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Abstract Within the Integrated Project IMPRESS, fun-
ded by the EU, a concerted action was taken to determine
the thermophysical properties of a y-TiAl-based alloys,
suitable for casting of large turbine blades for aero-
engines and stationary gas turbines. The challenge was to
develop a castable alloy, free of grain refiners and sus-
ceptible to heat treatment. Owing to the high reactivity of
this class of alloys, many difficulties were encountered to
process the liquid phase in a crucible. This prevented also
the measurements of specific heat, viscosity and electrical
conductivity in the liquid phase. However, surface tension
and density could be measured using container-less
techniques. For the surface tension determination, both
the oscillating droplet method by the electromagnetic
levitation as well as a combined method using two
methodologies in one test (i.e. the pendant drop and
sessile drop) by an advanced experimental complex that
has been designed for investigations of high temperature
capillarity phenomena were applied. All the quantities
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have been obtained as a function of temperature, in some
cases also in the undercooled liquid. In this article, we
report a comparative discussion on the results obtained for
the surface tension of Ti—Al-Nb and Ti—Al-Ta alloys,
together with the corresponding theoretical values calcu-
lated by thermodynamic models.

Introduction

Owing to a set of favourable properties, such as a low
density, high melting temperature, good elevated-temper-
ature strength, high resistance to oxidation and excellent
creep properties, the TiAl-based intermetallics alloys are
considered as having a high potential as structural materials
for various applications in the gas turbine and automotive
industry [1].

Within the Intermetallic Materials Processing in
Relation to Earth and Space Solidification Project [2]
(IMPRESS), selected by the European Commission as an
Integrated Projected in its 6th Framework, the advance-
ment of y-TiAl alloys for 40 cm cast turbine blades for
aero-engines and stationary gas turbines was aimed.
Generally speaking, the IMPRESS Project’s main objec-
tive is a better understanding of the links between mate-
rials processing routes, structure and final properties of a
set of selected intermetallic alloys such as the y-TiAl
alloys as well as the NiAl alloys, these last for <20 um-
sized catalytic powder for use in hydrogen fuel cell
electrodes and hydrogenation reactions. In the framework
of the project, the whole production chain was analysed
by numerical modelling: from alloy design based on the
updated calculations of the phase diagrams, casting and
microstructure evolution simulation for y-TiAl alloys or
simulation of the gas atomization process in the case of
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NiAl alloys. For such modelling, to produce realistic
results, the reliable and accurate thermophysical proper-
ties data are needed. Thus, the measurement of thermo-
physical properties plays a key role, linking the
experimental work and the modelling. The surface tension
data are particularly relevant as the input data for the
casting and solidification models.

Moreover, as for the investment casting process, the
choice of mould/crucible material is also a critical issue for
the measurements of thermophysical properties. High
solidification temperature and chemical melt reactivity
both request thermo-stable and chemically inert materials
for crucibles/containers.

In fact, one of the main problems concerning the
reproducibility of property data of alloys being solidified is
related with contamination of melts, particularly by oxygen
coming from the surrounding atmosphere, or from melt/
crucible interactions.

In particular, it is well known that for TiAl-based melts,
no chemically inert refractory materials can be found [3].
Such information is of a great interest not only for the
purpose of fundamental solidification studies or for
induction melting of TiAl-based alloys in ceramic crucibles
and their investment casting into ceramic moulds but also
for reliable measurements of the fundamental properties of
these alloys. This is the main reason why container-less
methods were used in majority for both, recent funda-
mental directional solidification studies [4] and thermo-
physical properties measurements [5].

