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ABSTRACT

The influence of prior microstructure on the
tempering behaviour of 2.25Cr-1Mo steel at two
different temperatures is reported in this paper. The
tempering behaviour of the steel could be classified into
four different stages. The prior microstructure, namely
the amount of bainite, was found to influence the
following three characteristics: 1) the extent of
secondary hardening, 2) time to reach peak hardness
and 3) the saturation level of hardness. The observed
influence of prior microstructure on tempering
behaviour has been understood in terms of the
synergistic effect of a number of microstructural
changes, like the modification of bainite, growth of a
number of carbides and the recovery processes. The
paper discusses the influence of two different prior
microstructures on the above features of tempering
behaviour, at two temperatures.

1. INTRODUCTION

The modification of properties, specifically
mechanical properties, during exposure to elevated
temperature is of important concern for materials used
in high temperature applications such as steam
generators in power plants. The steam generators of
nuclear power plants use 2.25 Cr -1 Mo steel in the
evaporator circuits for their tubings /1/. The initial
microstructure of this material undergoes morphological

and microchemical changes as a consequence of
exposure to high temperatures during service. The steel
is supplied in the normalised and tempered condition
(austenitized at 1323K/1h and tempered at 1023K/1h)
for commercial applications /2/. In this condition, the
initial microstructure of the steel consists of ferrite with
carbides. However, this microstructure is not in stable
equilibrium and it continues to evolve slowly during the
high temperature applications /3,4/. The exposure to
elevated temperature would result in microstructural
evolution in the form of recrystallisation, grain
coarsening and nucleation and growth of secondary
carbides. Additionally, decarburisation due to mass
transfer between the structural materials of the steam
generators and the intermediate heat exchangers in
liquid metal fast breeder reactors has indicated that loss
of carbon would modify the microstructure and hence
the mechanical properties /5/. These microstructural
modifications in the steel are likely to affect its creep
properties. Microstructural changes in the steel during
prolonged exposure sometimes lead to deterioration of
ductility and strength /6/. Precipitation behaviour,
dislocation and substructure rearrangement would affect
the mechanical properties of ferritic steels significantly
/7/. Hence, study of the microstructural evolution has
attracted the attention of many researchers /8, 9/.

It is observed that a good combination of mechanical
properties is achieved by the judicious choice of the
initial microstructure /10/, with a higher degree of
stability during the life time (~ 30 years) of the
components. Further different initial microstructures are
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likely when these structures are produced through
thermomechanical processing. Hence in this paper, a
systematic study is carried out to understand the nature
of microstructural evolution that occurs when a 2.25 Cr-
IMo steel with two different prior microstructural
conditions is exposed to elevated temperatures.

2.EXPERIMENTAL

The material used was 2.25 Cr - 1Mo steel supplied
by M/s Creusot Loire, France. The composition of the
steel evaluated by bulk chemical compositional analysis
is shown in Table I.

Table 1
Nominal composition of the steel used (in wt %)

C Si Mn P Mo Cr Fe
0.11 | 031 | 04 | 0025 | 09 | 2.25 | Bal.

Samples of 10 mm diameter and 20 mm thickness
were austenitized at 1323K for 1h and were cooled in
1) air and 2) flowing argon gas respectively.
Thermocouples were attached to the sampies and
temperatures were measured as the samples cooled to
room temperature through the different cooling media.
The cooling rate achieved through air cooling was found
to be ~I1K/s, while in Ar it was found to be
approximately 0.1K/s. The specimens exposed to two
different cooling rates (1K/s and 0.1K/s) will be referred
to hereafter as steel A and steel B respectively. The
samples were further aged at 923 and 1023K for
durations ranging from 2 to 50h. The tempering
behaviour was studied by the measurements of macro
hardness values of the samples as a function of the time
of exposure at high temperature using Vickers
macrohardness tester, using a load of 1Kg.

