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The structure of mechanically alloyed (MA)Ti-Si powders has been investigated by means of 
X-ray diffraction radial distribution functions analysis and computer-generated quasi-crystalline 
models. It was established that the investigated samples with compositions Ti33Si67 and Ti42Si58 
consist of an amorphous matrix, with chemical short-range order (SRO) similar to that of the TiSi 
phase, in which crystallites of the Ti5Si3 and Ti5Si4 phases are embedded. For the composition 
Ti44Si56, the SRO resembles the structural arrangement in the TisSi3 phase. An attempt has been 
made to explain these results using the formation enthalpies of the amorphous and the crystalline 
phases formed in earlier stages of MA. The TisSi4 and TisSi3 phases have a much lower formation 
enthalpy than the other Ti-Si phases. That is why the amount of mechanical energy imparted 
during MA is not sufficient completely to drive the amorphization in these two phases. 

1. Introduction 
The preparation of amorphous alloys by mechanical 
alloying (MA) is attracting growing attention, from 
both the scientific and technological points of view. It 
represents a high-energy ball-milling technique and 
has been applied initially for the production of oxide 
dispersion-strengthened alloys, corrosion-resistive 
alloys and alloys of otherwise immiscible components 
[1, 2]. 

More recently it has been shown that this process 
could also lead to amorphous metallic alloy formation 
[3, 4]. In the comprehensive studies of Schwarz et al. 
[5] on the Ti-Ni system and Schultz and Hellstern 
[6, 7] on the Zr-TM systems, where TM is a last 
transition metal in the fourth period of Mendeleev's 
table, it was found that this process proceeds via the 
formation of composite powder particles consisting of 
alternate layers of the starting constituents. Amorph- 
ization was explained by a diffusion-controlled solid- 
state chemical reaction initiated at the interfaces of 
these elemental layers. Two prerequisites should be 
fulfilled for that purpose: 

(i) a large negative enthalpy of mixing of the 
alloying elements; 

(ii) one of the alloying elements should be a fast 
diffuser in the other. 
The first prerequisite ensures the thermodynamic driv- 
ing force of the reaction, while the second one is 
crucial for the amorphization. 

However, this type of amorphization has been 
reported recently for systems possessing a positive 
enthalpy of mixing such as Cu-Ta I-8], Cu-V [9] 
and Cu-Cr [10], as well as for the V-Zr system, 
where there is no fast diffusion [11]. 
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Another kind of amorphization by MA is observed 
in systems in which crystalline intermetallic com- 
pounds are formed initially, which in turn transform 
to the amorphous state on continued milling. This 
transformation can be attributed to the accumulation 
of point defects which raise the free energy of the 
crystalline phases above that of their amorphous 
counterparts [12]. 

The Ti Si system is interesting because of its poten- 
tial technological applications. Crystalline titanium 
silicides are known as corrosion-resistive compounds 
[13]. TiSi2, with C54 type structure, is an excellent 
candidate for application in integrated circuit inter- 
connection schemes [14]. Silicon- and titanium-con- 
taining compounds were widely used in catalysis [15]. 
Obviously it is also interesting to obtain and investi- 
gate amorphous titanium silicides. 

Polk et al. [16] have reported the formation of 
amorphous TisoSi2o, by rapid quenching from the 
liquid state. By this method amorphous alloys can be 
obtained in a narrow range located in the vicinity of 
deep eutectic lines. More recently, amorphous Ti-Si 
thin film alloys, produced in a wider concentration 
range by annealing of multilayers [17] or by co- 
sputtering [18], have been investigated. 

As it will be shown below, the Ti-Si system has 
a strong negative enthalpy of formation in the 
amorphous state. On the other hand, a high diffusion 
constant with a value of 3.31 x 10 -15 cm2s -1 has 
been derived [17] for the diffusion of silicon in tita- 
nium in thin-film multilayers upon 400 ~ annealing. 
These facts suggest that amorphization by MA can be 
expected for this system. 

