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Dynamic recrystalfization and resultant texture formation were studied by high temperature compressive deformation of pure nickel.
Microstructural observation and orientation measurement revealed that grain boundaries become wavy during deformation and the deformation
inhomogeneity is enhanced in the vicinity of wavy boundaries where new grains nucleate with random orientation. These grains grow up during
deformation and after reaching a certain size new grains are formed again near the grain boundaries of grown up grains. This process occurs
repeatedly during dynamic recrystallization. Concemning texture, randemiy oriented new grains receive compressive deformation and change
their orientation toward the stable orientation for compression (O11). However, further grain nucleation oceurs in random orfentation before

they reach (011); grains whose oricntations are close to (01 1) disappear.
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1. Introduction

Some of mechanical and structural characteristics of dy-
namic recrystallization (hereafter abbreviated as DRX} have
been made clear in some metals and alloys on the basis of
the analysis of stress-strain curves and microstructural ob-
servation.” Tt is considered that DRX proceeds through the
following processes (1) to @)? (1) new grain formation in
the vicinity of initial grain boundaries, (2) continuocus cccur-
rence of further grain formation in the front regions of the
previously recrystallized areas, (3) total replacement of ini-
tial grains by the newly formed grains and (4) further DRX in
the fully DRXed matrices. However, there still remain many
indistinct points on the details of these processes.

It has been found that the grain boundary becomes wavy
prior to the nucleation of new grains in its vicinity,3} and this
is considered to be important for the formation of new grains
although no special attention has been seldom paid to the phe-
nomenon. Only a few works*® have been done in which the
importance of grain boundaries is taken into consideration.

The present authors examined microstructure and texture
formed during uniaxial compression of pure nickel polycrys-
tals over wide ranges of temperatures (873 K to 1573 K) and
strain rates (2.5 x 107757 to 1.0 x 107357 1).9 At defor-
mation conditions of low temperature and high strain rate,
DRX was considered to occur by the so-called nucleation and
growth mechanism and new grains did not have any preferred
orientations. In the previous work, however, the reason why
new grains are formed in random orientation near the grain
boundary was not made clear. In the present work, changes in
the microstructure and crystal orientation with the progress of
DRX were examined for understanding the detailed processes
of DRX and resultant texture formation.

*I'This Paper was Originally Published in J. Japan Inst, Metals 65 (2001)
1014-1022.
*2Graduate Student, Yokohama National University.

2. Experimental Procedure

2.1 Material and compression test

Pure nickel of 99.9 mass% purity is used for the test. Cylin-
drical specimens with a diameter of § mm and a height of
12 mm were machined from a rod annealed at 1073 K for
3.6 ks. The average grain size after the annealing was 63 pm.

Uniaxial compression tests were conducted in vacuum at
temperatures of 873K and 905K and true strain rate of
1.0 x 107*s7% and 1.0 x 107?s~!. For comparison, some
specimens were deformed also at room temperature. Speci-
mens were held for {5 min at the testing temperatures before
the start of test. Immediately after straining up to a prede-
termined strain, specimens were blown with helium gas for
freezing the microstructure in the midst of deformation; the
specimen was cooled down from 905K to 573 K within 11
sec and the static recrystallization during cooling down could
be successfully prevented.

2.2 Structural observation and crystal orientation mea-
surement

After the tests, planes mid-plane sections were cbtained by
machining, for the microstructure observations by optical mi-
croscopy and SEM, and crystal orientation measurements by
EBSP technique.

Local crystal orientations of very small regions were mea-
sured by EBSP technique. Measurements were done at in-
tervals of | pm or 2pum, and the minimum rotation angle 8
between neighboring points was calculated. When & between
5° and 12°, it was judged that a low angle boundary exists
between the two point in the identical crystal grain. When
6 is above 12°, the boundary was defined as a high angle
grain boundary. Figures were drawn from the information
on the position and shape of grains both of which were de-
termined by the orientation measurement. These figures are
called “grain structure micrographs” in the present paper. The
upper limit of 8 for low angle boundaries (12 degrees) was
chosen since the grain boundary micrograph well coincides



1184

with the micrograph obtained by OM and SEM at this value
of 8.