Optical microscopy was carried out to characterise
the initial microstructures after careful metallographic
preparation of the samples. The percentage of bainite
was measured from the optical micrographs by
conventional quantitative metallographic techniques and
expressed as the ratio of area of bainite to total area /11/.

Samples for electron microscopy were prepared by
electropolishing thin slices in an electrolyte mixture of
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10% perchloric acid and 90% acetic acid. Carbon
extraction replica technique was used to prepare replica
from the well-etched samples. The thin foils and the
carbon extraction replicas were examined using
Analytical Transmission Electron Microscope (Philips
EM400T attached with Link Energy dispersive X ray
analyser).

3. RESULTS AND DISCUSSION
3. 1.Characterisation of initial microstructure

The steel when cooled in air (1K/s) after the initial
austenitization treatment exhibited a fully bainitic
structure (Steel A). Fig. 1(a) shows the optical
micrograph exemplifying the typical fully bainitic
structure exhibited by this steel. The cooling rate was
high enough for high temperature austenite to bypass
the ferrite start nose temperature, 1000K, and transform
completely into bainite.

On the other hand, 2.25Cr-1Mo steel when cooled in
argon after austenitizing at 1323K resulted in a mixture
of ferrite and bainite, simply referred hereafter as
ferrito-bainite (steel B). The cooling rate being slower
(0.1K/s), the formation of proeutectoid ferrite at high
temperature could not be suppressed and the remaining
austenite transformed to bainite, when Bs temperature,
833K was reached. The microstructure shown in Fig.
1(b) is a typical ferrito-bainitic structure observed in this
steel. The area fraction of bainite was measured from
optical micrographs /11/, and was. found to be 30% in
steel B.

Fig. 1(c) shows the TTT curve of 2.25 Cr-1 Mo steel
available in the literature /1/. The cooling rates for the
two steels are superimposed on the TTT diagram. It can
be inferred that the steel A on cooling from
austenitizing temperature bypasses the ferrite start nose
temperature, but passes through the bainitic region.
Hence it is clear that the steel A has completely
transformed into bainite, while on the other hand, steel
B cools quite slowly and comparatively by one order
less. The transformation of austenite to ferrite at the
temperature range 1050K to 923K is therefore
unavoidable, much before the temperature for the
bainitic transformation temperature, B, (= 833K), is
reached. Hence the microstructure that ensued was
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Fig. 1(a): Optical micrograph showing the fully bainitic Fig. 1(b): Optical micrograph showing ferrite-bainitic
structure present in steel A. structure in steel B. The regions ferrite and
bainite are marked as o and B in the figure.
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Fig. 1(c): The different cooling rates superimposed on the TTT diagram [Ref.1] of 2.25Cr-1Mo-0.1C steel. Steel A
refers to air cooling and Steel B refers to furnace cooling with Ar purging.
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ferrito-bainitic.

To understand the nature of the bainite, transmission
electron microscopy of the two steels was carried out. It
is observed from the transmission electron micrographs

that the nature of bainite in the two steels was not

Fig. 2(a): Transmission electron micrograph of the
initial microstructure of steel A showing laths
of bainite.

Fig. 2(b): Transmission electron micrograph of the
initial microstructure of steel B showing
granular bainite along with proeutectoid
ferrite
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similar and is different. (Fig. 2 (a) and (b)). While steel
A (Fig.2(a)) shows complete bainitic microstructure, the
steel B (Fig.2(b)) shows proeutectoid ferrite free of
carbides and bainite which is distinctly granular. The
carbides inside the bainite grains, for example, in Fig.
2b were analysed using- Selected Area Diffraction
(SAD) patterns and a representative pattern is shown in
Fig. 2(c) along with its key (Fig.2.(d)). The analysis
indicates the zone axis of the carbide as [ 11 17 of M;C
type carbide. Fig. 2(e) shows the EDX spectrum of one
of the carbides which is found to be Fe-rich, in
consistency with the SAD analysis, suggesting the
formation of Fe-rich Fe;C type of carbides.

