Rare Met. (2013) 32(1):5-11
DOI 10.1007/s12598-013-0006-4

RARE METALS

www.editorialmanager.com/rmet

Grain refining of Er added to Ti—22A1-25Nb alloy
and morphology of erbium precipitates

Jing-Ru Dai, Hui-Min Lu*, Zhi-Jin Cai,
Chao An

Received: 22 February 2012/Revised: 11 June 2012/ Accepted: 15 June 2012/ Published online: 21 February 2013
© The Nonferrous Metals Society of China and Springer-Verlag Berlin Heidelberg 2013

Abstract In order to investigate the effect of erbium (Er)
on the microstructure of orthorhombic Ti,AINb-based
alloys, four testing alloys were prepared by adding differ-
ent contents of the rare earth metal Er to Ti—22A1-25Nb
alloy and optical microscopy, X-ray diffraction, scanning
electron microscopy, electron probe microanalysis, energy-
dispersive spectrometry, and transmission electron
microscopy were used. The results show that the addition
of Er is capable of grain refining and the refinement effect
is more obvious with increasing content of Er. The Er,O3
dispersoids formed by internal oxidation and Al;Er com-
pound particles are observed in Er-doped alloys and the
number of Er precipitates is increased with increasing Er
addition. It is likely that the solubility of Er in the Ti,AINb
alloy is very low and Er precipitates tend to segregate at
grain boundaries, which together with the surface activity
of rare earth elements is supposed to decrease the prior B2
grain size of Ti-22A1-25Nb alloy effectively.

Keywords Ti,AlNb-based alloys; Rare earth erbium
(Er); Microstructure; Erbium precipitates

1 Introduction

In 1988, Banerjee et al. [1] identified a ternary intermetallic
named O-phase (Ti,AINb) with orthorhombic structure for
the Ti-25A1-12.5Nb composition. The ordered Ti,AINb-
based alloys have received attractive attention as candidate
materials for elevated-temperature structural applications
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due to high strength-to-weight ratio, good creep properties,
and excellent high-temperature performance [2-9].
Ti—22A1-25Nb alloy is one of the promising Ti,AINb-
based alloys that have been greatly researched in recent
years. Studies have shown that the mechanical properties of
Ti,AlNb-based alloys are very sensitive to the composition
and microstructure, and quaternary element is added to
improve microstructure and properties [6—8]. Until now,
several compositions in the range of Ti—22Al-25Nb with
Mo, Si, and Zr additions have been researched [10, 11] and
trace elements of B, Fe, and W have been added to other
Ti,AlNb-based alloys [12—14].

Owing to unique electronic configuration, rare earths have
played an important role in metallurgy and materials, such as
refinement of microstructure, alloying or microalloying, and
purification of materials and metamorphosis of inclusions
[15], consequently resulting in properties improvement.

Recently, minor rare earth elements (REEs) have been
well added to intermetallics with the purpose of micro-
structure modification and property improvement. To our
knowledge, there are few reports about Ti,AlNb-based
alloys with Er. Up to now, studies about Y modified in
Ti—17A1-27Nb, Ti-23Al-25Nb, and Ti-16Al-27Nb have
been reported, respectively [16—18]. Previous research by
the authors indicates that the addition of Er has a great
refinement effect on the grain size and microstructure of
Ti—-16A1-27Nb alloy [18]. In this article, the influence of
Er on the microstructure of Ti—22A1-25Nb alloy and Er
precipitates was studied and discussed.

2 Experimental

The nominal compositions of the studied alloys are
Ti-22A1-25Nb, Ti-22Al-25Nb-04Er, Ti-22A1-25Nb-0.6Er,
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Fig. 1 Metallographic micrographs of as-cast alloys: a Ti—-22Al-25Nb, b 0.4 % Er alloy, ¢ 0.6 % Er alloy, and d 0.8 % Er alloy

and Ti-22A1-25Nb-0.8Er. All compositions are given in
atomic percent. Raw materials are 99.7 % titanium sponge,
99.99 % pure aluminum, 99.88 % pure niobium, and
99.9 % pure Er.

