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FeAl, NiAl and CoTi intermetallic compounds
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Hot-rolling workability, texture and grain boundary character distribution of B2-type FeAl,
NiAl and CoTi intermetallic compounds were investigated as a function of alloy
stoichiometry. All the FeAl (i.e., Fe-38Al, -43Al and -48Al, denoted by at.%), and
stoichiometric NiAl and CoTi were successfully hot-rolled at 1273 K but off-stoichiometric
NiAl (Ni-48Al and -52Al) and CoTi (Co-48Ti and -49Ti) failed. After hot-rolling, all the FeAl
showed microstructures with recrystallized coarse grains while (stoichiometric) CoTi
retained a deformed microstructure. Hot-rolled (stoichiometric) NiAl showed an
intermediate microstructure between FeAl and CoTi. The hot-rolling and annealing textures
of FeAl essentially consisted of {111}{(u v w). For NiAl and CoTi, {111}{110) and {111}(112)
were prominent in the hot-rolling texture, respectively. Both the hot-rolled NiAl and CoTi
showed fully-recrystallized microstructures by subsequent annealing, but the resultant
recrystallization textures were similar to their hot-rolling textures. On the other hand, grain
boundary character distributions of FeAl, NiAl and CoTi with fully-recrystallized
microstructures were similar to one another and characterized by a high frequency of low
angle boundaries (i.e. 1 boundaries). Based on these results, recrystallization and grain
boundary structure of the B2-type ordered intermetallic compounds were briefly discussed.
© 2005 Springer Science + Business Media, Inc.

1. Introduction

Many B2-type intermetallic compounds have been
considered to possess potential as high temperature
structural materials. In particular, B2-type FeAl
and NiAl have been widely studied from not only
fundamental but also practical view of point, because
these intermetallic compounds show good corrosion
and/or sulfidizing resistance at elevated temperatures
and are low cost and low density. On the other hand,
B2-type CoTi has its solid solution range from 50
at.% to 55 at.% Co and is stable up to its melting
point (~1600 K) [1, 2]. CoTi is known to show a
positive temperature dependence of yield strength [3].
Recently, the present authors have reported that stoi-
chiometric CoTi shows a limited but distinctive tensile
plastic elongation at room temperature by means
of improving microstructure [4]: (i) deformed mi-
crostructure, i.e. introduction of lattice defects such as
dislocations and vacancies, (ii) grain refining and (iii)
modification of grain morphology. These microstruc-
tural modifications have been beneficial to not only
intrinsic room-temperature tensile properties but also
extrinsic one (i.e., moisture-induced embrittlement) of
CoTi.

*Author to whom all correspondence should be addressed.
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In general, B2-type intermetallic compounds as well
as many other intermetallic compounds show poor
ductility at room temperature but they can be plastically
deformed at elevated temperatures. Actually, FeAl
[5-7], NiAl [8] and CoTi [9] have been reported to
be hot-worked by conventional extrusion or rolling.
For the fabrication of structural materials, workability
is one of the important concerns. Moreover, resultant
microstructures such as grain size, crystallographic
texture and grain boundary structure are also of
importance because these factors affect the mechanical
properties of materials.

The textures of plastically deformed FeAl [10]
including (imperfectly B2 or DOs) FesAl [11-14] and
NiAl [15] have been reported but those of CoTi have not
been investigated so far. In the present study, B2-type
FeAl, NiAl and CoTi intermetallic compounds were
hot rolled and subsequently annealed to investigate
hot-workability, texture and grain boundary character
distribution as a function of alloy stoichiometry. The
main purpose of this paper is to provide fundamen-
tal information for microstructure development of
monolithic (binary) B2-type intermetallic compounds
during hot-rolling and recrystallization.
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2. Experimental procedures

