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Abstract

The high Nb-containing TiAl-based alloy ingot beyond laboratory scale with a
composition of Ti-46AI1-8Nb (at. %) was prepared by a vacuum induction melting
process based on BaZrOs; refractory. An ingot without macroscopic casting defects
(such as pipe shrinkage and center line porosity) was finally obtained, and the chemical
composition, solidification path, microstructure and tensile properties of the ingots
were investigated. The results show that the deviations of Al and Nb content along a
430 mm long central part of the ingot are approximately +0.39 at. % and +£0.14 at. %,
and the oxygen content in the ingot can be controlled at around 1000 ppm. During the
solidification process, the alloy suffered from peritectic reaction and formed columnar
grains with anisotropy. In addition to Al segregation and Nb segregation, B-phase

particles associated with y phase at the triple junction of the colonies were observed.
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Moreover, the mechanical properties of the ingot in the transverse direction are
significantly better than those in the longitudinal direction, with a tensile strength of up

to high as 700 MPa and a corresponding fracture elongation of 1.1 %.

Keywords: Ti-46A1-8Nb alloy, Vacuum induction melting, BaZrOs refractory,

Microsegregation, Mechanical properties

1. Introduction

TiAl-based alloy, mainly composed of y (TiAl) and a» (TizAl) intermetallic
compounds, has a density of about 3.9~4.2 g/cm?®, and has a very broad application
prospect in aerospace, automobile manufacturing and other fields due to its excellent
high temperature performance [1-3]. Particularly in the temperature range of
600~800 °C, TiAl-based alloy exhibits a comparable or better specific yield strength
than the currently used nickel-based superalloy in aeroengine blades [4].

From the view of adding the third element, Nb and several other elements have a
significant impact on the oxidation resistance of TiAl-based alloy. High Nb-containing
TiAl-based alloys are expected can be used between 800 °C and 900 °C. However,
addition of high Nb content also raises the melting point of the alloy, making
more difficult to melt and prepare the alloy. Therefore, it is of great significance to
explore the melting process of the high Nb-containing TiAl-based alloy [5-7].

At present, the three main melting techniques that have been used to produce TiAl
ingots on an industrial basis are vacuum arc melting/remelting (VAR), plasma-
arcmelting (PAM) and induction skull melting (ISM) [8]. It should be mentioned that
the electron-beam melting techniques (EBM) sometimes used for melt titanium alloys

are not suitable for the production of TiAl ingots because control of the aluminum
2
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content is very difficult due to its vaporization during the melting process. With regard
to VAR technique, one of the main advantages is that the highest purity TiAl ingots can
be obtained as multiple remelting. Nonetheless, the melting and solidification processes
of VAR are confined in a small molten pool, thus giving a poor chemical homogeneity
to the ingot [9]. Moreover, refractory particles and Ti-rich inclusions are also difficult
to avoid in TiAl ingots prepared by VAR. In contrast, with PAM technique, as a
consequence of the molten metal passing over the copper hearth, any high-density
inclusions can fall to the bottom of the hearth melt pool, which results in them not being
present in the final ingot. However, PAM technique still does not solve the problem of
chemical inhomogeneity well, requiring double or even triple melting to effectively
reach the expected level of ingot homogeneity, which undoubtedly increases the cost of
preparation. Fortunately, this challenge is well overcome by ISM technique, which
ensures good chemical homogeneity within the ingot through the intense stirring of the
melt by an induced magnetic field. Additionally, the ISM method is a clean, relatively
inexpensive technique that is very flexible in terms of alloy composition. Nevertheless,
a main disadvantage of ISM is the limited superheat that is developed within the melt.
Although high-power ISM (also known as levitation melting) allows the melt to be
levitated (pushed) away from the crucible wall, increasing the superheat to 60~70 °C
by reducing the crucible-melt contact [10], this means higher energy consumption and
limited melt capacity (approximately a few kilograms). As a matter of fact, all the above
three melting techniques utilize water-cooled copper as the crucible, which more or less

