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Abstract: Detailed investigation has been performed on
tensile work hardening behaviour in terms of the varia-
tions of instantaneous work hardening rate (0= dc/dsp,
where ¢ is true stress and ¢, is true plastic strain) with
stress and true plastic strain rate (ép) for temperature
range 300-873 K in two different material conditions, (i)
normalised and tempered plate and (ii) quenched and
tempered tubeplate forging of 9Cr-1Mo ferritic steel. Both
plate and tubeplate forging exhibited two-stage work
hardening and three different temperature regimes in the
variation of 6 with . The variations of 0 with respect to &,
exhibited unified work hardening in terms of a single
master curve independent of temperature and initial mi-
crostructure. 0 varied linearly with reciprocal of plastic
strain rate, i.e. 1/ €, and as a consequence, linear correla-
tion between the rate of change of true stress and true
plastic strain rate independent of temperature and micro-
structure has been obtained.
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1 Introduction
9Cr-1Mo ferritic steel is widely used for steam generator

applications in fossil fired thermal and nuclear power
generating industries. The steel is also an important can-

didate material for all the components such as tube, shell
and thick section tubeplate of steam generators of sodium
cooled fast reactors (SFRs). The selection of 9Cr-IMo steel
for steam generator application in SFRs is based on its low
thermal expansion co-efficient, high resistance to stress
corrosion cracking compared to austenitic steels and
superior mechanical properties at elevated temperatures
than the alternate 2.25Cr-IMo steel [1, 2]. In addition to
above, 9Cr-IMo steel offers good combination of high
creep strength and ductility, good weldability and micro-
structural stability over long exposure at elevated tem-
peratures [1, 2]. The steel also offers nearly uniform mi-
crostructure over large section size due to its high
hardenability [3]. Use of 9Cr-IMo steel as a single struc-
tural material in steam generators of SFRs enhances the
reliability of the components including critical tube to
tubeplate welds. The steel has also emerged as an import-
ant candidate material for wrapper applications in future
SFRs due to its high resistance to irradiation creep and
void swelling compared to austenitic steels [4, 5]. 9Cr-1Mo
steel displays three distinct temperature regimes for the
variations of tensile strength, average work hardening
rate and ductility with respect to temperature [6, 7]. At
intermediate temperatures, the steel exhibits serrated
flow, an important manifestation of dynamic strain ageing
(DSA) accompanied with plateaus/peaks in flow stress
and average work hardening rate, negative strain rate sen-
sitivity of flow stress and ductility minima [6-8]. Compar-
ative evaluation of elevated temperature tensile proper-
ties of normalised and tempered thin section plate and
quenched and tempered thick section tubeplate forging of
9Cr-1Mo ferritic steel indicated consistently lower yield
and ultimate tensile strength values accompanied with
higher ductility of the forging due to the effects associated
with coarseness of microstructure [9].

Tensile flow and work hardening behaviour attract
continued scientific and technological interest in view of
improving the appropriate conditions for material pro-
cessing and ensuring safe performance during service.
Among the several relationships [10-15] proposed to
describe tensile flow and work hardening behaviour of
metals and alloys, Voce relation [12, 14] has attracted more



288 —— B.K. Choudhary et al., Unified Tensile Work Hardening Behaviour

attention in view of the sound interpretation provided by
Kocks-Mecking (K-M) [16-19] through phenomenological
approach by using dislocation density as a single struc-
tural parameter. The work hardening is controlled by the
competition between storage and annihilation (rearrange-
ment) of dislocations, which are assumed to superimpose
in an additive manner. Accordingly, the linear decrease in
instantaneous work hardening rate 6 (0 = ds/de,, where ¢
is true stress and ¢, is true plastic strain) with increasing
stress in stage-III [16, 17] is expressed as

0=0, [1—(%} o)

where 0 is work hardening rate at stress o, 0, is initial
work hardening rate and oy is saturation stress at high
strains corresponding to condition where instantaneous
work hardening rate is equal to zero, i.e. 6 = 0. It has been
demonstrated that the tensile flow behaviour of both plate
and tubeplate forging of 9Cr-1Mo steel is described most
accurately by a combination of Ludwigson and Hollomon
equations [20, 21]. Ludwigson equation describes stress-
strain behaviour most appropriately at room and inter-
mediate temperatures. At high temperatures, Ludwigson
equation reduces to Hollomon equation. Alternately, Voce
equation as a single relationship has been suggested to
describe tensile flow behaviour adequately for the range
of temperatures of interest for useful engineering applica-
tions [20, 21].

