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These reactions could contaminate the castings, due to
the absorption of some residual elements, and produce
chemical heterogenities, inclusions and structural
variations.

This paper describes the work done with titanium
aluminides prepared from pure aluminium and titanium
melting stock. The main objectives were two fold:
I st Evaluation of the behaviour of some refractory

materials during the melting of TiAl;
2nd The relationship between micro-hardness, the con-

centration profile of residual elements in those phases
present at room temperature, and the extent of the
"alpha-case" (a surface layer with an higher micro-
hardness than the average value found in the bulk of
the casting).

This paper describes the processing results of
TiAI alloys melted in a controlled atmosphere
induction furnace, using crucibles made of
graphite, calcia and zirconia stabilized with
yttria, calcia and magnesia. Samples were poured
into graphite permanent moulds or solidified
and cooled inside the crucible, in order to
simulate the worst case scenario in a metaV
refractory reaction using this process.
This paper presents segregation profiles of
residual elements and their influence on the
micro hardness of different phases and the extent
of the "alpha-case".
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Introduction
Foundry processing is one of the technologies available to
process titanium alloys. Its use presents some drawbacks
from the alloy itself, among which might be emphasised
the high reactivity with a large number of elements (solid,
liquid or gaseous) above 500 °C, with particular emphasis
on oxygen.!

One of the foundry processes which shows a high
potential is induction melting; processing the melt
under controlled atmosphere using suitable ceramic
crucibles, and investment casting. Comparing this proce-
dure with an alternative, such as arc skull melting, the
previous method presents some of the following
advantages:

. Lower capital investment costs;

. A smaller area in which to set up the equipment;

. Easier temperature control;. Easier operation;

. Melt stock is easy to prepare and the cost is lower.

The high reactivity of titanium alloys could impair the
quality of castings made using crucible induction melting,
due to reaction between the melt and the ceramic materi-
als. During melting, reactions between the melt and the
crucible material may occur; during pouring, between
the liquid metal and the moulding material and, after
solidification, between the solid alloy and the moulding
material. There is also the possibility of reaction
between the melt and the atmosphere of the melting
chamber.

The introduction of residual elements comes from the
reduction of oxides from the crucible, which have reacted
with the melt. When the alloy is in the molten state there
is a strong reaction, which results in a uniform increase in
the content of residual elements due to the stirring effect
of the melt, together with high diffusion rates. During
solidification there is less contamination, and as a result
there is a higher content of contaminant elements near the
interface between the crucible and the casting, continually
decreasing to a sort of plateau in which the level of
contaminants is constant (beyond a certain distance
from the interface).

When an investment casting process is used, oxygen is
a common contaminant of these alloys, because mould
ceramic oxides are less stable than those resulting from
the reaction of melt components with oxygen. This ele-
ment has a tendency to form an interstitial solid solution
with titanium. In practice, there is a surface layer with a
higher oxygen content, which some call the "alpha-case"

(see Figure 1).1.2.3.4.5.6
The extent of the alpha-casea is dependent on different

factors such as:1.2

. Mould material;

. The duration of contact of the ceramic with the alloy, at

high temperature.

There is no reference available which gives an insight
into the oxygen absorption into titanium alurninides. In
commercially pure titanium, some argue1 that there is a

a The size of the alpha-case was taken as the distance
from the wall to the place where microhardness assumes
a constant value
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Alpha-case formation in a titanium casting [2]

possibility of oxygen enrichment from the molten state
down to 500 DC. So it might be concluded that the factors
which control the cooling rate are also responsible for the
alpha case extent.

Experimental technique
A TiAI [Ti-48AI (at%)] alloy has been used, prepared
from pure aluminium and titanium, melted in crucibles of
different materials. To evaluate the effect of a slower
cooling rate upon the residual element content, the melts
have been allowed to solidify and cool inside the melting
crucible. Some melts have been centrifugally cast into
graphite moulds, for the sake of comparison.

The results have been evaluated comparing micro-
structures, micro-hardness profiles and chemical compo-
sition of phases present at room temperature, using
scanning microscopy and microanalysis.

alumina support, which has a pouring lip. The purpose of
this second crucible is two fold: as a coil protection in
case of the primary crucible failure, and to allow a simple
and easy way of pouring the melt into moulds, where
necessary.