cause the problem of insufficient melt superheat in the contact area between the melt
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and the crucible wall. The temperature differences (low melt superheat near the crucible
wall and high melt superheat away from the crucible wall) in different areas inside the
molten pool may lead to chemical inhomogeneity, microstructural segregation and
casting defects such as pipe shrinkage that are present in the ingot cannot be removed
by subsequent hot extrusion and isothermal forging [11]. Therefore, selecting a stable
and inert refractory for TiAl-based alloy melting can avoid the problem of insufficient
superheat, however, this is not an easy task by considering the activity of TiAl melt.
Even though the casting method using refractory containing TiAl-based alloy melt
inevitably brings about the problem of foreign element contamination, considering its
cheap cost, simple operation, advantages of ensuring melt chemical homogeneity,
ability to maintain melt superheat as well as industrial-scale production capacity, which
remains an extremely commercially promising approach. For this reason, in the past
two decades, various refractories such as oxides (Al.O3, CaO, ZrO;, Y»03, CaZrOs,
BaZrO3) [12-18], carbides (graphite) [19], nitrides (AIN) [20], silicide (Mullite, Si0O>)
[17, 21] and boride (BN) [20] have been extensively evaluated, and two kinds of
refractories, Y203 and BaZrOs3, are currently used successfully. Our research group has
done a lot of work on BaZrO3 series perovskite refractories used in Ti alloys melting,
and the results show that BaZrOs series perovskite refractories have excellent corrosion
resistance to Ti alloy melt [15, 16, 22, 23]. However, the use of BaZrOj3 refractories to
produce TiAl-based alloy ingots beyond laboratory scale has not yet been reported.
Based on the above review, in this paper, BaZrOs3 refractory crucible combined

with vacuum induction melting (hereinafter referred to as VIM-BZO) technique have
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been used to produce Ti-46Al-8Nb (at. %) alloy ingot with large size (10 kg).
Compared with the small ingot of the experimental scale, the chemical composition and
microstructure of the large ingot are more uniform, and its performance is more
representative. In addition, it is of great significance to study the microstructure and
properties of large ingots for the industrial production of TiAl-based alloys.
2. Experimental Method and Procedure
2.1 Melting process

The ingots with the composition of Ti-46A1-8Nb (at. %) were prepared by vacuum
induction melting (VIM) in a 25 Kg-grade in-house U-shaped laboratory-scale BaZrOs
crucible. The details preparation process of the BaZrOs3 crucible can be referred to the
previous work of our research group [24], a simple schematic process is shown in Fig.
1. Pure titanium sponge (99.97 %), high-purity aluminum ingots (99.99 %) and an Al-
60Nb (wt. %) intermediate alloy were used as experimental raw materials. Before
feeding, the raw materials must be baked at 150°C for 2 hours in a drying oven to fully
evaporate the water. Before the heating cycle, the furnace was evacuated up to less than
0.03 Pa by a diffusion pump, and then backfilled three times with purity argon (99%)
in order to minimize the hydrosphere and oxygen content. When the raw material start
melting, the furnace was backfilled with purity argon to 0.4 MPa to prevent the
evaporation of aluminum. Fig. 2 shows a step diagram of the melting process, including
the heating power and the required holding time. After the raw material completely
melted, the molten metal was poured into a graphite mold with a size of ®85 mm x 600

mm to obtain a high-Nb containing TiAl-based alloy ingot. The melting temperature
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was monitored by KB-602 thermocouple and Marathon series dual-color integrated

infrared thermometer.

Induction coil Ti-46Al1-8Nb alloy

Graphite mould

BaZrQOs crucible

Fig. 1 Schematic diagram of the Ti-46Al1-8Nb alloy melting process.
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Fig.2 The melting power and corresponding holding time.
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2.2 Sampling and processing

The cutting and sampling of the ingot are shown in Fig. 3. The 2 mm thin slice
was cut along the center of the ingot by wire electrical discharge machine (WEDM-
M332), as shown in Fig. 3a, and then the required samples were obtained from the thin
slice, as shown in Fig. 3b, and the size of the tensile specimen was shown in Fig. 3c.
The metallographic samples were processed by standard metallographic techniques,
first smoothed on sandpaper, then polished with silica suspension (particle size: 0.25

um), and etched in corrosive agent (H20: HNO3: HF= 18:1:1) for 10 seconds.
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Fig. 3 Schematic diagram of sampling.
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2.3 Sample characterization and testing