The studied alloys were prepared in a nonconsumable
electrode arc furnace with a water-cooled copper hearth in
an atmosphere of argon. Each alloy button was remelted
and turned over for four times to insure chemical
homogeneity.

Specimen rods of 13 mm in diameter and 20 mm in
length were cut using electrodischarge machine (EDM).
The specimen rods were encapsulated in quartz tubing,
vacuum pumped to 1.33 x 107> Pa, and then back-filled
with argon by 2 x 10* Pa. These rods experienced solid
solution processing plus aging treatment to obtain O 4 B2
duplex microstructure.

The microstructures and phase compositions of the alloy
were conducted by optical microscopy (OM), X-ray diffrac-
tion (XRD), scanning electron microscope (SEM), electron
probe microanalysis (EPMA), and transmission electron
microscope equipped with an energy—dispersive spectrometer
(TEM-EDS). The samples for metallographic observation
were etched in Kroll reagent (HF:HNO5:H,O = 1:4:5). Ion
beam thinning technique was used to prepare TEM samples.
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3 Results and discussion
3.1 Effect of Er content on prior B2 grain size

The microstructures of the as-cast alloys are revealed in the
optical micrographs presented in Fig. la—d. As seen in
Fig. la, relatively coarse and nonuniform primary B2
grains are observed in nonEr alloy when no refinement
measure is employed. However, the grain size is decreased
gradually when increasing content of REE Er is added.
Relative small grain size can be observed in 0.8 % Er alloy
and there is a subtle difference in grain size as well.
Besides, some black spots appear within grains or along
grain boundaries that are supposed to be Er precipitates.

3.2 Phases and microstructures after heat treatment

Analysis of XRD patterns spectrum of the studied alloys
after heat treatment shown in Fig. 2 reveals that all alloys
comprise B2-phase and O-phase. Compared with nonEr
alloy, some other XRD peaks of O-phase with different
height differences are found. Furthermore, the diffraction
perk of Er-rich phase is not detected by XRD with regard to
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Fig. 2 XRD patterns of alloys after heat treatment: a Ti-22Al-25Nb, b 0.4 % Er alloy, ¢ 0.6 % Er alloy, and d 0.8 % Er alloy

Er-doped alloys, which may be due to its small amount and
high dispersion.

After solid solution processing plus aging treatment,
microstructures of the experimental alloys are shown in
Figs. 3 and 5a. The multiphase microstructures consist of
lathed O-phase and equiaxed O-phase surrounded by a
transformed B2 matrix in the nonEr alloy (Fig. 3), which is
consistent with the detecting results of phases by XRD.
However, in microstructures of Er-doped alloys, a small
amount of discontinuous grain boundary phase is also
observed at the prior B2 grain boundary, which is supposed
to be o, phase based on a phase diagram [19]. Besides, Er
precipitates are found both within grains and on bound-
aries. In these back-scattered electron images shown in
Fig. 2, the light, gray, and black regions correspond to the
B2, O, and a, phases, respectively.

As observed in Fig. 3, with increasing content of Er
addition, the ratio of length to width of lathed O-phase is
increased, whereas the amount of equiaxed O-phase is
decreased. Certainly, specific data are needed to demon-
strate the accuracy of this observation. The presence of o,
at grain boundaries in Er-doped alloys after heat treatment
reveals a compositional segregation at the grain bound-
aries. Furthermore, because o, phase is not found in nonEr
alloy after the same heat treatment, it is likely that Er might
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lower the transition temperature from the O + B2 binary
phase area to the O + B2 + o, ternary phase area, which
consequently leads to the presence of o, phase at grain
boundaries as observed in the EPMA microstructures of
Er-doped alloys shown in Fig. Sa.

