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A review of the contributions of atom probe field-ion microscopy to the characterization of
nickel and titanium aluminides is presented. The nickel aluminide systems studied include
boron-doped NizAl and boron-, carbon-, beryllium-, zirconium-, molybdenum-, and
hafnium-doped NiAl. These systems have been characterized in terms of solute segregation
to boundaries, dislocations, and other defects, matrix solubilities, precipitation, and site-
occupation probabilities. The partitioning behavior of impurities and alloying additions,
matrix solubilities, precipitate compositions, and interfacial segregation in several of o, +
vy titanium aluminides and related alloys are also reviewed. Published by Elsevier Sci-

ence Inc.

INTRODUCTION

Many different types of intermetallic com-
pounds have been the focus of atom probe
field-ion microscope (APFIM) characteriza-
tions. The majority of the systematic stud-
ies have concentrated on nickel and tita-
nium aluminides due to their potential
high-temperature applications. Most of
these characterizations have studied the
role of microalloying additions that were
added to the intermetallic compound to im-
prove the properties. Atom probe investi-
gations have provided information on the
solute segregation to boundaries, inter-
phase interfaces and defects, clustering and
precipitation, and solute partitioning be-
tween the phases present. The APFIM is
well suited to the characterization of the
segregation and partitioning behavior of
the microalloying elements in the micro-
structure due to its near atomic spatial res-
olution, light element sensitivity, high mass
resolution, and low detection levels [1, 2]. It
should be noted that in addition to the
studies included in this review, other inter-
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metallic compounds have been character-
ized, and additional intermetallic phases
have been studied in other alloys, for exam-
ple ¥' and " precipitates in nickel-based
superalloys. A review of these APFIM
studies may be found elsewhere [1].

NICKEL ALUMINIDES

A variety of microalloying elements have
been used to improve the mechanical prop-
erties of polycrystalline NizAl and NiAl [3].
Boron additions of as little as 200 atomic
ppm to the L1,-ordered NizAl produce dra-
matic improvements in ductility [4, 5].
However, boron additions to the B2-ordered
NiAl have a significantly different effect on
the microstructure and the mechanical
properties [6]. Although additions of as lit-
tle as 20 atomic ppm of boron improve the
ductility, larger amounts significantly in-
crease the yield strength. Zirconium addi-
tions have also been shown to be beneficial
to the mechanical properties of NiAl. The
fracture mode has been shown to change
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from an intergranular to a mixed trans-
granular and intergranular mode in zirco-
nium-doped NiAl [7]. Molybdenum addi-
tions of between 0.4 and 1.6at.% Mo to
NiAl have also been shown to significantly
improve the room temperature ductility
and high-temperature yield strength [8].
(Note that atomic percent will be used
through this paper unless otherwise noted.)

BORON ADDITIONS TO NisAl

Miller and Horton were the first to dem-
onstrate that boron additions in NizAl
segregate to antiphase, twin, and grain
boundaries [9]. Subsequent atom probe
investigations have revealed that boron
segregates to all defects in the alloy [9-16].
Examples of a boron-decorated grain bound-
ary and an antiphase boundary in NizAl are
shown in Fig. 1. The boundaries shown in
these field ion micrographs are decorated
with brightly imaging spots. The unique
single-atom identification capability of the
atom probe was used to determine that
these brightly imaging spots were boron at-
oms [1]. Field ion micrographs of two dif-
ferent grain boundaries, shown in Fig. 2, re-

FIG. 1. Field ion micrographs of (a) antiphase, and (b)
grain boundaries in boron-doped NizAlL
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FIG. 2. Field ion micrographs of two different grain
boundaries in boron-doped NizAl demonstrating that
the distribution of the brightly imaging atoms in the
field ion micrographs, and hence, the boron coverage,
varies significantly.

vealed that the distribution of the brightly
imaging atoms in the field ion micro-
graphs, and hence, the boron coverage, var-
ies significantly. This variation was also ob-
served along different regions of the same
grain boundary as shown in Fig. 3. In some
regions, the coverage was extremely low,
for example, Figs. 3(a) and 3(d), whereas in
other regions there was significantly higher
coverage, for example, Fig. 3(c) and 3(e).
Atom probe quantification of the boron
level and the nickel to aluminum ratio at
two grain boundaries is summarized in Ta-
ble 1 [16]. In addition, the boron coverage
along one of the grain boundaries was
found to vary over a significant range of 9.4
to 61.9%. Similar wide variations were ob-
served at other grain boundaries. The Ni:Al
ratio was found to vary over a wide range,
2.2:1 to 3.4:1, in comparison to the Ni:Al ra-
tio of close to 3.1 for the matrix in these Ni-
24.2% Al materials. These studies were un-
able to find a simple correlation between
the Ni:Al ratio and the boron coverage [16].
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FIG. 3. Sequence of field ion micrographs of different
regions of the same grain boundary in boron-doped
Ni3Al showing a variation in boron coverage along the
grain boundary.

