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Abstract

Atom probe field ion microscopy has been used to investigate the alloying effects of tantalum in a hot extruded two-phase
(o, +7v) Ti-47 at.% Al-2% Cr-1% Nb-0.80% Ta-0.20% W-0.15% B alloy in both stress-relieved (2 h at 900°C) and aged (2160 h
at 800°C) conditions. Slightly over half of the tantalum additions were found to be in solution in the main matrix phases. The
concentration of tantalum in the aged alloy was determined to be 0.43 + 0.14% Ta and 0.47 + 0.04% Ta in the o, and y phases,
respectively, indicating that tantalum does not partition strongly to either phase. The presence of tantalum does not reduce the
strong oxygen partitioning to the o, phase, or modify the low boron concentrations measured in the o, and y phases. However,
the addition of tantalum does appear to change the most prevalent boride phase from MB, to MB and possibly to increase the
rate at which near-equilibrium levels of Al and Ti are achieved in the o, and y phases. In addition, tantalum appears be
responsible for the precipitation of a Ti(Cr, Al), phase which contains significant amounts of Ti, Al, Cr, Ta and W. © 1999
Elsevier Science S.A. All rights reserved.
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1. Introduction

Two-phase y-based TiAl alloys are attractive for high
temperature structural applications due to their low
density and good strength at elevated temperatures.
Recent work has focused on chemical alloying and
thermomechanical processing in order to obtain a rea-
sonable combination of elevated temperature strength
and room temperature ductility in these materials [1,2].
Research has shown that small amounts of various
ternary elements can improve the ductility of TiAl
alloys. In addition, the formation of additional phases,
such as the B phase, affects the mechanical properties of
these materials [3—5].

The addition of tantalum to TiAl alloys has been
investigated as a way to modify the deformation behav-
ior, and research has shown a complex phase equilbria
in the Ti—Al-Ta system [6—8]. Small tantalum addi-
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tions ( < 10%) to TiAl alloys containing 45—-48% Al can
modify the solidification behavior and solid-state trans-
formations with respect to binary alloys [7]. In addi-
tion, tantalum can modify the interfacial structure and
morphology of the o, phase and reduce the stacking
fault energy [9]. On a more macroscopic scale, tantalum
additions improve oxidation and creep resistance at
elevated temperatures but increase the susceptibility of
hot cracking ([1] and references within). Tantalum also
improves the tensile ductility at ambient and elevated
temperatures in hot extruded P/M TiAl alloys. Tanta-
lum additions combined with tungsten additions are
effective in grain refinement [10].

In order to understand the alloying effects of tanta-
lum, it is essential to know the phase distribution and
partitioning behavior of the elements present. There-
fore, the goal of this research is to determine how the
tantalum additions are distributed throughout the alloy
(i.e. phase partitioning, interfacial segregation, etc.), if
this distribution is strongly affected by annealing, and if
the tantalum significantly modifies the behavior of
other alloying additions. Atom probe field ion mi-
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croscopy is a powerful tool with which to study elemen-
tal partitioning, precipitate composition and interfacial
segregation because it can provide structural and chem-
ical information about the microstructure of a material
at the sub-nanometer level. In addition, because the
atom probe is equally sensitive to all elements, it pro-
vides a means to investigate the behavior of light
elements, such as boron, which cannot be easily exam-
ined using transmission electron microscopy with tradi-
tional energy dispersive spectrometry.

2. Experimental

The alloy investigated in this study had a nominal
composition of Ti-47 at.% Al-2% Cr-1% Nb-0.80%
Ta-0.20% W-0.15% B. The alloy powder was prepared
by rapid solidification processing using the rotary at-
omization facility at Pratt and Whitney. The powder
was canned and hot extruded at 1400°C (above T,).
After hot extrusion, alloy samples were stress-relieved
for 2 h at 900°C and cooled in a vacuum furnace. Some
samples of the alloy were also aged for 2160 h at 800°C
in order to study the microstructural stability and alloy-
ing behavior in the material as it moved toward an
equilibrium or near-equilibrium structure.

Field ion microscopy was performed with neon as the
imaging gas. Atom probe analysis was performed in
1 x 10~7 Pa of Ne with a pulse fraction of 20% and a
pulse repetition rate of 1500 Hz. The specimen temper-
ature was 60 K for both field ion microscopy and atom
probe analysis. All compositions are given in atomic
percent and all composition error bars given are + 20.