Fig. 2(c): SAD pattern from one of the carbides present

in bainite of Fig.2b.
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Fig. 2(d): Key for identification of the carbide, M;C.
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Fig. 2(e): EDX spectrum from one of the carbides present in steel B shown in fig.2b.

3.2. Effect of prior microstructure on tempering
behaviour

Having observed that the initial microstructures of
the steels are quite distinct, the high temperature
tempering behaviour is also expected to be different.
Fig. 3 shows the variation of macrohardness of the two
steels with time of exposure at two different
temperatures. It is apparent from Fig. 3 that steel A
exhibits higher initial hardness than steel B. While steel
A exhibited an initial macrohardness value of 340 VHN,
steel B showed 165 VHN only. This is due to the
complete transformation of austenite into 100% bainite
in steel A in contrast to the formation of 70% soft pro-
eutectoid ferrite in Steel B.

Exposure of these steels at 923 and 1023K leads to
simultaneous modification of bainite and transformation
of primary cementite particles to a series of secondary
carbides, M,C, M;C3, M3;Cq, MgC etc. /12/. The carbide
stability diagram /13/ is a modified diagram of that
proposed in reference /12/ incorporating the
consideration that different types of metal atoms share
the unit cell in these carbides (for example, Cr,C; is
referred to here as M,C; to indicate that other atoms are
likely to be incorporated in the carbide structure). The
sequence of carbide precipitation observed in the
present study is in general agreement with that reported
in reference /12/. The sequence of the carbide
precipitation of Steel A on tempering can be
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Fig. 3: Variation of macrohardness as a function of tempering time for the two different steels.

summarised as follows:

Bainite (0+M;C)—>(0+M;C) — (a+M;Cs)—(o +
M,;C+M¢C)

This sequence can be compared with the sequence
given in ref. /13/:

Bainite —» (a+M2C) —)(a+M23C6)

d e — a+MC

- a+M7C3/

The sequence observed in steel B can be
summarised as:

Bainite (o + M3C) — (o +M;C) = (a+M;C3)—>(a +

M23C6)
Proeutectoid ot—>(a+M,C)— (o0 +M3;Ce)
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The above sequence nearly follows the sequence
presented by Baker and Nutting /12/, namely:

Bainite (a0 + FiC) » o + Mo,C —» o +
M7C3—)(X+M23C6—)(X+M6C
Ferrite,a— o+Mo,C— a+M(C

On comparing the sequence of evolution of carbides
in the present study with the available literature, a major
difference pertains to the equilibrium structure of
(a+MgC) in Ref, /12/ in contrast to (o0 +M33Cq) in the
present study. This can be related to the longer
tempering times of 1000h employed in earlier work
compared to a shorter time of 50h in the present study.
The formation of MC occurs only for times higher than
100h for tempering at temperatures above 973K due to
slower kinetics prevailing in this temperature.

The exact sequence and microchemical nature of
these carbides are discussed in detail elsewhere /14,15/.
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The most relevant information in the context of the
present study is that the carbides that promote softening
were identified as M;C;, M53Cs and M¢C whereas the
hardening is mainly imparted through the precipitation
of fine semi-coherent M,C particles.

The tempering behaviour of the two steels at the two
different temperatures is found to differ in (i) the extent
of secondary hardening, (ii) variation in the time to peak
hardness and (iii) the saturation level of hardness at long
tempering times. Generally, there is a rapid reduction in
the hardness levels, though in certain combinations of
temperature and prior microstructure, this stage is
absent. The second feature, namely the secondary
hardening, is observed in steel A at both the
temperatures while only a very marginal secondary
hardening is observed at 923K for steel B. The nature of
hardening is more pronounced in steel A than in steel B.
Further, the time to reach secondary hardening peak was
higher at 923K than at 1023K in steel A. The saturation
level of hardness at longer times at 923K for both the
steels was higher than at 1023K.