Sieloff et al. [17-22] also observed boron-
decorated grain and antiphase boundaries
in NizAl alloys, and noted significant nickel
enrichments and aluminum depletions in
the vicinity of high-angle boundaries in Ni-
enriched Ni3Al alloys and variations in the
boron coverage along the boundaries.
Some grain boundaries exhibited evi-
dence of more spatially extensive boron
segregation [10, 12-15]. In most of these
cases, the boron segregation appeared as an
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Table1 The Gibbs Interfacial Excesses of Boron
at Grain Boundaries in NizAl
Ni:Al Gibbs Interfacial Coverage
Analysis ratio Excess, I'; atoms m=2 %
la 3.40 4.5 x 108 26.7
1b 2.92 4.2 x 1018 24.0
1c 2.23 4.8 X 108 27.0
1d 2.30 1.7 X 108 9.4
le 2.81 3.6 X 1018 20.4
1f 2.70 1.1 x 10*° 61.9
1(avg) 273 5.0 X 108 28.2
2 (avg.) 2.73 2.3 X 1018 13.0

extended brightly imaging lenticular re-
gion at the grain boundary, as shown in
Fig. 4. The maximum thickness of these re-
gions was estimated to be ~3nm, their
length was often larger than the field-of-
view of the image, i.e., >~100nm, and their
composition was determined to be 26-31%
Al and up to 5% B. It was suggested that
this boron-enriched region was an ultrathin
precipitate or grain boundary film rather
than multilayer segregation [15]. However,
the measured composition was too low to
correspond to the T phase (nickel-alumi-
num-boride). In addition to this extended
morphology, some 5 to 10nm long boron-
enriched regions were observed [9], as
shown in Fig. 1(a). Most of the segments of
the grain boundary shown exhibited low
coverage with only an isolated boron atom
evident. However, a small facet that exhib-
ited significantly higher boron coverage
was also observed. This observation indi-

FIG. 4. An extended brightly imaging lenticular re-
gion ~3nm thick at a grain boundary in boron-doped
NizAlL
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cates that the local boundary plane can
have a strong influence on the segregation
behavior.

Atom probe field ion microscopy investi-
gations also revealed that boron segregates
to dislocations, low-angle boundaries, and
stacking faults, as shown in Figs. 5, 6, and
7, respectively [13, 14]. In the cases of the
low-angle boundary and the stacking fault,
the boron decoration was more clearly re-
vealed in field ion micrographs that were
taken during field evaporation, shown in
Figs. 6(b) and 7(b), because the contrast due
to the individual atomic terraces (i.e., the
concentric rings) is minimized rendering
the brightly imaging boron atoms more
prominent. It is evident from these field
ion micrographs that the width of the seg-
regation was narrow indicating that the
boron segregation was confined to the in-
terface plane. It was suggested that boron
segregation to the dislocations, low-angle
boundaries, stacking faults, and antiphase
boundaries influences the mechanical prop-
erties through a solute drag-type mecha-
nism [12, 16].

No ultrafine intragranular precipitates
have been observed in these boron-doped
Ni-24.2% Al alloys. However, boron clus-
tering has been observed in alloys with
higher aluminum contents (Ni-25% Al and
Ni-26% Al), as shown in Fig. 8 [15]. These
features were found to contain up to ap-
proximately 10 boron atoms and were clas-
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FIG. 6. (a) Field ion and (b) field evaporation micro-
graphs of a boron-decorated low-angle boundary in
boron-doped NizAl

sified as clusters due to their small size and
the absence of any other elements.

BORON, CARBON, AND BERYLLIUM
ADDITIONS TO NiAl

The solute distribution in B2-ordered NiAl
has also been characterized with the atom
probe [16, 23-31]. The matrix solubility of
boron in NiAl was found to be distinctly
different from that in boron-doped NizAl.
Atom probe analysis revealed that most of

FIG. 5. Field ion micrograph of a boron-decorated dis-
location in boron-doped NizAl. The bright spot at the
core of the dislocation is a boron atom.

FIG. 7. (a) Field ion and (b) field evaporation micro-
graphs of a boron-decorated stacking fault in cold-
worked boron-doped NizAl
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FIG. 8. Boron clusters in (a) boron-doped Ni-25% Al
and (b) boron-doped Ni-26% Al alloys.

the boron addition remained in solid solu-
tion in the NizAl. However, atom probe
analysis of the matrix in an NiAl + 0.15% B
alloy performed by Jayaram and Miller re-
vealed that the boron solubility in NiAl was
extremely low (0.003 = 0.0007% B after ag-
ing for 1 h at 500°C and 0.026 = 0.003% B
after aging for 1 h at 1100°C) [23]. Similar
low matrix levels of 0.003 * 0.001% C and
0.006 = 0.002% C were measured by Ja-
yaram and Miller in a carbon-doped (0.1%
C) NiAl aged for 1 h at 500°C and 1 h at
1100°C, respectively [31]. In contrast, Ja-
yaram and Miller found only small deple-
tions in the beryllium content of the matrix
in a NiAl + 0.25% Be alloy [23, 28].