3. Results and discussion
3.1. o, and y Phases

The near fully-lamellar microstructure in the hot
extruded alloy in the stress-relieved state was observed
by optical microscopy, Fig. la. The yield strength and
elongation of this material as a function of aging
temperature is shown in Fig. 1b. Long term aging for
2160 h at 800°C does not produce significant changes in
the optical microstructure. The lamellar microstructure
in the stress-relieved and aged alloys was examined by
field ion microscopy. The typical a,/y lamellar structure
is shown in Fig. 2 for the stress-relieved sample.

The average compositions and the solute partitioning
behavior of the o, and y phases was measured in the
atom probe and the results for both the stress-relieved
and aged specimens are summarized in Tables 1 and 2.
The aluminum concentration in the o, phase in the
stress-relieved alloy was 30.5 +1.23% Al. In the aged
alloy, the aluminum concentration in the o, phase was
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Fig. 1. (a) The optical microstructure and (b) tensile strength data for
the stress-relieved alloy.

30.4 +0.96% Al, indicating no significant change. Simi-
larly, the titanium concentrations remain relatively con-
stant upon aging. In previous investigations of a TiAl
alloy without tantalum, aging for a shorter time of 720
h at 800°C produced significant changes in the Al and

Fig. 2. Field ion image of o, and y regions in the stress-relieved alloy.
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Table 1

Matrix phase compositions for the stress-relieved and aged alloys

Phase Heat treat-  Titanium Aluminum  Chromium  Niobium Tantalum Oxygen Tungsten Boron
ment
Y 2 h at 900°C 49.4+0.36 468+036 1.83+0.10 1.02+0.07 0.61+0.06 0.07+0.02 0.29+0.03 0.014 +0.008
o, 2 h at 900°C 62.0+1.29 30.5+1.23 2.17+0.39 1.00+0.27 0.80+0.24 2.54+042 043+0.17 0.07+0.07
Y 2160 h at 49.6+0.31 47.6+0.31 1.14+0.07 0.90+0.06 0.47+0.04 0.06+0.02 0.274+0.04 0.012+0.007
800°C
o 2160 h at 61.4+1.0 304+0.96 2274031 0.72+0.18 043+0.14 421+042 045+0.14 0.04 £0.04
800°C
Ti(Cr, Al), 2160 h at 209+194 195+1.89 43.1+236 1.64+0.61 122+1.56 0.17+0.20 244+0.73 *
800°C
Nominal Balance 47% 2% 1% 0.8% - 0.2% 0.15%
composition

* None detected.

Ti levels in the o, phase [11,12]. Thus, it appears that
the 0.8% Ta addition is affecting the kinetics in this
system. (It should be noted that the previously investi-
gated alloy was also processed differently.)

In the stress-relieved alloy, the chromium was found
to partition only slightly to the o, phase with a parti-
tioning factor of ~ 1.2:1 (Table 2). Aging of the alloy
resulted in an increase in the chromium partitioning to
the o, phase (Table 2) but this is seen to be the result of
a lower concentration in the y phase, not an increase of
the o, phase concentration (Table 1). The niobium did
not exhibit a significant preference for either o, or vy
phase in the stress-relieved or aged alloys (Table 2) in
general agreement with previously determined niobium
behavior in a TiAl alloy of similar overall composition
in both stress-relieved [11] and aged states [12].

The results of Table 1 show possible tantalum parti-
tioning to the o, phase in the stress-relieved alloy. A
previous compositional measurement using analytical
electron microscopy in an a, + vy TiAl alloy also sug-
gested slight tantalum partitioning to the o, phase [13],
although it should be noted that the previously studied
alloy did not contain W and B. In this study, the
tantalum present in the matrix phases is depleted below
the nominal alloy composition (0.8% Ta), especially in
the aged alloy, where the tantalum levels are 0.43 +
0.14% Ta and 0.47 + 0.04% Ta in the o, and y phases,
respectively. Some solid solution strengthening due to
these levels of tantalum in the matrix phases might be
expected. However, the yield strength of two-phase
TiAl alloys is mainly controlled by the interlamellar
spacing; as a result, a solid solution strengthening effect
due to tantalum was not detected in this alloy [10].

The atom probe results indicate that tungsten parti-
tions to the o, phase in the stress-relieved alloy (Table
1) with a partitioning factor of ~ 1.5:1 and this in-
creases slightly with aging (Table 2). The average tung-
sten concentrations in the y phase were slightly above

the nominal alloy level (0.20% W) for both the stress-
relieved and aged alloys with the 2 error bar (based on
counting statistics) showing a small deviation (Table 1).
However, the standard deviation of the average concen-
trations indicates significant variation from one region
to another even after aging. Tungsten concentrations in
various y phase regions varied from 0.19 to 0.37% and
from 0.15 to 0.51% in the stress-relieved and aged
alloys, respectively.

