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Amorphous T i -20a t  % Si alloy, prepared by rapid quenching from the molten state, was 
annealed while being subjected to a pressure of 10 GPa. X-ray diffraction investigations 
on the alloy specimens quenched to ambient conditions have shown that pressure greatly 
alters the crystallization characteristics and a body-centered cubic solid solution having 
the same composition as that of the parent amorphous matrix forms preferentially at 
temperatures in the range from 400 to 550 ~ C. The lattice constant of this supersaturated 
solid solution suggests that silicon atoms are dissolved substitutionally in the titanium 
lattice. It is not until the temperature is raised to above 550 ~ C that the amorphous 
matrix decomposes into a bcc solid solution containing less amount of silicon and a 
silicon-rich phase. Discussion is given on the mode of crystallization on the basis of the 
present results and those of previous studies and it has been shown that the crystallization 
of amorphous alloys can be classified into three types depending on pressure and 
temperature. 

1. Introduction 
The majority of amorphous alloys studied to date 
contain either a late transition metal and metalloid 
or an early transition metal and a late transition 
metal [1 ]. A novel class of amorphous alloys will 
be one containing an early transition metal and a 
metalloid. Suryanarayana et al. [2] succeeded in 
preparing binary titantium-silicon alloys in the 
amorphous state by rapid quenching from the 
liquid state by a melt-spinning technique. They 
studied by means of electron microscopy and dif- 
fraction coupled with differential thermal analysis 
the transformation behaviour of the amorphous 
phase to the equilibrium phases and found that the 
sequence in structural change in this system can be 
represented as: 

amorphous ~ amorphous' + MSI -+ MSI 

+ TisSi 3 -+ hc p -T i  + TisSi3, 

where MSI represents a bcc solid solution contain- 
ing more silicon than the equilibrium terminal 
solid solution and TisSi3 an equilibrium inter- 
mediate phase having a hexagonal D8a-type 
structure. 

Iwasaki and his collaborators showed in a series 
of papers [3-11 ] that pressure significantly affects 
the transformation behaviour of amorphous alloys 
and often leads to the formation of dense, meta- 
stable crystalline phases that are not encountered 
during transformation at ambient pressure. They 
suggested that, if properly applied, high-pressure 
annealing of amorphous alloys is a promising 
method for synthesizing new crystalline phases of 
multi-component systems [8]. 

The aim of the present study is to investigate 
how pressure affects the crystallization behaviour 
of amorphous titanium-sificon alloys. In this sys- 
tem, the eutectic point is located at the compo- 
sition of Ti-13.7% Si w and the alloys around this 
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composition are most prone to the formation of 
the amorphous phase [2]. In the present study we 
have chosen the Ti-20% Si alloy for investigation, 
which is the alloy with the highest silicon content 
for the formation of the amorphous phase and is 
expected to have larger bulk compressibility. 

2. Experimental procedures 
The Ti-20% Si alloy was prepared from the pure 
components b y a r c  melting. The amorphous alloy 
specimens were produced by quenching the 
molten alloy using a single roller melt-spinning 
technique where the alloy was levitation melted 
[12]. About 2g of the alloys was used per run and 
the roller speed was about 5000 rpm. 

The high pressure apparatus used was the same 
as that employed in a previous study [13] and 
hence will not be described here. The amorphous 
specimens were annealed at temperatures ranging 
from 350 to 750 ~ for different periods of  time 
while they were subjected to a pressure of 10 GPa. 
At the end of the annealing treatment, the a.c. 
current through the internal heater was shut off 
and the pressure was then decreased. Crystalline 
phases, formed during the high-pressure annealing 
and quenched to ambient conditions, were investi- 
gated by X-ray diffraction methods. Since the 
wavelength of commonly used radiation, CuKa, 
lay near an absorption edge of titanium, the dif- 
fraction pattern was recorded using filtered MoKa 

radiation on a flat film placed at a distance of 
70 mm from the specimen. 

Electron-probe micronalysis (using a Shimadzu 
EMX-SM) was employed to reveal the distribution 
of elements in the pressurized specimens. 