MA in the Ti-Si system was reported for the first 
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time by Veltl et al. [19], and more recently by 
Parlapanski et al. [20], and Calka et al. [21]. A differ- 
ent evolution ))f the structure of the Ti-Si powders 
during milling was observed by Veltl et al. [19] and 
Parlapanski et al. [20]. Parlapanski et al. [20] re- 
ported the formation oT crystalline titanium silicides 
after 4 h milling, which are later transformed into an 
amorphous state, while Veltl et al. [19] observed 
a continuous decrease of the intensities of the Bragg 
peaks of the elemental powders until a broad amorph- 
ous maximum appeared. The differences between 
these two studies can be attributed to the different 
ball-milling equipment used. Veltl et al. [19] used 
a planetary ball mill, while Parlapanski et al. [20] 
used a vibro mill and a much larger ball-to-powder 
weight ratio. In the study Of Calka et al. [21], the 
process was conducted in a planar cell, with a control- 
led ball movement. They investigated two different 
compositions: TisSi3 and TiSi2. Complete amorphi- 
zation after 180h milling was observed in the first 
case, while in the second case, amorphization did not 
occur even after 500 h milling. 

One essential feature of the MA in the Ti-Si system 
reported by both Veltl et al. [19] and Parlapanski 
et al. [20], is that after the amorphous structure has 
been formed, further milling causes some changes in 
the X-ray diffraction patterns. They can be interpreted 
as a partial crystallization [19], or a decomposition to 
different amorphous phases, some of them exhibiting 
an increased degree of ordering [20]. However, after 
additional milling up to 45h [19] and 36h [20], 
complete amorphization again takes place. 

Because there have been no systematic structural 
investigations of MA Ti-Si amorphous alloys, we 
have carried out X-ray radial distribution function 
analysis of Ti-Si alloys, obtained by MA from pure 
elemental powders. The results are reported here. 

2. Experimental procedure 
2.1. Sample preparation 
The blends of silicon powder with particle size less 
than 320 ~tm, and 1-2 mm coarse titanium flakes, were 
milled in a vibro-mill with a hardened steel vial and 
WC-Co doped milling tools under an argon atmo- 
sphere. The vial was charged with titanium and silicon 
powders in appropriate weight proportions, filled with 
argon via an argon flux, and sealed with silicate plas- 
ter. The weight ratio of the milling tools to the powder 
was 70:1, due to the high density of the WC. The vial 
vibrated during the milling with an amplitude of 
2.5 cm. The milling process was in intervals of 12 h 
milling and 12 h rest. In order to reduce the adherence 
of the powder to the surfaces of the vial and balls, the 
vial was rotated at 3 h intervals. No outer cooling was 
supplied. Only powders free from sticking" and ag- 
glomeration were used for structural characterization. 
In an effort to obtain more homogeneous samples, 
suitable for X-ray diffraction measurement, we ex- 
tended the milling up to 60h only for samples 
TisoSiso, Ti55Si55 and Ti6oSi4o, reported elsewhere 
[20], because beyond this region strong impurities of 
WC have been observed [20]. 

The compositions of the final MA products were 
analysed using a Philips 513 SEM with EDAX X-ray 
dispersive analyser (Table I). The samples Ti33Si67, 
Ti42Siss and Ti,~4Si56 are denoted in the text TS1, TS2 
and TS3, respectively. 

2.2. X-ray da ta  col lec t ion  
The X-ray diffraction experiments were performed 
using zirconium-filtered MoK= radiation on a DRON 
3M powder diffractometer with 1~ ' Soller slits in the 
incident and diffracted beams, a divergence slit of 1 ~ 
and a receiving slit of 0.15 ~ A scintillation counter and 
a pulse-height discriminator were used. The powdered 
samples were pressed in a plexiglass sample holder. All 
measurements were made in reflection geometry, in 
the angular range 10 ~ ~< 20 ~< 130 ~ corresponding to 
a Q range from 0.17-16 A -1, where Q = 4r~sin0/)~ is 
the scattering vector, 20 is the scattering angle and L is 
the length of the radiation used. The spectrum was 
scanned with a constant step 0.25 ~ 20 for 
10 ~ < 20 < 35 ~ and 0.5 ~ 20 for 20 > 35 ~ The inten- 
sities were measured five times using a fixed time per 
step (10 s) and the results were averaged. 

2.3. X-ray data reduction and calculation 
of the radial distribution functions 

The raw experimental data were corrected for counter 
deadtime, background and substrate scattering, polar- 
ization and absorption in the sample in the usual way 
[22]. The corrected intensity is converted into elec- 
tronic units, by both the Krogh-Moe [23] and the 
high-angle methods. 

The coherently scattered intensity per atom, Icoh(Q), 
is obtained from 

Icoh(Q)  = ~ I c o r ( Q ) -  [A(Q)incolalincoh(Q) 

+ A(Q)sAIsA(Q)]/A(Q)coh (1) 

where A(Q) is the absorption correction. The sub- 
scripts coh, incoh, and SA denote coherent, incoherent 
and small-angle scattering, respectively. The incoher- 
ent scattering was calculated from published regres- 
sion coefficients [24], taking into account the 
Breit-Dirac recoil factor. 