Following Kocks-Mecking approach [16, 17], tensile
work hardening behaviour of 9Cr-IMo steel in the two dif-
ferent product forms namely normalised and tempered
plate material and thick section tubeplate forging in
quenched and tempered condition has been investigated
in terms of the variation of instantaneous work hardening
rate (0) with true stress (o) in the temperature range
300-873 K. In view of significant influence of temperature
on 0-c, an attempt has been made to evolve a unified
description of tensile work hardening behaviour in terms
of the variations in 0 with plastic strain rate (&,) for both
plate and tubeplate forging for the temperature range
300-873 K. The variations of 0 with respect to ¢, exhibited
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an interesting correlation between 6 and ¢, in terms of a
single master curve for both plate and tubeplate forging
for the range of temperatures investigated. The variations
of 0 have been also examined in terms of the reciprocal of
plastic strain rate, i.e. 1/&, for both plate and forging.

2 Experimental details

The chemical composition of 9Cr-1Mo steel in two different
forms, i.e. plate of 20 mm thickness and tubeplate forging
of 1000 mm diameter and 300 mm thickness used in this
study is given in Table 1. Normalised and tempered (N + T)
20 mm plate was supplied by Creusot-Loire industries,
France. The hot rolled plate was normalised at 1223 K for
15 min followed by air cooling and tempered at 1053 K for
2 h followed by air cooling. The hot forged tubeplate
forging of 1000 mm diameter and 300 mm thickness in
quenched and tempered (Q + T) condition was obtained
from BRUCK, GmbH, Germany. Tubeplate forging was
austenitised with controlled heating (heating time 8 h) to
1223 K and soaking at 1223 K for 5 h followed by quenching
in water. Tempering treatment involved controlled heating
(heating time 8 h) to 1023 K and soaking at 1023 K for 8 h
followed by air cooling. Metallographic examinations
were performed on N + T plate and Q + T tubeplate speci-
mens prepared using standard metallographic techniques
and by immersion etching in 1g picric acid + 5ml HC1 + 100
ml ethyl alcohol. The microstructure of N+ T plate con-
sisted of fine tempered lath martensite and fine precipi-
tates at the boundaries of prior austenite grains and mar-
tensite laths and in intralath matrix regions. Average prior
austenite grain size measured by linear intercept method
was ~25 pm for plate material. Tubeplate forging exhibited
coarse tempered lath martensite and a few stringers of
pro-eutectoid ferrite at prior austenite grain boundaries.
Using point count method, pro-eutectoid ferrite was esti-
mated as ~2% in the surface and along the thickness
within 300 mm outer annulus of the forging. Tubeplate
forging displayed coarse prior austenite grain size of
120 pm. In general, tubeplate forging displayed coarser
austenite grain, martensite packets and lath martensite

Element (wt.%)

Product form

C Cr Mo Si Mn S P Fe
20 mm plate 0.10 8.44 0.95 0.48 0.45 0.002 0.008 Balance
Tubeplate forging 0.10 9.27 1.05 0.75 0.63 0.001 0.02 Balance

Table 1: Chemical composition (wt.%) of plate and tubeplate of 9Cr-1Mo steel.
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and coarse precipitates than those shown by plate mate-
rial. The microstructures of both plate and tubeplate
forging have been described in detail in Ref. [9].
Specimen blanks of 12 mm diameter and 60 mm
length were machined with stress axis in rolling direction
from plate material. For tubeplate forging, 12 mm diame-
ter and 60 mm long specimen blanks were machined with
stress axis in the thickness direction from the outer
annulus of 300 mm width. Cylindrical button head tensile
specimens with 4 mm gauge diameter and 26 mm gauge
length were machined. Tensile tests were performed in air
in a floor model Instron 1195 universal testing machine
equipped with a three-zone temperature control furnace
and a stepped-load suppression unit. Tests were per-
formed on plate and tubeplate specimens over temperature
range 300-873 K at a nominal strain rate of 1.26 x 103 s,
Test temperatures were controlled within +2 K. Load-
elongation curves were recorded using the Instron auto-
graphic recorder for all the tests. Use of suitable chart
speed and stepped zero suppression gave strain and stress
resolutions of 7.5 x 10~ and 0.80 MPa, respectively.

