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Transformation behaviour of the metastable 
phases in rapidly solidified Pd-Ge alloys 

R. C. BUDHANI ,  T. G. GOEL, K. L. CHOPRA 
Department of Physics, Indian Institute of Technology', Delhi, New Delhi-110 016, India 

Rapid solidification from the melt by a melt-spinning technique is reported for PdxGel-x 
(0.75 ~<x ~< 0.85) alloys. The structure and transformation behaviour of the metastable 
phases so formed are investigated using X-ray diffraction, electron microscopy, 
differential thermal analysis and resistivity measurements. A glassy phase is observed in 
the alloys with Ge concentrations of 20% and 22.5%. This structure transforms to the 
equilibrium phases through a single-step process with an activation energy of 2.7 eV. 
In alloys with a lower Ge concentration, the as-quenched structure is a mixture of b c c 
(a = 0.3077 nm) and hexagonal (a = 0.7460 nm and c = 1.2~,03 nm) phases. 

1. Introduction 
Detailed studies [1] carried out in our laboratory 
on vapour-deposited Ge-aUoy trims have shown 
that Ge forms glasses with the 3d and 4d transition 
elements. On liquid quenching, however, Ge does 
not appear to form a glass with any of  the 3d 
transition metals [2 -6] .  With the 4d and 5d 
series elements such as Pd, Pt and Au, liquid 
quenching at appreciably high cooling rates has 
been found to lead to metastable phases and also 
a glassy phase near the eutectic composition [2, 3]. 
The transformation behaviour of the metastable 
structures and maximum glass forming range for 
Pd-Ge alloys are not known, even in the light 
of a recent phase diagram [8]. A study o f  the 
crystallization behaviour of this system and its 
correlation with well-studied binary systems such 
as Fe-B [9], Pd-Si [10] and Au-Si [11] would 
help in establishing the role of the metalloid 
atomic diameter and the presence of a deep 
eutectic on the formation and stability of transition 
metal-metalloid (T-M) type glasses. 

In this paper, we report our results on rapidly 
solidified PdxGet_x (0.75 ~ x  ~< 0.85) alloys. The 
transformation behaviour of the metastable phases 
has been studied using X-ray diffraction, electron 
microscopy, electron diffraction, differential 
thermal analysis and resistivity measurements. 
The kinetics of amorphous to crystalline trans- 
formation has been established by monitoring 

changes in the electrical resistivity at various 
isothermal annealing temperatures. 

2. Experimental procedure 
PdxGet_x (0.75 ~<x ~< 0.85) alloys, in steps of 
x = 0.025, were prepared by electron-beam 
melting of the high-purity constituent metals in 
a water-cooled copper hearth. The alloy material 
was melted several times to ensure compositional 
homogeneity. About 4g alloy was melt-spun 
in an argon atmosphere using a single roller tech- 
nique [12]. The linear speed of the roller during 
preparation of the samples was ~ 40 m sec -1 . 
The ribbons so formed were 1 to 1.5ram wide 
amd 25 to 30/~m thick. The composition of 
the ribbons was checked using a scanning Auger 
microprobe. For thermal analysis, the ribbons 
were cut into small pieces, weighing about 5 mg, 
and placed in a Pt crucible of the high-sensitivity 
cell of a DTA (Stanton Redcroft 673-4 type) 
apparatus. A1203 powder was used as reference 
in an identical crucible. The transformation 
temperatures and heats of transformation were 
obtained by calibrating the instrument to the 
melting peaks of Sn and Pb. Structure of the 
as-quenched and annealed ribbons and micro- 
structural changes during annealing were studied 
using X-ray diffractometry (CuK~, X = 0.154 18 
rim) and transmission electron microscopy (AEI - 
EM 802 type). Samples for microscopy were 
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Figure 1 DTA thermograms of PdxGe 1 _x (0.75 ~< x ~< 0.85) ribbons obtained by heating at 10 K min -1 

thinned with a jet electro-polishing technique 
developed in the laboratory. The electrolyte 
used for polishing was a mixture of 70% acetic 
acid and 30% perchloric acid. The glass to 
crystalline transformation was also studied under 
isothermal and isochronal annealing conditions 
by monitoring the change in the electrical resistance 
of the sample by means of a standard four-probe 
technique. 

