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The choice of various decomposition mechanisms of austenite in a 9Cr-1Mo-0.07C steel 
under different rates of cooling has been studied. The techniques employed were electron 
probe micro-analysis, X-ray diffraction and electron microscopy. The observed morphological 
features may be explained based on the predominance of the two types of transformation, 
austenite - ,  martensi te  and austeni te  ---, ferrite dur ing cooling. In the steel used in this study, 
decompos i t ion  of austenite to proeutec to id  ferrite was favoured at cooling rates less than  abou t  
2 Ks- 1. The mechanism by which the supersaturated proeutectoid ferrite relieves its excess 
solute concentration was also studied. A "'microstructural map" has been proposed to predict 
the constitution at the end of any given cooling rate for 9Cr- IMo-0.07C steel. The choice of 
commercial treatment has been rationalized with respect to the resultant microstructural 
constituents. 

1. I n t r o d u c t i o n  
Recent developments of high power, fast breeder re- 
actor (FBR) technology have emphasized the need for 
developing materials with better void swelling and 
creep resistance as compared to the existing austenitic 
steels, for core component applications [1]. Of late, 
"ferritics" like 2.25Cr-lMo, 9Cr- lMo,  9Cr-2Mo, 
10Cr-2Mo-V-Nb, 12Cr-2Mo, HT9, D57B, etc., are 
being considered for replacing the conventional 
"austenitics". These steels have a high resistance to 
void formation during ion, electron and neutron ir- 
radiations in the temperature range 673-898 K and 
this characteristic has rendered them suitable for ap- 
plication as fuel element components, such as wrap- 
pers, and also in the steam circuitry in the sodium- 
cooled fast reactors [,1]. 

Of the various candidate materials, 9Cr- lMo steels 
are being seriously considered for FBR applications 
for the following reasons [-2-8]: 

1. acceptable mechanical properties at service tem- 
perature, achieved by the fine substructure generated 
during martensitic transformations; 

2. easy control of microstructure and microstruc- 
tural stability during long-term service; 

3. reduced tendency for temper embrittlement due 
to a lesser degree of segregation of impurity elements; 

4. resistance to decarburization; and 
5. better corrosion resistance. 

These advantages have enabled the prototype fast 
reactor in the United Kingdom to use these steels as 
superheater components in steam generator circuits. 
They are also being considered for possible use as 

wrapper material. However, the main drawbacks 
of these steels appear to be their poor fabricability 
and high values of ductile to brittle transition 
temperatures. 

The 9Cr- tMo steels, in the normalized state, derive 
their strength basically from martensites which are 
formed during air cooling. The strength of martensite, 
~', arises from the presence of interstitial elements and 
a dislocation substructure [-24], 9Cr- lMo steels in 
the normalized and tempered condition, depend on 
solid solution and precipitation strengthening of the 
matrix. The steel in this state has a high value of stress 
rupture ductility which remains constant even up to 
50 000 h, as a consequence of its microstructure, which 
contains relatively coarse but evenly distributed carb- 
ides in the tempered martensite matrix. Although 
these steels have been studied in detail with respect to 
their microstructure and mechanical properties, most 
of these studies are confined to the commercially heat- 
treated and aged condition. It is considered that sys- 
tematic development of a physical metallurgy data 
base with respect to various parameters such as 
cooling rate, austenitizing temperature, tempering 
treatment, carbon content, etc., is necessary. This pa- 
per presents the first part of our results of an experi- 
mental programme aimed at developing the required 
data base on a 9Cr - lMo steel. 

The various types of transformation that take place 
in a 9Cr-IMo-0.07C steel after austenitizing at 
1323 K for 30 rain and cooled at various rates, are 
discussed. The decomposition of austenite, y, is found 
to proceed through different mechanisms depending 
on the rate of cooling, which in turn introduces con- 
siderable differences in the resultant constitution. The 

0022-2461 �9 1992 Chapman & Hall 2389 



transformation scenario at different temperature re- 
gimes to which the steel is exposed during cooling is 
clearly demonstrated in this paper, based on which a 
"microstructural map" for 9Cr-IMo-0.07C steel 
under different cooling rates has been proposed. The 
choice of the conditions for the commercial heat 
treatment of this steel has also been rationalized in this 
study. The resultant microstructure and its influence 
in improving the properties of the 9Cr-lMo steel have 
been discussed. 

