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Deformation behavior of cobalt in the fcc phase was studied over a wide range of strain rates
(0.001 to 1 s–1) and temperatures (600 �C to 950 �C). At the lower temperatures and higher
strain rates, a single peak in flow stress followed by softening to steady state was observed,
whereas at higher temperatures and lower strain rates, an oscillatory flow stress behavior finally
converging to a steady state was observed. Both these represent typical flow stress responses
during dynamic recrystallization (DRX). The critical condition for the initiation of DRX was
determined by the inflection point in the work-hardening vs stress plot. This critical condition in
terms of the work done was found to increase with temperature-compensated strain rate.
Electron backscattered diffraction (EBSD) revealed that, on quenching after deformation, a
certain fraction of the fcc phase was always retained, the extent of retention being higher for
smaller grain sizes. Misorientation measurements across boundaries revealed a significant
amount of twins in the retained fcc phase. The grain average misorientation (GAM), signifying
the misorientation within grains, was found to be inversely related to the twin boundary frac-
tions in the fcc phase.
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I. INTRODUCTION

DYNAMIC recrystallization (DRX) during the hot
deformation of materials has been widely studied and
fairly well understood (References 1 and 2 give a good
account of the basics of DRX). Materials with moderate
to low stacking fault energy (SFE) are expected to favor
the process of DRX, e.g., Cu, Cu-Al alloys,[3–5] and
stainless steels.[6–10] The typical mechanical response of a
material during DRX is a peak in the stress-strain curve
followed by either a gradual decrease in the stress to a
steady-state value or the occurrence of multiple peaks
(oscillations) in stress finally leading to a steady state. It
is customary to identify certain parameters during DRX
such as peak stress rp, corresponding strain ep, critical
strain ec, critical stress rc at the start of DRX, steady-
state stress rs, and steady-state grain size ds, and to relate
these with the deformation conditions of strain rate _e and
temperature T through the temperature-compensated
strain rate, also called the Zener–Hollomon parameter
Z � _e expðQ=RTÞ, where Q is the activation energy of
the process.[1,2] Although the concept of a critical strain
is very often used to characterize the start of DRX, it was
argued by Wray[11] that, since the driving force for DRX

depends on the stored energy in the material, the criteria
for the start of DRX should be the amount of the stored
energy (a function of work done on material during
deformation) prior to the start of DRX, rather than the
strain. Later the concepts of irreversible thermodynam-
ics, again based on the stored energy criteria, were used
by Poliak and Jonas[6] to identify the critical condition
for the initiation of DRX. Here, for the initiation of
DRX, the local stored energy should attain a maximum
and the rate of dissipation should reduce to a minimum.
Using this and the hardness parameter of Hart,[12] the
critical condition for DRX was identified as the point of
inflection in the h vs r plot, where h is the work-
hardening rate @r=@e. This implies a minimum in
� @h=@rð Þ. During DRX, inflections in the h-r curve
have been observed earlier,[13] but no specific explanation
for this was provided. A clearer physical picture was
given by Gottstein et al.,[14] in which they used a three-
internal-variable model (dislocation density of three
kinds: mobile, stored in cell interiors, and stored in cell
walls) and showed the h-r plot to have an inflection.
Their interpretation was related to the various stages of
hardening: III, IV, and V. During stage III, h decreases
with increasing r, but before h reaches zero, stage IV
hardening takes over in which h reduces only marginally
with increasing r. Finally, due to microstructural
changes, h rapidly falls to zero (stage V), resulting in a
steady state of r. It is between these stages IV and V that
the inflection in the h-r curve occurs. Gottstein et al.[14]

cautioned that the presence of an inflection point is
necessary but is not a sufficient criterion for DRX.
Further, they argued against the use of ec as a funda-
mental measure of DRX initiation, since ec is only a value
of strain where the critical conditions are met and does
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not have a physical basis; instead, they preferred the
use of rc. In materials that show DRX, this h-r
inflection point has been frequently used to identify its
start.[8–10,15,16]

Apart from the critical condition for DRX, the
subsequent r-e behavior is also of interest in the
understanding of microstructural evolution. It has been
observed that the recrystallized steady-state grain size ds
is an exclusive function of Z, and in turn rs; ds decreases
with increasing Z and rs.

