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Abstract In this work, a systematic study of the wetting

behavior of two Ni-based and one Co-based superalloys,

used, in particular, for the fabrication of turbine blades, is

presented with reference to different ceramic substrates:

sapphire, polycrystalline alumina, zirconia, and mullite.

Wettability tests have been performed by means of the

‘‘sessile drop’’ method at 1500 �C; the characterization of

the interfaces between the molten drop and the substrates

has been performed by SEM/EDS analysis in order to

check the final characteristics of the solidified interfaces.

The results are discussed in terms of chemical interactions

in relation to the processing parameters and as a function of

the surface and interfacial, morphological and energetic

properties of the systems.

Introduction

The superalloys, especially nickel or cobalt based, have

been used for over 50 years for producing blades and vanes

in aircraft and land-based gas turbines. At present, gas

industrial turbines need improved characteristics such as

higher inlet temperature ([1300 �C), higher life time

(25000–50000 h) and lower amount of compressor air in

order to increase efficiency [1, 2]. The improvement of the

process parameters led to an improvement of the compo-

sition of superalloys (addition of new solutes) and of the

manufacturing technologies involved in the investment

casting process of turbine blades. This process, already

well known from antiquity as lost wax process, needs the

presence of a mold material and of a core material which

allows forming the internal cooling channels. Thus, in

particular, the knowledge is required of the interactions

between these ceramic materials and the molten superal-

loys in order to minimize the formation of internal defects,

to improve the external surface and to reduce time and

money consuming operations of finishing after casting [3].

In the literature some papers appeared aimed at inves-

tigating interfacial interactions and wetting mechanisms in

nickel or cobalt based superalloys with oxides with refer-

ence to casting process [4–6]; such kind of studies are also

devoted to investigate the possibility of developing heat-

resistant oxide fiber reinforced composites [7, 8] or joining

processes involving these materials [9–11].

The purpose of this work is to provide a systematic

study of the wetting and interfacial behavior of CMSX486

(Ni based), IN738LC (Ni based), and ECY768 (Co based)

superalloys, used for the fabrication of turbine blades, with

reference to different ceramic substrates: sapphire, poly-

crystalline alumina, zirconia, and mullite. Sapphire repre-

sents a ‘‘simple’’ and ideal case adopted for better

understanding the basic phenomena involved in solid–

liquid contact, while mullite, which is often the main

component for shell or core materials, could be considered

as the transition between the smooth and pure oxides used

in this work and the rough materials used in factory for

investment casting.

Experimental part

Materials

Three different industrial alloys were used for this work:

two nickel based (CMSX486 and Inconel 738LC) and one
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cobalt based (ECY768), whose compositions are given in

Table 1. Small samples with mass approximately 0.5 g

were obtained and polished in order to remove any trace of

oxides on the surface.

Wettability tests were performed on four different ceramic

substrates: sapphire (maximum impurity level \69 ppm,

cut along the basal 0001 plane, optically polished with

average roughness measured by AFM, Ra = 2 nm and

annealed for 2 h at 1100 �C under a vacuum), polycrystalline

alumina (Ra = 0.03 lm), polycrystalline zirconia (stabi-

lized by yttria 3 wt%, Ra = 0.03 lm), and mullite (supplied

by Nabaltec as pellets, open porosity 1–3%, sintering tem-

perature 1800 �C, mullite[98%; the pellets have been cut

and then polished on SiC paper, to a final roughness

Ra & 1 lm).

All materials have been carefully cleaned by chemical

means in an ultrasonic bath just prior to each experiment.

Procedure

The wetting was evaluated by contact angle and drop

dimension (height and base diameter) measurements using

the sessile drop technique [12] in conjunction with the ad

hoc designed ASTRAView image analysis software,

which allows surface tension, drop dimensions, and con-

tact angle data to be obtained during each experimental

run [13, 14].