Since further improvement of materials properties of
TiAl alloys can be achieved by alloying (e.g. oxidation
resistance may be improved by alloying with niobium or
tantalum [6, 7]), two ternary Ti—Al-X (X = Nb, Ta) alloys
were chosen, which are the subject of the surface tension
measurements reported here. Their nominal composition is
Al45_5Ti 46.5Nb8 and Al45_5Ti46.5Tag (ln at%)

In order to discern potential sources of systematic
measurement errors associated with different equipments
and/or methods and to improve the reliability of the surface
tension data, the measurements have been performed in
parallel by different laboratories, applying the containerless
Oscillating Droplet method by the Electro-Magnetic Lev-
itation [8] and a new application at high temperature of the
pendant/sessile drop (PD/SD) combined method. The
related problems concerning the interactions with crucible/
capillary ceramic materials have been also discussed.

The results have been compared with the calculated
values obtained by applying theoretical modelling (e.g.
Compound Formation Model-CFM and Quasi Chemical
Approximation for Regular Solution-QCA for RS) for
better understanding of the factors influencing the com-
positional dependence of the surface tension and to provide
a proper interpretation of the experimental results.

@ Springer

Materials and methods

Samples of plasma melted AlysTiqgNbg and AlygTiggTag
alloys, rod shaped, were supplied by the courtesy of
ACCESS Company. The SEM/EDS analyses performed on
the as-received samples revealed a homogeneous structure
for the Nb-containing alloy, whilst the Ta-containing alloy
showed the presence of W traces and some Ta precipitates
(Fig. 1).

Before the surface tension measurements by the pen-
dant/sessile drop combined method, the rod of each ternary
alloy was cut into samples of desired weight (average
weight value = 10 g), mechanically abraded and ultra-
sonically rinsed in ethanol. In order to preserve the original
composition and microstructure, the pre-melting of alloys
was not carried out. A high dense alumina (99.7%) plate
(¢ = 17.015 mm) coated by the Y,O5 spray of chemical
composition given by producer (ZYP Coatings Inc., USA)
as Y,03 98%, MgO 0.7% and SiO, 1.3%, has been used for
the sessile drop measurements, due to its improved
chemical stability as a consequence of the formation of a
stable Y-—AI-O type ternary oxide [9, 10]. After covering
with Y,0j3 spray, the alumina parts (substrates, crucibles)
were dried in air for 1 h and then heat-treated in two stages:

(I) Timax = 1373 K (3 h), d7/dt = 3 K/min, air
(D) Thax = 1773 K (1 h), d7/dt =5 K/min,
pure Argon

flowing

Similar procedures were applied to the alloy samples
used for the alloy/ceramic substrates interaction tests. In
such case, the average weight value of the samples was
about 0.2 g, and the plates of different ceramic materials
were used as substrates having dimensions: 7 = 3 mm,
¢ = 14 mm.

Z00pm ' TiAITa %300 BEI 20KV

Fig. 1 SEM micrograph of as-received specimen of AlysTiscTag
alloy (white spots: Ta precipitates)
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For the EML-OD experiments, the samples were pre-
pared in the same way as for the sessile drop. The sample
weight in this case was about 1 g.

Surface tension measurements by the oscillating drop
method

The surface tension of stable and undercooled AlygTis6Nbg
and AlysTissTag melts were measured by use of the elec-
tromagnetic levitation device as described in [8]. For
determination of the surface tension, the oscillating droplet
method was applied. The oscillations of the sample surface
are recorded from the top of the levitator with a video
camera at a frame rate of 400 Hz with a pixel resolution of
1024 x 1000 pixels. At each investigated temperature, a
series of 4096 frames is acquired. From the video
sequences, frequency spectra of the sample radius, R, are
determined. The spectrum contains five peaks at the fre-
quencies w; (i = —2, —1, 0, 1, 2) resulting from the surface
oscillations. Moreover, three translational frequencies Ty,
T, and T, can be identified. From the five surface oscilla-
tion frequencies and the three translational frequencies, the
surface tension, ), is determined using the formula by
Cummings and Blackburn [11]:

3IM & ) g\2
y = ‘—1.9-92—0.3-(—) Q> 1
’ 160nm;2w’ a M)
with

1
Q= g(TX2 + 72+ Tf) 2)

Here, M denotes the sample mass.