2. Experimental procedure 
The composition of the steel used in this study is listed 
in Table I. Specimens of dimensions 12minx 
12ram x 12ram were solution annealed at 1323K for 
30 rain and cooled by different techniques: (i) water 
quenching (100 Ks- 1), (ii) oil quenching (20 Ks- 1), (iii) 
air cooling (2 Ks-a), (iv) furnace cooling (0.1 Ks-l), 
and (v) air cooling followed by a tempering treatment 
at 1023 K for 60 min (the commercial treatment). The 
first two fast cooling rates, Q~ and Q2, were calculated 
based on available information on relative cooling 
rates in different quenching media [2]. The latter two 
slow cooling rates, namely air cooling and furnace 
cooling, Q~ and Q Z, were measured. 

The heat-treated samples were polished and etched 
with Vilella's reagent followed by gold coating for 
metallographic observations. Measurements of prior 
austenite grain size, area fraction of ferrite, ~, packet 
size of martensite, etc., were made using a Philips 
scanning electron microscope (Model PSEM501). 
Vickers macro- and micro-hardness measurements 
were carried out on various regions of the sample 
using a load of 1 kg and 100 g, respectively. For the 
air-cooled and furnace-cooled samples, micro-hard- 
ness measurements were also made with lower applied 
loads in order to establish the variation in hardness 
between the two microstructural constituents. 

Chemical analysis of iron, chromium, molybdenum, 
manganese and carbon in the martensite and ferrite 
regions was carried out using a Cameca SX-50 elec- 
tron probe micro analyser (EPMA), in order to obtain 
the redistribution of solute elements. A large number 
of points comprising both ferrite and martensite span- 
ned over a region of 150tam was chosen for the 
analysis and measurements were made at appropriate 
intervals. The EPMA operating conditions were 
maintained constant during the analysis at the follow- 
ing values: acceleration voltage 20 kV, regulated beam 

Cr 8.24 
Mo 0.955 
Mn 0.356 
C 0.072 
P 0.0206 
Si 0.265 
Fe Balance 
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current 20nA, X-ray take off angle 40 ~ beam 
diameter _~ lgm and a counting time of 10 s. The K~ 
radiation of iron, chromium and manganese were 
diffracted by an LiF crystal, that of carbon bya  PC1 
crystal and the L~ radiation of molybdenum by a PET 
crystal. The X-ray intensities of the above radiations 
were also measured on standards (pure iron, 
chromium, molybdenum, manganese and diamond) 
under identical conditions of analysis. The composi- 
tion values were obtained after correction for the 
atomic number, absorption and fluorescence effects 
(ZAF correction). 

3. Results and discussion 
The austenitizing treatment was carried out at 1323 K 
for 30 rain, in the present study. It is well known that 
Cr-Mo steels of this type could exist in any one of the 
various phase fields, such as ~ + y, y, y + 6-ferrite, 
depending on the composition of the alloy and austen- 
itizing temperature employed. The choice of austeniti- 
zing temperature (1323 K) for the alloy used has been 
arrived at based on the fact that this temperature lies 
well within the austenite phase field, when the net 
chromium equivalent of this alloy is estimated by an 
expression of the type: 

net chromium equivalent = %Cr + 6 (%Si) + 

4 (%Mo) - 40 (%C) - 2 (%Mn) (1) 

and superimposed on the equilibrium diagram of the 
Fe-Cr system [9]. Another reason for the choice of 
1323 K as the austenitizing temperature is based on 
the expectation that the pre-existing carbide particles, 
if any, would completely go into solution at this 
temperature. However, for temperatures lower than 
1300 K it has been reported [10] that there was a 
partial retention of M23C 6 carbides which were in- 
tentionally precipitated prior to austenitizing treat- 
ment. It has been proposed that there is preferential 
nucleation of austenite along the ferrite/carbide inter- 
face, wherein the carbide particles are enveloped by 
austenite and subsequent growth depends on diffusion 
of carbon through austenite as carbides dissolve [2]. 
In the present work, the steel used was in the normal- 
ized and tempered condition, wherein M 2 3 C  6 is 
expected to be present. In addition, the use of an 
unstabilized variety of steel and higher austenitizing 

+ 
TABLE I Composition of the steel used in the present study 

Element Composition 
(wt %) 

Figure 1 Possible decomposition mechanisms of austenite. 



temperature ensure complete dissolution of all pre- 
existing carbides during the austenitizing treatment. 