Based on the above results, the tempering behaviour
of the steel may be classified /15/ into four distinct
stages, namely:

e Stage 1 representing 1nitial softening

o Stage Il representing the secondary hardening
o Stage III depicting the final softening

e Stage IV indicating the saturation.

During tempering, all the four stages were not
present in both steels and at both the temperatures.
Further, the stages were found to appear at different
times at the two temperatures. Stage | was present in
steel A for both the temperatures of interest, 923K and
1023K, while it is absent in steel B.

Stage Il depicting the secondary hardening
behaviour is present in steel A for both the temperatures
of tempering. In contrast, steel B exhibits stage Il only
at 923K.

Stage 111 is found in both the steels and at both the
temperatures of tempering but with significant
difference in their final softening rates.

Stage 1V, that is the saturation in hardness levels, is
present in both the steels for both the tempering
temperatures with different saturation levels.

The microstructural rationale for the occurrence of
the different stages, the differences between the two
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different temperatures of tempering and prior
microstructure discussed above, has been understood
based on detailed TEM studies corresponding to the
four stages. The details of these studies are discussed in
the next section.

3.3.Microstructural basis for the tempering
behaviour

Tempering at 1023K

Based on our present results summarised above, it is
observed that when the steels are tempered at 1023K,
stage 1 was found at much smaller times in Steel A
compared to Steel B. Stage I, which is due to the
modification of bainite into ferrite and carbides, takes
place rapidly during the process of tempering in Steel A
and hence was present for periods less than 2h in this
steel.

The initial rapid softening was followed by stage II
which becomes more dominant than stage 1. This could
be due to the appearance of fine needle-like precipitates
of M,C in the initial tempering period within 2h (Fig. 4
(a)) which are semi-coherent leading to secondary
hardening. This clearly indicates that the Kkinetics
favoured formation of M,C at 1023K and the hardening
due to M,C more than offsets the softening caused by
bainitic modification, thus resulting in the observed
increase in hardness. However, the softening caused by
the precipitation of other secondary carbides like M,;C;,
M;;C¢ and M4C and the dissolution of M,C resulted in
the rapid softening at longer times of tempering. Fig. 4
(b) shows the carbon extraction replica of the steel A
tempered for 20h. The micrograph depicts the presence
of a number of carbides of different morphologies.
Analysis of SAD patterns from different carbides
showed that there is a coexistence of three different
types of carbides, namely, M,C;, M,C and MyCs.
Typical SAD patterns and their analyses were shown in
Fig. 4 (c.d). (e.) and (g.h) indicating the zone axes as
[0001] of M;Cs. [150 of M(C and [02T of MCq
respectively.

In contrast, steel B showed a relatively simpler
tempering behaviour. Steel B following its initial rapid
softening simply goes over to stage Il with a
characteristic drop in the rate of softening and finally
saturates into stage IV.
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Fig. 4: Transmission electron micrographs showing the evolution of carbides in steel A tempered at 1023K:
(a) The fine needle-like M,C carbides (arrow marked) in samples treated for 2h.
(b) Micrograph of the carbon replica microstructure of steel A treated at 1023K for 20h showing a variety of
morphologies of carbides.
(c) SAD pattern of one of the carbides observed in Fig.4b showing the presence of M;C; along [0001].
(d) Key showing the analysis of SAD pattern in (c)
(e) SAD pattern of one of the carbides observed in Fig.4b showing the evidence of M,;Cs.
(f)  Key showing the zone axis is [0 2 1] of MyCe.
(g) SAD pattern of one of the carbides observed in Fig.4b showing the evidence of M(C.
(h) Key showing the zone axis is [1 5 0] of MC
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Both steel A and steel B saturate around 160VHN.
This could be due to the observation that the steels
transform to completely defect-free ferrite and
incoherent carbides like M1 Cs and MgC at longer
tempering times. Further globularisation of carbides
takes place, which also leads to softening of the matrix.