3 .  R e s u l t s  
3.1. Thermal  analysis 
Fig. 1 shows the DTA thermograms of the five 
alloys, designated A, B, C, D, and E, with increasing 
Ge concentration, taken during the heating and 
cooling cycles. For alloys E and D, the themo- 
grams show a single exothermic peak at 600 and 
625K, respectively. For the C type ribbons, 
the main exothermic peak occurring at 642K 
is followed by a broad hump which peaks at 

683 K. In the case of B type ribbons, a clear 
two-step exothermic effect, with two sharp 
peaks at 615 and 680K, is observed. The A type 

ribbons show one exothermic peak at 660K. 
The heats evolved during the transformations 
are listed in Table I. 

3.2. Structural  studies 
X-ray diffraction studies revealed a glassy structure 
in the ribbons with 20% and 22.5% C-e concen- 
tration. Fig. 2 shows diffractograms of the 
PdsoG%0 ribbons in the as-quenched and annealed 
states. The diffraction pattern of the as-quenched 
ribbons is characterized by two broad intensity 
distributions which peak at 20 = 40 ~ and 72 ~ 
To study structural transformations corresponding 
to exothermic effects in the thermograms of these 
alloys, isothermal annealing was carried out at 
three different temperatures for 1 h each. As seen 
from Fig. 2, annealing 50 K below the crystal- 
lization temperature leads to a partially trans- 
formed glass. On annealing at the crystallization 
temperature, a complete transformation to the 
crystalline state takes place. Annealing 100K 
above the transformation temperature does not 
bring any change in the structure except the 

TABLE I Summary of the DTA results 

Alloy Ge (%) G(K) T~ (K) (AHe) T 1 (AHc) T2 
(cai tool -~ ) (cal tool -1 ) 

A 15.0 660 - 608 - 
B 17.5 615 680 320 497 
C 20.0 642 683 687 62 
D 22.5 625 - 663 - 
E 25.0 600 - 123 - 
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sharpening of the lines, which presumably is due 
to the grain growth. Indexing of the lines which 
appear during three stages of annealing reveals 
that the glass transforms to a two-phase mixture 
consisting of  a-Pd ( fcc ,  a = 0.39.16nm) and a 
germanide of  palladium. Nava et  al. [13] have 
studied the growth kinetics of various germanides 
at the palladium-germanium interface. A com- 
parison of  our X-ray data with the results of  these 
workers shows that the germanide has the stoichio- 
metry Pd2sGe 9 ./nterplanar spacings for this phase 
are listed in Table II. It should be pointed out 

Wigure 2 X-ray diffractograms of the 
?ds0Ge2o ribbons: (a) as-quenched, 
~b), (c) and (d) annealed at 50K 
below Te, at T e, and 100K above T e, 
respectively, each for 1 h. Lines 
marked # (denoting Pd2~Ge 9) match' 
the values reported by Nava et al. 

that the equilibrium phase diagram of this system, 
reported by Khalaff and Schubert [8] shows that 
the equilibrium phases at this composition are 
PdsGe and Pd3Ge. In our studies, however, the 
PdsGe phase has not  been detected. 

Transmission electron micrographs and the 
corresponding electron diffraction patterns of the 
amorphous samples and the samples annealed at 
the crystallization temperature are shown in Fig. 
3a and b. The diffraction vector corresponding 
to the halo in the electron diffraction pattern 
is the same as calculated from the X-ray diffrac- 
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TABLE II Interplanar spacings calculated from the X-ray diffraction pattern of PdsoGe2o glass crystallized at 680 K 
for 1 h (Fig. 2d) 

Interplanar I Interplanar I 
spacings (nm) ira- ~ X 100 spacing (nm) Imax • 100 

02.962 3 01.430 5 
02.435 19 01.412 6 
02.265 (a-Pd) 35 01.388 12 
02.162 100 01.372 (a-Pd) 6 
02.127 28 01.349 12 
01.758 (a-Pd) 6 01.296 9 
01.830 9 01.247 22 
01.794 9 01.221 6 
01.699 2 01.202 4 
01.624 5 01.190 4 
01.586 9 
01.481 4 
01.445 5 

tion data. The micrograph of  the crystallized 
sample shows a two-phase mixture consisting o f  
fc  c-Pd and Pd2sGeg. 