Surface tension measurements by the pendant/sessile
drop combined method

Owing to the high value of melting temperatures and the
presence of high reactive elements, such as Ti, it was
foreseen a very low possibility to perform measurements of
surface tension of the Al-Ti-based alloys by applying the
conventional methods, such as the sessile or the large drop
methods [12]. However, an attempt has been done, by
applying a combined method using two methods in one test
(i.e. the pendant drop and sessile drop methods) by an
advanced experimental complex that has been designed for
investigations of high temperature capillarity phenomena
(up to 2400 K) and described in details in [13].

The main part of the complex is high temperature
chamber working under UHV or flowing inert gas and
equipped with

(1) Heating system (Ta heater, Ta and Mo isolation
screens, four thermocouples located in different

positions in the furnace, computer programmed
power transformer);

(2) Quadrupole residual gas analyzer with real-time
recording for characterization of gaseous reaction
products and gases formed during materials heating;

(3) Devices for keeping static or flowing gas with
controlled rate at required level of pressure, experi-
mental table (support made from alumina or Ta);

(4) A set of manipulators of special design allowing (a) to
bring the samples of different sizes and various
shapes between the chambers; (b) to change the
position the heater and isolation screens by their
up-and-down movement; (c) to change the position of
experimental table by its rotation, and up-and-down
or XY plane movement; (d) to change the position of
thermocouples, one of them can be rotated or moved
up and down to check the temperature field inside the
testing area; (e) to introduce from the top of the
chamber an additional substrate (transferred drop
procedure) or capillary with a testing metal (dis-
pensed drop procedure coupled with capillary purifi-
cation to clean the drop surface from its primary
oxide film), both with up-and-down movement
options; and

(5) High-resolution digital camera with a system for real-
time recording of sample images during high tem-
perature studies.

Schematic illustration for positioning of samples (metal
and substrate) and thermocouples is shown in Fig. 2. For
pendant drop method, the metal is placed in alumina cap-
illary (external diameter = 4.1065 mm), melted and after
reaching of required temperature, squeezed through a hole
in the capillary (hole diameter = 1.1 mm). The drop ima-
ges are recorded by high-speed digital camera (1000
flames/s). After a few seconds, the droplet was put in
contact with the substrate (by moving the capillary down
and the substrate up) kept a few seconds and next, the
droplet has been extended and broken (by moving the
capillary and the substrate in the reverse directions) to
deposit a sessile drop resting on the substrate.

This methodology was never applied before to measure
the surface tension of high melting metal systems, except
for the measurements on a set of refractory elements by
simple pendant drop method as described in [14]. However,
the procedures of the drop formation applied in this study
and based on the use of a dispensed capillary device, as
well as the procedure for the determination of the surface
tension values based on the acquisition and elaboration of
the pendant drop profile, differ substantially from the
procedures and the analysis described in [14].

Despite the fact that in the proposed procedure the
contact of a liquid metal with either a capillary or a
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movable alumina
capillary with
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Fig. 2 Schematic presentation of positioning of testing samples and
thermocouples during surface tension measurements by a combined
pendant drop/sessile drop method

substrate is unavoidable, it assures essential advantages
such as (1) this contact is very short (a few seconds),
compared to conventional sessile drop procedure, (2)
similar to a large drop method, the droplet deposited on a
substrate has a high symmetry achieved by extending of a
liquid, as experimentally confirmed by the rotation of the
support, (3) contrary to simple pendant drop test, the
droplet squeezed through capillary is free of primary oxide
film that is particularly important for investigation of oxi-
dizable alloys, as those of this study and (4) importantly,
the same oxide film plays a role of barrier that might
reduce or even prevent the interaction of the metal with the
capillary during heating.

