Grain-Boundary Character Distribution in Recrystallized L1,

Ordered Intermetallic Alloys

Y. KANENO and T. TAKASUGI

The grain-boundary character distribution (GBCD) of cold-rolled and, subsequently, recrystallized
Co;Ti and Ni;(Si,Ti) ordered alloys with an L1, structure was studied by the electron backscattered
diffraction (EBSD) method, in association with texture. For comparison, the GBCD of recrystallized
pure copper and aluminum was also determined. The recrystallization textures of the Co;Ti alloys as
well as the Ni;(Si,Ti) alloy were significantly weak and different from those of the pure copper and
aluminum with a strong cube texture. The GBCD of the Co;Ti alloys was characterized by a high
frequency of X3 boundaries. On the other hand, the GBCD of the Ni;(Si,Ti) alloy was characterized
by a lower frequency of 23 and higher frequency of random (e.g., 2 > 29) boundaries than that of
the CosTi alloys. However, the GBCDs of the Co;Ti and Ni;(Si,Ti) alloys were similar to each other
and also quite similar to those of the pure copper and aluminum, when 23 boundaries are excluded
from the GBCD. Based on these results, the formation mechanism responsible for the recrystallization
textures and the grain-boundary structure and energy of the Co;Ti and Ni3(Si,Ti) alloys were dis-

cussed, in comparison with those of pure copper and aluminum.

I. INTRODUCTION

THE grain boundary is one of the important metallurgical
factors affecting the mechanical, physical, and chemical
properties of polycrystalline materials. The grain-boundary
structure is often evaluated using a %, value, which is defined
based on the coincidence-site lattice (CSL) theory.!"! It is
well known that grain-boundary properties are strongly
dependent on the type and structure of grain boundaries'"
and also that low-3 boundaries show high resistance to
fracture™ and corrosion.'*! Therefore, the grain-boundary
character distribution (GBCD) is considered to be a factor
used for improving properties of polycrystalline materials.
Recent studies concerning the grain-boundary structure focus
on the relationship between the GBCD and (crystallographic)
texture,> 1% because most engineering metallic materials,
which are usually produced by thermomechanical processing,
are textured to a greater or less extent. For instance, the GBCD
of conventional metals and alloys such as aluminum,!!!?,
nickel,*1¥ copper,">!®17! and iron!'®! has been investigated
in association with texture.

More recently, much attention has been paid to the
GBCD of ordered intermetallic alloys. Many ordered
intermetallic alloys show high strength, good corrosion
resistance, and high phase stability, which make them
attractive candidate structural materials for applications at
elevated temperatures. However, the room-temperature
ductility of ordered intermetallic alloys is generally low
because of their complex crystal structures. By extensive
efforts carried out during the past two decades, the tensile
ductility of L1, ordered intermetallic alloys, which have
suffered from a propensity for intergranular fracture,
was improved by micro- and macroalloying,'®?*?!1 and,
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consequently, fairly good ductility at low temperatures was
achieved. In fact, boron-doped Ni;Al,[?*27 Co,Tj,28:230
and Ni;(Si, Ti)!323) can be plastically deformed at room
temperature. It has also been reported that boron-free binary
Ni;Al with a unidirectionally solidified structure could be
heavily cold rolled to thin foil.** For these ductile
(deformable) intermetallic alloys, microstructure control
for grain size and texture is possible by thermomechani-
cal processing. It is, therefore, necessary to understand the
fundamental phenomena of the recrystallization, such as
the microstructure, texture, and grain-boundary structure
(i.e., the GBCD) of the intermetallic alloys. Also, the control
of the GBCD is expected to lead to further improvement
and optimization of the properties of intermetallic alloys.
For intermetallic alloys, the GBCD of L1,-type Niz A5
and B2-type FeAl“*#42! and NiAI“? has been investigated,
but the GBCD of L1,-type CosTi and Ni3(Si,Ti) alloys has
not been studied so far. It is known that both the Co;Ti?"!
and Ni;(Si,Ti)?!! alloys show a positive temperature depen-
dence of yield strength and also have a stable L1, phase
up to their melting point.

