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Abstract. Recently, much attention has been paid to the refractory used for the directional 

solidification process of TiAl intermetallics, the Y2O3 crucible/Y2O3 coated moulds seem to be 

the suitable candidate. However, the use of Y2O3 is limited by its low thermal shock resistance 

and high cost. In this work, a novel BaZrO3 refractory was introduced to the directional 

solidification of TiAl intermetallics. The melt of this alloy contained in BaZrO3 crucibles were 

heated for 30 minutes at 1600, 1650, 1700 °C, respectively, then cooled within the crucible for 

the investigation of the interface between the melt and the refractory. The scanning electron 

microscopy (SEM) was used to evaluate the surface topography and microstructure of the 

samples, and the energy dispersive spectroscopy (EDS) was used to analyse the chemical 

composition of the samples. The results indicated that no interfacial interaction layer and no 

obvious element diffusion were observed between the crucible and the metal, which may imply 

that the BaZrO3 is a promising candidate of refractory for the directional solidification of TiAl 

alloys. This work can provide a basis for the further study of directional solidification of TiAl 

alloys by using BaZrO3 shell mould. 

1. Introduction 

As a potential candidate of light-weight high-temperature structural materials, TiAl alloys have 
attracted much attention in recent years. However, the widespread use of TiAl alloys is limited by its 
intrinsic brittleness and poor ductility at room temperature [1-3]. It is demonstrated that TiAl alloys 

with a fully or nearly lamellar microstructure consisting of γ(TiAl) phase and α2(Ti3Al) phase have a 
good combination of strength and ductility, especially when the lamellar orientation is along the 
growth direction. However, it is difficult to control the lamellar orientation by simple casting process, 
thus, the directional solidification (DS) is proposed [4-6]. Recently, two typical processes were applied 
to discuss the DS of TiAl alloys, namely, the Bridgman process with a ceramic crucible, and the 
container less process like an optical floating zone method [7]. Compared with the latter, the 

Bridgman process enables higher superheating temperature, improved microstructure/composition 
homogeneity, as well as more complex geometry. However, this process was subjected to the high 
activity of titanium alloys and the inevitable reaction between the melts and the crucible at elevated 
temperatures, and until now, no refractory materials were found to be absolutely inert against the melt 
of titanium. In fact, much attention has been paid to the effect of refractory materials such as Al2O3, 

4th International Conference on Advances in Solidification Processes (ICASP-4) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 117 (2016) 012033 doi:10.1088/1757-899X/117/1/012033

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



CaO, and Y2O3 on the contamination of TiAl intermetallics during the DS process, and it seems that 
the Y2O3 crucible/Y2O3 coated moulds may be the suitable one. However, the use of Y2O3 was limited 
by its low thermal shock resistance and high cost. Therefore, it is necessary to develop a new 
generation ceramic refractory for DS of TiAl alloys [8-13]. 

 

 
Figure 1. Variation of standard free energies of formation of some relative oxides with temperature.  

 

  Figure 1 shows the variation of the standard free energies of formation of some relative oxides with 

temperature. Generally, the Gibbs free energy of oxides below TiO2 may be regarded as a candidate 
ceramic refractory for the DS of TiAl alloys, and other than the common oxides CaO and Y2O3, the 
zirconate family (CaZrO3, SrZrO3 and BaZrO3) also show potential for the application. The zirconate 
family belongs to typical cubic perovskite, possess good mechanical strength, high thermal and 
chemical stability, and low coefficiency of thermal expansion. However, they are usually reported as 
high temperature protonic conductors rather than as the refractory used in melting titanium alloys. In 

our previous work, the zirconate family were made into ceramic crucibles and introduced to the 
vacuum induction melting of several titanium alloys, TiAl, TiNi, TiFe and Ti6Al4V [14-17], and it 
was found that BaZrO3 exhibits a good chemical stability against the titanium melt. However, the 
long-term metal-crucible contact during the DS process required a higher chemical stability of the 
refractory than the refractory used in the induction melting. In this study, the melt of TiAl alloy 
contained in BaZrO3 crucibles were heated for 30 minutes at 1600, 1650 and 1700 °C, respectively, 

then cooled within the crucible to investigate the long-term metal-crucible interaction. At the same 
time, the thermal shock resistance of home-made BaZrO3 crucible was evaluated. The purpose is to 
provide a basic research for the further study of directional solidification of TiAl alloys by using 
BaZrO3 shell mould. 

