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A new rationale is presented for various decomposition products obtained from the metastable 
13-phase found in T i -6AI-4V alloy produced by hot isostatic pressing comminuted melt-spun 
fibres and cooled to room temperature by furnace cooling. This alloy has an cz-matrix with 
about 8 vol % retained 13-phase, which is supersaturated with 13-stabilizers to such an extent 
that the martensitic transformation has been suppressed. The metastable 13-phase decomposes 
by different modes during continuous cooling, depending on the actual composition of 
individual 13-grains. Less enrichment of vanadium and iron favours the direct formation of the 
equilibrium 0~-phase from the 13-matrix, while greater enrichment of vanadium and iron leads to 
a spinodal decomposition of the metastable 13-phase, resulting in a [3 + 13' two-phase structure. 
During further continuous cooling, the J3'-phase which is lean in 13-stabilizers will transform 
into isothermal c0-phase. In addition, an unknown phase has also been observed in the 
13-phase, which is typified by the appearance of 1/2{1 1 2}1 ~ reflections in the SAD patterns. 

1. Introduction 
Decomposition of the metastable b cc ]3-phase in 
titanium alloys has been investigated for more than 
three decades [1]. It is well known that a metastable 
13-phase can be retained in all titanium alloys which 
are sufficiently rich in [3-stabilizers (e.g. iron molyb- 
denum, vanadium, niobium) on quenching from the 13- 
phase field to room temperature. The decomposition 
of the metastable 13-phase can occur by several modes, 
depending on the alloy system, composition and ther- 
mal conditions [1]. When the martensitic trans- 
formation is suppressed, the metastable 13-phase can 
decompose either athermally to form an athermal 
co-phase upon quenching from the 13-phase field, or 
isothermally to form an isothermal c0-phase on ageing 
at a low temperature [2]. In alloys which contain a 
sufficient concentration of 13-stabilizers to suppress co- 
phase formation, the metastable 13-phase will decom- 
pose by phase-separation reaction into a solute-lean 
13'-phase with corresponding solute enrichment of the 
[3-matrix [1, 3]. In addition, the direct formation of the 
equilibrium cz-phase as a product of the metastable 13- 
phase decomposition has also been recognized for a 
long time [4]. However, all these decomposition mo- 
des have not yet been fully integrated in terms of 
thermodynamic conditions, transformation mech- 
anisms and the correlation among different decompo- 
sition modes. There is currently no consensus view in 
the literature. 

In this paper, we report the experimental results on 
metastable 13-phase decomposition in a rapidly solidi- 
fied Ti-6A1-4V alloy, which has been obtained by hot 
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isostatic pressing of comminuted melt-spun fibres at 
900 ~ 300 MPa for 2 h and furnace cooled to room 
temperature. TEM observation and electron diffrac- 
tion show that the metastable 13-phase in this alloy has 
decomposed variously by direct formation of the equi- 
librium s-phase, by spinodal decomposition to form a 
mixture of 13 + 13', and by formation of the isothermal 
c0-phase. In addition, we also report the observation of 
an unknown phase, which is characterized by the 
occurrence of 1/2{1 1 2}13 reflections in SAD patterns. 
The relationship between the different decomposition 
modes and the comparison with the decomposition 
modes in other alloy systems, are discussed. 

2. Experimental procedure 
Melting and melt-spinning were performed in a 
Marko's Model 5T melt spinner in a stainless steel 
chamber with a high vacuum/inert gas (argon) atmo- 
sphere. The alloy was melted in a water-cooled copper 
hearth using a non-consumable tungsten electrode 
under a high-purity argon atmosphere. The chem- 
ically homogeneous melt was then delivered at a 
controlled rate to contact the circumferential surface 
of a molybdenum wheel rotating at 2500 r.p.m, by 
which the melt is rapidly solidified as long fibres. The 
melt-spun fibres have a crescent-shaped cross-section, 
typically 100-300gin in width and 40-100 gm in 
thickness. The melt-spun fibres were comminuted into 
finer particles with particle size less than 200 lain. The 
comminuted alloy powders were then filled into cylin- 
drical titanium-alloy cans which were baked in the 
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temperature range 250-300 ~ in a vacuum (10- 5 torr; 
1 torr = 133.322 Pa) before they were sealed by elec- 
tron-beam welding. This procedure was adopted to 
remove occluded gases in the powder compacts. The 
cans were consolidated by hot isostatic pressing 
(HIPing) at 900 ~ 300 MPa for 2 h, and then furnace 
cooled to room temperature. Further details for pre- 
paration of the materials under this study were given 
elsewhere [5]. 