In the previous study, the texture development during cold
rolling and recrystallization of L1,-type CosTi*"! and
Ni;(Si,Ti)**! alloys was investigated by the present authors.
The present study addresses the GBCD of the cold-rolled
and recrystallized CosTi and Ni;(Si,Ti) alloys in association
with texture. The influence of alloy type, off-stoichiometry,
and cold-rolling reduction is examined. Moreover, to deeply
evaluate the nature of the GBCD in ordered intermetallic
alloys, the GBCD of the cold-rolled and recrystallized pure
copper and aluminum, which have medium and high stacking
fault energies (SFEs), respectively, was also determined to
provide typical examples of disordered (fcc) materials with
strong recrystallization texture. Additionally, by using pure
metals, the effect of wrong bonds at the grain boundary for
ordered intermetallic alloys can be considered clearly,
because wrong bonds are completely absent in pure metals.
Some data obtained in the previous studies**! were
incorporated into this study.
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II. EXPERIMENTAL PROCEDURES

Materials used in this study were two Co;Ti alloys and a
Ni;(Si,Ti) alloy. Nominal compositions of the alloys used
were Co5Tiy, Cos;Tiys, and NizgSiy; Tijg doped with 50 ppm
boron (denoted by at. pct), respectively. In the present article,
only the results for the Co;;Ti,; alloy are presented, because
the majority of experimental results for the Co.gTi,, alloy
were similar to those for the Co;;Tiy; alloy. These alloys
were prepared by arc melting in an argon gas atmosphere
on a copper hearth using a nonconsumable tungsten electrode.
The purity of each raw material was over 99.9 wt pct.
Homogenization heat treatment was conducted in a vacuum
at 1323 K for 48 hours, followed by furnace cooling.
Homogenized ingots were rolled in air at 773 K for the CosTi
alloys and at 573 K for the Ni;(Si,Ti) alloy and then annealed
at 1273 K for 5 hours. This procedure was repeated several
times until a desired thickness (~4 mm) was obtained. The
rolled ingots were finally annealed at 1273 K for 5 hours to
prepare starting materials for cold rolling. Cold rolling was
conducted up to ~70 to 80 pct reduction. Finally, the cold-
rolled sheets were annealed at 1273 K for 1 hour for the
Co;Ti alloys and at 1173 K for 1 hour for the Ni3(Si,Ti)
alloy, respectively. For comparison, fully recrystallized
oxygen-free copper (99.9 mass pct Cu) and a commercial
AA1070 aluminum (99.78 mass pct Al) were cold rolled to
90 pct reduction and, subsequently, recrystallized in a salt
bath at 673 K for copper and at 773 K for aluminum, respec-
tively. For macrotexture, conventional X-ray pole figures
were measured using samples with a size of ~20 X 20 mm?.
From the measured incomplete pole figures, the complete
orientation distribution functions (ODFs), including odd
terms for ghost correction, were determined by the iterative
series-expansion method. For microtexture including grain-
boundary structure, local orientations were measured by
the electron backscattered diffraction (EBSD) technique
using the same samples as those for the X-ray pole-figure
measurement. Typically, an area of ~200 X 200 um? was
scanned with a step size of ~1.6 um (or ~1.3 wm), and a
total of ~55,000 (or ~220,000) points were analyzed using
the INCA CRYSTAL* software developed by OXFORD

*INCA CRYSTAL and OXFORD INSTRUMENTS are trademarks of
Oxford Instruments, United Kingdom.

INSTRUMENTS. The Brandon criterion,**! A6, = 15 deg
3712 was used to classify the grain-boundary character in
terms of the CSL model.

III. RESULTS

A. Optical Microstructures

Typical microstructures of recrystallized materials are
shown in Figures 1(a) through (d). The Co-23Ti alloy exhibits
a fully recrystallized microstructure consisting of L1, equiaxed
grains (Figure 1(a)). The grain sizes of the recrystallized
Co-23Ti alloy are almost identical, irrespective of cold-rolling
reduction. Microstructural features of the Co-22Ti alloy are
identical to those of the Co-23Ti alloy. Also, the Ni3(Si, Ti)
alloy shows a fully recrystallized microstructure consisting
of L1, equiaxed grains (Figure 1(b)). Annealing twins are
observed in the recrystallized microstructures of both the
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Co;Ti and Ni;(Si,Ti) alloys, but are apparently more signif-
icant in the Co;Ti alloy than in the Ni3(Si,Ti) alloy. For the
90 pct cold-rolled copper sheet, annealing at 673 K results
in a fully recrystallized microstructure for the investigated
annealing time. Many annealing twins are observed in the
recrystallized copper (Figure 1(c)) as well as in the CosTi
alloy. For the 90 pct cold-rolled aluminum, coarse recrys-
tallized grains are formed by annealing at 773 K for 10 ks
(Figure 1(d)).

