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The development of cast TiAl-based components for the automotive industry and the
possibility of wrought components for applications in gas turbines are clear indications that
these alloys are maturing as materials for engineering components. There are however
problems in the cost of manufacture and in the properties of these alloys. In this paper it is
argued that recent developments, which have resulted in a totally new microstructure,
taken together with improved casting technology, open the way for wider application of
these alloys. The new microstructure has been obtained by tempering massively
transformed TiAl alloys so that a highly convoluted fine scale microstructure is obtained by
simply heat treating cast samples. This fine microstructure can thus be obtained in cast
components, without the need to add boron and problems associated with the extreme
plastic anisotropy of fully lamellar samples are also eliminated.

© 2004 Kluwer Academic Publishers

1. Introduction

Following the early work [1] there has been a major
effort aimed at developing TiAl-based alloys because
they have a density about one half that of Ni-based al-
loys and they retain their strength up to about 800°C. It
has been argued that if these alloys could be manufac-
tured so that an acceptable balance could be obtained
between their high and low temperature properties they
would be used widely in automotive applications and
in gas turbines. The problems in meeting these require-
ments are essentially twofold. Firstly and the aspect
which is germane to the topic of this edition of Journal
of Material Science, the TiAl-based alloys are made up
of two and sometimes three, strongly ordered phases;
alpha 2 (TizAl), gamma (TiAl) and a B2 phase if suf-
ficient beta stabilisers (such as W) are added. Neither
of the two dominant ordered phases (Ti3Al and TiAl)
is ductile so that the alloys have limited ductility. Sec-
ondly, the processing of these alloys is notoriously dif-
ficult and expensive. Thus forging is commonly done
isothermally, which is slow and expensive; extrusion
requires canning to avoid excessive oxidation and to
limit cracking and if cast products are made the reac-
tions between the crucible and mould with the molten
alloys lead to problems. The refractories CaO and Y,03
are the only ceramic materials to use as moulds. Y,O3 is
expensive and CaO tends to take up water and carbon
dioxide from the atmosphere and special precautions
have to be taken if this material is to be used.

The aim of this paper is to describe some recent devel-
opments in alloy development coupled with improved
processing, which it will be argued provide a turning
point in the use of TiAl-based alloys. In order to appre-
ciate the significance of this recent work a short review
will be presented of the current situation concerning the
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properties of TiAl-based alloys which are being consid-
ered for use in gas turbines and are already in limited
use in the automotive industry. This discussion will con-
sider the microstructures of these ordered alloys, since
itis only by microstructural manipulation that these in-
trinsically brittle ordered alloys can be made into useful
engineering components. Additionally and intimately
linked to the properties and microstructure, the current
processing routes which are used will be outlined. Fi-
nally the recent work, which has used all of the previous
work as a foundation will be presented. The develop-
ment of a reliable, cost-effective process route will be
described and the alloy development, undertaken in par-
allel will be explained.

2. Properties and microstructure

of TiAl-based alloys
The origin of the microstructures which have been ex-
tensively investigated in a wide range of TiAl-based
alloys can be easily understood from a consideration of
a generic phase diagram. This is shown in Fig. 1 where
the important regions from the present viewpoint are
the high temperature alpha (hcp) phase field and the
(alpha + gamma (fct)) phase field. Two distinct mi-
crostructures can be formed, fully lamellar and duplex
by appropriate processing.

If samples containing above about 45 at.% Al are
cooled reasonable slowly from the alpha phase field
i.e., either furnace cooled or cooled directly as a cast-
ing, the alpha phase transforms into lamellar alpha +
gamma as indicated in Fig. 2. In this case the gamma is
precipitated on the (0001) plane in the alpha and a “fully
lamellar” structure is obtained. The original grain size
in the alpha phase field determines the colony size of
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Figure I Schematic of central part of the Ti-Al binary phase diagram.
The arrows indicate the direction in which phase boundaries are moved
by alloying additions. The length of each arrow is an indication of the
relative movement of the phase boundaries for the different elements.

the lamellar structure, since the lamellae delineate the
(0001) within each grain, as illustrated in Fig. 2a. At
about 1200°C the alpha phase orders to alpha 2 through
a eutectoid transformation and a lamellar structure is
formed consisting of this very strong ordered phase,
Tiz Al, and the weaker gamma, TiAl. Some of the lamel-
lae boundaries separate alpha 2 and gamma and oth-
ers separate twinned (or pseudo-twinned) gamma. The
grain size in the fully lamellar samples can be several
hundred microns, but (as discussed below) is strongly
influenced by the Al content and by the other alloying
additions and can be significantly reduced by addition
of boron.