The solute concentrations and boron cov-
erages at grain boundaries have been char-
acterized in binary and ternary NiAl alloys.
Camus et al. [24, 25] demonstrated that ap-
proximately two-thirds of the analyzed
grain boundaries in a binary Ni-49% Al al-
loy were depleted in aluminum to ~40 *
1% Al, and the remaining one-third did not
exhibit any significant depletion. Boron
was also found to segregate to the grain
boundaries in boron-doped NiAl [23], as
shown in Fig. 9. As in the case of Ni3Al, the
variation of the brightly imaging boron at-
oms indicated that the boron coverage var-
ied along the grain boundary. The results
of several analyses along this boundary are
summarized in order in Table 2 [16]. The
boron coverage was found to vary by a fac-
tor of ~7.5 from 3.6 to 27.4% (I'; = 6.2 to
46.3 X 1017 atoms m~2). Most sections of the
boundary exhibited nickel depletion (Ni:
Al = 0.84), with one section exhibiting a
significant nickel enrichment (Ni:Al =
1.27). Boron enrichment was observed in
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FIG.9. Field ion micrograph of boron segregation to a
grain boundary in boron-doped NiAl

both nickel-depleted and nickel-enriched
sections. No strong correlation between the
Ni:Al ratio and the coverage was apparent
in these data. In agreement with Auger
studies, no evidence of carbon or beryllium
segregation to grain boundaries was ob-
served in carbon-doped or beryllium-
doped NiAl [23, 28, 31].

The majority of the boron in boron-
doped NiAl was determined by Jayaram
and Miller to be in ultrafine precipitates
ranging in size from 1 to 20nm [23], as
shown in Fig. 10. Atom probe analysis re-
vealed that the composition of the precipi-
tate was consistent with that of an MB, type
precipitate where the metallic content M
was a mixture of titanium, vanadium, chro-

Table 2 The Gibbs Interfacial Excesses of Boron
at a 23 Coincident Site Lattice Grain
Boundary in NiAl + 0.04% B Aged

1 h at 900°C
Ni:Al Gibbs Interfacial Coverage
Analysis ratio Excess, I'; atoms m =2 (%)
1 0.77 9.6 X 10V 5.7
2 091 6.2 X 107 3.6
3 1.27 8.7 X 10v7 5.2
4 0.79 8.7 X 10v7 5.2
5 0.80 1.2 X 1018 7.2
6 0.88 1.3 X 1018 7.6
7 0.84 2.3 X 1018 134
8 0.94 1.5 X 1018 9.1
9 0.82 1.9 X 1018 11.0
10 0.81 4.6 X 1018 27.4
Average  0.88 1.6 X 1018 9.5
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mium, and tungsten. The metallic content
was found to vary significantly from pre-
cipitate to precipitate, suggesting that these
precipitates were formed from the trace el-
ements in the material. Some carbon was
also detected in these precipitates. Similar
ultrafine MC precipitates have also been
observed in carbon-doped NiAl [31] and in
undoped single-crystal NiAl [24]. Due to
their small size and relatively high number
density, these precipitates produce signifi-
cant precipitation hardening and are, there-
fore, detrimental to the mechanical proper-
ties. This precipitation hardening also
offsets the benefits of the boron segregation
to the high-angle grain boundaries. It has
been shown that the number density of
these precipitates can be decreased by re-
ducing the quantities of trace impurities in
the alloy by zone refinement [24]. Alterna-
tively, the number density of these precipi-
tates can be reduced and their size increased
by an appropriate heat treatment [23].

ZIRCONIUM AND
HAFNIUM SEGREGATION

Segregation of zirconium to dislocations in
a NiAl alloy doped with 0.4% Zr has been
directly observed by Jayaram and Miller
[32, 33]. Approximately two-thirds of the
<100> dislocations exhibited zirconium
segregation after a heat treatment of 1 h at
1,000°C followed by a step-cooling se-
quence of 4 h at 800°C, 24 h at 600°C, 72 h at
400°C, as shown in Fig. 11. Zirconium-rich
regions with ribbon-like morphologies 1 to
2nm in width, a monolayer thick and 10 to
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25nm in length were also detected in the
NiAl matrix, as shown in Fig. 12. It was
suggested that these results indicated that
the observed increase in the ductile-to-brit-
tle temperature in these zirconium-based
alloys was due to pinning of the disloca-
tions by zirconium. Zirconium segregation
of up to ~60% of a monolayer was mea-
sured at the grain boundaries. A boundary
with relatively low zirconium coverage is
shown in Fig. 13. The matrix was found to
be heavily depleted in zirconium to a level
of 0.007 = 0.002% Zr.

Larson, Miller, and Noebe investigated
the segregation of hafnium to dislocations
in a single crystal Ni-51.4% Al-0.3% Hf al-
loy that was tested to compressive strains
of ~1-4% in the [001] direction at 800K.
The average hafnium content at the dislo-
cations was found to be 0.44 = 0.18%, and
was enriched by a factor of 2 over the exper-
imentally determined matrix level of 0.22 *
0.02% Hf. Brenner et al. reported hafnium
segregation to grain boundaries in a cast Ni-
23.5% Al-0.24% B-0.5% Hf alloy [17].

MOLYBDENUM ADDITIONS TO NiAl

The effect of molybdenum additions to
NiAl have also been studied by Miller et al.
[16, 34] to determine the cause of the large
increase in the yield strength between the
undoped material (154MPa) and the mo-
lybdenum-doped alloy (254MPa). Exten-
sive characterization was performed of a
grain boundary in NiAl containing 0.7%
Mo annealed for 1 h at 1,000°C and 1 h at

FIG. 10. Field ion micrographs of ultrafine (1 to 20nm)
MB; precipitates in boron-doped NiAl.

FIG. 11. Field ion micrograph of a zirconium deco-
rated dislocation in NiAl doped with 0.4% Zr.
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FIG. 12. Field ion micrograph of a zirconium-rich re-
gion with a ribbon-like morphology 1 to 2nm wide, a
monolayer thick and 10 to 25nm in length in zirco-
nium-doped NiAl.