Interaction/wetting tests

A special challenge, in high temperature thermophysical
property measurements, i.e. surface tension, is repre-
sented by the intrinsic reactivity of all the materials with
the containers, particularly pronounced for Al-based and
Ti-based alloys. This means, as can be shown on the basis
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of thermodynamic arguments, that the surface tension
values obtained in many experiments do not really refer to
pure substances, but rather to alloys or solutions, especially
taking into account certain surface active elements and
reaction products that have a drastic effect on the surface
tension even if present in traces.

Interaction tests between the AlyTiggXg (X = Nb, Ta)
alloy and different ‘common’ ceramic substrates (Sapphire,
dense Alumina, Zirconia) at the alloy melting temperature
have been performed by the sessile drop method with the
aim to find the most suitable crucible material, and thus to
address correctly surface tension measurements. The fol-
lowing ceramic materials were used:

(1) Dense PolyCrystalline (PC) alumina (99.99% Al,O5)
substrates produced by high-temperature sintering,

(2) Single Crystal (SC) Al,O3 (sapphire) of ~2 nm
roughness,

(3) Polycrystalline ZrO, (YSZ) produced by high-tem-
perature sintering,

(4) Novel polycrystalline ZrO, substrates produced by
high-temperature sintering using addition of Y,03
nanoparticles that was demonstrated recently to be
effective for reduction of reactivity of high temper-
ature Ni-and Ti-based alloys, compared to conven-
tional YSZ.

(5) The wetting experiments have been carried out under
a flowing pure Argon (99.9999%, [O,] < 0.1 ppm;
ArN60-Air Liquide) atmosphere using contact heat-
ing of the alloy/ceramic couples. The oxygen content
in the surrounding atmosphere is further reduced due
to the presence of Ta as heating element
(Po, < 107° Pa at T = 1903 K) [13]. The furnace
temperature has been increased up to melting of the
alloy sample.

Both AlysTiggNbg and AlyeTigeTag alloys exhibit reac-
tive wetting behaviour towards the aforementioned ceramic
materials. When the liquid phase is obtained, the contact
angle rapidly decreases to a value of 3 < 55°, as shown in
the case of the couple AlysTiscTag/Sapphire.

The SEM/EDS analyses of the cross-sections of both
Al46Ti46Nbg/alumina (SC, PC) and A146Ti46Tag/(PC and
YSZ) samples were performed. Both the alloys in contact
with alumina have shown diffusion of the substrate mate-
rial inside the metal bulk without formation of reaction
layer, whilst the analysis of the AlysTisgTag/YSZ interface
showed a thick reaction layer of about 100 um. In Fig. 3,
the SEM micrograph of the cross-section of the
AlyeTiggTag/YSZ sample is shown.

Since both alloys showed strong interactions with the
selected candidate refractory materials, the additional tests
were done with ceramics whose surface was covered with
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Fig. 3 SEM micrograph and EDS analysis (at%) of AlysTiscTag
alloy/Zirconia interface after the wetting experiment

protection coating by deposition of Y,Oj3 spray followed by
thermal treatment, as described above.

Covering with Y,0;3 spray was found to reduce the
interaction of AlygTiseXg alloys with alumina, both SC and
PC, showing non-wetting (0 > 90°). However, after longer
contact time (>1 min), the Y,0O53-based protective layer on
sapphire surface tends to be detached. In particular, frag-
mentation and introduction of its separated parts into the
liquid alloy, partial covering of the drop surface occurred
and, thus, making this procedure inappropriate for the
surface tension measurements. On the contrary, the same
Y,05-based layer on a flat polycrystalline alumina sub-
strates polished up to ~150-200 nm roughness exhibits
acceptable stability. Therefore, this type of substrate coated
by a Y,0O3-based layer was selected for surface tension
measurement by the pendant/sessile drop combined
method.

