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DO, to L1, transition in intermetallic
systems
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Ternary additions of metals such as chromium, manganese, iron, cobalt, nickel, copper and
zinc to tetragonal (DO,,) Al;Ti are known to lead to stabilization of the cubic (L1,) structure.
This DO,, to L1, transition has been studied in the Al-Ti—Ni system using X-ray diffraction
and scanning electron microscopy. The results show that nickel substitution has no significant
effect on the lattice parameter (and therefore on the tetragonality) of the DO,, phase and that
the solid solubility of nickel in the DO,, phase is very limited. The L1, phase precipitates out
on addition of nickel to Al;Ti, its amount increasing with increasing nickel content of the
alloy. The compositions of the DO,, and L1, phases do not change significantly with the alloy

composition. These results are discussed in terms of theories of structural transitions in
ordered alloys. Similar transitions have been reported in transition metal-based systems. An
analysis of the transition in intermetallic systems is presented.

Introduction

The intermetallic Al;Ti has an ordered tetragonal
structure (DO,,} and offers considerable potential as
the basis of a high-temperature structural material
because of its good oxidation resistance, low density
and high strength [1-4]. However, it is difficult to
render ductile on account of its low-symmetry tetra-
gonal structure. Partial substitutions of metals (X)
such as chromium, manganese, iron, cobalt, nickel,
copper or zinc for aluminium have been shown to
transform Al;Ti to the cubic L1, structure [5-10].
Correspondingly, Liu and Inouye [11, 12] have
reported the formation of ductile L1, alloys on substi-
tuting iron and cobalt for nickel in the brittle inter-
metallic Ni, V which, like Al;Ti, has a DO,, structure.
These two sets of observations have stimulated an
intense interest in the AI-Ti—X intermetallics. The L1,
structure has been reported to form at the composi-
tion Alg,NigTi,s on substitution of nickel for alumi-
nium in Al;Ti [6]. The purpose of the present work
was to investigate the nature of this DO,, to L1,
transition in the Al-Ti—Ni system and to compare it
with that reported in the Fe—Co-Ni-V system.

2. Experimental procedure

Alloys of  composition  (at %)  Al;5Ti,s,
Al,, sNi, sTi,s, Al;oNisTi,s and Alg;NigTi,s (Li,
composition) [6] were prepared by melting pure
(99.99%) nickel and aluminium and an Al-Ti master
alloy (Al-60.4 wt % Ti) under argon in an alumina
crucible in a r.f. induction furnace and chill casting
into ingots 25 mm diameter and 200 mm long using a
mild steel split mould. Ingot samples were homogen-
ized in an argon atmosphere for 48 h at 1273 K and
then furnace cooled to room temperature over a
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period of 48 h. The homogenized ingots were pow-
dered and sieved. Samples for X-ray diffraction in a
Philips PW1710 diffractometer using CoK, radiation
were prepared from — 40 pm size powder. Homogen-
ized ingot samples were mechanically polished down
to 0.25 pm grade diamond paste finish for study by
scanning electron microscopy and microanalysis in a
CAMSCAN SEM equipped with a LINK energy
dispersive X-ray (EDX) microanalysis facility.

3. Results

X-ray diffraction (XRD) revealed that the Al,sTi,s
sample was largely single phase with a DO,, struc-
ture, the observed peak positions being in good agree-
ment with previous data for Al;Ti [13]. In Al-Ti-Ni
samples, XRD showed that the amount of DO,,
phase decreased and that of the 1.1, phase increased
with increasing nickel-content of the alloy. No signific-
ant change in the DO,, and L1, peak positions was
observed with changing nickel content, indicating the
possibility of:

(a) very low solid solubility of nickel in the DO,,
phase, and

(b) a limited stoichiometry range for the L1, phase.
There were minor peaks from other phase(s).

Results of SEM and microanalysis of the corres-
ponding alloy samples were in good agreement with
the XRD results. Fig. la—c are representative micro-
structures of the alloys, showing the increasing
amount of L1, phase with increasing nickel content of
the alloy. Fig. 2a and b show EDX microanalysis
results for the DO,, and L1, phases in the
AlL,oNisTi,s alloy. Very little ( < 1%) nickel was de-
tected in the DO, , phase, whereas the L1, phase was
found to contain 7.5% Ni in reasonable agreement
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with the composition reported in the literature [6]. In
addition, some porosity and minor phases were also
observed.