3 Analysis of data

9Cr-IMo steel in both the product forms, i.e. plate and
tubeplate forging exhibited serrated (jerky) load-
elongation curves at intermediate temperatures in the
range 523-698 K. At room and high temperatures, smooth
load-elongation curves were observed for both plate and
tubeplate forging. Based on the definition and classifica-
tion of serrations [22], an averaging scheme for measuring
load values for different types of serrations observed for
both plate and tubeplate forging has been adopted. For
type A serrations showing an abrupt rise in the loads
followed by discontinuous drops to or below the general
level of load-elongation curves, general levels of load
values were considered. For type B serrations that oscil-
late about the general level of load values, mean load
values were taken. Envelope load values were considered
for type C serrations characterised by load drops always
below the general level of load-elongation curves. The
averaging scheme of load-elongations values for different
types of serrations for plate and tubeplate forging are pre-
sented in Ref. [20, 21]. The true stress (c)-true plastic strain
(e,) data were evaluated using a computer program from
the digitized load-elongation data up to the maximum
load values. Since, no strain gauge was employed, the
cross head displacement was taken as the specimen ex-
tension. The linear elastic portion of load-elongation data
contributed by the specimen, machine frame and load-
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train assembly was subtracted from the total elongation
by appropriately using the slope of the initial linear
portion for the calculation of plastic strain. Stress and
plastic strain data were used to determine true stress and
true plastic strain. Instantaneous work hardening rate (0)
and plastic strain rate (ép) were obtained from the numer-
ical differentiation of 5-¢, and ¢ -time (t) data, respectively.

4 Results and discussion

4.1 Influence of temperature on O vs. ¢
behaviour for plate and tubeplate
forging

At all temperatures, 6 vs. o plots exhibited an initial rapid
decrease in 0 at low stresses followed by a gradual
decrease in 6 with o at high stresses for both plate and
tubeplate forging. The variations in 0 as a function of ¢ for
both plate and tubeplate forging at 300, 573 and 873 K
representing room, intermediate and high temperatures,
respectively, are shown in Figure 1 as an example. The
variations of respective true plastic strain rate (¢,) with
true stress are also superimposed in Figure 1. The initial
rapid decrease in 0 is designated as transient stage (or TS)
and the gradual decrease in 6 represents typical stage-III
work hardening governed by Kocks-Mecking approach.
The distinction between transient stage and stage-III is
shown at room and intermediate temperatures in Figs. 1la
and 1b, respectively for plate material. This distinction is
not shown for 873 K in absence of a sharp division between
the two stages at high temperatures. At all temperatures,
0-c for tubeplate forging lies at lower stresses, i.e. more
towards origin than those for plate material. Accordingly,
tubeplate forging exhibited lower stresses for the occur-
rence of transient stage and stage-III and for the onset of
stage-III than those for plate material. Further, tubeplate
forging exhibited consistently lower rates of decrease in
work hardening rates in 6-c than those observed for plate
material. This is discernable from the low values of slopes
of 6 vs. o plots in stage-III for tubeplate forging. The varia-
tions of instantaneous work hardening rate, 0 with stress
for both plate and tubeplate forging displayed a general
shift in 6-c towards low stresses with increase in tempera-
ture. 0-c for both plate and tubeplate forging exhibited
three temperature regimes as a shift to low stresses with
increase in temperature from 300 to 523 K followed by
an insignificant shift at intermediate temperatures and a
rapid shift at high temperatures. At intermediate tempera-
tures, 6-c data fall in a narrow band and no significant
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Fig. 1: Variations of work hardening rate (0) and true plastic strain
rate (¢,) as a function of true stress (o) at (a) 300, (b) 573 and (c)
873 K for plate and tubeplate forging of 9Cr-1Mo steel.

variations in 0-c with respect to temperature are observed.
At high temperatures beyond 723 K, a rapid shift in 0-c
towards origin with increasing temperature is observed.
The variations of instantaneous work hardening rate, 6
with stress for tubeplate forging is shown in Figure 2 as
an example. 0 =c line is also shown as broken line in
Figure 2.
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Fig. 2: Variations of work hardening rate (0) as a function of true
stress (o) at various temperatures for 9Cr-1Mo steel tubeplate
forging.