 

2. Experiment procedure 

The nominal composition of the raw alloy is Ti-48Al, with a sample size of Ø20mm×40 mm, and its 

chemical compositions are listed in table 1. Before melting, the alloy bars were polished, cleaned, and 
dried. The BaZrO3 crucible was shaped by the isostatic pressing moulding technology with 2 wt% 
additional TiO2 as a flux added into the BaZrO3 powder, the green body was pre-sintered at 900 °C for 
3 hours to remove organic compounds and achieve bisques with much higher mechanical strength. 
Subsequently, the final sintering was carried out at 1750 °C for 3 hours. Samples for thermal shock 
resistance test were shaped into disks of Ø20mm×1.8mm by isostatic pressing molding technology 

using 120MPa, and the test process followed the YB/T376.2-1995, which included four procedures: a) 
the disk samples were dried for 3 hours at 110°C to remove water; b) then quickly moved into a 
furnace which was preheated to 1100°C; c) after 20 minutes, the samples were moved out to cool in 
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the air to room temperature; d) repeat processes b and c until cracks or distortions were observed on 
the disk surface. The final number of repetition was recorded to measure the thermal shock resistance. 
 

Table 1. Composition of experiment used TiAl alloys. 

Element Al Fe O N Other Ti 

wt% 32.93 0.072 0.0473 0.0087 <0.01 Bal. 

 

To well stimulate the long-term metal-crucible interaction during the DS process, the TiAl melt 
contained in the BaZrO3 crucibles were heated for 30 minutes at 1600, 1650, and 1700 °C, 
respectively, in a carbon resistance furnace monitored by a Marathon type double colour infrared 

thermometer, and then cooled within the crucible. In order to reduce the oxygen content to a minimum 
level, the chamber was evacuated up to less than 10

-2
 Pa and backfilled with argon gas 5 times before 

heating, and the melting experiment was performed under a dry argon gas protective atmosphere at 
0.06MPa.  

The melted ingots were sectioned perpendicular to the cross section by electrical discharge 
machining (EDM) to samples with appropriate sizes and then mechanically polished following the 

standard metallographic procedures. The microstructure and interface morphology of the samples were 
examined using Scanning Electron Microscopy (JSM6700F), their elemental compositions were 
analysed by Energy Dispersive Spectrometer (JSM6700F), and the overall oxygen increase was 
measured by Nitrogen Oxygen Analyzer (TC-436) with a diameter of 2mm. Samples of length 10mm 
were cut from the alloys with the surface layer removed by grinding, and the samples were carefully 
drilled to achieve fine chips for oxygen measurements.  
 

3. Results and discussion 

 

3.1. Thermal shock resistance 
The results of thermal shock resistance tests indicate that after 40 times heating-cooling cycle (heated 
to 1100°C in the furnace and then quickly moved out to the air and cooled to room temperature), no 
cracks or distortions are observed on the disk surface, which may imply that BaZrO3 possesses a good 
thermal shock resistance. In fact, BaZrO3 was successfully used as the crucible refractory in preparing 

the YBCO single crystal superconductor [18], and its thermal shock resistance can meet the 
requirement of DS process.  
 

3.2. Interaction analyses 
Due to the high activity of TiAl melt at elevated temperatures, a severe reaction layer might form 

between the melt and the crucible, and this layer may directly affect the solidification process. It was 
reported that when the Al2O3 crucible was used in the DS of TiAl alloys, the Al2O3 particles might 
dissolve and /or involve into the alloy matrix and form a reaction layer, while this reaction layer can 
be avoided when the Y2O3 crucible was applied [7]. However, due to its poor thermal shock resistance, 
Y2O3 was usually used as a coating or crucible with a properly designed porous structure, and this will 
bring the pollution of Y2O3 particles into the alloy [7,12,13,19]. 

Figure 2 shows the photographs of the crucible before and after melting (heated at 1650°C for 30 
minutes). In order to analyse the metal-crucible interface, the whole crucibles containing the alloy 
were embedded with bakelite. It is observed that the alloy can be easily separated from the crucible 
when samples are sectioned perpendicular to the cross section by a water-cooled diamond wheel; the 
metal-crucible surface is still remained smooth, and no interaction layer is observed between the metal 
and the crucible, as seen in figure 2(b). This result is consistent with the prediction of thermodynamics, 

that the stability of BaZrO3 tends to be higher than TiO2 and no interaction exists between the TiAl 
metal and BaZrO3.  
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Figure 2. Photographs of crucible before and after melting (heated at 1650°C for 30 min). 