500°C. A field ion micrograph of this %3 co-
incident site lattice boundary is shown in
Fig. 14 . A 2-1/2 D reconstruction [34] of
the solute distribution measured in an
atom probe analysis along the plane of the
boundary is shown in Fig. 15. Although
most of the solute was distributed uni-
formly along the grain boundary, there was
some visual evidence of regions of higher
than average local concentrations of iron,
molybdenum, nitrogen, and carbon, and
also some evidence of molybdenum-nitro-
gen coenrichment. This small nonunifor-
mity in the solute distribution may arise
from small changes in the boundary plane
or the presence of grain boundary disloca-
tions that changes the local atomic environ-
ment and thereby influences the segrega-
tion behavior. The Gibbsian interfacial

FIG. 13. Field ion micrograph of a zirconium-deco-
rated grain boundary in NiAl doped with 0.4% Zr
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FIG. 14. Field ion micrograph of a 23 coincident site
lattice boundary in NiAl containing 0.7% Mo annealed
for 1 h at 1,000°C and 1 h at 500°C.

excesses of all the detected solutes along
this boundary are summarized in Table 3.
Small but significant enrichments of mo-
lybdenum, nitrogen and silicon, carbon, bo-
ron, and iron are evident at the grain
boundary.

Atom probe analysis indicated extremely
low solubilities of the molybdenum and
other trace impurities in the matrix of the
molybdenum-doped NiAl [34]. The aver-
age composition of the matrix was mea-
sured to be Ni-50.4 = 1.2% Al-0.005 =
0.001% Mo with 0.007 = 0.002% Fe, 0.005 =
0.001% Si and N, and 0.0004 * 0.0004% V.
The large error on the aluminum content
indicates a significant inhomogeneity from
one region to another.

The majority of the molybdenum was
found to be concentrated in a low number
density (~1 to 2 X 10*' m~3) of 10 to 50nm
diameter spherical molybdenum precipi-
tates [34]. These body-centered cubic pre-
cipitates were observed both in the NiAl
matrix, as shown in Fig. 16, and also at
grain boundaries. Their composition was
determined to be Mo-3.3 = 0.6% Al, with
residual amounts of 0.06 * 0.03% B, 0.04 =
0.02% Ni, 0.01 = 0.01% Fe, and 0.04 =
0.02% V. Calculations based on an Orowan
mechanism indicate that these precipitates
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°Mo ¢Fe -C -N

FIG.15. A 2-1/2 D reconstruction of the solute distri-
bution measured in an atom probe analysis along the
plane of the grain boundary shown in Fig. 14. Each
symbol is an individual solute atom. The nickel and
aluminum atoms are not shown.

generate a significant increase in yield
stress of between 82 and 210MPa, depend-
ing on the measured minimum and maxi-
mum size of the precipitate. These values
were found to be in good agreement with
the differences in the yield stresses of the
molybdenum-doped and undoped alloys
(100MPa), because a larger number of the
smaller diameter precipitates were ob-
served, which would indicate that the
value at the lower end of this calculated
range is more appropriate.

SITE OCCUPATION STUDIES IN
NICKEL ALUMINIDES

By measuring the composition of individ-
ual planes of atoms in the atom probe, the
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Table 3 The Gibbs Interfacial Excesses of
Solute at a 23 Coincident Site Lattice
Grain Boundary in NiAl + 0.7% Mo
Aged 1 h at 1,000°C and 1 h at 500°C
Gibbs interfacial excess, I Coverage
Element atoms m=2 %
Mo 9.9 X 101 0.58
N/Si 6.5 X 10 0.38
C 1.1 X 10 0.07
B 5.7 X 1015 0.03
Fe 3.8 X 1015 0.02

site occupancy of solutes can be deter-
mined [1, 2, 35]. The site occupancy of sub-
stitutional solutes has been studied by
Miller et al. [36, 37] in NizAl alloys contain-
ing hafnium, cobalt, and iron additions.
These studies revealed that hafnium has a
strong preference and iron has a weak pref-
erence for the aluminum sites, whereas co-
balt has a preference for the nickel sites. A
comparison of atom probe results with
those determined by atom location by chan-
neling electron microanalysis (ALCHEMI)
showed similar site preferences [37]. Hono et
al. [38-40] have characterized the site occu-
pancy of copper and germanium in NizAl
The copper was found to prefer the nickel
sites. In the germanium-containing alloy, the
behavior was found to depend on the stoichi-

FIG. 16. Field ion micrograph of brightly imaging 10-
to 50-nm diameter spherical molybdenum precipitates
in NiAl containing 0.7% Mo.
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ometry of the alloy. In aluminum-rich alloys,
the germanium was approximately equally
distributed between the nickel and alumi-
num sites, whereas, as the aluminum content
of the alloy was decreased, the germanium
preferred the aluminum sites.

TITANIUM ALUMINIDES

Two-phase a++v TiAl alloys are attractive
for structural applications at elevated tem-
peratures because they possess good high-
temperature mechanical properties, low
density, and good creep and oxidation resis-
tance. However, extensive use of these al-
loys has been limited by their low ductility
and poor fracture resistance at ambient tem-
peratures. Efforts to enhance ductility and
improve other mechanical properties have
focused on microstructural control with a
variety of microalloying additions including
B, Cr, Mn, Mo, Nb, Si, V, and W. In addition,
investigations of a,++v TiAl alloys contain-
ing additional phases, such as the B phase,
have found good mechanical properties.