Three kinds of B2-type FeAl, NiAl and CoTi with dif-
ferent chemical compositions, i.e., Fe-38Al, -43Al and
-48Al, Ni-48Al, -50Al and -52Al, and Co-48Ti, -49Ti
and -50Ti (denoted by at.%) were used in this study.
Purity of each raw material used was 99.9 wt%. All
the compounds were prepared by arc melting in an
argon gas atmosphere on a copper hearth using non-
consumable tungsten electrode. Homogenization heat
treatment was conducted in a vacuum at 1373 K for
24 h (FeAl), at 1323 K for 48 h (NiAl) and at 1473
K for 48 h (CoTi), respectively, followed by furnace
cooling. Homogenized ingot with a thickness of ~10
mm was sheathed with stainless steel, and then hot-
rolled at 1273 K in air to ~80% reduction. Hot-rolling
was conducted by a laboratory roll with a roll diam-
eter of 120 mm using an average draught of 0.1 mm.
The rolled material was heated every one pass. Recrys-
tallization annealing for the hot-rolled sheet was con-
ducted in a vacuum at 1273 K for 10 h, followed by
furnace cooling at a cooling rate of ~600 K/h. No va-
cancy elimination treatment was carried out for all the
compounds in this study. For microhardness measure-
ment, more than ten points were measured using mainly
a load of 200 g. For macrotexture, conventional X-ray
pole figures were measured using samples with a size
of ~20 x 20 mm?. The measured {110} and {200} pole
figure data were corrected by using the randomly ori-
ented powder sample. For microtexture including grain
boundary structure, local orientations were measured
by the electron backscatter diffraction (EBSD) tech-
nique using the same samples as those for the X-ray pole
figure measurement. Typically, the area of ~3 x 3 mm?
was scanned and the total points of ~55000 were an-

alyzed using the INCA Crystal™ software developed
by OXFORD INSTRUMENTS. The Brandon criterion
[16]: Abmax = 15°E~1/% was used to classify the grain
boundary character in terms of the coincidence site lat-
tice (CSL) model.

3. Results and discussion

3.1. Hot-rolling behavior

Fig. 1 shows the appearance of the hot-rolled sheets
after removing a stainless steel sheath. All the FeAl
(i.e., Fe-38Al, -43Al and -48Al) were successfully hot-
rolled at 1273 K although edge cracking somewhat oc-
curred in all the compounds. On the other hand, hot
rolling behavior of NiAl and CoTi strongly depends
on alloy stoichiometry. Stoichiometric NiAl (Ni-50Al)
and CoTi (Co-50Ti) were successfully hot-rolled but
off-stoichiometric NiAl (Ni-48Al and -52A1) and CoTi
(Co-48Ti and -49Ti) failed.

Microhardness of as-homogenized (unrolled), hot-
rolled and annealed compounds are shown in Fig. 2.
Fig. 2 clearly indicates that for the measured three
kinds of intermetallic compounds, hardness is strongly
dependent on alloy stoichiometry but not so much
dependent on the fabricated state. For FeAl, hardness
increases with increasing Al content. All the FeAl used
in this study are off-stoichiometric. In this case, the de-
gree of ordering is assumed to decrease with decreasing
Al content, and possibly Fe-38Al is more disordered
(alloy-like) than Fe-48Al. Fe-48Al shows the highest
hardness among all the compositions investigated in
this study. It is also interesting to note in this figure
that the hardness is little sensitive to the fabricated
state (i.e., as-homogenized, the hot-rolled and annealed

Fe-38Al

Fe-43Al

Fe-48Al

Co-49Ti

Co-50Ti

Figure 1 Appearance of the hot-rolled FeAl, NiAl and CoTi sheets.
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Figure 2 Vickers microhardness of: (a) FeAl, (b) NiAl and (c) CoTi in the as-homogenized (unrolled), hot-rolled and annealed (1273 K-10 h) states,

respectively.

