions in weight
percentage of different 9Cr steels investigated in this

Chemical composition different 9Cr based ferritic-martensitic steels investigated in this study, wt-%

Table 1
Composition, wt-%
Steel

designation
number

Plain 9Cr-1Mo steel

11

o
0O OMN~WO» T

1

2
3
4
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study are listed. It is clear that all the steels listed in
Table 1, despite belonging to the same basic category,
have certain compositional differences with respect to
some minor alloying additions. In order to bring out this
fact rather explicitly, the steels are grouped into
following categories:
(i) standard or plain 9Cr—1Mo-0-1C variety
(i1) silicon added plain 9Cr steels
(iii)) modified 9Cr-1Mo steel containing controlled
V, Nb addition
(iv) welding consumables designed for modified
9Cr—1Mo steels with adjusted Mn+ Ni content
(v) W and Ta substituted reduced activation
ferritic-martensitic (RAFM) steel
At the outset, it must be mentioned that these
compositions are not specifically designed with a view
to isolate and study the effect of one or a few select
minor alloying additions on transformation character-
istics. On the contrary, each one of these alloys were
melted at different times to suit the then emerging design
specifications for different applications in sodium cooled
fast reactors. In the present study, an attempt is made to
gather accurate data on transformation temperatures on
these assorted compositions and compare the results in
the light of prevailing scenario on the physical metal-
lurgy of high chromium ferritic steels.

In general, these alloys are made by repeated vacuum
induction melting followed by vacuum arc refining. The
ingots are shaped into plate forms by hot forging and
rolling with a finish temperature of about 1273 K. The

plates are aircooled to room temperature subsequently.
The different steel plates are generally supplied in the
normalised and tempered (N&T) condition (refer to
Table 2, for heat treatment details). This generic heat
treatment refers to slow heating of a steel plate to a
temperature of about 1253 to 1323 K depending on the
actual composition. This is followed by an isothermal
hold of about 30 min at this temperature, after which
the samples are air cooled or at times water quenched to
room temperature. The air cooling treatment goes by the
name of normalisation, which in 9Cr steels generally
yields about 100 % martensite, with of course slightly
varying hardness values depending on the composition.
The normalised steels are subsequently tempered at
1033-1053 K for varying time durations. Since the
transformation characteristics of ferritic-martensitic
steels are known to be sensitive to the starting
microstructure,”* an attempt has been made to produce
slightly different initial microstructure conditions by
aging the normalised and tempered (N&T) structure to
varying time durations. The actual details concerning
heat treatment are presented in Table 2. It must also be
added that bulk of the heat treatment is carried out in
air on plate samples. However, a few select treatments
with regard to studying the martensitic transformation
are carried out in situ in DSC, under highly pure argon
(99. 999 mass per cent) atmosphere.

A representative slice from the given steel plate is used
for standard metallographic examination and X-ray
diffraction characterisation after due sample preparation.

Table 2 Heat treatment details adopted for each steel composition and corresponding lattice parameter for o-ferrite
phase and Vickers microhardness number are tabulated

Steel designation

o-ferrite lattice Average microhardness

number Heat treatment parameter, nm number, (VHN)
1a Plain 9Cr-1Mo quenched from 1323 K to room 0-2874 464
temperature (RT)
1b Plain 9Cr—1Mo N&T 1323 K/15 min+ 1033 K/2 h 0:2875 274
1c Plain 9Cr-1Mo N&T and aged 823 K/500 h 0-2870 254
1d Plain 9Cr-1Mo N&T and aged 823 K/5000 h 0-2873 274
1e Plain 9Cr-1Mo N&T and aged 923 K/500 h 0-2871 287
2 Si added 9Cr—-1Mo N&T 1253 K/30 min+ 1023 K/30 min 0-2874 233
3 Si added 9Cr—1Mo N&T 0-2873 236
4 Si added 9Cr-1Mo N&T 0-2875 245
5a Mod. 9Cr—1Mo N&T 1323 K/15 min+ 1033 K/2 h 248
5b Mod. 9Cr-1Mo N&T and aged 773 K/10 000 h 294
5c Mod. 9Cr—1Mo N&T and aged 823 K/10 000 h 300
5d Mod. 9Cr-1Mo N&T and aged 873 K/10 000 h 286
5e Mod. 9Cr—1Mo N&T and aged 773 K/20 000 h 299
5f Mod. 9Cr-1Mo aged 823 K/20 000 h 293
5g Mod. 9Cr-1Mo N&T and aged 873 K/20 000 h 286
6 Mod. 9Cr weld consumables TIG weld pad 0-2876 485
7 Weld pad 0-2875 487
8 Weld pad 0-2876 514
9 Filler wire 0-2872 556
10 Base metal 0-2873 341
11a Reduced activation steel as received hot rolled 0-2877 497
at 1273 K; air cooled to RT
11b Reduced activation steel 1253 K/2 h/air cooled 429
11c Reduced activation steel 1453 K/2 h/air cooled 435
11d Reduced activation steel 1453 K/water cooled 482
11e Reduced activation steel 1553 K/water cooled 427
11f Reduced activation steel 1553 K/furnace cooled 232
11g Reduced activation steel N& T 1253 K/air 207
cooled/1053 K/2 h
11h Reduced activation steel N& T 1253 K/air 195

cooled/1053 K/5 h

Materials Science and Technology 2011
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For light microscopy observation, the final polished
samples are given a mild initial etch with 2% nital
solution, followed by swabbing with Vilella’s reagent.
The metallographic observation has been carried out
using a Leica-MeF4A optical microscope and the X-ray
studies using an INEL powder diffractometer. The
hardness measurements have been made using a Leitz
microhardness tester under a load of 100 g. A total of
about eight to ten hardness readings are recorded on each
sample and the average value is reported here.