[3] Further, it has been shown
that ds does not depend on the initial grain size d0.

[17]

However, the shape of the r-e curve depends on d0 in
addition to the deformation conditions of _e and T (and,
hence, on ds). It has been well illustrated by Sakai and
Jonas[2] that, when d0 > 2ds (implying grain refinement),
the stress-strain curve shows a single peak, and when
d0 < ds (implying grain coarsening), multiple peaks are
seen. The role of twins during DRX in fcc materials has
also been emphasized by many researchers.[18–24] Many
of these studies have shown that the region near the
DRX front has a higher fraction of twins as compared
to the interior of the DRX region. It is thought that twin
formation is an important mechanism of nucleation
during DRX.

Most of the DRX studies in low SFE fcc materials
have concentrated on Cu and austenitic stainless steels.
An interesting fcc material not so commonly studied is
the high-temperature fcc phase of cobalt. The equilib-
rium transformation temperature of Co from hcp to
fcc is about 430 �C, with a low free energy change of
~350 J/mol.[25] This makes the reaction sluggish, and on
quenching, some of the high-temperature fcc phase is
retained, while the rest undergoes a fcc to hcp martensitic
transformation.[26,27] The fraction of retained fcc phase
has been seen to depend on the existing grain size before
quenching;[28–30] the smaller the grain size, the higher the
retention of fcc phase. The high-temperature fcc phase of
Co has a low SFE of about 18 9 10–3 J/m2[31] and,
hence, is likely to experience DRX. Early work on the
hot deformation of cobalt was carried out in compres-
sion, tension, and creep.[32–34] In one study,[32] mild
oscillatory behavior in r-e curves was observed during
compression of Co in the 900 �C to 1200 �C and 3 to
20 s–1 range, but DRX was not explicitly mentioned.

A recent study by the present authors[35] on the hot
deformation of wrought Co in the fcc phase clearly
demonstrated the occurrence of DRX. Here, examples
of the flow stress behavior for both single and multiple
peaks were presented, the strain rate sensitivity mapped
out, and the kinetic analysis carried out. Because DRX
is the primary mechanism during the hot deformation of
Co, it is essential that it be studied in detail. The
knowledge of the relation between microstructure,
stress, and testing conditions thus obtained could be
used in the control of Co microstructure during hot
deformation. With this in view, the present article is an
extension of the earlier work. Here, the critical condition
for DRX is determined; the microstructural character-
ization using electron backscattered diffraction (EBSD)
carried out; and the deformation conditions correlated
with the stress response, the microstructure, and the
retained fcc phase.

II. EXPERIMENTS

Cobalt used in this study was in the wrought condition
of 6-mm-diameter rod with the following composition in
weight percent: 0.05Ni, 0.015Fe, 0.005Cu, 0.03C, and
99.85Co. The as-received microstructure was essentially
equiaxed with an average grain size of 10 lm. Samples of
5-mm diameter and 7-mm height were tested in compres-
sion at temperatures between 600 �C and 950 �C (corre-
sponding to 0.5 to 0.7 of melting temperature Tm) and
true strain rates _e ranging from 10–3 to 1 s–1. The velocity
of ram was programmed to decrease with time so as to
achieve a constant true strain rate. Refer to Reference 35
for the experimental procedure and early results.
Alumina push rods were used for compression with
hexagonal boron nitride as a lubricant. The furnace
chamber was flushed with Ar to prevent excessive
oxidation at high temperatures. The sample temperature
was monitored by a thermocouple touching the sample
surface. Immediately after the test, the sample was
removed from the furnace and quenched in water. From
the data of force F and displacement d, the true stress
r ¼ Fð1� eÞ=A0 and true strain etot ¼ � lnð1� eÞ were
obtained, where e is the engineering strain and A0 is the
initial cross-sectional area of sample. The plastic true
strain e was obtained by subtracting the combined
(machine and sample) elastic strain from etot as
e ¼ etot � r=E, where E is the effective modulus of
machine and sample. The samples were sectioned longi-
tudinally and electropolished using 90 pct glacial acetic
acid and 10 pct perchloric acid as electrolyte at 20 V and
–25 �C in Struers LectroPol 5 electropolishing equip-
ment. The EBSD measurements were made on an FEI
Quanta-200 HV scanning electron microscope with a
TexSEM Laboratories (TSL) orientation-imaging
microscopy (OIM) EBSD system. In each sample, an
area of at least 600 9 600 lm2 was scanned with a step
size of 0.5 lm. Beam and video conditions were kept
identical between the scans. For accurate phase identifi-
cation (i.e., distinguishing between cubic and hexagonal
phases of cobalt), a minimum of 4 Kikuchi bands were
taken. Grains were identified from the presence of a
continuous boundary of above 5 deg misorientation.
Misorientations that develop during plastic deformation
are often used to characterize the deformed microstruc-
ture. In the present study, the grain average misorienta-
tion (GAM), representing the average misorientation
between neighboring measurement points within each
grain, was determined using EBSD.