It is well established that austenite in steels could 
undergo either one or a combination of decomposi- 
tion processes, while it is cooled to room temperature, 
as shown in Fig. 1. The transformation path favoured 
by the alloy and the resultant constitution at the end 
of cooling, depends largely on the initial alloy content 
and the rate of cooling. In the present study of 
9Cr 1Mo steel, the decomposition of austenite pro- 
ceeds through either the transformation path 1 o r  a 
combination of paths 1 and 2 depending on the 
cooling rates employed, as can be seen below. 

3.1 D e c o m p o s i t i o n  m e c h a n i s m s  of aus t en i t e  
Fig. 2a d show scanning electron micrographs of the 
steel cooled to room temperature at various rates of 
cooling. The uniformity of microstructures across 
various sections of the specimen and the small dimen- 
sions of the specimens used suggest that the rate of 
cooling was constant within the sample. It is seen that 
there is considerable variation in the morphology and 
nature of the microstructural constituents with 
cooling rate. The two rapid cooling rates (Q# and Q~, 
employed in the present study resulted in the complete 
transformation of austenite to martensite, ~' (Fig. 2a 
and b). In contrast, the slower cooling rates (Q~ and 
Q~) favoured the formation of proeutectoid ferrite and 
martensite (Fig. 2c and d). The C C T  diagrams de- 
veloped for 9Cr- lMo steel, based on Jominy hard- 
enability tests, show [9] that there is a range of 

cooling rates over which complete transformation of 
austenite to martensite is expected. However, cooling 
rates slower than a certain critical value, Qc, would 
promote the formation of proeutectoid ferrite, the 
value of which depends on the net chromium equival- 
ent. In the present study, where the net chromium 
equivalent of the steel is 10.2, it is seen that Q~ and Qg 
are higher than Qc, thereby suppressing the formation 
of proeutectoid ferrite, while Q1 and Q2 being lower 
than Qo, result in the growth of ferrite. The complete 
transformation of austenite to martensite preferen- 
tially at rapid cooling rates can be understood in 
terms of non-availability of sufficient time in the high- 
temperature transformation range to effect nucleation 
and growth of proeutectoid ferrite. Detailed micro- 
scopic investigations have shown that the basic units 
of martensites in Figs. 2a and b are the "lath type", 
that are aligned parallel to one another in groups, or 
"packets". The present observation of lath-type mar- 
tensite is consistent with the high value of M s temper- 
ature (673 K) reported for this steel. It is expected that 
the morphology of martensite will be controlled by the 
yield strength of austenite. Therefore, the lath-type 
martensite, which is basically accommodated by slip 
(a high-temperature deformation process) is normally 
associated with high M s values. 

A comparison of Fig. 2c and d, would clearly reveal 
that the proeutectoid ferrite grains which are present 
after slower cooling, Q~ and Q2 have regular-shaped 
boundaries; they are not acicular but equiaxed poly- 
gonal ferrite. The width of the ferrite grain as well as 

Figure 2 Scanning electron micrographs of 9Cr-IMo-0.07C specimens austenitized at 1323 K for 30 min and cooled at different rates: (a) 
100 Ks -1, (b) 20 Ks -z, (c) 2 K s -1, (d) 0.l Ks -1. 
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the amount of ferrite increases with decreasing cooling 
rate. The morphology of the proeutectoid ferrite 
shown in Fig. 2c and d clearly confirms that the ferrite 
has grown by a conventional nucleation and growth 
mechanism and not by either massive transformation 
of austenite or as Widmanst/itten plates. Based on Fig. 
2c and d, it is reasonable to expect that in slowly 
cooled steels, part of the austenite has transformed to 
ferrite in the high-temperature range 873-1073 K, 
leaving the remaining austenite to undergo martensi- 
tic transformation as the steel is exposed to temper- 
atures below 673 K (which is the M s temperature 
reported for this steel), before it is cooled to room 
temperature. 