Fig. 5(a): Transmission Electron Micrograph depicting
the globularisation of carbides and
substructure formation in steel A when
tempered at 023K for 50h.

Fig. 5(b): SAD pattern of one of the carbides observed
in Fig.5a showing the evidence of M¢C. The

zone axisis[ 1 11].
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Typical evidence for the coarsening observed in steel A
is shown in Fig. 5(a). The analyses of these carbides
were carried out using their SAD patterns [Fig. 5(b) and
(c), (d)], which confirm the formation of M.C and
M2;Cs respectively. These carbides are both FCC with
nearly equal unit cell dimensions. However, it is known
that M4C is a Mo based carbide and M,;C; is a Cr based
carbide. Hence their identification is carried out using
EDX spectra. Typical spectra from the Cr-rich M;Cq
and Mo-rich M¢C are presented in Fig, 5(e) and 5(f).
The elemental distribution of Cr and Mo in the two
carbides would continue to reach the equilibrium
stoichiometry as the carbides continue to grow further
on tempering till, the steel A and B reach equilibrium
conditions with the formation of Cr,;C¢ and MoC /14/.

<1 1 2> MG

Fig. 5(c): SAD pattern of one of the carbides observed
in Fig.5a showing the evidence of M»;Cq.
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Fig. 5(d): Key shows the zone axis is [1 1 2].
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Fig. 5(¢): EDX spectrum indicating the Cr-rich nature of M,;Cq. Cu peak is from the grid.
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Fig. 5(f): EDX spectrum indicating the Mo-rich nature of M¢C. Cu peak is from the grid.
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Tempering at 923K

When tempered at 923K, steel A showed a
characteristic four-stage behaviour. Fig. 6 shows the
typical optical micrograph of steel A tempered at 923K
for 2h. It indicates that the tempering of the bainite has
started. A detailed study using transmission electron

Fig. 6: Optical
mitrostructure of steel A tempered at 923K for
2h.

micrograph depicting the

microscopy revealed the presence of the lath structure of
retained batnite and fine needles of M,C (Fig. 7(a) and
(b)). As the steel is tempered further for 10h, the
modificatioh of bainite was found to continue, as shown
in Fig. 8a. This shows that the microstructure of the
steel tempered for 10h, namely tempered bainite, has
been modified to a lesser extent in comparison to
tempering at 1023K (Fig. 4(b)). The sluggish rate of
modification is due to slower kinetics prevalent at 923K
in comparison to tempering at 1023K. A variety of
secondary carbides were found to precipitate along with
bainitic modification. Fig. 8(b) and (c) depict the typical
modified bainite which retains the lath structure to a
large extent with secondary carbides, which were
identified by SAD patterns (see insets in Fig. 8(b) and
(c)). The analyses show the zone axes of [0001] of M-C;
and [1 10] of MyCs.

The carbides were observed to precipitate along the
lath boundaries of the retained bainite. The
strengthening of the matrix by the copious precipitation
of M,C is also observed in steel A when it is tempered
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(b)

Fig. 7: Transmission electron micrographs of steel A
tempered at 923K
(a) The microstructure of steel A tempered for
2h. The bainitic laths are retained with fine
needles of M,C precipitation.
(b) The higher magnification picture of fig.7a
showing the presence of fine needle-like M,C
in a cubic orientation.
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Fig. 8:

Variation in microstructure of steel A
tempered at 923K for 10h showing the

(a) retention of bainitic laths.

(b) presence of M,C;; the inset shows the

zone axis as [0001]

{c) formation of coarse MyCq The inset
shows the SAD pattern of Mx;Cy along the
zone axis [1 1 0].
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for 20h at 923K. Fig. 9(a) confirms the evidence for the
retention of needle-like semi-coherent precipitates of
M,C. On further tempering at 923K for over 50 hours,
steel A exhibited recrystallisation and substructure
formation (Fig. 9(b)) indicating complete modification
of bainitic laths into subgrains of a-ferrite.