The tungsten concentrations in the o, phase were
relatively constant between the stress-relieved and aged
alloys, with both levels considerably above the nominal
alloy composition. For the atom probe analyses of the
v phase, 0.29 +0.03% W and 0.27 +0.04% W were
measured in the stress-relieved and aged alloys, respec-
tively. The small error bars (2c) on these measure-
ments, together with the even higher tungsten
concentrations from the o, phase, suggest that the
actual amount of tungsten in this alloy is probably
greater than the nominal alloy composition of 0.20%
W.

In the current study, the oxygen was found to parti-
tion to the a, phase in the stress-relieved alloy with a
partitioning factor of ~ 36:1 and this approximately
doubles upon aging (Table 2). Previous studies have
shown the preferential location of oxygen in the o,
phase in TiAl alloys [11,12,14,15]. One proposed expla-
nation for this is that octahedral intersticies exists in the
o, phase that are surrounded by six titanium atoms but
these interstices are not present in the y phase [15]. This
leads to preferential interstitials, including oxygen, in
the o, phase. The presence of tantalum in both of the
main matrix phases does not appear to alter this oxygen
partitioning behavior.

The average boron concentrations in the y and o,
phases in both the stress-relieved and aged alloys (Table
1) were found to be significantly lower than the nomi-
nal alloy composition of 0.15% B. This observation is
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Table 2

Elemental partitioning relative to the y phase composition in the stress-relieved and aged alloys

Ratio Heat treatment Chromium Niobium Tantalum Oxygen Tungsten Boron
oLy 2 h at 900°C 1.19:1 1:1.02 1.31:1 36.3:1 1.48:1 5:1
oLy 2160 h at 800°C 1.99:1 1:1.25 0.91:1 70.2:1 1.67:1 3.3:1
Ti(Cr, Al),/y 2160 h at 800°C 37.8: 1 1.82:1 26.0:1 2.8:1 9.04:1 0

consistent with the precipitation of boride phases (see
below) and previous results from an o, + y TiAl alloy
with boron additions [16]. Due to the large error bars
on the boron concentration measurements imposed by
counting statistics (Table 1), the partitioning of boron
between the phases cannot accurately be determined.

3.2. Ti(Cr,Al), Phase

A third phase of different imaging behavior and
composition from the y and o, phases was found to be
present in both the stress-relieved and aged samples.
This phase had not been observed in the previous field
ion microscopy studies of TiAl alloys. Field ion mi-
croscopy images of this phase in the aged alloy (Fig. 3)
show that it images with bright contrast relative to both
the y and o, phases. The brightly-imaging behavior
implies that this phase has a higher evaporation field,
and likely a higher melting temperature, than the y and
o, phases. The phase appears to be plate-shaped al-
though no information on the shape of the precipitate
along the specimen axis was obtained. Due to the small
spatial extent of the phase, the crystal structure was not
obtainable by indexing the prominent poles in the field
ion images. Another example of this phase in the aged
alloy is shown in Fig. 4a. A composition profile from
the o, phase into the third phase and then from the
third phase into the y matrix is shown in Fig. 4b. It is
evident that this phase is highly enriched in chromium,
tantalum and tungsten. The average of three different
composition measurements of this phase in the aged
alloy is given in Table 1. The chromium concentration
of 43.1 +£2.36% Cr is several times higher than that
measured in previous observations of the [ phase in
TiAl-based alloys [3,17,18].

Although no diffraction data was obtained from this
phase, the Cr/Ti ratio of ~2 suggests a TiCr,-based
Laves phase [19] containing considerable alloying addi-
tions. Assuming geometrical rules for site-occupancy in
Laves phases, Ti, Nb, Ta, and W would be expected to
occupy ‘A’ sites [20]. Placing Al and Cr on ‘B’ sites
yields a stoichiometry near AB,. This is agreement with
recent work on the Ti—Al-Cr system [21], which shows
Al substituting for Cr with a very high solubility in the
TiCr, C14 phase. In addition to the chromium enrich-
ment, the data given in Table 2 show the large enrich-
ment of this phase relative to the y phase for both Ta

and W. Although it is difficult to accurately quantify
the oxygen in this phase due to the counting statistics,
the oxygen concentration is certainly closer to y phase
levels ( ~0.05%) than o, phase levels ( ~ 1-5%). This
chromium-enriched phase was not observed in previous
investigations of TiAl alloys containing no tantalum
[11,12], which suggests that the tantalum addition stabi-
lizes this phase.