states). For NiAl, a stoichiometric compound shows
lower hardness than off-stoichiometric compounds. In
addition, Al-rich NiAl (Ni-52Al) shows higher hard-
ness than Ni-rich NiAl (Ni-48Al). It is well known that
defect structure of NiAl strongly depends upon alloy
stoichiometry: the defect structure of Al-rich NiAl is
vacancy-type while that of Ni-rich NiAl is anti-site-type
[17], and a hardness increase with deviation from stoi-
chiometry is larger in Al-rich side than in Ni-rich side.
This indicates that stoichiometric NiAl is soft while
off-stoichiometric NiAl is hard. In fact, only the stoi-
chiometric NiAl was successfully hot-rolled at 1273 K.
Also, it is noted that the hardness of the stoichiometric
NiAl is little changed by either hot-rolling or anneal-
ing. For CoTi, a stoichiometric compound is softer than
off-stoichiometric compounds. As Ti content deceases,
the hardness increases due to anti-site-type structure
involved in the Co-rich composition [2]. Only stoichio-
metric CoTi was consequently hot-rolled, similar to
the hot-rolling of NiAl. For NiAl and CoTi, the defect
structures introduced by deviation from the stoichiom-
etry possibly affect the nature or movement of dislo-

cations, resulting in the striking hardening and poor
workability.

3.2. Optical microstructure

Fig. 3 shows optical micrographs of Fe-48Al, Ni-50Al
and Co-50Ti which were hot-rolled and subsequently
annealed at 1273 K for 10 h, respectively. Hot-rolled Fe-
48 Al shows a microstructure with recrystallized coarse
grains, indicating that recrystallization occurred dur-
ing the hot-rolling process. The other FeAl alloys (i.e.,
Fe-38Al and -43Al) also showed a similar microstruc-
ture with Fe-48Al. After annealing at 1273 K for 10 h,
grain growth occurred in FeAl. On the contrary, hot-
rolled Co-50Ti retained the deformed microstructure.
This corresponds to the hardness increase by hot-rolling
(Fig. 2c). Hot-rolled Ni-50Al shows an intermediate
microstructure between hot-rolled Fe-48Al and Co-
50Ti, i.e., partially retained the deformed microstruc-
ture. After annealing at 1273 K for 10 h, both Co-50Ti
and Ni-50Al show fully recrystallized microstructures.
Grain size of annealed Ni-50Al is larger than that of

Fe-48A

e

Hot-rolled

Annealed

TD

Ni-50Al Co-50Ti

Figure 3 Optical micrographs of Fe-48Al, Ni-50Al and Co-50Ti hot-rolled and subsequently annealed at 1273 K for 10 h. RD and TD indicate rolling

and transverse directions, respectively.
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annealed Co-50Ti. Fig. 3 suggests that recrystallization
during hot-rolling process occurs easily in the order of
FeAl, NiAl and CoTi. For FeAl, good workability is
probably associated with easy recrystallization during
hot-rolling process.

Generally describing, recrystallization temperature
of material is estimated to occur at ~ 0.57,(Tp:
melting temperature) though it strongly depends
on purity of material and degree of deformation.
Melting points are 1911 K for NiAl, 1598 K for
CoTi and 1583 K for FeAl, respectively. Therefore,
it is considered that recrystallization temperature
of FeAl is lowest among the compounds used in
the present study. In fact, fully recrystallized mi-
crostructure was formed during hot-rolling of FeAl,
primarily consistent with this prediction. More
strictly describing, recrystallization is related to
diffusion process. Interdiffusion coefficients in FeAl
(Fe-47Al), NiAl (Ni-47Al) and CoTi (Co-50Ti) have
been reported to be in the range of ~10~13 [18], ~10~1°
[18] and 107'6 [19] m?s~! at ~1273 K, respectively.
Therefore, an idea based on the diffusion coefficient
predicts that recrystallization involving grain growth
process (i.e., diffusion process) occurs more easily in
FeAl than in NiAl and CoTi, consistent with the experi-
mental result observed in this study. In the meantime, it
has been reported that many B2-type intermetallic com-
pounds contain a high density of thermal vacancies and
that these vacancies strongly affect high-temperature
properties relating to the diffusion process. Actually,
relatively high density of thermal vacancies have been
reported to be easily introduced in FeAl and NiAl
[20-22]. However, it has been assumed that CoTi does
not contain a high density of thermal vacancies in
comparison with FeAl and NiAl [9]. Consequently, it
is easily suggested that the diffusion-related process
including recrystallization is slower in CoTi than in

NiAl as well as in FeAl. Thus, it is suggested that the
diffusion process, which is largely affected by thermal
vacancies, dominates the present recrystallization
behavior during hot-rolling process.