To determine the orientation distribution in the early stage
of DRX, crystal orientations were measured by shifting the
point of measurement along and normal to initial grain bound-
aries. Further, the orientation was measured in many grains
of the fully DRXed specimen, and the dependence of texture
on the grain size was studied by drawing inverse pole figure
for each of 5 classes of grain size (35, 5-10, 10-20, 20-50
and 50-100 ym)

2.3 Degree of grain boundary curvature

It has been known™ that, prior to the start of DRX, grain
boundaries become wavy during deformation. To know the
effect of such undulation of grain boundaries on DRX, the
orientation distribution was examined as a function of a de-
gree of grain boundary curvature that was defined as /1/w
where h and w are a height and a width of curvature given in
Fig. [, respectively. A preliminary experiment showed that,
after deformation up to —0.85 at 873 K and a true strain rate
of 1.0 x 107351, a width of the curvature w was in a range
of 1-18 |um and about 97% of w was smaller than 10um. The
distribution of i/w is given in Fig. 2. A fraction of //w takes
a maximum in a range between 0.2-0.4 and amounts to about
47%. In the present work, therefore, the orientation distri-
bution near grain boundaries was examined for each of three
ranges of h/w, that is i/w < 02,02 £ h/w < 0.4 and
0.4 2 hjw.

a8 / \/
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Fig. 1 Definition of the degree of grain boundary curvature /2/w; k and w
are height and width of curvature, respectively.
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Fig. 2 Histogram showing the distribution of the degree of grain boundary
curvature after compression test of pure nickel at 873 K with a true strain
rate of 1.0 x 10~% s~! up 1o a true strain of —0.85. About 97% of w was
less than {0 um,

M. Hasegawa and H. Fukutome

3. Experimental Results

3.1 Stress-strain behavior

Figure 3 shows true stress-true strain curves at various tem-
peratures. As seen in the figure, severe work-hardening oc-
curs in the room temperature deformation at a true strain rate
of 1.0 x 1073 s~ At high temperatures, on the other hand,
the curves are the so-called work-softening type in nature re-
gardless of the strain rate; the flow stress takes a maximum
at an initial stage of deformation, and then decreases with the
further straining. The softening has been found to be due to0
DRX.®

3.2 Change in microstructure during deformation

Photomicrographs taken before and after the deformation
are given in Figs. 4(a) and (b)-{d), respectively. Before defor-
mation, microstructure consists of equiaxed grains (average
size: 63 Um) with smooth boundaries (Fig. 4(a)). Annealing
twins are also seen. After room temperature deformation up
to a true strain of —0.94 during which no DRX occurred, grain
boundaries are still smooth, though they are gently bowed
(Fig. 4(b}). Figure 4(c) shows microstructure at an early stage
of DRX after deformation up to a strain of —0.85 at 873 K and
a strain rate of 1.0 x 1073 s~!. Tt is seen that, during defor-
mation, grain boundaries became wavy. This may be due to
an energy balance between the grain boundary and the sub-
boundaries that were formed in the grain interior.” Further, it
is noteworthy that very small grains were newly formed near
grain boundaries. After deformation up to a larger strain of
1.7 at a higher temperature of 905 K and a lower strain rate
of 1.0 x 10757, the initial, statically recrystallized struc-
ture was fully encroached by the DRXed structure consisting
of smaller grains (average size: 17 um) with severely waved
grain boundaries (Fig. 4(d)).
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Fig. 3 True stress-true strain curves of pure nickel obtained by compres-
siorl tests at various temperatures and true strain rates.
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Fig. 4 Optical micrographs of pure nickel before compression (a)
strain rate & = 1.0 x 1073 s™!, true strain ¢ = —0.94; ©T

£=1.0x10"*s"1 e=-1.7.

