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Abstract

The microstructural mechanisms and the kinetics of the tempering process in an MMA welded 9Cr±1Mo steel have

been studied in detail. Based on the microstructural studies of the various regions of the weldment tempered at di�erent

temperatures, three distinct mechanisms could be identi®ed for the gradual softening observed in the weldments. A

classi®cation scheme has been proposed based on which the temperature regimes over which tempering proceeds

through di�erent mechanisms, have been rationalised. The kinetics of the tempering process have been studied using the

temperature dependence of the rate of softening. The apparent activation energy of the tempering process is evaluated

using an Arrhenius analysis and the corresponding rate-controlling process is identi®ed as the di�usion of carbon in

a-ferrite. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The `ferritics', in their wrought and welded condi-

tions, are used as boilers and superheaters in the steam

generator circuits of power industry. The `ferritics' are

chosen [1,2] to be the candidate materials for core

component applications, in high power fast breeder

nuclear reactors, due to their exceptionally high void

swelling resistance. One of the important requirements

of power industry is the stability of the properties and

hence the microstructure, of the components, at the

temperature of operation, throughout their lifetime.

Therefore, it becomes essential to ensure that there is

no degradation of long-term, high temperature prop-

erties, of not only the wrought materials, but also their

weldments. The structure of weldments of ferritics is

heterogeneous and the extent of heterogeneity depends

[3,4] on the chemistry and the welding parameters. The

modi®cation of such heterogeneous structures at ele-

vated temperatures, in turn, depends [5±7] on many

parameters, like the structure and microchemistry of

the initial phase, di�erence in the activity of the solutes

in the di�erent regions of the weldment, etc. Of the

many changes that occur during exposure of the

weldment to elevated temperatures, the present paper

discusses the micromechanisms and the kinetics of the

tempering of the weld region of the 9Cr±1Mo weld-

ment.

The ®rst part of the paper presents the modi®cation

of the microstructure of the weldment at high tempera-

tures, which is responsible for the observed softening. A

classi®cation scheme to represent the temperature re-

gimes with di�erent softening mechanisms is proposed.

The second part of the paper discusses the Arrhenius

behaviour of the tempering process and the identi®ca-

tion of the rate limiting process as the di�usion of in-

terstitial carbon in a-ferrite.

2. Experimental

The weldments of 9Cr±1Mo steel were prepared

from the normalised and tempered steel, supplied by

M/s. Creusot Loire, France in the form of plates of 12.5
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mm thickness. The nominal composition of the steel

supplied is given in Table 1. The weldments were pre-

pared by multi-pass shielded metal arc process using

basic coated electrodes. The welding parameters are

given in Table 2. The post-weld heat treatment details

and the specimen preparation details are given elsewhere

[8]. Vicker's microhardness tests were carried out using

Leitz Tester, using an applied load of 100 g. Optical

microscopy was carried out using Reichert MeF2. Phi-

lips SEM 501 was used for the scanning electron mi-

croscopy observations and CM 200 with super ultra-

thin window EDAX detector was used for the analytical

transmission electron microscopy (ATEM). ATEM was

carried out in thin foils and carbon extraction replicas,

for the determination of the microchemistry of the sec-

ondary carbides.

3. Results and discussion

It has been shown [8] that the `as welded' micro-

structure of 9Cr±1Mo weldments consists of distinct

zones, the structure of which is sensitive to the distance

of the regions from the `heat source' during welding.

These microstructural variations are found to originate

from the di�erences in the thermal cycles each region is

subjected to. Fig. 1(a) shows the microstructure of the

three di�erent zones of the weldment namely, weld,

heat a�ected zone and the base metal. The weld region

consists of only martensite, while there are a number of

microstructural zones in the heat a�ected zone (HAZ),

with the base metal having the normalised and tem-

pered structure. As a consequence of the steep micro-

structural variations, the hardness of the various zones

are distinctly di�erent. Fig. 1(b) shows the three-di-

mensional representation of the variation in the hard-

ness of the weldment. It is clear that the initial hardness

of a region depends on the distance from the weld

centre line.

Fig. 2 shows the variation of microhardness as a

function of distance from the weld centre line of the

weldments, tempered at di�erent temperatures, for

various durations. A gradual reduction in the hardness

is observed with increase in the distance from the weld

centre line. The variation in the microhardness of the

weldment across the three di�erent regions, like weld,

HAZ and the base metal is larger at 823 K, unlike the

other two temperatures. There is a signi®cant reduc-

tion in the hardness of the weld close to the weld

centre line after tempering at 823 K for 10 h. Such

steep reductions are observed within a short time of 2

h, at the higher temperatures. There is no remarkable

change in the microhardness values of the base metal

for the di�erent tempering times at the higher tem-

peratures.