Differential scanning calorimetry (DSC)
experiments

The DSC studies have been performed using Setaram
Setsys 16 high temperature heat flux type differential
scanning calorimeter. The instrumental details are
elaborated in our previous publications®*** and only
the major points are highlighted here. The calorimeter
consists of a DSC cradle or plate that is vertically
suspended from the top support structure through a
guiding annular alumina tube. The DSC plate itself is a
thin rectangular constantan strip with provisions for
safely accommodating two small 100 pL volume iden-
tical recrystallised alumina crucibles on its either side.
One of these crucibles is kept empty, while the other
houses the sample. The presence of a thin platinum strip
connecting these two crucibles serves the purpose of the
thermal resistor that transports the heat flux generated
in one of the crucibles to the other one. The
temperatures of the empty crucible and the one contain-
ing sample are monitored by B type (Pt-Pt/Rh)
thermocouple that is housed exactly beneath the DSC
cradle with less than 2 mm gap. The suspended DSC
cradle together with the thermocouple sensor constitutes
the DSC probe, which is housed inside the well
equilibrated constant temperature zone of argon cover
gas filled and water cooled graphite furnace.

In DSC experiments, small, well cleaned samples of
mass varying from 40 to 70 mg are used. These are cut
from the originally supplied plate using a diamond
coated slow speed wire saw. The specimen chamber of
DSC is alternately evacuated and purged with high pure
argon (Iolar grade, 99-999% purity) a few times, before
the commencement of an experimental run. A steady
argon flow of about 50 mL min ! is maintained through
out the experiment and an argon pressure of about
1000-1300 mbar is maintained in the graphite furnace
chamber to avoid oxidation during prolonged holds at
high temperatures. A typical DSC experimental run
employed in the present study consists of following
heating and cooling schedules:

(1) to begin with, the furnace temperature is gradu-

ally raised to 373 K at the rate of about
10 K min~" and is allowed to stabilise at this
temperature for about 15 min. This precondition-
ing minimises the thermal gradient in the sample
and facilitates the attainment of a smooth base-
line. This is followed by the actual heating ramps
and holding isotherms that are characteristic of
the present continuous heating DSC experiments
(i) in an actual experimental run, the sample is
heated at a predetermined rate from 373 to
1833 K or to 1523 K in some runs and is
equilibrated at this temperature for about
15 min, and then cooled at the same rate to

Ganesh et al.

373 K, again kept at this temperature for a
period of about 15 min, before finally cooling to
room temperature. The scanning rate employed
varied between 1 to 3 K min~' for those experi-
ments in which the sample is taken up to the
melting regime. In this set of slow heating
experiment, the thermal lag and thermal gradient
are minimal and it is believed that various on-
heating transformation arrest points are recorded
under close to equilibrium conditions.
In the second set of experimental runs, which are
conducted to record the variations in lower (Ac;) and
upper (Ac;) critical transformation temperatures with
thermal history, different rates of heating and cooling in
the range 1 to 100 K min~" are adopted. The maximum
temperature in these latter set of experiments is
restricted to 1273-1473 K only, which is adequate for
the realisation of complete carbide dissolution and
ensuring a fully austenitic single phase in 9Cr steels.”®
Fresh samples are employed for each individual experi-
ment, and a few repeat runs were also performed on
select steels to assess the reproducibility of transforma-
tion temperatures. In the present study, the transforma-
tion temperatures are reproducible to +2% for slow to
moderate heating rates of about 40 K min~".

(iii) the base line calibration runs have been per-
formed for each scan rate under identical experi-
mental heating and cooling conditions using the
same pair of empty crucibles on both sides of the
DSC cradle. The temperature calibration has
been done using the melting points of pure
aluminium, zinc, tin, copper, silver, gold and
Armco iron standards. The heat flow calibration
is done in terms of the polymorphic transitions in
pure iron (Aldrich Chemicals) with 80 mass ppm
of combined interstitial impurities. The presence
of the invariable time lag between the actual
temperature experienced by the sample and that
imposed by the heating rate during the course of
a phase transformation event has also been
calibrated using pure iron signal as the reference.
For the typical experimental conditions adopted
in this study, such as the scan rates of 10 to
40 K min~!, sample mass of about 50-75 mg,
and with a argon flow rate of 50 mL min ', the
time lag is found to be about 5s (for the
polymorphic transformation in iron). This trans-
lates roughly into +3 to 5 K uncertainty in the
measured transformation temperatures, although
a slightly lower uncertainty is recorded for slower
heating rate 1-3 K min~' experiment.