Specimens for SEM and EDX analysis were pre- 
pared by applying the standard mechanical polishing 
techniques. Thin foils for TEM study were prepared in 
a "Tenupol" unit using an electrolyte of 5 vol % per- 
chloric acid in methanol. The polishing temperature 
was around -40~  the voltage 30 V, the current 
about 30 gA. TEM observation was performed on 
a Jeol 200 CX STEM under an accelerating voltage of 
200 kV. Energy dispersive X-ray (EDX) analysis was 
performed on a JXA8600 EPMA system for phase 
composition. 

3. Results  
The chemical composition of the master alloy is given 
in Table I. The results of chemical analysis of the melt- 
spun fibres and comminuted powders are presented in 
Table II. The oxygen level has increased after the melt- 
spinning process, especially after the comminution 
process, from 2050p.p.m. in the master alloy to 
3100p.p.m. in the comminuted alloy powder. The 
oxygen content in the HIPed alloy is just slightly 
higher than 3100 p.p.m, due to the good vacuum level 
in the HIPing process. 

The microstructure of the consolidated Ti-6A1-4V 
alloy is shown in Fig. 1 by a SEM secondary electron 
image. The ~-phase (grey) has an equiaxed morpho- 
logy with an average grain diameter of about 6 ~tm, 
while the 13-phase (white) has an irregular shape and is 
located at s-grain boundaries and s-grain triple 
points. The volume fraction of the [3-phase is about 
0.08. The chemical compositions of the ~- and 
13-phases obtained by EDX analysis are presented in 
Table III, where each data represents an average of ten 
measurements. The range of compositional variation 
in the 13-phase is also given in Table III, due to the 
large variation. These results indicate that s-phase is 
rich in aluminium and contains practically no iron 

Figure 1 Scanning electron micrograph showing the microstructure 
of rapidly solidified Ti-6AI-4V alloy after HIPing at 900~ 
300 MPa for 2 h. The white phase is !3 and the grey phase is ~. The 
bright spots in the m-grains are due to the etching effect. 

T A B L E  I I I  EPMA results of phase composition in the consol- 
idated Ti-6AI-4V alloy (wt %) 

Phase Ti AI V Fe 

~x-phase Balance 6.53 3.09 0.00 
13-phase Balance 3.24 13.18 1.61 

(3.08-3.89)" (10.15-14.25) a (1.24-2.01) a 

" Composition variation range of 10 13-grains. 

(below the detectability of the EPMA equipment), and 
that there is an enrichment of vanadium and iron 
in the I~-phase. The composition for e-phase can be 
considered reasonably accurate while that for the 
[3-phase is more approximate because the diameters of 
some of the 13-grains are smaller than the interaction 
volume of the electron probe during the analysis. In 
fact, the actual concentration of vanadium and iron in 
the [3-phase should be higher than the data listed in 
Table III, and that of aluminium should be slightly 
lower than 3.24 wt %. In addition, a compositional 
variation in the [3-phase has also been observed during 
the EDX analysis. The larger 13-grains located at 
s-grain triple points seem to contain less [3-stabilizer, 
while the smaller [3-grains located at s-grain bound- 
aries contain more [3-stabilizers. 