3.1. Microstructural modi®cations during exposure to

elevated temperatures

The microstructural observations of the individual

regions of the weldment, in the temperature range 823±

1223 K, suggest that there are distinct processes that

contribute to the gradual reduction in hardness with

increase in the distance from the weld centre line.

The presence of laths after aging for 250 h at 823 K is

shown in Fig. 3(a). Fig. 3(b)±(d) shows the micrographs

of typical carbon extraction replica of the three regions,

weld, HAZ and the base metal, aged at 823 K for 250 h.

The retention of the lath structure, despite prolonged

aging and the extensive precipitation of carbides are

clearly seen, in all the three regions. Most of these car-

bides are found to be only M23C6, with a lower ratio of

concentration of Cr to that of Fe, compared to M2X

(Fig. 3(e)), which is seen rarely in the base metal (arrow-

marked in Fig. 3(d)).

Table 1

Nominal chemical composition of the 9Cr±1Mo steel used

Sl. no. Chemical composition (w/o)

Cr Mo Si C Fe

1 8.24 0.96 0.19 0.07 Bal.

Table 2

Welding method and parameters

Sl. no. Description Value

1 Process Manual metal arc

2 Pre-heat 200°C

3 Electrode Basic coated 9Cr±1Mo electrodes

4 Composition of electrode in wt% Cr ± 8.9%, Mo ± 0.98%, C ± 0.12%,

Mn and Si ± 0.52%, P ± 0.003%, S ± 0.03%

5 Electrode diameter 3.15 mm

6 Arc voltage 22 V

7 Current 100±130 A

8 No. of passes Four
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Fig. 4(a) shows the micrograph of the weld region

tempered at 1023 K for 2 h. The formation of sub-

grains can be seen indicating the process of recovery.

Fig. 4(b)±(d) shows the micrographs of the carbon ex-

traction replica of the three regions, the weld, the HAZ

and the base metal, of the same weldment. The carbides

are found to be along the subgrain boundaries, sug-

gesting a signi®cant degree of recovery and precipita-

tion. There is extensive precipitation of carbides, since

1023 K happens to be the nose of the TTT diagram, for

the precipitation of M23C6 carbides.

Exposure to 1223 K has led to an additional mode of

softening, i.e., the precipitation of proeutectoid ferrite

(a), as can be seen in Fig. 5. The observations on the

Fig. 1. (a) Microstructures of the three di�erent zones of the weldment of 9Cr±1Mo steel. (b) Representation of the variation in

hardness across di�erent zones.

M. Vijayalakshmi et al. / Journal of Nuclear Materials 279 (2000) 293±300 295



carbon extraction replica of these samples suggested that

there were no carbides in any of the weldments tempered

at 1223 K, due to complete dissolution of all the pre-

existing carbides.

Based on the microstructural studies of the various

regions of the weldment exposed to elevated tempera-

tures, three distinct mechanisms could be identi®ed for

the gradual softening observed in the weldments. The

softening at low temperatures is due to the precipitation

of carbides, retaining the lath structure of the parent

martensite (a0), whereas, at medium temperatures, the

recovery and recrystallisation of the lath structure,

proceed to considerable extent, along with precipitation.

At temperatures between Ac3 and Ac1, the third factor,

namely the growth of soft a-ferrite is the operative

mechanism. In the present study, choice of high tem-

peratures is useful for the identi®cation of the tempering

mechanisms. However, the commercial practice of tem-

pering is con®ned to temperatures less than 1023 K. The

classi®cation of tempering processes, similar to those

described above have been reported [9,10] in earlier

studies also. The results of the present study, support the

following classi®cation of the softening mechanisms:

3.2. Tempering kinetics

The operative mechanism that contributes to the

softening process is found to be characteristic of the

Fig. 2. Variation of microhardness with distance, x, from the weld centre line. The weldments of 9Cr±1Mo steel have been tempered at

(a) 823, (b) 923 and (c) 1023 K, for di�erent durations.
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tempering temperature. Therefore, the kinetics of

tempering have been studied using any one of the re-

gions. Of the three regions, the centre of the weld re-

gion is chosen for this purpose, due to the following

reasons: high initial hardness and uniform structure

within the weld zone. The heat a�ected zone has been

avoided due to the presence of microstructurally dif-

ferent zones.

