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Abstract: A γ-TiAl alloy with nominal composition of Ti−47%Al (molar fraction) was directionally solidified in an alumina mould 
with an Y2O3 protective coating. The effects of processing parameters (melting temperature and interaction time) on the 
metal-coating interface, microstructure and chemical composition of the alloy were evaluated. The result shows that the Y2O3 
protective coating exhibits an effective barrier capability to avoid direct contact between the mould base material and the TiAl melt, 
although the Y2O3 coating is found to suffer some erosion and be slightly dissolved by the molten TiAl due to the coating-metal 
interactions. The directionally solidified alloys were contaminated with Y and O, and Y2O3 inclusions were dispersed in the metal 
matrix. The reason for this metal contamination is the Y2O3 coating dissolution by the TiAl melt. One mode of the interaction 
between Y2O3 and the TiAl melt is dissolution of yttrium and atomic oxygen in the melt by reaction Y2O3(s)=2Y (in TiAl melt)+3O 
(in TiAl melt). Both the extent of alloy contamination and the volume fractions of Y2O3 inclusions depend on the melting 
temperature and the interaction time. 
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1 Introduction 
 

TiAl alloys exhibit a large number of outstanding 
properties, such as high melting point, low density, 
intrinsic strength retention, high stiffness and creep 
resistance at elevated temperatures [1−2]. Particularly, it 
is demonstrated that TiAl alloys with an aligned lamellar 
microstructure along the growth direction have a good 
combination of strength and ductility over a wide 
temperature range [3−4]. However, it is difficult to 
control the lamellar orientation by simple casting 
operations. In order to overcome this difficulty, 
directional solidification has been developed to produce 
columnar grain material with the lamellar orientation 
parallel to the growth direction [4−6]. 

Recently, several refractory materials have been 
used as mould in directional solidification to produce 
TiAl alloys [6−7]. Until now, no refractory material is 
found to be absolutely inert against TiAl melts and some 
interactions between the refractory crucible/mould and 
the molten metal always occurs during melting and 
casting, leading to metal contamination with impurity 
elements or inclusions from the refractory material 

[8−12]. When this happens, the microstructure and 
mechanical properties of directionally solidified (DS) 
ingots are affected by these elements or inclusions. 
Taking the Gibbs free energy of formation into account, 
Y2O3 presents the most negative value among common 
metallic oxides, suggesting that it may have a good 
stability in contact with molten TiAl alloys [13]. 
However, Y2O3 suffers from two drawbacks, inherently 
poor thermal shock resistance and high cost. Thus, 
common oxide crucibles/moulds coated by an Y2O3 
protective coating seem to be the most effective, stable 
and less expensive solution [14]. Therefore, it is 
instructive to directionally solidify TiAl alloys in oxide 
moulds with an Y2O3 coating and to investigate the 
protection effectiveness of the coating. 

In this work, low cost and good thermal shock 
resistance alumina moulds with an inner coating of  
Y2O3 were used in directional solidification to produce 
TiAl alloys. The effects of processing parameters 
(melting temperature and interaction time) on the 
metal-coating interface, microstructure and chemical 
composition of the alloy were evaluated. The purpose of 
this study is to investigate the mechanisms of 
metal-coating interactions and to discuss the protection 
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effectiveness of the Y2O3 coating. 
 
2 Experimental 
 
2.1 Raw materials 

γ-TiAl alloys with nominal composition of 
Ti−47%Al (molar fraction) were produced starting from 
pure elements: titanium sponge (99.76%) and high purity 
(99.99%) Al ingot. Special care was taken to clean the 
raw materials, using acetone solution in an ultrasonic 
bath. After cleaning, they were dried at 150 °C for   
120 min. The master alloy was prepared as a button 
weighing 1 000 g by arc melting under a high purity 
argon atmosphere using a non-consumable tungsten 
electrode. The button was melted and turned five times 
to promote homogeneity (containing an initial oxygen 
content of 0.06%, measured by the inert gas 
infrared-thermal conductivity technique). In order to 
prepare samples that would fit into the moulds, the 
arc-melted button was cut into master alloy bars with 
diameter of about 14 mm using electrical discharge 
machining (EDM). Before the melting experiments, 
these bars were ground on a lathe, cleaned and dried 
using the same procedure as described for the raw 
materials. In this work, the coatings were made from an 
Y2O3 slurry without alkali metal binders/additives. The 
slurry consisted of pure Y2O3 powder (99.9%), 
ammonium polyacrylate, polyvinyl alcohol and 
deionized water. The alumina moulds with an Y2O3 
coating were sintered at 1650 °C for 100 h in a resistance 
heating furnace after dried at 25 °C for 48 h and then at 
120 °C for 24 h. The temperature of the furnace was 
raised slowly at a rate of 1 K/min in order to burn out the 
additives in the slurry slowly and completely. 
 
