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Characteristics of interfacial reactions between 
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Abstract: The interfacial reaction between Ti-6Al-4V alloy and ZrO2 ceramic mold 
with zirconia sol binder was investigated by keeping the 12 g alloy melt in a vacuum 
induction furnace for 15 s. The microstructures, element distribution and phase 
constitution of the interface were identified by optical microscopy (OM), scanning 
electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS) and 
X-ray diffraction (XRD). The results show that the whole interface reaction layer can be 
divided into three regions: metal penetration layer, transition layer, and hardened layer 
according to the structure morphology, which has the characteristics of severe metal 
penetration, finer lamellar, and coarse oxygen-rich α phase, respectively. The erosion of 
the alloy melt on the ceramic mold promotes the decomposition of zirconia, which leads 
to the increase of local Zr concentration, greatly increasing the activity coefficient of Ti, 
aggravating the occurrence of interfacial reaction. Thus, the interfacial reaction shows 
the characteristics of chain reaction. When the oxygen released by the dissolution of 
zirconia exceeds the local solid solubility, it precipitates in the form of bubbles, resulting 
in blowholes at the interface. The result also indicates that the zirconia mold with 
zirconia sol binder is not suitable for pouring heavy titanium alloy castings. 
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Titanium alloys are widely used in aerospace, automotive, marine, biomedical, chemical 
and other fields owing to their high specific strength, strong corrosion resistance, low 

elastic modulus, and excellent high temperature and low temperature properties [1, 2]. 
Ti-6Al-4V, which was developed in the early 1950's in the United States [3], is one of the 
most widely used titanium alloys due to its excellent comprehensive performance. It is 
reported that about 90% of titanium alloy castings were made of Ti-6Al-4V alloy [4]. 
Ti-6Al-4V alloy has good formability and can be processed by forging, casting, welding, 
powder metallurgy, etc. Compared with other forming methods, investment casting presents 
the advantages of higher dimensional precision, lower surface roughness, lower production 
cost, and higher flexibility in design [2, 5]. In particular, investment casting is a very attractive 
technique to cast complex components of titanium alloys [5, 6]. However, it easily reacts with 
the crucible and ceramic mold during melting and investment casting because of the high 
reactivity of titanium alloy melt, which deteriorates the surface quality of castings, forms 
inclusions, and reduces the mechanical properties of titanium castings [7-9].

The interfacial reactions between Ti-6Al-4V alloy and different refractory materials, 
for instance, BN [10], ZrSiO4 

[11], ZrO2 
[12], graphite [13] and Al2O3 

[11, 14], have been 
investigated by many researchers. Our previous studies have confirmed that Y2O3 ceramic 
mold shows the best stability and the least interface reaction during investment casting, 
followed by ZrO2 ceramic mold and then the Al2O3 ceramic mold [7, 15]. Many researchers 
have also confirmed that Y2O3 has good stability as a crucible or ceramic shell [16-18]. 
However, its application is limited due to the high price of Y2O3. For Al2O3 ceramic mold, 
the serious interfacial reaction between titanium alloy and Al2O3 leads to the worst mold 
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filling capacity [6]. It seems that ZrO2 is a suitable material for 
titanium alloy investment casting. Liu et al. [19] investigated the 
wettability between Ti-6Al-4V melt and ZrO2 (CaO stabilized) 
mold, and found that poor wettability can slow down the 
occurrence of interfacial reaction. Nevertheless, the interfacial 
reaction time of the above studies is short, which is not 
consistent with the interfacial reaction of thick titanium alloy 
castings that takes a long time. Meanwhile, the process and 
mechanism of a sufficient interfacial reaction remains unclear, 
which is not conducive to the production of heavy titanium 
alloy castings.

In the present work, the prolonged interfacial reaction 
between Ti-6Al-4V alloy and ZrO2 (CaO stabilized) ceramic 
mold with zirconia sol binder was carried out to determine 
whether it is suitable for the production of thick titanium alloy 
castings using ZrO2 (CaO stabilized) mold. The process was 
investigated in detail and the mechanism of interface reaction 
was revealed.

