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Electron backscatter diffraction (EBSD) and electron probe x-ray microanalysis (EPMA) in
combination with x-ray diffraction (XRD) were applied for phase identification of the
ternary precipitates and accompanying phases in Ti-49.6Al-1.9Fe alloy after heat treatment
at 1400◦C followed by furnace cooling. The heat treatment resulted in formation of the
duplex structure consisting of equiaxed grains of the γ phase (AuCu type) and lamellae of
the γ and α2 (Ni3Sn type). The ternary τ2 (Mn23Th6 type) phase, containing 21–22 at. % Fe,
was revealed on the grain boundaries of the γ -matrix and lamellae, and is accompanied by
α2 precipitates. Different morphologies of the τ2+α2 colonies were found to differ in
chemical composition, coarse particles being depleted in titanium, and the fine particles
enriched in it. The combination of EPMA and EBSD in scanning electron microscopy proved
to be very effective in local phase identification of specimens with fine multiphase
structure. C© 2000 Kluwer Academic Publishers

1. Introduction
Titanium aluminides are promising materials for
aerospace engineering due to their low density and
high melting point [1]. Improvement of the proper-
ties ofγ -base titanium aluminides can be achieved by
microstructure optimization through appropriate heat
treatment and alloying [2–4]. It is known that the du-
plex structure can be obtained in binary titanium alu-
minides after furnace cooling from theα or α+ γ
fields [5]. Such structure provides the optimal com-
bination of mechanical properties [6]. The effect of
ternary additions such as Nb, V, Cr, C, Si on microstruc-
ture formation is being widely investigated [4]. Iron is
also a promising candidate due to the presence of sev-
eral cubic ternary and quasibinary phases in Al-Ti-Fe
system [7], but its effect is less examined. Equilib-
rium structures of the Al-Ti-Fe system at 800, 900,
1000◦C were studied [7, 8], while the technologically
important non-equilibrium structures in the Al-Ti-Fe
system (such as, duplex or duplex based) have not
been examined at all. Accordingly, the object of the
present research is microstructural characterization of
theγ -TiAl base alloy with iron addition, after anneal-
ing in α+ γ field and furnace cooling. For this pur-
pose the combination of electron probe x-ray micro-
analysis (EPMA) and electron backscatter diffraction
(EBSD) techniques in scanning electron microscopy
(SEM) was employed. This combination is convenient
for local chemical and structural characterization for
specific morphological features in the specimen. The
high lateral resolution of EPMA and EBSD coupled

with the large analyzed area available in SEM study, en-
ables comprehensive characterization of specific phases
to be made. Bulk structural characterization was per-
formed by x-ray diffraction (XRD). The same specimen
is used in all three techniques after a simple preparation
procedure.

2. Experimental procedure
2.1. Sample preparation
The investigation was carried out on an Ti-49.6Al-1.9Fe
alloy. Specimens were produced by Duriron, Ohio. As-
received specimens in the form of 19 mm diameter
rods were prepared by induction melting and subse-
quent hot isostatic pressing (HIP) at 1260◦C, 240 min,
172.4 MPa. The as-received specimens were subjected
to metallographical investigation to ensure that no evi-
dence of the as-cast dendritic structure is remained.

The as-received specimens were heat treated above
theα→ γ transition temperature: holding at 1400◦C
for 40 min followed by furnace cooling (approximately
10 K/min). For the heat treatment a 15–20 mm thick
sample was cut from the rod. After the treatment,
the sample was halved and its oxide free core was
examined.

For characterization, the specimens were ground on
SiC grinding paper starting with 120 grit, followed
by 240, 320, 400 and 600 grit. Primary polishing was
carried out on a wet fabric using alumina slurry with
0.3µm particle size, and final polishing on a wet fabric.
Samples were etched in a solution of 24 ml H20, 50 ml
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Glycerol, 24 ml HNO3, 2 ml HF, and the etched surface
subjected to SEM examination.

2.2. Analytical techniques
2.2.1. Electron backscatter diffraction

(EBSD)
Formation of the EBSD pattern is described elsewhere
[9–11]. The focused incident electron beam is scattered
quasi-elastically within a small interaction volume im-
mediately under the sample surface. The subsequent
diffraction of the divergent electrons by the crystal
planes forms an array of Kikuchi cones, whenever the
Bragg condition is satisfied. Intersection of these cones
by the recording screen yields the EBSD pattern. It
can be shown that this pattern reflects the symmetry
inherent in the crystal, so that analysis of the pattern
symmetry yields that of the crystal. The interpretation
of the EBSD pattern includes indexing of the crystal
planes and directions (observed as bright bands and
their intersections respectively).