T A B L E  I C o m p o s i t i o n  of mechanica l ly  a l loyed Ti -S i  powders  

Sample  Element  Star t ing blends  Final  al loys 

(wt %) (at %) Measured  (at%) 

TS1 Ti 50 37 33.37 
Si 50 63 66.00 
Fe - - 0.23 

W 

TS2 Ti 55 42 41.55 
Si 45 58 57.87 

Fe - - 0.41 
W - - 0.17 

TS3 Ti 60 47 44.38 
Si 40 53 55.38 
Fe - - 0.24 

W - - 
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According to the Faber-Ziman definition, the total 
structure factor, S(Q) is related to Iooh by 

S(Q) = [Icoh(Q)- ( ( f 2 )  _ ( f ) 2 ) ] / ( f ) 2  (2) 

where ( f )  and ( f 2 )  are the mean and the mean 
square scattering factors which were calculated from 
analytical expressions [25] and corrected for anomal- 
ous dispersion [26]. 

The reduced radial distribution function, G(r), was 
calculated according to 

f0 max G(r) = 2~re  Q [ S ( Q ) -  1]M(Q)sin(Qr)dr (3) 

where M(Q) is a modification function of the form 
M(Q) = sin(o~Q)/(~Q) [27], where the values of ~ were 
chosen according to the condition M(Qmax) = 0.01. 

Finally, the G(r) functions were corrected by the 
method proposed by Kaplow et al. [28]. The com- 
puter program used was written by one of the authors 
[29]. 

3. R e s u l t s  
3.1. X-ray d i f f rac t ion  pa t t e rns  
Fig. 1 shows the X-ray diffraction patterns of the 
investigated samples in the angular range from 10 ~ 20 
to 35 ~ 20. A strong first diffraction maximum at about 
i7 ~ 20, a second maximum at about 22 ~ 20 and several 
very weak, broad and overlapping peaks up to 35 ~ 20, 
are observed. Closer examination shows that the first 
diffraction maximum of samples TS2 and TS3 is split 
into more than one peak. 

Several points can be inferred from these X-ray 
diffraction patterns. 

(i) New phases have been formed after 60 h milling 
time in comparison with the X-ray diffraction patterns 
of the starting blends (Fig. 1). 

(ii) Evidently, there is no complete amorphization, 
in spite of the prolonged milling time. The peaks 
observed, can be explained by the formation of stable 
intermetallic alloys. According to the Ti-Si phase dia- 
gram, given by Barabash and Koval [30], the follow- 
ing Ti-Si phases can be present at room temperature: 
TiSi, Ti3Si, TisSi3, TisSi4 and TiSi2. The TiSi phase 
exists in three modifications - an orthorhombic one 
with a space group (SG) C m m m  [31], a second one 
with FeB-type structure and a SG P n ma  [32-34], 
and a third one with a SG Prom2 [35]. Only one 
phase, TiaSi, exists with a Ti3P-type structure and 
a SG P41 2n [36, 37]. The TisSi 3 phase also exists 
only in one modification with a MnsSi3-type structure 
and a SG P63/mcm [32, 37, 38]. The TisSi4 phase 
exists in two modifications - Ti5Si4-type modification 
with a SG P n m a [39] and a second modification with 
ZrsSi4-type structure and a SG P41 21 2 [37, 40]. The 
TiSi2 phase also exists in two modifications ~ the first 
one with a TiSi2-type structure and a SG F d d d [37, 
41, 42], and a second one with a ZrSiz-type structure 
and a SG C m c m [33, 43]. 

A comparison of the XRD patterns of the titanium 
silicides mentioned above and the experimentally ob- 
served residual diffraction peaks, was made. The resid- 
ual peaks in the TS1 sample best resemble the TisSi3 
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Figure 1 X-ray diffraction patterns of Ti-Si MA samples Ti33Si67 , 
Ti,~zSiss, Ti,,4Si56 and a starting blend with weight ratio Ti:Si = 1:1 
(MoK~ radiation). 

phase, while those in the TS2 and the TS3 samples 
have been identified as belonging to the TisSia and 
TisSi 4 phases. Traces of TiSi 2 are also possible. 

(iii) The phases obtained by MA, therefore, may be 
either microcrystalline intermetallic compounds, or 
a mixture of amorphous and intermetallic phases. 