III. RESULTS AND ANALYSIS

A. Stress-Strain Behavior

Figure 1 shows the flow stress behavior at different
strain rates and temperatures. From this, the following
important observations can be made. Two types of r-e
behaviors are seen: (1) where the flow stress work hardens
to a single peak and then shows a gradual drop, finally
reaching a steady-state value; and (2) where the flow stress
work hardens to a peak, and then shows an oscillatory
behavior, with the oscillations decreasing in amplitude
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and the stress, finally converging to a steady-state value.
With increasing temperature and decreasing strain rate,
the following trends are observed:

(1) the steady-state stress decreases,
(2) the strain to the first peak stress decreases and the

strain per oscillations reduce, and
(3) multiple peaks in the flow stress are more likely to

occur.

B. Critical Condition for DRX

The critical condition for the initiation of DRX was
determined from the inflection point in the h vs r plot, as
shown in Figure 2. The value of h was calculated by
taking the derivative of the r-e curves. For this, the
interpolated stress values at sufficiently far apart strain
intervals were taken so as to avoid introducing noise
during the process of taking the derivative. The value of
h for the ith point was calculated as

hi ¼
riþ1 � ri�1
eiþ1 � ei�1

½1�

The inflection points of these curves were obtained
from the minima of the dh/dr curves; this derivative was
also calculated by the method similar to that shown in

Eq. [1]. Figure 2 also shows the corresponding dh/dr-r
plots as insets. From these curves, rc was determined,
and in conjunction with the r-e curves, the correspond-
ing critical strain ec was determined. The work done per
unit mass on the sample up to the critical condition of
DRX (Wc) and to the peak stress (Wp) were determined
following Reference 11 as

Wc ¼
1

q

Zec

0

rde and Wp ¼
1

q

Zep

0

rde ½2a; b�

where q is the mass density of the material. The
preceding analysis showed that ec � 0.5 ep and
Wc = 0.35 Wp, as seen in Figure 3.

C. Strain Rate and Temperature Effect

Figure 4 shows an increase of steady-state stress rs

with plastic true strain rate at all the temperatures of
testing. The slope of this is the strain rate sensitivity
m ¼ @ ln r=@ ln _e, which is an important deformation
parameter. Higher values of m result in delayed strain
localization during working. The magnitude of m also
helps in the identification of deformation mechanisms.

Fig. 1—True stress vs plastic true strain plots for Co at different temperatures and strain rates.
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In an earlier analysis of this work,[35] m was calculated
and mapped on the _e-T axis to identify regimes of high
m so as to optimize hot workability. It was seen that m
varied from about 0.1 to 0.15. The rs normalized by
shear modulus l was collapsed on one curve using the
temperature-compensated strain rate Z � _e exp Q=RTð Þ
(Figure 4 of Reference 35). Here, Z was found to
increase with rs/l in a power-law relation:

_e ¼ Aðrs=lÞn expð�Q=RTÞ; orZ ¼ Aðrs=lÞn ½3a; b�

where n is the stress exponent, and A is a constant. From
the preceding fit, Q = 254 kJ/mol and n = 7.66 were
obtained using Z, which was calculated and plotted
against the critical work done for initiation of DRX,
Wc. As seen in Figure 5, Wc increases in a power-law
behavior with Z for most of the conditions where
multiple peaks occur.

