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SAXS study on crystallization of an 
amorphous PdTeAu6Si 8 alloy 
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Japan 

The crystallization behaviour of an amorphous Pd76Au6Si18 alloy has been investigated 
mainly by means of small angle X-ray scattering measurements. The amorphous alloy 
crystallized to form MS-i phase with composition PdTsAu22 in the amorphous matrix, 
which later crystallized as MS-I I. The crystallization kinetics of MS-I phase were 
analysed in the framework of conventional nucleation theory. It was suggested that the 
considerable number of nuclei of MS-I phase had been already formed in the as-quenched 
specimen and the remaining nucleation attained within the short period of isothermal 
ageing. The remarkable increase of the scattering intensity corresponded to the growth 
of MS-I phase, the kinetics of which were found to be controlled by the diffusion mech- 
anism. The interdiffusion constant was obtained from D = 6.0 x 10 is exp (-- 420 kJ 
mol-1/R7 ") m 2 sec -1 , which agreed fairly with the reported values. 

1. Introduction 
Amorphous Pd-Si alloy has become one of the 
well known amorphous materials since the report 
by Duwez et aL [1]. The amorphous alloy can be 
prepared by rapidly quenching in the concentra- 
tion range from 16 to 22at% silicon [2]. The 
study of the crystallization reactions has been 
performed by many authors [3-8]. Masumoto 
et al. [3] reported that the metastable crystalline 
phase with fcc structure, which is called MS-I, 
appeared firstly in the amorphous phase by the 
heat treatment at relatively high temperature 
and consequently the second metastable phase 
called MS-II with orthorhombic symmetry 
crystallized. Recently other phases, such as 
PdgSi2, PdsSi and Pd3Si, have been reported to 
crystallize from the amorphous phase [5, 6, 9]. 
There are several studies on the crystallization 
of ternary Pd-Si amorphous alloys with copper 
[10-12], silver [10, 13], gold [10, 14], iron [15, 
16], nickel [17] and antimony [18]. 

Among these investigations, the kinetics of 
crystallization have been mainly analysed in terms 
of Johnson-Mehl-Avrami's equation from the 
change of physical properties. However, the 
kinetics exponents obtained experimentally seem 

to vary among authors, depending on the alloy 
system and its thermal history [8, 11, 13, 14]. 
Chou and Turnbull [14] obtained the following 
results in the Pd-Au-Si  ternary system. The 
Pd74AusSils amorphous alloy phase-separated 
initially to two supercooled liquids above the 
glass transition temperature (Tg), each of which 
later crystallized in turn. On the other hand, 
the PdsoAua.sSi16.s amorphous alloy phase- 
separated to form a fcc  phase dispersed in 
the amorphous phase, which later crystallized. 
Our recent study [19] made clear that the 
amorphous Pdsz_xAuxSil8 ( x = 0  to 8) alloy 
relaxed in structure prior to the crystallization, 
when the specimen was isothelrnally held at 
a temperature below Tg, and the relaxed struc- 
ture turned back reversibly to the supercooled 
liquid by a short time re-heating at the tempera- 
ture above Tg. 

In the present study, the crystallization kinetics 
for an amorphous Pd76Au6Si18 alloy have been 
investigated in conjunction with the structural 
relaxation mainly by means of small angle X-ray 
scattering (SAXS) measurements as well as by 
transmission electron microscopic (TEM) obser- 
vation. 
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2. E x p e r i m e n t a l  m e t h o d s  
High purity palladium, gold and silicon were 
weighed to the nominal composition with 
Pd82_xAuxSits in at % (x = 0, 2, 4, 6 and 8) and 
melted in an evacuated quartz tube. The amor- 
phous ribbons were prepared in a form of ribbons 
about 20 pm thick and 5 mm wide by using the 
single roller technique. In the present study, the 
Pd76Au6Sils alloy was mainly investigated. The 
specimens were heat-treated in the evacuated 
fused quartz tube by using the salt bath regulated 
within 0.5 K. 