4. Discussion

Semi-empirical correlations [14-19] have associated
such DO,, to L1, transitions with relatively minor
changes in atomic size, valence electron concentration
(e/a) and electronegativity differences between X and
aluminium, X being a metal (e.g. Cr, Mn, Fe, Co, Ni,
Zn or Cu) partially replacing the aluminium in Al Ti.
This is rationalized by the fact that the DO, structure
is closely related to L1, in that both contain hexa-
gonal close-packed ordered layers. The DO,, struc-
ture may be arrived at by displacing every (00 1) plane
in L1, by a vector of [110]/2 (Fig. 3). A parallel case is
that of the Co;V-Ni;V—(Fe;V) quasi-ternary system
where Co,;V and Ni,V form hexagonal [11, 12] and
tetragonal (DQO,,) structures, respectively. Liu and
Inouye have developed a series of cubic (L1,) ordered
alloys with compositions (Fe, Co);V, (Fe, Ni);V and
(Fe, Co, Ni),V [11, 12]. Their structures were charac-
terized by specific sequences of stacked close-packed
ordered layers, and their stacking character was re-
ported to be altered systematically by controlling the
e/a ratio. As e/a was decreased, the stacking character
was shown to change from purely hexagonal, through
ordered mixtures of hexagonal and cubic layers, to
purely cubic. It was concluded that partial substitu-
tion of iron for cobalt and nickel lowers the e/a ratio
(and raises R,/Ry, the atomic radius ratio of A and B
atoms in A,B alloys), stabilizing the L1,-type cubic
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(a) Al,, sNiy sTi,s, (b) Al;oNisTi, s, (¢) Alg;NigTi, s alloys showing
increasing amount of L1, phase with increasing nickel content of
the alloy. A and B represent the DO,, and L1, phases respectively.
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Figure 2 (a) EDX trace showing the absence of nickel in the DO,,
phase in Al;(NiTi,s. (b) EDX trace showing approximately
7.5 at % Ni in the L1, phase in Al,(Ni;Ti,s.

ordered structure in preference to the hexagonal or
tetragonal structures. This correlation is significant
because L1, has a higher symmetry than the hexa-
gonal and tetragonal structures and should be easier
to render ductile. It was established by Liu and Inouye
[11, 12] that (Fe, Co, Ni);V alloys with hexagonal
ordered structures exhibit brittle fracture and very
little ductility, whereas alloys with L1, structure were
ductile showing up to 35% tensile elongation at room
temperature.

It is notable, however, that although the specific e/a
and R,/Ry values were shown to favour tetragonal,
hexagonal or cubic structure, respectively, the associ-
ated changes in stacking character with decreasing e/a



(a) (b)

Figure 3 Unit cells of (a) L1, and (b) DO,, structure. The DO,,
structure may be arrived at by introducing an antiphase boundary
with a displacement vector of the type [1 1 0]/2 on every (00 1) plane
in the L1, structure (from Yamaguchi and Shirai [207]).

(or increasing R,/Ry) were reported only for the hexa-
gonal to cubic transition. It is well established [18, 19]
for A;B-type alloys that the close-packed layers con-
stituting the DO,, structure (Fig. 4a) are different
from those constituting a hexagonal or a cubic struc-
ture (Fig. 4b). The minority (B) atoms in the closed-
packed layer in Fig. 4a form a rectangular (R-Type)
arrangement whereas those in Fig. 4b form a triangu-
lar (T-type) arrangement. Thus a DO,, to L1, trans-
ition would involve not only a change in stacking
sequence (as is the case for a hexagonal to cubic
transition) but a change in the character of the indi-
vidual stacking layers as well. Because of this restric-
tion, it is proposed that it is not possible to change
continuously the structure from tetragonal to ordered
mixtures of tetragonal and cubic (or hexagonal) layers
and finally to purely cubic (or hexagonal) by analogy
with the hexagonal to cubic transition in the
Fe—Co-Ni-V system. The DO,, structure may be
derived from L1, as shown in Fig. 3 but such an
illustration is only a visualization of the close relation-
ship between the two structures. There is no known
mechanism which would allow a shift of every (001)
plane in the L1, structure by the vector [1107/2. If the
e/a (or R,/Ry) ratios do control the formation of these
structures, the DO,, and L1, structures would be
expected to form at those specific e/a values, with
compositions having intermediate values of e/a being
characterized by changing proportions of the DO,,
and L1, and/or other phase(s) [18]. This agrees well
with the present results on ingot Al-Ti-Ni samples.