Furthermore, there may be another factor affecting
recrystallization of ordered intermetallic compounds.
Ordering energy (or anti-phase boundary (APB) en-
ergy) may affect the recrystallization of ordered inter-
metallic compounds. Ordering energy of NiAl and CoTi
is supposed to be higher than that of FeAl. For the or-
dered intermetallic compounds, the degree of order is
reduced by rolling deformation. In the subsequent re-
crystallization process, reordering possibly affects re-
covery process (i.e., annihilation and rearrangement of
dislocations). Therefore, it is possible that recrystal-
lization of NiAl and CoTi with high ordering energy is
retarded by reordering in comparison with FeAl with
low ordering energy.

3.3. Hot-rolling and annealing textures

Initial textures of the homogenized ingots (i.e., start-
ing materials before the hot-rolling) showed mostly a
single orientation, which was different by the ingot.
Fig. 4 shows {100} pole figures of Fe-48 Al, Ni-50Al and
Co-50Ti which were hot-rolled and subsequently an-
nealed at 1273 K for 10 h, respectively. In Fig. 4, the
pole figures of Fe-48 Al show a summed texture of pole
figures taken from three different areas. Hot-rolling tex-
ture of Fe-48Al seems to be fairly random but consists
mainly of orientations with a {111} plane parallel to the
surface of the sheet (i.e., {111}{(uvw)). Similar texture
was observed for Fe-38 Al and -43 Al. For hot-rolled Ni-
50Al and Co-50Ti, {111}(110) and {111}(112) orien-
tation were prominently formed, respectively. Anneal-
ing textures of all the compounds are dispersed but are
still composed of orientations similar to those of the

Fe-48Al Ni-50Al
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Figure 4 {100} pole figures showing: (a—c) hot-rolling and (d—f) annealing textures of Fe-48Al, Ni-50Al and Co-50Ti.
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hot-rolling texture. For NiAl as well as FeAl, the in-
tensified annealing textures accompanied with discrete
orientation distribution are possibly due to large grain
size, and therefore insufficiently collected data. In the
case of Fe-48Al, the annealing texture is possibly asso-
ciated with (abnormal) grain growth.

In rolled disordered bcc materials such as iron and
low carbon steels, two types of fiber texture components
are developed. One is the a-fiber which comprises ori-
entations with a common crystallographic (110) direc-
tion parallel to the rolling direction (RD): in the a-fiber,
{001}(110), {112}(110) and {111}(110) exist as major
components [23]. Another is the y -fiber which contains
all orientations with a {111} plane parallel to the sur-
face of the sheet, including {111}(110) and {111}(112)
orientations as major components [23]. In general, the
intensity of the «-fiber components decreases while
that of the y-fiber components remains constant or in-
creases during annealing [24]. Basically, the observed
hot-rolling and annealing textures of the present com-
pounds are consistent with those of the disordered bcc
materials.

Deformation texture is formed by crystal lattice rota-
tion due to slip deformation. It is known that slip system
for B2-type FeAl is (100){011} at temperatures above
0.4 Tm though (111){011} slip system also operates
at low temperatures [25, 26]. On the other hand, for
NiAl and CoTi whose ordering energies are relatively
high, (100){011} slip system dominantly operates at all
temperatures [27, 28]. Therefore, it is expected that de-
formation texture of FeAl, NiAl and CoTi developed at
high temperature is similar one another because a slip
system of (100){011} commonly operates in these three
compounds. Indeed, the observed hot-rolling textures
of the present compounds are composed of a (111) //
ND textural component ({111}(uvw)) in common.