The microstructure of the ingots was characterized by LEICA metallographic
microscope and JSM-6700F scanning electron microscope (SEM). Point and line
scanning analysis for the alloy ingot through an energy dispersive spectrometer (EDS).
The oxygen content and chemical composition of the ingots were measured by pulse
heating inert gas melting infrared absorption method (TC-436 Nitrogen and oxygen
analyzer) and inductively coupled plasma optical emission spectrometry (ICP-OES),
respectively. The phases of the samples were identified using an X-ray diffractometer
(D/Max-2200). The tensile properties of the samples were tested using a Zwick (CMT-
100) universal testing machine.

3. Results and discussions
3.1 Chemical composition and phases

Since the VIM-BZO technique is used in this study, strong electromagnetic stirring
and sufficient superheating can ensure a relatively good chemical homogeneity of the
ingot. Analyzing the chemical composition of the ingot, as shown in Table 1, it can be
seen that the deviations of Al and Nb content along a 430 mm long central part of the
ingot are approximately +0.39 at. % and +0.14 at. %. Compared with the double-melted
VAR large ingot (£0.7 at. % Al) [25], the double-melted PAM large ingots (0.5 at. %
Al) [26] and the single-melted ISM large ingot (+0.75 at. % Al) [27], the deviation of
Al content of the single-melted VIM-BZO large ingot in this study is undoubtedly
encouraging. Overall, the Al content is slightly lower than the nominal level, which is

caused by the evaporation of Al during the melting process, even though 0.6 wt.% Al
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has been compensated for during batching. The contaminating element O mainly comes
from the BaZrOs refractory crucible. It can be seen that the oxygen content of the ingot
prepared using the BaZrOj; refractory crucible is slightly less than twice that of the
water-cooled copper crucible (about 500~600 ppm) [28].

Table 1 Chemical composition of the produced Ti-46A1-8Nb alloy ingots.

Elements Al (at. %) Nb (at. %) O (ppm)  Ti (at. %)
Sample 1# 45.01 7.97 1053 Bal.
Sample 2# 45.40 7.90 991 Bal.
Sample 3# 45.32 7.75 975 Bal.
Sample 4# 45.53 7.84 1021 Bal.
Sample 5# 45.76 7.98 1047 Bal.
Deviation XXmin  XXmax X Xmin - X-Xmax /
+0.39 -0.36 +0.14 -0.09
Target 46 8 / Bal.

Note: the oxygen content in the raw material is about 150 ppm (mass fraction).

A detailed evaluation of the Ti-Al-Nb ternary system was carried out by
Witusiewicz et al. [29] in 2009 and the corresponding TDB file is attached. After
analyzing their data in detail, this study used their database as a standard and utilized
Pandat software to describe the Ti-Al pseudo-binary phase diagram with 8§ at. % Nb
concentration, as shown in Fig. 4. The Ti-Al-Nb ternary phase diagram evaluated by
Witusiewicz et al. indicates that the Ti-46A1-8Nb alloy is mainly composed of y (TiAl),
a2 (Tiz3Al) and Bo (bcc-B2) phases at room temperature [29]. However, the X-ray
diffraction spectra showed that there were only two phases, y and ap, in the ingot, as
shown in Figure 5, which may be due to the fact that the content of B phase is too small

to exceed the minimum standard that can be detected by the instrument.
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Fig. 4 Pseudo-binary phase diagram of Ti-Al with 8 at. % Nb concentration [29].

In addition, according to the peak intensity analysis of X-ray diffraction pattern, y
phase is the main phase in the alloy ingot. However, the a» phase content of sample A
near the surface of the ingot is significantly higher than that of sample B in the middle
region and sample C in the core, and shows a decreasing relationship. This is mainly
due to the fact that the pre-solidified area of the ingot surface contains more high
melting point Ti and Nb elements, so that the final solidified core area is rich in Al
element. As a result, the content of a> phase is higher on the ingot surface, while the

content of y phase in the core is increased.
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Fig. 5 X-ray diffraction spectra of the ingot obtained at different location. The locations of
samples A, B and C are shown in Fig. 3.