3.3 Crystal orientation after room temperature defor-
mation

Distribution of crystal orientation along grain boundaries
was measured for 23 grain boundaries after the deformation
at room temperature up to a strain of —0.94 in which no DRX
occurred. An example of the results is given in Fig. 5. Grain
boundaries are rather smooth as seen in Figs. 5(a) and (b),
which are SEM micrograph and grain structure micrograph
of the same area, respectively. Crystal orientation was mea-
sured at points 1-16 in Fig. 5(b), and the misorientation 6
and the rotation axis between neighboring points (interval:
3-5um) are shown in Figs. 5(c) and (d). It is seen that the
misorientation 6 is about 5° at most and the rotation axis dis-
tributes at random. A fact that the value of 6 is as small as 5°
indicates no formation of new grains even in the vicinity of
grain boundaries. In addition, the compression axis became
approximately parallel to the orientation of (011) in the cen-
tral area of almost all grains.

3.4 Crystal orientation after high temperature deforma-
tion
3.4.1 Orientation distribution at the early stage of dy-
namic recrystallization

Crystal orientation was measured in a specimen deformed
up to a strain of —0.85 at 873K and a strain rate of 1.0 x
1073 57! in which DRX occurred only in the vicinity of grain
boundaries as seen in Fig. 4(c).

Same kinds of examination as in Fig. 5 were made for 21
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and after compression (b)-(d). (b) Temperature T = 293K, true
= 873K, ¢ = 1.0 x 1073s7!, ¢ = —0.85 and (d) T = 905K,

grain boundaries, and the typical result is given in Fig. 6. In
contrast to room temperature deformation, grain boundaries
became wavy during high temperature deformation (Figs.
6(a) and (b)). Crystal orientation was measured at points 1—
26 in Fig. 6(b), and the misorientation & and the rotation axis
between neighboring points (interval: 3-5 pum) are shown in
Figs. 6(c) and (d), respectively. The values of 6 are generally
larger than those after room temperature deformation, and its
maximum amounts to 25° (Fig. 6(c)), indicating the formation
of new grains near the grain boundary. As in the high tem-
perature deformation, however, the rotation axis distributes at
random (Fig. 6(d)). Further, the compression axis was around
the orientation of (011) in the central area of most grains, as
in room temperature deformation.

As mentioned in the introduction, the authors considered
the change of grain boundary shape during deformation; grain
boundaries are wavy through out DRX. The distribution of
misorientation 6 between neighboring points (interval: 3-
5um) along grain boundaries is depicted in Fig. 7 for dif-
ferent ranges of the grain boundary curvature 4/w. Both av-
erage and maximum (indicated by an arrow in each figure)
values of 6 were larger for the case of larger value of & /w.¥
Further, the fraction of misorientation for 12° < @ increased
with increasing value of A/w; 3.7%, 15.0% and 22.6% for
h/w < 02,02 < h/w < 0.4 and 0.4 < h/w, respectively.
These facts indicate that in the grain boundary curvature has
a strong effect on the degree of the orientation distribution
along the grain boundary.
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Fig. 5 SEM micrograph of a grain boundary (a) and the same boundary
constructed by EBSP (b) in a specimen deformed at room temperature
(T = 293K, é = 1.0 x 1073571, & = —0.94). Positions of orientation
measurement are shown in (b). Misorientation and rotation axis between
neighboring positions along the boundary are given in (c) and (d), respec-
tively.

To know the extent of grain boundary effect on the orien-
tation distribution, crystal orientation was measured by shift-
ing the point of measurement from the grain boundary to the
grain center in 20 grains. An example of the results is given
in Fig. 8 for 5 grains. The misorientation 6 between neigh-
boring points (interval: 3-5 wm) generally takes a maximum
near the grain boundary and decreases with a distance from
the grain boundary. At this stage of DRX, the effect of grain
boundaries on the misorientation extends about 15 um from
the grain boundaries.

3.4.2 Crystal orientation of new grains formed at the be-
ginning of dynamic recrystallization

Immediately after the occurence of DRX, crystal orienta-
tion of newly formed grains in the vicinity of initial grain
boundaries was measured, and its distribution after deforma-
tion at 873 K and 905 K is shown in Figs. 9(a) and (b), respec-
tively, in a form of inverse pole figure. The maximum of pole
density (PMAX) and its position («, B) are given below each

Misorientation, 46
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Fig. 6 The figures that are same as those in Fig. 5, for a specimen deformed
at high temperature (T = 873K, ¢ = 1.0 x 1073571, & = —0.85).

figure. The definition of angles, « and 8, is given in Fig. 9(c).