3.3. Precipitation of boride phases

As noted above, the measured boron concentrations
in both the o, and y phases of the stress-relieved and
aged alloys were well below the nominal alloy level
(Table 1). This depletion was a result of the formation
of several different types of boride precipitates. (In the
stress-relieved alloy, borides were observed in ten of the
22 samples investigated. In addition, borides were seen
in seven of the 17 aged alloy samples examined.) The
size of the borides was usually larger than the field of
view in the field ion image and thus their size can only
be estimated as being at least 100-200 nm. Borides
were analyzed in the stress-relieved alloy (MB, M,B)

Fig. 3. Field ion images of two third-phase regions in contact with y
and o, regions in the aged alloy.
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Fig. 4. (a) Field ion image and (b) corresponding composition profile
through the third phase region in the aged alloy.

and in the aged alloy (MB and WB), Table 3. The
MB phase was the most often detected phase in these
alloys.

The metallic portion of the MB phase is primarily
Ti (~73%) and Ta (~ 17%) with small amounts of

Table 3
Boride compositions as determined by atom probe analysis

Heat treatment Measured composition Phase
Stress-relieved  (Ti;; 4Nb, sCry,W, ,Ta6,AL)5),0s B MB
Stress-relieved  (Tig ,Nby 4Cry53Wa3Ta 04AL4)20s B M,B
Aged (T%ﬂ oNDbs 4Cro;WeoTays Al 4)112 B MB
Aged (Tig0Nby, 5Crp 9 Wy3 sTag oAl 4)1;1 B WB

Fig. 5. (a) Field ion image and (b) transmission electron microscopy
image of an M,B boride in the stress-relieved alloy.

W and Nb (where M denotes any combination of
metallic elements). It is evident that the MB phase is
slightly metal enriched, containing ~ 54% metallic
species in the stress-relieved alloy.

A chromium-enriched M,B precipitate was detected
and analyzed in the stress-relieved alloy (Table 3).
This boride was significantly different in morphology
relative to the more prevalent MB phase. Field ion
and transmission electron microscopy images of this
boride are shown in Fig. 5a and b, respectively. From
these images it is evident that this boride is ~ 100
nm in diameter and roughly equiaxed in morphology.
A boride phase of similar composition and morphol-
ogy has been detected previously in an o, +7y TiAl
alloy that did not contain tantalum [11,16].

Boride phases were also detected and analyzed in
the aged alloy. As in the stress-relieved alloy, the MB
phase was most prevalent. The metallic portion of the
MB phase is primarily Ti (~ 71%) and Ta (~ 16%)
with small amounts of W and Nb. The MB phase is
metal enriched in the aged alloy, with the average
boride containing ~ 56% M (Table 3). Another MB
boride, which was sufficiently enriched in tungsten to
be considered WB, was analyzed in the aged alloy
(Table 3). The majority of the metallic portion of this
phase consists of W (~ 84%) and Nb ( ~ 12%). This
boride is also slightly metal rich, containing ~ 55%
M (Table 3). It is of interest that this boride phase
contains no tantalum.

No MB, phase was detected in either the stress-re-
lieved or the annealed material. Thus it appears that
the tantalum additions change the most prevalent
boride phase from MB,, as observed previously
[11,16], to MB. This is in agreement with previous
work by De Graf et al. [22] on TiAl alloys with Ta
and B additions. It is also evident that a significant
proportion of the alloying additions are contained in
the borides (Table 3). No ultrafine boride precipitates
(~10 nm diameter) were observed in either alloy
during extensive field evaporation.



6 D.J. Larson et al. /| Materials Science and Engineering A270 (1999) 1-8

Fig. 6. Field ion image showing an a,/y interface in the stress-relieved
alloy (analysis 1 in Table 4).