For NiAl1[29, 30] and CoTi [31], it is also known that
an additional slip system (i.e., (011){011}) operates at
elevated temperatures. However, whether only the slip
system of (100){011} (and additional (011){011}) op-
erates during rolling deformation of the present three
compounds is not clear at the moment. For Fe; Al with
D03 or imperfectly B2 structure, rolling texture at el-
evated temperatures has been simulated using a com-
bination of slip systems, i.e., (111){011}, (111){112},
(111){123}, (100){011} and (011){011} [11-13]. Con-
sequently, the simulated rolling textures of Fe;Al are

best matched with experimental rolling textures when
assuming the activation of (111){110} and (111){112}
slip systems [11, 13]. These simulations suggest that
(100){011} slip system does not contribute so much to
formation of rolling texture in the case of Fe; Al. There-
fore, there is a possibility that other slip systems in ad-
dition to (100){011} (and (011){011}) operate during
rolling deformation of the present three B2 compounds,
which result in different rolling textures.

The formed hot-rolling textures are so complex
because recrystallization occurs more or less during
rolling process for all the compounds. Possibly, the
observed hot-rolling textures are affected by repeated
rolling deformation and recrystallization. Therefore,
the difference in hot-rolling texture among the observed
three B2-type compounds is attributed to the activa-
tion of additional slip systems such as (011){011} (and
(111){110} and/or (111){112}) and/or the introduction
of the recrystallization process during hot-rolling (or
heating the sheet materials). To clarify the texture devel-
opment during hot-rolling and annealing of the present
intermetallic compounds, more work is required.

3.4. Grain boundary structure

Fig. 5 shows the distribution of grain boundary misori-
entation angle for Fe-48Al, Ni-50Al and Co-50Ti with
fully-recrystallized microstructure whose pole figures
are shown in Fig. 4a, e and f. The EBSD measurements
were collected at least from different three areas of
the specimen. For all the compounds, a significant
occurrence (frequency) is found at the misorientation
angle of ~5°. Also, a small and broad peak seems to
exist at a misorientation angle of around 45° for all
the compounds, similar to the distribution of grain
boundary misorientation angle for randomly orientated
(textureless) cubic polycrystals [32]. This corresponds
with the fact that the observed textures of the present
three compounds are relatively weak (Fig. 4a, e and ).
In addition, a small peak at a misorientation angle of
~ 27° is recognized for Fe-48Al (Fig. 5a). However,
the preferable occurrence of this peak is not explained
at the present. Fig. 6 indicates grain boundary char-
acter distribution (GBCD) for Fe-48Al, Ni-50Al and
Co-50Ti shown in Fig. 5. Irrespective of the kind of
compound, the GBCDs are primarily featured by a
high frequency (~15-20%) of X1 boundaries, i.e.,
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Figure 5 Distribution of grain boundary misorientation for: (a) hot-rolled Fe-48 Al, (b) hot-rolled and subsequently annealed Ni-50Al and (c) hot-rolled

and subsequently annealed Co-50Ti.
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Figure 7 Distribution of grain boundary character for hot-rolled Fe-
38Al, -43Al and -48Al.

low-angle boundaries (LABs) besides random (i.e.,
29 < ¥) boundaries. No remarkable occurrence of
other special (i.e. ¥ < 29) boundaries is found in
all the compounds. Fig. 7 shows the GBCD of the hot-
rolled FeAl as a function of alloy composition (i.e.,

the Al concentration). In this figure, the type of grain
boundaries is divided into three classes, i.e., 21 (low-
angle), ¥3-329 and random (29 < X) boundaries. The
observed GBCD seems to be not so sensitive to alloy
composition. Also, the GBCDs shown in Fig. 6 are very
similar to those of undeformed (cast and then homog-
enized) B2-type FeAl with 0.1 at.% Zr and 0.05 at.%
B reported by Bystrzycki et al. [33]. These results in-
dicate that the GBCD of B2-type intermetallic com-
pounds is little changed by constituent element, alloy
composition and processing. As a typical example, the
EBSD boundary map of Ni-50Al with a recrystallized
microstructure is shown in Fig. 8. In this figure, ar-
rows (broken lines) indicate LABs, i.e., X 1 boundaries.
LABs seem to subdivide a coarse grain into smaller
grains. A similar structure has been observed for the
as-cast B2-type Fe-35A1-4.3Cr-0.1Zr-0.05B (at.%) al-
loy [33]. For intergranularly brittle intermetallic com-
pounds, LABs (i.e., X1 boundaries) as well as X3 twin
boundaries are particularly of importance in terms of
resistance to cracking (i.e., strong boundary). It has
been demonstrated that the LABs and X3 boundaries