Results

General microstructure

In Fig. 1, the optical micrograph portraying the typical
normalised and tempered microstructure of plain
9Cr-1Mo steel (steel no. 1 in Table 1) is presented.
This microstructure is representative of the ones that are
usually found in this class of steels.'® The prior austenite
grain size is found to vary in the range of 25-60 pum for
1253-1323 K/15-30 min solutionised samples. The typi-
cal microhardness values of the normalised and tem-
pered microstructure are found to be of the order of
230-290 VHN. However, the martensitic microstructure
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1 Typical
tungsten added low carbon 9Cr steel

normalised and tempered microstructure of

obtained after a direct normalising treatment exhibited a
higher hardness value, exceeding about 400 VHN. The
martensites obtained in the case of TIG weld deposits of
modified 9Cr welding consumables which have higher
(Ni+Mn) content than the rest of 9Cr steel composi-
tions (Table 1) showed the highest hardness of about
550 VHN. Here the composition and high cooling rates
experienced during welding have jointly enabled the
formation of harder martensite.

As for the lattice parameter values of the o-ferrite
phase in different compositions are concerned, not much
variation is found (Table 2), although some marginal
increase is noticed with respect to silicon enhancement in
standard 9Cr variety (steel nos. 24 in Table 1) and also
in W, Ta substituted reduced activation steel (steel
no. 10 in Table 1). The hardness and lattice parameter
data are summarised in Table 2.

Phase transformation sequence during heating

In Fig. 2a, a typical DSC thermogram obtained during
slow heating to the melting region followed by similar
slow cooling to room temperature, of a normalised plain
9Cr—1Mo steel (steel no. 1 in Table 1) is illustrated. The
occurrence of different transformation events are
indicated by arrows in Fig. 2a. In Fig. 2b, an expanded
portrayal of the same curve around the melting region is
shown. The plain 9Cr steel is taken here as an illustrative
example to explain the typical sequence of various on-
heating phase changes that are generic to high chro-
mium steels. The transformation temperature data for
other compositions are listed in Table 3. To begin with,
the sequence of phase transformations that occur upon
heating is taken up for a detailed enumeration.

Since the starting microstructure obtained after the
normalising treatment is one of untempered martensite,
the first shallow exothermic thermal arrest occurring
around 873 K, corresponds to the onset of M,3C¢ carbide
precipitation from carbon saturated martensite.?**
Although it is quite likely that the relaxation of the
defect structure of martensite could well have been
initiated at temperatures lower than 873 K, we could not
detect this preprecipitation low temperature relaxation
in the present study due to its weak heat flow effect.**
The second thermal arrest recorded in this study is due
to the ferromagnetic—paramagnetic transformation of
the o-ferrite phase upon reaching 7¢ (arrow pointer
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2 a typical DSC profile of normalised and tempered 9Cr—
1Mo-0-1C steel obtained during slow heating to melting
and subsequent cooling to room temperature. Different
thermal arrests arising from phase transformation
events are marked by arrows and b expanded view of
DSC profile shown in Fig. 2a around melting region

no. 2), the Curie temperature.”® The Curie temperature
Tc, for plain 9Cr steel is found to be about 1014+3 K.
Since the net magnetic moment or the effective magnetic
interaction in o-ferrite is expected to be composition
sensitive, it follows that Tc among the ferritic steel
compositions studied here also reflects this composition
dependence. As shown in Table 3, Tc is found to vary
from 986 to 1018 K. The lowest T is recorded for the
weld consumable with a comparatively high (Ni+ Mn)
content (steel no. 7 in Table 1), while slightly higher
value is recorded for W, Ta containing reduced
activation steel (steel no. 11 in Table 1). It must also
be added as a general remark that addition of alloying
elements other than Co to pure iron, serves to reduce its
Tc. Thus, the measured values of T for different 9Cr
steels are in accordance with general metal physics
considerations.

The third clearly delineated endothermic peak arises
from the y-austenite formation from a-ferrite +M,3Cg
carbide. The onset of 7y-austenite formation (arrow
pointer no. 3) is conventionally designated as the Ac;
temperature and the transformation off-set (arrow
pointer no. 4) is denoted as Acs;. Again for plain 9Cr
steel, these temperatures are in the range 1093 and



1137 K respectively.?” It must be said at this point that
both Ac; and Ac; temperatures, as obtained in the
present study are actually kinetic quantities, in the sense
that they are dependent on thermal history.® Under true
thermodynamic equilibrium conditions, the austenite
formation and completion are supposed to be over at
Ae; (<Acy) and Aes (<Acs) temperatures respectively.
Furthermore, according to equilibrium thermodynamic
calculations, the completion of M,3;Cq dissolution in
austenite is also supposed to be nearly complete at Aes,
the equilibrium analogue of Acy.” But the operation of
ubiquitous kinetic retardation effects associated with the
carbide dissolution step in high chromium alloys*® >
renders 100 % carbide dissolution only at a temperature
higher than even Ac;. As a result, it often is the case with
highly alloyed ferritic steels, that the effective spread of
the intercritical zone (Acz—Ac;) is larger than its
equilibrium value (Aes—Ae;). This kinetics induced
pseudo expansion of the intercritical domain featuring
metastable (o+7y+carbide) equilibrium is in fact more
pronounced under rapid heating conditions.>® This
point will be discussed in detail at a latter instance in
this paper. Now, reverting back to carbide dissolution
step during heating, it may be said that this being a
gradual or continuous process, a sharp thermal arrest is
not witnessed in the standard DSC profile. In addition,
the volume fraction of the carbide phase being small
(less than 2-3% ) in these alloys, the contribution to the
overall enthalpy change arising from its dissolution is
also a trifle as compared to the overall enthalpy change
associated with o—y transformation. Because of these
two facts, the M,3Cq carbide dissolution upon heating
can only be discerned as a broad endothermic trough in
a suitably baseline compensated DSC profile. The
transformation arrest (point no. 5) placed at 1483 K is
thus taken to be associated with the formation of
carbide free single phase austenite.