Two-stage work hardening behaviour observed in the
variations of 0 with o for 9Cr-1Mo steel plate and tubeplate
forging is consistent with those observed for 9% Cr steel
[23, 24]. 9Cr-1IMo steel having high stacking fault energy
exhibited transient stage at low stresses only. Thereafter,
the recovery dominant stage-III is manifested as a gradual
decrease in 6 with c. The influence of temperature on 6-c
behaviour in both plate and tubeplate forging showing
distinct three temperature regimes is also consistent with
earlier observations on 9% Cr steels [24]. The occurrence
of dynamic strain ageing at intermediate temperatures in
the steel is reflected in the grouping of 6-c data with
respect to temperature in a narrow band (Figure 2). Mea-
surement of activation energy from the strain rate and
temperature dependence of critical strain for the onset of
serrated flow indicated that diffusion of interstitial solute
such as carbon is responsible of dynamic strain ageing in
9Cr-1IMo steel [6-8]. At intermediate temperatures, DSA
causes an increased rate of dislocation multiplication and
delay in recovery of dislocation structure due to reduced
propensity to cross-slip [25-29]. Reduced propensity to
cross-slip results from pinning of dislocations by diffusing
solutes and thereby preventing screw dislocation to cross-
slip due to its reduced mobility. Contrary to this, rapid
shift in 6-c plots to lower stresses with increasing tem-
perature beyond 723 K indicate dominance of recovery
processes due to early cross-slip and climb of dislocations
at high temperatures. It has been shown that dominance
of recovery at high temperatures results in the formation
of regular subboundaries, and subgrains, decrease in dis-
location density and increase in subgrain size with in-
crease in temperature [26, 28].
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At all temperatures, the occurrence of 6-c for tube-
plate forging at comparatively lower stresses than for plate
material can be ascribed to the lower strength of the
forging (Figure 1). Based on the comparative evaluation of
tensile properties of plate and tubeplate forging, it has
been suggested that the inferior tensile strength of tube-
plate forging results from coarseness of microstructure in
terms of coarse prior austenitic grain and martensite
packet and lath martensite size, relatively low dislocation
density and coarse precipitates [9]. Coarse austenitic grain
size of ~120 um originates from relatively high hot forging
temperature and extended heat treatment of slow heating
to austenitising temperature and soaking for 5 h. Slow
cooling rate due to large section size results in coarse mar-
tensite packets and lath martensite. Extended tempering
treatment of slow heating to tempering temperature and
soaking for 8 h leads to coarser precipitates and higher
inter-barrier distance for dislocation motion in the forging

[9].

4.2 Influence of temperature on @ vs. ¢,
behaviour for plate and tubeplate
forging

In order to understand the large influence of temperature
and different initial microstructures (due to different pro-
cessing routes and section size) on tensile work hardening
behaviour of 9Cr-1Mo steel (Figs. 1 and 2), the variations of
instantaneous work hardening rate have been examined
with respect to plastic strain rate at all temperatures in
both plate and tubeplate forging. The variations of plastic
strain rate and work hardening rate as a function of stress
for both plate and tubeplate forging indicated that &,
varies with ¢ in opposite manner to those observed for 6
vs. o (Figure 1). ¢, increases rapidly with similar rapid de-
crease in 0 in the transient stage followed by gradual in-
crease in &, in stage-IIL. The onset of stage-III is observed
when & reaches ~70% of the imposed strain rate. Beyond
this, a gradual increase in £, close to imposed strain rate
is obtained at the onset of necking. Figure 3 shows the in-
terrelationship between 0 with ¢, in the plots of 0 vs. ¢, for
tubeplate forging in the temperature range 300-873 K.
The large influence of temperature observed for 6 vs. c is
absorbed into a master curve interrelating 6 and &, inde-
pendent of temperature. It can be also seen that the dis-
tinct two-stage work hardening behaviour in terms of 6 vs.
cand &, vs. ¢ is not visible in the curvilinear plots of 6 vs.
¢, in Figure 3. An inverse correlation between 0 and &,
independent of temperature has been obtained as linear
plots of 0 vs. reciprocal of plastic strain rate, i.e. 1/¢,
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Fig. 3: Variations of work hardening rate (0) as a function of true
plastic strain rate (¢,) at different temperatures for 9Cr-1IMo steel
tubeplate forging. Solid line is according to Eq. (2).
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Fig. 4: Variations of work hardening rate (0) as a function of
reciprocal of true plastic strain rate (1/¢,) at different temperatures
for 9Cr-1Mo steel tubeplate forging. Solid line is according to Eq. (2).