3.2 Structure and microsegregation

In order to investigate the structure of the Ti-46Al-8Nb alloy ingot prepared by the
VIM-BZO technique, the transverse section and longitudinal section of the ingot were
analyzed in detail in this study, and the sampling schematic diagram is shown in Fig. 3.
First, analyzing the transverse section, as shown in Fig. 6, the macrostructure shows
that the columnar grains with a specific orientation (perpendicular to the central axis
and parallel to the heat flow but in the opposite direction) are predominant in the ingot
(Fig. 6a). According to previous studies [30-32], in the absence of grain-refining
elements such as B, the solidification structure of TiAl-based alloys usually shows a
large difference depending on whether it solidifies via the § phase (B-solidified TiAl-
based alloy) or peritectic via the a phase (peritectic solidified TiAl-based alloy). -

11
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solidified TiAl-based alloys exhibited structures consisting of relatively large equiaxed
grains, whereas peritectic solidified TiAl-based alloys showed columnar grains that had
grown in the opposite direction to that of heat flow. However, the target alloy in this
study shows that it solidifies through the  phase on the phase diagram, as shown by
the red solid line in Fig. 4, but the actual ingot shows the typical microstructure
characteristics of the peritectic solidified TiAl-based alloys. Moreover, the actually
measured Al content in the ingot is not higher than 46 at. % (Table 1). Therefore, it is
believed that the actual solidification path has shifted to the high Al direction, as shown
by the dotted green line in Fig. 4, which may be caused by the following two reasons:
(1) Caused by the non-equilibrium solidification process; (ii) The influence of oxygen
content. Oxygen is the stabilizer of the a phase, which will expand the a phase field to
the low Al direction. The literature shows that 1 at. % O is about equivalent to 3.57~4.58
at. % Al in the TiAl-based alloy [33]; (ii1) Since the pre-solidified  phase contains more
Nb and Ti, the remaining liquid phase is locally enriched in Al. If the Al content reaches
the composition range of the peritectic reaction, peritectic solidification will occur

instead of f solidification.
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Fig. 6 Structure of the transverse section of the alloy ingot. (a) Macrograph from surface to
core; (b), (c) and (d) are the metallographic structures of sample A, sample B and sample C,
respectively.

In addition, the grains near the surface of the ingot are smaller than those in the
core, and the closer to the core, the larger the grains. The dendritic morphologies of
different regions on the transverse section are shown in Fig. 6b, ¢ and d, it can be seen
that the cellular dendrite region is bright and the interdendrite is dark in contrast. This
is mainly due to the segregation of Al and Nb. As described of the phase diagram in
Figure 4, the primary phase is the  phase (L = L + ), so the bright in contrast is the 3
cellular dendrite. When the temperature falls into the peritectic reaction, Al and Nb
elements will be distinguishable redistribution redistributed through the peritectic
transformation L + = a, where Al diffuses into the o phase and the 3 stabilizer Nb is

pushed in the opposite direction. This phenomenon is more obvious in Fig. 7a, except

for the dark area of Al segregation, the "white network" inside the dendrite enveloped
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by the gray area is Nb segregation. Analyzing the line scan profile of the black region,
as shown in Fig. 7b, it can be clearly seen that the peak intensity of Al element in this

area increases, while the peak intensity of Nb element decreases.

\

Nb segregation

«—— Al segregation

Fig. 7 Micromorphology and line scan analysis of the transverse section under SEM.