At still higher temperatures of about 1573 K, the
formation of J-ferrite from y-austenite phase results,
yielding (y+ ) two phase domain (arrow pointer no. 6).
The ensuing three transformation arrest points marked
as, 7, 8 and 9 in Fig. 2a are associated with the
formation of the first trace of liquid at 1783 K and the
subsequent complete dissolution of y-austenite in liquid
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at 1796 K to yield the (6+L) two phase regime. The
completion of melting is finally realised at 1797 K,
pointer no. 9), which may be taken as the liquidus
temperature for this steel under slow continuous heating
conditions. The nature of the thermal arrest events
associated with the high temperature phase changes is
more clearly depicted in Fig. 2b.

As mentioned before, the above mentioned sequence
of phase transformation events is generic to any 9Cr
based low carbon steel. However, in certain grades like
P/T91 or RAFM variety, in which controlled amounts
of V and Nb,"? or W, Ta in the case of reduced
activation version,** are added to enhance the high
temperature creep strength, the presence of strong
carbide formers such as Nb, V and Ta results in the
formation of MX type carbides and mixed carbonitrides,
depending on the actual nitrogen content.>> The solvus
temperature of MX carbide or carbonitride is higher
than that of cubic M,;Cg carbide,*® and hence in V, Nb,
and Ta containing steels, there will be an additional
reaction step associated with the dissolution of this
NaCl type MX phase in austenite. In general terms, this
additional thermal event, like its predecessor, namely the
M,;Cg dissolution reaction, is seldom clearly noticed in
a thermal analysis profile due to its smaller enthalpy
effect. It must also be added that the volume fraction of
the MX phase is also smaller than that of M,3C¢. The
clear detection of MX dissolution temperature is there-
fore a formidable task in DSC studies involving samples
of low mass. In the present study, we have taken
recourse to identifying this inflection point by going in
for the derivative analysis of the base line subtracted
DSC signal. The values of transformation temperatures
thus obtained for different 9Cr steels are collected
together in Table 3.

Diffusional phase changes observed during
slow cooling

On cooling from the liquid state, the actual course of
various phase changes occurring in a ferritic steel is
decided by the cooling rate.'” Since low carbon 9Cr
steels are known for their high degree of hardenability,*
even a fairly slow cooling rate like 5 K min~' from
single phase austenite domain is adequate for nucleating

Table 3 Tabulation of measured on-heating phase transformation temperatures for different ferritic steels listed in
Table 1*
Steel designation number in Table 1
Description of phase change 1 2 3 4 5 6 7 8 9 10 11
Transformation temperature, K
o' (martensite)—a (ferrite) +Mo3Cg 873 888 881 885 897 930 947 937 944 903 937
Tc, Curie temperature 1041 1041 1011 1014 1016 1004 986 1013 1004 1012 1018
o+ (V,Nb)(C,N) +MozCe—0+ 7+ 1093 1112 1112 1134 1127 1072 1045 1080 1072 1102 1104
(V,NB)(C,N)+M23Ce (Ac+)
o+7-+(V,Nb)(C,N)+Mo3Ce—y+ 1137 1133 1156 1166 1159 1120 1100 1117 1095 1138 1144
(V,ND)(C,N)+M23Cs (Acs)
7+ (V,Nb)(C,N)+Mo3Ce—y+(V,Nb)(C,N) 1483 1474 1473 1508 1513 1513 1522 1520 1543 1522 1550
v+ (V,Nb)(C,N)—=d+7+(V,Nb)(C,N) 1573 1607 1617 1643 1553 1567 1583 1572 1598 1573 1585
d+7+(V,Nb)(C,N)—=ds+y 1643 1632 1653 1599 1655 1659 1681
d+y—liquid+y+0o 1783 1790 1786 1785 1775 1793 1790 1795 1795 1793 1730
Liquid+y+ d—liquid+ 6 1796 1799 1796 1795 1777 1796 1793 1796 1798 1794 1753
Liquid + é—liquid 1797 1800 1799 1800 1796 1804 1800 1806 1806 1802 1805

*These values are obtained under slow heating rate of about 1-3 K min~". Note that in case of plain 9Cr steels the transformation
temperature corresponding to the MX type carbide dissolution is absent. In case of reduced activation steel, the MX precipitate

corresponds to (V,Ta)(C,N).
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(1 Kmin™")
9Cr-1Mo steel sample showing large grained alpha fer-
rite phase