T A B L E  I Results of chemical analysis of the master Ti-6Al-4V 
alloy 

Ti A1 V Fe C N 2 O2 H2 

w t %  Bal. 6.43 4.02 0.19 0.01 0.0075 0.205 0.002 

T A B L E I I Results of impurity analaysis of Ti-6AI-4V alloy after 
melt-spinning and comminution process (wt %) 

Process C N 2 0 2 

Melt-spun fibre 0.015 0.009 0.230 
Comminuted powder 0.020 0.014 0.310 
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Figure 2 TEM bright-field image of rapidly solidified Ti-6AI-4V 
alloy showing the ct + [3 structure. 



A TEM bright-field image of the consolidated 
Ti-6AI-4V alloy is shown in Fig. 2. The m-grains are 
single crystals in which there is no sign of any trans- 
formation. Fig. 3 shows the detailed substructure of a 
large [3-grain situated at a triple point of s-grains. 
Selected-area diffraction (SAD) of such 13-grains re- 
vealed that direct ~ ---, ~ transformation has occurred. 
Two typical SAD patterns from such [3-grains with 
the electron beam parallel to [001113 and [111113 are 
shown in Fig. 4. These SAD patterns indicate that the 
cz-phase in the 13-matrix is Type 1 ~, which was first 
observed by Rhodes and Williams [4] in T i -Mo  and 
Ti-A1-Mo alloys. Type 1 ~ obeys the well-known 
Burgers orientation relation between h c p cz- and b c c 
[3-phases, (110)1311(0001)~ and ~11 l~pl]~l 1 2 0 ~  [6]. 
There are 12 variants of the m-phase with this orienta- 
tion relation possible in a single 13-grain. The main 
characteristic of the [001113 zone axis pattern (Fig. 4a) 
is the presence of intense {1010}~ reflections which 
occur between {110}l 3 and {200}B reflections (see 

Figure 3 TEM bright-field image of a large !3-grain showing the 
microstructure of the ]3-phase. 

Fig. 4b). The [111]j  3 zone axis pattern (Fig. 4c) is 
typified by the {1010}~ reflections which occur be- 
tween {110}13 reflections (see Fig. 4d). A.TEM dark- 
field image using the Type 1 ~ reflection is shown in 
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Figure 4 SAD patterns taken from a large ]3-grain showing the presence of Type 1 e which obeys the Burgers orientation relation between 
c~- and 13-phases. (a) [00 lip zone axis pattern with two ~1120)~ patterns superimposed; (b) key to (a); (c) [111]13 zone axis pattern with three 

1120)~ patterns superimposed; (d) key to (c). 
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Figure 5 TEM dark-field image of the Type 1 e-phase. 

Fig. 5, Type 1 ~ has a rod morphology with sub- 
structure in it. 

Besides the presence of Type 1 m-phase, Type 2 ~, 
which does not obey Burgers orientation relation [4], 
is also present in some of the 13-grains, as evinced by 
the arched reflections in the SAD pattern in Fig. 6. 
The characteristic {t 010}~ reflections which appear 
in the Burgers orientation relation are not present in 
this pattern, and in addition there are arced pre- 
cipitate reflections near the 13-reflections which do not 
occur in the Burgers orientation relation. 

A TEM bright-field image of a 13-grain located at ~- 
grain boundaries is presented in Fig. 7, which shows 
the typical features of a two-phase structure resulting 
from the spinodal decomposition, 13 ~ 13 + 13', where 13 
and 13' are coherent with each other [7]. In this 
composition-modulated two-phase microstructure, 
the 13'-phase is lean of 13-stabilizer (vanadium and 
iron), while the 13-matrix is further enriched by 13- 
stabilizers. The contrast which allows the coherent 

Figure 6 [1 1 1113 pattern taken from a large 13-grain showing the 
presence of Type 2 e which does not obey the Burgers orientation 
relation between e- and B-phases and is characterized by the arched 
e-reflections in the vicinity of {0 1 1}f~ reflections. 
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Figure 7 TEM bright-field image of a 13-grain located at ~x-grain 
boundaries showing spinodal decomposition of the metastable 
B-phase into the B-stabilizer lean B'-phase and the B-stabilizer rich 
B-phase. The electron beam is close to [1 10]13, and the direction for 
compositional modulation is (1 1 1)13. 

