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Effect of Initial Grain Orientation on Evolution of Deformed Microstructure

in Hot Compressed Ni-30Fe Alloy
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An experimental procedure has been developed to investigate systematically the effect of initial grain orientation on the evolution of
deformed microstructure in Ni-30Fe alloy. The investigation of identical grains before and after hot deformation made it possible to trace the
evolution of microstructure deformed up to 50% at a strain rate of 1/s in a single pass at 1023 K using a hot compression simulator. The localized
inhomogeneous shear bands occurred in almost all grains. On the other hand, the near {110}(001) grains have undergone fairly homogeneous

deformation even after a high equivalent plastic strain of 1.9.
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1. Introduction

In recent years, two kinds of approaches to ultrafine-
grained steels have been suggested. One is the heavy
deformation of austenite in non-recrystallized region, which
results in the dynamic transformation of unstable austenite to
ultrafine ferrite grains' and the other is to introduce the
accumulation of strains into ferrite grains by severe warm
deformation, which induces the recovered or recrystallized
ultrafine ferrite grains.*”

The key element in the method of heavy deformation of
austenite in non-recrystallized temperature region is to
increase the density of localized inhomogeneous deformation
defects within austenite grains. But it is very difficult to
investigate systematically the deformation defects in the
austenite of the low carbon steel because the austenite grains
are transformed to martensite or bainite during quenching to
room temperature.

Since Charnock and Nutting® reported the stacking fault
energy across the iron-nickel system, there have been a
number of investigations on the deformed structures of
austenite using the austenitic Ni-30Fe alloy which has the
stacking fault energy and the deformation characteristics
similar to those of low carbon austenite. Hurley et al.”
studied the deformed structures of the austenite through hot
compression and torsion tests, and Adachi et al'? inves-
tigated the deformed substructure of austenite by hot
compression test of the Ni-30Fe alloy. Recently, Suh et
al.'V studied the change of deformed microstructure of
austenite at various strains, strain rates and deformation
temperatures using the Ni-30Fe alloy.

In general, the subdivision of grains during deformation
takes place macroscopically with the formation of shear
bands and microscopically with the formation of cell blocks
and cells.'” The deformed structures may vary considerably
depending on processing variables such as strain, strain rate
and deformation temperature and material variables such as
stacking fault energy and grain size. Furthermore, consider-
ing the crystallographic nature of plastic deformation, the
development of deformed microstructure can be greatly

affected by the initial grain orientation relative to the
imposed deformation conditions. Accordingly, the present
work aims to investigate the effect of initial grain orientation
on the evolution of the deformed microstructure of the Ni-
30Fe alloy on a macroscopic scale using SEM and EBSD
technique.

2. Experimental

2.1 Specimen preparation

The ingot of Ni-30Fe alloy was prepared in a 50-kg
vacuum induction melting furnace. The chemical composi-
tion of Ni-30Fe alloy is given in Table 1. The ingot was re-
heated to 1473 K and hot rolled to make a plate with a size of
T60 x W140 x L550 (mm). The final rolling was performed
at the temperature of 1243 K. Rectangular specimens that
were 12mm in thickness, 7.5 mm in width and 20 mm in
length were machined from the hot rolled plate for hot
compression test. Two blocks of specimens were assembled
together by bolts and nuts to form a 15 mm wide specimen as
shown in Fig. 2, which made it possible to observe the inner
contacting surface after deformation.

2.2 Hot compression test

Figure 1 shows the path of the hot compression test. A high
temperature deformation simulator (DSI, Gleeble 2000) was
used for the thermo-mechanical treatment. The specimen was
put into a furnace maintained at 1473 K and held for 1 hour to
allow the initial grain size to grow to about 450 um, followed
by water quenching to room temperature. Then the specimen
was heated to 1023 K and held for 20 seconds to make the
specimen temperature uniform and then deformed by a
reduction ratio of 50% at a strain rate of 1/s. The deformation
temperature of 1023 K is known to be in the non-recrystal-

Table 1 Chemical compositions of specimen (in mass%).
C Mn Si P S Ni Fe
0.002 <0.002 0.008 0.002 0.001 69.8 Bal.
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1473K, 1hr.
- Nominal reduction
ratio of 50 %
- Strain rate of 1/s
1023K, 20s

Quenched by \ Quenched by
water water jet
Fig. 1 Hot compression process.
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Fig. 2 Schematic drawing of compression test and observed area of
deformed specimen.

lized region.'® The specimen was quenched to room temper-
ature by water jet immediately after the compression to
freeze the deformed microstructure.

2.3 Observation of microstructural characteristics

The metallographic examination was performed by optical
microscopy and scanning electron microscopy (SEM JEOL
5400). The microstructural observation was carried out on the
center of the specimen parallel to the compressive direction,
which is known to have a plane strain condition according to
FEM analysis of this specimen geometry by Inoue et al.,'¥ as
shown in Fig. 2. The specimens were first electropolished and
etched for 20 seconds using a solution containing HCl
(10ml), FeCl3 (5g) and ethanol (40ml), by which {111}
planes were attacked most slowly and consequently revealed.
The measurement of grain orientation was carried out by a
scanning electron microscope (LEO Gemini 1550) equipped
with TSL EBSD system. The specimens for the EBSD
examination were ground with SiC papers and mechanically
polished with a 1um alumina paste, and then they were
electrochemically polished for 20s with a solution of 10%
perchloric acid in ethanol.