SAXS measurements were performed by the 
MoKc~ characteristic X-ray and by using a Kratky 
type U-slit. The details of the intensity analysis 
have been reported previously [20]. In order to 
check the structural change during the heat 
treatment, the diffraction intensity was measured 
over the wide range of scattering angles by the 
0-20 diffractometer in transmission geometry. 
For the determination of the lattice constant, an 
extrapolation function reported by Nelson and 
Riley [21] was adopted. The specimen for TEM 
observation was prepared by electropolishing using 
the electrolyte with 23 vol% perchloric acid and 
77 vol% acetic acid. The thinned specimens were 
examined in a JEM-120 transmission electron 
microscope. 

3. E x p e r i m e n t a l  results 
As reported previously [19], Pd76Au6Si18 amor- 
phous alloy crystallized after structural relaxation 
during isothermal ageing at temperatures below 
Tg, which was 655 K for the present alloy. Dif- 
fraction measurements made clear that the first 
crystallized phase has fcc structure and that its 
lattice constant is 0.3936 -+ 0.0006nm. This 
phase is consistent with the MS-I phase reported 
by the other authors [3]. Its value was larger than 
the lattice constant of 0.3890-+ 0.0002nm for 
pure palladium and also larger than the value of 
0.3905 -+ 0.0001 nm for the Pd76Au6 solid solu- 
tion fully annealed. This fact suggested that the 
composition of the MS-I phase should be enriched 
by the third element, that is, gold. When the alloy 
aged at temperatures between 633 and 653 K, the 
lattice constant of its MS-I phase did not change 
within experimental error. 

In order to examine the composition depen- 
dence of the lattice constant of the MS-I phase, 
the measurement was performed for Pd82_xAuxSils 
alloys aged at 723K for 900sec. The result is 
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Figure l Lattice constant of the MS-I phase crystaUized 
from the amorphous Pd~a_xAuxSi~8 alloys (open circles) 
and that of well annealed pure palladium and Pd~6Au 6 
(closed circles), where the dashed line indicates the lattice 
constant for binary Pd-Au alloy after Maeland and 
Flanagan [ 22 ]. 

shown in Fig. 1. The lattice constant increased 
linearly with increasing gold content. As shown 
also in Fig. 1, the lattice constant for Pd-Au 
solid solution was reported to increase with 
increasing gold content [22]. The solubility of 
silicon in palladium is known to be negligibly small 
in the crystalline equilibrium state [23]. Here, 
therefore, it was assumed that the content of 
silicon in the MS-I phase crystallized from the 
Pda2-xAuxSils amorphous alloy was neglected 
and the amount of the increase of lattice constant 
due to gold content was equivalent to the case in 
the Pd-Au binary crystalline system. Conse- 
quently, the chemical form of the MS-I phase in 
the Pd76Au6Si18 alloy was evaluated to be 
Pd78Au22. 

After the crystallization of the MS-I phase, 
another crystalline phase showing complicated 
diffraction patterns appeared. Its structure could 
be assigned to have orthrhombic symmetry with 
lattice constants a = 0.575 -+ 0.001 nm, b = 
0.755 -+ 0.002 nm and c = 0.525 + 0.001 nm, res- 
pectively, which was consistent with the reported 
values of PdaSi [24]. Considering the sequence of 
the crystallization process, this phase should 
correspond to MS-II as proposed by Masumoto 
et al. [3]. 

Fig. 2 shows the result of TEM observation for 
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Figure 2 Change in structure of 
the amorphous Pd~6Au~Si~ 
alloy aged at 638K for (a) 
12ksec, (b) 24ksec, (c) 42 
ksec and (d) 60 ksec. 
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the Pd76Au6Sila amorphous alloy aged at 638 K. 
Even after the 12 ksec ageing, a small amount of 
very fine particles was observed in some places 
of the amorphous matrix. The longer the ageing 
time, the larger the size of crystalline particles. 
Their shape was recognized to be nearly spherical 
as seen in the specimen aged for 24ksec. The 
selected area diffraction patterns for the MS-I 
phase, as mentioned in the above paragraph, 
were firstly detected for the specimen aged for 
24ksec. The shape of each particle changed 
irregularly with increasing size as seen in the 
specimen aged for 60ksec. After the crystal- 
lization of the MS-II phase, the specimen became 
so brittle that the TEM observation could not 
be done. 