B. Macrotextures

Figures 2(a) through (d) show a typical example of a
{111} pole figure by X-ray diffraction for each recrystal-
lized material. The previous study has demonstrated that
the recrystallization textures of the Co-22Ti and Co-23Ti
(Figure 2(a)) alloys are similar to each other, and that no
remarkable difference can be observed in the two CosTi
alloys, irrespective of rolling reduction (i.e., 30, 50, and
70 pct reductions).’**! On the other hand, the recrystalliza-
tion texture of the Nis(Si,Ti) alloy (Figure 2(b)) is quite
different from that of the CosTi alloys. Also, it is noted that
the recrystallization textures of both the Ni3(Si,Ti) and Co;Ti
alloys are weak. In the Ni;(Si,Ti) alloy, the recrystalliza-
tion texture of the 30 pct cold-rolled sheet is somewhat
different from the recrystallization textures of the 50, 70,
and 80 pct cold-rolled sheets: the 30 pct cold-rolled sheet
exhibits a recrystallization texture similar to its rolling tex-
ture.**! The details for the cold rolling and recrystallization
textures of the Co;Ti and Ni;3(Si,Ti) alloys are described
elsewhere (References 30 and 33). By contrast, a quite
different texture, that is, a strong {001} <100> cube tex-
ture, is formed both in copper (Figure 2(c)) and aluminum
(Figure 2(d)). A cube texture is well known to be formed
in the heavily rolled and subsequently annealed fcc mate-
rials with medium and high stacking fault energies (e.g.,
References 44 through 47).

Figures 3(a) and (b) show the ¢, sections of the ODFs
for the recrystallized materials. Some ideal orientations
observed in the present materials are also included in this
figure ({001} <<110> and {001}<<130> orientations are illus-
trated only in the ¢, = 0, 45, and 90 deg sections). For the
Co-23Ti alloy (Figure 3(a)), the recrystallization textures of
the 70 pct cold-rolled sheets are quite weak and accompa-
nied by an extensive orientation spread, but {112}<<111>
and {011}<100> orientations, which are main components
of the rolling texture, are still found. For the 70 pct cold-
rolled Ni5(Si,Ti) alloy sheet (Figure 3(b)), the recrystalliza-
tion texture is similarly weak, but {001}<<110> and
{011}<<100> orientations can be found. On the other hand,
very strong recrystallization textures are again recognized
in the copper and aluminum sheets in comparison with the
Co;Ti and Nis(Si,Ti) alloys, although the rolling reduction
for copper and aluminum is somewhat larger than that for
the Co;Ti and Nis(Si,Ti) alloys. The {001}<<100> cube
orientation is a main component in the recrystallization
textures of both copper and aluminum, but minor components
are different between the two materials. A minor component
of the {122}<<221> orientation, which has a twin relation-
ship with a {001}<100> cube orientation,'***”! is observed
for copper, while {112}<<132> and {123}<<634> orienta-
tions are observed for aluminum. In the case of aluminum,
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Fig. 1—Optical micrographs of (a) Co-23 Ti that was cold rolled to 70 pct reduction and subsequently annealed at 1273 K for 1 h, (b) Ni3(Si,Ti) that was
cold rolled to 70 pct reduction and subsequently annealed at 973 K for 1 h, (c) copper that was cold rolled to 90 pct reduction and subsequently annealed
at 673 K for 2 h, and (d) aluminum that was cold rolled to 90 pct reduction and subsequently annealed at 773 K for 10 ks (RD: rolling direction, and TD:

transverse direction).

the formation of these orientations has been suggested to be
due to the minor elements such as iron and silicon.*>° The
orientation density of the {001}<<100> cube orientation is
significantly higher in copper than in aluminum. These results
of the macrotexture clearly indicate that the recrystallization
textures of the cold-rolled ordered intermetallic alloys (i.e., the
Co;Ti and Ni;(Si,Ti) alloys) are much weaker than those of
the cold-rolled disordered metals (i.e., copper and aluminum).