3. Results and Discussion

3.1 Strain distribution
Figure 3 shows the change of the specimen shape by the
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hot compression test. The sides of specimen slightly bulged
after compression (Fig. 3(b)). But the cross-section of the
assembled specimen is relatively smooth compared with the
sides (Fig. 3(c)). The cross-section could be investigated after
a slight grinding. Therefore, if the microstructure of the
cross-section before compression is observed, it becomes
possible to compare the microstructures of identical grains
before and after the hot compression test. Figure 4 shows one
example of the deformed microstructure after 50% deforma-
tion at 1023K and a strain rate of 1/s. The micrograph
corresponds to the hatched area of the deformed specimen.
According to FEM analysis of this specimen geometry by
Inoue et al.,'¥ there is a large plastic strain in the regions
towards the anvil edges from the original point and the plastic
strains in the y direction show a plane strain condition
(&xx + &yy =0, &z = 0). In the present study, the investiga-
tion of strain was carried out along the compression axis, that
is, in the y direction. The initial grain size, d,, at each position
was measured. Then the experimental measurement of the
compressive strain &, was carried out from In(d/d,) by
measuring the size, d, of the identical grain after hot
compression test. The measured compressive strain &y, was
converted into the equivalent plastic strain &,, using
2/4/3 * &yy. Figure 5 shows the measured equivalent plastic
strain and the calculated strain. The equivalent plastic strain
obtained from the experimental measurement showed a good
agreement with the calculated strain.

In this study, the positions in the range of 0—100 um from
the center corresponding to the compressive strain range of
1.65-1.9 were chosen for investigating the effect of initial
grain orientation on the evolution of the deformed micro-
structure after hot compression test.

3.2 Deformed microstructure

Figure 6(a) represents an initial microstructure of the
specimen. The initial grain size is about 450um. The
schematic drawing of Fig. 6(a) is shown in Fig. 6(b). Figure
6(c) shows the microstructure in the same region as Fig. 6(a)
after 50% deformation at 1023 K and a strain rate of 1/s.
Figure 6(d) shows the schematic drawing of Fig. 6(c). The
indexing numbers in Fig. 6 mean the identical grains before
and after deformation. From Figs. 6(a) and (c), grains #10,
#11 and #12 that are slightly deformed can be easily
discriminated before and after deformation. Once some
grains are discriminated, the neighboring grains like grain #9
can be easily discriminated even though they are heavily
deformed. In this way, we distinguished the identical grains
before and after 50% deformation. The laminar elongation of
the structure is evidently parallel to the longitudinal direction
as can be seen in Fig. 6(c). There are numerous dark etching
shear bands lying at 30-40° to the longitudinal direction
across almost all the grains, signifying the localized
inhomogeneous deformation. Even though the microstruc-
ture of grain #1 is considerably elongated, no shear bands are
observed. Figure 7 represents an SEM micrograph, which
confirms the presence of shear bands in grain #2 and their
absence in grain #1.

3.3 Orientation analysis by EBSD
As seen in Fig. 8(a), the optical micrograph shows the
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Fig. 3 Optical micrographs showing specimen shapes (a) before and (b)
after hot compression test and (c) cross-section separated from assembled
specimen.

magnified area including grains #1 and #2 deformed to a
strain of about 1.65, indicated by the block in Fig. 6(c).
Figure 8(b) shows the misorientation map of Fig. 8(a). In the
EBSD map, high angle grain boundaries (>15° misorienta-
tion between adjacent pixels) are depicted as red lines, while
low angle boundaries (<15°) as blue lines. As seen in Fig.
8(b), the shear bands in grain #2 produce sharply rotated
small areas, whereas the region between these shear bands is
deformed homogeneously. On the other hand, grain #1 does
not reveal any heterogeneity or orientation splitting on a
macroscopic scale even after the deformation to an equiv-
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500 um

Fig. 4 Optical micrograph showing microstructure of cross-section after
50% deformation at 1023 K and strain rate of 1/s.
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Fig. 5 Distribution of equivalent plastic strain along the compression axis
after 50% deformation at 1023 K and strain rate of 1/s.

alent plastic strain of 1.65. This is different from Korbel and
Martin’s theory'® that shear bands generate large stress
concentrations at their tips which may eventually enable
them to penetrate a neighboring grain.

The misorientation distributions within grains #1 and #2
determined from the EBSD maps are shown in Fig. 9. The



Effect of Initial Grain Orientation on Evolution of Deformed Microstructure in Hot Compressed Ni-30Fe Alloy 2963

Fig. 6 Optical micrographs showing microstructures of identical area (a) before and (c) after 50% deformation at 1023 K and strain rate of
1/s. (b) and (d) are schematic illustrations of (a) and (c), respectively. Microstructure within white frame corresponds to Fig. 8.