3 Microstructure of very slowly cooled

the martensite. Therefore, in order to enforce the
diffusional mode of austenite decomposition during
cooling, we have adopted still lower cooling rates of
about 1-3 Kmin~!. A typical DSC thermogram
obtained under such conditions is presented in the right
half of Fig. 2a. From this figure, it is clear that a certain
degree of asymmetry is present between heating and
cooling part of the DSC profile, not withstanding the
fact that identical scan rates are employed in both
forward and reverse scans. The different transformation
arrest events occurring during cooling are indicated by
consecutively numbered arrow pointers, 11 to 14. The
formation of the o-ferrite phase from liquid (pointer 11),
y-austenite phase (pointer 12) and M,3Cq precipitation
(pointer 13) and the Curie point (pointer 14) are all fairly
discernible. The microstructure of the slowly cooled
sample (1 K min ") is shown in Fig. 3. The presence of
large grained rather featureless o-ferrite phase with a
hardness of about 150 VHN is readily seen in this
micrograph. The diffusional phase changes during
cooling are not discussed any more here and instead,
the attention is focused on the martensitic mode of
austenite decomposition on fast cooling.

Martensite formation on fast cooling

The formation of martensite from austenite is also readily
witnessed in the DSC profile, provided the cooling rate
from the single phase high temperature austenite exceeds a
threshold value known as the critical cooling rate. In the
present study, the critical cooling rate is estimated to be
about 4-5 K min~'. This critical cooling rate is deter-
mined in a separate set of experiments in which nearly
identical samples, are heated depending on the steel
composition to 1253-1373 K and kept at this temperature
for about 15 min to ensure complete carbide dissolution
and the consequent formation of homogeneous austenite.
These samples are then cooled in situ in the DSC cell to
room temperature at varying rates in the range, 1 to
100 K min~'. The minimal cooling rate which yielded the
first measurable trace of the exothermic signal associated
with the formation of martensite (Fig. 4) is taken as the
critical cooling rate. A typical exothermic thermal arrest
associated with the martensite formation upon fast
cooling is quite vividly revealed in the DSC profile, shown
in Fig. 4.
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4 Profile (DSC) showing exothermic thermal arrest asso-
ciated with formation of martensite upon cooling

In Fig. 5, the effect of increasing the cooling rate on
the hardness of the transformation product is graphi-
cally illustrated for the tungsten added reduced
activation steel (steel no. 10 in Table 1). This figure is
quite typical of 9Cr steels investigated in this study.
The emergence of two clearly delineated regions with
respect to the transformation mode is clearly brought
out by the hardness variation seen in this figure. For
slow cooling (1-3 K min~"), only the o-ferrite phase
with a comparatively low hardness value (180 to
200 VHN) is obtained. It is only when the rate of
cooling exceeds about 4 to 5 K min~ !, the formation
of hard martensite phase is realised. The formation of
martensite is attested by the marked rise in hardness of
the quenched microstructure (Fig. 5). It is also clear
from Fig. 5 that the hardness of the quenched
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5 Effect of cooling rate from high temperature austenite
region on hardness of transformation product. Note
that for low cooling rates, only diffusional formation of
o-ferrite with low hardness values is realised. However,
martensite formation occurs for cooling rates exceed-
ing about 5K min~'. Solutionising temperature in all
these experiments is kept constant at 1273 K



martensite is somewhat insensitive to the increase in
cooling rates in the initial region following just after
the critical cooling rate; but with further progressive
increase in the severity of cooling, the hardness curve
shows an upward trend, which suggests that martensite
which forms under higher cooling rates must possess
higher defect density, and this in turn contributes to
the higher strength of martensite. In addition, it is also
found that for a fixed austenitising time of about
15 min, varying the solutionising temperature in the
range 1253 to 1323 K did not produce significant
changes in the martensite characteristics. However,
prolonged holds of the order of 2 h and above, at a
high enough austenitising temperature 1373 K resulted
in an appreciable growth of austenite grain size, and
this had a marked effect in changing the M, tempera-
ture. This is especially found to be so in the case of
tungsten and tantalum substituted reduced activation
variety’” in which the higher solutionising temperature
and prolonged time holds accelerated the dissolution of
carbide phases in austenite and thus affecting the
austenite composition significantly. It is only obvious
that a change in austenite composition affects the M
temperature significantly.*® In deference to the limited
scope of this paper, a detailed discussion of the kinetic
aspects of martensitic transformations in 9Cr steels is
not presented here.?’

In addition to measuring various transformation
arrest temperatures, the authors have also determined
in the present study both A°H*~" and A°H'”*, the
transformation enthalpies associated with the diffu-
sional o+ carbides—y-austenite; and the displacive
y—o'-martensite, transformations respectively from the
corresponding area under the transformation peak.
These data are tabulated in Table 4. In addition, the
authors have also estimated the solidus and liquidus
temperatures associated with the melting phenomenon.
It may be reiterated that the required calibration of the
heat flow signal to obtain effective enthalpy is performed
in terms of the reference signal obtained with a known
mass of pure iron. It is estimated that the quoted
enthalpy values in the present study are accurate to
+5%.