two-phase microstructure to be distinguished results 
mainly from the difference in thickness and relative 
absorption between the vanadium-rich 13- and vana- 
dium-depleted [3'-phases. The vanadium-rich 13-phase 
is preferentially thinned during the electropolishing 
and appears as the brighter regions in Fig. 7. It is well 
known that this compositional modulation takes 
place along the elastically soft directions [7]. In cubic 
crystal structures, the direction of modulation will be 
( 1 0 0 )  or ( 1 1 1 )  depending on whether the elastic 
anisotropy factor 2C44- Cll + C12 (where C u are 
the elastic constants) is positive or negative, respect- 
ively. According to experimentally determined elastic 
constants [8], the anisotropy factors for vanadium, 
niobium and molybdenum are all negative. It is reas- 
onable to assume that the anisotropy factor for b c c 
titanium is also negative. Thus, the direction of the 
compositional modulation would be (1 1 1) in the 
present alloy. This has been confirmed by the experi- 
mental observations (see Figs 7 and 8). There are four 
variants possible in a single 13-grain which has under- 
gone spinodal decomposition. Different variants can 
be seen in Fig. 8, as exampled by variants A and B. 
The features of variants A and B indicate that lY-phase 
has a rod-shaped morphology, with the cross-section 
of the rods showing in variant B. Direct measurement 
on bright-field images in Figs 7 and 8 indicate that the 
wavelength, X, of the compositional modulation in this 
alloy is about 5 nm. However, a conclusive identifica- 
tion of the spinodal decomposition of the 13-phase by 
the appearance of the sideband using electron and 
X-ray diffraction techniques is difficult due to the very 
small difference between lattice parameters of two 
coherent b c c phases (13 and [3') [9]. 

SAD patterns from the spinodally decomposed 
13-phase are shown in Fig. 9. Besides the strong b c c 
reflections, diffuse co scattering along a variety of 
directions is present in these SAD patterns, which is 
characteristic of the initial stage of 13 ~ co trans- 
formation [10]. Occasionally, discrete spots corres- 
ponding to the c0-phase can be observed in SAD 
patterns taken from such 13-grains located at a-grain 
boundaries. An example is given in Fig. 10 where the 



Figure 8 TEM bright-field image of a 13-grain showing different 
domains of the t3 + 13' structure, for example domains A and B, with 
the domain boundaries being indicated by arrows. The electron 
ber.m is close to [1]-0113, and the direction for compositional 
modulation is (1 1 1}13. 002 
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Figure 9 SAD patterns taken from the spinodally decomposed !3- 
grains showing the diffuse co scattering which is characteristic of the 
early stage of the [3 to o3 transformation. (a) [01 1113; (b) []-3 3113. 

electron beam is parallel to [110]~. It is worth noting 
that the e-reflections in Fig. 10a have been systemati- 
cally shifted along the c-axis of the m unit cell (parallel 
to (222)13 directions) from the Bragg m positions, i.e. 
1/3{222}~ and 2/3{222}13 for (0001), 0 and (0002),~ 
in the case of orientation variant c01, to positions of 
0.36{222}~ and 0.64{222}~. This systemati c shift of 
the m reflections has also been observed in other 
titanium-base alloys, such as Ti-Fe, T i -Mn and 
Ti-Cr, and has recently been discussed in detail by 
Sinkler and Luzzi [11]. The magnitude of the co 
maxima shifts in SAD patterns depends on both the 
solute concentration and the identity of the solute. 
The amount of the m maxima shift increases with 
increasing solute concentration beyond the limit for 
e-phase formation [12]. In addition, the amount of 
the o3 maxima shift also increases for a given solute 
concentration as the group number (in the Periodic 
Table) of the solute element increases [11]. A TEM 
dark-field image using the (0001)o~ reflection is shown 
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Figure 10 [1 1 0113 zone axis pattern taken from a spinodally de- 
composed 13-grain showing the discrete spots from the co-phase 
reflections, which are slightly shifted from the Bragg co positions 
(1/3{222}13 and 2/3{222}13 ) to positions of 0.36{222}13 and 
0.64{222}13. (a) [1 10113 zone axis pattern: (b) key to (a). 