If samples are thermomechanically processed in the
two phase (alpha + gamma) phase field then a duplex
structure is formed. This duplex structure, illustrated in
Fig. 2b, contains discrete grains of gamma, and lamel-

lae grains. The gamma is formed during processing and
lamellar grains are formed from alpha on cooling from
the hot working temperature. The balance between the
amount of gamma and the volume fraction of lamellar
grains is determined by the temperature at which the
samples are hot worked; the higher the temperature of
hot working the higher the volume fraction of lamellar
grains. The alpha again transforms to alpha 2 on cool-
ing through the eutectoid temperature. The grain size in
this structure, typically 10-20 pm, is usually consider-
ably smaller than that of fully lamellar samples because
recrystallisation takes place during hot working.

If samples are hot worked just above the alpha tran-
sus (i.e., totally within the high temperature alpha phase
field) it is possible to produce very fine grained fully
lamellar samples which have very small lamellar spac-
ings [2]. Alloys processed in this way are very strong
(room temperature tensile strengths above 1000 MPa
can be achieved) but the very fine lamellae are not sta-
ble over long times at high temperatures. Similarly very
fine grained duplex samples can be obtained by exten-
sive working very close to the alpha transus.

The grain size in TiAl-based alloys can also be re-
fined by adding boron at levels below 1 at.% and in
the case of an alloy such as Ti44AI8Nb1B the pres-
ence of boron results typically in an as-cast grain size
of about 50 um. The ability to refine the grain size is a
strong function of the Al-content and is also influenced
by ternary additions as illustrated in Fig. 3. Because
boron is virtually insoluble in the solid TiAl, the borides
which are formed (either TiB; or TiB depending upon
the alloy composition) pin grain boundaries during any
subsequent thermo-mechanical processing and in this
case the grain size is about 70 um in Ti44AI8Nb1B.
The decrease in grain size in cast alloys is important in
increasing the hot workability of the alloys (hot work-
ing also breaks up the borides) but the presence of the
borides in cast samples, which can be over 100 um in
length, can lead to early fracture. The slower the cool-
ing rate the larger the borides and the more prone the
samples are to premature failure. This is particularly
important in the more highly alloyed TiAl alloys, since
the borides formed are (TiM)B, where for example M
can be W, Ta or Nb. In such alloys the volume fraction

Figure 2 Secondary scanning electron micrographs of (a) fully lamellar and (b) duplex Ti-44A1-8Nb-1B.
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Figure 4 Showing the effect of cast bar size on ductility in Ti46AISNb1B (after Ref. [3]).

of borides is higher and they tend to form long thin
borides which have a tendency to clump together [3].
Fig. 4 illustrates the dependence of ductility on diam-
eter of cast bars in which the borides are larger for the
larger diameter bars [3].

Generally for typical samples it is considered that
the fully lamellar samples possess the best balance of
properties. Thus their high temperature strength, their
fracture toughness and the growth rate of fatigue cracks
are superior to those of duplex samples, although the
room temperature ductility is better in duplex samples,
where values of 2—-3% can be routinely obtained.

A group of high Nb content alloys, termed TNB, have
been developed recently as duplex alloys, which after
extensive thermomechanical processing give a balance
of properties which are viewed as better than those so far
obtained with fully lamellar samples [4]. This has been
achieved by adding small amounts of C which dramat-
ically improves the creep strength, the usual weakness
of fine grained duplex samples. The properties of these
alloys are among the best available, but if strengths

above about 1000 MPa are required the room tempera-
ture ductility drops to about 0.5%.

Recent work has shown [5, 6] that the plastic
anisotropy, which is characteristic of the lamellae [7]
in lamellar samples, gives rise to considerable pre-yield
plasticity and thus to pre-yield cracking. The cracking
has been detected using acoustic emission [5] and the
presence of cracks associated with the acoustic signals
confirmed using optical microscopy. The yield strength
of lamellae vary by nearly an order of magnitude [7],
with soft lamellae (those at about 45° to the stress axis)
yielding at about 100 MPa and hard crystals (those with
boundaries at 90° to the stress axis)yielding at over
800 MPa.