Fig. 6 shows the variation of hardness of the weld

region as a function of tempering time, at di�erent

temperatures. The rate of softening increases with the

temperature, in the range 823±1023 K, while at 1223 K,

Fig. 3. Microstructural evidence for the tempering process at 823 K after 250 h. (a) Weld, (b)±(d) carbon extraction replica of weld (b),

HAZ (c) and base metal (d), (e) EDAX spectrum of carbide arrow marked in (d). Retention of lath structure is seen in addition to

precipitation of ®ne carbides along the lath boundaries. Cr rich M2X (e) in the base metal is characteristic of the initial microstructure

of the normalised and tempered 9Cr±1Mo steel.
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there is a signi®cant deviation. At 1223 K, there is a

small, rapid reduction in hardness initially, followed by

a high saturation value of hardness. The formation of

proeutectoid a-ferrite and the decomposition of re-

maining c to a0 are responsible for the above observa-

tions. The tempering kinetics at the other three

temperatures follow a similar behaviour: lower satura-

tion hardness at higher temperatures and timings and

less time to reach saturation hardness at higher tem-

pering temperature. Therefore, the tempering kinetics

were studied using the data at these three temperatures.

In order to verify if the kinetics of tempering follow an

Arrhenius behaviour and to identify the underlying op-

erative mechanism of the tempering processes, the tem-

perature dependence of the appropriate kinetic

parameter has been studied.

In the present case, the recovery rate, i.e., the varia-

tion of hardness in a given time interval, has been chosen

as the appropriate kinetic parameter. Fig. 6 shows that

the hardness at any temperature reduces rapidly initially,

followed by a saturation. This suggests that most of the

tempering is complete within few hours of tempering

and thereafter, recovery is negligible. Hence, the initial

portion of each of the curves in Fig. 6 is ®tted to a

straight line and its slope calculated. The values of the

slope of these lines, the kinetic parameter at the three

temperatures of interest, are listed in Table 3. The

temperature dependence of this parameter, i.e., the re-

covery rate, is studied. An Arrhenius plot, variation of

log(recovery rate) vs (1/T ) is shown in Fig. 7. The linear

behaviour with a negative slope suggests that the process

follows an Arrhenius behaviour. The steep nature of the

line, suggesting a high value of the slope, implies that the

rate controlling step has a very low activation energy.

The apparent activation energy, calculated based on Fig.

7 is around 0.63 eV. This value compares very well with

the value [11] of interstitial di�usion of carbon in a-

ferrite (80 kJ/mol), which is 0.83 eV. Therefore, it is

reasonable to conclude that the rate limiting step in the

tempering kinetics of the weld is the interstitial di�usion

of carbon.

4. Summary

The paper presents the microstructural mechanisms

and the kinetics of tempering of the weldment of 9Cr±

1Mo steel. A classi®cation scheme is proposed to explain

Fig. 4. Microstructural evidence for the tempering process at 1023 K for 2 h. (a), (b) Weld, (c) HAZ and (d) base metal. A signi®cant

degree of recovery, with carbides along the subgrain boundaries is seen. The arrow-marks in (b) and (c) show the carbides from which

Cr rich EDAX spectra, characteristic of M2X, were obtained. Formation of M2X is characteristic of the exposure to high temperature.
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the temperature dependence of the tempering processes,

in the di�erent zones of the weldment of 9Cr±1Mo steel.

The activation energy for the tempering process has

been evaluated as � 0:63 eV. This value compares

reasonably well with the activation energy of 0.8 eV for

migration of carbon in a-ferrite. Hence, it can be

Fig. 5. Formation of pro-eutectoid ferrite (a) in the martensitic

(a0) matrix is seen in the weldment aged at 1223 K for 500 h.

(a) Weld, (b) HAZ and (c) base metal.

Fig. 7. Arrhenius plot of the rate of recovery of weld region of

9Cr±1Mo weldment.

Fig. 6. Variation of microhardness (load � 100 g) of the weld

region with time at various temperatures.

Table 3

Recovery rate of weld region of 9Cr±1Mo weldment at high

temperatures

Sl. no. Temperature (K) Recovery rate

�DVHN=Dt�
1 823 1.44

2 923 2.24

3 1023 2.84
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concluded that the migration of interstitial carbon in a-

ferrite is the rate limiting step for the tempering process.
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