 

   Figure 3 shows the typical metal-crucible interfacial microstructures using the BaZrO3 crucibles. It 
is reported that the Al2O3 particles may dissolve and /or became included into the alloy matrix and 
form a reaction layer between the metal-crucible surface, and the thickness of interaction layer will 
increase with the increasing of heating temperature and reaction time [7]. Compared with the Al2O3 
crucible, the interface between the BaZrO3 crucible and the TiAl melt remains quite clear at each 

temperature, as shown in figure 3 (a), (b), and (c). A layer with average thickness of about 15-60 um is 
attached to the alloy surface at 1600°C and 1700°C, and this layer is identified to be BaZrO3 using the 
EDS analyses, as seen in table 2 (Point A, B and C). The formation of this layer may be affected by 
the density of crucible, but the maximum density of the crucible can only reach 97% in our lab. In 
addition, the exiting porous may become the channel of the penetration of metal into the refractory 
during the period of melting and solidification, and after solidification, the alloy finally stripped from 

the crucible surface to form a layer. By comparison, Y2O3 particles can be observed in the alloy matrix 
when it was used in the DS of TiAl alloys, as seen in figure 4(a). Meanwhile, the BaZrO3 is just 
attached to the alloy surface, and no BaZrO3 particles were found in the alloy matrix, as seen in figure 
4(b). There exist some light-grey areas (point G and H), but their composition is still metal and not 
oxide, and the EDS results of alloy at different areas in table 2 also indicates that no obvious element 
diffusion is observed between the crucible and the metal.  

 

  

  

 

 

 

 

 

 

Figure 3. Metal–crucible interfacial microstructures of the ingots using BaZrO3 crucibles, after 30 min 
at (a) 1600°C, (b) 1650 °C and (c) 1700 °C. 
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Figure 4. Microstructure of TiAl alloys melted by (a)Y2O3 crucible[19] and (b)BaZrO3 crucible.  

 

Table 2. The EDS results of alloy at different areas (at%). 

 A B C D E F G H 

Ba 16.54 12.90 16.38 - - - - - 

Zr 18.59 14.46 15.09 - - - - 2.79 

O 64.87 68.08 64.40 - - - - - 

Ti - 1.98 - 45.71 47.43 48.04 35.60 79.95 

Al - 2.59 4.13 54.29 52.57 51.96 64.40 17.26 

 

3.3. Increase of oxygen in ingots 
TiAl alloys are sensitive to interstitial atoms such as nitrogen, hydrogen, and oxygen. Among these, 
the oxygen concentration possesses a great effect on the properties and solidification process. During 
the DS of TiAl alloys in a ceramic crucible, there is unavoidable contact between the TiAl melt and 
the ceramic material and this might cause the increase of oxygen in ingots. 

Figure 5 is the oxygen contents in ingots at heating temperatures of 1600, 1650, and 1700°C, and 

they are 2870, 3110, and 3730 ppm, respectively. Generally, it is accepted that the oxygen content in 
cast TiAl-based alloys should not exceed the limit of about 1200 ppm [19]. Although the recent results 
surpasses the limit by about 2000 ppm, the maximum oxygen content of 3730 ppm at 1700°C is still 
below a critical value of about 4800 ppm, which would lead to a change of primary solidification β 
phase to the α phase[20]. The reason for the oxygen increase may be from two main sources [12,19]; 
one is from the original master alloy, and the other is from the atmosphere since the vacuum of the 

present experiment is doubtful. This may contribute to the high oxygen content, but the truth is still 
unclear, and further study is necessary before the BaZrO3 refractory can be commercially applied to 
the DS of TiAl alloys. 

G 
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H 
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γ+α2 
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Figure 5. Oxygen contents in ingots at heating temperatures 1600, 1650 and 1700°C. 

 

4. Conclusion 

To well stimulate the long-term metal-crucible interaction during the DS process, the TiAl melt 
contained in BaZrO3 crucibles were heated to 1600, 1650, and 1700 °C, respectively, in a vacuum 
furnace, and the thermal shock resistance of the crucible was measured, and the metal-crucible 
interaction and increase of oxygen in the alloy were also investigated. The main conclusions are as 

follows: 
1. The thermal shock resistance test indicates that BaZrO3 possesses a good thermal shock 

resistance and can meet the requirement of DS process. 
2. At 1600, 1650 and 1700 °C, no interaction layer forms between melt of TiAl and BaZrO3 

crucible, no obvious element diffusion is observed between melt of TiAl and BaZrO3. 
3. No BaZrO3 particles are found in the alloy matrix, the maximum oxygen content (3730 ppm 

for the samples of 1700°C) is below the critical value of about 4800 ppm.  
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