in Fig. 11. The e-phase appears as fine particles with a 
diameter around 5 nm. It is very interesting to see that 
m particles tend to form parallel strings in the [3- 
matrix. This result suggests that the m-phase is trans- 
formed from the spinodally decomposed JY-phase 
which is lean of [3-stabilizers, and gives further support 
to the occurrence of spinodal decomposition of 
metastable [3-phase. Furthermore, in some of the 13- 
grains, the coexistence of both m- and Type t s-phases 
is also observed. This is shown by the [110113 zone 
axis pattern (Fig. 12a), which is a superimposition of 
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Figure 11 TEM dark-field image using (0001)~o reflection showing 
the detailed morphology of the co-phase. The co-phase tends to form 
strings in the !3-matrix. 

two (0001)~  (~1 and 0~2) and two (1210)~o (co2 and 
c%) patterns, as schematically illustrated in Fig. 12b. 

In addition to the presence of 13', Type 10~, Type 2 
and co-phase, there appears to be a further phase in the 
13-matrix, which cannot be identified as either the h c p 
0~-phase, the orthorhombic ~"-phase or b cc FeTi. 
Fig. 13a shows a typical SAD pattern of this unknown 
phase where the electron beam is parallel to [ i  13]~, 
with the key to Fig. 13a being presented in Fig. 13b. 
In addition to the strong b cc reflections and the 
clear diffuse co scattering, there are extra reflec- 
tions present in Fig. 13a, which are located in the 
1/2{1 1 2}1 ~ positions. In some 13-grains, selected-area 
electron diffraction indicates that two variants of the 
unknown phase are present in the [3-matrix. One such 
SAD pattern is shown in Fig. 13c, which is a super- 
position of reflections from 13-matrix, co-phase, Type 1 
~-phase and reflections from two variants of the un- 
known phase, as schematically illustrated in Fig. 13d. 
A TEM dark-field image using the reflection from the 
unknown phase indicated by an arrow in Fig. 13a is 
shown in Fig. 14. The unknown phase is present in the 
13-matrix as ellipsoidal particles with an average par- 
ticle diameter about 5 nm, similar to the dimension of 
the co-phase.. 

4. Discussion 
4.1. The chemical composition of 

the 13-phase 
The results from the EDX analysis indicate that the 
concentration of 13-stabilizers (vanadium and iron) 
varies with ]3-grain size. The concentration of the 
[3-stabilizers seems lower in larger 13-grains than that 
in smaller ones. It was also noted that the [3 composi- 
tion also varies from grain to grain with the similar 
grain size. The following factors may have contributed 
to this variation of composition: 

(a) variation of the bulk composition during the 
melt-spinning process, i.e. the chemical composition of 
the melt-spun fibres obtained at the beginning of a 
production batch may be slightly different from that at 
the end of the same production batch; 
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Figure 12 [110][3 zone axis pattern taken from a spinodally de- 
composed [3-grain showing the coexistence of m-phase and Type 1 ~. 
(a) [110][3 zone axis pattern with two (0001)a (~1 and ~;) and two 
{1210)e (m 2 and m4) patterns superimposed; (b) key to (a). 

(b) segregation of 13-stabilizers during the solidi- 
fication process from the wheel side (with the highest 
cooling rate) to free side (with the lowest cooling rate). 
EDX analysis of the cross-section of a 50 pm thick 
fibre indicated that the vanadium concentration at the 
wheel side is about 1 wt % higher than that at free 
side [t3]; 



0 0 0 0 

121 
1-2~ �9 �9 5110 �9 �9 

�9 �9 �9 �9 �9 ~- -o 
I I 

I I 

o L2o oooo  o 
�9 110 0002 

000 

0 0 0 0 0 

�9 @ �9 
�9 �9 �9 �9 �9 �9 �9 �9 

(b) �9 I 3 0 Unknown phase (d) �9 13 �9 ~ 0 Unknown phase 

Figure 13 [1 1 3113 zone axis pattern showing the presence of an unknown phase in the [3-matrix, which is characterized by formation of 
1/2{1 1 2}13 reflections. (a) [ l  1 3]~_ pattern superimposed with reflections from one variant of the unknown phase; (b) key to (a); (c) []- 1 3113 
pattern superimposed with a [0 1 1 0113 pattern and reflections from two variants of the unknown phase; (d) key to (c). 