The melting procedure was as follows:

1. Positioning the melting stock in the inner crucible, in a
way that the titanium lies above the aluminium (in
order to get a pool of low temperature metal);

2. Drying of both inner crucible and melting stock in a
muffle furnace;

3. Placing both crucibles (the outer one and the one
containing the melting stock) inside the melting
chamber;

4. Closing and cleaning of the melting chamber. This
operation is carried out allowing the flow of commer-
cially pure dry argon at 2.5 bar pressure for 5 minutes,
after which a 2x 10-3mbar vacuum was applied. This
procedure was applied three times before the start of
the heating operation.

5. Slow heating of the melting stock up to melting, which
took about 60 minutes.

6. Cooling of the alloy inside the furnace down to room
temperature, after turning the power off.

The melting stock weighed about 100 g, composed of
titanium rod grade II and pure 99.8% aluminium.

Melting crucible dimensions: 050 mill; h = 75 mm

The melt temperature was controlled with an optical
pyrometer.

As is known, the temperature read with an optical
pyrometer is a function of the melt emissivity. The
melting procedure starts from pure components, which
influenced the melt emissivity. It varied from the start of
pure aluminium up to the point where the alloy was ready
to be poured. When the melt reached a certain tempera-
ture, white smoke, whose origin and nature had not yet
been characterized, was observed, which produced a wide
variation in the temperature measurement. So it was
decided to super-heat for 2 minutes after the melt
reached 1500°C, as indicated by the optical pyrometer.
Furnace power and emissivity kept constant in order to
have the same experimental conditions for every melt.
The optical pyrometer was calibrated against a Type B
thermocouple, which could be used with TiAI until
1500°C.

Process description
During processing, a controlled atmosphere of commer-
cially pure argon was maintained, because crucibles have
been kept inside a tight sealed chamber. It was opened
only when the sample was at room temperature (see
Figure 2).

As can be seen, the melting crucible is held inside an

Crucibles
There is no precise information on the practical use of
ceramic materials to melt reactive materials. Although
there are some insights, protected by patenting,7-14 no
public information has been released.

It is belived that ceramic materials used in the produc-
tion of melting crucibles should present some of the
following characteristics:3.1 Outer crUcible

3.2 Inner crucible
3.3 Titanium rod
3.4 Aluminium

1. Furnace chamber
2. Pennanent mould
3. Crucible set . Higher melting temperature, well above that of the

maximum alloy processing temperature;. It should not react with the melt during processing;Ceramic crucible induction furnace
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. The chemical profile has been established, from the
outside to the inside of the samples, in each of the
microconstitients;

. The microhardness profile has been made from the
outside to the inside in each of the microconstituents.

Fig. 3 Microstructure of a casting melted and cooled
in a calcia stabilized zirconia crucible

. It should resist thermal shock, because the final super-
heating of the melt should be done very quickly, due to
the high ch~mical reactivity of titanium alloys. This
procedure produces very high thermal gradients
between the part of the crucible in contact with the
melt and the part which is not.

Castings produced were cylinders. In order to evaluate
the structure, samples were collected from the middle of
them, by sectioning the cylinders at 50% of their height.

Samples for characterization were prepared using
traditional metallographic techniques: surfaces were pre-
pared by mechanical polishing and etched with Kroll
solution (2% HF, 4% HNO3, 94% H2O).

Phase indentitication and chemical composition were
performed by quantitative EDS analysis with standards of
pure Ti, AI and Zr, using a JEOL JSM 35C scanning
electron microscope. A 10 keY potential and a 100 second
acquisition time were used.

As shown in Figure 3, the as cast microstructure
contained two microconstituents: one with a strong den-
dritic pattern, with two phases (a2 + 'Y), and a 'Y interden-
dritic phase. The dendritic constituent is present in a
higher quantity in all the samples. The amount of inter-
dendritic 'Y is lower in the outside part of the samples and
increases towards the inside of them, following the
decrease in the cooling rate. This suggests a strong initial
development of the dendritic constituent, which segre-
gates AI to the melt. It is believed that the structure is the
typical TiAI bi-phase structure (az + 'Y) in which the
amount of aluminium is slightly below 49%, and the
amount of 'Y constituent increases with an increasing Al
content.