As mentioned previously [25], the observed 
SAXS intensity consists of several kinds of scatter- 
ing sources, that is, the coherent scattering,Jcoh(S), 
the fluorescence excited by MoKc~ radiation, 
Yn(s), and the parasitic scattering, JBG(S). The 
counting rate, E(s), at a scattering vector, s (4zr 
sin 0/X), normalized by that from the standard 
materials, Eo, could be expressed by the equation, 

E(s)/Eo = tT[J~oh(S) + Jn(s)] + TJBG(S) (1) 

where t is the sample thickness and T is the trans- 
mission. After the partial correction, the term, 
Jcoh(S) + J~(s) was obtained as shown in Fig. 3. 
When the specimen was aged at 638 K, the SAXS 
intensity increased with increasing ageing time. 
Comparing with the TEM observation, the increase 
of SAXS intensity for the specimen aged above 
12ksec was found to correspond to the crystal- 
lization of the MS-I phase. In fact, as the fluor- 
escence term, J~(s), did not change during the 
isothermal ageing, the changing part of SAXS 
intensity shown in Fig. 3 may be attributed to 
the change of Jeoh(S). The term Jt~(s) could be 
evaluated as shown in Fig. 3, by summing up the 
scattering intensity from the constitutent pure 
elements multiplied by the respective molar 
fraction [26]. It was recognized that an appreciable 
value of Jcoh(S) is lying on the Jn(s) term for the 
as-quenched Pd76Au6Sils. For further discussion, 
the Jeoh(S) term was transformed into the point 
beam intensity I~oh(S) by using a computer pro- 
gram [20]. 

In the present study, the integrated intensity 
is defined by the equation, 

3'(0) = r"raaX4rr S=Ieoh(S) ds (2) 
JO 
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Figure 3 Change of SAXS intensity as a function of 
scattering vector for the amorphous Pd76Au6Si~8 alloys 
aged at 638 K, where Jtl(s) is the fluorescence intensity 
and Jeoh(S) the intensity of coherent scattering. 

where the upper limit was taken to be Smax = 
9.25 nm -~ . Fig. 4 shows the change of the inte- 
grated intensity during the isothermal ageing at 
various temperatures for the amorphous 
Pd76Au6Siaa alloy. In the same figure, the time at 
which the crystalline phase was firstly detected 
by the large-angle diffraction measurement is 
also indicated. After the time indicated by MS-II, 
both MS-I and MS-II phase coexisted. It should 
be noted that the integrated intensity appears 
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Figure 4 Dependence of  the  integrated intensi ty on 
ageing time. MS-I and MS-II show the t ime at which the  
crystalline phase was firstly detected by  the  large-angle 
diffraction measurements .  
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Figure 5 Density-density correlation function as a 
function of radial distance for the amorphous 
Pd76Au6Si18 alloys aged at 638 K. 

for the as-quenched specimen, even though its 
value was very small. When the specimen was 
aged below 643 K, the integrated intensity started 
to increase beyond ageing for times greater than 
10ksec. The higher the ageing temperature, the 
larger the integrated intensity. On the other hand, 
the ageing behaviour of the integrated intensity 
for the specimen aged at 653K was different 
from the others. As its ageing temperature was 
near Tg, it was imagined that the transformation 
behaviour is transient in some places towards 
that in the supercooled liquid state, in which 
the diffusivity becomes very high compared with 
the diffusivity extrapolated from that below 
Tg [271. 