The position of maximum pole density seems to be in the
orientation of 10-15 degrees away from (011) to (001). How-
ever, the value of PMAX is only 1.5-1.8 times of the level for
the random orientation distribution, so it can be said that the
new grains are formed at almost random orientation.
3.4.3 Dependence of crystal orientation on the grain size

in the dynamically recrystallized microstructure

Figure 10 is a grain boundary micrograph after the defor-
mation up to a large strain of —1.7 at 905K and a strain rate
of 1.0 x 10™*s~! during which the whole area of the speci-
men has been recrystallized dynamically. In the figure, thin
lines and thick lines represent low angle grain boundaries
(0 < 12°) and high angle grain boundaries (12° < 0), re-
spectively. The size of dynamically recrystallized grains dis-
tributes from a few Wm to more than 50 um. Many of small
grains tend to exist together in a group and large grains fre-
quently contain low angle boundaries in their interior. The
grain size d was classified into five ranges and each range
is represented by the symbols A-E; A: 3-5 um, B: 5-10 um,
C: 10-20 um, D: 20-50 pm and E: 50-100 um.

Figure 11 shows inverse pole figures for each range of the
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Fig. 7 Histogram showing the distribution of misorientation between
neighboring points (in an interval of 3 to Spm) along grain bound-
aries in the specimen deformed at high temperature (T = 873K,
&= 1.0x 107351 g = —0.85). Arrows show the maximum value at
the continuous distribution from low misorientation angles.
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Fig. 8 Misorientation between neighboring positions as a function of dis-
tance from grain boundaries toward the center of grains in the specimen de-
formed at high temperature {T == 873K, £ = 1.0 x 1073~ e = —0.85).
Each symbol corresponds to the different grains in which measurement
was done.

grain size. Here, the average pole density is used as units,
For small grain sizes of the ranges A and B, the main com-
ponent of the texture is {011) that is the stable orientation for
compression. For large grain sizes such as ranges D and E,
on the other hand, the position of maximum pole density is
in the orientation of 12 degrees away from (011) to (001).
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Fig. 9 Inverse pole figures of new grains showing the distribution of pole
densities of the compression plane. The average density is used as units.
New grains are selected in the specimens compressed at (a) temperature
T = 873K, true strain rate £ = 1.0 x 1073 s, true strain & = —0.74 and
(T =905K,6=1.0x10"%s"1, 6 = ~0.31. The position of maximunt
pole density (x, 8) is given below the figures, Definitions of the angles, o
and B, are shown in (c¢).

For the intermediate grain size, namely the range C, it is in
the middle of the above two orientations on the (001)-(011)
line. Tsuji er al.” have also found in an Fe-35%Ni alloy that,
in the dynamically recrystallized microstructure, the crystal
orientation is closer to (011) in smaller grains. The fact that
smaller grains have an orientation closer to (011} indicates
that smaller grains have been subjected to the larger deforma-
tion.

4. Discussion

4.1 Nucleation site and orientation of new grains in dy-
namic recrystallization

Formation of new grains in the so-called static recrystal-
lization is known to occur preferentially in a region of inho-
mogeneous deformation such as a shear band, transition band
or the area close to grain boundaries. Two prerequisites are
generally considered to be necessary for the new grain for-
mation:'? critical size of nucleus and critical misoritentaion
between nucleus and its surrounding area. As in static recrys-
tallization, the vicinity of initial grain boundary is a preferred
nucleation site of new grains also in DRX (see Fig. 4(c)), sug-
gesting that grain boundary takes an important role in DRX.
However, only a few works have been reported that pay atten-
tion to the importance of grain boundary for discussing the
formation process of new grains during DRX.