Experiments were performed in a specially designed

furnace which can reach 1600 �C. It is made of two con-

centric, horizontal, alumina tubes connected to a high

vacuum system. Between the two tubes a constant flux of

argon guarantees that, even in the temperature range up

to 1600 �C, oxygen does not diffuse inside the experi-

mental chamber. The pressure inside the inner tube can be

kept \10-4 Pa by a turbomolecular pump; alternatively,

controlled atmospheres can be introduced inside the

working chamber. The oxygen partial pressure of the

working atmosphere is continuously monitored by solid

state oxygen sensors at the chamber inlet and outlet.

Temperature is read by a type S thermocouple, placed

just below the test specimen, which was calibrated against

the melting point of Au, Cu, Ni, and Fe slabs placed in the

same place of the test specimens. The precision of the

temperature readings can be estimated in ±5 �C.

All the experimental set up is carefully aligned and the

drop/substrate couples are recorded as sharp, back-lit

images, using a high resolution CCD camera. The drops’

profiles are acquired, stored, and then elaborated off-line.

The drop/substrate profile can be calculated with a preci-

sion of ±1 lm through a careful determination of the

magnification factor while the intrinsic precision of contact

angle data is of the order of ±0.5�; however, possible

optical distortions due to the high temperature involved

lead to uncertainties in the measured profiles with a final

contact angle accuracy of the order of ±2� [15].

The metal/ceramic couple is introduced by a magneti-

cally operated push rod into the preheated furnace only

when all parameters (T, PO2
) reach equilibrium; the time

necessary to complete the melting process is of the order of

30 s. After tests, the couple is moved into the colder part of

the experimental set without opening it, where it is cooled

down to room temperature.

For this work, sessile drops were kept in the furnace for

60 min at 1500 �C under Ar ? 5% H2 atmosphere at

1.1 9 105 Pa (slight over pressure) and the specimens were

wrapped by a zirconium getter in order to further reduce

the oxygen content in atmosphere. In fact, the oxygen

partial pressure measured by the sensors was of the order

PO2
= 10-18 Pa at 700 �C; the water equilibrium reaction

would raise the PO2
value to 10-5 Pa at 1500 �C if no Zr

getters are used. The presence of Zr getters should set a

theoretical minimum oxygen partial pressure of 10-18 Pa,

i.e., the equilibrium dissociation pressure of ZrO2.

After tests, the interfacial zones were observed and

analyzed by optical and electron microscopy (SEM) cou-

pled with energy dispersive spectroscopy (EDS) analysis.

Results and discussion

The wetting behavior of the three alloys on the ceramic

substrates is summarized in Fig. 1. For all the systems the

final contact angle is achieved just after melting and is

stable with time except for the CMSX486 and ECY768-

mullite couples.

The results are reported and discussed here for each

liquid metal system; rupture of the substrates, together with

removal of fragments strongly adhered to the solidified

Table 1 Chemical composition of the alloys used for wetting experiment

Material Composition (at.%)

Ni Co Cr C Al Ti W Ta Hf Re Mo Si Mn Nb

CMSX486 Balance 9.68 5.66 0.36 13.95 0.90 2.87 1.52 0.41 0.99 0.45 – – –

IN738LC Balance 8.19 17.29 0.52 7.28 4.11 0.77 0.53 – – 1.11 Traces Traces 0.57

ECY768 10.05 Balance 27.05 3.04 0.47 0.27 2.34 1.24 – – – Traces Traces –
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drop, occurred during cooling because of the residual

stresses between the alloy and the ceramic which exceed

the ‘‘adhesion strength’’ between the two materials.

CMSX486-ceramic systems

The contact angles which were obtained for CMSX486-

oxide systems are reported in Fig. 1; as explained in the

following, the contact angles vary between 86� and 94�

using sapphire as a substrate while for other systems,

angles are below the ‘‘formal’’ limit of wettability: 83� for

CMSX486-alumina and mullite substrates and 81� for

zirconia.