1 Experimental procedure
Ti-6Al-4V button ingot with a mass of 40 g was prepared by a 
non-consumable electrode vacuum arc melting furnace at first, 
of which the chemical composition is 5.62wt.% Al, 3.75wt.% V, 
0.07wt.% O, and the balance is Ti. The oxygen content in the 
material was measured by oxygen nitrogen hydrogen analyzer 
(LECO-TCH600). Then, the melted button ingot was cut into 
12 g pieces for the interfacial reaction experiment. 

The ceramic mold with a diameter of 20 mm and thickness 
of 10 mm was fabricated by ZrO2 (CaO stabilized) powders 
(325 mesh) and zirconia sol binder according to the traditional 
investment casting process [5]. The dried ceramic mold was 
baked in an electric furnace at a temperature of 1,000 °C for 2 h. 

The zirconia ceramic mold was placed in a U-shaped 
corundum crucible as the substrate, then the alloy block was 
placed on it. The specimen was heated to 1,680 °C in an 
induction melting furnace (V-3, 3-TITAN, Linn High Therm 
GmbH, Germany) with a vacuum of 0.01 Pa and kept in the 
melting state for 15 s. After cooling to room temperature in the 
furnace, the specimen was sectioned longitudinally from the 
middle, and the sampling position was shown in Fig. 1. The 
specimen was embedded in epoxy resin, and then ground and 
mechanical polished, and then sprayed with gold for testing.

Fig. 1: Schematic diagram of interfacial reaction of specimen

The microstructures and element distribution of the interface 
were identified by a scanning electron microscope (SEM, FEI 
Quanta 250) equipped with energy dispersive spectroscopy 
(EDS). The specimens were etched by Kroll's solution (5% 
HNO3+3% HF+92% H2O, vol.%) to reveal the structure 
morphology at the interface by optical microscopy (OM, Axio 
Scope. A1 Zeiss) and SEM.

The phase constitution of interface layer was analyzed by 
6000X-ray diffractometer (XRD) with Cu target, and the 
scanning angle range was from 20° to 100° with an analysis step 
of 0.02°. 

2 Results and discussion 
2.1 Microstructure at interface
Figure 2 shows the metallographic structure of the interface. 
Although only 15 s was maintained after melting, the 
characteristics of interfacial reaction were remarkable. The 
black area on the left is the ceramic mold, and the adjacent dark 
gray area is the metal penetration layer formed by the metal and 
ceramic particles, which is a kind of cermet with high hardness 
and brittleness. There is a thicker α lamellar area next to the 
metal penetration layer which is called the hardened layer. 
According to the research by Sung et al. [21], the α-case layer 
formed by the interfacial reaction was composed of the outer 
reaction layer and the adjacent hardened or diffusion layer. 
The metal penetration layer and thicker α lamellar layer in this 
study can correspond to the reaction layer and hardened layer, 
respectively. Meanwhile, the blowholes with large diameter 
can be identified at the interface between the two layers. At 
the neighboring hardened layer, the matrix structure is typical 
Widmanstätten structure, and the coarse α cluster almost runs 
through the whole grain due to the slow cooling rate.

Figure 3 shows the SEM images of the interface layer. 
Interestingly, there is a transition layer of about 100 μm depth 
between the metal penetration layer and the hardened layer, 
which consists of a finer α lamella. The formation reasons will be 
discussed in later sections. Therefore, the whole interface reaction 
layer (α-case layer in Fig. 2) can be divided into three regions (I, 
metal penetration layer; II, transition layer; III, hardened layer) 
according to the structure morphology, as shown in Fig. 3(a). 
This result is significantly different from that of the research by 
Sung et al. [21-23]. Figure 3(b) is the magnification of partial 
area I in Fig. 3(a). It can be seen that the alloy melt infiltrated 
into the shell and fully reacted, resulting in the decomposition 
of part of the zirconia, from coarse particles to finer particles. 
It can be seen from Fig. 3(c) that the transition layer is 
mainly composed of lamellar α with a average thickness of 
about 3 μm and a small amount of equiaxed α. Moreover, a 
large number of small white particles (zirconia) present in the 
interlamellar region. Figure 3(d) shows the microstructure of 
the hardened layer. It can be seen that the lamellar α is relatively 
thick, which is due to the diffusion of oxygen produced by 
the interfacial reaction into the alloy matrix, resulting in the 
formation of coarse α phase during solidification.
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Fig. 2: Metallographic structures of interface between zirconia and Ti-6Al-4V alloy

