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A Ti -6AI-4V-1B-0.5Y (wt %) alloy has been prepared by consolidation of the. melt-spun 
alloy fibres. The microstructures of the melt-spun fibre and the consolidated alloy were 
examined by different techniques. It was found that in the consolidated alloy, titanium 
boride and yttrium oxide particles have a refined particle size and a uniform distribution in 
the ~( + 13) matrix compared with the microstructure of the same alloy obtained by 
conventional ingot metallurgy. The boride phase in the consolidated alloy mainly has 
a needle-shaped morphology and has been identified by electron diffraction to be 
orthorhombic TiB with a B27 structure, while the yttrium oxide has a cuboidal morphology 
and has been identified as bcc Y203. Detailed TEM examination also revealed that yttrium 
addition has a strong influence on the TiB morphology by comparing the microstructures of 
Ti-6AI-4V-1B alloys with and without yttrium addition. Under similar processing 
conditions, the TiB phase in the consolidated alloys without yttrium addition mainly has 
a nearly equiaxed morphology with a finer particle size, while the TiB phase in the 
consolidated alloy with yttrium addition will mainly have a needle-shaped morphology. This 
effect of yttrium addition on the TiB morphology has been discussed in terms of 
heterogeneous nucleation and the reduced undercooling. 

1. Introduction 
In the past few years considerable efforts have been 
made to increase the elevated-temperature strength 
and creep behaviour of titanium-base alloys beyond 
those of conventional ingot metallurgy (IM) alloys by 
controlling the dispersion of hard second-phase par- 
ticles [1]. However, in conventional IM temperature 
improvement has not been easy because of several 
difficulties, including (i) low solid solubility of disper- 
soid forming elements in titanium, (ii) heterogeneous 
distribution of dispersion, and (iii) rapid particle 
growth during the subsequent thermomechanical pro- 
cessing. On the other hand, rapid solidification (RS) 
techniques can potentially circumvent those problems. 
At high enough solidification rate the solid solubility 
of dispersoid-forming elements can be extended to 
a much higher level to produce a supersaturated solid 
solution. On annealing at suitable temperatures, the 
supersaturated solid solution can decompose to pro- 
duce very fine stable dispersoids generally with a uni- 
form distribution. Dispersoids which have been 
introduced to titanium alloy mixture are rare-earth 
(RE) elements or their oxides, sulphides, borides, 
carbides and silicides [2]. 
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Boron has very low solid solubility in titanium 
with the equilibrium solid solubility in both Qt- and 
B-titanium being less than 0.2 wt %[3] .  Addition 
of boron to titanium alloys has, therefore, been limited 
in the conventional ingot metallurgy. Rapid solidifi- 
cation of liquid titanium alloys containing boron 
at a high cooling rate allows large departures from 
equilibrium constitution and results in large exten- 
sion of the solid solubility of boron. It has been 
reported in the literature that this solubility can 
be extended beyond 10 at % [4,5]. Thus RS pro- 
cessing can offer us an effective way of producing 
titanium solid solution with supersaturated boron. 
Upon subsequent consolidation of the RS product, 
titanium borides will precipitate within the titanium 
matrix to form a uniform distribution of fine boride 
reinforcement [2]. In addition to the formation of 
fine dispersoids, addition of yttrium to titanium 
can scavenge the interstitial oxygen which is de- 
trimental to the mechanical properties such as ductil- 
ity and fracture toughness [6]. It has been re- 
ported that RS can extend the equilibrium solid 
solubility of yttrium in titanium beyond 2 wt % 
[7]. 
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In the present research programme, the melt-spin- 
ning technique is being used to investigate the micro- 
structural evolution of a rapidly solidified Ti-6 
A1-4V-1B-0.5Y alloy. The objectives of the present 
work were to establish the structural nature of the 
dispersoids (i.e. titanium boride and yttria) and to 
study the interaction between those two classes of 
dispersoids during rapid solidification and consolida- 
tion processings by comparing the microstructures of 
consolidated Ti-6A1-4V-1B alloys with and without 
yttrium addition. 