INITIAL INVESTIGATIONS AND
MICROSTRUCTURAL OBSERVATIONS

The TizAl a, phase (D0j9-ordered structure)
is stronger, but also denser, than the near
equiatomic TiAl vy phase (Llp-ordered
structure). Three common types of micro-
structure in two-phase a,++ TiAl alloys are
equiaxed v, duplex, and lamellar struc-
tures. The lamellar microstructure usually
consists of thin plates of the y and the
phases oriented with (0001)a, | (111)y, and
<1120>a, | <110>+. Transmission electron
and field ion micrographs of a TiAl-based
alloy with a lamellar structure are shown in
Fig. 17.

The first atom probe investigation of a ti-
tanium aluminide alloy was performed by
Menand et al. in 1986 [41] on binary Ti-54%
Al. A very small volume fraction of a»
phase was present and was determined to
be rich in titanium (~Ti,Al). The material
was brittle and difficult to analyze. Two
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FIG. 17. (a) Transmission electron and (b) field ion mi-
crographs of the lamellar TiAl microstructure in the
stress-relieved Ti-47% Al-2% Cr-1.8% Nb-0.15% B-0.20%
W alloy.

years later, a manganese-modified alloy
(as-cast and aged 24 h at 1,000°C) was in-
vestigated by Hanamura et al. [42] and
later by Saga et al. [43], as methods of im-
proving ductility were sought in the y-based
materials. The addition of manganese was
determined to stabilize twin structures
against dissolution during annealing.

Liu et al. [44-47] performed the first de-
tailed microstructural investigations of a
binary Ti-48% Al alloy and a Ti-46% Al-1%
Cr-0.2% Si alloy with a grain size of 100-
200 pm, and a lamellar spacing of 0.2-2
pum. High-quality field ion images of the a;
and vy phases were observed and ordered-
pole analyses indicated titanium-antistruc-
ture atoms present in the aluminum layers
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[44]. A high degree of ordering was deter-
mined for both alloys and the addition of
chromium was observed to promote ther-
mally formed antiphase boundaries [45,
46]. The addition of chromium and silicon
was observed to raise the aluminum level
in the ay phase and to promote thinner
lamellae in the microstructure [46]. Inter-
faces between <y plates were observed in
“true twin” and “pseudotwin” orientations
on the (111) plane with a ~7nm-thick region
of the a;, phase present between the vy plates
in the pseudotwin orientation [46]. Investi-
gation of (011) twinning in a Ti-45% Al-5% V
alloy was also conducted by Liu et al. [47].

INTERSTITIAL SOLUBILITY
AND PARTITIONING

In an effort to elucidate the mechanism re-
sponsible for ductility enhancement in
ax+y alloys compared to single-phase TiAl
alloys, Uemori et al. [48] investigated the ox-
ygen behavior in an oxygen-doped Ti-50%
Al alloy annealed for 24 h at 1,000°C. Quali-
tative results of significant oxygen en-
hancement in the o, phase were found [48].
This result was later quantitatively con-
firmed by Denquin et al. [49] in cast Ti-46%
Al and Ti-48% Al alloys containing nomi-
nal oxygen levels of less than 0.30% O. Ox-
ygen concentrations in the a, phase of the
46% Al and 48% Al alloys were determined
to be 0.81 * 0.07% and 1.92 * 0.12%, re-
spectively. These results appeared to sup-
port the theory that the presence of the o,
phase in two-phase alloys improves ductil-
ity by scavenging interstitial impurities,
thus lowering the oxygen content in the vy
phase and changing the deformation mech-
anism [50, 51]. A three-dimensional atom
probe analysis of oxygen partitioning to the
o, phase is shown in Fig. 18.

However, the results of Denquin et al.
[49] also showed almost equal oxygen lev-
els in the y phase of the 46% Al (0.020 *
0.01% O) and 48% Al (0.023 = 0.007% O) al-
loys despite a large difference in a, phase
volume fraction between the two alloys
(~30 and ~10%, respectively). This sug-
gests that the maximum solubility of oxy-
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FIG. 18. A three-dimensional atom map showing the
oxygen distribution between the y and a, phases in
the stress-relieved Ti-47% Al-2% Cr-1.8% Nb-0.15%
B-0.20% W alloy.

gen in the y phase is very near these low
values. This was verified by Menand et al.
[52, 53] in further work on single-phase vy
and two-phase alloys, which quantified the
oxygen solubility in the <y phase at
~0.025%. Thus, the improved ductility in
ap+y alloys cannot be completely ex-
plained by impurity scavenging by the a
phase lowering the oxygen content in the vy
phase. Further evidence of the lack of corre-
lation between the y phase oxygen solubil-
ity and mechanical properties was pro-
vided by Menand et al. [53, 54] in a study of
single-phase y alloys doped with Cr, Mn, or
Nb. In view of the lack of variation in the vy
phase oxygen levels when ternary additions
known to modify strength and oxidation re-
sistance were added, it was proposed that
oxygen in solution does not play a major role
in the mechanical properties of y-based TiAl
alloys [54].