The following figures show some example of micro-

structures of the sapphire and alumina substrates: in both

cases a thin layer of HfO2 has been revealed by EDS

analysis. For sapphire, stresses during cooling lead to the

rupture of the substrate (Fig. 2) while for the less brittle

alumina all tests revealed the formation of a continuous,

circular crack following the triple line all around (Fig. 3).

Even if it was not possible to obtain undamaged solidified

samples, the presence of fragments of sapphire still

adhering to the solidified drop allowed to cross section the

sample and to demonstrate that the thickness of the HfO2

layer is less than 1 lm (Fig. 4).

For the CMSX486-sapphire system and to a much lesser

extent for CMSX486-alumina system, one cannot define

uniquely the contact angle; in fact, after melting, the liquid

reaches a contact angle of 86� then a cyclic phenomenon

has been evidenced: the drop, suddenly and in one step,

de-wetted the sapphire substrate reaching a maximum

average contact angle of 94� to spread again to 86�. This

phenomenon recurred with a period of no more than 10 s

and it was also accompanied by a change in drop size as

shown in Fig. 5 in which the base diameter is plotted vs.

Fig. 1 Wetting data for superalloys-ceramic couples (obtained after

60 min of test)

Fig. 2 SEM picture of a

sapphire substrate after test with

CMSX486 in which a thin HfO2

layer can be identified adhering

to the substrate after drop

removal (the rupture of the

substrate occurred during

cooling)

Fig. 3 SEM images of an

alumina substrate after test with

CMSX486: on the area covered

by liquid drop during test, bright

zones are visible where HfO2

was formed during the test.

Pictures taken at higher

magnification reveal the

presence of a continuous,

circular crack in correspondence

of the triple line
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time. Moreover, erratic movements of the liquid drop along

the substrate were found so that new solid–liquid interfaces

were formed continuously.

This phenomenon could be justified by the changes in

morphology and chemistry of the substrate as well as by a

modification of the surface energies; moreover, the

movement of the drop could be explained with the pres-

ence, at the S/L interface, of gaseous phases involved in the

reactions. A similar behavior was reported by Champion

et al. [16] or Saiz et al. [17] for the Al–Al2O3 system or by

Grigorenko et al. [18] for Ni–Al alloys with XAl [ 0.5 and

attributed to liquid evaporation and reaction between the

molten metal and the substrate at the triple line accompa-

nied by the formation of the volatile aluminum oxide Al2O.

However, in our case, this explanation does not seem to

hold. Indeed, even if Al is present in the superalloy, no

special traces like ridges, annular rings, etc. have been

found on the ceramic substrate, as no evidence at all of

gaseous bubbles escaping from the molten alloy could be

found in the recorded images (up to one frame per sec.). A

different hypothesis can be invoked. As discussed, Hf

segregates at the solid–liquid interface, and its presence as

a metallic element should cause a decrease of contact

angle. However, due to its higher stability with respect to

Al2O3, HfO2 forms at the interface with its own kinetics,

making the solid–liquid system to find another equilibrium

contact angle, which must be higher due to increase of

covalent bonding at the interface. A subsequent further

adsorption of Hf, makes the cycle to start again. It may be

noted that, as with Ti adsorption at metal-ceramic inter-

faces, a metallic-like compound more metallic in character

like HfO2-x can form just after the Hf adsorption, which

also should be wetted by the liquid alloy.

For the CMSX486-zirconia system, in addition to HfO2,

a layer of alumina (thickness 1–2 lm, see Fig. 6) was

identified by SEM-EDS; as explained in the following, the

formation of alumina is justified by the oxygen coming

from reduction of the zirconia substrate.