2. Experimental procedure 
The master Ti-6AI-4V alloy was supplied by the 
Defence Research Agency (UK), which contains 
6.#3 A1, 4.02 V, 0.19 Fe and 0.205 O (wt %, hereafter 
all alloy compositions are given in wt % unless other- 
wise stated). The Ti-6A1-4V-1B-0.5Y alloy was 
prepared by melting together the master alloy, TiB2 
powders (99.5% purity) and elemental yttrium 
(99.99%purity). TiBz and yttrium powders were 
wrapped in pure titanium thin foil before charging. 
Melting and melt-spinning were performed in 
a Marko's advanced melt spinner (ModeI5T) in 
a stainless steel chamber with a high vacuum/inert gas 
atmosphere. The alloy was melted in a water-cooled 
copper hearth using a non-consumable tungsten 
electrode under a high-purity argon atmosphere. The 
chemically homogeneous.melt was then delivered at 
a controlled rate to contact the circumferential surface 
of a rotating molybdenum wheel by which the melt is 
rapidly solidified as long fibres with a crescent-shaped 
cross-section, typically 100-300 lam wide and 
40-100 pm thick. Some of the melt-spun fibres were 
found to be multi-layered ones. The melt-spun fibres 
were comminuted into finer particles with particle size 
less than 200 ktm. The comminuted alloy powders 
were then filled into cylindrical titanium alloy cans 
which were baked in the temperature range 
250-300~ in vacuum (10-Storr; 1 t o r t =  133.322 
Pa) before they were sealed by electron 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 cooled to room temperature by 
furnace cooling. The HIPed  alloy was subjected to 
a further 40% reduction in cross-section by hot press- 
ing (forging) the can at 900 ~ to produce a fiat piece. 
A more detailed description of the experimental pro- 
cedure and equipment used for preparation of the 
materials under investigation in this paper has already 
been given elsewhere [8]. 

Samples for optical microscopy (OM) and scanning 
electron microscopy (SEM) were polished by a stan- 
dard metallographical technique. The polished speci- 
mens were chemically etched by using Kroll's reagent. 
Thin foils for transmission electron microscopy 
(TEM) were prepared in a "TENUPOL" unit using an 
electrolyte of 5 vol % perchloric acid in methanol. The 
polishing temperature was - 40 ~ the voltage 30 V, 
the current about 30 pA. TEM samples were also 
prepared by ion-beam thinning in a dual ion-beam 
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miller at room temperature from both preelectrolyti- 
cally polished discs and the mechanically polished 
discs. The voltage was set at 6 kV and the average 
specimen current was about 1A. The thinning angle 
was 1.2 ~ TEM observation was performed on a Jeol 
200 CX STEM under an accelerating voltage of 
200 kV. 

3. Results 
Microstructure of the alloy ingot solidified in the 
water-cooled copper hearth is presented in Fig. 1 as 
a backscattered scanning electron micrograph. The 
boride phase (black) has a needle-shaped morphology 
with an average length of about 20 pm, while the 
yttfia phase (white) has a cuboidal morphology with 
the average particle size of 2/~m. The titanium matrix 
(grey) is fully martensitic. Fig. 1 also shows that, after 
solidification ,in the water-cooled copper hearth, the 
interfaces between the particles (titanium borides and 
yttria) and the matrix have been debonded. This is due 
to the large difference of coefficients of thermal expan- 
sion (CTE) between those particles and the titanium 
matrix. 

Figure 1 SEM image (backscattered) showing the needle-shaped 
boride phase (black), cuboidal yttria particles (white) and the mar- 
tensitic matrix (grey) in Ti-6A1-4V-1B-0.5Y ingot solidified in 
a water-cooled copper hearth. 