The EBSD patterns were obtained and analyzed with
the aid of a LINK OPAL (Oxford Instruments, UK)
device mounted on a high-resolution, field emission
gun, digital scanning electron microscope Leo 982 (co-
operation Zeiss - Leica). The measurements were car-
ried out under the following conditions: accelerating
voltage - 20 kV, beam current - 3 nA, working dis-
tance - 17–23 mm, angle between electron probe and
sample normal - 70◦, probe diameter 40 nm. Initially,
the sample surface was examined in the conventional
SEM mode and the morphological features of interest
were selected. After that the electron probe was local-
ized sequentially on the selected points and the EBSD
patterns were captured and solved with the aid of the
standard LINK OPAL software package. For calibra-
tion of the angular distances between bands, the EBSD
pattern from a (001) Si reference single crystal mounted
directly on the surface of the sample was used.

Figure 1 Optical microphotograph of the structure formed in Ti-49.6Al-1.9Fe alloy after 1400◦C/40 min and furnace cooling: 1- equiaxed grain;
2 - lamellae; 3- black ‘grains’.

2.2.2. Electron probe microanalysis (EPMA)
The electron probe microanalysis was carried out on
a JSM 840 (JEOL, Japan) SEM equipped with an en-
ergy dispersive LINK ISIS (Oxford Instruments, UK)
spectrometer (EDS). The spectrometer allows reliable
detection of elements starting with boron.

EDS measurements were carried out at accelerating
voltage 10 kV, probe current 1–3 nA, working dis-
tance 15 mm, x-ray take-off angle 30◦, probe diameter
0.5µm. Acquisition time was 100 s per point. The stan-
dards and analytical lines used for the measurements
were as follows: for Al-Al2O3, Al K α, for Ti - bulk
Ti, Ti K α, for Fe - bulk Fe, Fe Kα. Data quantification
was based on the conventional correction procedure in-
cluded in the LINK ISIS software.

Final results for a given phase or morphological fea-
ture were normalized to 100% and averaged over a num-
ber (usually 5–10) of measurements.

2.2.3. X-ray diffraction (XRD)
XRD analysis was carried out for primary phase identi-
fication in the specimen, and its results were correlated
with those of the local chemical and structural charac-
terization.

The measurements were carried out on a KW-1810
powder diffractometer (Philips, Holland). Measure-
ment parameters were as follows: Cu Kα radiation, ac-
celerating voltage 40 kV, tube current 40 mA.

Diffraction patterns were obtained from poli-
shed specimens in the step mode with step size 0.01◦
(2θ scale) and 10 s per step exposure.

3. Results and discussion
An optical microphotograph of the alloy structure is
presented in Fig. 1. One can see equiaxed grains
(marked as ‘1’ in the Fig. 1) and lamellae (‘2’ in the
Fig. 1) similar to that reported for near-equiatomic
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binary alloys [5]. The microphotograph also reveals
an additional morphological feature - black ‘grains’
(marked ‘3’ in the Fig. 1) in the vicinity of the grain
boundaries.

Enlarged SEM images of the black ‘grains’ are pre-
sented in Fig. 2. As can be seen from Fig. 2a (secondary
electrons mode), the ‘grain’ is in fact a colony consist-
ing of particles of different sizes, with the coarse parti-
cles forming in the periphery and the fine ones mostly
in the central part. In Fig. 2b the colony is imaged in

Figure 2 SEM microphotographs of the grain boundary precipitates. (a) - secondary electrons (b) - backscattered electrons (compositional contrast
mode). The chemical compositions of the morphological features are presented in the Table I: 1 - coarse white particles; 2 - coarse black particles;
3 - the mixture of the fine black and white particles.

backscattered electrons (compositional contrast mode).
White and black particles of different sizes can be dis-
tinguished, marked “1” and “2” respectively. EPMA
examination (see Table I) revealed that the white parti-
cles are enriched in iron relative to its average content
in the matrix, and the black particles in titanium. The ti-
tanium enrichment is more pronounced in the fine than
in the coarse black particles. The titanium content of
the fine white particles is also larger than in the coarse
ones.
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Figure 3 SEM image of lamellae (secondary electrons).

The SEM image of lamellae is presented in Fig. 3.
One can distinguish the thin and thick plates. The chem-
ical composition of the thick plates (Table I) is the same
as that of the matrix; that of the thin plates could not be
measured correctly due to their small width (less than
0.5µm).