X-ray diffractograms of  the Pdm.sGelT.s alloy, 
in the as-quenched and annealed states, are shown 
in Fig. 4. For the as-quenched alloy, the diffrac- 
tion pattern consists of  six lines. On annealing 
at 615 K for 15 rain, the second line (20 = 41 ~ 6') 

of  the diffractogram merges into the main peak 
(20 = 4 1  ~ 52') so that the diffraction pattern 
comprises o f  the five lines of  the as-quenched 
alloy and some additional reflections. Annealing 
at the second exotherm (683 K) for 1 h, leads to 
a complete transformation to the fcc-Pd and 
Pd2sGe 9. For a clear identification o f  the struc- 
tures existing in the as-quenched and annealed 

Figure 3 Selected-area electron diffraction pattern and corresponding electron micrographs of Pda0G%o ribbons, (a) 
as-quenched , and (b)~nnealed at the crystallization temperature. 
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Figure 4 X-ray diffractograms 
of Pd~2.sGejT.s ribbons: (a) 
as-quenched, (b) annealed at the 
first exotherm (615K) for 15 
rain, and (c) annealed at the 
second exotherm (680 K). Lines 
marked e denote the hexagonal 
phase. 
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samples, electron diffraction studies were carried 
out. Selected-area diffractions from the peripheral 
regions o f  the electrochemically etched holes in 
the as-quenched specimen are shown in Fig. 5a and 
b. The appearance of diffraction haloes (Fig. 5a) 
shows that the as.quenched structure consists of  
glass. The spots in the pattern correspond to a 
b c c (a = 0.30,77 rim) structure. Some regions 
of  the sample also show a diffraction pattern 
(Fig. 5b) which appears to be a hexagonal struc- 
ture grown perpendicular to the specimen plane. 

The results of selected-area electron diffraction 
studies on the samples annealed at the first and 
second stages are shown in Fig. 6a and b, respec- 
tively. It can be seen that first-stage annealing 
leads to a two-phase mixture. The "d" values for 
these structuws correspond to the bcc phase (Fig. 
5a) and a phase which has been indexed tentatively 
on the basis of a hexagonal unit cell with a = 
0.7460nm and c = 1.2403nm. InterpIanar spac- 
ings of tile bcc and hexagonal structures are 
listed in Table IIa and b. Second-stage anneal- 
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Figure 5 Selected-area electron 
diffraction patterns obtained 
from the as-quenched 
Pd82.sGelT.s ribbons: (a) amor- 
phous plus bcc (b), preferential 
growth of a hexagonal phase. 

ing leads to a complete transformation of the 
metastable bcc and hexagonal phases into the 
equilibrium alloys (Fig. 6b). 

From a comparative study of  the electron and 
X-ray diffraction data, it can be seen that the first 
two lines in the X-ray diffraction pattern (Fig. 4a) 
are the most intense reflections of  the hexagonal 
structure which grows preferentially with the 
c-axis normal to the ribbon plane. The remaining 
four fines of  the pattern correspond to the cubic 
structure. The overall transformation behaviour 
of  the alloy is shown schematically in Fig. 7. 

The exact stoichiometry of the b cc  phase 
could not be obtained. However, from lattice 
parameter measurements, and taking into account 
the radius of palladium atom, it appears to be a 
metastable form of elemental Pd. A similar struc- 
ture has also been reported by Duwez [7] in 
splat-quenched Pds2Gels alloys. However, the 
lattice parameter and transformation behaviour 
of this phase are not known. 