The behavior of carbon and nitrogen in
single-phase y and two-phase alloys has
also been investigated. Carbon is preferen-
tially located in the oy phase, although the
partitioning is not as strong as for oxygen.
In a cast two-phase Ti-48% Al alloy having
an overall carbon content of 0.056 = 0.003%,
the carbon levels in the y and o, phases were
determined to be 0.033 = 0.007 and 0.106 =
0.04%, respectively [53]. In single-phase vy Ti-
52% Al having an overall carbon content of
0.034 * 0.002%, the carbon level was deter-
mined to be 0.012 * 0.008% [52].
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Quantitative analysis of nitrogen is diffi-
cult in the atom probe due to the direct over-
lap in mass-to-charge state ratios of singly
charged nitrogen and doubly charged alumi-
num hydride species. Like oxygen and car-
bon, however, nitrogen appears to be prefer-
entially located in the o, phase [52, 53].

TERNARY ELEMENT PARTITIONING

To understand the effect of alloying ele-
ments on mechanical behavior, it is benefi-
cial to know how various elements distrib-
ute themselves between the phases present.
The partitioning behavior of chromium,
niobium, and tungsten has been studied by
Larson et al. [55-58] in a Ti-47% Al-2% Cr-
1.8% Nb-0.15% B-0.20% W alloy that was
cast and extruded at a temperature above
Te (~1,320°C). In material that was stress
relieved for 2 h at 900°C, atom probe re-
sults show that the tungsten is enriched in
the o, phase with a partitioning factor of
~2:1. Chromium was also found to parti-
tion preferentially to the o, phase with a
partitioning factor of ~1.8:1. This trend is
in agreement with previous results from
Inui et al. [59] for nonannealed samples.
The niobium exhibited a lower partitioning
factor with only a slight preference for the y
phase. A standard lever rule calculation
yields ar volume fractions after this heat
treatment of 32, 23, and 24% using the ex-
perimental concentrations of chromium,
niobium, and tungsten, respectively. Note
that these values are higher than expected,
but the material has probably not yet at-
tained equilibrium volume fractions.

In the same alloy aged 720 h at 800°C, the
tungsten partitioning behavior has re-
versed and the average tungsten in the vy
phase was above the nominal alloy level
[58]. Aging also resulted in a redistribution
of the chromium to approximately equal
values in each phase, but did not affect the
niobium levels significantly. To investigate
whether the partitioning behavior in the
stress relieved state is representative of the
a+1y region, as opposed to ay+7, Larson et
al. [60] have investigated partitioning in
material (aged 2,184 h at 800°C) that was re-
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heated into the a+vy phase field for 2 h at
1210°C and water quenched. After this heat
treatment, the partitioning to the o, phase of
chromium, and to a lesser extent tungsten, is
similar to that measured after 2 h at 900°C.
This suggests that the 2 h at 900°C measure-
ment is also representative of phase compo-
sitions from the higher temperature o/7y
region. (It should be noted that macrosegre-
gation is likely to occur in this alloy, which
may affect the calculated partitioning fac-
tors for the alloying elements.)

The partitioning of chromium and nio-
bium has also been studied by Menand et
al. [61] in a Ti-48% Al-2% Cr-2% Nb alloy
that was heat treated for 1 h at 1420 °C and
furnace cooled. Atom probe results show
that the oy phase is enriched in chromium
(partitioning factor of ~2.6:1), and the vy
phase is enriched in niobium (partitioning
factor of ~2.3:1). In an alloy of the same
composition that was oil quenched and an-
nealed for 96 h at 1,000°C, the chromium
was distributed approximately equally be-
tween the oy and vy phases, whereas the nio-
bium remained partitioned to the y phase
[61]. Further evidence of chromium parti-
tioning to the oy phase in a two-phase Ti-
48% Al-2% Cr alloy that was heat treated
for 5 h at 900°C and furnace cooled has
been shown by Kim et al. [62].

The partitioning behavior of various ele-
ments in a tantalum-modified alloy has
been investigated by Larson et al. [63] in Ti-
47% Al-2% Cr-1% Nb-0.15% B-0.2% W-0.8%
Ta, which was rapidly solidified. In mate-
rial that was stress relieved for 2 h at 900°C,
atom probe results indicate that the tung-
sten is enriched in the a; phase with a parti-
tioning factor of ~1.5:1, and this increases
slightly with aging (2,160 h at 800°C). In the
stress-relieved alloy, the chromium was
found to partition only slightly to the a»
phase with a partitioning factor of ~1.2:1.
This partitioning increased upon aging,
although this seems to be primarily the re-
sult of a lower concentration in the y phase.
The niobium did not exhibit a significant
preference for either a, or y phase in the
stress-relieved or aged alloys. No statisti-
cally significant tantalum partitioning in
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either the stress-relieved or aged alloys was
observed despite a previous compositional
measurement of tantalum in an ap+vy TiAl
alloy suggesting slight partitioning to the
ay phase [64].

SITE OCCUPATION STUDIES IN
TITANIUM ALUMINIDES

As noted above, numerous alloying ele-
ments have been added to TiAl alloys in
attempts to improve mechanical proper-
ties, ductility, oxidation resistance, etc. Site-
occupation studies for niobium have been
performed on single-phase vy Ti-54% Al-5%
Nb and two-phase Ti-45% Al-5% Nb. In the
v phase of both alloys, niobium was found
exclusively in the titanium layers [65]. Simi-
larly, in the y phase of a two-phase Ti-45%
Al-5% V alloy, vanadium was preferentially
located on the titanium sublattice [65].