The uniform dispersion of fine proeutectoid ferrite 
in a martensitic matrix during air cooling.of the 
present alloy (Fig. 2c) is not expected, in view of the 
fact that the experimentally determined cooling curve 
during air cooling does not intersect the available 
T T T  diagram [10]. Moreover, the formation of ferrite 
has not been cited in any of the earlier studies [11], 
based on which air cooling has been chosen for even 
commercial treatment. Therefore, more detailed 
microscopic studies were carried out to unambigu- 
ously confirm the presence of ferrite in air-cooled 
samples. Fig. 3 shows the conclusive evidence for the 
formation of proeutectoid ferrite during air cooling. In 
addition, the presence of proeutectoid ferrite is ex- 
pected considerably to reduce the microhardness 
value within ferrite, compared to the adjacent mar- 
tensitic matrix. An attempt to monitor the variation of 
microhardness value (using a conventional applied 
load of 100 g) between the two microstructural consti- 
tuents, ~ and ~', in air-cooled samples was not success- 
ful, probably due to the fine size of the ferrite grains. 
Therefore, microhardness values were measured with 
a lower applied load of 15 g. It is realized that the use 
of such small loads would reduce the reliability of the 
measurements, due to the load dependence of micro- 
hardness. However, for the restricted purpose of 
evaluating the relative difference in the microhardness 
between ~ and ~', the choice of small load was con- 
sidered justified. It is observed that the microhardness 
value of the ferrite grains is about 355 VHN (load 
= 15 g), which is significantly lower than that of the 

adjacent ~' matrix 568 VHN (for the same load). Thus, 

Figure 3 Evidence for the formation of proeutectoid ferrite in a 
9Cr-IMo-0.07C steel austenitized at 1323 K and air cooled. 
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it can be confirmed beyond doubt that the proeutec- 
toid ferrite forms during air cooling of the steel. The 
present observation of ferrite in contrast to its absence 
in earlier studies, can only be rationalized based on the 
difference in the carbon content of the different steels 
used. 

It has been well established that the grain bound- 
aries of austenite are the preferred sites for the nucle- 
ation of proeutectoid phases and that the grain size of 
the parent austenite phase is directly related to the size 
of the transformation products. The parameters 
chosen for the complete microstructural description of 
the steel are as follows: prior austenite grain size, 
constitution, area fraction of proeutectoid ferrite, 
packet size of martensite, macro- and micro-hardness. 
Based on a large number of observations, the vari- 
ations in the values of these parameters with different 
cooling rates are listed in Table II. It is seen that the 
size of prior austenite grains is about 45 gm which is 
comparable to the values reported in the literature for 
similar austenitizing treatment [10]. The microstruc- 
tural constituents at the end of various cooling rates 
are found to change from 100 % martensite in rapidly 
cooled steel to a mixture of proeutectoid ferrite and 
martensite in slowly cooled samples. The observed 
change in the constitution could be attributed to the 
difference in the transformation paths of austenite 
during various cooling rates. The size and area frac- 
tion of proeutectoid ferrite in furnace-cooled samples 
are much larger than those in air-cooled samples, as a 
result of longer "stay time" in the high-temperature 
transformation region. 