X-ray analysis of the as-quenched PdssG%5 
alloy revealed a structure which is the same as 
that observed after the first-stage annealing of 

Figure 6 Selected-area electron diffraction and corresponding micrographs of the Pds:.~Ge~.s ribbons, (a) annealed 
at the first e• (615 K) for 15 mha, and (b) annealed at the second exotherm (680K) for 1 h. 
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T A B L E  III  X-ray and electron diffraction results for (a) the b cc phase and (b) the hexagonal phase observed in 
as-quenched Pds2.sG%7.s alloy 

d Intensity d (nm) Intensity h k l Lattice 
(nm) parameter (nm) 
(X-ray diff.) (electron (X-ray diff.) 

diff.) 

(a) 
0.2162 100 
01.539 70 
0.1257 60 

(b) 

0.2412 8 
0.2351 12 
0.2172(bcc) 100 

0.1599 20 
0.1539(bcc) 20 
0.1419 5 
0.1031 4 
0.1287 6 
0.1254(bcc) 38 
0.1188 16 

0.217 s (1 1 0) 
0.155 s (2 0 0) 
0.127 s (2 1 1) 
0.108 w (220) 
0.098 s (3 1 0) 
0.089 s (2 2 2) 
0.083 w (3 2 1) 
0.079 w (4 0 0) 

0.640 w (I 0 0) 
0.365 ww (1 1 0) 
0.320 w (2 0 0) 
0.242 s (2 1 0) 

(1 14) 
0.216 vs (3 0 0) 
0.184 vw (2 2 0) 

- (224) 

0.142 s (4 1 O) 

0.127 w (4 2 O) 

0.120 w (3 3 0) 

0.3077 

a = 0.7456 

c = 1.2403 

Pda2.sGe17.s. In the alloy with 25% germanium, 
the as-quenched structure was a mixture of  the 
glass and the equilibrium crystalline phases. 
The exothermic effect in the thermogram of  

As -c~uenched '"l 
[ Amorphous * bcc * Hexagonal ] 

I Annealing at 615 K l 
15 rain 

1 

I bcc 1 I" xa ono,1 

Annealing at 680 K I 
lh 

Figure 7 Flow chart, showing transformation sequence 
on annealing of melt-spun Pd82.sG%7.s specimens. 

this alloy presumably marks the transformation 
o f  the glassy phase. 

3.3. Kinetics of transformation of the 
glassy phase 

The variation o f  the electrical resistance, RT, 
normalized to the room temperature value, R0,  
of  the two alloys with 20% and 22.5% Ge is shown 
in Fig. 8. The heating rate during the measure- 
ments was 10 ~ C min -1 . For  the alloys with 20% 
Ge, the specific resistance (p) is high ( ~  100 
gg2cm) and increases with temperature with a 
small temperature coefficient [(1/pXdP/dT)= 
1.87 x 10 -4 K - l ] .  For  ribbons with 22.5% Ge, 

the resistivity and its temperature coefficient are 
1 2 6 / ~ c m  and 1.09 • 10 -4 K -1 , respectively. 

In both  cases, the resistivity increases slightly 
before crystallization and then drops sharply 
as crystall ization proceeds. To study the kinetics 
o f  the amorphous to crystalline transformation,  
isothermal annealing of  the as-quenched samples 
was performed at various annealing temperatures.  
Fig. 9 shows the variation of  the normalized 
resistance of  PdsoGe:o ribbons as a function o f  
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Figure 8 Variation of normalized 
resistance (RT/R o) with tem- 
perature for PdsoGe20 and 
Pd~7.sGe22.s, continuously 
heated at 10~ min -1 through 
the temperature range 300 to 
710K. 