C. Microtextures

Figures 4(a) through (d) show {111} pole figures of recrys-
tallized materials obtained by the EBSD technique. In these
figures, orientations of approximately 500 to 600 grains
(including annealing twins) were mostly measured. Generally,
the scanned area in the EBSD measurement is much smaller
than the irradiation area in the X-ray diffraction measurement.
Consequently, the pole figures obtained by the EBSD tech-
nique are sometimes ambiguous in comparison with that
obtained by the X-ray diffraction. Nevertheless, for the Co;Ti
and Ni5(Si,Ti) alloys (Figures 4(a) and (b)), the distribution
of the grain orientation in the EBSD pole figures seems to
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be consistent with that in the X-ray pole figures (Figures 2(a)
and (b)). For copper and aluminum (Figures 4(c) and (d)),
the EBSD pole figures are in good agreement with the X-ray
pole figures (Figures 2(c) and (d)).

D. Grain-Boundary Structures

Figures 5(a) through (d) the typical distribution of grain-
boundary misorientation angle for recrystallized materials.
For the Co-23Ti alloy (Figure 5(a)), a significant occurrence
(frequency) is found at the misorientation angle of ~60 deg.
The frequency at the misorientation angle of ~60 deg is
found to be lower in the Ni5(Si,Ti) alloy (Figure 5(b)) than
in the Co-23Ti alloy. Additionally, a greater occurrence of
the low-angle (6 = 15 deg) boundaries is observed in the
Ni5(Si,Ti) alloy, and, with the exception of the high frequency
at ~60 deg, the misorientation distribution of the Ni;(Si,Ti)
alloy is similar to that of randomly oriented materials."!
The high frequency of grain-boundary misorientation at the
misorientation angle of ~60 deg is also found for copper
(Figure 5(c)). In addition, the distribution of the low-angle
(6 = 15 deg) boundaries seems to be relatively high for
copper. However, such a distinctive occurrence at the
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Fig. 2—{111} pole figures of (a) Co-23 Ti, (b) Ni;(Si,Ti), (c) copper, and (d) aluminum. The annealing condition of each specimen except (c) copper that
was cold rolled to 90 pct reduction and subsequently annealed at 673 k for 24 h, is the same as that shown in Fig. 1.

misorientation angle of ~60 deg is not found for aluminum,
as shown in Figure 5(d).

A typical GBCD for recrystallized materials is shown in
Figures 6(a) through (d). The GBCD of the Co-23Ti alloy
(Figure 6(a)) is primarily featured by the high frequency of
33 boundaries. This high frequency of X3 boundaries
corresponds to a high frequency of the grain-boundary mis-
orientation at the misorientation angle of ~60 deg, because
33 boundaries have a 60 deg/<111> relationship.!"! Also, a
low but recognizable frequency is observed for 21 and X9
boundaries. The occurrence of 29 boundaries (and also 227
boundaries), i.e., 23" boundaries, may be due to geometric
interactions of twin-related variants.”” However, the occur-
rence of other special boundaries (i.e., 2, < 29) is very low in
the Co-23Ti alloy. No remarkable difference in the GBCD is
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found between the Co-22Ti and Co-23Ti alloys. These results
suggest that off-stoichiometry in the Co;Ti alloys little affects
the GBCD, as well as the grain size and texture of the recrys-
tallized specimen.® The GBCD of the Nis(Si,Ti) alloy
(Figure 6(b)) is featured by a lower frequency of 23 bound-
aries and higher frequency of random (e.g., 2 = 29) and 31
boundaries than that of the Co-23Ti alloy. On the other hand,
the GBCD of copper (Figure 6(c)) is analogous to that of the
CosTi alloy, except for the frequency of %1 and random (e.g.,
3, = 29) boundaries: a higher frequency of %1 boundaries and
a lower frequency of random boundaries are observed in copper
than in the Co;Ti alloy. In aluminum, no remarkable special
boundaries except for 21 boundaries are observed, and the
highest frequency of random boundaries is observed among
all the materials used in this study (Figure 6(d)).