Surface tension results
Oscillating drop

The surface tension measurements of the AlycTissNbg and
AlyeTiysTag alloys by oscillating drop method were per-
formed in the temperature ranges of 7 = 1613 = 1947 K
and 1725 = 1894 K, respectively. Figure 4 shows the
measured surface tension of both liquid AlTi-based ternary
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Fig. 4 Surface tension of liquid AlysTissNbg (open square) and
AlyeTigeTag (filled circle) as a function of the temperature measured
by oscillating drop method (The lines are linear fits to the data)

alloys. The temperature dependences are described by the
following linear equations:

Yriawy = 1.114 £0.05 — (2.17 £0.3) - 10™* - (T — 1842)
[Nm™'] (3)

Yriama = 1.19 £0.09 — (1.9 £0.5) - 10~* - (T — 1890)
[Nm’l} (4)

Pendant and sessile drop

Surface tension measurements by the pendant/sessile drop
combined method as described above have been performed
under an atmosphere of a flowing pure Argon (99.9999%,
[0;] < 0.1 ppm; ArN60-Air Liquide) and at the tem-
perature values of 7 = 2007 K and 7 = 2063 K for
AlyeTiyeNbg and AlyeTiggTag, respectively. In order to
obtain freshly formed alloy drop for surface tension mea-
surements under oxide-free conditions, the alloys have
been squeezed from alumina capillary immediately after
alloy melting. The overheating up to 2007 K and up to
2063 K of the AlyTisgNbg and AlygTiggTag, respectively,
was needed making possible the squeezing through the
small hole of the capillary. Owing to good wetting with
dense alumina, problems with the detachment of the
droplets from the alumina capillary can occur. Thus, in
order to avoid ‘a flooding’ by the liquid alloys, the droplets
have been deposited on the Y,Oj3-treated alumina substrate
by the procedure described above. In the case of
AlyeTigeTag alloy, a further heating (up to 2089 K) was
needed for the detachment and the formation of the sessile
droplet on the plate. As an example, the time evolution in
the formation of the Al4sTi4cNbg alloy drop during surface
tension experiment is shown in Fig. 5.
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Fig. 5 Time evolution in the formation of the Al4sTiscNbg alloy drop during surface tension experiments by combined pendant drop/sessile drop

method

Table 1 Surface tension data of AlysTisgNbg and AlygTiseTag (at
T =2007 K and T = 2063 K, respectively) obtained by pendant
drop, sessile drop and oscillating drop methods

Method A146Ti46Nbg at Al46Ti46Tag at

T = 2007 K T=12063K

y (N/m) St. Dev. Y (N/m) St. Dev.
Pendant drop 1.106 0.007 1.150 0.015
Sessile drop 1.072 0.023 1.105% -
Oscillating drop 1.078 0.05 1.157 0.09

* The surface tension value of AlysTissTag sessile drop has been
obtained at 7 = 2089 K

The elaboration of the images acquired each 0.1 s™'

during the surface tension measurements allowed the sur-
face tension data obtained by both the pendant drop and the
sessile drop. Table 1 shows the values of the surface ten-
sion of AlygTiueNbg and AlyeTiggTag at T = 2007 K and
T = 2063 K, respectively, measured by the three different
methods, e.g. sessile drop, pendant drop and oscillating
drop methods. For both alloys, the surface tension values
obtained by the pendant and the sessile drop are consistent
for each other, and a good agreement exists also with the
corresponding experimental values obtained by the oscil-
lating drop method at the same temperature.

Modelling of the surface tension of liquid Al-Ti-Nb
and Al-Ti-Ta ternary alloys

Theoretical background

Butler’s equation has been extensively used to calculate the
surface tension of binary and multicomponent alloy sys-
tems [15]. All theoretical models such as the regular
solution model, the sub-regular solution model, the com-
pound formation model, the self-aggregating model, etc.
are based on Butler’s equation, but the equation parameters
related to the thermodynamic quantities or structural data
are described using different expressions [16-21].
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On the basis of Butler’s equation, the surface tension of
liquid alloys assuming the regular solution model can be
calculated by

RT th 1 XSS "
SRS 20 RS CRLETR
xs,b .
-G (TaXf(,':zg))Ll =1,2,3. (5)

where R, T, g; and S; are gas constant, temperature, surface
tension of pure components and surface area, respectively.
The surface area of component i is calculated from the
Avogadro’s number, the atomic mass and the density data,
as

\ 2/3
S; = 1.091N, <M> (6)

5,8 s xs,b .