D. Retention of Fcc Phase

From the EBSD measurements, amounts (i.e., area
fraction) of the fcc and hcp phases were estimated for
both the deformed and undeformed samples (those

samples that were held at the required testing temper-
ature and quenched without deformation). In all sam-
ples, a certain fraction of the fcc phase was always
retained after quenching to ambient temperature. It was
seen that, with increasing Z, the area fraction of the
retained fcc phase increased (Figure 6(a)). From EBSD
analysis, the steady-state grain size distributions for
both the fcc and hcp phases were determined. The
combined hcp and retained fcc grain size distribution, as
measured through EBSD at room temperature, repre-
sents the overall steady-state grain size prior to quenching.*

It is seen that the area fraction of the retained fcc phase
is inversely related to the overall steady-state grain size
(Figure 6(b)). This implies that smaller fcc grains have a
higher probability of being retained on quenching as

Fig. 2—Strain hardening vs stress plots for Co, as obtained from Fig. 1. The log values of _e are indicated on each curve. The loci of inflection
points are marked with gray dots connected with a line. Insets show the dh/dr vs r plots used to identify the inflection points. The gray vertical
lines in the inset indicate the minima corresponding to the inflection point in the h-r curves.

*The fcc to hcp transformation is martensitic in nature, and the
martensite plates that form within the prior fcc grains have a low
misorientation between themselves as compared to that across the
prior fcc grain boundaries, and are hence not revealed as clearly. Thus,
the hcp grains obtained on quenching represent the prior fcc grains in
terms of grain size.
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compared to larger ones. An example of some typical
features of the retained fcc phase after deformation and
quenching are shown in Figure 7. The percentage

retained fcc phase of the deformed samples are men-
tioned in the figure caption. The microstructure shows
straight boundaries with distinctive appearance of twins.
The fcc R3 twins (R representing CSL or coincident site
lattice) are 60 deg 111h i boundaries. Misorientation
profiles, for boundary misorientations >5 deg, show
a large fraction of grains having a misorientation of
~60 deg, as shown in Figure 8 for 700 �C (also seen at
other temperatures). This, on the other hand, supports
the qualitative observation, on possible twin presence,
made in Figure 7. Figure 9 plots the fraction of R3
boundaries at different temperatures and working con-
ditions. The deformed samples, in general, show higher
fractions of R3 twin boundaries.

IV. DISCUSSION

This work brings out the classical effect of DRX on
flow stress softening, both with and without oscillations,

Fig. 3—Relation between (a) strain at peak stress and critical strain
and (b) work done to peak stress and to critical value.

Fig. 4—Steady-state stress vs strain rate for Co deformed at different
temperatures.

Fig. 5—Variation of critical work done, Wc, for initiation of DRX
given by Eq. [2a] as a function of Z. The conditions of single and
multiple peaks are indicated.

Fig. 6—Amount of retained fcc phase as a function of both Z and
the average of the overall grain size. The dotted lines represent the
trend and band of scatter.
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followed by a steady-state behavior. A clear trend
emerges with increasing temperature and decreasing
strain rate: the peak stress is achieved at a lower strain
and the number of oscillations before steady state is
increased. This is clear evidence of the occurrence of
DRX in fcc phase Co through most of the testing
conditions.

A. Critical Condition for DRX

The identification of a critical condition for the
initiation of DRX is important. The direct method of
the determination of such a condition is through
microstructural observations, where sample deforma-
tion is interrupted at intermittent strains and features of
DRX are noted (e.g., References 5, 22, and 36). It is
relatively simpler to adopt this method while dealing
with single-phase materials, which do not undergo
transformations on cooling. However, for materials

undergoing transformations from the temperature of
deformation to ambient, as in Co, the identification of
initiation of DRX can get difficult. The indirect tech-
nique of determining the critical condition of DRX
through the inflection in h-r curve resulted in ec = 0.5 ep
and Wc = 0.35 Wp. Previous studies that have used this
hr analysis have also obtained a ratio of ec/ep close to 0.5
in steels[8,10,16] and a Mg alloy.[15] However, a similar
relation between Wc and Wp has not been reported
earlier. It was also seen that Wc increases as a power law
with increasing temperature-compensated strain rate Z
(Figure 5). Since Z and rs are related (through Eq. [3]),
this observation implies that Wc would increase with rs

also through a power law.