3.3 Morphology of precipitates

From Fig. 3b—d, some white precipitates are observed both
within grains and along boundaries in Er-doped alloys. As
demonstrated in Fig. 3b, most precipitates are ellipsoids
and clavate distributing at boundaries, whereas few large
particles with irregular shape present within grains in
0.4 % Er alloy. When it refers to 0.6 % Er alloy, not only
more precipitates appear but also some discontinuous net
of precipitates are also observed, which leads to grain
boundary segregation (Fig. 3c). In 0.8 % Er alloy, a great
number of white precipitates in the shape of closed net-
works appear along grain boundary and grain boundary
segregation becomes more severe (Fig. 3d). Through these
observations, it can approximately infer that Er has a
low-level solubility in Ti,AlNb-based alloys and tends to
segregate at grain boundary to lower free energy of the
whole system due to the large radius difference between Er
and the other elements [20]. However, exact analyses about
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Fig. 3 BSE micrographs of alloys after heat treatment: a Ti—22A1-25Nb, b 0.4 % Er alloy, ¢ 0.6 % Er alloy, and d 0.8 % Er alloy

Er solubility in Ti,AINb-based alloys are required to con-
firm this preliminary observation. It should also be noted
that a lot of fine precipitates in white color are observed at
high magnification of electron microscopy (Fig. 5a), which
also are studied by TEM. Figure 4a—f indicates TEM
micrographs of these studied alloys after heat treatment.
These fine particles morphology of better dispersion and
ellipse are clearly observable by means of TEM scanning
and observing. As seen in Fig. 4a—f, although the number
of fine precipitates is increased with increasing Er addition,
they share the same morphology and uniform distribution.
The size of the fine precipitates can be estimated approx-
imately at 120 nm by utilizing statistics method. It can
also find that these fine precipitates tend to appear from
B2-phase. To explain how these fine precipitates come out,
TEM micrographs of as-cast alloys are presented in
Fig. 4g, h. It seems reasonable that these fine precipitates
are formed during aging process for no fine particles in
nanometer-scale are found in the as-cast alloys.

3.4 Components analysis of precipitates

The SEM micrographs of Ti—22A1-25Nb-0.6Er alloy after
heat treatment showing both submicron precipitates and
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nanometer particles with white color (Fig. Sa, b) illustrate
that they both contain heavy REE Er. SEM-EDS and
TEM-EDS were used to analyze the phase components of
both submicron precipitates and nanometer-scale precipi-
tates, respectively, with the corresponding experimental
results shown in Table 1. Also, the EDX analysis results of
precipitates in 0.6 % Er alloy shown in Table 1 corre-
sponded to A, B, and C spots in Fig. 5. According to the
EDX spectrum analysis (Table 1), some precipitates are
Er-rich oxides, consisting most of the Er and O. Because
the stoichiometric ratio between Er and O is approximately
2:3, the chemical formula is supposed to be Er,O;. In
addition, it seems that the probability that Er,O3 appears in
0.4 % Er alloy is higher than both 0.6 % Er alloy and
0.8 % Er alloy. Thus, it can be inferred that the formation
of Er,O3 has occurred first. Figure 5 shows the results of
line scan of electronic probe of Ti—22Al-25Nb-0.6Er
alloy. It indicates that these big granular precipitates are
composed of two elements: Al and Er. It is reasonable that
a compound of Al and Er is preferred to form among the
Ti—Al-Nb-Er system because the electronegative differ-
ence between Al and Er is the largest. The electronegative
values of Ti, Al, Nb, and Er are 1.54, 1.61, 1.6, and 1.24,
respectively. It could also be concluded that Er mainly