4.2 Local lattice rotation prior to the formation of new
grains in dynamic recrystallization

In the present deformation conditions, the texture is not so

sharp in comparison with the results in y-TiAl; the value of

PMAX was only about 3.9 In contrast to the deformation
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—— :low angle boundary
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Fig. 10 Grain structure micrograph, constructed by EBSP, of a dynamically recrystallized area in the specimen deformed at high tem-

perature (T = 905K, é = 1.0 x 1074571, e = —1.7).

conditions of high temperatures and low strain rates where
twinning occurs frequently during grain boundary migration®
and hence new grains are formed with random orientation, '
a fraction of the length of twin boundaries to that of grain
boundaries was only about 20% at most in the present defor-
mation conditions. This suggests that the formation of weak
texture cannot be attributed to twinning. Texture weakening
should be understood in terms of the process of nucleation of
grains. Since crystal orientations of new grains is considered
to exist in the deformed state, the above fact that the texture
is not so sharp indicates that, lattice rotation occurs locally in
various directions in the vicinity of grain boundaries even in
the same grain. The present authors consider that the undula-
tion (to become wavy) of grain boundary is the precondition
for the occurrence of severe, local lattice rotation.'?

A model for new grain formation, in which attention was
paid to the undulation of grain boundary, was proposed by
Miura et al.®) and Belyakov et al.”>) According to the model,
when wavy grain boundary slides, local lattice rotation occurs
in a region where the boundary protrudes, and new grains are
formed there. Although grain boundary sliding is expected
to occur more easily at higher temperatures and lower strain
rates, the orientation of new grains was not at random at these
deformation conditions if twinning does not occur as in y-
TiAL® 1319 Therefore, we would like to assert that, other than
its sliding, the undulation of grain boundary itself has an ef-
fect on the generation of large, local lattice rotation and the
resultant formation of new grains.

Optical microscopy and SEM revealed no evidence of void
formation in grain boundaries, indicating that the continuity
must be preserved in grain boundaries during deformation.
Figure 12(a) is a schematic drawing of wavy grain boundary
at the initial stage of DRX. Figures 12(b) and (c) are enlarged
drawings of regions I and Il in Fig. 12(a), respectively. When
grain boundary exists on the xy plane (region I, Fig. 12(b)),
the conditions on the strain component for preserving the con-

tinuity of deformation are given by!>-1

A __ B A __
Exx _8xx’8yy -

ef’y and yx’; = yxBy.

In the neighboring part of the grain boundary (region II), how-
ever, the boundary does not exist on the xy plane (Fig. 12(c)).
In this case, the constraint conditions for preserving the con-
tinuity of deformation in the grain boundary cannot be de-
scribed by the above three equations. The undulation of grain
boundary may complicate operative slip systems near grain
boundary. That is, even in an identical grain, the kind, num-
ber and activity of operative slip systems may differ largely
from place to place in the vicinity of wavy grain boundary.
Such a local change in the slip activity may generate a large
difference in the local lattice rotation, resulting in small re-
gions with various crystal orientations that may act as nuclei
of new grains.

As mentioned in Section 3.4.1, the misorientation was
larger in the vicinity of grain boundary than in the grain cen-
ter (Fig. 8). Further, the misorientation measured along grain
boundary was larger for wavy boundaries after high tempera-
ture deformation than for smooth ones after room temperature
deformation (compare Fig. 6 with Fig. 5), and it tended to be
larger for a part of grain boundary where the degree of its cur-
vature is larger (Fig. 7). Moreover, the orientation of lattice
rotation axis was distributed at random (Fig. 6). These exper-
imental facts support the above consideration for the genera-
tion of local lattice rotation and the formation of new grains
in DRX.

4.3 Process of texture formation

Luton and Sellars'”? explained the shape of stress-strain
curve during DRX on a basis of both the strain required for
the onset of DRX ¢, and the strain from the onset to the end
of DRX ¢&y; if & is larger or smaller than &, then the stress-
strain curve becomes single-peak type or multi-peak type, re-
spectively. In their explanation, DRX was considered to oc-
cur repeatedly after deformation of every strain of &.. Since
then, it has been prevailing for the process of DRX that newly
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A: d=3~5um
PMAX = 2.3 at (45, 0)

B: d=5~10um
PMAX = 3.0 at (45, 0)

C: d=10~20um
PMAX = 3.2 at (35, 0)