annealing t ime for different annealing tem- 
peratures. Initially the resistance increases slightly 
for 5 rain during which the furnace attains the 
isothermal annealing temperature.  This value of  
resistance has been taken as Rto.  Once the tem- 
perature is reached, resistance falls gradually 
with time as the crystallization progresses. The 
t ime variation o f  the resistance may be used in 
understanding crystallization kinetics. The frac- 

t ion o f  a material transformed in a time t,  can be 
writ ten as 

= vc  (t) (1) 
vo ' 

where Verve(t) is the volume o f  the material 
t ransformed in time t, and V0 is the initial total  
volume of  the non-crystalline material. Clearly, 
e(t) = 0 and 1 at t = 0 and t = 0% respectively. 
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Ffgure 9 Variation of the normalized 
resistance of PdsoGe~o glass with 
time at different annealing tem- 
peratures. 
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A similar quantity can de defined in terms of the 
resistivity as 

(Rto -- Rt) 
xT(t) - (RtO--nM)' (2) 

where Rm, Rt  and RM are the resistances of the 
material initially, at time t and at the end of the 
transformation, respectively. If the isothermal 
annealing temperature is close to the crystal- 
lization temperature, XT(t) approaches unity in 
finite time. For a nucleation and growth type 
transformation process, e(t) follows the Jo tmson-  
Mehl-Avrami rate equation [13]: 

e(t) = 1 -- exp (-- Ktn), (3) 

where K is the kinetic constant and the exponent, 
n, is a characteristic of the mode of the trans- 
formation. Since in a metallic system, the resistivity 
closely tracks the microstructural changes, a one 
to one correspondence can be assumed between 
e(t) and XT(t). On this basis Equation 3 can be 
rewritten as 

XT(t) = 1--exp(- -Ktn) .  (4) 

Fig. 10 shows the resulting time dependence 
of the volume fraction, XT(t), of  the material 
crystallized at different isothermal annealing 
temperatures. The temperature dependence of 
the crystallization rate can be obtained by deffming 
a time constant r, at which Xw(r) = 1/2. The time 

constant  follows the Arrhenius form [14] : 

AE 
r = roeXp kBT , (5) 

where kB is the Boltzman constant and zXE the 
activation energy for the transformation. AE can 

Figure lO Volume fraction of 
glassy PdsoGe2o alloy trans- 
formed as a function of time for 
various annealing temperatures. 

be evaluated ;by plotting in r against 1/T. The 
variation of in ~- with 1/T is shown in Fig. I 1 and 
the value of AE so obtained is 2.7 eV. A similar 
calculation for Pd47.sGe22.s yields AE of the same 
magnitude. 

To calculate the Avrami index n, Equation 5 
at time t and r can be combined to arrive at 

In [1 --X(t)]  _ [tin" 
(6) 

In 2 tH 

The exponent n can be calculated by fitting the 
plot of - I n  [1 - X  (t)]/ln 2 against (fir) with a 
curve derived from an equation of  the form 
y c~ x n. As shown in Fig. 12, for PdsoG%o glass, 

5.0 

4.0 

c 3.0 

2.0 

I , 1 ' T - -  

I i L J I 
1.65 1.7 0 1.75 

1/r{x103 K 1 } 

Fig-ure]I Determination of the activation energy for 
crystallization of Pd,oOe~o ahoy from a plot of In 
1/Tp]ot.  
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Figure 12 A plot of-- In [ 1 --XT(t) ]/In 2 against t/r for PdsoGe2o alloy to obtain the Avrami index for crystallization. 

the data agree for y ~ x  z and y = x 2"5, leading 
thereby to n = 2 to 2.5. 

4. Discussion 
A varying degree of metastability can be obtained 
by rapid quenching of liquid metals and alloys [2, 
3]. The extreme limit of such metastable struc- 
tures correspond to freezing of the topologically 
random structure of  the liquid. The formation and 
stability of  the glassy structure is, however, 
decided by three factors:0)the cooling rate and 
hence the rate of  nucleation of a crystalline 
phase during the solidification process: (ii)the 
activation barrier for atomic movements to reach 
an equilibrium state; and (iii)the free energy 
difference between the glassy and crystalline 
structures. A comparison with the glass-forming 
ability of binary systems such as Fe -B  [16] and 
Pd-Si [17] shows that the glass-forming range 
for the Pd-Ge system is narrow. For the alloy 
with a Ge concentration of 17.5%, the cooling 
rate is not enough to freeze-in the glassy struc- 
ture. However, it is not sufficiently small to 
allow the equilibrium structure to nucleate. This 
intermediate situation apparently leads to some 
short-range adjustment of atoms and, thus, the 
formation of less metastable b c c and hexagonal 
phases. 