Figure 2 SEM image (backscattered) showing the cross-section of 
a multi-layer melt-spun fibre. For  a single layer, there are two 
microstructural zones: the equiaxed dendrite zone at free side (F) 
and the columnar grain zone at wheel side (W). The coarse yttria 
particles (white) can also be seen in this micrograph. 



The cross-section of the melt-spun fibre has a two- 
zone microstructure: the columnar grain zone at the 
wheel side and the equiaxed dendrite zone at the free 
side, as shown in Fig.2 by a backscattered SEM image 
of a multi-layered fibre. This two-zone microstructure 
is typical of the all melt-spun titanium alloys contain- 
ing boron [9]. It is worth noting in Fig. 2 that some 
coarse yttria particles are present in the as-melt-spun 
fibres. Owing to their large size ( > 1 ~tm) and random 
location, it is possible that those yttria particles are 
already present in the melt before melt spinning. The 
microstructure of the longitudinal section of a coarse 
melt-spun fibre is shown in Fig. 3. It is interesting to 
note that both cuboidal yttria and needle-shaped tita- 
nium boride particles are already present in the coarse 
melt-spun fibres although their size has been reduced 
to a finer scale compared with Fig. 1. These results 
indicate that the undercooling achieved during the 
melt spinning is not enough to keep all the boron and 
yttrium atoms in solid solution. 

The general microstructure of rapidly solidified 
Ti-6A1-4V-1B-0.5 Y alloy after consolidation is pre- 
sented in Fig. 4. Both yttria and titanium boride par- 
ticles have a refined particle size and have a uniform 
distribution throughout the a( + 13) matrix. The de- 
tailed TEM examination of the consolidated material, 

Fig. 5, indicates that the boride phase has a needle- 
shaped morphology with an average length being less 
than 1 ktm, while the yttria has a cubic morphology 
with an average particle size of 50 nm. In addition, it is 
also observed that the yttria particles frequently form 
clusters in the titanium matrix, as shown in Fig. 6. 

in order to establish the nature of the yttrium oxide, 
the conventional selected-area diffraction technique 
has been proved to be unsuccessful owing to their 
small size. However, by using a focused electron probe 
on a single small particle situated at the thinned edge 
of the TEM sample, microdiffraction patterns have 
been obtained. Three such microdiffraction patterns 
from an yttria particle are presented in Fig. 7, which 
can be indexed as b c c Y203 with a lattice parameter 
of a = 1.060 nm. The majority of the boride particles 
has a needle-shaped morphology with a large aspect 
ratio. TEM observation indicates that such boride 
needles are just occasionally twinned or faulted. In 
addition, a small fraction of nearly equiaxed boride 
particles are also observed in the consolidated alloy, 
which are heavily twinned and/or faulted, as shown in 
Fig. 8. It is believed that the needle-shaped boride 
particles are formed from the liquid alloy during tile 
solidification processing, while the nearly equiaxed 

Figure 3 SEM image (backscattered) showing the longitudinal sec- 
tion of a coarse melt-spun fibre. The needle-shaped boride phase 
(black) and cuboidal yttria particles (white) are already present in 
this melt-spun fibre. 

Figure 5 Bright-field TEM image of the consolidated 
Ti-6A1-V-1B-0.5Y alloy showing the detailed morphology of 
boride and yttria particles in the titanium matrix. 

Figure 4 SEM image (secondary) of the consolidated 
Ti-6A1-4V-1B-0.5 Y alloy showing the uniform distribution of 
fine boride and yttria particles in the titanium matrix. 

Figure 6 Bright-field TEM image of the consolidated 
Ti 6A1-4V-1B-0.5 Y alloy showing a cluster of yttria particles in 
the titanium matrix. 
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Figure 8 Bright-field TEM image of a nearly equiaxed titanium 
boride particle in the consolidated Ti-6AI-4V-1B-0.5Y alloy 
showing the heavily twinned and/or faulted substructure. 