One important point about the transformation
temperatures determined by thermal analysis technique
is that they are dependent on thermal history, in the
sense that they exhibit appreciable heating or cooling
rate dependence. This issue arises from the ubiquitous
kinetic retardation of the actual progress of the
diffusional phase changes under the influence of forced
rapid change in the thermal field prevailing at the
transformation front. Taking care to minimise the
uncertainties arising from the instrumental thermal lag
by proper calibration, the heating rate dependence of
transformation temperatures can be quantitatively
modelled to yield effective or apparent activation energy
for the overall phase change.*®*! This issue is not dealt
with here in any detail considering the restricted scope of
this paper. However, mention must be made of the fact
that experiments are conducted for a series of heating
and cooling rates to determine the corresponding
variations in Ac, Acs, My and M; temperatures. These
are then extrapolated to hypothetical zero scan rate to
effect a comparison with equilibrium thermodynamic
estimates.
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Discussion

General observations

In order to facilitate proper understanding of the
temperature driven phase changes occurring in high
chromium ferritic steels under equilibrium conditions, as
shown in Fig. 6, a calculated vertical section or isopleth
for the multicomponent 9Cr ferritic steel.** As may be
seen from this equilibrium diagram, that for standard
9Cr steel with a low carbon content in the range 0-1 to
0-2 wt-%, the sequence of various on-heating phase
changes observed in the present study is in good accord
with the theoretical prediction. The actual values for the
measured transformation temperatures do of course
vary from the predicted ones, as they are influenced
significantly by the starting microstructure and other
kinetic factors. But notwithstanding this limitation, the
agreement between the experimental and calculated
transformation temperatures is indeed good.

Before proceeding to discuss the present results in the
light of the information gleaned from literature, it may
be remarked that to best of these authors knowledge,
there is not much systematically generated and critically
assessed experimental information on the transforma-
tion temperatures in high chromium ferritic steels,
especially the influence of minor alloying additions. In
fact, a literature search for possible comparison of the
present experimental estimates of the melting tempera-
ture along with the melting enthalpy values for high
chromium ferritic steels did not yield any fruitful result.
In a similar vein, the thermodynamic and kinetic issues
of martensitic transformation are also not critically dealt
with in these technologically important materials. It
appears that the work of Finkler and Schirra*® on the
determination of TTT and CCT diagrams for numerous
ferritic steel compositions belonging to 8-14 wt-%Cr is
the most comprehensive one to date, providing experi-
mental data on isothermal and continuous cooling
transformation diagrams and transformation tempera-
tures such as Ac;, Acy and M,. Since then, there has not
been a renewed attempt at a similar scale to enlist the
transformation characteristics of high chromium ferritic
steels, notwithstanding a few discrete attempts on select
compositions.** *® Thus for example, the on-heating
austenite formation in few select 9Cr based reduced
activation steels containing tungsten and tantalum has
recently been investigated by Danon and Alamo using
dilatometry.*® However, in this investigation, informa-
tion on transformation enthalpies and transformation
arrest temperatures up to the melting region have not
been gathered, as the maximum temperature of inves-
tigation is mostly restricted to the single phase austenite
region only. In view of such lack of comprehensive
experimental information, we could not make a critical
appraisal of the data gathered in this study. Instead,
what has been attempted is a logical analysis of the
results in the light of the basic physical metallurgy of
high chromium ferritic steels.

Trends in Ac,, Ac; temperatures

For a given starting microstructure and thermal history,
it is well known that the trend in austenite start
temperature (Ac;) during continuous heating is decided
more by the composition, while the kinetic factors
associated with the sluggish alloy carbide (rich in
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6 Calculated vertical section for high chromium ferritic
steels, adopted from work of Igarashi et al.*?

chromium) dissolution do also play a role in deciding the
variations in Acs, the austenite finish temperature. Apart
from the five welding consumables, which by design
contain high (Ni+ Mn) content, the variation in Ac; for
the other generic 9Cr base metals follow generally an
increasing pattern with the increasing chromium equiva-
lent given by the relation

Creq = [Cr] 4 6[Si] + 11[V] + 5[Nb] +2.5[Ta] + 1.5[W]
—4]Ni] — 2[Mn] —30[N] —40[C] (1)

In the above relation, the concentration of each element
is expressed in wt-%. Although the present experimental
study samples only a very limited range in Cr equivalent,
the above relation is found to hold equally good for the
extensive data obtained by Finkler and Schirra as well.**
In specific terms, it emerges from this study that an
increase in the Si content of 9Cr variety from 0-24 to
0-6 wt-% for steels nos. 24 listed in Table 1, also
increases the Ac; temperature. The role of silicon in
affecting the relative stability of ferrite and austenite
phases in high chromium steels is somewhat indirect in
the sense that silicon manifests its effect by acting in
conjunction with and besides modifying the influence of
other solutes on carbide stability.*’ In this study, silicon
is found to enhance the stability of a-ferrite and this we
believe is done by retarding the dissolution kinetics of
M,;Cq carbide phase. At present, we do not have any
direct experimental evidence to support this hypothesis,
but it is found that silicon enhancement to a moderate
level reduced the carbide coarsening kinetics in 9Cr
steels.*® In view of this, we may tentatively conclude that
the major role of silicon is one of retarding the kinetics
of diffusional austenitisation and thereby expand the
width of the intercritical domain. The replacement of
Mo and Nb on the other hand by more cohesive bcc
substitutes such as W and Ta in reduced activation steel
(steel no. 11 in Table 1) has again served to increase Ac
by a small but definite amount, as compared to say, the
plain or modified 9Cr variety. The presence of W and Ta
in addition, affects the carbide dissolution kinetics as
they serve to reduce the effective substitutional atom
mobility in the ferrite phase.*’
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Among the five modified 9Cr weld consumable
compositions (steel nos. 6-10 in Table 1) investigated
here, there is a clear tendency for the Ac; temperature to
decrease with an increase in the combined (Ni+ Mn)
content. Thus all the weld consumables have lower Ac,
than the corresponding base metal, a fact in conformity
with the general expectation.