In all the samples, the lamellar dendritic bi-phase
constituent is richer in titanium and the monophase
interdendritic constituent has higher aluminium content,
according to the available references?l

The samples made in zirconia crucibles present a slight
variation in titanium and aluminium content inside each
microsconstituent, from the outside towards the inner part
of them.

In samples made in calcia crucibles, there is an
increase in titanium and a decrease in aluminium content
in both microconstituents, from the outside towards the
inside of the casting.

In both situations the relationship between Ti and AI is
kept constant, whatever the distance from the surface of
the sample.

The selection of refractory materials, was made
according to thermo-chemical concepts, choosing poten~
tial materials whose oxides have lower free energy for
formation than titanium and aluminium oxides. Potential
materials are mentioned elsewhereI5.16.17; CaO, BeO,
CeO, ZrO2, Al2O3, Y 203, MgO, Hf02 and Th02.

Each of these refractories has drawbacks. For instance,
the low melting temperature (AI2O3, CeO), radioactivity
(Th02) or the high cost (Y 203, Hf02, BeO), reduce
potential refractories to very few.16.17 The refractory
materials selected were calcia (CaO) and three types of
zirconia (ZrO2), stabilized with calcia, yttria and
magnesia. Due to its low cost and high melting
temperature, a few trials have been done with graphite
crucibles. .

Pure zirconia crucibles present some drawbacks.
Zirconia presents a monoclinic structure up to about
1170°C, tetragonal up to about 2370°C and cubic for
higher temperatures. The transformation from monoclinic
to tetragonal is believed to occur with a volume contrac-
tion of about 3%.18.19 This behaviour is very undesirable
in crucibles. In the early trials of this material, pure
zirconia monolithic crucibles were used, and all of them
developed cracks.

Later, after a commercial search, Y 203, MgO and CaO
partially stabilized zirconia crucibles available from
Marketec International, USA, were selected to proceed
with our work.

Samples cooled, up to room
temperature, inside the crucibles in the
furnace
Zirconia crucibles
The results are summarised in Table I and all comments
are based upon it.

Samples processed in these crucibles have a higher
amount of zirconium in the outer part of them. It
decreases towards the inside, and after a while it reaches
a constant level. This concentration is higher in the
interdendritic "y constituent than in the lamellar dendritic
CX2. SO it might be concluded that zirconium is segregated

Experimental results
Experimental results have been analysed bearing in mind:

Identification of each phase and microconstituent to
which a quantitative c~emical analysis variation has
been made using microanalysis;
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Table 1 Chemical analysis of samples melted in different crucibles

Ti (at%)
Constituent AI (at %)
a2+'Y Zr (at %)

55.2 53.8 55 55.3
43.8 45 44 43.5

0.95 1.19 0.95 1.2

55.5 54.5 54.4 54.1 55.1
43.5 44.5 46.2 45.1 44.2
0.96 0.97 1.39 0.81 0.77

42.7 42.1
53.6 52.7
3.7 5.1

43
52.9
4

42.7
53.5
3.8

42
53.6
4.3

42.4 42.6
54.1 54
3.55 3.31

42.8
53.8
3.47

Crucible material ZrO2/Y2O3

Crucible material ZrO2/CaO

Ti (at%)
Constituent AI (at %)
CX2+'Y Zr(at%)

53.4 52.5 52.2 52.2 52
46.1 46.8 47.2 47.2 47.3
0.57 0.65 0.45 0.54 0.52

52
47.4

0.53

44.1
54.8

1 r1?

52.1 51.9 51.9 51.7
47.7 47.9 47.8 48
0.25 0.24 0.18 0.17 0.27

Ti (at%)
Constituent AI (at%)
'Y Zr (at%)

43.4 43.6 43.5 44 44.2 44.2
53.5 53.1 54.1 54 54.6 54.9
2.97 3.33 2.37 1,.88 1.23 . ._- 0.9

Crucible material CaD

44.5
54.7
0.8

45.6 45.5
53.5 53.5
0.86 0.83 0.88

Ti (at%)
Constituent AI (at%)
(X2 + 'Y Ca (at%)

50.2
49.8

51.7 52.6 51.9 52 52.5
48.3 47.4 48.1 48 47.5

Below the equipment detection limit

53
47

53
47

Ti (at%)
Constituent AI (at%)
'Y Ca (at%)

44.4
55.5
0.1

46.5 45.8 45.9 47 45.8
53.5 54.2 54.1 53 54.2

Below the equipment detection limit

47
53

46
54

Ti (at%) 54.8 54.6 54.9
Constituent AI (at%) 45 45.1 44.9
!X2 + 'Y Zr (at%) 0.2 0.23 0.2

55
44.7
0.25

Ti (at%) 44.5 44.8 44.2
Constituent AI (at%) 54.3 54.2 54.7
'Y Zr (at%) 1.16 1.03 1.1

44.9
54.1
1.1

melt with yttrium, calcium or magnesium, as its content
was lower than the detection level of 0.1 %.