3. Experimental results 
3.1. Transformation at a pressure of 10 GPa 
Fig. 1 shows an X-ray diffraction pattern of the 
Ti-20%Si alloy in the as-melt-quenched state. 
Only diffuse haloes characteristic of the 

Figure 2 X-ray diffraction pattern of amorphous Ti-20% 
Si alloy annealed at 10 GPa and 400~ for 30 min, show- 
ing the coexistence of the bcc solid solution and the 
amorphous phase. 

amorphous state are seen. Essentially the same dif- 
fraction pattern was obtained for the alloy 
annealed at 10 GPa and 360~ for 800 min, indi- 
cating that the amorphous phase remained 
unchanged upon such low-temperature annealing. 
A change in the diffraction pattern is seen if the 
temperature of annealing is raised to 400 ~ as 
shown in Fig. 2. Although the haloes still remain, 
several weak diffraction lines appear which can be 
identified as those arising from the bcc structure. 
However, this b c c phase has significantly different 
lattice constant from that of MSI forming from 
the amorphous matrix at ambient pressure. This 
becomes more evident when the annealing tem- 
perature is further raised. Fig. 3 shows an X-ray 
diffraction pattern of the alloy annealed at 10 GPa 
and 500~ for 15min. Diffuse haloes have dis- 
appeared and diffraction lines from the bcc struc- 
ture are now clearly seen, from which the lattice 
constant is measured to be a =0.3168-+ 
0.0007 nm, considerably smaller than that of MSI, 
a = 0.32nm [2]. The lattice constant of  bcc pure 
titanium, estimated by an extrapolation to 25~ 
of the values at high temperatures using the linear 
expansion coefficient [14], is 0.3276nm. The 
smaller atomic size of silicon compared with that 

Figure 1 X-ray diffraction pattern of amorphous Ti-20% 
Si alloy in the as-melt-quenched state. Filtered MoKa 
radiation. 

Figure 3 X-ray diffraction pattern of amorphous Ti-20% 
Si alloy annealed at 10 GPa and 500~ for 15 rain, show- 
ing complete transformation into the bcc solid solution 
(SSS). 
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Figure 4 X-ray diffraction pattern of amorphous Ti-20% 
Si alloy annealed at 10GPa and 750~ for 3400rain, 
showing decomposition into depleted bcc solid solution 
and X phase. 

of titanium suggests that the bcc phase formed at 
high pressure is a substitutional solid solution of 
silicon in titanium. The MSI phase formed at 
ambient pressure is also a substitutional solid solu- 
tion, but it contains a lesser amount of silicon. As 
will be shown below, no indication of enrichment 
or depletion of a particular element is observed in 
the alloy specimen containing the high pressure 
bcc phase and, therefore, this phase with the smal- 
ler lattice constant is undoubtedly a product of 
direct transformation of the amorphous phase 

without any decomposition. It is hereafter called 
SSS (supersaturated solid solution). SSS forms in 
the compressed alloy in a wide range of tempera- 
ture, from about 400 to 550~ and it remains 
unchanged upon annealing for as long as 2000 min. 
Annealing at higher temperatures results in the 
formation of a two-phase mixture of another bcc 
phase and a complex phase, called X phase. This is 
unambiguously seen in an X-ray diffraction pat- 
tern of Ti-20%Si alloy annealed at 10GPa and 
750~ for 3400 min shown in Fig. 4. The lattice 
constant of this b c c phase, 0.3207 -+ 0.0006 nm, is 
larger than that of SSS, indicating that it contains 
a smaller amount of silicon and corresponds to 
MSI. The decrease in silicon content is due to the 
formation of the X phase, which is not identified 
but must be rich in silicon content. 

Time-temperature-transformation diagram of 
amorphous Ti-20%Si alloy at a pressure of 
10GPa has been constructed and is shown in Fig. 
5. As compared with the transformation character- 
istics of the alloy at ambient pressure [2], two 
notable differences can be observed. Firstly, the 
crystallization temperature, defined as the location 
of the boundary between the amorphous region 
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Figure 5 Time-temperature- 
transformation diagram of 
amorphous Ti-20%Si alloy on 
annealing at 10 GPa. 
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and the amorphous + SSS region in the diagram, 
is not much different from the temperature, 
430 ~ at which MSI forms at ambient pressure. 
This makes a striking contrast to the crystalliza- 
tion of amorphous Pd-20%Si [3], Fe-17% B [4] 
and Nb-19%Si [9] alloys, for which pressure 
appreciably raises the crystallization temperature. 
Secondly, formation of the hcp-titanium and 
TisSi3 phases is suppressed at high pressure. At 
ambient pressure, annealing at higher tempera- 
tures, 545~ for 60min or 700~ for 1440min, 
brings the alloy into the two-phase state of hcp-Ti 
and TisSi3 [2], while, at 10GPa, annealing at a 
temperature as high as 750~ does not lead to the 
formation of hcp-Ti (nor hcp solid solution of 
titanium and silicon). 