B. Regions of Single and Multiple Peaks

Sakai and Jonas[2] in their review article elaborately
explained the conditions where single and multiple

Fig. 7—EBSD image of quenched samples after testing at 0.1 s–1 and at the indicated temperatures. The light areas represent the retained fcc
phase, and the black areas represent the hcp phase. For this testing condition, the amount of retained fcc is 35 pct for 700 �C, 19 pct for 800 �C,
and 10 pct for 900 �C.

Fig. 8—Histogram showing the misorientation angle distribution at
700 �C and different testing conditions including the undeformed
condition.

Fig. 9—Fraction of CSL R3 boundaries as a function of testing tem-
perature at various strain rates. Also shown for comparison are the
values for undeformed Co.
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peaks occur. It was shown by them that the critical Z
(referred to as Zc), which indicates a changeover from
single to multiple peaks, is inversely related to d0. It is
also known that, during DRX, Z is inversely related to
ds.

[1,3,17,37] Although Z-ds and Zc-d0 curves have similar
behavior, the Zc-d0 curve was shown to be parallel to
and higher than the Z-ds curve. In fact, for an austenitic
steel, the Zc-d0 curve matched the Z-2ds curve.** All

conditions to the right of the Zc-d0 curve represent the
single peak regime, and all conditions to the left
represent the multiple peak regime. When the initial
grain size is to the right of the Z-2ds curve, it would need
to decrease to reach the curve, and when on the left of
the curve, it would need to increase to reach the curve
(here, Z is constant, i.e., at fixed testing condition). This
finding implies that the right side of the curve, which
represents the single peak regime, results in grain
refinement, whereas the left side of the curve, which
represents the multiple peaks regime, results in grain
coarsening.

A similar analysis was carried out for the present Co
results for which the average overall grain sizes just
before and after deformation, representing d0 and ds,
respectively, were obtained through EBSD. Table I lists
the initial grain size at each temperature as well as the
ratio ds/d0 at each testing condition and mentions
whether the r-e curve shows single or multiple peaks.
Further, for this analysis, the condition for changeover
from single to multiple peaks Z (Zc) needs to be
estimated. The value of Zc was obtained from
_ec exp Q=RTð Þ, where _ec is the critical strain rate,
indicating the transition from single to multiple peaks.
The value of _ec was estimated as the average of the log of
the two strain rates, one where a single peak occurs and
the next lower one where multiple peaks occur at the
given temperature T. For example, referring to Table I,
at 600 �C, _ec would lie between 0.01 and 0.001 s–1 and
was taken as (0.01 9 0.001)0.5 s–1; at 700 �C, _ec would
lie between 0.1 and 0.01 s–1 and was taken as
(0.1 9 0.01)0.5 s–1. Figure 10 shows the Z-ds plot for

the present Co data from which the following observa-
tions are striking.

(1) The term Z is inversely related to ds over the entire
testing range.

(2) The initial grain sizes at the testing temperature
(+symbols) and the final steady-state values
(round symbols) are shown in the figure. The ar-
rows connect the initial grain sizes to the final
ones. Thus, arrows pointing right imply grain
coarsening, whereas arrows pointing left imply
grain refinement. Grain coarsening occurs when
d0 < ds, and grain refinement occurs when d0 > ds.

(3) Most multiple peaks occur (hollow symbols) dur-
ing coarsening, and most single peak behavior
occurs (filled symbols) during refinement.

(4) The Zc-d0 data are also plotted in Fig. 10 as solid
stars. It is seen that the Zc-d0 data lie on the Z-ds
curve.

These observations match earlier studies; there is only a
small difference in that, here, Zc-d0 matches Z-ds, rather
than Z-2ds, as mentioned in Reference 2. However,
some results in steels undergoing DRX[38] also showed
that Zc-d0 matches Z-ds as in this study.
The relation between multiple peaks and grain coars-

ening, and single peak and grain refinement, was
confirmed by performing strain rate change tests. These
tests also check for the strain rate history dependence of
the steady-state stress (and, hence, indirectly ds). In one
such test at 900 �C, the strain rate was increased from
0.01 to 0.1 s–1, then decreased to 0.001 s–1, and increased
back to 0.01 s–1, as seen in Figure 11. It is seen that,
when the strain rate is increased from 0.01 to 0.1 s–1, a
single peak occurs followed by a steady state, whereas the
straight test at 0.1 s–1 showed multiple peaks. This is
consistent with the regimes of the Z-ds plot of single and
multiple peaks, as explained previously. When deformed