Clearly in a polycrystalline sample the soft grains
will yield at stresses well below the macroscopic 0.2%
proof stress and it has been shown that in Ti44 AISNb1B
pre-yield cracking occurs at stresses of about 400-
500 MPa, well below the yield stress of 625 MPa. No
such pre-yield cracking is observed in duplex samples.
The shapes of the stress-strain curves for duplex and
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Figure 5 Typical stress strain curves for samples of Ti44A18Nb1B. DP
indicates duplex microstructure and FL, fully lamellar. Note the obvious
deviation from linear relation for the FL curve well below the stress
corresponding to the 0.2% proof stress (see text).

lamellae samples are very different, as can be seen
in Fig. 5, where the deviation from linearity of the
lamellar sample has been shown by loading /unload-
ing experiments to be due to plastic deformation. This
pre-yielding and pre-yield cracking results in a fatigue
limit of about 400 MPa in Ti44A18Nb1B which is only
about 60% of the 0.2% proof stress. This is a much
lower value than is found in weaker TiAl alloys (such
as Ti48 AI2Nb2Cr) where the fatigue limit is above 90%
of the proof stress. It has been argued that this reduc-
tion in fatigue limit with respect to the yield strength is
associated with the fact that the fracture strength is not
significantly changed by the alloying additions which
give rise to the increased yield strength [6].

Pre-yield cracking has been interpreted [6] in terms
of the pile-up stresses induced by the dislocations and
the magnitude of these stresses is clearly controlled by
the difficulty of transmitting dislocations into adjacent
grains (unless the lamellae in adjacent grains are close
to parallel) and by the grain size. In smaller grains the
pileups will be limited in length and hence the stresses
correspondingly reduced. Hence no pre-yield cracking
is observed in duplex samples, which not only have a
smaller grain size but the adjacent grains are commonly
relatively soft gamma grains so that slip can be easily
transmitted and the stresses relieved.

On the basis of the work summarised above it appears
that duplex samples suffer from poor creep and fatigue
crack growth properties with the exception of the latest
TNB alloy which requires extensive thermomechanical
processing if optimum properties are to be obtained.
Typical grain-refined fully lamellar samples show pre-
yield cracking associated with plastic anisotropy and
show a large scatter in ductility in cast samples, associ-
ated with the presence of borides. There appears to be
a problem therefore with both types of microstructure
which have been investigated so extensively over the
last ten or so years.

3. Processing of TiAl-based alloys
Two different approaches have been used recently for
the production of TiAl components; thermomechanical
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processing (of ingot material and of powder) and the
production of shaped castings.

As noted above TNB alloys are produced as finished
components after extensive extrusion followed by forg-
ing. This, together with the additions of C allows a very
fine microstructure to be obtained provided that the ex-
trusion conditions, the forging and heat treatment con-
ditions are all tightly controlled [8]. This approach is
currently being developed for the production of com-
pressor blades for engine testing in a European pro-
gramme, but it is clear that this is a very expensive pro-
cessing route. A great deal of work has been undertaken
using gas-atomised powder which is consolidated and
subsequently processed to produce sheet. It has been
found that gas-entrapment leads to problems for sheet
production but further work is underway using powder
route to produce discs [9]. This route is being investi-
gated because of the problems associated with the seg-
regation present in the large ingots which are required to
produce the large diameter discs. All of the thermome-
chanical process routes which are appropriate for TiAl
alloys are expensive, but for components such as discs
it appears that forging, perhaps coupled with the use
of powder starting material is the only process which
is capable of providing the reliability required for such
large components.

In the case of automotive components thermome-
chanical processing is being used to produce exhaust
valves for formula-one cars [10], where cost is perhaps
of secondary importance.

Cast products are already being used for turbocharg-
ers in top of the line cars in Japan and it appears that this
market is set to grow when turbochargers are produced
for diesels [11]. The casting technology used employs
counter gravity casting in conjunction with a cold wall
furnace. This was the first application of TiAl-based
alloys to the automotive industry and although no data
are available concerning failures during service a tur-
bocharger is not a critical component. If it were to fail
the effect would be simply a loss in the response of the
engine rather than a catastrophic failure which would
occur if fracture of an exhaust valve occurred. Thus al-
though this is a very important example of the potential
of TiAl-based alloys it is not perhaps a technology that
can be immediately applied to gas turbines or to more
demanding applications in automotive engines. The al-
loy used for the turbochargers was chosen in part for
its resistance to the environment which was more im-
portant than high strength and thus the quality of the
castings may also not be a central issue.

Many attempts have been made to produce low pres-
sure turbine blades for gas turbines using casting, but
the high failure rate has led to this programme being
discontinued [12].

