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Abstract The wetting behavior and metal-oxide interface

interactions in the Er2O3/(Cu–Al) and Er2O3/(Cu–Ti) sys-

tems were investigated at 1,423 K in order to evaluate the

compatibility of ceramic crucibles with liquid metals,

containing active elements. Pure Cu does not wet Er2O3

(H & 140�) but the wettability is significantly improved

by the addition of Al or Ti. It was established that Er2O3

reacts with Ti and Al dissolved in liquid Cu and the wet-

table spinel ErAlO3 and ErTiO3 is formed at the interface.

The amount of the released Er from the substrate as a result

of the reaction and the depth of the reaction zone beneath

the drop are controlled by the thermodynamic properties of

liquid solutions.

Introduction

Oxide ceramics such as Al2O3, MgO, Y2O3 and Er2O3 are

stable compounds and are often used as structural materials

in the foundry industry. Nevertheless, the presence of

active elements in the melt, which also form stable oxides,

leads to a chemical interaction between a crucible and a

liquid solution and to dissolution of the metallic component

of the substrate in the melt. In order to evaluate crucible

performance sessile drop wetting experiments could be

used [1–4].

Wetting behavior of oxides of rare-earth elements in

contact with liquid metals has been investigated by Naidich

et al. [4]. Er2O3 was also examined at 1,423 K in contact

with various melts such as: Cu, Al and Cu–Ti alloys. It was

established that Al wets the Er2O3 substrate (h = 58�), Cu

does not wet it (h * 145�); however, Ti addition to liquid

Cu reduces the contact angle to about 60�. No information,

which is related to the interface composition and structure,

is reported. Wetting behavior of the Y2O3 substrate in

contact with Cu–Al alloys was discussed in our previous

communication [5]. It was shown that the interaction

between Y2O3 and Al containing liquid solution leads to

the formation of the YAlO3 spinel and to Y releasing,

which dissolves in the melt.

In this article, the wetting behavior and the interface

interaction in the Er2O3/(Cu–Al) and Er2O3/(Cu–Ti)

systems are examined.

Experimental

Er2O3 substrates for wetting experiments were prepared by

powder metallurgy techniques. Er2O3 powder (99.99%

purity) was isostatically pressed under 0.3 GPa. The

compacted samples were first sintered in an air furnace at

1,473 K for 5 h and then hot isostatically pressed at

1,573 K under 130 MPa for 5 h. The density of the samples

was 99% of the Er2O3 theoretical density.

Sessile drop experiments were performed at 1,423 K in

a vacuum furnace (*10-3 Pa) as was described in [6]. In

order to reduce the residual oxygen content in the gaseous

phase, a Ti getter was used. The surface of the substrates

was polished down to 1 lm diamond paste (the measured

substrate roughness (Ra) was 0.15 lm) and cleaned ultra-

sonically using acetone and ethanol. The composition of
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liquid drops was varied in situ by co-melting of appropriate

amounts of Al, Ti and Cu. After solidification the samples

were cross-sectioned and the interface was studied using

XRD and SEM (EDS, WDS) analysis. In some cases, the

microstructure at the interface was investigated after

chemical etching using 50 vol% HNO3 + 50 vol% H2O

solution. Auger depth profile analysis was used in order to

clarify the composition of the phases, which are formed at

the Er2O3/(Cu–Ti) interface. The sensitivity factor for Er

was calibrated by using Er2O3 as a standard.

Experimental results

Wetting

The spreading kinetics and final contact angles for the

Er2O3/(Al–Cu) system at 1,423 K are presented in Fig. 1.