The CMSX486 on mullite substrate is the only system

for which the final contact angle was reached after several

minutes (Fig. 7): just after melting, a contact angle of 124�
between alloy and substrate was measured but after about

70 s of stability, the angle suddenly decreased down to the

final value of 83�. Whiskers also appeared on the edge of

the substrate after approximately 30 min. After the tests the

drops were found covered by a thin layer of HfO2. Beneath

the oxide layer covering the drop (mainly hafnia) the

superalloy appears clean with its usual dendritic structure

•

•

•

•

Fig. 4 SEM images of a cross section of a CMSX486-sapphire

sample taken in a zone where part of the alloy still adhered to the

substrate after cooling. A thin layer and some precipitates of HfO2 are

visible

Fig. 5 Contact angle and base diameter plotted as function of time

for CMSX486-sapphire system

Fig. 6 Layer of HfO2 and

Al2O3 at the CMSX486-zirconia

interface. On the right, maps

indicating the presence of Al,

Hf, and Zr at the M/C interface

are presented
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and its standard composition. However, hafnium, which is

usually found in the as received alloys as one of the

components of the segregated compounds containing high

melting elements (Ta, Mo, W, etc.), has not been found at

all in the alloy after tests (Fig. 8).

After the tests with CMSX486, different zones

appeared on the mullite substrate. As shown in Fig. 9,

where the drop was sitting, the substrate is dark because

of the formation of a surface layer of HfO2 (thickness

\1 lm); under this, a layer of alumina (thickness

&3 lm) was formed. Outside this area an annular zone

appears in the bulk of the substrate constituted by alumina

with a higher thickness (&10 lm) and a ‘‘spongy’’

morphology. Elsewhere, just a thin layer of alumina was

found to cover the substrate.

IN738LC-ceramic systems

As reported in Fig. 1, the contact angles measured for

IN738LC-oxides couples are not very different from those

obtained with the CMSX486 alloy: for all systems, except

alloy-mullite, contact angles just below 90� have been

obtained. However, the interfacial products are mainly

influenced by the aluminum content in the alloy (7.3 at.%)

more than by other active elements such as chromium

(17.3%) or titanium (4.1 at.%).

Similarly to what has been described by other authors

[19, 20], alumina crystallites grow on the sapphire sub-

strate at the solid/liquid (S/L) interface and there is for-

mation of grooves on the substrate due to the attack of

Fig. 7 Contact angle and base diameter plotted as function of time

for CMSX486-mullite system

Fig. 8 Top of CMSX486 drops

after wetting experiment on

zirconia (left) and mullite

(right): for the latter, beneath

the oxide crust (HfO2) the usual

morphology of the metallic drop

appears

Fig. 9 Mullite substrate after

test with CMSX486; on the

surface (photographic picture on

the left) one can identify three

zones: (a) a dark zone where the

drop was resting; (b) an anular,

white zone all around zone (a);

(c) external zone. SEM/EDS

analyses made on the cross

section of the substrate (on the

right) allow identifying

composition of the three zones
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liquid metals like Ni or Al [19, 21, 22] (Fig. 10); the tests

performed on polycrystalline substrates did not reveal any

important phenomenon except for the presence of a circular

crack all around the triple line in the same way as described

for CMSX486-alumina system.

For the IN738LC-zirconia substrate, a continuous layer

of alumina has been detected at the S/L interface after tests

as a consequence of the reduction of the substrate as

explained in the following (Fig. 11).

For all tests conducted with mullite, IN738LC oxidized

completely after a few minutes from melting; therefore the

reported contact angle is valid only for the moments just

after melting. A thick layer of Al2O3 has been detected by

EDS covering the entire drop. Moreover, also in this case,

Al2O3 forms at the surface of mullite (Fig. 12)

ECY768-ceramic systems

For the ECY768 Co-based alloy, a general lower wetta-

bility was found: indeed, contact angles (Fig. 1) are always

above 90�: starting from 95� obtained with alumina,

through the value of 99� for sapphire, and 107� for zirco-

nia, we arrive at 110� obtained with mullite; interfacial

compounds have been found but not the presence of evi-

dent, continuous layers. As a matter of facts, in comparison

to other alloys, ECY768 contains much less active ele-

ments and a negligible concentration of aluminum. Any-

way, the role played by Hf in CMSX-X tests seems now to

be covered by zirconium that, even if present in the alloy at

a very low concentration (0.01 at.%), is found as elongated

oxide crystals partially embedded at the interface after the

tests. This fact is well evidenced in the tests for the

ECY768-sapphire couples: during tests on this system, the

liquid has moved on the substrate leaving a trail of ZrO2

precipitates; moreover grooves on the substrate and pits

appear at the interface, which should have been formed by

the reduction of sapphire by zirconium (Fig. 12).