The crystallization temperature (Te) which is 
a measure of  the relative thermal stability of  
different compositions, is maximum for the 
eutectic alloy (PdsoG%o). This observation is 
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similar to the behaviour of  other transition me ta l -  
metalloid glasses. The highest Tc of the eutectic 
glasses has been attributed to the maximum 
riffling of the voids by metalloid in a Bemal type 
[18, 19] structure of the metal atoms. However, 
the Goldschmidt radii of  Pd and Ge are the same 
(0.137nm). Such a filling, if necessary, would 
require the Ge to be present in the ionic form 
(2 r=0 .088nm) .  Our photoemission [20] and 
electron transport measurements [21], however, 
do not show the Ge in tetravalent ionic state 
(Ge4*). Alternatively, the behaviour of  Te can 
be understood in terms of the maxima destabiliz- 
ation of the eutectic alloy [22]. 

Modes of the transformation of the non- 
crystalline phase to stable crystalline phase/ 
phases are decided by the composition, atomic 
mobility and the relative stability of  the final 
products [9]. The two-phase structure in the 
samples annealed at 50K below Tc along with 
some non-crystalline phase, shows that the trans- 
formation is of eutectic decomposition type. 
Since no change in the structure was observed 
on annealing at 100K above To, the broad hump 
in the thermogram of PdsoG%o alloy can be 
attributed to the completion of the transformation 
or some form of recrystallization as revealed 
by diffraction peak sharpening. This conclusion, 
based on X-ray data, is speculative. A more 
extensive TEM study would yield clearer infor- 
mation. 

The activation energy calculated on the basis 



of  the Johnson-Met f l -Avrami  rate equation is 

comparable with the activation energy for self- 
diffusion in crystalline palladium (2 .6eV above 

1050K)  [23].  Activation energy for the diffusion 
of  Ge in 4d transit ion element lattices is much 
smaller. For  example,  it  is only 1.5 eV in Ag above 
670K.  F rom these values, it appears that inter- 
diffusion o f  the components  initiates the trans- 
formation process. The exact mechanism of  the 
diffusion process in metallic glasses in general 
is, however, not  well established [24]. 

Detailed work  o f  Scott  ([9] p. 198) on nickel- 
and iron-based metallic glasses, gives a value for 
the Avrami index, n, which varies between 3 and 
4. The smaller value observed in our case is, 
however, not  surprising in view of  the fact that  
n being 3 and 4 indicates a continuous nucleation 
process. I f  nucleation takes place at the beginning 
of  the transformation,  the process is primarily 
growth-controlled with a characteristic index 
varying from 2 to 3. We feel that ,  for PdsoGe20 
glass, the nucleation occurs rapidly at the 
beginning o f  the transformation.  Negligibly small 
incubation times observed for the crystallization 
process (Fig. 8) support  this argument. 

In conclusion, the glassy alloys of  P d - G e  
transform to a two-phase mixture consisting of' 

fc  c-Pd and Pd2sGe 9 on isothermal and isochronal 
annealing. The activation energy for the amor- 
phous to crystalline transformation is 2.7eV. 
The Avrami index n = 2 to 2.5, as calculated from 
the isothermal annealing behaviour o f  the resis- 
t ivity,  suggests that  the transformation is a growth- 
dominated process. As-quenched alloys with Ge 
concentrations 17.5% and 15% are a complex 
mixture o f  a b c c (a = 0.3077 nm) and a hexagonal 
phase (a = 0 .746nm,  c = 1 .2403nm) which on 
annealing transform to the equilibrium crystalline 
phases. 
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