METALLURGICAL AND MATERIALS TRANSACTIONS A



Based on the X value of the grain boundaries, the type twin boundaries and related boundaries, characterized
of grain boundary is divided into four classes as follows: by 23", (3) other special boundaries, characterized by
(1) low-angle boundaries (LABs), characterized by 21; (2) 25, 27, 211 to 225, 229; and (4) random boundaries,
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Fig. 3—The ¢, sections of the ODFs for the (a) Co-23 Ti, (b) Nis(Si,Ti), (c¢) copper, and (d) aluminum. The annealing condition of each specimen is the
same as that shown in Fig. 2. Some ideal orientations in Euler angle space are shown in (e).
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Fig. 3—Continued. The ¢, sections of the ODFs for the (a) Co-23 Ti,
(b) Ni5(Si,Ti), (c¢) copper, and (d) aluminum. The annealing condition of
each specimen is the same as that shown in Fig. 2. Some ideal orientations
in Euler angle space are shown in (e)

characterized by 2 > 29. The classified grain boundaries
for recrystallized materials are summarized in Table I. From
Table I and Figures 6(a) through (d), it is found that the
GBCD of the Co-23Ti alloy is analogous to that of copper,
while the GBCD of the Ni5(Si,Ti) alloy is similar to that
of aluminum, except for the 23 boundaries. Although the
frequency of X3 boundaries (as well as 21 boundaries
(LABs)) somewhat varies, depending on cold-rolling reduc-
tion or annealing time, it can be ranked as of the order
CosTi = Cu > Ni;(Si,Ti) > Al. However, Table I also indi-
cates that the frequency of twin-related boundaries (i.e., the
39 and 227 boundaries) is generally higher in copper than
in the CosTi alloys, although it tends to decrease with
increasing annealing time for copper.

Figure 7 shows EBSD boundary maps for the recrystallized
CosTi (Co-23Ti) alloy and copper. In this figure, %3 bound-
aries are colored as yellow. These figures clearly indicate
that twin (23) boundaries of the Co;Ti alloy are quite straight
and relatively long (in most cases, twin boundaries exist
across the entire grain, i.e., as transgrain (perfect) twin bound-
aries) while those of copper exist in the form of islandlike
(imperfect) annealing twins. In other words, twin boundaries
of the CosTi alloys are mostly composed of coherent planes,
while those of copper are composed of not only coherent
planes but also incoherent planes. Also, the Ni3(Si,Ti) alloy
shows a similar twin-boundary morphology to that of the
Co-23Ti alloy.
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IV. DISCUSSION

A. Mechanisms for Recrystallization Textures
in L1, Ordered Intermetallic Alloys

It is first pointed out that, basically, the GBCD of the
recrystallized Co;Ti and Nis(Si,Ti) alloys is analogous to that
of the recrystallized disordered materials (i.e., copper and
aluminum), although the recrystallization textures of the Co;Ti
and Ni3(Si,Ti) alloys are considerably different from the strong
cube recrystallization textures of copper and aluminum. This
implies that the type and intensity of textures are not the
prime factors governing the GBCD of the recrystallized
materials, or, otherwise, the GBCD of the recrystallized
materials is not correlated with the type and intensity of
textures.

Here, we discuss the formation mechanism for recrystal-
lization textures of the CosTi and Nis(Si,Ti) alloys. Weak
recrystallization textures appear to be characteristic of recrys-
tallized L1,-type ordered intermetallic alloys, as have been
actually observed in CuzAu,™! boron-doped Ni;Al,?%242]
Co5Ti,*" and Ni,(Si,Ti)"*¥ alloys. Although the formation
mechanisms responsible for such weak recrystallization
textures in L1,-type ordered intermetallic alloys are unclear
at the moment, some possible reasons are suggested. First,
it is very likely that the weak deformation textures are fol-
lowed by weak recrystallization textures. In fact, weak defor-
mation textures have been repeatedly reported in cold-rolled
L1,-type ordered intermetallic alloys such as CusAu and
boron-doped Ni;Al?222¢! a5 well as in the Co,Til*” and
Ni;(Si,Ti)1*¥ alloys. Second, inhomogeneous deformation
microstructure such as shear bands, which have been often
observed for these ordered intermetallic alloys,?326:27:29:331
may be associated with the weak recrystallization textures.
It has been widely accepted that inhomogeneous deformation
interferes with the development of recrystallization texture
and, consequently, weakens the recrystallization texture.[*!
Third, the origin of the weak recrystallization texture in
L1,-type ordered intermetallic alloys may be attributed to the
specific nucleation process of recrystallization. It is generally
accepted that recrystallization texture is developed through
two fundamental processes, i.e., the formation process of new
nuclei of recrystallization and their growth process. In this
study, it was observed that the GBCD of the recrystallized
CosTi and Ni;(Si,Ti) alloys is essentially the same as that of
copper and aluminum with a strong recrystallization texture.
This suggests that the growth process during recrystallization
is not so different between the ordered intermetallic alloys
and disordered materials. The primary recrystallization (or
nucleation) process of recrystallization in cold-rolled L1,-type
ordered intermetallic alloys appears to be complicated and dif-
ferent from disordered fcc materials. Recovery, i.e., dislocation
rearrangement (polygonization), is assumed to be not easy,
because dislocations in L1,-type ordered intermetallic alloys
are dissociated and, consequently, their glide and climb
motions are slow. The primary recrystallization process of
L1,-type ordered intermetallic alloys involves structural and
chemical reordering, because the degree of ordering is
substantially reduced by the cold rolling. Therefore, it appears
that the primary recrystallization process is retarded in
L1,-type ordered intermetallic alloys. The migration of grain
boundaries in L1,-type ordered intermetallic alloys is also
assumed to be low because the grain boundaries have to
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Fig. 4—EBSD {111} pole figures of the (a) Co-23 Ti, (b) Ni;(Si,Ti), (c) copper, and (d) aluminum. The annealing condition of each specimen is the same