On the basis of the above brief review it appears
that the processing of TiAl-based alloys to produce re-
liable, highly stressed engineering components can be
done only if thermomechanical processing is used. This
approach has been followed successfully to produce
sheet for some applications in gas turbines [13] and if
the market can stand the cost of this route then further
applications will follow.
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As noted above the problem with the casting route
is that if conventional grain refined samples are used
the borides which are inevitably present lead to a large
scatter in ductility. If grain refined samples are not used
the ductility is typically well below 0.5% and the scatter
of properties in thin sections is unacceptable since it is
the minimum values that are relevant, not the average.

In the following section, recent work which has over-
come these problems will be presented.

4. Alloy and process development

for TiAl-based components
The fully lamellar structure is formed by precipitation
of gamma within the hexagonal alpha and this means
that the resultant microstructure reflects the fact that
there is only one type of plane, (0001), in each grain
that can nucleate the gamma. The length of the lamel-
lae reflects the grain size of the alpha phase and thus
any grain growth that takes place in the high tempera-
ture phase is retained in the final structure. Thus cast-
ings will generally tend to have a large colony size
(>100 pm), unless this is controlled by using boron ad-
ditions and similarly when heat treating forgings in the
alpha phase field grain growth will occur unless borides
are present. As noted above coarse colonies will lead to
pre-yield cracking and even in the case of forged sam-
ples of alloys such as Ti44A18Nb1B pre-yield cracking
is observed well below the 0.2% proof stress, because
the grain size is large—about 70 wm. The situation is
even worse for higher Al-content alloys where boron is
less effective.

Since the origin of the problem in the fully lamellar
samples lies in the fact that the structure is plastically
anisotropic, because it inherits the anisotropy of the
hexagonal alpha phase, it is clearly worth investigat-
ing alternative ways of transforming the high temper-
ature phase. It is well known that alpha will transform
massively when it is cooled at an appropriate rate [14,
15]. Since heavily dislocated gamma is formed, sub-
sequent tempering in the two phase (alpha + gamma)
phase field will result in precipitation of alpha within
this massively transformed gamma. Since gamma is
face centred tetragonal, with a c/a ratio close to one,
there are four {111} planes on which alpha can pre-
cipitate and furthermore nucleation will be on a scale

determined by the high defect density in the massively
transformed sample. Hence the resultant microstruc-
ture will not show the same anisotropy as that which
characterises the fully lamellar structure and the scale
of the microstructure will be small because of the role
of crystal defects in nucleating alpha.

An example of a sample of Ti46AI8Nb transformed
in this way is shown in Fig. 6a. This sample was oil
quenched from 1360°C and then tempered at 1320°C
and it is clear that it is no longer possible to de-
fine the initial alpha grain size and that a very con-
voluted microstructure has been developed as would
be expected from the above argument. Fig. 6b shows
the microstructure obtained in Ti48 AI2Nb2Cr after oil
quenching from 1380°C (a higher temperature than
used for Ti4d6 AI8ND s required because of the higher Al
content ) and tempering at 1320°C. Again a complex
fine scale microstructure is formed. TEM reveals a very
complex structure in these tempered alloys [16].

The room temperature tensile properties of
Ti48 AI2Nb2Cr treated in this way are shown in the
Table I and it is clear that this simple heat treatment
produces better properties than those obtained by
forging and heat treating to produce a fully lamellar
structure. Also shown in the table are the tensile
properties in a forged, heat treated fully lamellar
structure of the same alloy with addition of boron.
Whilst the ductility is comparable with that in the
tempered, boron-free sample the yield stress and the
UTS are considerably lower. The work hardening
observed is also far higher in the convoluted sample.
The convoluted microstructure, formed by using
the massively transformed structure as a precursor,
is unlikely to show pre-yield cracking because the
randomly oriented structure is expected to show an
isotropic response to the applied stress. On that basis
the fatigue limit could be a larger fraction of the yield
stress but these measurements have not yet been done.

The “hardenability” of individual TiAl-based alloys
will need to be determined in order to define the maxi-
mum diameter samples which can be transformed mas-
sively. It is known that the Al content has to be greater
than about 45 at.% for the massive transformation to
take place [15] but the influence of various alloying
elements on this transformation needs to be further
investigated.