(c) insufficient time at HIPing temperature (2 h in 
this case) to produce macroscopic chemical homogen- 
eity in the consolidated alloy. 

It is believed that this variation in composition of 
the [3-phase has a pronounced influence on the de- 
composition mode of the metastable 13-phase and is 
responsible for much of the variation of the decompo- 
sition modes observed in the metastable 13-phase, as 
will be discussed in later sections. 

Figure 14 TEM dark-field image using reflection from the un- 
known phase as indicated in Fig. 13a by an arrow. 

4.2. Formation of the co-phase 
Since its first discovery by Frost et al. [14] in aged 
Ti-Cr binary alloys, the c0-phase has received exten- 
sive study, initially because of its deleterious effects on 
mechanical and physical properties, but later also due 
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to the interests in the transformation mechanism. 
It is well known that the ~o-phase can form by either 
quenching from high temperature (athermal co-phase) 
or ageing at low temperature (isothermal co-phase) 
[1, 2]. The ideal c0-phase has a hexagonal structure, 
belonging to space group D61n (P6/mmm), and with a 
well-defined orientation relationship with the parent 
bcc  [3-phase, as first reported by Silcock [15]: 
{1 1 1}~n(0001)~o, [110]~ll [1 12 0]~0. Other structures 
of the co-phase have also been reported in the literat- 
ure, for example, trigonal m, ordered m, Zr2Al-type co 
and Ni2Al-type co (see review [16]). Recently there has 
been a renewed interest in ~o-phase transformation due 
to the development of aluminide-based intermetallic 
materials, where an ordered B2 phase can transform 
into an ordered co-phase during low-temperature ag- 
eing (e.g. [16-18]). The m-phase has also been re- 
ported to occur in copper alloys [19-22], group IV 
transition metals with the [3-stabilizer additions 
[23-25], aluminides such as NiA1 and Ti3AI-Nb 
[26-28], iron-base alloys such as maraging steels [12, 
29] and chromium-base alloys [30]. A common fea- 
ture of these alloy systems, in which co-phase occurs, is 
that there is either a b c c to h c p (e.g. titanium-base 
alloys) or bcc  to fcc transformation (e.g. Fe-Ni 
maraging steels and Cr-Ni alloys) under equilibrium 
conditions. The co-phase, therefore, is a metastable 
phase which occurs widely in alloy systems where a 
b c c-phase and a dose-packed phase (either h c p or 
fc c) are in equilibrium. 

Observation of the co-phase in commercial 
Ti-6A1-4V alloy has been very rare [31 33]. In fact, 
the occurrence of co-transformation in this alloy has 
been excluded by the argument that the concentra- 
tions of s-stabilizers (aluminium and oxygen) in the 
[3-phase are sufficient to suppress the co-phase forma- 
tion [31, 33]. There appears to have been one report 
of the occurrence of co-phase in quenched and aged 
Ti-6A1-4V alloy containing 0.116wt% Fe and 
0.15 wt % O [33]. 

The occurrence of ~0-phase in the present 
Ti-6A1-4V alloy can be mainly attributed to the 
following three factors. 

(a) Sufficient enrichment of [3-stabilizers in the 
[3-phase makes co-phase formation thermodynamically 
favourable in competing with the martensitic trans- 
formation [34]. EDX analysis showed that vanadium 
and iron concentrations in the retained [3-phase are 
more than 13.18 and 1.61 wt%, respectively. The 
effectiveness of iron as a 13-stabilizer is about four 
times as much as that of vanadium on a weight 
per cent basis. Therefore, the equivalent vanadium 
concentration in the retained [3-phase is over 20 wt %, 
which is sufficient to suppress the martensitic trans- 
formation [34-36]. This allows the co-transformation 
to replace the martensitic transformation during the 
continuous cooling. 