The XRD spectrum of the specimen is presented
in Fig. 4. The observed peaks were identified as be-
longing to either theγ (AuCu type,a= 0.3998 nm,
c= 0.4076 nm [12]), orα2 (Ni3Sn type,a= 0.5793 nm,
c= 0.4655 nm [12]) orτ2 (Mn23Th6 type,a= 1.2 nm
[7]) phases present in the Al-Ti-Fe system [7].

To identify the morphological features observed, one
has to compare their composition measured by EPMA
with that of the XRD-detectedγ ,α2, τ2 phases reported
in literature (see Table II). Based on data presented in
Tables I and II, matrix grains and thick plates were
identified asγ , white particles (both coarse and fine) as
τ2 phase. The fine black particles can be recognized as
α2. The observed iron excess (4%) apparently can be
explained by influence of the neighboring iron richτ2
particles.

TABLE I Chemical composition of observed morphological features
measured by EPMA

Measured Composition, % at.

Morphological feature Al Ti Fe

matrix grains 53.3± 0.5 44.8± 0.5 1.8± 0.2
thick plates (Fig. 3) 53± 0.5 45± 0.5 2± 0.2
thin plates (Fig. 3) — — —
coarse white particles 37± 0.5 42± 0.5 21± 0.5

(“1” in Fig. 2b)
coarse black particles 39± 0.5 59± 0.5 2± 0.5

(“2” in Fig. 2b)
fine white particles 32± 1 46± 1 22± 1
fine black particles 29± 1 67± 1 4± 1

TABLE I I Chemical composition ofγ , α2 andτ2 phases reported in
literature

Reported composition, % at.

Phase Al Ti Fe Comments

γ 58–42.5 40–55 up to 2.5 composition at 800◦C7

α2 32.5–20.5 66–78 up to 1.5 composition at 800◦C7

α2 39 59 up to 1 maximum Al content
reported for 1125◦C13,
iron solubility reported
for 1000◦C7

τ2 24.6–47.8 47.8–30.8 21.4–24.5 composition at 800◦C7

Figure 4 XRD spectrum obtained from Ti-49.6Al-1.9Fe alloy after
1400◦C/40 min and furnace cooling.

The coarse black particles exhibit a composition
which corresponds to that ofα2 at 1125◦C with maxi-
mum aluminum content [13], which is beyond the range
of existence ofα2 at lower temperatures. Identification
of the thin plates was impossible at this stage.
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Figure 5 A typical SEM image and the corresponding EBSD pattern from the thin plate.

Figure 6 SEM image of colony and corresponding EBSD patterns. (Continued)
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Figure 6 (Continued).

It should be noted that the XRD pattern obtained from
the specimen contains strongα2 reflections. Apparently
the fine black particles recognized asα2 cannot be the
source of these reflections due to their small amount.

To complete the recognition of the observed morpho-
logical features the specimen was examined by EBSD.
A typical SEM image of a thin plate and the correspond-
ing EBSD pattern are presented in Fig. 5. Solution of
the different patterns captured from the thin plates re-
vealed that the thin plates areα2-phase. Thus, the ob-
served lamellae consist of alternatingγ andα2 plates.
This conclusion is consistent with results reported for

the binary Ti-Al alloys after similar heat-treatment [6].
One also concludes that the thin plates are responsible
for the strongα2 peaks observed in the XRD spectrum.

A SEM image of the colony and the corresponding
EBSD patterns are presented in Fig. 6. The patterns
obtained from points 1–4 were identified asτ2, and
those obtained from points 5 and 6 asα2. Obviously,
points 1–4 correspond to the coarse white particles in
Fig. 2b while 5 and 6 correspond to the coarse black
ones.

The τ +α2 colonies are formed during the decom-
position of high temperature iron-richβ-Ti [14]. The
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coarse particles are formed at higher temperature than
fine ones. The composition of coarseα2 particles im-
plies that the lowest temperature limit of their formation
can be estimated as∼1100◦C.

4. Conclusions
• The combination of EPMA and EBSD in scanning

electron microscopy proved to be very effective in
local phase identification of specimens with fine
multiphase structure.
• The microstructure of the Ti-49.6Al-1.9Fe alloy

after annealing at 1400◦C for 40 min and fur-
nace cooling consists ofγ , (γ +α2) lamellae and
colonies of theα2+ τ2 precipitates on the grain
boundaries.
• The ternaryτ2 phase found in the specimen con-

tains 21–22 at. % of iron.
• The fine particles (bothα2 andτ2) in the colonies

are enriched in titanium relative to the coarse ones.
• The coarseα2 particles in colonies are enriched

in aluminum in comparison to the equilibrium Al
solubility at room temperature.
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