Figure 7 Microdiffraction patterns obtained from an yttria particle 
situated at the thinned edge of the TEM sample. (a) [001]r,o~; (b) 
[011]r~o,; (c) [111 ]r~o~. 
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Figure 9 Selected-area diffraction patterns obtained from a needle- 
shaped titanium boride particle, which can be indexed as ortho- 
rhombic TiB. (a) [ i  0 I]TiB, (b) [ 121 ]TiB;" (C) [-i 1 /]riB. 



Figure 9 (Continued). 

Figure 10 Bright-field image of the consolidated Ti-6AI-4V- 
1B-0.5 Y alloy showing that TiB needles are often attached to yttria 
particles at one end. 

ones with a heavily twinned a n d / o r  faulted substruc- 
ture are formed through a solid-state reaction during 
the consolidation process [10]. Both the needle- 
shaped and the nearly equiaxed boride particles are 
identified by electron diffraction as TiB phase with 
a B27 structure, as evinced by three selected-area 
diffraction patterns in Fig. 9. 

In addition, TEM examination of the consolidated 
alloy also revealed that there is a strong interaction 
between the cuboidal Y203 and needle-shaped TiB 
particles. The long TiB needles with their long axis 
being parallel to the [010]TiB direction are often at- 
tached at one end to Y203 particles. An example of 
such attachment is given in Fig. 10. This result may 
indicate that the long TiB needles are nucleated at 
the pre-existing solid Y203 particles during the solidi- 
fication processing, rather than formed through 
a solid-state reaction. 

Although the volume fraction of the [3-phase in the 
consolidated alloy is just a few per cent, the 13-grains 
are not single crystals. Fig. l l a  shows the detailed 
morphology of a ~-grain. Selected-area diffraction on 
such a 13-grain indicates that after consolidation, the 
[3-phase has decomposed into the equilibrium a-phase 

Figure 11 (a) Bright-field TEM image of a [3-grain in the con- 
solidated Ti-6A1-4V-1B-0.5Y alloy showing that the prior [3- 
phase has decomposed into a-phase after consolidation, (b) [ 111 ]~ 
zone axis pattern superimposed with three (1120)~ patterns. 

which obeys the Berger's orientation relationship. The 
obtained [111]~ pattern is presented in Fig. 11b, 
where three ( 1 1 2 0 ) =  patterns are superimposed on 
the [111]~ pattern. 

4. Discussion 
4.1. The effect of yttrium addition on the 

morphology of the TiB phase 
Previous work by the same authors on rapidly so- 
lidified Ti-6A1-4V-XB alloys [10] showed that in 
melt-spun fibres of Ti-6A1-4V-1B alloy, no TiB 
precipitates were observed, although there was 
a boron concentrated region between the equiaxed 
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Figure 12 Optical micrograph showing the uniform distribution of 
TiB particles in consolidated Ti-6A1-4V-1B alloy. 

Figure 13 Bright-field TEM image of the consolidated 
Ti-6AI-4V-1B alloy showing that the TiB phase mainly has a near- 
ly equiaxed morphology with occasional presence of TiB needles. 

dendrites and the columnar grains. In the con- 
solidated Ti-6A1-4V-1B alloy, the majority of the 
TiB phase has a nearly equiaxed morphology and is 
distributed uniformly throughout the ~( + [3) matrix, 
as shown in Fig. 12, although a small population of 
needle-shaped TiB particles are also observed (see 
Fig. 13). A comparison between microstruetures of 
Ti-6A1-4V-1B alloys with (Fig.5) and without 
(Fig. 13) yttrium addition indicates that yttrium addi- 
tion has a strong influence on the TiB morphology in 
consolidated alloys. The TiB phase in the consolidated 
alloy without yttrium addition mainly has a nearly 
equiaxed morphology with a finer particle size, while 
the TiB phase in the consolidated alloy with yttrium 
addition mainly has a needle-shaped morphology. 