(b) A slow cooling rate from the HIPing temper- 
ature can create a favourable kinetic condition for the 
co-phase formation. Recently, Moffat and Larbalestier 
[37] studied the effect of cooling rate from the an- 
nealing temperature to room temperature on the 
metastable [3-phase decomposition mode in Ti-Nb 
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binary alloys. They found that precipitation of the c0- 
phase was favoured by a slow cooling rate; in contrast, 
the formation of ~" martensite is favoured by a higher 
cooling rate. The present results in Ti-6A1-4V alloy 
support the above observation in Ti Nb alloys. The 
cooling-rate dependence of the mode of metastable 
[3-phase decomposition can be understood in terms of 
the role played by diffusion during the decomposition 
process. Martensitic transformation is diffusionless, 
therefore, diffusion has no influence on it, while the 
isothermal co-phase transformation involves nucle- 
ation and growth. Slower cooling rate favours co- 
phase formation by allowing the extent of diffusion 
required in the co transformation process to be com- 
pleted. 

(c) The formation of a solute-lean [3'-phase through 
the spinodal decomposition of the metastable [3-phase 
favours the co-phase formation in terms of composi- 
tion depletion of [3-stabilizers and lattice plane shift 
through the coherency strain. It has recently been 
confirmed by atom probe analysis that isothermal co 
precipitates are depleted in all the alloying elements, 
both e~- and [3-stabilizers [38]. Therefore, the forma- 
tion of a solute-lean [3'-phase will reduce the amount 
of diffusion required by the formation of the co-phase 
compared with its direct formation from the parent [3- 
phase. In addition, the coherency strain between 13 and 
[3' phase will make both b cc structures distorted 
towards a trigonal structure by shifting the {1 1 1}13 
planes. Such a trigonal lattice is an intermediate struc- 
ture between the b c c [3 and the ideal co (hexagonal) 
structure. This point will be pursued further in 
Section 4.3. 

4.3. Spinodal  decompos i t ion  of 
the 13-phase 

The spinodal decomposition of the metastable 13- 
phase in binary titanium-base alloys (including Ti-Nb 
and Ti-V) with sufficient B-stabilizer additions has 
been predicted theoretically by Kaufman and Nesor 
[39], Kool and Breedis [9] and more recently by 
Moffat and Kattner [40]. However, the experimental 
confirmation of this spinodal decomposition has not 
been conclusive [9, 37, 41, 42]. This can be attributed 
to the small difference of lattice parameter between the 
13- and B'-phases which makes the splitting of the 
[3-phase reflection (sideband) in X-ray and electron 
diffraction measurements, practically unobservable. 

In addition to the enrichment of [3-stabilizers 
(vanadium and iron) in the B-matrix, the relatively 
high oxygen content in the present alloy may also 
contribute to the occurrence of spinodal decomposi- 
tion of the metastable [3-phase. Firstly, addition of a 
small amount of oxygen can effectively enhance the 
enrichment of B-stabilizers in the [3-phase by raising 
the B solvus, as predicted theoretically by Saunders 
and Chandrasekaran [43], and consequently pushes 
the composition of the [3-phase into the spinodal 
region. Secondly, oxygen addition can open up the 
metastable miscibility gap. Fuming and Flower [44] 
studied the effect of oxygen content on the B-phase 



separation reaction in Ti-50V alloys with varying 
oxygen contents. They concluded that oxygen opens 
up the metastable miscibility gap in Ti-V system such 
that the phase separation is promoted at temperatures 
within the ~ + 13 phase field. This effect of oxygen can 
be understood by the suggestion made by Chernov 
and co-workers [-45, 46], that oxygen is considered to 
increase the 13 interaction parameter (in the regular 
solution model) and, thus, opens up the metastable 
miscibility gap. The present Ti-6A1-4V alloy under 
investigation contains more than 0.31 wt% oxygen 
(see Table II), which may be sufficient to open up the 
metastable miscibilfLty gap, and thus to allow the 
metastable spinodal decomposition to occur during 
continuous cooling. 