The site-occupation probability of chro-
mium has also been investigated with the
use of atom probe analysis. Results re-
ported by Wesemann et al. [66] suggest that
chromium has a strong preference for occu-
pying titanium sites in the y phase of a two-
phase Ti-46% Al-3% Cr alloy. These results
appear to be questionable, however, in
view of results obtained with the AL-
CHEMI technique, which show a majority
of the chromium atoms to be located on
aluminum sites [67].

In efforts to improve the oxidation and
corrosion resistance of TiAl alloys, the ef-
fects of ruthenium additions have been in-
vestigated in the y phase of a two-phase Ti-
48% Al-2% Ru alloy [68]. The results show
a high probability for ruthenium to occupy
aluminum sites, and are supported by re-
sults from X-ray analysis.

BORON DOPING

One alloying element that results in large
modifications to TiAl alloys is boron. Be-
cause the atom probe is equally sensitive to
all elements, it provides a means to investi-
gate the behavior of light elements, such as
boron, which cannot be easily examined us-
ing transmission electron microscopy with
traditional energy dispersive X-ray spec-
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trometry. Boron additions in TiAl alloys re-
sult in refinements in grain size [69] and
lamellar spacing [70], as well as a modifica-
tion of the strain hardening behavior [71].

Atom probe research quantifying boron
solubilities in TiAl alloys has been reported
by Larson et al. [72] in a Ti-47% Al-2% Cr-
1.8% Nb-0.15% B-0.20% W alloy. The boron
concentrations were found to be signifi-
cantly depleted below the nominal alloy
concentration in both o, and vy phases in a
stress-relieved and an aged state [58]. The
boron solubilities after annealing 720 h at
800°C are estimated to be 0.032 *+ 0.015 and
0.028 = 0.018%, in the vy and a, phases, re-
spectively. These levels are of the order of
those determined by Menand et al. [49, 52,
53, 61] for oxygen solubility in the y phase,
but boron does not appear to partition to
the o, phase, as has been observed for other
interstital elements. The majority of the bo-
ron was in a variety of borides, including
TiB, TiB,, and (Ti,Cr),B. A field ion micro-
graph of a (Ti,Cr),B precipitate is shown in
Fig. 19. The MB, phase, which was preva-
lent in this alloy, is metal enriched for the
borides detected, containing ~37 and ~41%
M in the stress-relieved and aged alloys, re-
spectively. The metallic portion of the MB;
phase is primarily titanium, but a signifi-
cant amount of the alloying additions are
contained in the chromium-enriched M,B
phase. A summary of boride compositions
analyzed in both the stress-relieved and
aged states of Ti-47% Al-2% Cr-1.8% Nb-
0.15% B-0.20% W is shown in Table 4 [58].

Microstructural characterization of boron
in a rapidly solidified Ti-47% Al-2% Cr-1%
Nb-0.15% B-0.2% W-0.8% Ta alloy has also
been investigated by Larson et al. [63]. Bo-
ron solubilities after long-term annealing in
this alloy are estimated to be 0.012 + 0.007
and 0.04 = 0.04%, in the vy and o, phases,
respectively. The (Ti,Ta)B and (Ti,Cr,Ta),B
phases were detected in this alloy. The MB
phase is metal enriched for the borides de-
tected, containing ~54% M in an alloy heat
treated for 2 h at 900°C. The metallic por-
tion of the MB phase is primarily Ti (~73%)
and Ta (~17%) with small amounts of W
and Nb.
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FIG. 19. Field ion micrograph showing a (Ti,Cr),B pre-
cipitate in the stress-relieved Ti-47% Al-2% Cr-1.8%
Nb-0.15% B-0.20% W alloy.

SEGREGATION STUDIES

Interphase interfaces in TiAl alloys have
been investigated by Hanamura et al. [42]
and by Saga et al. [43] in Ti-50% Al doped
with 2 wt. % Mn. Qualitative evidence of
manganese segregation to /vy interfaces
[42] and a,/+y interfaces [43] has been pre-
sented and it was suggested that the ductil-
ity was improved by manganese segrega-
tion promoting twin deformation due to
increased twin dislocation stability. How-
ever, quantitative results of manganese
segregation were minimal and the amount
of manganese present in the matrix phases
was not estimated.
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More recently, atom probe studies of seg-
regation in TiAl alloys have been per-
formed by Larson et al. [55-58, 74] and by
Menand et al. [61]. Larson et al. studied
tungsten segregation in a Ti-47% Al-2% Cr-
1.8% Nb-0.15% B-0.20% W alloy that was
cast and extruded at a temperature above
Te (~1320°C). In material that was stress re-
lieved for 2 h at 900°C, results showed sig-
nificant tungsten segregation (1-5% W cov-
erage) at both the v/ and o/ interfaces
[57, 73]. A field ion micrograph showing
tungsten segregation (bright spots) at an
ao/v interface is shown in Fig. 20. The be-
havior of tungsten alloying additions in
this material is of particular interest be-
cause previous studies have shown that
tungsten significantly reduced lamellar
coarsening [70]. Chromium segregation to
v/7v interfaces was also reported [57], al-
though no significant segregation of boron
or niobium was found. A three-dimen-
sional atom probe analysis of the partition-
ing and segregation behavior in the stress-
relieved Ti-47% Al-2% Cr-1.8% Nb-0.15%
B-0.20% W alloy is shown in Fig. 21. Com-
positions from six boundary regions in this
alloy are given in Table 5. In Ti-47% Al-2%
Cr-1.8% Nb-0.15% B-0.20% W, which was
annealed for 720 h at 800°C, the amount of
chromium and tungsten segregation was
reduced [58]. However, Menand et al. re-
ported chromium segregation at both /vy
and o/ interfaces in a Ti-48% Al-2% Cr-
2% Nb alloy, which was homogenized for
1 h at 1,420°C and annealed for 96 h at
1,000°C [61].