Effect of aging

Apart from composition, it is also known that the starting
microstructure has considerable influence on the kinetics
of austenitisation transformation, as for example sug-
gested by the experiments of Caballero et al. on low alloy
steels.?® In the present study, the authors have conducted
limited continuous heating DSC experiments on samples
aged to longer times, typically of the order of 5000 h at
two select temperatures, namely 823 and 873 K for plain
9Cr—1Mo steel. In addition, a few samples of modified
9Cr-1Mo variety have also been thermally aged to very
long durations up to about 20 000 h at temperatures 773—
873 K. It is well known, that while N&T treatment
produced the tempered martensitic microstructure con-
taining small submicron sized (about 100-200 nm) M»3C¢
and a little finer MX type precipitates, the effect of
thermal aging is one of significant substructure relaxation
of the tempered ferrite matrix, followed by appreciable
carbide coarsening. In case of modified 9Cr steels or steels
containing W, and Ta, thermal aging to very long time
durations precipitates the embrittling Laves phase
(Fe,Cr)»(Mo,W).>® Thermal aging is thus accompanied
by precipitation of carbides, intermetallic phases and a
slight change in composition of the ferrite matrix as well as
its defect density depending on time and temperature of
aging.”'>* From the data presented in Table 4, it can be
observed that in the case of both plain and modified 9Cr
steels, aging serves to increase the austenite start Ac; and
finish Ac; temperatures. As the electron microscopy
studies of Shtansky et al.,*’ and that of Lenel and
Honeycombe®**!' on high alloy medium carbon ferritic
steels suggest, that coarser carbides take longer time to
dissolve completely; and hence their effect is one of
increasing the Ac; temperature more appreciably than
Ac;. It must also be added that this effect is more distinctly
manifest under rapid heating conditions. A clear portrayal
of this effect is seen in the continuous heating transforma-
tion diagram, constructed in the present study from the
transformation temperature data obtained at various
heating rates. One such typical continuous heating
transformation diagram for 9Cr steel is shown in Fig. 7,
wherein the expanding nature of the intercritical region
with increasing heating rates is self-evident.

Melting temperature and enthalpy

As mentioned elsewhere here, there has not been much
information in literature on the systematic variation of
melting point in 9Cr steels. In view of this, an attempt
has been made here to correlate the experimental values
of the melting temperature 7., with that estimated by an
empirical expression of the form

Tom/K = 1808{50C+ 5Si+ 5Mn + 5Cu+0.7Cr+ INi +
0.5Mo+0.5V +30P 4258} )

The above expression is an empirical modification of the
one suggested earlier by Hrivnak.> In this relation, the
concentration of each element is expressed in wt-%.
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7 Typical continuous heating transformation diagram for
9Cr-1Mo steel obtained in this study. Note kinetics
induced enlargement of ferrite+carbide +austenite, three
phase region under fast heating conditions. Number on
each curve designates heating rate in K min '

The estimated values are lower than the experimental
ones by 15-20 K, and this mismatch is found to be more
for the weld consumables. Nevertheless, it must be
pointed out that theoretical prediction of melting
temperature is a formidable task and considering this
fact, the agreement between experiment and the empirical
estimate given by equation (2) may be considered as quite
satisfying. In Fig. 8, the experimental melting point
scenario is graphically portrayed for the 9Cr steels.

As for the measured enthalpy values of on-heating
o-ferrite + carbides—y-austenite transformation (A°H*~7)
are concerned, no authentic systematics seems to emerge
from the present study with respect to composition. The
weld consumables containing high (Ni+Mn) content
registered the lower bound values for A°’H*~7, while for
the rest it varied from 9 to 17 J g~ '. The long term aged
samples in particular recorded lower values, as the o—y
transformation in presence of coarse carbides is likely to
be more incomplete at Acz. While the plain 9Cr—1Mo
steel in the normalised condition recorded the largest
value of 17J g™, the W, Ta containing reduced
activation steel in the extremely slow furnace cooled
state sets the lower bound estimate of ~8 J g~ '. While,
every precaution has been taken for reliable and
individual calibration for the heat flux in each run, it
must be admitted that with an average sample mass of
70 mg, it is not possible to avoid certain inhomogeneity
in the sample microstructure creeping in at this level. In
view of this, the measured values may be taken as typical
ones for this type of steel.