The solidification structure of the longitudinal section of the ingot was
characterized, as shown in Fig. 8. At the bottom area of the ingot, since the downward
direction is the main heat flow direction, and the left direction is the secondary heat
flow direction, as shown by the arrows, the growth direction of the columnar grain is
opposite to the heat flow direction, that is, it grows in the upper-right direction (Fig.
8a). Fig. 8b is the corresponding microstructures in the red frame of Fig. 8a. The
segregation situation is similar to that of the transverse section, but the dendrite
morphology in Fig. 8b is different from the transverse section, which is mainly caused
by the different selected sections. It can be seen that the primary and secondary dendrite
arms are about 90°, indicating that they are B dendrites, which is consistent with the
conclusion given by the phase diagram (Fig. 4). Fig. 8c shows the local magnification
of Fig. 8b, and it can be seen that the structure of the alloy ingot is a full lamellar

structure composed of y and ar phases, and the thickness of the lamellae is
14
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approximately 0.53 um (Eight groups of lamellae with a total of 4.2 um).

Al segregation

\

Nb segregation

dendrite 200 pm

Fig. 8 Structure of the longitudinal section of the alloy ingot. (a) Macrograph of longitudinal
section, and the sampling location is shown in Fig. 3; (b), (¢) and (d) are the SEM diagram of
longitudinal section.

Table 2 EDS analysis of the points in Fig. 8d.

Element
Point Unit
Ti Al Nb 0 Zr
Wt. % 50.07 22,71 24.37 0.45 2.39
A at. % 46.71 37.62 11.72 01.27 01.17
Wt. % 47.86 33.50 16.13 00.30 02.20
° at. % 38.91 48.35 06.76 00.74 00.94
Wt. % 50.97 29.47 17.09 00.41 01.90
¢ at. % 44.38 45.55 07.67 01.08 00.87

In Fig. 8d, a group of white particles are aggregated at the triple conjunction of
colonies, and the EDS point scan data analysis showed that the Nb content of this
particle is much higher than that in the matrix (Table 2). Therefore, it is believed that

these white particles are caused by Nb segregation, and the high Nb content leads to the
15
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local area falling into the B, + y + o2 three phase field or the B, + y two phase field, so
these white particles can be considered as B, (bcc-B2) phase. Since the B-phase particles
are rich in Nb, the Al is rejected to the peripheries of the particles and surround them,
forming a new phase (Fig. 8d). This phase was considered to be a y phase by EDS

analysis (Table 2).
3.3 Mechanical properties

Considering the anisotropy of ingot microstructure (as shown in Fig. 7a and Fig.
8a), in this study, the tensile properties of Ti-46Al-8Nb alloy ingot prepared by VIM-
BZO technique are investigated by sampling from transverse section and longitudinal
section respectively. The schematic diagram of the transverse section and longitudinal
section including the microstructure is shown in Fig. 9a. Therefore, the direction of
loading and stress in the transverse-cut samples are roughly consistent with the
orientation of the columnar grains, while the direction of loading and stress in the
longitudinal-cut samples are perpendicular to the orientation of the columnar grains.
Compared with the longitudinal-cut samples, the transverse-cut samples are expected
to have better mechanical properties due to the absence of transverse grain boundaries,
which reduces the initiation source of microcracks. This prediction is perfectly
confirmed by the tensile test, as shown in Fig. 9b, which showed that the room
temperature strength of one of the transverse-cut samples is as high as 700 MPa, and
the fracture elongation is 1.1 %. However, the tensile properties of the longitudinal-cut
samples are significantly reduced, and one of the strength and fracture elongation are

375 MPa and 0.52 %, respectively. Fig. 9 ¢ and d are the fracture morphologies of the
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longitudinal-cut tensile sample and the transverse-cut tensile sample, respectively. A
series of cleavage can be seen in the fractures in Fig. 9c and d, but the presence of
dimples can also be seen in Fig. 9d. Therefore, it can be inferred that the longitudinal-
cut tensile sample may be cleavage fracture, while the transverse-cut tensile sample
may be quasi-cleavage fracture.