3.4. Segregation at interfaces

A preliminary investigation of interfacial segregation
in the stress-relieved alloy was conducted. Two a,/y
interfaces and one y/y interface were analyzed by atom
probe. An o,/y interface in the stress-relieved alloy that
was significantly enriched in chromium (3.41 + 0.65%
Cr) is shown in Fig. 6. The full composition from the
interface is given as analysis 1 in Table 4. Despite the
small diameter of the cylinder of analysis during this
experiment (<4 nm), the data from the boundary
analysis will contain a contribution from the matrix
phases on either side of the interface. Thus, the actual
segregation level at the interface is underestimated, and
a geometric deconvolution procedure is necessary [23].
If the thickness of the interface region is assumed to be
0.23 nm ( ~ 1 atomic layer in the {111) direction), the
coverage at the boundary is determined to be 11.1% Cr
(Gibbsian interfacial excess of I';=1.6 x 10'* cm~2). A
coverage value of 0% corresponds to no segregation,
i.e. the nominal alloy level of solute is present. There
was no significant segregation of tungsten at this
interface.

Atom probe analysis of another o,/y interface also
revealed chromium enrichment at the interface (5.3 +

Table 4
Compositions from boundary regions in the stress-relieved alloy

2.3% Cr) with a coverage of 22.3% Cr (I';=3.2 x 10"
cm ~?). This boundary was analyzed by repositioning
the probe aperture directly on the interface and at
various distances on either side. A high oxygen concen-
tration of the phase on one side of this interface
confirmed the o, phase region. The full composition
from the analyzed region directly on the boundary is
given as analysis 2 in Table 4. The segregation of
chromium to o,/y interfaces in the stress-relieved alloy
is in agreement with previous atom probe results on
TiAl alloys [11,12,24,25].

Field ion and transmission electron micrographs of a
v/y interface in the stress-relieved alloy determined by
atom probe to be enriched in Ta and possibly W
(analysis 3 in Table 4) are shown in Fig. 7. Segregation
of tungsten to o,/y and y/y interfaces in TiAl alloys has
been reported previously [11,12,24] and is believed to be
one of the factors responsible for resistance to growth
and coarsening of the lamellar structures [2]. The cover-
age of tungsten at this boundary is calculated to be
1.4% (I'; = 2.0 x 10'3 cm ~?2). Note that there appears to
be no chromium enrichment at this interface.
Chromium segregation in polysynthetically twinned
TiAl crystals has been observed by Inui et al. [26] at
some y/y interfaces but not at others.

In a previous study [11,12], tungsten segregation was
observed to be reduced after aging. Surprisingly, the
tungsten segregation observed in the tantalum-contain-
ing material in the stress-relieved state correlates more
closely with the previous results from the aged alloy, i.e.
tungsten segregated to some, but not all, boundaries.
This suggests that tantalum additions may assist in
producing a faster approach to equilibrium in these
alloys, consistent with observations given above de-
duced from the non-varying Al and Ti levels. Further
work is required to confirm this behavior. The prelimi-
nary segregation results show no significant boron seg-
regation at any of the interfaces analyzed, in agreement
with investigations of interfaces in alloys of similar
composition [11,12,16,24].

4. Summary

The following can be concluded regarding the addi-
tions of tantalum in TiAl alloys (note that the alloys
were processed in different ways):

Analysis  Heat treatment Titanium Aluminum  Chromium  Niobium Tantalum Oxygen Tungsten Boron
1 o,/y Interface 554 +1.78 37.1+1.73 3.41+0.65 1.13+038 0.87+033 1354041 023+0.17 *
o,/y Interface 524 +50  37.3+4.86 5294225 1.01+1.0 126 +1.12 1.51+122 0.76+0.87 *
3 v/y Interface 50.6 +1.44 446+1.43 20+041 0.74+025 1.32+0.33 0.08+0.08 0.39+0.18 0.06+0.07

* None detected.
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Fig. 7. (a) Field ion image and (b) transmission electron microscopy
image of y/y interface in the stress-relieved alloy (analysis 3 in Table
4).

(1) The majority of the tantalum additions remain in
solution in the o, and y phases in the stress-relieved
alloy, although a significant amount is present in the
borides. Slightly greater than half of the tantalum
additions remain in solution in the aged alloy.

(2) Tantalum changes the most prevalent boride
phase from MB, to MB and produced a higher number
density of borides.

(3) Tantalum appears to modify the kinetics of the
system as manifested by little or no change in the Al
and Ti concentration in the o, and y phases between
the stress-relieved and annealed states.

(4) Tantalum does not appear to affect the niobium
behavior significantly.

(5) Tantalum does not modify the low boron solubil-
ity levels in the o, and y phases or the strong partition-
ing of oxygen to the o, phase.

(6) Tantalum promotes precipitation of the
Ti(Cr,Al), phase which contains significant amounts of
Ti, Al, Cr, Ta and W.

(7) Tantalum does not inhibit the segregation of
chromium to interphase interfaces and may segregate
itself.
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