Fig. 3: SEM images of the interface layer between zirconia and Ti-6Al-4V alloy (a), and magnification 
region I (b), II (c) and III (d) in Fig. 3(a) 

2.2 Element distribution at interface
The element distribution at the interface characterized by 
mapping scanning is shown in Fig. 4, which shows that the 
diffusion of Ti, Zr and O elements is significant, while that of 
Al and V elements is not so obvious. It can be concluded that 
the molten titanium alloy infiltrated into the ceramic mold at a 
deep distance, forming a thick metal penetration layer. In the 
intermediate transition layer, there are still high concentrations 
of Zr and O elements, and the diffusion distance of O element 
is longer, which is related to the smaller atomic radius of 
interstitial element O and easier diffusion at high temperature. 
Combined with the results of Fig. 3 and Fig. 4, it is further 
confirmed that nanometer zirconia exists in the transition layer.

The composition distribution at the interface between 

castings and ceramic mold indicates the degree of interfacial 
reaction and the depth of influence. Figure 5 shows the element 
line scanning from the metal penetration layer to the matrix 
alloy. It is obvious that the content of Ti element decreases 
gradually from the matrix to the interface, while Zr and O 
elements present the opposite trend. Moreover, the contents of 
Al and V vary little. The result corresponds with the surface 
scanning shown in Fig. 4. Therefore, it is deduced that the 
elements involved in the interfacial reaction are mainly Ti, Zr 
and O, that is, zirconia decomposes and diffuses into the alloy 
melt, and the alloy melt spreads to the ceramic shell. From the 
diffusion distance of the elements, it is demonstrated that the 
influence depth of the interfacial reaction is much larger than 
that observed from the microstructure characteristics.

100 μm

20 μm20 μm

20 μm

II IIII

(d)
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Fig. 5: SEM image (a) and elemental distribution curves (b) of interface layer

Fig. 6: XRD patterns of powder on specimen surface and baked zirconia mold (a) and metal penetration layer (b)

2.3 Phase constitution at interface
The phase constitution at the interface is shown in Fig. 6. 
The phase constitution of ZrO2 powder on the specimen 
surface that has not been sintered was compared with the 
phase constitution of the baked zirconia mold, and the result 
is shown in Fig. 6(a). It can be seen that the baked zirconia 
mold is mainly composed of stable cubic zirconia with a 

small amount of monoclinic zirconia and tetragonal zirconia. 
The monoclinic zirconia phase near the surface of the casting 
specimen gradually disappears and the intensity of stable cubic 
zirconia peak increases, which indicates that the region near 
the reaction layer is subjected to strong thermal action. 

The phase constitution of metal penetration layer is also 

(a) (b)

Fig. 4: SEM image (a) and element Ti (b), Zr (c), Al (d), V (e), and O (f) distribution maps of the interface layer
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Fig. 7: Surface morphology of ZrO2 ceramic mold

identified, as shown in Fig. 6(b). The metal penetration layer 
is still mainly composed of cubic zirconia, and a complex 
compound (Zr, Ca, Ti)O2 and TiO2 are also found, which are 
generated by the reaction between zirconia mold and alloy 
melt. Due to the infiltration of the alloy melt, the α-Ti can be 
seen in the diffraction pattern. 

2.4 Analysis of interfacial reaction process 
and mechanism

The Gibbs free energy is often used to analyse the stability 
of oxide mold and to predict the interfacial reactions. Saha 
et al. [24] pointed out that the stability of oxides against 
molten titanium is not completely consistent with Gibbs free 
energy of forming oxides, and the effect of the dissolution 
of oxides in liquid metal should be taken into consideration. 
Cui et al. [25] investigated the dissolution mechanism of oxides 
and predicted the stability of oxides in molten titanium alloys 
by thermodynamic analysis, and the calculated results were 
consistent with the experimental results. Kostov et al. [26] 
calculated the free energy changes of reaction ΔGr of the 
different oxides and demonstrated that CaO, Y2O3, ZrO2 and 
Al2O3 have positive ΔGr values in all compositions of Ti-Al 
alloys in the temperature range 1,273 K-1,973 K. It seems that 
these oxides have good stability in terms of thermodynamics 
and would not dissolve in titanium melt.