Fig. 9(a): Copious precipitation of M,C that occurs in
steel A tempered at 923K for 20h.

Fig. 9(b): The substructure development in steel A
when treated at 923K for 50h.

On the other hand, steel B exhibited no initial
softening feature typical of stage I. Instead a hardening
peak indicating the effect of stage Il is more dominant
than the softening due to stage 1. This is consistent with
the presence of 70% ferrite in the steel. Fig. 10 shows
that the steel B in the argon quenched condition itself
exhibited bainite and ferrite. It shows, in addition, fine
needles of M,C, which on further tempering would
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Fig. 10: Presence of needle-like M,C precipitates in
steel B in as-Argon quenched condition.

enable easy nucleation of additional M,C carbides. On
tempering for up to a period of 20h, it has resulted in
evolution of M,C; carbides. Fig. 11(a) shows the typical
microstructure of steel B aged at 923K for 20h. The
SAD pattern obtained from these carbides shown as
inset in Fig. 11(a), clearly confirms the presence of

Fig. 11(a):Transmission electron micrograph of steel B
tempered at 923K for 20h. The bainite is
modified and precipitation of carbides
observed. Inset shows the SAD pattern of one
of the carbides indicating the presence of
M,C;.
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[0001] zone axis of M,C; (key shown in Fig. 11.b).
That is, the bainitic carbides (M3;C) have transformed
into secondary carbides, which coarsened when
tempered for 20h at 923K. On tempering for 50h, the
modification of bainite into strain-free ferrite is
complete though the M,C carbides had not coarsened
considerably (Fig. 11(c)). The retention of strengthening
carbide, namely M,C, for tempering times up to 50h has
thus led to higher saturation level (Fig. 3) in contrast to
the lower saturation level at a higher tempering
temperature of 1023K.

Thus, during tempering, Steels A and B change in
their initial microstructures and are in a continuous
process of evolution towards equilibrium, where the
carbides continue to coarsen /15/.

1120

1210‘.—:”.‘. Q- .

[OOOI]M7C3

Fig. 11(b):shows the key for analysis of the SAD
pattern shown in 11(a).

Fig. 11(c) Microstructure of steel B tempered for S50h.
The ferrite-ferrite boundary shows the
carbide precipitation. Ferrite region contains
fine M,C.
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A schematic figure depicting the four stages and
thein ~orresponding microstructural rationale is shown
in Fig. 12; stage I shows the start of tempering of the
steel with the enhanced softening due to rapid
modification of the metastable bainite into ferrite and
carbides. This process manifests as changes in the lath
structure of bainite, which becomes fully modified into
dislocation-free ferrite grains with increasing time of
exposure at the tempering temperatures.

Stage 11 was found to show a secondary hardening
behaviour, w'ich was rationalised, based on the

VHN =

Dissolution of P
bainite _{

Dissolution of M,C and i

formation of other /
incoherent secondary /

carbides IE

-+ JNI1

e e - -

Coarseningl
of
second
carbides !

[<

Schematic sketch showing the various stages
of tempering along with their corresponding
micromechanisms.

Fig.12:
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precipitation of M,C, which is found to be semi-
coherent with the matrix. The coherency strains due to
the formation of M,C lead to an increase in hardness.

Stage 111, which shows reduction in the hardness, is
mainly contributed by the precipitation of other
metastable carbides like M5C;, Mj;Cs. These are
incoherent in nature and hence soften the matrix to a
larger extent.