2.2 Directional solidification operation 

The directional solidification was performed using a 
laboratory-scale Bridgman furnace (LMC, liquid metal 
cooling technology) equipped with an Y2O3 coated 
alumina mould (outer diameter of 20 mm, inner diameter 
of 15 mm, length of (200±20) mm and wall thickness of 
15 mm), as shown in Fig. 1. Before each experiment, the 
furnace chamber was evacuated down to 6×10−3 Pa and 
then backfilled with high purity argon up to 0.05 MPa, in 
order to reduce the oxygen content to a minimum level 
and avoid the evaporation of alloy components. After 
about 40 min since the start of the heating cycle, the 
temperature reached 1 400 °C, which was measured and 
controlled by thermocouple A (WRe5-WRe26) shown in 
Fig. 1. Afterwards, the heating rate was increased in 
order to reach the desired temperature as fast as possible, 
and then the melt inside the mould was stabilized at this 
temperature for different holding time in the furnace and 
allowed to directionally solidify at a withdrawal rate of 

10 mm/min until the entire mould was fallen into the 
Ga−In−Sn alloy solution. Finally, the mould containing 
the DS ingot was removed from the furnace at about 50 
°C. The selected melting temperatures (T) were 1 600 
and 1 700 °C, at each temperature, the selected holding 
times were 1, 10 and 100 min, respectively. Thus, 
assuming the selected growth rate and the holding time at 
selected temperature, the interaction time (t) between the 
mould and the melt was calculated to vary from 60 to 
7.2×103 s. 
 

 
Fig. 1 Schematic diagram of laboratory-scale Bridgman 
directional solidification furnace equipped with Y2O3 coated 
mould 
 
2.3 Interaction analysis 

After directional solidification, the ingots were 
mechanically separated from the moulds. Electron probe 
microanalysis (EPMA, JEOL JXA-8100, using back- 
scattered scanning electron microanalysis mode BSE) 
and transmission electron microscopy (TEM, JEOL 
JEM-2100F) were used to evaluate the microstructure of 
the samples. Energy dispersive spectrometry (EDS, 
Oxford INCAPentaFET-x3) was used to analyze the 
chemical composition of the samples. Phase 
identification of the compounds present on the samples 
surface was performed by X-ray diffraction (XRD, 
D/max 2200PC) with Cu Kα radiation. The total Y and O 
contents of the samples were measured by the inert gas 
infrared-thermal conductivity technique (IGI, LECO 
TC-436) and inductively coupled plasma-atomic 
emission spectrometry technique (ICP-AES, P. E. 
Plasma 2000), respectively. For each ingot, 2 cylindrical 
bars parallel to the longitudinal axis of the ingot were 
taken 4 mm from its surface. After being ground to a 
final mesh size of 120, cleaned and dried using the same 
procedure as described for the raw materials, these bars 



CUI Ren-jie, et al/Trans. Nonferrous Met. Soc. China 21(2011) 2415−2420 2417

were used for chemical analysis. The volume fractions of 
inclusions (Vf) were measured on polished samples by 
computerized image analysis of at least 15 BSE images 
for every sample. 
 
3 Results 
 
3.1 Metal-coating interface 

Figure 2(a) shows the microstructure of the 
metal-coating interface of a sample. It can be seen that 
there is a thin layer of oxide on the sample surface, 
which is suggested to be yttrium oxide by EDS analysis. 
Further XRD analysis of the sample surface shown in  
Fig. 2(b) confirms that the layer is Y2O3. No new phase 
at the TiAl/Y2O3 interfaces is detected. For every sample, 
the microstructural observations show that the thickness 
of the Y2O3 layers is 2−10 μm and seems to be not 
affected by processing parameters, as these layers are 
simply the coating material which adheres to the 
solidified samples and can be easily removed. These 
findings indicate that the Y2O3 coating has a good 
stability in contact with the TiAl melts and exhibits an 
effective barrier capability to avoid direct contact 
between the mould base material and the TiAl melt. 
 