Fig. 7 SEM micrograph showing microstructure of grains #1 and #2 in Fig.
6(c).
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of misorientation angle for grain #1 exists only in a low angle pixels.
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Fig. 9 Misorientation distributions within grains #1 and #2.

grain boundary region (<15°). On the contrary, the misor-
ientation distribution within grain #2 spreads out to a high
angle grain boundary region as large as 60°.

In general, shear bands have been observed to form as
microstructural inhomogeneities at large strains during
plastic deformation. It has been observed that shear bands
are capable of storing large shear strains in the deformation
process and, consequently, producing high local dislocation
densities.'®!” These shear bands are thought to serve as
favorable nucleation sites upon recrystallization that occurs
during subsequent annealing, and thus have a very important
effect on microstructural properties such as recrystallized
grain size and texture. Macroscopic properties of shear bands
seem to be greatly affected by the macroscopically imposed
deformation variables that include strain, strain rate, temper-
ature, grain size, efc.

In the present experiment, the deformation parameters of
each grain are absolutely the same except the initial
orientation of grains. Therefore, regarding the formation of
shear bands, an important observation in this study is that the
presence or absence of shear bands seems to depend on the
initial grain orientation, as can be seen in Fig. 8. So we will
below seek to make clear the reason for the homogeneous
deformation of grains even after deformation of high
compression strains.

Figure 10(a) represents the initial orientations of 14 grains
as {100} pole figure, showing shear bands after deformation.
On the other hand Fig. 10(b) presents the initial orientations
of 13 grains that show no heterogeneities such as shear bands
even after deformation to equivalent plastic strains of 1.65—
1.9 at 1023 K and a strain rate of 1/s. The pole figure was
determined from the average value of the Euler angles of
each grain before deformation processing. As seen in Fig.
10(a), in case of the initial orientations of grains with shear
bands, it seems that the near {110}(111) orientation exists as
a main component. To the contrary, in case of the initial
orientations of grains showing no shear bands after deforma-
tion, most of the initial orientations are clustered around
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Fig. 10 {100} pole figures of initial orientations of grains showing (a)
shear bands and (b) no shear bands after 50% deformation at 1023 K and
strain rate of 1/s.

{110}(001) orientation (Goss orientation) with a maximum
deviation angle of 27.5° from {110}(001).

In general, a deformed single crystal is divided into being
either stable or unstable.'® The Goss (011)[100] and Brass
(011)[211] orientations are examples of stable orientations.
Their deformation orientations do not spread from the
starting orientations even after high strains. On the other
hand, the Cube (001)[100] and ND rotated Cube (001)[110]
orientations comprise unstable orientations. These orienta-
tions are known to develop shear bands that lead to a large
scattering from the starting orientation.

In a crystal with the (011)[100] initial orientation, the
active slip systems are (111)[101], (111)[110], (111)[101]
and (111)[110]."” The coplanar slip of equal magnitude on
each of the four slip systems is expected, which produces
self-compensating orientation changes. Such a deformation
mode is known to lead to a uniform dislocation micro-
structure without heterogeneities such as shear bands. Ferry
and Humphreys?” showed that single phase crystals of Al-
0.05%Si of {110}(001), deformed in plane strain compres-
sion, are stable up to true strains of 3.0.

Considering that the division of grains into stable or
unstable orientations refers essentially to the room-temper-
ature behavior, the stability of grains may be affected by
deformation temperature. Actually, Maurice et al.?" inves-
tigated the influence of deformation temperature on the
stability of the Cube (001)[100] orientation of Al and Al-
19%Mn crystals at 473—-673 K. They showed that the behavior
of the cube orientation is dependent on temperature and strain
rate. That is, at 7 < 573 K the decomposition into bands of
octahedral slip occurs to lead the cube-oriented crystal
unstable whereas at higher temperature the cube orientation
is deformed by double slip on {110}(110) systems and is
stable up to high strain of 1.5. As a result, in case of the Goss
(011)[100] orientation that is more stable than the Cube
orientation at room temperature, it is very presumable in this
study that the homogeneous deformation can be expected at
high temperature in grains with a little deviation angle from
the ideal Goss orientation.

4. Conclusion

The effect of grain orientation on deformed microstructure
in the Ni-30Fe alloy after hot deformation to equivalent
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plastic strains of 1.65—-1.9 at 1023 K and a strain rate of 1/s
was investigated and the following results were obtained.

(1) The presence or absence of shear bands depended on
the initial orientations of grains.

(2) Some grains did not reveal any heterogeneity or
orientation splitting on a macroscopic scale even after
deformation to an equivalent plastic strain of 1.9.

(3) Most of the initial orientations of grains which showed
no shear band after deformation were clustered around the
Goss {110}(001) orientation with a maximum deviation
angle of 27.5° from {110}(001).

(4) The homogeneous deformation could be expected at
high temperature in grains with a little deviation angle from
the ideal Goss orientation.
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