Figure 6 Secondary electron micrographs of (a) Ti46AI8Nb and (b) Ti 48AI2Nb2Cr after tempering massively transformed samples.
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TABLE 1 Properties of cast and thermomechanically processed
Ti48 AI2Nb2Cr

0.2% proof UTS

Treatment stress (MPa) (MPa) % Ductility
Forged + 1380°C/1 h/FC 312 347 0.5
1380°C/1 h OQ + 1320°C/1 h/AC 425 622 1.3
Forged + 1380°C/1 h/FC 345 445 14

1 at.%B added

Figure 7 Photograph of roughly machined exhaust valve made at IMR,
Shenyang [17] and the corresponding X-ray radiograph which shows no
obvious porosity.

In parallel with the work aimed at producing im-
proved casting alloys the casting process itself has
been improved recently. In joint work between the
IRC and the IMR (Institute of Metals Research, Chi-
nese Academy of Sciences) at Shenyang [17] it has
been shown that using CaO crucibles (which allow su-
perheats of about 180°C to be obtained) in conjunc-
tion with centrifugal casting it is possible to produce
components with no obvious porosity. An example of
a roughly machined cast automotive valve together
with an X-ray radiograph of the valve is shown in
Fig. 7 and the valve appears to be pore-free Subsequent
HIPping does not lead to any surface dimpling associ-
ated with the collapse of pores.

This process is now used routinely in the Institute of
Metal Research(IMR), Chinese Academy of Sciences
and many hundreds of valves have been made with a
high success rate [17]. In addition to this approach,
work in the IRC using a cold wall induction furnace,
which allows only 60°C superheat, in conjunction with
counter-gravity casting can lead to the production of
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pore-free components. This approach is not yet as re-
producible as that developed in IMR but work is under-
way, using real time X-ray observations to optimise the
mould filling.

5. Conclusions

1. Tempering of massively transformed samples of
TiAl alloys can yield properties in cast samples which
are comparable with those found in thermomechani-
cally processed samples.

2. Improved casting can produce selected compo-
nents which are free of obvious casting defects.

Acknowledgements

The work reported here has been carried out over many
years in the IRC and many research students and re-
search staff have contributed to the perspective out-
lined here. Support from EPSRC, Rolls-Royce, Nio-
bium Products Ltd and through a Royal Society joint
China project is gratefully acknowledged.

References

1. H. LIPSITT, “High Temperature Intermetallics MRS Pittsburg,”
edited by C. C. Koch, C. T. liu and N. S. Stoloff (PA, 1985)
p- 351.

2. C. T. LIU, J. H. SCHNEIBEL, P. J. MAZIASZ, J. L.
WRIGHT and D. S. EASTON, Intermetallics 4 (1996) 429.

3. D. HU, J. F. MEI, M. WICKINS and R. A. HARDING,
Scripta Materia 47 (2002) 273.

4., H. KESTLER, in Proc International Conference on Gamma Tita-
nium Aluminides (ISGTA) Conference, TMS, San Diego (2003) (in
press).

5. R. R. BOTTEN, X. WU, D. HU and M. H. LORETTO,
Acta Materia 29 (2001) 1687.

6. X. WU, R. BOTTEN, D. HU and M. H. LORETTO, ibid.
29 (2001) 1693.

7. H. INUI, A. NAKAMURA, M. H.
YAMAGUCHI, ibid. 40 (1992) 3095.

8. F. APPEL, M. OEHRING, J. D. H. PAUL and U.
LORENZ, “Structural Intermetallics TMS,” edited by K. J. Hemker,
D. M. Dimiduk, H. Clemens, R. Dariola, H. Inui, J. M. Larsen, V.
K. Sikka, M. Thomas and J. D. Whittenberger (2001) p. 63.

9. Y. WON-KIM, in Proceedings International Conference on
Gamma Titanium Aluminides (ISGTA) (2003) Conference San
Diego (in press).

10. H. KESTLER, Private communication.

11. T. TETSUI, “Structural and Functional Intermetallics TMS
Vancouver,” edited by C. T. Liu, S. H. Whang, D. P. Pope, M. Yam-
aguchi and H. Vehoff (2002) p. 582.

12. W. E. VOICE, Private communication.

13. H. CLEMENS, H. KESTLER, N. EBERHARD and W.
KNABL, “Gamma Titanium Aluminides TMS Warrendale,” edited
by Y.-W. Kim, D. M. Dimiduck and M. H. Loretto (1999) p. 209.

14. A. DENQUIN, S. NAKA and T. KHAN, in Proc International
Ti Conference. TMS,” edited by Froes and Caplan (1992) p. 1017.

15. S. A. JONES and M. J. KAUFMAN, Acta Meter. 41 (1993)
387.

16. Unpublished work (IRC).

17. YI LI, WEI KE and KUI LIU, Private communication.

OH and M.