 
Fig. 2 BSE micrograph of TiAl/Y2O3 interface (a) and XRD 
spectrum obtained on sample surface (b) 
 
3.2 Microstructure and volume fraction of inclusions 

Figure 3 shows the white inclusions dispersed in the 

matrix. The microstructural observations of different 
samples show that every sample is contaminated with 
white inclusions. EDS quantitative analysis shows that 
these inclusions are rich in Y and O with molar ratio 
close to 2:3. The TEM observations and corresponding 
selected area electron diffraction (SAED) patterns (Fig. 
4) show that the white inclusions are Y2O3. Figure 5(a) 
shows the dependence of the volume fraction of the 
inclusions on the interaction time at both temperatures. 
The volume fraction significantly increases with 
increasing interaction time at both melting temperatures, 
until a certain interaction time is reached. Subsequently, 
the volume fraction tends to be a constant value at both 
temperatures (about 0.40% at 1 600 °C and about 0.52% 
at 1 700 °C). 
 

 
Fig. 3 BSE micrographs of metal matrix melt at 1 600 °C    
(a) and 1 700 °C (b) 
 
3.3 Chemical composition 

Figures 5(b) and (c) show the results of chemical 
analysis of the samples. It can be seen from Fig. 5(b) that 
every sample shows a slight contamination of yttrium 
and the yttrium enrichment profiles are found to 
delineate two distinct regions. In the first region, the 
yttrium enrichment increases with increasing interaction 
time at both temperatures, until a certain interaction time 
is reached. In the second region, the yttrium enrichment 
is characterized by a constant value (about 0.38% at    
1 600 °C and about 0.52% at 1 700 °C, respectively). 
Besides yttrium, the samples are contaminated with 
oxygen, as shown in Fig. 5(c). The oxygen enrichment of  
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Fig. 4 TEM micrograph (a) and corresponding SAED pattern 
(b) of Y2O3 particle in sample 
 
the samples varies from 0.03% to 0.09% (mass fraction), 
for different melting temperatures and interaction time. 
As in the yttrium enrichment case, the oxygen 
enrichment is also affected by processing parameters, 
and tends to be a constant value as the interaction time 
increases. 
 
4 Discussion 
 

In the search for suitable mould materials, the oxide 
family of materials has received the most attention. The 
Gibbs free energy diagram of oxides is useful for 
comparison of the relative stability of oxides, which 
shows that Y2O3 is thermodynamically much more stable 
than titanium and aluminium oxides, so no reaction 
between the Y2O3 and molten TiAl should be expected 
[13]. Nevertheless, it is suggested that the standard Gibbs 
free energy diagram does not provide a correct picture of 
the reactivity of oxides with molten metal [15]. In every 
sample, the presence of Y2O3 inclusions and the 
enrichment of Y and O contents indicate that the Y2O3 
coating is not absolutely inert against the TiAl melt and 
some interactions occur between them. According to 
previous studies [16], the most probable reason for the 
metal contamination with Y and O is the Y2O3 coating 
dissolution by the TiAl melt. One possible mode of the 

 

 
Fig. 5 Volume fraction of Y2O3 particles (a) and Y (b) and O (c) 
contents of samples with different interaction time 
 
interaction between the Y2O3 and the TiAl melt would be 
the dissolution of yttrium and atomic oxygen in the melt 
as: 
 
Y2O3(s)=2Y(in TiAl melt)+3O(in TiAl melt)      (1) 
 
for which the equilibrium constant is  

2 3

2 3
Y O Y O/K α α α= ⋅                            (2) 

Thus, if the activity product 2 3
Y Oα α⋅  in the melt is less 

than K, reaction (1) can proceed in the forward direction 
and Y2O3 can dissolve in the melt. Moreover, whether 
reaction (1) is feasible or not depends on the combined 
solubility of Y and O in the melt and the kinetics of that 
dissolution. From the thermodynamic point of view, it is 
expected that when the contents of Y and O dissolved in 
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the metal increase to a certain value, the Y2O3 coating is 
not dissolved by the melt and then no dissolution product 
of the coating (Y and O) can enter into the melt by 
diffusion, thus reach the dissolution equilibrium of the 
Y2O3. This is the reason why the enrichment of Y and O 
contents does not continue to rise in Figs. 5(b) and (c) 
after a certain interaction time. 