Stage 1V, depicting the saturation being achieved, is
due to the balancing effects of the softening kinetics due
to the secondary carbides and the hardening nature
promoted by the M,C precipitation. The saturation level
depends on the volume fraction of M,C that is retained.
In case of complete dissolution of M,C, the saturation
level reaches the hardness of ferrite (140VHN) and is
higher at lower tempering temperature due to retention
of M,C. The coarsening of all secondary carbides occurs
during this stage.

Strengthening index (%)

In order to quantify the extent of the secondary
hardening effect, a parameter called strengthening index
is proposed. This can be expressed in terms of:

Maximum hardness - initial hardness
Strengthening
index, X = X 100

Initial hardness

It is apparent from Fig.3 that the index is 10% for
steel A and 2% for steel B at 923K respectively. It is
observed from Fig. 3 that Steel A shows a similar
strengthening index for 1023K also while steel B does
not show any strengthening.

Let us consider the observation that the
strengthening index at 923K is more in steel A than in
steel B. This difference is due to the difference in the
initial microstructures, which influences two factors: the
degree of metastability and the nature of secondary
carbides.

Steel A, exhibiting a complete bainitic structure that
resulted from fast cooling, is more metastable than steel
B due to its highly dislocated lath structure and higher
concentration of carbon locked up in solution. It has
been reported that the stored energy of a 100% bainitic
steel is 780 J/mol more than the equilibrium state of the
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steel, consisting of ferrite and carbides /16/. Therefore,
the degree of metastability of steel A is expected to be
much higher than in steel B.

It is known /12/ that bainite is relatively more
suitable for the nucleation and growth of the semi-
coherent M,C carbides. However, in steel B, M,C is
expected to precipitate in the pro-eutectoid ferrite
during cooling. This would be expected to be coarse and
well distributed, thus not contributing significantly to
the secondary hardening. On tempering, the M,C would
precipitate in the bainitic areas of steel B which are fine
and semi-coherent. Although these carbides strengthen
the steel B, the A¢ of bainite is very low (30%) leading
to a lower volume fraction of M,C in steel B than in
steel A at 923K.

In the case of steel A, no M,C forms during cooling
since cooling rate is faster. However, the bainitic
regions of steel A favour formation of M,C and these
semi-coherent M,C are finer and more dense than in
steel B. This explains the high value of the
strengthening index for steel A.

Usefulness of strengthening index
Thus a single parameter, namely the strengthening

index, is useful in describing the influence of prior

microstructure on the tempering behaviour. This
parameter may be useful in assessing:

i) The in-service processing effects like repair welding
on the subsequent microstructure. Presently efforts
are in the direction of avoiding post-weld heat
treatment procedures which would otherwise involve
severe costs. This implies that the welded
components would temper during service and the
parameter can be used to assess the state of steel.

ii) Recent efforts to use thermomechanical forming to
produce tubes have indicated that the microstructure
is varied in nature /17/. Hence this index would be
helpful in  assessing the consequence of

microstructural evolution in situations where a strip

rolling by thermomechanical route is adopted.

4.CONCLUSIONS

o The tempering behaviour of 2.25Cr-1Mo steel at two
temperatures, 923K and 1023K, for two different
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conditions of initial microstructures namely 100%
bainite and (30% bainite+70% ferrite) is established.
Based on hardness changes the tempering nature of
the fully bainitic stee! is found to be steep showing a
larger extent of tempering in comparison to the
ferrite-bainitic steel.

o The tempering behaviour has been classified into
four stages: initial rapid softening (stage 1),
secondary hardening (stage 11), final softening (stage
111) and saturation (stage 1V).

o The extent of the four stages of tempering behaviour
was altered to a great extent by the prior
microstructure.

e A parameter, namely strengthening index, is
proposed for the quantification of the extent of
secondary hardening.

o The strengthening index of Steel A is higher than
that of Steel B due to a) higher degree of
metastability of steel A as compared to steel B,
b) higher number density of strengthening carbide
like M,C and ¢) uniform distribution of finer M,C
carbides in steel A than the coarse M,C in steel B.
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