as that shown in Fig. 2.

migrate, keeping or restoring atomic ordering. Even if nuclei
of recrystallization such as cube-orientated nuclei are formed
in L1,-type ordered intermetallic alloys, they cannot prefer-
entially grow. Consequently, variously orientated grains will
grow, resulting in a weak recrystallization texture. In addition,
multiple twinning may be partly responsible for the weak
recrystallization textures, particularly in the Co;Ti alloys.
However, to clarify the formation mechanism responsible for
the recrystallization textures in L1,-type ordered intermetallic
alloys including the Co;Ti and Ni;(Si,Ti) alloys, more studies
are required.

B. Twin Boundaries and Related Boundaries
in L1,-Ordered Intermetallic Alloys

The recrystallized CosTi and Ni;(Si,Ti) alloys contain
a high frequency of 23 boundaries, as has been similarly
observed in recrystallized Ni;Al.P%! Corresponding to

METALLURGICAL AND MATERIALS TRANSACTIONS A

this result, numerous annealing twins are observed in the
recrystallized microstructures of these L1,-type ordered
intermetallic alloys. Particularly, the Co;Ti alloys show a
higher frequency of %3 boundaries than the Ni;(Si,Ti) (and
Ni;Al) alloys.”! For disordered fcc metals and alloys, it
is known that the occurrence of annealing twins is related
to stacking-fault energy (ysgg): annealing twins are formed
in the recrystallized microstructures of fcc materials with
a low or medium vygps.>% The stacking-fault energy of
copper and aluminum has been reported to be ~80 and
~170 (mJm~2), respectively.l*®! However, the value of
v¥see Of the CosTi and Nis(Si,Ti) alloys is, unfortunately,
not available at the present time.

Before estimating the value of yggg of the Co;Ti and
Ni;(Si,Ti) alloys, we consider two planar faults, i.e., the stack-
ing fault and twin boundary on the {111} plane in L1,-type
ordered intermetallic alloys. For the stacking fault on the
{111} plane, where the sequence ABCABC changes to the
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Fig. 5—Distribution of grain-boundary misorientation for the (a) Co-23 Ti, (b) Nis(Si,Ti), (¢) copper, and (d) aluminum. The annealing condition of each

specimen is the same as that shown in Fig. 2.

sequence ABCA/CAB, three types of faults, i.e., an antiphase
boundary (APB), complex stacking fault (CSF), and super-
lattice intrinsic stacking fault (SISF) geometrically exist on
the {111} plane.””* The APB results from disturbance of
unlike nearest neighbors and is a relatively high-energy fault.
The CSF involving the nature of the SF and APB is a higher-
energy fault than the SISF. The SISF results in a change in
stacking sequence but with no nearest-neighbor violation and,
thereby, is a lower-energy fault than the APB and CSF. There-
fore, planar fault on the {111} plane of L1,-type ordered
intermetallic alloys is assumed to mainly exist as the SISF,
if the energetic requirement operates. For a twin boundary
on the {111} plane where the normal sequence of ABCABC
changes to the reverse sequence ABCA/CBA, two types of
faults, i.e., the SISF and CSF, are geometrically possible,
but the APB fault is geometrically impossible. It is deduced
from the geometrical analysis that any twin-boundary struc-
ture always contains faulting for the sequence, but all twin-
boundary structures do not always contain faulting for the
bond, as has been actually argued in the previous study.>%%!
However, only the SISF is energetically favorable as a twin
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boundary on the {111} plane of L1,-type ordered intermetallic
alloys. Consequently, only the SISF-type fault is stable for
not only a stacking fault, but also a twin boundary, on the
{111} plane of L1,-type ordered intermetallic alloys.