M, temperature

The martensite start temperature M, measured in this
study for various steel compositions can be satisfactorily
accounted for by a modification of the empirical relation
proposed by Finkler and Schirra®® for low carbon and high
chromium (8-14 wt-%) alloys. This empirical relation is:

M, =908 —474{C+0.86(N—0.15[Nb+Zr]) —0.066Ta}
—{(17Cr+33Mn+21Mo +20Ni + 39V + 5W)

—45Mn? — 25Ni* — 100V? + 10Co+20Cu } —47.4Si
©)
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8 Comparison of observed and estimated melting points
for various 9Cr steels investigated in present study

In the above relation, the concentration of different
elements is expressed in wt-%. The original F-S relation
did not contain non-linear contributions for Mn, Niand V.
Besides, the effect of silicon is also not included explicitly.
Since the present study encompassed high (Ni+Mn) and
Co containing weld consumables and also some high
silicon compositions, the new nonlinear modification to F—
S relation has been incorporated to empirically arrive at a
predictive formula for M in generic 9Cr chromium steels.
In Fig. 9, the measured M, temperatures are compared
against the estimated ones using equation (2) and it can be
readily inferred from this graph that the agreement is fairly
good. An attempt has also been made to check the
predictions offered by the Bayesian neural network based
regression relation suggested by Capdevila er al;>° but
these predicted M values are not as good as the ones
obtained from equation (2).

The exothermic enthalpy associated with the marten-
sitic transformation A°H"~% | is rather high and is found
to vary from 42 to 72J g '. The lower value is
registered for plain 9Cr steel, while the larger one by
W, Ta added reduced activation steel. Although, the
cooling rate employed is the same for both, the austenite
composition at the same solutionising temperature is

750 —T—— —
9Cr- Ferritic steels
MSJ K =908 - 474 {C + 0.86(N-0.15[Nb+Zr]) - 0.066Ta}
E 725 | {17Cr + 33Mn + 21Mo + 20Ni + 39V + 5W ) 1
- | (- 45Mn” - 25Ni” - 100V° + 10Co + 20Cu} - 47.45)
S 700} = . -
=
Q
£ 675} = -
3
0 u
< es0} ” |
(11}
n 625 | -
=

SDO L 1 L 1L L 1 L 1 n 1 M
600 625 650 675 700 725 750
M, , empirical estimate (K)

9 Comparison of experimental and estimated M tempera-
ture values for different 9Cr steels used in this study



different for these two steels which effectively decide the
M, as well as the latent heat associated with the
martensite transformation.

One additional point that must be recalled here is the
fact that the temperature and time of hold in the
austenite region also decide the actual austenite compo-
sition and the size of prior austenite grain size.’® As
argued before, the extent of carbide dissolution is
decided by the aforementioned two factors, which in
turn affect the austenite composition considerably. Thus
for example, the increase in carbon content of austenite
delays the onset of martensite. Besides, the presence of
any undissolved carbide particles is also likely to pin or
retard the advancement of the martensite transforma-
tion front, thereby contributing to the delay in comple-
tion of martensite transformation.’” This affects My, the
martensite finish temperature, besides the morphology
of martensite as well. The increase in austenite grain size
which ensues as a result of prolonged hold at the
austenitising temperature subsequent to the complete
dissolution of carbides, on the other hand is known to
enhance M.>° Thus the martensitic transformation in
high chromium steel is influenced by multiple interlinked
factors. In deference to the limited scope of this study a
detailed digression into the kinetic aspects of martensitic
transformation is not taken up here. Nevertheless, it
suffices to point out that in the temperature range 1253—
1323 K, and up to a holding time of about 30 min, the
MMy temperature interval remains fairly unaffected in
most 9Cr steels.

In summary, it may be said that we have gathered in
the present study a comprehensive dataset on transfor-
mation characteristics of many 9Cr based steel composi-
tions. The results are consistently argued in the light of
prevailing knowledge based on 9Cr steels. It is believed
that these experimental findings are of use in combined
thermodynamic and finite element method based simu-
lation studies of microstructure development under
various thermomechanical processing treatments.

Conclusions

1. The results of a comprehensive characterisation of
the diffusional and displacive transformation tempera-
tures and enthalpies up to the melting regime, of 10
different compositions of low carbon 9Cr steels have
been presented in this study. Accurate estimates of Acy,
Ac;, My temperatures, the dissolution regions of both
M>;C6 and MX carbides, besides the melting range have
been made.

2. The on-heating a—y transformation temperatures
are found to be dependent on composition and the
starting microstructure. The addition of silicon to
standard 9Cr variety, Nb and V in modified 9Cr, and
W, Ta in reduced activation steel, all contribute to the
increase in Ac; through a retardation of austenitisation
kinetics. The presence of enhanced (Ni+ Mn) content in
modified 9Cr weld consumables contributes to the
decrease in Ac;.

3. It is also found that the carbide dissolution is
somewhat sluggish under fast heating conditions, which
results in a kinetics mediated expansion of the inter
critical region.

4. Tt is found that upon prolonged ageing, both Ac,
and Ac; transformation temperatures exhibit a mild but

Ganesh et al.

definite increase, and this increase is more for the ferrite
finish Ac; temperatures.

5. The critical cooling rate for martensite formation is
found to be about 4-5 K min~'. The compositional
dependence of the martensite start temperature Mj, is
adequately expressed by the modified Finkler—Schirra
type empirical parametrisation.

6. The enthalpies of austenite formation upon heating
and martensite transformation on cooling have been
determined.
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