D: d=20~50um
PMAX = 4.0 at (33, 0)
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E: d=50~100um
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Fig. 1i Inverse pole figures of dynamically recrystallized grains with dif-
ferent grain sizes A to E in a fully recrystallized area in the specimen de-
formed at 905 K and a true strain rate of 1.0 x 10~ s~1 up to a true strain
of —1.7.

formed grains deform and grow at the same time, and when
these grains grow up to a certain size new grains are formed
again in these grains, and so on. According to this consid-
eration, the grown up grains ought to have the orientation of
(011) that is the stable orientation for compression.9 How-
ever, this expectation contradicts the experimental result that
the coarse grains formed during DRX are not in the orienta-
tion of (011) but in the orientation of 12 degrees away from
(011) to (001) (Fig. 11, D and E).

Main experimental resulis on microstructure and texture
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L %’

Fig. 12 Wavy grain boundary at the initial stage of dynamic recrystalliza-
tion {a). Enlarged drawings of regions [ and H are shown in (b) and (¢),
respectively. The orientation change of the grain boundary ptane results in
the change of activated slip systems along the boundary. Detailed descrip-
tion is given in the text.

obtained hitherto are summarized in the following three
points.

(1) New grains are formed in the vicinity of initial grain
boundaries and their orientations are at random (sections
34.1 and 3.4.2).

(2) The stable orientation for compression is (01 1).9

(3) Main component of texture formed during DRX is in
the orientation of about 10 degrees away from (011) to
(001).9

The following process for DRX and texture formation are
conclusively deduced from these results.

Newly formed grains grow up to a certain size, and then
new grains with random crientations are formed again in
the vicinity of grain boundaries of grown up grains. This
process occurs repeatedly during DRX. Thus, small grains
tended to exist together forming a group (Fig. 10). Such re-
gions consisting of small grains are considered to he ones
that have been subjected to severe deformation and will be
consumed by new grains in further DRX, since small grains
are in the orientation of (011) (Fig. 1, A and B). Moreover,
randomly oriented new grains receive compressive deforma-
tion and change their orientation toward the stable orientation
for compression (011). However, further nucleation of new
grains occurs in random orientation before they reach (011),
and as a result grains with the orientation close to (01 1) disap-
pears. This is the reason why the main component of texture
formed during DRX is not in the orientation of (011), but in
the orientation of about 10 degrees away from (011) to (001).
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5. Conclusions

To make clear the process of dynamic recrystallization
(DRX) and resultant texture formation, polycrystaline pure
nickel was deformed in compression at temperatures of 873 K
and 905K and true strain rates of 1.0 x 1073s7! and 1.0 x
10~*s~! where new grains are formed through the so-called
nucleation and growth mechanism. Microstructure at each
stage of DRX was examined by optical microscopy and SEM,
and crystal orientation of each grain was measured by the
EBSP technique. Main conclusions obtained are summarized
as follows.

(1) Initial grain boundaries become wavy prior to the for-
mation of new grains. This undulation (to become wavy)
of grain boundaries influences the orientation distribution in
the vicinity of grain boundaries; the misorientation between
neighboring points separated by an interval of a few um be-
comes larger with an increase in the degree of grain boundary
curvature.

(2) New grains are formed in the vicinity of grain bound-
aries in random orientation. This indicates that the undulation
of grain boundaries causes large, local lattice rotation in var-
ious directions in their vicinity, resulting in the formation of
new grains with random orientation.

(3) DRX from fully DRXed structure occurs by the for-
mation of new grains with random orientation in the vicinity
of grain boundaries of grown up grains. The interior of grown
up, coarse grains is sometimes divided into small grains by
severe deformation at high temperatures. Such regions con-
sisting of small grains are regions to be encroached by new
grains during further DRX.

(4) Texture develops though it is not so sharp. Randomly
oriented new grains change their orientation toward the sta-
ble orientation for compression (011). However, further nu-
cleation of new grains with random orientation occurs before
they reach (011), and the number of grains with the orienta-
tion close to (011) reduces, This is the reason why the main

M. Hasegawa and H. Fukutome

component of texture is in the orientation of about 10 degrees
away from (011} to (001).
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