Concerning the microhardness, as mentioned in other
references, there is a decrease from the outside towards
the inside of the samples. There is a thin outside layer,
which is harder than the average, and named alpha-case.
The thickness of this layer (300 to 600 IJ.m) (Table 2) is
of the same order of magnitude observed by others
for pure titanium castings.z.16,17 This hardness profile
has about the same shape in both microconstituents

into the interdendritic melt. during solidification, and that
it dissolves preferentially there.

The gradient segregation profiles are lower in samples
processed in zrO:z/MgO crucibles than in the others,
which might reveal lower zirconium dissolution during
the solid cooling stage.

Among all zirconia crucibles tested, those stabilized
with CaO presented the lowest levels of zirconium
absorption (see Figure 4. and Table 1).

It was not possible to evaluate the contamination of the

296 Int. J. Cast Metals Res.. 2000. 12. 293-301



Barbo.~a and Ribeiro Influence of crucible material
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Fig. 4 Variation of % Zr with the distance from the
crucible wall

but dendritic (Xz is always harder than 'Y, for all the
samples.

The microhardness profile has two different types of
behaviour: near the surface there is a rapid decrease of
rnicrohardness with the increase in distance from the
sample/refractory interface. The inner part of the sample
has a near constant hardness value, as shown in Figure 5,
which suggests that there is a constant level of contam-
ination resulting from the period when the metal was in
the molten state. The outside profile suggests that it
resulted from the metal-ceramic reaction during the cool-
ing of the sample, in the solid state.

The microhardness inside the samples processed in
ZrOz/CaO is of the same magnitude as that mentioned in
bibliographic references for the 'Y constituent of binary

TiAl alloys. as suggested in Figure 6. As previously
mentioned. the <X2 hardness is slightly higher than those
values suggested for the average composition of this
microconstituent. Samples processed in zrO2/Y 203 cru-
cibles have a microhardness slightly higher than that
referred to in the bibliography for the 'Y microconstituent.
There are no references to the microhardness of <X2 for the
chemical composition of these samples.

However. according to Figure 6 and considering that
the reference profile does not change too much for
aluminium contents between 42 and 46% (at%), the
microhardness for <X2 should not be higher than the above
mentioned maximum.

For samples processed in zrOz/MgO crucibles, the
microhardness is higher than values mentioned in
the references, in both microconstituents.

It is considered that the hardness increase is an outcome
of contamination with residual elements. With the technique
used, the only residual element found was Zr. If zirconium is
present in the alloy, it comes from the reduction of zirconia
by elements in the melt. According to the Ellingham
diagram for the formation of oxides, the reduction of
zirconia by aluminium with formation of AlZ03, is possible.

If zirconium is present. oxygen should also be present.
but it was not possible to evaluate this with the technical
means available. However there is some structural evi-
dence of its presence. since some aluminium oxides were
found inside the A phase, as suggested by the microstruc-
ture in Figure 7 and its EDS spectrum in Figure 8.

It is thought that when zirconium makes a solid
solution with titanium it increases Ti hardness.16.17
Oxygen increases hardness to a higher degree, because
it makes an interstitial solid solution with titanium.

In our samples there is not a direct relationship
between the amount of zirconium in the microstructure
and microhardness. However, they present the same type
of profile, that is, both decrease from the outside towards
the inside of the sample, and both profiles became con-
stant after a certain distance from the outside. Taking
Figures 9, 10 and 11 into consideration, it should be
noticed that the profiles do not overlap.