In order to examine further these structural possi- 
bilities, we have plotted in Fig. 2 the coherently scat- 
tered intensities in absolute units in the whole angular 
range 0 ~< Q ~< 16 A-  1. The coherent intensity curves, 
Icoh(Q), consist of a part slowly oscillating around 
( f 2 )  on which more or less narrow peaks with de- 
creasing intensities are superimposed. Evidently, the 
general behaviour of the curves is characteristic for an 
amorphous phase. However, the number and the full 
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width at half maximum (FWHM) of the peaks suggest 
a larger crystalline order than could be expected for 
a purely amorphous state. Therefore, it may be 
assumed that the MA powders investigated represent 
an amorphous matrix in which are embedded micro- 
crystals of certain intermetallic phases~ However, at 
this point it is difficult to determine the exact 
volume fraction of the microcrystalline phases. 

3.2. Radial distribution f u n c t i o n s  
The reduced radial distribution functions, G(r), are 
given in Fig. 3. The insets show the corresponding 
total pair distribution function TPF(r) 

TPF(r) = 1 + G(r)/2rC2por (4) 

where Po is the mean atomic number density. 
The corresponding total radial distribution func- 

tions, RDF(r)= 4r~rZp0 + rG(r), are given in Fig. 4. 
The positions of the first several peaks of the G(r) 
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Figure 2 Normalized coherently scattered intensity curves: (a) Figure 3 Reduced radial distribution functions G(r) and the corres- 
Ti3aSi67, (b) Ti42Si58, (c) Ti44Si56. (---) Independent scattering ponding total pair correlation functions TPF(r): (a) Ti33Si6v, (b) 
(f2). Ti,,2Siss, (c) Ti,,,,Sis6. 
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Figure 3 (continued) 

functions along with the first coordination numbers, 
N1, and the corresponding correlation lengths, Lc, are 
given in Table [I. The coordination numbers, N1, are 
obtained by integrating the first maximum of the 
RDF(r) to the position of the first minimum in RDF(r). 
The correlation lengths Lc were deduced from the 
corresponding TPF(r) functions using Masumoto 
et al.'s criterion [44] according to which, for r >/L~, 
the TPF(r) function should fulfill_the condition 
1-g~<TPF(r)~< 1 +a ,  wi the=0 .1 .  

The splitting of the second peak of the G(r) func- 
tions in samples TS1 and TS2 and the positions of the 
two shoulders, scaled to the first peak position - rl/r2 
and rl/r2a (see Table II) are characteristic for 
transition metal-metalloid alloys [45]. The number of 
the first nearest neighbours, N~, is similar to that of 
amorphous Pd8oSi2o alloy, prepared by melt spinning 
[45]. The general form of the TPF(r) function also 
confirms the amorphous nature of the investigated 
MA samples. The comparison of the form of the RDFs 
(Fig. 4) and the interatomic distances given in Table II 
shows that samples TS1 and TS2 have, in contrast 
with sample TS3, similar local structure. 

However, the observed high correlation lengths, L~, 
and degree of crystallinity ~ = L Jr1 [45] indicate that 
either there are microcrystals embedded in the 
amorphous matrix, as previously suggested, or the 
amorphous matrix exhibits larger intermediate range 
order. 
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Figure 4 Total radial distribution functions RDF(r), 1, Ti33Si67; 2, 
Ti42Siss; 3, Ti44Sis6. 

3.3. Quasi-crystalline radial distribution 
functions 

In order to study further the structural state of the MA 
samples investigated, we have calculated total RDF(r) 
functions from quasi-crystalline models (QCM), based 
on the structure of different Ti-Si intermetallic com- 
pounds. The method of Taylor [46] has been used. 
The quasi-crystalline radial distribution functions 
(QCM RDF) have been calculated as a Fourier trans- 
formation of the corresponding quasi-crystalline 
model intensity functions, defined by 

IQcM(Q) = ~ ~ fi(Q)fj(Q) exp( - buQ 2) sinQru/Qr q 
i j 

4- /SA(Q) (5) 

with 

bij = (Bi + Bj)/8~ z + (ru/krr 2 (6) 

T A B L E  II Selected results from the XRD RDF analysis 

Sample N1 Lc (nm) r I (nm) rb/rl 

~a j = 2  2a -3 4 5 6 7 

TS1 11.5 4- 1.0 2.2 4- 0 . I  0.275 4- 0.002 8.0 1.73 
TS2 10.0 4- 0.5 1.8 4- 0.1 0.275 4- 0.002 6.5 1.73 
TS3 10.2 + 0.5 2.1 + 0.1 0.286 4- 0.002 7.7 1.73 