The initial contact angle for the alloys with relatively low

Al contents (\26 at%) is about 130� and remains constant

during 60 min of contact. For the alloys with 50 and

60 at% Al and for pure Al the contact angle decreases with

time and the spreading rate increases with the increasing Al

content (Fig. 1a). The final contact angle decreases with

the increasing of the Al content and for pure Al the contact

angle of about 40� was observed (Fig. 1b). The spreading

kinetics and the final contact angles for the Er2O3/(Cu–Ti)

system at 1,423 K are presented in Fig. 2. In this system

the rate of spreading is very high and equilibrium contact

angle was achieved already during heating up to the tem-

perature of experiments (Fig. 2a). Ti additions to liquid Cu

significantly improve wetting and non-wetting to wetting

transition takes place for the alloy containing about 10 at%

Ti (Fig. 2a).

Interface characterization

The Er2O3/(Cu–Al) system

The microstructures of the interface between the Er2O3

substrate and Cu–Al drops with various Al content are

presented in Fig. 3. The formation of the crater at the

interface, which depth increases with the increasing of Al

content, is clearly detected. According to the EDS analysis,

the craters beneath the drops contain Cu and the ErAlO3

phase, while the solidified drop consists of metallic matrix

and dendrite-like Al3Er intermetallic inclusions. The pure

Al drop in contact with Er2O3, which was detached from

the substrate after solidification, was subjected to XRD

analysis (Fig. 4). The X-ray pattern confirms the presence

of the Al3Er intermetallic and ErAlO3 phases.

The interface region of the Er2O3/(Cu–50at%Al) sample

was etched in order to clarify its microstructure (Fig. 5).
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The crater has a composite structure, which consists of

metal channels and the ErAlO3 spinel.

The Er2O3/(Cu–Ti) interfaces

The metal drops in the Er2O3/(Cu–Ti) system were spon-

taneously detached from the Er2O3 substrates during

cooling to room temperature. Cross sections of the

detached drops, which include residua of the Er2O3 sub-

strate, were examined by EDS and WDS analysis. Very

thin (\1 lm) interfacial Ti-enriched layer (Fig. 6) was

detected. Quantitative EDS analysis using the Er2O3 as a

standard indicates that the composition of this layer is close

to the ErTiO3 spinel phase. The presence of Ti and Er in

the interfacial layer was confirmed by Auger depth profile

performed on the surface of the detached drop, which was

in contact with the substrate (Fig. 7).

Discussion

Previous investigation of the Y2O3/(Cu–Al) system [5]

revealed that Al reacts with Y2O3, forms YAlO3 beneath the

drop releasing Y, which dissolves in the melt. The inter-

action is accompanied with a relatively deep crater

formation at the oxide/metal interface. It was established

that the depth of the crater depends on the departure of the

initial metal drop composition from the composition of the

melt equilibrated with the Y2O3 and YAlO3 phases. The

experimental results were well accounted for by the ther-

modynamic analysis of the YAlO3 phase formation. Similar

interface evolution takes place in the Er2O3/(Cu–Al) and

Er2O3/(Cu–Ti) systems. The interaction in the first system is

significantly stronger and the crater is remarkably deeper

than that in the second one. These experimental observa-

tions may be also accounted for by a thermodynamic

analysis of the reactions, which take place in the systems.

The formation of the ErAlO3 phase at the Er2O3/

(Cu–Al) interface may be described by the chemical

reaction (1):

Fig. 3 Interface morphology in

the Er2O3/(Cu–Al) system: (a)

pure Al, (b) 60 at% Al, and (c)

50 at% Al
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present
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Er2O3 þ Al ¼ ErAlO3 þ Er ð1Þ

The underline indicates that Al and Er are in the liquid

solution. Unfortunately, the standard Gibbs energy of

ErAlO3 formation is not readily accessible. In order to

estimate the equilibrium constant (K) for reaction (1) at

1,423 K, it was assumed that the Gibbs energy

DG�f (ErAlO3Þof the ErAlO3 phase formation from pure

Er2O3 and Al2O3 oxides is equal to DG�f (YAlO3Þ for the

formation of YAlO3 formed from pure Y2O3 and Al2O3.