Table I. Initial Grain Sizes (d0) Prior to Testing at Each

Temperature and the Ratio of Final to Initial Grain Size at
Each Testing Condition Are Listed; Also Indicated Are Those

Deformation Conditions Where a Single Peak (S) or Multiple

Peaks (M) Occur

_e

T

600 �C 700 �C 800 �C 900 �C

1 s–1 0.8 S 1.1 S 0.7 S 0.6 S
0.1 s–1 0.7 S 1.8 S 0.8 M 2.1 M
0.01 s–1 1 S 2.2 M 1.6 M 2 M
0.001 s–1 1.2 M 3.2 M 2.4 M 4.3 M
d0 at each T 7.5 lm 8 lm 19 lm 22 lm

Fig. 10—Temperature-compensated strain rate vs grain size for Co at
different temperatures. The plus symbol represents the initial grain
size, and the arrows connect these to the steady-state grain size repre-
sented by shapes. The star signs are the estimated value of Zc, which
represent the transition from multiple to single peak. The solid line is
the trend line of the Z vs grain size behavior at steady state.

**For details, see Fig. 15 of Ref. 2, where Zc-d0 and Z-2ds curves
were plotted together on a log-linear scale. In the present Fig. 10, a
log-log scale was chosen to clearly bring out the inverse behavior of Z
vs grain size.
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at 900 �C and 0.01 s–1, a steady-state grain size is
achieved, which would tend to decrease when the strain
rate is increased to 0.1 s–1 (a higher _e implies higher rs

and, hence, lower ds). For this decrease in grain size, the
flow behavior shows a single peak, although the initial
flow behavior at 0.1 s–1 showed multiple peaks. A
decrease in _e from 0.1 to 0.001 s–1 results in a drop in
flow stress with weak multiple peaks to a steady-state
level close to that of the straight test at 0.001 s–1. This
change from higher to lower strain rate would tend to
increase the grain size (in accordance with a decrease in
flow stress), which would result in multiple oscillations in
the flow stress curve. Last, when the strain rate is again
increased to 0.01 s–1, the grain size tends to decrease
(as stress increases), hence showinga single peak, although
the straight test at 0.01 s–1 showed multiple peaks. This
strain rate change test confirms the relationship between
single peak and grain refinement, and multiple peaks
and grain coarsening. Further, there appears practically
no history dependence of the steady-state flow stress on
deformation conditions, as evidenced by the matching of
the steady-state stress after strain rate changes.

C. Retained Fcc Phase and Its Misorientation

The fcc to hcp transformation on cooling has a low
free energy change and, hence, is sluggish. This results in
a certain fraction of the fcc phase being retained on
quenching from high temperatures. In the present study,
a certain amount of retained fcc phase is always present

when observed at room temperature. From EBSD
measurements, the grain size distribution and the area
fraction of both the hcp and fcc phases were obtained
for each sample. As seen in Table II, the average grain
size of the retained fcc phase remains around or below
10 lm, although the overall grain size for the same
testing condition is much higher (Table I). This suggests
that it is only the small fcc grains that are retained; the
larger ones transform to hcp on quenching. This is in
agreement with Figure 6(b), where it was seen that, with
decreasing overall grain size, the fraction of retained fcc
increased. The inverse relation between ds and Z
(Figure 10) supports the conclusion that the overall
grain size measured after quenching represents the
original fcc grain size just prior to quenching.
The average point-to-point misorientation or the

GAM values were determined within a grain. This is
an important parameter, which signifies the extent of in-
grain misorientation development (an important feature
of plastic deformation) within a grain. For example, a
statically recrystallized grain would have a very low
GAM (a value which may represent measurement
uncertainty), while a deformed grain would be expected
to show an increased GAM. Grain average misorienta-
tion has been used by researchers to measure intragrain
misorientations (e.g., References 39 through 41; in
particular, Reference 39 shows the increase of GAM
with strain in a bcc steel).
The GAM calculated for all conditions was correlated

to the fraction of R3 twin boundaries fR3, as shown in
Figure 12. An inverse trend is seen here; the higher the
fR3, the lower the GAM. Although at first glance the
data may appear to have a large scatter, if looked at
with each temperature, the trend is clearer. The GAM-
fR3 trend for the undeformed Co (dashed line in
Figure 12) is lower than that for the 600 �C and
700 �C deformed samples. At 800 �C, the GAM-fR3
trend is higher than that for the undeformed samples but