Similar results have been reported for the Al-Ti-Fe
system [21]. A decreasing e/a is said [14, 17, 18] to
favour a transition from tetragonal to hexagonal to
cubic ordered structures. In the present work, only
DO,, and L1, phases were unambiguously identified.
No other major phases were observed in any of the
samples and there was no evidence for formation of
any hexagonal phase at intermediate nickel contents.
In agreement, there appears to be no evidence in the
literature of formation of hexagonal phase(s) by sub-
stitution of nickel or other transition metals for alumi-
nium in Al;Ti [22].

A major difference between the Fe-Co—-Ni-V and
Al-Ti-Ni systems is that both Ni; V (DO,,) and Co,V
(DO ) exist over wide ranges of composition whereas
Al;Ti is essentially a line compound [23]. Further,
iron, cobalt and nickel are neighbouring transition
metals belonging to the same group and may be
expected to substitute readily for each other. It is,
therefore, not surprising that a series of (Fe, Co, Ni);V
alloys with varying crystal structures may be obtained
by changing the amounts of constituent iron, cobalt
and nickel. On the other hand, nickel is not closely
related to aluminium and there is little reason to
assume a ready substitution for aluminium by nickel
in Al;Ti. This agrees well with the limited solid solu-
bility of nickel in Al;Ti observed in the present work.
Until recently, the L1, phase in Al-Ti-Ni has been
reported to be formed due to nickel substitution - on
sublattice sites in Al;Ti [24]. Far from being derived
from Al,Ti by transition metal substitution for alumi-
nium, the L1, phase is a ternary intermetallic in the
Al-Ti-Ni system [22].

These differences between Al-Ti-Ni and Fe—Co-
Ni-V systems stem from the fact that there are two
different categories of A;B (DO,,) structure [14]. In
the first category are the phases formed between the
elements (A) from Group IIIB (Al, Ga) and the ele-
ments (B) from Group IVA or VA (e.g. Ti) and these
are characterized by a ¢/a ratio of ~ 2.25. The second
category consists of phases formed between the ele-
ments (A) from Group VIIT or IB and those (B) from
Group VA and is characterized by a c/a ratio of

~ 2.05, thus exhibiting a relatively lower degree of
tetragonal distortion. It is interesting to note that the
phases from the first category have a very restricted
composition range of existence, wheteas those in the
second category possess wide stoichiometry [23]. The
formation of compounds at specific e/a ratios was
initially proposed [25-27] to explain the occurrence
of similar structures in equilibrium diagrams of the

Figure 4 Ordered close-packed planes that occur in A ;B struc-
tures: (a) R-type packing constituting DO,, structure and (b)
T-type packing constituting hexagonal and cubic structures
(from Saito and Beck [19]).
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noble metals (Cu, Ag and Au) with metals of B sub-
groups and these phases generally possess a range of
stoichiometry over which they are stable. It seems
there are two distinct types of systems exhibiting the
DO,, to L1, transition. The systems based on trans-
ition metals exhibit phases with wide stoichiometry
and the transition may be characterized by changes in
the e/a ratio. The same is not readily applicable to
systems based on Group IIIA or IIIB elements. The
transition in both types of systems may be empirically
explained by noting that partial replacement of alumi-
nium by transition metals in Al;Ti or that of nickel
with cobalt and/or iron in Ni;V changes the so-called
average Mendeleev number of “element” A, thus shif-
ting the alloy composition out of the DO, , structure
ranges to L1, structure ranges in the recently pro-
posed structure maps for A;B alloys [28, 297. These
maps clearly separate these systems thus indicating
their mutual diversity. However, recent attempts to
stabilize DO,, Al;Nb intermetallic with the cubic
structure have been unsuccessful [30]. The inability of
these maps to explain these anomalies is currently
under investigation using first principles quantum
mechanical calculations [29].

5. Conclusions

1. The DO,, to L1, transition in the Al-Ti-Ni
system has been investigated using X-ray diffraction
and scanning electron microscopy. The results show
that nickel substitution does not have a significant
effect on the lattice parameter (and therefore on the
tetragonality) of the DO, , phase. It is concluded that
the solid solubility of nickel in the DO, , phase is very
limited. The L1, phase precipitates out on addition of
nickel to Al;Ti, its amount increasing with increasing
nickel content of the alloy.

2. Tt is also argued that because of the funda-
mentally different character of the individual close-
packed layers constituting the two structures, a DO,,
to L1, transition may not be continuous and that the
two structures must be separated by a two-phase
region where both the structures co-exist.