According to data [7], the standard Gibbs energy for the

YAlO3 phase formation from pure elements

DG0
f (YAlO3Þ = -1,390 kJ/mol. Using the standard Gibbs

energies for the oxides (Table 1) the value of DG�f (YAlO3Þ
was calculated as equal to -31 kJ/mol. The value of

DG0
f (ErAlO3Þ = -1,386 kJ/mol was estimated according

to Eq. 2.

DG0
f (ErAlO3Þ ¼

DG0 Er2O3ð Þ þ DG0 Al2O3ð Þ
2

þ DG�f ðErAlO3Þ ð2Þ

Using the estimated value of DG0
f ðErAlO3Þ and DG0 of

erbium melting (DH0 meltingð Þ = 19.903 kJ/mol and

T(melting) = 1,795 K [8]), the equilibrium constant of

Eq. 1 at 1,423 K was estimated as:

K 1ð Þ ¼ aEr

aAl

¼ exp
�DG0ð1Þ

RT

� �
¼ 1:25� 10�4 ð3Þ

where aEr and aAl are the activities of Er and Al in the Cu–

Al–Er liquid solution referred to pure Er and Al in the

Table 1 Standard formation Gibbs energies of Y, Er, Al and Ti

oxides at 1,423 K [8]

Oxide Al2O3 Y2O3 Er2O3 Ti2O3

DG0
f (kJ/mol) -1221.50 -1496.58 -1487.82 -1131.26

Fig. 5 The microstructure of

the Er2O3/(Cu–50at%Al)

interface after chemical etching.

Overall view of the crater

formed beneath the Cu–Al drop

(a), the composite structure of

the crater containing Cu–Al

channels (gray areas) in the

ErAlO3 ceramic matrix (white

areas). The dark spots may be

attributed to intrinsic porosity or

to metallic phase removed

during sample preparation
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liquid state. When the activities ratio (aEr/aAl) is less than

1.25 9 10-4, the ErAlO3 phase is formed and the released

Er dissolves in the melt. The equilibrium constant is very

sensitive to the Gibbs energy values and an error ±10 kJ/mol

of the DG0
f ðErAlO3Þ value leads to K(1) variation from

5.4 9 10-5 to 2.9 9 10-4. Thus, the results of the ther-

modynamic analysis should be considered qualitatively

only.

In the Er2O3/(Cu–Ti) system a very thin (\1 lm)

interfacial (ErTiO3) layer was observed. Thus, the reaction

that takes place at the Er2O3/(Cu–Ti) interface may be

written as:

Er2O3 þ Ti ¼ ErTiO3 þ Er ð4Þ

We have to point out again that thermodynamic

properties of the ErTiO3 phase are not available. The

estimation of the standard Gibbs energy formation for the

ErTiO3 phase was performed according to the assumptions,

which were taken into account for the ErAlO3 phase

formation (Eq. 3). In the case of ErTiO3 it could be written:

DG0
f ðErTiO3Þ �

DG0 Ti2O3ð Þ þ DG0 Er2O3ð Þ
2

þ DG�f ðErTiO3Þ ð5Þ

The formation Gibbs free energy DG�f ðErTiO3Þ for

ErTiO3, formed from pure Er2O3 and Ti2O3, is assumed to

be equal to DG�f ðYAlO3Þ and therefore the estimated value

of DG0
f ðErTiO3Þ is equal to -1,341 kJ/mol.

The standard Gibbs energy and the equilibrium constant

of the reaction (4) were calculated as DG0
f ð4Þ ¼ 137; 324

kJ/mol and K 4ð Þ ¼ aEr

aTi
¼ exp

�DG0ð5Þ
RT

� �
¼ 3:8� 10�6,

respectively. The activities of the component of liquid

solution are referred to pure Er and Ti in the liquid state.