In the samples processed in ZrOZ/Y203 crucibles, the
microhardness still decreases after zirconium reaches a
constant level in both constituents within the sample. In

Table 2 Microhardness and extension of the II Alpha-case" in samples melted and soldified in

stabilized zirconia and calcia crucibles, and in a sample poured in a graphite mould

Vickers hardness
on "alpha-case"

(max)

Extension of
the 'alpha-case'

(p.m)
Crucible
material

Vickers hardness
on bulk

Zr content
on bulk (at%)

CX2 + 'Y

644

580

a2 + 'Y
549
473

'Y
594
412

'Y
473
313

a2 + 'Y
0.93
0.57

/'
3.36
4.96

400
600

350
351
313

300
257
280

0.22
0.27

1.1
0.88

ZrO2(MgO stab.)
ZrO2(Y203 stab.)
ZrO2(Y2O3 stab.)
Cast part
ZrO2(CaO stab.)
CaD

473
341

321
303

300
200

stab. = stabilized
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Microhardness Profiles
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Fig. 5 Microhardness profiles of samples melted and cooled in stabilized zirconia, calcia and graphite crucibles

samples processed in zrOz/Y Z03 this type of behaviour
is even more pronounced. In samples made in ZrOz/CaO
crucibles, the profiles of microhardness and zirconium are
the same for '}', but for Ctz, zirconium content decreases
after microhardness assumes a constant value. However,
the most obvious conclusion is that zirconium is not the
only or the most important element to affect hardness.

In samples where the stabilizer was Y Z03- the alpha-
case is about 600,um thick and the Zr content assumes a
constant value beyond 300,um. Taking into account the
reduction of zirconium oxide, the only remaining factor is
the possible presence of oxygen, considering that this

element has a much higher diffusion coefficient in
titanium. I? When the soluble zirconium content is lower

than 0.5 at%, its influence over microhardness seems to be
negligible, as can be seen in samples obtained in CaO
stabilized zirconia crucibles. In these samples there would
also be the influence of oxygen, since the same zirconium
content at different distances from surface (0.53% at
150 IJ.ffi and 0.57% at 50 IJ.m) corresponds to different
hardness values - 376 and 473 HV.

The smallest alpha-case using zirconia crucibles, was
observed in those stabilized with CaO, followed by those
stabilized with MgO and finally those with Y 2°3' Table 2
presents microhardness values and Zr contents in the base
metal and in the "alpha-case", along with its dimension
in the other two types of zirconia crucibles.
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Fig. 7 Aluminium oxides in the interdendritic
microconstituent (black dots) of a sample
obtained in a magnesia stabilized zirconia
crucible

Fig. 6 Microhardness comparison of present results
using different crlJcible refractory materials
with previous published data20
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in this kind of melt. The introduction of oxygen seems
very inlikely, because, in this situation, the overall
microhardness in the interior of the sample should be
higher. According to some authors, the only factor, which
might increase hardness, could be a smaller grain size.2o.

Calcia crucibles are very prone to thermal shock, and
all of them presented small cracks after melting. Those
cracks began to occur in the interface with the melt.

Livelin,e 60VFS: 4600

AlI

0

Fig. 8 EDS spectrum of a black dot present in the
interdendritic microconstituent of a sample
obtained in a magnesia stabilized zirconia
crucible

Graphite crucibles
As expected, the microstructures of samples that cooled
inside this type of crucible are very different from those
previously mentioned. Up to a distance of 2500 p.m from
the surface, there is a constituent that is richer in alumi-
nium (an overall composition of 60 at% AI, 33 at% Ti and
7 at% C). This constituent is very dense near the surface,
increases in size when this distance increases and become
less dense, as can be seen in Figure 12.

In the central part of the sample, from 2500 p.m, the
microstructure is lamellar az + 'Y with about 5 at% C and A
with about 3 at% C. Those crucibles are unsuitable for
processing TiAl melts due to the high carbon absorption.

Samples poured into graphite moulds

CaD crucibles
The CaO crucibles produced the best results. As can be
seen in Figure 5 and Table 2, samples presented the
lowest microhardness, both in the base metal and in the
alpha-case. They also present the lowest alpha-case of all
produced samples - 200 .urn.

The samples do not show a calcium concentration
higher than the detection level of 0.1 %, free or as an
alloy solution. This may confirm a high stability in this
refractory and a low solubility of calcium in this kind of

alloy.
The microhardness values are of the same order as

those mentioned in some references, for surface distances
higher than 200 .urn, although in the surface layer there are
some values a little higher (see Figure 6).