Rare Met. (2013) 32(1):5-11
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Fig. 4 TEM micrographs of alloy and analysis of fine precipitates.
a precipitates in 0.4 % Er alloy, b precipitates in 0.6 % Er alloy,
¢ precipitates in 0.8 % Er alloy, d and e pinning effect of erbium
precipitate on triple boundary junctions in 0.4 % and 0.6 % Er alloys,

exists in the white precipitated phase for the big atomic
number of Er. TEM-EDS results confirmed that those
nanometer-scale precipitates have been mainly consisted of
Al and Er, with the similar composition with biggish pre-
cipitates. Combined with the Al-Er binary alloy phase
diagram [21] and the SAED results that the crystal struc-
ture of fine precipitated phase is simple cubic with a lattice
parameter of 0.4215 nm, it can be concluded that the
precipitated phase is AL;Er phase, which may have pre-
cipitated from the matrix during aging treatment compared
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respectively, f and g images of as-cast alloys, h selected area electron
diffraction (SAED) of fine precipitates, and i EDS analysis of fine
precipitated phase in (a)—(c)

with the TEM microstructures of the as-cast alloys before
heat treatment. It is assumed that the formation of these
fine Er particles might bring improvement in mechanical
property, which will be further investigated.

3.5 Mechanism of grain refinement
The REEs, due to their surface activity, are able to lower

the surface tension of liquid metal and thus decrease the
fluctuated energy needed for the formation of critical grain
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Fig. 5 EPMA images of 0.6 % Er alloy after heat treatment:
a discontinuous o, phase at grain boundaries, appearances, and
distributions of erbium-rich phases, b microstructure, and ¢ line
distribution of elements corresponding to b
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Table 1 Results of composition analysis of erbium particles appearing
in micrographs of experimental alloys (at%)

Alloys o Al Ti Nb Er

0.4 % Er alloy 52.64 7.70 3.97 2.67 33.02
0.4 % Er alloy - 44.51 18.54 3.88 33.06
0.4 % Er alloy - 67.97 8.37 6.01 17.64
0.6 % Er alloy (A) 58.21 0.00 7.57 5.66 28.55
0.6 % Er alloy (B) - 32.98 19.45 13.85 33.70
0.6 % Er alloy (C) - 47.95 17.15 4.74 30.16
0.8 % Er alloy 59.82 0.00 3.09 1.29 35.79
0.8 % Er alloy - 48.83 17.04 4.25 29.87
0.8 % Er alloy - 40.06 12.68 9.28 37.96

nuclei. Consequently, both the probability and the growth
rate of nucleation are enhanced.

The particles of AIzEr preferentially precipitated in the
process of crystallization, together with impurities O acting
as nucleating sites, also contribute to grain refinement.

The existence of nanometer-scale Al;Er precipitates in
Ti—Al-Nb-Er system after heat treatment proves that a
small part of Er has once solubilized in the matrix and then
decomposed from the matrix. However, most Er with a
high-segregation tendency segregates at boundaries during
the cooling process and consequently leads to the forma-
tion of Al;Er. The primary ALEr precipitates, acting as
heterogeneous nucleation site, play an important role in
refining grain size. They also function as obstacles to the
migration of boundaries. In addition, with increasing con-
tent of Er, the shape of Al;Er phase would transfer from
discontinuously distribution to continuously distribution,
which effectively prevented grain from growing.

It can be concluded that it is the heterogeneous nucle-
ation function and obstruction effect of AI3Er on grain
boundary migration that mainly contribute to the grain
refinement in the experimental alloy.

4 Conclusion

Addition of Er to Ti,AINb-based alloys contributes to grain
refinement and the refinement effect is gradually obvious
with increasing content of Er.

It is likely that Er may lower the transition temperature
from the O 4 B2 binary phase area to O + B2 + o,
ternary phase area, as a small amount of discontinuous o,
is observed at the B2 boundary only in Er-doped alloys
after heat treatment.

Erbium (Er) has a low-level solubility in Ti,AINb-based
alloys and has a high-segregation tendency at grain boundaries.

Rare Met. (2013) 32(1):5-11
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An Er-rich phase named Al;Er is formed. Primary AI;Er
particles formed during solidification, which act as heter-
ogeneous nucleus and also are capable of impeding
boundary movement, play an important role in grain
refinement. In addition, Er,O; is also formed by internal
oxidation.
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