Acknowledgements

The authors thank the Science and Engineering
Research Council (SERC), UK, for supporting this
work. London and Scandinavian Metallurgical Co.
Ltd, Rotherham, provided the Al-Timaster alloy used
for making alloys for this work and their contribution
is gratefully acknowledged.

2004

References

1.

2.

R =N

10.

11.
12.
13.
14,

15.

16.
17.
18.
19.

20.

21.
22.
23.

24.
25.
26.
27.

28.
29.

30.

Int. Met. Rev. 29 (1984). Special Issue on Ordered Alloys,
123-248.

C. C. KOCH, C. T. LIU and N. S. STOLOFF (eds), “High
Temperature Ordered Intermetallic Alloys”, Materials
Research Society Symposium Proceedings, Vol. 39 (Materials
Research Society, Pittsburgh, PA, 1985) p. 560.

N.S. STOLOFF, C. C. KOCH and 0. IZUMI (eds), “High
Temperature Ordered Intermetallic Alloys II”, Materials
Research Society Symposium Proceedings, Vol. 81 (Materials
Research Society, Pittsburgh, PA, 1987) p. 518.

C. T. LIU, A. I. TAUB, N. S. STOLOFF and C. C.
K OCH “High Temperature Ordered Intermetallic Alloys III”,
Materials Research Society Symposium Proceedings, Vol. 133
(Materials Research Society, Pittsburgh, PA, 1989).

A. RAMAN and K. SCHUBERT, Z. Metallkde 56 (1965) 40.
Idem., ibid. 56 (1965) 99.

P. VIRDIS and W. ZWICKER, ibid. 62 (1971) 46.

H. MABUCHI, K. HIRUKAWA and Y. NAKAYAMA,
Scripta Metall. 23 (1989) 1761.

H. MABUCHI, K. HIRUKAWA,H. TSUDAand Y. NAKA-
YAMA, ibid. 24 (1990) 505.

J. P.NIC, S. ZHANG and D. E. MIKKOLA, ibid. 24 (1990}
1099.

C. T. LIU, Int. Met. Rev. 29 (1984) 168.

C.T. LIU and H. INOUYE, Met. Trans. 10A (1979) 1515.
R. VAN LOO, Acta Metall. 21 (1973) 61.

W. B. PEARSON, in “The Crystal Chemistry and Physics of
Metals and Alloys” (Wiley, New York, 1972).

J.H. VAN VUCHT and K. H. BUSCHOW, J. Less Common
Metals 10 (1965) 98.

J. H. VAN VUCHT, ibid. 11 (1966) 308.

P. A. BECK, Adv. X-ray Anal. 12 (1969) 1.

A. K. SINHA, Trans. AIME 245 (1969) 911.

S.SAITOand P. A. BECK, Trans. Met. Soc. AIME 215 (1959)
938.

M. YAMAGUCHI and Y. SHIRAI, in “Dispersion
Strengthened Aluminium Alloys”, edited by Y.-W. Kim and
W. M. Griffith (The Minerals, Metals and Materials Society,
Warrendale, PA, 1988) p. 721.

A. SEIBOLD, Z. Metallkde 72 (1981) 712.

K. S. KUMAR, Int. Met. Rev. 35 (1990) 6.

T. B. MASSALSKI, in “Binary Alloy Phase Diagrams” (ASM,
Metals Park, OH, 1986).

P.R. MUNROE and I. BAKER, J. Mater. Res. 6 (1991) 943.
W.HUME ROTHERY, J. Inst. Metals. 35 (1926) 295.
Idem., ibid. 35 (1926) 307.

W.HUME ROTHERY and G. V. RAYNOR, in “The Struc-
ture of Metals and Alloys” (Institute of Metals, London, 1962).
D. G. PETTIFOR, Mater. Sci. Technol. 4 (1988) 675.

Idem., in “High Temperature Intermetallics” (Institute of
Metals, London, 1991) p. 91.

P. R. SUBRAMANIAN, J. P, SIMMONS, M. G. MENDI-
RATTA and D. M. DIMIDUCK, in “High Temperature
Ordered Intermetallic Alloys ITT”, Materials Research Society
Symposium Proceedings, edited by C. T. Liu, A. I. Taub, N. S.
Stoloff and C. C. Koch, Vol. 133 (Materials Research Society,
Pittsburgh, PA, 1989) p. 51.

Received 9 July
and accepted 23 July 1991