The electron density-density correlation 7(r) 
derived from the SAXS intensity [20] is shown 
in Fig. 5 for the specimens aged at 638K. In 
general, the correlation decreased monotonically 
with increasing radial distance and become larger 
for the specimen aged for longer periods. Here 
the small hump appearing at the radial distance 
below 1 nm was concluded to be a result of the 
terminal effect in the Fourier integration. When 
the correlation is assumed to arise from an assembly 
of spherical particles with a size distribution, the 
expression is given by the equation [20], 

= N.ZXpqVY + (3) 
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Figure 6 Ageing time dependence of size parameters for 
the amorphous Pd76A%Sia8 alloys aged at 638 K, where 
RG, R*, # and o indicate Guinier radius, Porod radius, 
average radius in the log-normal size distribution and its 
deviation, respectively. 

where Np is the number density of particles, Ap 
is the difference in electron density between the 
matrix and the particle, and (V) is the average 
volume of the particle. The size parameter R* 
is called the Porod radius and can be obtained 
from the slope for the radial dependence of the 
correlation in the small region of radial distance. 

It is unknown how those crystalline particles, 
as shown in Fig. 2, distribute in size. In the present 
study, the size distribution of those particles was 
assumed to obey the log-normal size distribution 
function [28], 

1 ex p l  1/ln r - -  ln#]q 
F(r) (4) 

2rr 1/2r lno [--7_\ lna ] ] 

where /1 is the geometrical average and o is the 
standard deviation. Both parameters can be 
determined experimentally by using the following 
relations [27], 

121n ~ (5) II'N = l n R a -  7 

2 
lnP~ = ~ In (6) 

where the size parameter R6 is called the Guinier 
radius, which can be obtained from the so-called 
Guinier plot of the SAXS intensity against scatter- 
ing vector. Fig. 6 shows the change of these size 
parameters for the specimens aged at 638 K. 
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Figure 7 Histogram of the distribution of MS-I particles 
obtained by TEM observation for the amorphous 
Pd76Au~Si18 alloy aged at 638 K for 42ksec, where the 
log-normal size distribution determined by SAXS analysis 
is shown by the solid curve. 

To check the appropriateness of the long- 
normal size distribution, the size distribution of 
particles was directly measured from the TEM 
photograph. Fig. 7 shows a comparison between 
both measurements of size distribution for the 

specimen aged at 638K for 42ksec. Histograms 
gave the results of counting the number in the 
interval of 1.33nm from the TEM photograph, 
where the arithmetic average was 6.54nm. The 
solid curve was calculated from Equation 4, 
after knowing both size parameters, R*  and 
RG. It was found that the average size,/2 = 6.53 
nm, was consistent with the arithmetic average 
determined from the TEM observation. Some 
of the arithmetic averages from TEM observations 
are plotted in Fig. 6. 

Hereafter the log-normal size distribution 
was applied to express the structural features of 
the crystalline MS-I phase. Fig. 8 shows the 
change of size parameters during isothermal 
ageing for the specimens aged at various tem- 
peratures. The average radius, /2, increased with 
increasing ageing time and became larger for the 
specimens aged at the higher temperature. On the 
other hand, the standard deviation, a, which 
indicates the measure of distribution in size, 
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Figure 9 Ageing time dependence of 
number density of MS-I particles. 

decreased with increasing ageing time and became 
smaller for the specimens aged at the higher 
temperatures. The number density of particles 
contributed to SAXS intensity was determined 
by using the relation discussed later. The result 
is shown in Fig. 9. The number density remained 
almost constant at the ageing conditions, after 
which the SAXS intensity increased remarkably. 
The number density attended to became larger 
for the specimens aged at the lower temperature. 

4. Discussion 
The present experimental results on the crystal- 
lization of the MS-I phase could be explained 
in the framework of the conventional nucleation 
theory as follows. As mentioned in Section 3, the 
lattice constant of the MS-I phase did not change 
during the isothermal ageing. This suggested that 
the composition of the MS-I phase was fixed as 
proposed to be PdvsAu22. The relative position 
of its composition is displayed in Fig. 10. When 
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Figure 10 Locating of alloy composition in the Pd-Au-Si 
ternary diagram. 
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the tie line through the alloy composition is 
extrapolated to the opposite side, the terminal 
goes to Pd3Si, which was just the MS-II phase. 
Therefore the decomposition process could be 
simply described as shown in Fig. 1 1, where the 
vertical axis is expressed in dimensions of electron 
density. When the MS-I phase with electron 
density of pp crystallized, the electron density 
of the amorphous matrix, Pro, decreased apart 
from Po, which is the value for the as-quenched 
specimen. During the further crystallization, the 
volume fraction, V~ of MS-I phase increased, 
but the electron density, Pm decreased and 
approached to the value of Pd3Si. After the 
crystallization of the MS-I phase has fully developed 
the MS-II phase crystallized as mentioned in 
Fig. 4. When the atomic volume for the MS-II 
phase does not change before and after its crystal- 
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Figure 11 Schematic representation of the change of 
electron density partially crystallized specimen, in which 
the crystalline MS-I phase has a composition Pd~sAu~a. 
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lization, the influence on SAXS intensity might 
be neglected as this situation could be recognized 
from Fig. 11. 