.G;“' (T,)(J:(jﬁﬁ)) ?lnd G (T,Xj’?(j:zj)) are partla'l excess
Gibbs energies of i in the surface phase as a function of T
and X, 5 and that of i in the bulk phase as a function of
T and ij(;’:2.3)' The excess energy term of a component i

can be derived from the standard thermodynamic relation,
in the form

aGXS

G =G+ (6 - a (7)
= J

where 5,-j is Kronecker’s symbol, and
XSS s xs.b
G (T, X3 = BG (T, XJ(iy 3) (8)

p is a parameter describing the reduced coordination in the
liquid phase.

Calculated surface tension of liquid Al-Ti-Nb
and Al-Ti-Ta ternary alloys

In order to predict more precisely the surface tension of
liquid Al-Ti-Nb and Al-Ti-Ta ternary alloys, the Butler’s
model has been applied. The excess Gibbs energy terms of
the Al-Nb, Al-Ta, Ti—-Nb and Ti-Ta liquid phases were
taken from [22], whilst the liquid phase of AI-Ti was
described by [23]. The data on the melting temperatures,
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densities and molar volumes were taken from [24], whilst
the surface tension reference data of liquid Al [25], Ti, Nb
[26] and Ta [27] were obtained by different experimental
methods and, accordingly, was not possible to estimate
correctly an overall error of the calculated surface tension
values.

Considering the phase diagrams of the aforementioned
binary subsystems at temperatures close to 1973 K, it is
important to mention that with an exception of the Al-Ti,
all the other systems exhibit the presence of solid phases
over wide composition intervals. Accordingly, the surface
tension of liquid Al-Ti-X (X = Nb, Ta) alloys has been
calculated at 7 = 2073 K by Butler’s model in the regular
solution approximation (Eq.5) combining the corre-
sponding thermodynamic data on the Gibbs excess free
energy of binary Al-Ti, AI-Nb and Nb-Ti as well as Al-Ta
and Ti-Ta systems.

Taking into account the phase diagrams of the binary
subsystems corresponding to the ternary Al-Ti—Nb system
at 2073 K, the Nb-rich part of the AI-Nb and 80% of the
Nb-Ti systems represent the solid phases, and thus, some
data were obtained considering the significant degree of
undercooling. The situation is still worse in the case of the
Al-Ti-Ta system, for which the corresponding phase dia-
grams of its binary subsystems indicate the presence of
solid phases in a wider part of Ta-rich of the Al-Ta and
90% of the Ta—Ti systems, which contribute to a higher
degree of undercooling.

In order to establish the effects of the third component,
Nb, on the experimental surface tension values of ternary
alloys, the experimental data obtained by different methods
have been compared with corresponding binary Al-Ti
alloys with the same Ti content. Taking into account the
thermodynamic experimental data of liquid Al-Ti alloys
obtained at 2000 K [22], the calculations of their surface
tension isotherms were performed at T = 1973 K. The
surface tension experimental data of the AlysTisgNbg alloy
obtained by different experimental techniques exhibit a
good agreement (Fig. 6). The presence of Nb significantly
increases the surface tension of ternary alloys.