From Table II, it is seen that the packet size remains 
constant for the fast cooling rates employed, where 
there is complete transformation to martensite. The 
measurement of packet size in slowly cooled samples 
was found to be quite difficult owing to the lack of 
clarity in defining the boundary of each packet. How- 
ever, the average value of packet size for Q~ and Q Z is 
much lower than those corresponding to Q~ and Q~. 
The range of packet size has also increased suggesting 
that there is a large variation in the packet size from 
one region to another. The observed decrease in the 
packet size with slower cooling rates could have been 
caused by the presence of proeutectoid ferrite formed 
prior to martensite during slow cooling. The ferrite 
grains would reduce the number density of 7/Y inter- 
faces which are the nucleation sites for the marten- 
site laths. Moreover, the growth of martensite laths 
would artificially be terminated at the ferrite/ 
austenite interface due to the existence of ferrite. It is 
reasonable to expect that the advancing interface 
between the martensite and the untransformed austen- 
ite would have grown until its impingement at the 
adjacent austenite grain boundary, if only the ferrite 
was not present. Thus the observed reduction in the 
packet size for slower cooling rates is not considered a 
genuine effect of rate of cooling on packet size, but 
rather a consequence of the transformation of austen- 
ite to ferrite in the higher temperature range during 
cooling. It has been reported that the packet size, 
which is a key factor in determining the strength of 
martensitic steels, is controlled mainly by the change 



T A B L E  II Prior austenite grain size and effect ofcooling rate on constitution, amount  offerrite, martensite packet size, macro- and micro- 
hardness values 

Treatment  Cooling Prior Consti tut ion Amount  of Martensite Hardness, Micro-hardness, 
rate austenite ferrite packet load = 1 kg Load = 100 g 

grain size size 
Ferrite Martensite 

(Ks a) (pm) (%) (pro) (VHN) (VHN) (VHN) 

Q# 100 40-45 ~' 0 12-14 400 - 403 
Q~ 20 40-45 ~' 0 12-14 377 - 397 
Q~ 2 40-45 ~ + ~' < 4 6-10 399 355" 568 a 
Q~ 0.1 40M5 ~ + ~' 10-12 4-10 398 230 b 439 b 

a L o a d =  15g. 
b Load = 50 g. 

in the prior austenite grain size [2]. The constancy in 
the observed values of packet size with the cooling 
rates is reflected in the constancy of the hardness 
values. However, a decrease in the packet size, if 
caused by lowering the austenitizing temperature, has 
been reported to increase hardness levels [10]. More 
accurate measurements of yield strength values have 
even suggested that the variation of yield strength with 
packet size obeys the Hall-Petch relation [2]. 

3.2 Transformations in proeutectoid ferrite 
In addition to the changes in the decomposition pro- 
cesses of austenite during various cooling rates, an- 
other, interesting feature is the mechanism by which 
the high supersaturation of carbon within the pro- 
eutectoid ferrite is expected to be relieved. It is well 
known that the equilibrium solubility in proeutectoid 
ferrite at the eutectoid temperature, 1000K, is 
0.02 wt %C, much lower than the initial carbon con- 
tent of the alloy studied. Such a carbon supersatur- 
ation in ferrite can be relieved either by precipitation 
within ferrite or by partitioning of carbon into the 
residual austenite, both of which could proceed quite 
rapidly. Repartitioning of carbon between ferrite and 
residual austenite (or martensite) has been cited [12, 
13] using various techniques, such as atom probe 
analysis, analytical electron microscopy and EPMA. 
However, most of these studies reporting solute re- 
distribution during cooling have used an atom probe 
analyser. Studies where more reliable quantitative 
results using EPMA are reported, have resorted to 
tempering treatments subsequent to cooling. In the 
present study, electron probe microanalyses of all the 
elements were carried out in order to identify the 
process through which supersaturation of ferrite, 
formed at high temperature, is relieved. Although it is 
generally expected that there would not be rearrange- 
ment of substitutional atoms such as chromium, 
molybdenum and manganese, the exact composition 
of all the elements was measured across a 
ferrite-martensite-ferrite region. Among the various 
thermal treatments employed in the present study, the 
difference in the post-transformation composition of 
carbon between ferrite and martensite is likely to be a 
maximum after tempering at 1023 K. However, no 
confirmation of a significant redistribution of carbon 
or any other element, could be obtained on the tern- 
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Figure 4 Electron probe micro analyses of iron, chromium, man- 
ganese, molybdenum and carbon in a 9Cr 1Mo-0.07C sample 
normalized at 1323 K for 30 min, followed by tempering at 1023 K 
for 60 min and air cooling. The amount  of carbon has been ex- 
pressed as normalized intensity ratio, because it was aimed to 
determine only the relative variations in the carbon content across 
various regions. 