In such a model for the inhomogeneous struc- 
ture, the integrated intensity can be given by the 
correlation function at r = 0, 

7(0) = (Pp.--pm)2Vf(1 - Vf) (7) 

When the average atomic volume of the mnor- 
phous matrix was assumed not to change during 
the ageing in comparison with the initial value, 
the integrated intensity was reduced to the 
equation, 

Vp - -  V o 
3/( 0 ) = (Pp- -Pm +Pp - -  Vf)2Vf/(1-- Vf) 

V0 

(s) 

where v0 and vp are the average atomic volume 
of the as-quenched specimen and the MS-I phase, 
respectively. Both values were experimentally 
determined as v0 =0 .0130nm -3 and Vp= 
0.0152 nm -3, respectively. As shown typically 
in Fig. 7, the MS-I phase distributes in size. When 
the number of spherical particles With radius R 
is given by n(R), the volume fraction of the MS-I 
phase is given by the equation, 

~ 4  . 4 a 
Vf =fs ~TrR3n(R)dR = -~Tr(R )Np (9) 

where the relation n(R) = NpF(R) was used and 

j R"F(R) dR (t0) (Rn> =' :o 

Fig. 9 shows the calculated results of Np using 
Equation 9. When the volume fraction of the 
MS-I phase after completion of the phase separ- 

V ~ ation is expressed by ~ ~ , the degree of trans- 
formation at a particular instant is given by the 
equation, 

v~ 
x ( 0  - (11) 

According to the formal theory of precipitation 
kinetics [29], the fraction is expressed by 

X(t) -- 1 -- exp [ -  (t/r)m I (12) 

The analytical result, by using the logarithmic 
manipulation of Equation 12, is shown in Fig. 12. 
The constant, m; was found to be in the range 
1,38 to 1.48 which is nearly equal to 3/2. On the 
other hand, prior to the crystallization of MS-I, 
the structure relaxation was reported to occur 
in the present alloy [19]. From the analysis of 
DSC data, the exponent, m, has been determined 
to take a value of 0.5 during such a relaxation 
process [30]. The value 3/2 suggests that the 
present crystallization process is governed by 
the diffusion mechanism. In this case, the constant, 
% is given by the equation [29], : 

[2 kN2/31~-1 1" = [5  P ] (13) 
where 

k = (4"871" 2 V F )  1/3 ( 1 4 )  

and D is the interdiffusion constant. As shown in 
Fig. 4, the integrated intensity tended to saturate 
with the same magnitude for the three ageing 
conditions with different ageing temperatures, 
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TABLE I Analytical results of the relaxation time r 
and interdiffusion constant D as a function of ageing 
temperature T A 

TA(K)' r (see) D (m 2 sec -~) 

633 1.0 X 10 ~ 1.9 X 10 -~1 
638 6.9 X 104 3.7 X 10 -21 
643 3.2 X 104 7.1 X 10 -~a 

so that V~ was put here as a constant. From the 
phase relation shown in Fig. 10, V~' was calcu- 
lated to be 0.27. As the number density of  
particles has been determined as shown in Fig. 9, 
the diffusion constant was evaluated from 
Equation 13. The results are listed in Table I. The 
magnitude is o f  the order of  10 -:1 m ~ sec -1, 
which is reasonable in comparison with the reported 
values of  the interdiffusion constant for 
Pd74AusSi18 [14], and of  the diffusion constant 
of  palladium [12] and gold [27] in Pd77.sCu6Sia6.s. 
The activation energy was obtained to be 420kJ  
mo1-1 from the present data, which agreed with 
400 kJ tool -1 determined by the Kissinger method 
from DSC measurements [31 ]. 