In the ECY768- alumina and zirconia systems (Fig. 13),

which showed a relatively high contact angle, the interface

is sharp and the metal strongly adhered to the substrate

without leading to the complete breaking of the metal/

ceramic (M/C) interface as observed for the other systems.

For the ECY768-mullite couples, the final contact angle

has been reached after several minutes. As shown in

Fig. 14, the contact angle increases with time. Also in this
Fig. 11 Cross section of a ZrO2 substrate after test with IN738LC. A

continuous layer of alumina is well visible

Fig. 12 SEM pictures of a sapphire substrate after test with ECY768: ZrO2 crystallites and pits are visible at the former S/L interface

Fig. 10 SEM picture of a

sapphire substrate after test with

IN738LC: Al2O3 crystallites

and grooves on the substrate are

visible at the former S/L

interface
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case, outside the drop zone, a thick layer of ‘‘spongy’’

alumina was found; moreover, the zone interested by the

receding drop is covered by small droplets of the alloy

(Fig. 15).

The results already shown demonstrate that the wetting

and interfacial phenomena for superalloys-oxide systems

are dominated by the presence of active elements also if at

low concentrations: the main role is played by hafnium for

CMSX486, by aluminum for IN738LC, and by zirconium

for ECY768.

However, the presence of chromium at high concentra-

tions in all the alloys calls for further discussion. Its pres-

ence in nickel is the topic of several papers discussing the

wetting of oxides by Ni as a function of its chromium

content [23–25]: even low additions of chromium to pure

nickel have been found to increase the wettability without,

however, arriving to contact angles below 90�.

Chromium increases the oxygen solubility leading to the

formation of Cr–O clusters more active than Ni–O at the

interface; these clusters, adsorbing at M/C interface,

decrease the S/L interfacial energy [26]. However, in our

case, no evidence of chromium enrichment at M/C inter-

face has been found and the interfacial role of chromium is

played by other active elements like hafnium, zirconium or

aluminum, which have higher affinity for oxygen. Fol-

lowing the three solute approach as in Wan et al. [27], the

role of chromium is to increase the activity of these ele-

ments in the metal matrix by weakening the interactions

between them and the metal matrix.

Moreover, in alloys and superalloys, the high vapor

pressure of chromium results, from tests conducted under a

vacuum, in a vaporization–condensation process followed

by oxidation of chromium due to the residual oxygen

partial pressure or to the presence of gaseous SiO if silica

containing substrates are used [5, 28]; however, it should

be remarked that, just to avoid evaporation, the experi-

ments have been made under a protective, reducing

atmosphere, so that no significant evaporation of chromium

was found.

As explained before, new oxides are formed at the

metal/ceramic interface in form of layers or in form of

crystallites depending on the amount of the active metal

present in the alloy. The formation of HfO2 at the interface

of CMSX486-X systems is well justified by thermody-

namics which assure that formation of this oxide at the

expense of Al2O3 is the most favorite reaction; in particular

for the substrates and some of the alloying elements con-

sidered in this work:

Fig. 13 Cross section of an

interface between ECY768

and ZrO2 after test. White

precipitates are formed by

segregated heavy elements

(W, Ta, Ti)

Fig. 14 Contact angle and base diameter plotted as function of time

for ECY768-mullite system

Fig. 15 Cross section of a

mullite substrate after test with

ECY768. From left to right one

can observe: a the drop zone

(without any reaction) b the

alumina layer in the bulk with

presence of droplets of the alloy
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Hf þ ZrO2 $ HfO2 þ Zr DGO
r ¼ �31 kJ=mol

Hf þ 2=3Al2O3 $ HfO2 þ 4=3Al

DGO
r ¼ � 57 kJ=mol

Zr þ 2=3Al2O3 $ ZrO2 þ 4=3Al

DGO
r ¼ � 24 kJ=mol

calculated at T = 1500 �C (thermodynamic data from

[29]).