pered sample, as is seen in Fig. 4. This figure also 
includes the identity of the microstructural consti- 
tuents across which the compositions were evaluated 
using EPMA. These results clearly confirm the ab- 
sence of any partitioning of substitutional atoms such 
as manganese, chromium and molybdenum during the 
transformation. It is expected that the post-trans- 
formation composition need not correspond to that 
existing during the two transformations, namely 

? --* ~ (1073 873 K) 
and 

7 -~ ~' ( < 690 K) 

However, it would give an idea as to whether any 
repartitioning of solute elements had occurred during 
the high-temperature transformation. If any redistri- 
bution of interstitial atoms had occurred during the 
high-temperature transformation, the remaining aus- 
tenite during transformation into martensite at 673 K 
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would inherit the carbon content of the austenite at 
the end of the Y ~  transformation. The present 
results show that there have been no such rearrange- 
ments, at least within the statistical error in measure- 
ments of solute concentration using EPMA. However, 
earlier investigations on plain low-carbon steels have 
shown that the carbon content in ferrite, as deter- 
mined by EPMA, is 5-10 times lower than that of 
martensite regions [14]. 

Apart from a simple redistribution of carbon be- 
tween ferrite and austenite, another way of relieving 
supersaturation of carbon in the ferrite is by pre- 
cipitation of carbides, which could proceed by any one 
of the following mechanisms. 

1. "Interphase precipitation", wherein the removal 
of carbon trapped at the interface is a prerequisite for 
further advancement of y/cz interface. Such a sequence 
of events (Fig. 5) would lead to the precipitation of 
"fibrous carbides", as in vanadium steels [15, 16]. 

2. Precipitation of Fe3C at the y/~ interface which 
subsequently ( < 673 K) would have transformed to 
the ~'/~ interface [17]. 

3. Nucleation and growth of carbides within the 
ferrite grains, subsequent to its formation. 

Fig. 6 shows the microstructure of martensite and 
ferrite regions in a furnace-cooled sample Q~. It is seen 
that there is no evidence for precipitation of either 
"fibrous carbides" or Fe3C at the ~'/~ interface. How- 
ever, uniform dispersion of fine needle-like carbides is 
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Figure 5 Schematic representation of a sequence of events in an 
interphase precipitation (3'/~ interface), accompanying the trans- 
formation of austenite to ferrite during cooling. The expected 
repartitioning of carbon between y and ~ is shown adjacent to each 
stage. 

2394 

Figure 6 Micrograph of 9Cr-IMo~).07C steel austenitized at 
1323 K for 30 rain and furnace cooled. Needle-like precipitates of 
M3C within ferrite grains are seen. No precipitates are observed 
along the ~'/~ interface. 

seen in the ferrite region. These precipitates are found 
to be rich in iron and hence expected to be 
M3C. This observation confirms that the supersatur- 
ation of carbon in proeutectoid ferrite is, indeed, 
relieved by precipitation of carbides within ~, sub- 
sequent to the formation of ~ grains from 3' and not by 
repartitioning of carbon across the "~/~ interface. 
Based on the present studies, the sequence of trans- 
formation of austenite in 9Cr 1Mo-0.07C steel dur- 
ing various cooling rates can be summarized as fol- 
lows: 

Y 2 

' Y + super saturated 

~" 3'resiaual + (~ + M3C) 

--*06' , 4 -06+  M 3 C  

The microstructural map generated for this steel 
under various cooling rates is superimposed on an 
isothermal T T T  diagram developed by Pickering and 
Vassiliov [10], for an austenitizing temperature of 
1273 K. The time-temperature data obtained during 
cooling in the present study are also shown in the 
diagram, Fig. 7. In the present study, although the 
austenitizing temperature is 1323 K, superimposition 
of these data on a T T T  diagram obtained at 1273 K is 
considered valid as it is reported [10] that the shift in 
the T T T  diagram between 1273 and 1373 K is not 
significant. The expected microstructures in the four 
different transformation regimes for the slowest 
cooled steel, Qs 2, are also predicted in Fig.7. 