The above effect of yttrium addition on the TiB 
morphology can be understood from the following 
three aspects: 

1. There are possibly solid Y203 particles in the 
melt before melt spinning (see Figs 2 and 3). The 
melting point of Y203 (Tin = 2430 ~ [1 1 ]) is higher 
than that of TiB (Tin = 2180 ~ [12]). In the present 
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investigation, the melting of Ti-6A1-4V-1B-0.5Y 
alloy was conducted in a water-cooled copper hearth, 
where a large temperature gradient exists. In regions 
near the copper hearth, the temperature of the melt 
can be much lower than the melting point of Y203. 
Thus, solid Y/O3 particles can exist in the melt. In 
addition, according to Carlson [13] the Gibbs free 
energy of formation of Y/O3 is AG~ 
- 1166.2 kJ mo1-1 at 2600 K, while from Murray's 

assessment [3], the Gibbs free energy of formation 
for TiB is AG~ = -- 70,06 kJmol -~ at the same 
temperature, which is much larger than that for 
Y203. From the above thermodynamic data it can 
be concluded that solid Y203 particles are more 
likely to be present at low-temperature regions in the 
liquid alloy prior to the formation of TiB particles 
from the melt. 

2. The solid Y203 particles in the melt can supply 
heterogeneous nucleation sites for subsequent forma- 
tion of the TiB phase from the melt before the solidifi- 
cation of the matrix alloy. This argument is supported 
by the experimental evidence in Fig. 10, where the 
needle-shaped TiB particles are often attached to the 
cuboidal Y203 particles at one end. The other indirect 
evidence for this argument is that the TiB particles in 
the consolidated alloy are mainly needles with a large 
aspect ratio and rarely twinned or faulted, which are 
indicative that those TiB needles are formed from 
liquid phase duri~g the solidification process rather 
than through a solid-state reaction [10]. 

3. The existence of solid Y203 particles in the melt 
can substantially reduce the undercooling which could 
be achieved during the melt spinning. The solid YzO3 
and TiB particles in the melt can act as heterogeneous 
nucleation sites for the prior [3-grains during the sub- 
sequent solidification process and results in a lower 
undercooling. This reduced undercooling can, in turn, 
reduce the extended solid solubility of yttrium and 
boron and consequently decreases the volume fraction 
of the TiB particles formed through a solid-state reac- 
tion in the consolidated alloys. This explains why the 
majority of TiB particles in the consolidated alloy 
have a needle-shaped morphology with a large aspect 
ratio. 

From the above discussion, it seems that addition of 
yttrium to rapidly solidified titanium alloys contain- 
ing boron is not a good practice, as long as the 
mechanical properties are concerned. On the one 
hand, yttrium addition to titanium alloys containing 
boron can scavenge the detrimental oxygen in tita- 
nium solid solution and is likely to increase the 
ductility of the alloy [6]; on the other hand, yttrium 
addition leads to the formation of large TiB needles in 
the consolidated alloy, which will definitely decrease 
the ductility of the consolidated alloy. 

4.2. The crystal structures of boride 
and yttrium oxide 

The identification of the boride phase in RS titanium- 
base alloys containing boron has not been conclu- 
sive in the literature. For example, the TiB phase 
has been reported in RS Ti-6A1-3Sn-3Zr-0.25B 



[14] and Ti-10Zr-6B (at %) alloys [15] without 
giving any detailed evidence; TiB2 was also reported 
in RS Ti-15V-3Cr-3Sn-3A1-0.1-0.2B [16] and 
Ti-25V-2Er-0.02B alloy [17]. In the present invest- 
igation of rapidly solidified Ti-6A1-4V-1B-0.5Y 
alloy, the boride phase present in the consolidated 
alloy has been uniquely identified as TiB with an 
orthorhombic (B27) structure by electron diffraction 
(see Fig. 9). The lattice parameters of the TiB phase are 
in good agreement with the experimental results of 
Decker and Kasper [18] (a = 0.612 nm, b = 0.306 nm 
and c = 0.456 nm). One possible reason for this incon- 
clusive identification is that other alloying elements 
may have a strong influence on the structure of boride. 
For instance, Hyman et al. [t9] have suggested that 
increasing aluminium content may be favourable to 
TiB2 formation. 