The variations of the surface tension of the Al-Ti-Nb
alloys with composition, in terms of the iso-surface tension
lines, have been calculated by the regular solution model at
T = 2073 K (Fig. 7). When compared, the experimental
value of the surface tension of the AlyTiygNbg alloy
measured by using the EML-OD technique was 7y =
1.064 N mfl, which differs about 11% from the corre-
sponding value predicted by Butler’s equation, y =
1.0Nm™', as indicated by square symbol inside the
Gibb’s triangle shown in Fig. 7. As can be expected, the
experimental data obtained at 2007 K by the SD and PD
techniques exhibit slightly higher difference with respect to
the calculated one.

16 . - ‘ ‘ .
AI46T|46Nb8
15} * (EML-OD)
O (PD)
14} O (sD)
E
z 13F
c
O 1.2t
[}
C
2
o 1-1F
®
5 1
%)
09t ~
08l = 1
0.7 . . L . . . s
0 01 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
Al Ti-mole fraction Ti

Fig. 6 Surface tension of liquid AlysTissNbg alloy obtained by
different experimental techniques: EML-OD, SD and PD. For a
comparison, the Al-Ti isotherms (1: Regular solution; 2: Compound
Formation Model) calculated at 1973 K are shown

Ti
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Q &
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+
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&,
-
0.

Fig. 7 Iso-surface tension lines of liquid Al-Ti—Nb alloys calculated
by the Butler’s equation for the regular solution model at 2073 K. The
square symbol (filled square) represents the composition location of
the AlyeTiggNbg (at%) in the Gibbs triangle and the corresponding
surface tension calculated value (y = 1.0 N m

Similarly, the effects of Ta on the experimental surface
tension values of ternary AlysTissTag alloys have been
analyzed by comparing the experimental data obtained by
different methods with corresponding binary Al-Ti alloys
with the same Ti content. The presence of Ta significantly
increases the surface tension of ternary alloys (Fig. 8).

The experimental data obtained at 7 = 2089 and
T = 2063 K, using SD and PD, respectively, exhibit, in
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Fig. 8 Surface tension of liquid AlygTissTag alloy obtained by
different experimental techniques: EML-OD, SD and PD. For a
comparison, the Al-Ti isotherms (1: Regular solution; 2: Compound
Formation Model) calculated at 1973 K are shown

particular for the data from the PD measurements, a good
agreement with those obtained by the EML-OD experi-
ments as well as with the corresponding predicted values.
In order to analyse the surface tension variations with
composition, the iso-surface tension lines of the Al-Ti-Ta
alloys have been calculated by the regular solution model
at T = 2073 K (Fig. 9).

The bigger difference between the experimental
(EML-OD) and theoretical surface tension values, y =
1.156 N m 'and y = 1.0 N m ™', respectively, observed in

Ti
0.9 0.1
0.8 0.2
s 0.7 03 4
& 08 04 %_
@ ot
o [+
}Qf? 05 05 %
>
0.4 0.6
03 0.7
Yo d
NGRS
0.2 CEVAS 0.8
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0.1 S N ©I\0.9
o S A
1, 1 T 1 T Q‘
Ta 09 08 07 06 05 04 03 02 01 Al

Ta-mole fraction

Fig. 9 Iso-surface tension lines of liquid Al-Ti-Ta alloys calculated
by the Butler’s equation for the regular solution model at 2073 K. The
square symbol (filled square) represents the composition location of
the AlyeTigeTag (at%) in the Gibbs triangle and the corresponding
surface tension calculated value (y = 1.0 N m™h
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the case of the AlysTiscTag alloy, can be attributed to a
high uncertainty of Ta surface tension data [27] with
respect to that of Nb [26], taken as the reference data in the
present calculations.

In both cases, the presence of Nb and Ta significantly
increases the surface tension of TiAl-based ternary alloys.
On the contrary, it is well known that the presence of the
short range order phenomena in the liquid phase may
increase the surface tension of melts. Although the struc-
tural experimental data on these ternary alloys are lacking,
the presence of the short range order phenomena in their
binary sub-systems may indicate similar effects of these
phenomena on the surface tension of Al-Ti—-Nb and Al-Ti-
Ta alloys.