Fig. 11—Strain rate change tests at 900 �C. Shown here are three
tests at constant strain rates of 0.001, 0.01, and 0.1 s–1 and one
strain rate change test from 0.01 to 0.1 to 0.001 to 0.01 s–1.

Table II. Average Grain Sizes in Microns of the Retained
Fcc Phase at Different Temperatures and Strain Rates

_e

T

600 �C 700 �C 800 �C 900 �C

1 s–1 5.1 4.8 8 7
0.1 s–1 3.5 8 6.6 13
0.01 s–1 4.5 6 8.2 8.8
0.001 s–1 2.7 5.7 5.8 7.2

Fig. 12—GAM as a function of the fraction of R3 boundaries for
different deformation conditions. Also shown are values for the
undeformed condition. The dashed line shows the trend of the unde-
formed samples (hollow symbols).
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not as much as that of the 600 �C and 700 �C deformed
samples. At 900 �C, the GAM-fR3 trend matches that of
the undeformed conditions. These observations suggest
that deformation at 600 �C and 700 �C still contains
defects that have not recovered or been consumed by the
recrystallization process. At 800 �C, this is less so, and
at 900 �C, the extent of recovery after testing and before
quenching is enough to reduce the hardening to those of
the undeformed levels. The marginally higher GAM for
the deformed structure may suggest the occurrence of
DRX.

It was observed that a high fR3 exists at most testing
conditions (Figures 8 and 9). Twins are known to play
an important role during the nucleation of DRX. It has
been shown in Cu[5] that twins form at triple junctions at
strains lower than the estimated critical strain. At low
strains, grain boundaries start forming serrations, which
result in nucleation of new grains, some of which are
twins.[22] It has been argued that the formation of twins
is due to grain boundary migration,[20–22] as in the case
of annealing twins,[42] and not due to slip activity within
grains.[22] In the present study, a high fR3 exists in the
undeformed structure to start with. These would be
annealing twins formed during the process of holding at
the high temperature prior to testing. On deformation,
fR3 increases by a small amount, suggesting that these
twins have been nucleated during DRX. The lower
GAM associated with the higher twin fraction indicates
that the R3 twins are relatively free of deformation. This
implies that the twins are either freshly nucleated or do
not deform significantly as compared to the original
grains.

V. CONCLUSIONS

1. High-temperature deformation of Co in the fcc
phase shows a flow behavior typical of the process
of DRX, i.e., the presence of a single peak followed
by softening at higher Z and multiple peaks con-
verging to steady state at lower Z.

2. The critical condition for the initiation of DRX, as
obtained through the h-r inflection point, was pre-
sented in terms of the work done during deforma-
tion up to the critical strain. The work done to the
initiation of DRX was found to be about one third
of the work done to peak stress. Also, this critical
work done, Wc, was found to increase with increas-
ing Z through a power law.

3. It was shown that, during DRX, the occurrence of
multiple peaks in Co was related to the process of
grain growth, whereas the occurrence of single
peak was related to the process of grain refine-
ment. Also, the steady-state stress was found to
depend exclusively on the current deformation
conditions and appeared unaffected by previous
deformation history, as confirmed through strain
rate change tests.

4. Retention of the fcc phase after quenching to room
temperature was observed in all samples. The frac-
tion of retained fcc was found to increase with
increasing Z and decreasing initial overall grain

size. This implies that the finer the fcc grains, the
higher the likelihood of retention during quenching.

5. A large fraction of the retained fcc grain boundaries
were of R3 twins. Although the undeformed samples
did contain a high fraction of twins, these increased
marginally on deformation. Samples with a larger
fraction of twins also showed a lower GAM, sug-
gesting that the observed twins are either freshly
nucleated or deform less than the untwinned grains.
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