2.07 2.52 2.82 3.34 3.60 4.13 
2.00 2.44 2.72 3.27 3.60 4.10 
- 2.36 2.62 2.80 3.17 3.79 

a~ = Lc / r l  [45] 
b j  is the consecutive number  of the peaks in the corresponding G(r) functions. 
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Figure 5 Quasi-crystalline total radial distribution functions QCM 
RDF(r): 1, TiSi (SG Pnma); 2, TiSi (SG Pmm2; 3, TiSi2 (SG 
Fddd); 4, TiSia (SG Cmcm); 5, TisSi 4 (SG P422); 6, TisSi 3 (SG 
P63/m c m) 

where Bi and Bj are the isotropic temperature factors 
of the corresponding atoms, k is an adjustable con- 
stant and rc is the radius of the cluster used. The value 
of k has been taken equal to 5. The calculated 
QCM RDF functions are given in Fig. 5 and the first 
nearest-neighbour distances and the corresponding 
coordination numbers in some Ti-Si intermetallic 
compounds, are shown in Table III. 

A comparison of the QCM RDF(r) and the experi- 
mental RDF indicates that the position of the RDF(r) 
peaks below 0.6nm in samples TS1 and TS2 re- 
sembles best the short-range order in the TiSi phase 
with FeB-type structure. On the contrary, the experi- 
mental radial distribution function of sample TS3 is 
very close to the QCM RDF of the TisSi3 phase. 

A systematic pair correlations assignment of the 
peaks of the experimental RDF(r) will be published in 
the future. However, even now the interatomic distan- 
ces, given in Table III, show that the first peak of 
RDF(r) is composed simultaneously of nearest-neigh- 
bout atom pairs Ti-Ti, Ti-Si and Si Si. 

4. Discussion 
The main question remaining open from the technolo- 
gical point of view is why milling up to 60 h cannot 
produce purely amorphous state for the particular 
system investigated. The answer could be sought in 
the kinetics of phase formation in earlier milling 
stages. The peaks observed in the XRD pattern of the 
Ti42Si58 sample after 4h milling time [20] can be 
identified as belonging to the TiSi, TiSi2, TisSi3 and 
the TisSi4 phases. This suggests that solid-state chem- 
ical reactions have occurred and that they lead to the 
formation of crystalline phases existing in the phase 
diagram. Any defect in the crystal lattice produced by 
further milling would raise their free energy. If the free 
energy of the distorted crystalline phase becomes 
higher than the free energy expected for its amorphous 
counterpart, the phase should make a transition to the 
amorphous state. This amorphization mechanism has 
been proposed and discussed by Schwarz and Koch 
[12]. The X-ray diffraction results presented here indi- 
cate that such a transition to the amorphous state is 
obviously not accomplished. 

To understand this event, the formation enthalpies 
of the different phases produced by MA should be 

TAB L E I I I Interatomic distances and coordination numbers (CN) found in intermetallic Ti Si compounds 

Phase Space Reference Interatomic distances 
group 

Ti-Si Si-Si Ti-Ti 

R (nm) CN R (nm) CN R (nm) CN 

TiSi P n m a [32-34] 0.2604).271 7 0.221 2 
TiSi P m m 2 [35] 0.230-0.281 6 0.275-0.291 - 
TiSiz F d d d [37, 41] 0.254 4 0.254-0.275 5 

[42] 
TiSi2 C m c m E33, 42] 0.275q).337 10 0.255 2-4 
Ti s Si4 P 41 2 a 2 [37, 40] 0.260-0.307 6 0.247 
TisSi3 P63/m e m [32, 37] 0.2544).280 5-6 0.305 

[38] 

0.322-0.349 8 
0.307-0.361 8 
0.319 4 

0.36(M).362 
0.302-0.382 
0.310-0.317 

4 
7-9 
6-7 
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Figure 6 Formation enthalpy diagram: ( amorphous Ti-Si 
alloy; ( - - - )  crystalline Ti-Si intermetallic compounds; ( . . . )  mech- 
anical mixture of elemental titanium and silicon. 