The tensile properties of the alloy ingots in this study were compared with those
of high Nb-containing TiAl-based alloys prepared by different processes reported in the
literature, as shown in Table 3. Both the tensile strength and the elongation of the
transverse-cut samples are better than [34] that was obtained by a series of complex
treatments. Xiao et al. [35] obtained an ingot with a tensile strength of 666 +31 MPa
and a corresponding elongation of 0.56 + 0.15 % by adding 0.15 at.% nano-Y203
particles to the alloy matrix. In comparison, the ingots obtained in one shot by the VIM-
BZO technique in this study have better tensile properties in transverse section. The
alloy obtained by Liu et al. [36] through a series of complex processes (PM technique
to homogenize and refine microstructure, HIP technique to reduce casting defects, and
HR technique to induce work hardening) has a tensile strength of 875 MPa and a
corresponding elongation of 0.76 %. By contrast, the tensile strength is 175 MPa higher
than that of the transverse-cut sample in this study, but the fracture elongation is 0.34 %

lower.
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Fig. 9 Tensile properties and fracture morphologies of longitudinal and transverse sections.
(a) Structural diagram of longitudinal section of the VIM-BZO alloy ingot; (b) stress-strain curve,
LS: longitudinal section; TS: transverse section; (c) and (d) are the fracture morphologies of the

longitudinal-cut tensile sample and the transverse-cut tensile sample, respectively.

Table 3 Room temperature mechanical properties of the high Nb
containing TiAl-based alloys.

Melting Processing Tensile strength  Elongation
Alloys ) . references
techniques techniques (MPa) (%)
Ti-46A1-8Nb DM-PAM SBQ 571+18 0.43 [34]
Ti-45A1-6Nb-2.5V-
ISM Casting 666 +31 0.56+0.15 [35]
0.15Y203
Ti-45A1-7Nb-0.3W  VAR-PM HIP/HR 875 0.76 [36]
Ti-46A1-8Nb
VIM-BZO Casting 700 1.1 This work
(longitudinal section)
Ti-46Al-8Nb
VIM-BZO Casting 375 0.52 This work

(longitudinal section)

Note: DM (double melted); SQB (1360 °C/1h solution treatment, then quenched into a salt bath at
850°C, finally air-cooled to room temperature); VAR-PM (The triple melting VAR ingot is used as
the electrode to be atomized by the plasma rotating electrode processing to prepare the alloy powder,
and then the as-prepared powder was filled into a stainless steel tank, and finally sealed and degassed
at 500 °C for 12 hour, PM: powder metallurgy); HIP/HR (Hot isostatic pressing process was
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conducted at a temperature of 1250 °C, pressure of 150 MPa for 5 h, then hot rolling was carried
out after holding at 1280 °C for 1 hour, the rolling speed is 40 mm/s, reduction per pass is about
10%, the total reduction were 43%).

In general, VAR, ISM and PAM ingots often require very complicated subsequent
processing due to their chemical inhomogeneous and casting defects, which will
undoubtedly increase a lot of costs. In contrast, the ingots obtained by using the VIM-
BZO technique have excellent tensile properties without subsequent processing, and
this technique can also be extended to alloys of other compositions, or with some simple
subsequent processing, its properties may be better, and these are exactly what needs to
be done next.

4. Conclusions

In this study, Ti-46AI-8Nb alloy ingots beyond laboratory scale were prepared by
vacuum induction melting technique based on a BaZrOs refractory crucible, the
following conclusions can be drawn:

(1) By refining at 1600 °C for 3 min, a high quality and high Nb-containing TiAl-
based alloy ingot with chemical homogeneity and no casting defects (such as pipe
shrinkage and center line porosity) were obtained.

(2) The deviations of Al and Nb content along a 430 mm long central part of the
ingot are approximately +£0.39 at. % and +£0.14 at. %, and the oxygen content in the
ingot can be controlled at around 1000 ppm.

(3) During the solidification process of the alloy ingot, the primary phase is the f3

phase, which subsequently undergoes a peritectic reaction via the o phase instead of

solidified via the 3 phase.
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(4) The structure of the alloy ingot is a full lamellar structure composed of y and
a2 phases, and the thickness of the lamellae is approximately 0.53 um. In addition, there
are some Nb-rich B phase particles surrounded by y-phase are aggregated at the triple
conjunction of colonies.

(5) The tensile properties of transverse-cut samples are significantly better than
those of longitudinal-cut samples, with a tensile strength of up to 700 MPa and a

corresponding fracture elongation is 1.1 %.
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