Table 4 Boride Compositions in Ti-47% Al-2% Cr-1.8% Nb-0.15% B-0.20% W

Heat treatment

Measured composition

Phase

2h at900°C
2h at900°C
2h at900°C

720 h at 800°C
720 h at 800°C

(Tig43 Nb3, Criq Wiq Alip) Bry MB,
(Tig2.6 Nbas Cros Wog Alyg) Bios MB
(Tiso5 Nbyg 5 Craz 0 Ws3 Ala) 2.06B M,B
720 h at SOOOC (Tisg_3 Nb2_5 Crz_() W3_1 A14_1) B1_4 MBZ
(Tigs.s Nbgy Cro Was Algsg) Bi.og MB
(Ties2 Nbsg Crias Wes Alg) 2.03B M,B
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FIG. 20. Field ion micrograph showing tungsten
(bright spots) segregated to an /7y interface in the
stress-relieved Ti-47% Al-2% Cr-1.8% Nb-0.15% B-0.20%
W alloy.

POLYSYNTHETICALLY TWINNED TiAl

Polysynthetically twinned (PST) TiAl crys-
tals have been developed to study the
lamellar microstructure in two-phase TiAl
alloys [74]. PST TiAl materials contain no
grain boundaries, and have a single set of
aligned lamellae of o, and +y phases. There-
fore, PST samples facilitate the study of the
dependence of mechanical properties on
lamellar structure by providing a known,
consistent alignment of lamellae. Previous
studies have shown that chromium and
molybdenum segregation occurs at certain
noncoherent y/vy twin boundaries in PST
TiAl. These studies also found a depletion
of Al at certain /<y interfaces, showing “o-
like” compositions [59]. The feasibility of
applying atom probe field ion microscopy
to PST TiAl samples has been examined,
and some preliminary findings in both bi-
nary and zirconium-doped PST TiAl have
been reported [75, 76].
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OTHER TiAI-BASED STUDIES

Hono et al. [77] have performed atom probe
investigations on small, untransformed re-
gions in a massively transformed Ti-48% Al
alloy to determine compositional variations in
ultrafine a; and +y lamellae (5-10nm spacing).
Significant differences in composition be-
tween the o, and vy phases indicated that por-
tions of the microstructure did not evolve by a
displacive or martensitic type transformation,
as had been previously suggested.

The mechanism of a, phase formation in
a+ap alloys has been investigated by Wood et
al. [78] in a Ti-14.5% Al alloy. Preliminary re-
sults indicate that ordered regions of a, form
in the alloy before significant composition
variations are present, in agreement with
atomistic simulations of phase separation
using a dynamic Ising model [78]. Further
work on this material, using atom probe
analysis in conjunction with transmission
electron microscopy and neutron diffraction
[79], supports decomposition occurring via a
conditional spinodal mechanism.

The effects of in situ microtwinning of
TiAl in the field ion microscope has been
examined by Larson et al. [80]. The field-
induced stresses present under normal field
ion imaging conditions were found to be
sufficient to induce the formation of twin-
oriented regions in the y phase of Ti-47%
Al-2% Cr-1.8% Nb-0.15% B-0.20% W, and
Ti-47% Al-2% Cr-1% Nb-0.15% B-0.2%
W-0.8% Ta [63, 80]. These regions can be
very narrow in width (<5nm), and often
resemble the o, phase in their field ion im-

Table 5 Compositions From Boundary Regions in Stress-Relieved Ti-47% Al-2% Cr-1.8% Nb-0.15%

B-0.20% W
Region Ti Al Cr Nb O B W
v/y 491*x10 462=*1.0 26+032 17*02 0.06-005 0.04=*0.04 038=*0.13
v/y 442 +1.28 52+129 153+032 198=*036 0.02*0.03 0.02*0.03 033=*015
v/y 481x087 476=*087 17*x023 22*x026 008*0.05 0.02=*x002 0.33=*0.10
a/y 605 %27 3326 273+090 2.04=*078 1.06=*0.56 — 0.68 = 0.45
a/y 546*x19 398*x19 195*054 214=*=057 092*x037 015*015 042 =025
a/y 583*x22 346*x21 373x085 140*x053 129*+050 0.06=*011 042 =029

Error bars are given as *20.
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FIG. 21. Three-dimensional atom probe analysis show-
ing (a) oxygen distribution in the y and a; phases, and
(b) composition profiles across the ay/vy interface
showing partioning and/or segregation behavior of
Ti, Al, O, Nb, and Cr.
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aging characteristics. Larson et al. [81] have
also performed a survey of the field ion imag-
ing behavior of several different TiAl-based
alloys, including two-phase alloys, single-
phase ay, and single-phase y microstructures.
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