3.2. Distribution of constituent elements in 
the Ti-20% Si alloy 

Using the same alloy specimens as those for the 
X-ray diffraction examination, electron-probe 
microanalysis was carried out to investigate a 
change in distribution of constituent elements 
associated with the structural change. Fig. 6a is the 
scanning curves, obtained using TiKa and SiKa 
characteristic radiation, across the surface of the 
amorphous specimen before annealing. It shows 
the homogeneous distribution in the alloy, as 
expected. The scanning curves of the alloy speci- 
men annealed at 10 GPa and 400 ~ C for 30 min are 
shown in Fig. 6b. This specimen contains SSS 
embedded in the remaining amorphous matrix, but 
the curves are essentially the same in the form as 
those of the homogeneous amorphous specimen, 
indicating that there is no composition fluctuation 
even when SSS forms. Evidence of heterogeneity 
appears after the amorphous phase is transformed 
into a mixture of the bcc and X phases, as seen in 
Fig. 6c. The curves shown there were obtained 
from the alloy specimen annealed at 10 GPa and 
750~ for 3400 min and the intensity of TiKa and 
SiKa radiation, though apparently not comple- 
mentary to each other due to absorption effects, 
fluctuates from place to place appreciably. These 
observations show unequivocally that pressure sup- 
presses composition fluctuations which might 
otherwise occur in the amorphous phase and leads 
to the formation of a crystalline phase having the 
same solute content as that of the parent 
amorphous phase. It is not until the temperature is 
raised considerably that crystallization accom- 
panied by composition change takes place. 
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4. Discussion 
4.1. Effect of high pressure on the 

crystallization of amorphous alloys 
We have observed the formation of SSS or bcc- 
Ti(Si) + X depending on the annealing tempera- 
ture in the pressurized amorphous Ti-20%Si 
alloy. In previous studies [3-11],  different kinds 
of crystalline phases were observed in different 
kinds of pressurized amorphous alloys. We are now 
in a position to deduce a unified picture of the 
crystallization behaviours at high pressure. 

It is possible to classify the behaviours into 
three distinct types. One of them involves decom- 
position of amorphous phase into crystalline 
phases having different solute contents, as in 
Pd-20%Si [3], Fe-17%B [4], Fe-13%P-7%C 
[10] and Co-20%B [10] alloys. These alloys are 
decomposed into a mixture of respective mother 
metal and intermetallic compound, whose struc- 
ture is not necessarily the same as that in an 
equilibrium state at ambient pressures. This type 
of crystallization is also observed for Nb-19%Si 
alloy [9] and the present Ti-20%Si alloy when 
they are annealed at higher temperatures. In all of 
these alloys the crystallization under pressure sets 
in at temperatures higher than those at ambient 
pressure. The second type involves the formation 
of ordered crystalline phases such as the A15 
phase in Nb-19%Si [9] and Nb-23.7% Si [8, 11] 
alloys, the DO e phase in Fe-20%B alloy [10]. 
These crystalline phases are almost homogeneous 
in the respective alloys, i.e. exist in a single-phased 
state, and therefore each has a composition not 
different from that of the parent amorphous 
phase. The third type involves the formation of a 
single-phased solid solution having no long-range 
order in atomic arrangements. This type of crystal- 
lization is found in the present Ti-20%Si alloy 
(formation of SSS). If the magnitude of pressure 
is greatly increased by using a shock compression 
technique, the second type of crystallization pre- 
ferentially occurs in the alloy for which the first 
type of crystallization has been observed. This is 
the case with Co-20% B alloy (formation of the 
DOH phase) [10]. Switching of the type also 
occurs in Nb-22% Si alloy [6] and shock compres- 
sion induces a transformation of amorphous phase 
into a supersaturated fcc solid solution. Fig. 7 
schematically depicts the three types of crystalliz- 
ation in anrorphous alloys. 

What are the factors which control the type of 
crystallization? The first type occurs when the 



Figure 6 Electron-probe scanning curve of Ti-20% Si alloy recorded using TiKa and SiKa radiation. (a) in the as-melt- 
quenched state, (b) after annealing at 10 GPa and 400~ for 30 rain and (c) after annealing at 10 GPa and 750~ for 
3400 min. 
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Figure 7 Pictures illustrating the 
three types of crystallization of 
amorphous alloys under high 
pressure. Le f t ,  amorphous 
phase. Right; top, decompo- 
sition into a mixture of phases, 
middle, transformation into an 
intermetallic compound, 
bottom, transformation into a 
supersaturated solid solution. 