(Figure 4). A master curve obtained from the least square
optimisation obeying 6-¢, data for 300-873 K is superim-
posed as solid lines in Figs. 3 and 4. The 6-¢, relation for
tubeplate forging is obtained as

e:(ﬁ}-lssoo. %)
e

p
The analysis of c—¢, data in terms of the rate of change of
true stress (do/dt) with respect to true plastic strain rate
(¢, =de,/dt) resulted in a linear master plot of do/dt vs. &,
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plastic strain rate (¢, = de,/dt) at different temperatures for 9Cr-1Mo
steel tubeplate forging. Solid line is according to Eq. (3).

for temperature range 300-873 K (Figure 5). The master
curve interrelating do/dt vs. £, obeying Eq. (3) as

do .
(Ej =20.5-15800-¢,, 3)

has been superimposed in Figure 5. The values of do/dt
were estimated from the numerical differentiation of o-t
data. The linear variations of do/dt vs. £, suggest that the
rate of change of true stress is directly proportional to the
respective true plastic strain rate during the course of
deformation in 9Cr-1Mo steel.

Normalised and tempered plate material also exhib-
ited similar unified work hardening behaviour in terms
of 0-¢,, 6-1/¢, and do/dt-¢, for the temperature range
300-873 K. In order to investigate the influence of micro-
structure on the variations of 6 with £, 0-¢, data in two
different product forms, i.e. plate and tubeplate forging
have been compared in Figure 6. Symbols represent 0-¢,
data for plate and tubeplate forging in the temperature
range 300-873 K and the master work hardening curve
obeying Eq. 2 is shown as solid line in Figure 6. It can seen
that the large difference in 6-c between plate and tube-
plate forging observed in the temperature range 300-873 K
(Figure 1) is not visible in plots of 0 vs. & for plate and
tubeplate forging (Figure 6). Like in Figure 4, an inverse
correlation between 0 and ¢, independent of temperature
has been also obtained for both plate and tubeplate
forging for the temperature range 300-873 K (Figure 7).
The master work hardening curve representing both plate
and tubeplate forging following Eq. 2 for the temperature
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Fig. 6: Variations of work hardening rate (0) as a function of true
plastic strain rate (¢,) in the temperature range 300-873 K for plate
and tubeplate forging of 9Cr-1Mo steel. Solid line is according to
Eq. (2).
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range 300-873 K is shown as solid line in Figure 7. As a
consequence to an inverse correlation between 0 and ¢,
proportionality between rate of change of true stress
do/dt and true plastic strain &, for both plate and tube-
plate forging independent of microstructure and tempera-
ture is shown in Figure 8. The observed inter-relationships
between 6 and £, (Figs. 6 and 7) and between do/dt and £,
(Figure 8) for 9Cr-1Mo steel is interesting. The distinct two-
stage working hardening, large influence of temperature
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and microstructure on 0-c (Figs. 1 and 2) are absorbed into
curvilinear 6-¢, (Figure 6) and linear 6-1/¢, (Figure 7) and
do/dt-¢, (Figure 8) master curves in spite of the differ-
ences in dominating deformation mechanisms at room,
intermediate and high temperatures. The observed master
work hardening curve for 6 vs. £, 0rovs. 1/ ¢, indicate that
for a constant value of 6, a constant value of plastic strain
rate is generated irrespective of difference in the dominat-
ing deformation mechanisms in the temperature range
300-873 K for different initial microstructures. The gener-
ation of plastic strain rate is constrained by the applied
strain rate. For the two different initial microstructures,
the evolution of plastic strain with stress is governed by
the ability of the material to deform under imposed modes
of deformation at room, intermediate and high tempera-
tures in such a way that for a fixed value of 0, a fixed value
of ¢ is generated. This universal evolution of plastic strain
and increase in flow stress leads to unified work harden-
ing in terms of O vs. & .

5 Conclusions

At all temperatures, the variations of instantaneous work
hardening rate (0) with true stress (c) exhibited two-stage
behaviour characterised by a rapid decrease in 6 at low
stresses (transient stage) followed by a gradual decrease
at high stresses (stage-III) for both plate and tubeplate
forging in 9Cr-1Mo steel. The influence of temperature is
reflected in a shift in 0-c plots to low stresses depicting
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three temperature regimes of room, intermediate and high
temperatures. The influence of initial microstructure is
also reflected in a shift in 0-c plots to low stresses due to
inferior strength of the forging in the temperature range
300-873 K. An interesting correlation between 6 and
plastic strain rate is obtained as a single master curve for
the temperature range 300-873 K and for different product
forms, i.e. plate and tubeplate forging. The variations of 6
with reciprocal of ¢, provided linear master curve inde-
pendent of temperature and initial microstructure. As a
consequence, the rate of change of true stress is linearly
related with the true plastic strain rate independent of
temperature and initial microstructure.
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