I 1mm 1

Figure 8 EBSD boundary map of annealed Ni-50Al. Arrows (broken lines) indicate low-angle boundaries (LABs), i.e., £1 boundaries.
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had strong resistivity against intergranular fracture and
resulted in high ductility for the L1,-type NizAl and
Ni3(AlTi) polycrystalline alloys [34] and also unidi-
rectionally solidified boron-free Niz Al polycrystalline
[35]. Also for B2-type FeAl, it has been reported that
LABs (as well as low X boundaries such as X5 bound-
aries) show greater crack resistance than other bound-
aries [32]. Thus, the high frequency of LABs (X1
boundaries) observed in the present compounds is con-
sidered to be favorable in terms of suppression of inter-
granular fracture.

With respect to other ¥ boundaries except for X1
boundary, the specific interest is paid on X3 twin
boundary which always has the lowest energy min-
ima in the disordered crystal structure. Geometrical
consideration of grain boundary structure of L1, or-
dered structure reveals that ¥3 twin boundary has
the crystal structure with no fault energy which is at-
tributed to wrong bonds across a grain boundary [36].
In fact, recrystallized L1, CosTi [37], NizAl [38] and
Ni3(Si,Ti) [39] ordered alloys with high ordering en-
ergy contain many annealing twins and show high fre-
quency of X3 twin boundaries [38, 40]. On the other
hand, the geometrical consideration of grain bound-
ary structure of B2 ordered structure predicts that >3
twin boundary does not involve the crystal structure
with a preferentially low energy level in terms of fault
energy [36]. Also, there are not any low ¥ bound-
aries with preferentially low energy level, i.e., en-
ergy cusp [36]. Corresponding to this prediction, no
significant frequency of special grain boundaries (i.e.
¥ < 29)except for £ 1 boundary is found in the present
compounds.

4. Conclusion

B2-type FeAl, NiAl and CoTi intermetallic compounds
were hot-rolled at 1273 K and subsequently annealed
at 1273 K for 10 h to investigate workability, texture
and grain boundary character distribution as a function
of alloy stoichiometry. The following results were ob-
tained:

FeAl was successfully hot-rolled irrespective of alloy
stoichiometry. Stoichiometric NiAl and CoTi were also
hot-rolled but off-stoichiometric NiAl and CoTi failed.

Hot-rolled FeAl showed a fully-recrystallized mi-
crostructure irrespective of alloy stoichiometry. On
the contrary, hot-rolled stoichiometric CoTi retained
a deformed microstructure. Hot-rolled stoichiomet-
ric NiAl retained a partially deformed microstruc-
ture. After annealing, both NiAl and CoTi showed
fully-recrystallized microstructures, and grain size of
annealed NiAl was larger than that of annealed CoTi.
These results indicate that recrystallization (and grain
growth) occurs easily in the order of FeAl, NiAl and
CoTi.

The hot-rolling textures of FeAl, NiAl and CoTi con-
sisted of a ND // {111} textural component in common
though the orientation distribution and its intensity were
different among these three compounds. By annealing,
orientation spread occurred in all the compounds, but

the annealing textures were basically similar to the hot-
rolling textures. The observed hot-rolling textures were
suggested to be governed by recrystallization as well as
slip deformation.

The grain boundary character distributions (GBCDs)
of the three kinds of compounds with a fully-
recrystallized microstructure were similar one another
and were characterized by high frequency of X 1 bound-
aries (i.e., low-angle boundaries).
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