In fact, oxide refractories are ion-bonded compounds with 
high binding energy. However, some atoms may have a low-
energy transition and get rid of the inherent energy barrier 
to become active atoms, due to the defects such as lattice 
distortion and vacancies in the crystal. If the active atom 
happens to exist at the reaction interface, it will be absorbed 
by the surface of the titanium alloy melt and dissolved into 
the titanium melt. Consequently, the oxide refractories of the 
surface layer will be gradually eroded by the titanium alloy 
melt, resulting in interfacial reaction. Lin et al. [23] carried 
out the thermodynamic calculation of the Gibbs free energy 
change of the possible reactions between titanium and zirconia, 
and found that the Gibbs free energies of these reactions are 
positive or slightly negative, that is to say, these reactions are 
impossible from the point of view of thermodynamics.

Actually, the interfacial reaction is a complex physical 
and chemical process, which is affected by many factors. 
It is well known that the mold is a non-uniform and porous 
system composed of refractories and binders, as shown in 
Fig. 7. The zirconia refractory particles are sintered together 
by the stable zirconia generated by the binder baked at high 
temperature, forming a continuous three-dimensional structure. 
This structure has an important influence on the process and 
characteristics of interfacial reaction between titanium alloy 
melt and zirconia.

Wei et al. [20] considered that the whole interfacial reaction 
process can be divided into three stages: surface contact stage, 
wetting stage and internal reaction stage. However, some 
researchers pointed out that the interfacial reaction process 
consists of the decomposition of the ceramic mold and the 

diffusion of free elements [21, 27]. Based on the analysis of the 
microstructure and phase constitution of the interface, the 
interfacial reaction process and mechanism diagram were 
established, as shown in Fig. 8. When the alloy melt contacts 
the ceramic mold surface, it will infiltrate into the gaps 
between the ZrO2 sand grains due to the action of interfacial 
tension, as shown in Fig. 8(a). In fact, the joint between 
particles is the most easily eroded by alloy melt. Subsequently, 
the refractory particles are wrapped in titanium alloy melts. 
Under the action of thermal erosion, large particles are 
decomposed into finer particles, and fine particles begin to 
dissolve, as shown in Fig. 8(b). The reaction can be expressed 
by the following equation:

(1)ZrO2(s)→2[O](in Ti melt)+[Zr](in Ti melt)

The oxygen in the oxide particles is firstly absorbed by the 
titanium solution and diffused into the alloy melt. When the 
concentration of local oxygen exceeds its solid solubility, 
bubbles are easy to precipitate, and these decomposed nano-
sized zirconia particles provide the nucleation core for these 
bubbles. In the process of rising, these small bubbles grow, 
aggregate, form large bubbles, and finally form pore defects 
during solidification, which explains why there are large pores 
in the preface of the transition layer.

The Zr released by the oxide particles is also diffused into 
the alloy melt and can be dissolved infinitely in titanium alloy. 
The higher the activity and activity coefficient, the higher 
the melt activity and the degree of interfacial reaction. Based 
on Troop's ternary solution model and Miedema's model [28], 
the activity coefficients of titanium in ternary systems Ti-
6Al-xV and Ti-6Al-xZr (x=2, 4, 6, 8, 10 wt.%) at 2,000 K 
were calculated. It can be seen from Fig. 9 that the activity 
coefficient of Ti decreases with the increase of V content, but 
increases with the increase of Zr content. This result can be 
attributed to the fact that the Zr and Ti elements belong to the 
same family, which has the same outer electronic structure 
and similar atomic radius. It indicates that Zr can form a 
substitutional solid solution with Ti, and more Ti atoms are 
replaced with the increase of Zr content, thus increasing the 
activity coefficient of molten Ti. Thereby, a small "molten 
pool" is formed in this part, and the alloy melt in the "molten 
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pool" continues to act on the surrounding zirconia particles 
under the action of electromagnetic stirring, forming a chain 
reaction, which leads to a more and more severe interfacial 
reaction, as shown in the circle in Fig. 8(b). Ultimately, a reaction 
zone between alloy melt and zirconia refractories is formed.

When the electromagnetic stirring stops, the nano-zirconia 
particles generated by the decomposition of zirconia in 
motion begin to float under the action of buoyancy. Due to 

Fig. 9: Effect of element content on the activity 
coefficient of Ti
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