Now, let us estimate the stacking-fault energy or twin-
boundary energy (Viwin) of L1,(A3B)-type ordered intermetallic
alloys. For both the stacking fault and twin boundary, the
majority of bond pairs are A-A and they do not contain wrong
(A-B) bond pairs because they are composed of the SISF
type. Therefore, yspg (O Yiwin) Of L1,(A3B)-type ordered
intermetallic alloys can be estimated as that of the major
components, i.e., A atoms: it follows that the yspg of the
Co;Ti and Ni;(Si,Ti) alloys is close to that of fcc Co-(33 wt
pct)Ni (~15 mJm 21" and of nickel (~130 mJm 2561,
respectively. Consequently, the value of ygpp can be ranked
as of the order Co;Ti < Cu < Nis(Si,Ti) < Al The 7y of
the CosTi alloy (or copper) is predicted to be lower than that
of the Ni5(Si,Ti) (or NizAl) alloy. This estimation is consistent
with the fact that the observed annealing twins are more
significant in the CosTi alloys (or copper) than in the
Niy(Si,Ti) alloy (or Ni3AlP?Y). Thus, the value of ygpg is
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Fig. 6—Distribution of grain-boundary character for the (a) Co-23 Ti, (b) Ni;(Si,Ti), (c) copper, and (d) aluminum. The annealing condition of each specimen
is the same as that shown in Fig. 2.

Table I. Summary of the GBCD

Other Coincidence All Coincidence Random

Low-Angle Twin (and Related) Site Lattice Site Lattice Boundaries

Boundaries (Pct)  Boundaries (Pct) Boundaries (Pct) Boundaries (Pct) (Pct)

Material Treatment >1 33 39 327 35-37,211-325, 329 31-229 S > 29
Co-23Ti 1273 K-1h (30 pct CR) 4.7 47.0 2.1 0.3 2.9 57.0 43.0
1273 K-1 h (50 pct CR) 4.9 45.8 1.7 0.3 35 56.2 43.8
1273 K-1 h (70 pct CR) 3.8 53.1 1.6 0.2 32 61.9 38.1
Ni3(Si,Ti) 1173 K-1 h (30 pct CR) 8.6 185 0.9 0.2 3.5 31.7 68.3
1173 K-1 h (50 pct CR) 22.2 172 1.1 0.2 4.7 454 54.6
1173 K-1 h (70 pct CR) 17.1 123 0.6 0.2 5.9 36.1 63.9
1173 K-1 h (80 pct CR) 10.3 10.8 04 0.1 5.0 26.6 734
Cu 673 K-1 min (90 pct CR) 7.5 474 69 1.4 2.0 65.2 34.8
673 K-15 min (90 pct CR) 12.6 486 5.7 1.5 1.8 70.2 29.8
673 K-30 min (90 pct CR) 134 496 52 0.7 2.2 71.1 28.9
673 K-2 h (90 pct CR) 17.4 464 3.5 0.6 1.2 69.1 30.9
673 K-24 h (90 pct CR) 22.0 524 24 0.3 1.2 78.3 21.7
Al 773 K-1's5 (90 pct CR) 12.7 3.1 06 0.2 6.5 23.1 76.9
773 K-10 ks (90 pct CR) 14.2 1.2 0 0 33 18.7 81.3
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Fig. 7—EBSD boundary map for (a) Co-23 Ti that was cold rolled to 70 pct
reduction and subsequently annealed at 1273 K for 1 h and (b) copper that
was cold rolled to 90 pct reduction and subsequently annealed at 673 K
for 1 h. The 33 and 39 boundaries are colored as yellow and light blue,
respectively. Other low 2, boundaries are colored as red, purple, or green
depending on the 3 value. Arrows indicate LABs, i.e., 31 boundaries.

considered to be a prime factor affecting the frequency of
annealing twins, regardless of disordered fcc materials or
ordered L1, alloys.