The microstructural observations of the samples 
show that Y2O3 inclusions are dispersed in the matrix 
(Fig. 3). One mechanism contributing to the formation of 
the inclusions in the melt is the dissolution and diffusion 
controlled erosion of the grain boundaries resulting in a 
detachment of grains from the Y2O3 coating. 
Microstructural evidence for such detachment processes 
is shown in Fig. 2(a) (marked by arrows) where the outer 
parts of the Y2O3 layer contact with the melt detach and 
float into the melt, and very similar detachment events 
have been reported for the interaction between the Al or 
Zn−Al melts and the Fe2Al5 layer [17−18]. From the 
thermodynamic point of view, the erosion is inevitable as 
a result of the existence of the dissolution phenomenon 
of Y2O3 by the TiAl melt, but it should be noted that 
Y2O3 particles detached from the coating are also 
dissolvable in TiAl melt if the concentration of oxygen 
and yttrium in the melt is lower than the saturation limit. 
The second mechanism could be a direct precipitation of 
particles from the melt. At high temperature, Y2O3 is 
dissolved in molten TiAl, resulting in the increase of Y 
and O contents in the melt, and subsequently Y2O3 may 
precipitate from the melt during cooling or solidification, 
due to the reduction in the solubility of Y and O and the 
strong binding among Y and O atoms [19−20]. A similar 
dissolution and precipitation behavior of Y2O3 has been 
also observed in Y containing Ti alloys [21−22]. 

Figure 6 illustrates the interactional mechanisms 
between the Ti−47%Al melt and the Y2O3 coating in 
directional solidification. In Fig. 6, step 1 shows the 
Y2O3 coating dissolving in the TiAl melt by transfer of 
atoms; step 2 shows the dissolution and diffusion 
controlled detachment of an Y2O3 particle; step 3 shows  
 

 
Fig. 6 Schematic illustration of interactions between TiAl melt 
and Y2O3 coating 

a detached Y2O3 particle which is dissolvable in the melt 
with low concentration of Y and O; and step 4 shows the 
precipitation of an Y2O3 particle from the melt with high 
concentration of Y and O during cooling or 
solidification. 

In the present work, the Y2O3 coating is not densely 
sintered and its porosity is relatively high, which ensures 
a good thermal shock resistance and also provides a 
direct pathway for liquid metal to be drawn into the 
coating structure. When the metal reaches the liquid state 
and its fluidity is high enough, it can easily penetrate the 
interstices between the Y2O3 grains of coating, which 
increases the rate of the coating erosion and alloy 
contamination. These findings suggest that the porosity 
of the Y2O3 coating should be decreased and the erosion 
resistance should be improved. However, a low porosity 
may lead to a reduction of the coating thermal shock 
resistance. Therefore, a balance between the thermal 
shock resistance and porosity of the coating is necessary 
to reduce the erosion effect and the alloy contamination 
to a minimum level. A coating with ceramic structure 
and a porous inner and dense surface is probably an 
effective solution. 
 
5 Conclusions 
 

1) A Ti−47%Al alloy is directionally solidified in 
an alumina mould with an Y2O3 protective coating. The 
Y2O3 protective coating exhibits an effective barrier 
capability to avoid direct contact between the mould base 
material and the TiAl melt. The Y2O3 coating is found to 
suffer some erosion and is slightly dissolved by the 
molten alloy, and the mechanism contributing to such 
interaction is the dissolution of yttrium and atomic 
oxygen in the melt. 

2) The extent of dissolution and consequent alloy 
contamination with yttrium and oxygen depends on both 
melting temperature and interaction time. As the 
interaction time increases, both the volume fractions of 
Y2O3 inclusions dispersed in the metal matrix and the 
impurity contents of the alloys tend to be constant. 
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摘  要：研究液态金属冷却定向凝固条件下，Ti-47%Al 合金与 Y2O3/Al2O3 双层结构陶瓷管内层 Y2O3的相互作用。 

分析熔体温度和相互作用时间对界面反应、合金组织和成分的影响。结果表明：虽然 Y2O3 层受到一定程度的侵

蚀和溶解，但 Y2O3层有效地阻隔化学稳定性较差的 Al2O3外层与 TiAl 合金熔体接触，避免 Al2O3与 TiAl 之间的

化学反应。合金熔体受到一定程度的污染且含有少量夹杂物。在一定保温时间内，合金中的杂质含量(Y 和 O)和

夹杂物(Y2O3)体积分数均随着过热温度的提高而增加，但随着保温时间的进一步延长，杂质含量和夹杂物体积分

数趋于恒定值，不再显著变化。 

关键词：TiAl 合金； Y2O3保护涂层；相互作用；定向凝固 
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