The slight hardness variation that is seen in the outer
part of samples is not fully understood. Calcia is a more
stable oxide than alumina or titania so there is a very
small probability that the reduction of calcia might occur

ZIO2iMgO Crucible

650-:---
600~

I
M' 550 l
a

~ a SOO

j~~

~ ~ 450

~ 4OOj
350 ,

10

~

~

~

-E
~

~~

~HV(dendritic constituent)

~%Zr (dendritic constituent)

100 1<XXJ

Deph from surface (11m)

-HV( interdendritic constituent)

-%Zr (interdendritic constituent)

Fig. 9 Microhardness .and % Zr profiles in a sample melted and cooled in a magnesia stabilized zirconia
crucible
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To evaluate the suitability of moulds made of machined

graphite blocks, a few melts processed in ZrO21Y 203

crucibles have been made a~d cast using centrifugal

casting.
As can be seen in Figure 13, there is no microhardness

change in either constituent with the distance from the

surface. These values tally well with those of other

references, as suggested in Figure 6.

The base metal contains zirconium, with an average

value content throughout the sample (see Table 1 and

Figure 13), suggesting that it comes from the melting

stage. The Zr content was about 0.2 at% in dendritic

lamellar <X2' and about 1 % in 'Y (see Table 1). These values

are much smaller than those found in samples that cooled

inside Zr02/Y 203 crucibles (0.57 at% and 4.96 at% for

lamellar and interdendritic constituents).
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ZlOziY 2~ Crucible

Fig. 10 Microhardness and % Zr profiles in a sample melted and cooled in a yttria stabilized zirconia crucible

Microhardness values follow the same trend. As sug- 3. The dissolution of residual elements occurs preferen-
gested in Table 1, Figures 10 and 13, microhardness is tially into interdendritic 'Y whereas the concentration
about 350 HV for az and 300 HV for 'Y. For those samples into lamellar dendritic az is much smaller.
that cooled inside the crucibles, the values were 473 HV 4. Microhardness decreases from the outside towards the
and 313 HV. inside of castings, with a profile that tallies with other

Melt processing was the same in both situations. which references. The microhardness is higher in the outer
permits the conclusion that the zirconium contamination alpha-case, as a result of contamination with some
in the base metal is a result of the interaction between residual elements. Zirconium is a potential source. but
melt and crucible during the liquid stage. The solidi fica- because hardness and contamination profiles do not
tion time is much higher in the crucible, because the match, and assuming that it comes from a reaction of
thermal conductivity of zirconia (2 Wm- I K- I)Z7 is lower melt elements with the refractory oxide, then oxygen

than that of graphite (140Wm-1 K-I)Z8 and the crucible might also be present.
is hotter than the mould. 5. For each sample the az + 'Y microconstituent is harder

The outer layer does not present any carbon contam- than 'Y, although is has a lower level of zirconium
ination. Graphite could be used as a mould material in contamination.
situations where the solidification time is of the same 6. Microhardness profiles do not match with Zr segrega-
order as those used. tion profiles, although they follow the same trend. This

fact, together with the formation of aluminium oxide in
the melts processed in MgO stabilized crucibles and
previous work, lead us to the conclusion that oxygen
might also be responsible for an increase in hardness.

7. Calcia crucibles produced the thinnest alpha-case.
8. Samples processed in ZrOz/Y Z03 and poured into

permanent graphite moulds do not show evidence of
carbon absorption. This was thought to be the result of
a very high solidification rate.

9. Only those alloys processed in calcia or calcia

Conclusions
1. In all samples melted in zirconium based crucibles.

there is "evidence of contamination from this element.
In those processed in calcia crucibles, there is no
evidence of contamination.

2. Samples that cooled inside zirconia crucibles present a
decreasing contamination profile from the outside
towards the inside of castings.
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Fig. 11 Microhardness and % Zr profiles in a sample melted and cooled in a calcia stabilized zirconia crucible
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Fig. 12 Microstructure of a sample melted and
cooled in a graphite crucible

Fig. 13 Microhardness and % Zr profiles in a sample
melted in a yttria stabilized zirconia crucible
and poured in a graphite mould

stabilized zirconia crucibles presented microhardness
values that tally with references.
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