As mentioned already, the SISF-type twin boundary (with-
out involving the nature of the APB) is stable and has the
least energy in an L1,-type ordered intermetallic alloy. How-
ever, the geometrical argument indicates that most grain
boundaries in an L1,-type ordered intermetallic alloy gen-
erally involve the nature of a wrong bond, i.e., APB.”%%
In other words, grain boundaries in an L1,-type ordered
intermetallic alloy are generally composed of the CSF. Con-
sequently, grain-boundary energy in an L1,-type ordered
intermetallic alloy can be expressed by the equation

Yos = Y(0) + v*(0) (1]
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where 6 is the misorientation parameter defining the grain
boundary, the first term is the energy only due to misori-
entation irrespective of ordered or disordered lattice, and the
second term is due to the nature of the APB. Both terms are
functions of the misorientation. The grain-boundary energy
in disordered metals and alloys is composed of only the first
term, while the grain-boundary energy in an L1,-type ordered
intermetallic alloy is composed of the two terms, except
for the SISF-type twin boundary. As the misorientation para-
meter 6 defines the grain boundary, there are, furthermore,
some parameters: the 3, value, misorientation A® (i.e., devi-
ation angle from an exact CSL relation), symmetric or asym-
metric boundary plane, low- or high-index boundary plane,
coherent or incoherent boundary plane, and so on. Generally
describing, it is expected that as the % value increases, as
A® increases, or as the grain boundary changes from a sym-
metric to asymmetric plane, from a low- to high-index plane,
or from a coherent to incoherent boundary, the contribution
of the second term to Eq. [1] becomes larger.

These hypotheses are consistent with the two striking
results observed in this study. The first result is that the mor-
phological feature of the annealing twins is quite different
between the CosTi (and Ni;(Si, Ti)) alloys and copper,
although both materials similarly contain a high density of
annealing twins. Relatively straight and long transgrain twin
boundaries (i.e., coherent twin boundaries) are occasionally
observed in the Co;Ti (and Ni3(Si,Ti)) alloys, while numer-
ous islandlike twins are observed in copper, accompanied
by incoherent twin boundaries. In other words, it appears
that incoherent twin boundaries hardly exist in the Co;Ti
(and Ni3(Si,Ti)) alloys. This result indicates that the twin-
boundary energy with a high-index plane (or an incoherent
plane) is higher in an L1,-type ordered intermetallic alloy
than in disordered copper. The second result is that there is
a distinctive difference in the GBCD between the Co;Ti
alloys and copper. It is apparent that the frequency of 29 and
327 boundaries is lower in the CosTi alloys (and also in the
Ni;(Si,Ti) alloy) than in copper, although the frequency of
2.3 boundaries is not so different between the Co;Ti and
copper (Table I). This result indicates that the grain-boundary
energy of twin-related boundaries, i.e., a high- 3 boundary
such as 29 and 227, is higher in an L1,-type ordered
intermetallic alloy than in disordered copper. It is likely that
the evolution (or transformation) from the X3 boundary to
the 9 or 327 boundaries is retarded in an L1,-type ordered
intermetallic alloy because it has a high grain-boundary
energy, although the kinetics for evolution may be concerned
with this phenomenon.

V. CONCLUSIONS

The GBCD of the cold-rolled and recrystallized Co;Ti
and Ni5(Si,Ti) alloys with an L1, ordered structure was inves-
tigated along with copper and aluminum by means of the
EBSD technique. The results obtained from the present study
were as follows.

1. The GBCD of the CosTi alloys was featured by a high
frequency of 2.3 boundaries. On the other hand, the GBCD
of the Ni3(Si,Ti) alloy was featured by a lower frequency
of 23 and higher frequency of random (e.g., 2 = 29)
boundaries than that of the Co;Ti alloys.
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2.

10.

11.

The recrystallization textures of both the Co;Ti and
Ni5(Si,Ti) alloys were considerably weak, but their GBCDs
were similar to those of the pure copper and aluminum,
which had a strong cube recrystallization texture, when
3.3 boundaries are excluded from the evaluation by the
GBCD.

. The present results strongly suggest that the GBCD of the

recrystallized CosTi and Ni;(Si,Ti) alloys was dominated
primarily by stacking-fault energy and secondarily by order-
ing energy.
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