reduction of alloy volume is relatively small and/or 
the temperature of annealing is high. The compres- 
sibility data of the above mentioned alloys are not 
available, but it is not unreasonable to assume that 
the alloys based on iron, cobalt and palladium are 
less compressible whereas those based on titanium 
and niobium are compressible. The compressibili- 
ties reported for the elemental materials here con- 
cerned [15] lend support to the assumption, 
except for niobium. The crystallization of the first 
type is essentially the same as the crystallization of 
amorphous alloys at ambient pressure. Since 
atomic diffusion is involved in this transformation, 
reduction of volume results in an increase in the 
height of potential barrier across which atoms 
move and hence the crystallization temperature is 

shifted towards higher temperature with the appli- 
cation of pressure. Even if the reduction of volume 
is large, the decomposition type (first type) 
crystallization can occur at temperatures high 
enough to allow diffusion of atoms, as observed on 
high temperature annealing of the compressed 
Nb-19% Si and Ti-20% Si alloys. When the reduc- 
tion of volume becomes large while the tempera- 
ture of annealing is kept to be low, crystallization 
of the second or third type (non-decomposition 
type) occurs, in which diffusion of atoms over 
long distance is not involved and the amorphous 
phase yields to compressive forces by forming 
periodic dense-packed structure with minimum 
rearrangement of atoms. This type of crystalliza- 
tion has some resemblance to the pressure-induced 
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crystallization of amorphous elemental materials 
such as silicon, germanium, arsenic, etci  The 
crystallization temperature is hardly affected by 
the application of pressure and in some cases the 
transformation into the crystalline state starts at 
temperatures lower than the crystallization tem- 
perature observed at ambient pressure [6]. Which 
kind of crystalline phase, intermetallic compound 
or supersaturated solid solution, compressed 
amorphous phase prefers is dependent on the alloy 
composition as well as on the factors such as 
atomic size ratio, electronegativity difference 
between component atoms, etc. Pressure can also 
have an influence and the solid solution is formed 
under heavier compression, as observed for 
Nb-22% Si alloy. 

Titanium metal has two modifications at 
ambient pressure: the bcc form is stable at tem- 
peratures higher than 880~ and the hcp  form at 
temperatures below. The structural change from 
MSI having the bcc structure into the terminal 
solid solution having hcp  structure observed upon 
prolonged annealing (at 545~ or 700~  the 
amorphous Ti-20%Si alloy at this pressure is 
understood in terms of the approach to a more 
stable state. The results of the present study show 
that pressure prevents transformation of  the bcc 
structure formed from the amorphous matrix into 
the hcp  form even at a temperature as high as 
750 ~ This is presumably due to an increased 
stability of the bcc structure compared with the 
hcp structure at high pressure. Crystallographic 
data of titanium metal shows that the axial ratio 
c/a of the hcp  form deviates considerably from 
the ideal value 1.633 and the density increases by 
2.84% upon transformation from the hcp form to 
the bcc form [16]. The fact that the application 
of pres'sure shifts the transition temperature 
between the hcp and bcc forms towards lower 
temperatures [17] is a natural result of this 
increase. If the same situation holds for the Ti-Si  
solid solution, the bcc form is more stable than 
the hcp form under pressure. 

4.2. Calculation of the lattice constant of 
SSS on the basis of a pair-potential 
model 

We have obtained the value 0.3168nm as the 
lattice constant of SSS, the bcc Ti-20%Si solid 
solution. The maximum solid solubility of silicon 
in bcc titanium at ambient pressure was reported 
to be 5% [18], but there are no lattice constant 

data for t h e  bcc  Ti-Si solid solution. As men- 
tioned above, SSS is of the substitutional type and 
a Vegard's law calculated using the atomic 
diameter for CN= 8 of 0.2535 nm for silicon [19] 
yields a = 0.3209nm for Ti-20%Si alloy, con- 
siderably larger than the observed value. An 
attempt is made here to calculate the lattice con- 
stant employing a more realistic model of solid 
solution. Machlin [20] proposed a pair potential 
model in order to predict the lattice constant of 
substitutional solid solution. In this model, total 
energy of the solid solution is given as a sum of 
pairwise interactions between constituent atoms 
and an equilibrium lattice constant is obtained by 
minimizing the total energy. Due account is taken 
for electron transfer between atoms having differ- 
ent electronegativity. Parameters required for the 
calculation are the atomic diameter of titanium 
and silicon for CN= 8, their electronegativity, 
screening constant and bulk cohesive energy of 
titanium and silicon in the bcc  form. The values 
used are taken from Machlin's paper [19, 21] and 
listed below. 

Ti Si 

atomic diameter (nm) 0.284 0.2535 
electronegativit y 1.4 1.9 
screening constant 0.5 0.25 
cohesive energy (kJ tool -1) 471.5 426.3 

The constant a included in the formula defining 
the effective atomic diameter is put to be 0.75, 
following the suggestion given by Machlin. The 
pair potential model then yields a value of 
0.3188nm for the lattice constant of the bcc T i -  
20%Si solid solution (SSS). An improvement is 
achieved, showing that the model can be used 
extensively to predict the lattice constant of super- 
saturated solid solutions to be produced by the 
high-pressure annealing of amorphous specimens in 
other alloy systems. 
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