According to the assessed Y-O binary phase dia- 
gram by Carlson [13], there are three types of Y203 
which can exist in the nature: Type A is a high-temper- 
ature polymorph (13-Y203) and has a hexa- 
gonal structure with P3ml space group symmetry; 
Type B is a high-pressure polymorph (7-Y203) and 
has a monoclinic structure with C2/m space group 
symmetry; Type C is a low-temperature polymorph 
(cz-YzO3) and has a cubic structure with Ia3 space 
group symmetry. In previous work on rapidly solidi- 
fied Ti-A1-Y alloys [7], the second-phase particles of 
size larger than 20 nm have been identified as Y/O3 
with a b c c structure (Type C), while a fine distribu- 
tion of precipitates in the size range of 8-20 nm was 
also observed, but the nature of this phase has not 
been established, although the precipitates were found 
to be rich in yttrium. In a RS Ti-5Sn-3Y alloy, Lu et 
al. [20] reported that the dispersoids were found to be 
rich in yttrium and tin and were identified by electron 
diffraction to be YsSn 3. In the present study, all the 
yttrium oxide particles in rapidly solidified 
Ti-6A1-4V-1B-0.5Y alloy have a particle size 
greater than 20 nm and have been identified by 
electron diffraction as Y203 with a b cc structure. 
Therefore, the identification of the nature of the yt- 
trium-bearing particles in rapidly solidified titanium 
alloys has also not been conclusive. However, gener- 
ally speaking, there will be a competition between 
oxygen and other alloying elements for formation of 
compounds with yttrium. Therefore, the nature of the 
eventual compound formed as a result of this connec- 
tion will depend on the concentrations of yttrium, 
oxygen and other alloying elements and the thermo- 
dynamic conditions. Because of the large negative 
value for AG~ quoted in Section 4.1, the oxygen 
content in the alloy may become the most important 
factor which dictates this competition. The yttrium- 
bearing particles are most likely to be Y203 in alloys 
with high oxygen content, as in the present case, while 
yttrium may form an intermetallic compound with 
other alloying elements in alloys with low oxygen 
content, for instance, YsSn 3 in the case of Ti-5Sn-3Y 
alloy [20]. It is obvious that further experimental 
work is required to establish the structural nature of 
yttrium-bearing particles in rapidly solidified titanium 
alloys. 

5. Conclusions 
1. A Ti-6A1-4V-1B-0.5Y (wt%) alloy has been 

prepared by consolidation of the rapidly solidified 
alloy fibres. Microstructural examination of the con- 
solidated alloy revealed that the titanium boride and 
yttrium oxide particles have a refined particle size and 
a uniform distribution in the a( + 13) matrix compared 
with the microstructure of the same alloy obtained by 
the conventional ingot metallurgy. 

2. The boride phase in the consolidated alloy main- 
ly has a needle-shaped morphology and has been 
identified by electron diffraction as TiB with a B27 
structure, while the yttrium oxide has a cuboidal mor- 
phology and has been identified by microdiffraction to 
be bcc  Y203. 

3. Detailed TEM examination shows that yttrium 
addition has a strong influence on the TiB morpho- 
logy by comparing the microstructures of 
Ti-6A1-4V-1B alloys with and without yttrium addi- 
tion. Under similar processing conditions, the TiB 
phase in the alloy with yttrium addition mainly has 
a needle-shaped morphology with larger aspect ratio, 
while TiB particles in alloys without yttrium addition 
will mainly have a nearly equiaxed morphology. This 
effect of yttrium addition can be explained in terms 
of heterogeneous nucleation of TiB particles on the 
pre-existing solid Y203 particles and the reduced 
undercooling. 
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