taken into account. Fig. 6 is a formation enthalpy 
diagram of the Ti-Si system. The dashed lines indicate 
the formation enthalpy levels of the stable crystalline 
titanium silicides. The enthalpies of formation of the 
phases TiSi, TiSi2 and TisSia have been taken from 
the literature [47]. Taking into account the similarity 
in the melting points of TisSi4 and TisSi3 [13, p. 50] it 
can be expected that the Ti5Si4 phase would have 
AH f~ close to that of the TisSi3 phase. The solid line 
represents the formation enthalpy of the amorphous 
phase as a function of the composition, calculated 
following the method proposed by Loeff et  al. [48]. 
The dotted line gives the formation enthalpy of a mix- 
ture of elemental titanium and silicon. It is seen that 
the phase TisSi3 has a strong negative enthalpy of 
formation of about - 145 kcal mol-1, while the other 
two phases TiSi and TiSi2 have AH f~ of about 
- 40 kcal tool- 1 

Let us now consider the behaviour of these phases 
in the light of this formation enthalpy diagram. It can 
be seen that an increase in the free energy of the TiSi 
and TiSi/ phases, associated with an increase in the 
AH f~ term, of about 30-35 kcal tool-1 would be suffi- 
cient for triggering the transition to the amorphous 
state, but such an increase in AH f~ would be insuffi- 
cient for the TisSi3 and TisSi4 phases: an increase of 
more than 135 kcal mo1-1 would be needed for their 
amorphization. However, such a large increase of 
AH f~ during MA under our experimental conditions 
is highly inconceivable, because an increase in AH f~ of 
more than 40-50 kcal mo1-1 would result in a de- 
composition of the TiSi and TiSi2 phases to elemental 
titanium and silicon. Such a decomposition has been 
reported and explained in the same way for binary 

lanthanum-based alloys [49], but it was not observed 
in our XRD study. Thus, it can be concluded that MA 
in our milling equipment raises the free energy of the 
titanium silicides, with no more than a 30-40 k c a l  
mol-1 increase in the enthalpy term. Therefore, com- 
plete amorphization should not be expected for the 
TisSi3 and TisSi4 phases. This explains quite well the 
presence of residual XRD peaks of these phases. Evi- 
dently, the change in the XRD patterns after 12h 
milling, observed by Parlapanski et al. [20] can be 
connected with amorphization of the TiSi and TiSi2 
phases, which have considerably higher AH f~ and 
only a broadening of the peaks of the TisSi3 and 
TisSi4. This mechanism.of amorphization during MA 
suggests that the local order of the amorphous matrix 
must resemble the chemical short-range order of the 
TiSi and TiSi2 phases which is observed, at least for 
the TS1 and TS2 samples, when comparing the QCM 
RDF(r) and the experimental RDF(r). The fact that 
the short-range order in sample TS3 resembles that of 
TisSi3 requires additional investigation. At this point 
it is worth rementioning the study of Calka et al. [21], 
who were able to obtain amorphous TisSi3 after 180 h 
milling. Obviously their milling equipment was able to 
impart the increase in AH f~ required to produce 
amorphization of this phase. 

5. Conclusions 
Ti-Si alloys were prepared by mechanical alloying 
(MA) of elemental titanium and silicon powders in 
a vibro mill, with 60 h milling time. X-ray diffraction 
RDF analysis of the structure of Ti33Si67, Ti4zSiss 
and Ti44Si56-alloys has been carried out. The follow- 
ing results were established. 

1. The X-ray diffraction patterns, and the corres- 
ponding RDF(r) indicate the presence of an amorph- 
ous structure, with some regions exhibiting larger 
local ordering, which may be attributed to the exist- 
ence of TisSi3 and/or TisSi4 crystallites. 

2. The partially crystalline nature of the investig- 
ated samples is confirmed by the large correlation 
lengths (Lc ~ 2 nm) and the high degree of crystal- 
linity ({ ~ 7) observed. 

3. The short-range order (SRO) in the Ti33Si66 and 
Ti42Siss samples resembles that in the TiSi intermetal- 
lic compound with FeB-type structure, while the SRO 
in the Ti44Si56 sample is similar to that of the TisSi3 
phase. 

4. This amorphous-crystalline nature can be ex- 
plained by the vastly different formation enthalpies of 
the crystalline TiSi, TiSi/, TisSi3 and TisSi4 phases, 
which are formed in earlier stages of MA. It may be 
suggested that during the 60 h MA of the Ti-Si system 
under our experimental conditions, amorphization oc- 
curs predominantly of the TiSi and TiSi2 phases, and 
only disordering is seen of the TisSi3 and TisSi4 
phases, which have strongly negative enthalpies of 
formation. 
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