Fig. 13 shows the change of  size distribution 
of  MS-I particles during the isothermal ageing at 
638K. It seems to be well represented that the 
size distribution diffuses out apparently along 
with increasing the average radius. In the present 
analysis it was thought that each particle grows 
according to the diffusion-controlled mechanism 
as soon as their size exceeds a critical size. Here 
an incubation time, ti, is defined for the for- 
l-nation of critical nuclei with a nucleation flux 
of  K(ti). The growth of  each particle might be 
measured as a function of  (t n - t i ) ,  where t A 
is the real time, that is, ageing time. In the early 
stage of  transformation, when the fraction X 
is small, the time evolution of  radius could be 
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Figure 13 Calculated log-normal size distribution F(r) for 
the specimens ~ged at 638 K for various times. 

expressed as 

R ( t A )  = [ 2 D V ~ ( t n - t i ) ]  '/2 ( 1 5 )  

where the size of  the critical nucleus was assumed 
to be negligibly small. Now the function K(tl) 
can be estimated by using the size distribution 
after the ageing for the time t A as shown in Fig. 
13. Namely the particle with the size R(tA) at 
ageing time t A was suggested to have nucleated 
at t i according to Equation 15. 

The nucleation flux at time t i was assumed to 
be crudely proportional to the size distribution 
function, F [R(tA) ]. The result is shown in Fig. 14, 
where the parameters, D and V~ were used as 
described in the above paragraph. Significant 
results were as follows. The nucleation of  the MS-I 
phase was mostly attained up to the ageing time 
of  about 10 ksec at 638 K, especially the consider- 
able anlount of  nuclei had already existed in the 
as-quenched specimen, even though no sign of  
nuclei and/or particles of MS-I phase could be 
observed by the present TEM technique. 

Another possible mechanism to explain the 
structure change in the amorphous state could 
be the spinodal decomposition reported in the 
P d - A u - S i  alloy by Chou and Turnbull [14]. 
When this regime operated, one should observe 
an oscillation in the radical distance dependence 
of  the electron density-density correlation 
reflecting the concentration waves. As seen in 
Fig. 5, any oscillatory component was not detected 
in the correlation, so that the spinodal decom- 
position was concluded not to occur within the 
present experimental conditions for the amor- 
phous Pd76Au6Sia8 alloy. The observation of  
homogeneous distribution of  MS-I particles 
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without periodity, as shown in Fig. 2, might be 
thought to be circumstantial evidence for the 
present conclusion. 

5. Conclusions 
It was made clear that the crystallization of the 
amorphous Pd76Au6Sij8 alloy below Tg is 
accompanied by the phase separation into two 

phases, of  which the major composition is 

PdTsAu:2 and Pd3Si, respectively, and the res- 

pective phase is crystallized as the MS-I and MS-II 

in sequence. The crystallization kinetics of  the 

MS-I phase was quantitatively analysed by using 

mainly the SAXS data in the framework of  the 

conventional nucleation theory. It was suggested 

that the considerable number of  nuclei of  the MS-I 

phase had been already formed in the as-quenched 

specimen and the remaining nucleation attained 

within the short period of  isothermal ageing. The 

remarkable increase of  SAXS intensity during the 

isothermal ageing corresponded to the growth of  

MS-I phase, where the number density of  MS-I 

particles remained ahnost constant. The volume 

fraction of  the crystallized MS-I phase was deter- 

mined from the SAXS integrated intensity and 

the size distribution was found to be reasonably 

explained by using the log-normal size distribution 

function. The growth kinetics was concluded 

to be controlled by the diffusion mechanism. 

The evaluated values of diffusion data were in 

good agreement with the data reported by the 
other authors. 
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