Conclusions

The surface tension of two ternary y-TiAl-based alloys,
namely the AlyssTiye sNbg and Alys sTisg sTag, have been
determined. The measurements have been performed in
parallel by different laboratories, applying the container-
less oscillating droplet method by the electromagnetic
levitation and a combined method using two methodolo-
gies in one test (i.e. the pendant drop and sessile drop) by
an advanced experimental complex that has been designed
for investigations of high temperature capillarity phenom-
ena. The container-less method allowed measuring the
surface tension of the two ternary alloys in a wide tem-
perature range including an undercooling regime.

Before the application of the new combined aforemen-
tioned method, preliminary interaction tests between the
alloys investigated and different ceramic substrates have
been performed with the aim to find the most suitable
crucible material and, thus, to address correctly surface
tension measurements. These tests have shown high reac-
tivity of both alloys with all selected ceramics, even with
the novel polycrystalline ZrO, substrates produced by
high-temperature sintering using addition of Y,O3; nano-
particles that were found recently to be effective for
reduction of the reactivity of Ni- and Ti-based alloys.

In order to obtain reliable surface tension experimental
data, preliminary tests have been performed before the
measurements. Taking into account the kinetic factors
playing dominant role in the interactions between the
AlyssTi 465Xg (X = Nb, Ta) melts and a ceramic sub-
strate, different ceramics have been tested. All the tests
were made under the same experimental conditions, look-
ing for a chemically resistant material at least for a short
time, at the beginning of testing, in the way that the
reactivity at a melt/substrate interface is negligible.

It has been demonstrated that for the pendant drop
method, such conditions can be achieved by reduction of
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alloy/ceramic true contact through the presence of native
primary oxide film on the AlyssTi 465Xg alloys during
their melting in alumina capillary. For the next step,
sessile drop test of oxide-free droplets produced by
squeezing the alloy through capillary, the yttria-based
porous barrier layer on alumina substrate has found to
have satisfactory stability.

These measurements combined with the pendant drop
method have been performed under an atmosphere of
flowing pure Argon at the temperatures of 7 = 2007 K and
T = 2063 K, for the A145.5Ti46.5Nb8 and Al4545Ti4645Tag,
respectively. The comparison between the surface tension
values obtained by the three different methods showed a
good agreement, encouraging further applications of this
experimental approach to measure highly reactive metal
systems and for investigation of oxidizable alloys.

In addition, the surface tension experimental results
have been analysed from two points of view. The first one
was aimed to estimate the effects of the third component,
Nb or Ta, on the surface tension of the Al-Ti system,
comparing the ternary experimental data with the calcu-
lated surface tension isotherms of liquid Al-Ti alloys
having the same Ti-content, whilst the second one gives an
insight into the variations of the surface tension with
composition for both ternary alloy systems, the Al-Ti—Nb
and Al-Ti-Ta. For this purpose, to calculate the iso-surface
tension lines of liquid ternary alloys, Butler’s model in the
regular solution approximation combined with the corre-
sponding thermodynamic data on mixing of binary sub-
systems has been applied. In both cases, the presence of Nb
and Ta significantly increases the surface tension of TiAl-
based ternary alloys. On the contrary, the presence of the
short range order phenomena in the liquid phase may
increase the surface tension of melts. Although the struc-
tural experimental data on the ternary alloys investigated
are lacking, the presence of the short-range order phe-
nomena in their binary sub-systems may indicate similar
effects of these phenomena on the surface tension of Al-
Ti—Nb and Al-Ti-Ta alloys and can justify the discrepancy
between the calculated and the experimental values.

Finally, as general conclusion, the obtained surface
tension data yield a further characterization of this tech-
nologically relevant class of alloys for which the literature
data are lacking. In addition, following one main objective
of the IMPRESS project, they can be addressed to be used
as reliable experimental input data for the casting process
simulation models.
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