Moreover, when using zirconia as a substrate in our

working atmosphere, the oxidation mechanisms are influ-

enced by the reduction of ZrO2. This process usually

occurs by annealing under a vacuum or in reducing

atmospheres at high temperatures or because of contact of

zirconia with active metals also at lower temperatures [30].

In our case, the whole substrate becomes black as an effect

of the working atmosphere (Ar/H2 and zirconium getter)

more than for the presence of active metals; this fact is

confirmed by the blackening of zirconia isolated substrates,

not in contact with the molten metal, treated under the

same experimental conditions. Thus, the zirconia acts as an

oxygen source following the reaction ZrO2 $ ZrO2-x ?

x/2 O2 (whose DG is a function of T and PO2
through ‘‘x’’)

leading to the formation of Al2O3 at the M/C interface for

CMSX486 and IN738LC. Moreover it should be remarked

that the content of aluminum available for the oxidation

processes in the nickel-based alloys used in this work is

very high: 12.95 at.% for CMSX486 and 7.28 at.% for

IN738LC.

Generally, pure nickel and cobalt do not wet zirconia

[30–33]; of course, their wetting is influenced by the

presence of active elements. In our case, Ni-based super-

alloys wet zirconia (81� angle was obtained for both

CMSX486 and IN739LC alloys) but Co-based ECY768

does not (107� reported). Moreover [30], wetting of zir-

conia by both liquid metals and alloys is influenced by the

stoichiometry of the substrate resulting in improved wet-

ting when the substrate loses oxygen becoming black; in

this case there is formation of a large quantity of Zr-metal

bonds due to the larger availability of free electrons.

For almost all the systems the contact angle is reached

just after a few seconds from melting, indicating that the

phenomena described so far reach the equilibrium very

soon. This is not the case of the CMSX486 and ECY768-

mullite couples for which the final contact angle is

achieved after several minutes. This fact could be

explained by the phenomenon of decomposition of mullite

[34–36] which occurs from the surface to the bulk, at high

temperatures and low PO2
leading to the evolution of SiO

and O2 and formation of a-Al2O3 retaining the acicular

shape of mullite. The evolution of oxidizing agents leads to

the formation of the thin layer of HfO2 for CMSX486,

which prevents any further oxidation, and of a thick layer

of Al2O3 for IN738LC which prevents the evolution of the

drop shape; no oxidation of ECY768 has been reported.

Moreover, for the CMSX486-mullite system, the for-

mation of a layer of alumina also below the drop is

explained by the reaction 3Al6Si2O13 ? 8Al $ 13Al2O3

? 6Si [37] which has, at 1500 �C, DG = -748 kJ/mol.

Conclusions

The wetting of three superalloys (CMSX486, IN738LC,

and ECY768) in contact with different oxides (sapphire,

polycrystalline alumina, zirconia, and mullite) has been

evaluated by sessile drop experiments conducted at

1500 �C under Ar/H2 atmosphere. The microanalysis per-

formed on solidified samples showed that the formation of

compounds at the M/C interface is dominated by the few

active elements (Hf in particular but also Al and Zr)

present, also at low concentrations, in the alloys. Other

elements present at high concentrations, such as Cr in all

the alloys or Co for Ni-based and Ni for Co-based super-

alloys, or at low concentrations such as Ti, W, Ta, Mo, Re

did not show any effect in the formation of interfacial

compounds. The lower wettability of mullite has been

discussed and attributed to its partial decomposition in the

low PO2
experimental environment.

In general, this study clearly shows that, when trying to

design new alloy compositions to improve their thermo-

mechanical characteristics, a special care should be paid to

control the effects that interfacial active elements could

have on the behavior of the molten metal in contact with

mold material.
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