3.3. Microstructural rationalization of 
commercial heat treatment 

The commercial heat treatment adopted for the 
9 C r - l M o  variety of steels with 0.1% C, consists of 
austenitizing at 1323K for 30min, air cooling fol- 
lowed by tempering at 1023 K for 60 min for small 
thickness. The microstructural basis for this particular 
choice of heat treatment is very well brought out by 
the present studies, though these pertain to 0.07 % C. 
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Figure 7 Microstructural map of a 9Cr 1Mo 0.07C steel austenitized at 1323 K for 30min and furnace cooled, superimposed on a TTT  
diagram [10]. The experimental points of time and temperature obtained during (V1) air cooling and (| furnace cooling of the specimens are 
also shown. 

Figure 8 (a) Micrograph of a 9 C r - I M o - 0 . 0 7 C  steel austenitized at 1323 K for 30 min, air cooled and tempered at 1023 K for 60 rain and air 
cooled. (b) Direct evidence for the precipitation of MsC needles in ferrite in commercial ly heat treated steel. 

Fig. 8a shows a scanning electron micrograph of the 
steel which has received the above commercial treat- 
ment. It is seen that there is considerable reversion of 
martensite during tempering treatment. Detailed 
microscopic studies have shown that there are fine 
needle-shaped M3C carbides in ferrite regions, as can 
be seen from the micrograph in Fig. 8b. It is found that 
the tempering treatment promotes the following trans- 
formations: (i) reversion and tempering of martensite, 

and (ii) precipitation and strengthening of soft ferrite 
by uniform dispersion of fine M3C. These reactions 
have resulted in a considerable decrease in the average 
hardness level up to 230 VHN. A large number of 
microhardness measurements have confirmed that 
there is no significant change in microhardness from 
one region to another. Thus, the commercial treat- 
ment has rendered a steel with adjacent regions which 
are strengthwise compatible with each other. 

2395 



The speCific choice of conditions of heat treatment 
for commercial purposes is based on extensive 
structure-property correlation studies on 9Cr-lMo 
steels. These studies have confirmed that this treat- 
ment (1323 K/rain/air cooling followed by 1023 K/ 
60 min/air cooling) for small-sized specimens pro- 
duces the steel with the best combination of high- 
temperature properties. 

The uniform dispersion of M3C carbides shown in 
Fig. 8b during commercial heat treatment, is expected 
to impart an even distribution of strain accumulation, 
between matrix and grain-boundary regions, under 
creep conditions, leading to (i) the absence of grain- 
boundary cavitation after creep testing of tempered 
9Cr 1Mo steels, and (ii) acceptable values of creep 
and rupture strength which are independent of grain 
size. Based on microstructural studies after long-term 
exposures at high temperature, the tempered mar- 
tensite microstructure (shown in Figs. 8a and b) has 
been reported to be very stable and this is mainly 
responsible for the observed minimum exhaustion of 
creep ductility during their long-term use in service 
(50000h). The M3C particles not only hinder the 
movement of dislocations but also retard the recovery 
of the structure, thus retaining the creep resistance. 
The optimum microstructure is achieved when the 
inter-carbide spacing and size are small [-18]. Hence, 
the choice of conditions of commercial heat treatment 
to yield a resultant microstructure with a uniform 
dispersion of M3C carbides can be rationalized 
based on the above reasons. 

4. Conclusions 
Decomposition mechanisms of austenite in 9Cr 
1Mo-0.07C steel at various cooling rates have been 
studied. 

1. The austenite decomposes completely to mar- 
tensite at high cooling rates (100-20 Ks- 1), in contrast 
to a mixture of martensite and proeutectoid ferrite at 
slower cooling rates (2-0.1 Ks-1). 

2. The proeutectoid ferrite does not reject its excess 
carbon into the 7/~ interface, as is normally expected 
in many steels. However, the supersaturation is re- 
lieved by precipitation of M3C within the ferrite, 
subsequent to its formation. 

3. A "microstructural map" is proposed to predict 
the type of transformation the austenite would under- 
go at various cooling rates, i t /9Cr-lMo 0.07C steel. 

4. The choice of heat-treatment conditions for the 
commercial application of 9Cr-lMo steel, has been 
rationalized, based on microstructural observations 
and their impact on the relevant properties. 
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