The metastable 13-phase decomposition process in 
the present Ti-6A1-4V alloy can be understood in 
terms of equivalent vanadium concentration in the 
metastable 13-phase. During the continuous cooling 
from the HIPing temperature, enrichment of [3-stabil- 
izers occurs gradually. When the temperature and 
13-phase composition fall into the spinodal range, the 
decomposition takes place to form a ]3'-phase which is 
[3-stabilizer lean and a p-phase which is enriched with 
13-stabilizers. With the continued cooling the c0-phase 
will form isotherma][ly in the solute-lean 13'-phase by 
nucleation and growth. However, the enrichment of 13- 
stabilizers in some of the larger [3-grains may not be 
enough to reach the range of spinodal decomposition, 
such [3-grains will decompose by direct formation of 
the equilibrium s-phase. The s-phase formation will 
further enrich 13-stabilizers in the [3-matrix, and hence 
leads to the subsequent spinodal decomposition 
and co-phase formation in the ]3-matrix, as evinced in 
Fig. 3. 

A further relation between the spinodat decomposi- 
tion and co-phase transformation can be obtained by 
considering the crystallographical aspects of both 
transformations. On the one hand, when the spinodal 
decomposition occurs the composition modulation is 
along the elastic soft direction ((1 1 1) 8 in titanium 
alloys). Coherency between [3 and 13' will distort both 
phases elastically to make them tend towards a trigo- 
nal lattice [7]. On the other hand, co-phase is formed 
from the [3-phase by collapsing a pair of neighbouring 
(I 1 1) planes to the intermediate position, leaving the 
next (1 1 1) plane unaltered, collapsing the next pair 
and repeating this process [21, 47]. This operation 
produces a structure of hexagonal symmetry which, in 
the limit of complete double-plane collapse, is called 
the "ideal co", as described by Silcock [15]. However, 
the double-plane collapse in some alloy Systems or at 
initial stage of this transformation may not be always 
complete, this will also produce a trigonal structure 
(trigonal co, see [16]). The atomic plane arrangement 
in b cc, ideal co and trigonal co are schematically 
illustrated in Fig. 15. Therefore, the trigonal structure 
resulted from the coherency strain between 13 and [3' 
phase in the spinodal should facilitate the co-trans- 
formation from the ~-stabilizer lean 13'-phase. 

A further thermodynamic assessment of the effects 
of aluminium and oxygen concentrations on the spin- 
odal decomposition and the co-phase formation in the 
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Figure 15 Schemat ic  i l lus t ra t ion  of the a tomic  p lane  a r r angemen t  

in (a) b c c lattice, (b) t r igona l  co lattice, (c) ideal  co lat t ice (hexagonal).  

Ti-A1-V system is currently in progress at Surrey 
University [17]. 

5. Conclusions 
1. During the continuous cooling the metastable 

f3-phase can decompose by different modes, depending 
on the actual composition of the [3-phase. Less en- 
richment of vanadium and iron in the B-phase will 
favour a direct formation of the equilibrium s-phase 
from the [3-matrix, while the greater enrichment of 
vanadium and iron can lead to the spinodal decompo- 
sition of the metastable [3-phase, resulting in the [3-stabil- 
izer lean [3'-phase and the further enrichment of 
vanadium and iron in the p-matrix. 

2. Upon further continuous cooling, the isothermal 
co-phase can form from the spinodally decomposed 
[3'-phase. 

3. The occurrence of spinodal decomposition of the 
metastable [3-phase in this alloy may have resulted 
from the following factors: (a) sufficient enrichment of 
vanadium and iron in the metastable [3-phase; (b) slow 
cooling rate; (c) high oxygen content. 

4. An unknown phase, which is characterized by 
formation of the 1/2{1 1 2}p reflection in the SAD 
patterns taken from the [3-matrix, has also been ob- 
served. 
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