If the activities ratio (aEr/aTi) is less than 3.8 9 10-6 the

ErTiO3 phase is formed and the released Er dissolves in the

melt. It should be noted again that an error ±10 kJ/mol of

the DG0
f ðErTiO3Þ value leads to K(4) variation from

1.6 9 10-6 to 8.9 9 10-6.

In order to estimate the composition of liquid solutions,

the thermodynamic properties of the melts have to be used.

The thermodynamic activities of the components in the

ternary solutions were estimated by using the Redlich–

Kister approach [9] and the reported data for the binary

solutions.

The activities of Al and Ti in the binary Cu–Al and

Cu–Ti melts [10, 11] as a function of their composition are

shown in Fig. 8. The Cu–Al liquid solution exhibits a

strong negative departure from ideality, while the behavior

of Cu–Ti liquid solution is close to ideal. The Reldlich–

Kister coefficients for these systems were derived and

presented in Table 2. The Reldlich–Kister coefficients for

the binary Al–Er system (Table 2) were reported by

Cacciamani et al. [12]. In order to estimate the 0L coeffi-

cient for Cu–Er system, the reported data [4] on the partial

enthalpy (-92,000 J/mol) for dilute Cu–Er solution was

used. According to the binary Er–Ti phase diagram [13],

there are no stable intermetallic phases in this system and it

was assumed that interatomic interaction is weak, thus the

Er–Ti liquid solution, at least for the low Er content, may

be considered as ideal.

The calculated erbium concentrations in the solutions

that are in equilibrium with the ceramic phases are pre-

sented in Fig. 9. The Er content in the Cu–Ti–Er melt is

extremely low (about 10-4 atomic fraction), while this

value for Cu–Al–Er solution reaches a few atomic percents.

The results of the thermodynamic calculations are in a

good agreement with the actual detected Er contents in the

Cu–Al and Cu–Ti drops and emphasize the role of ther-

modynamic properties of liquid solutions on the wetting

behavior. For the relatively high Al content in the melt

(about 50 at%) its activity is yet low and is not sufficient

for the formation of the ErAlO3 spinel. Only at higher Al

contents (above 50 at%) it is able to react with Er2O3, and

to release Er, which dissolves in the melt and stands behind

the deep crater formation.

The ErTiO3 phase is thermodynamically less stable

compared to the ErAlO3 phase and Ti dissolved in the melt,
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Fig. 8 The activities of Al and Ti in liquid Cu–Al and Cu–Ti binary

melts at 1,423 K

Table 2 Reldlich–Kister coefficients for the binary Er–Al, Cu–Al and

Cu–Er melts at 1,423 K

R.K.

coefficients

(J/mol)

Er–Al [

12]

Cu–Al

[10]

Cu–Er

[4]

Cu–Ti

[11]

Er–Ti

0L -97,246 -82,187 -92,000 -12,067 0
1L -3,317 21,967 0 0 0
2L 22,630 0 0 0 0
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which has relatively high activities, cannot react with

Er2O3 and release Er. This is a reason of the formation of

only thin interfacial layer in this system.

Conclusions

The interaction between Er2O3 substrate and liquid Cu

alloyed by active elements (Ti and Al) was investigated. It

was established that the Er2O3 substrate reacts with the

active elements dissolved in liquid Cu and the formation of

the ErAlO3 and ErTiO3 phases takes place. The released Er

dissolves in the melt and a crater is formed at the interface.

A deep crater (about 500 lm) was observed at the Er2O3/

(Cu–Al) interface, while the depth of the reaction region at

the Er2O3/(Cu–Ti) interface was extremely low (\1 lm).

The spreading kinetics and the final contact angle in these

systems are controlled by the formation of the interfacial

spinel layer. The experimental observations are in a good

agreement with the thermodynamic analysis, which

emphasizes the dominance of the thermodynamic proper-

ties of the melt in the wetting behavior of the Er2O3

substrate by liquid Cu containing Al and Ti as active

additives.
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