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Phase properties of the rapid cooled palladium- 
silicon alloy in the concentration range 40 to 
58 at. % silicon 
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Plasma Physics Laboratory, Kyoto University, Gokasho, Uji, Kyoto, 611, Japan 

The phase diagram for the palladium-silicon system is reinvestigated by thermal analysis using 
a method taking the second derivative of time-dependent temperature and by metallographic 
measurement, where the cooling rate is about 140~ min -1 . The second derivative offers a 
sensitive and accurate means for thermal analysis with aid of a microcomputer. The phase 
diagram has no peak for PdSi. At silicon concentrations higher than 50 at.%, the alloy appears 
to be the eutectic for a composition of PdSi and Si, with the eutectic point at 895~ and 
50at.% Si, and at silicon concentrations lower than 50at.%, the alloy appears to be the eutec- 
tic for Pd2Si and PdSi, with the eutectic point at 886~ and about 48.5 at.% Si. The phase 
properties appear to be largely affected by the phase stability of PdSi in company with the 
departure from thermal equilibrium in the thermal analysis. The addition of small amounts of 
silver impurity causes the collapse of the PdSi phase and the alloy appears to be a eutectic of 
constitutions Pd2Si and Si in the concentration range from 33 to 100at.% silicon. 

1. I n t r o d u c t i o n  
The phase diagram for palladium-silicon system has 
been investigated by several authors [1-5], and the 
diagram over the full range of concentrations is rep- 
resented in the literature by Hansen [6] and by Elliot 
[7]. Recently, detailed investigation on the phase of the 
alloy including the intermetallic compound PdSi has 
been made by measurements of magnetic susceptibility 
and metallography along with thermal analysis [5], 
where the experiments have been performed under a 
slow cooling rate. The significant difference between the 
previous and recent phase diagrams is that the distinct 
temperature peak relevant to PdSi in the earlier dia- 
gram does not appear in the recent one. In the 
previous diagram, furthermore, the binary alloy is a 
typical eutetic of Si and PdSi in the silicon concen- 
tration range from 50 to 100 at. %, while in the recent 
one, the alloy is the anomalous eutectic in that con- 
centration range, and the peritectic property appears 
in silicon concentrations smaller than 50 at. %. 

The crystallographic parameters of palladium- 
silicon intermetallic compounds have been investi- 
gated by several authors [8-10]. According to those 
investigations, the intermetallic compound Pd2Si 
makes stable hexagonal structures in the solid phase, 
and the lattices of Si crystal and Pd2Si can fit well, 
within 2% [11], so that if the alloy consisted of only 
dual constitutions of Pd2 Si and Si, it would be stable. 
On the other hand, PdSi is not so stable, especially at 
temperatures lower than 824 ~ C Q [5]; it is unstable and 
changes into the silicon-rich Pd2Si and [5], so that in 
the concentration range where the alloy includes large 
amounts of PdSi, it is expected that the phase proper- 
ties depend largely on the cooling rate. The phase 
properties may be also changed with small amounts 
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of impurities which affect the phase stability of 
PdSi. 

In this paper, the phase properties of the palladium- 
silicon system are reinvestigated in an attempt to 
examine the fundamental property relevant to a func- 
tional material which is applied to produce the negative 
hydrogen ion [12]. The requirements of the material are 
that tile partial area of Si crystal fragments distributed 
on the material surface is ten per cent, that the rest of 
the constitution is permeable to hydrogen, and that 
the disc sliced from the ingot is airtight. 

The Si concentrations in samples prepared for the 
experiment vary from 40 to 58 at. %; the values are in 
the range where the alloys include the PdSi compound. 
Thermal analysis along with metallographic measure- 
ments is made under a medium cooling rate of about 
140~ min-E; this value is about ten times larger than 
that obtained previously [5]. Investigation is also 
made of palladium silicide including a small amount 
of silver. 

2. Experimental details 
2.1. Apparatus 
The apparatus is shown schematically in Fig. 1. The 
chamber is evacuated by a turbo molecular pump 
(TMP). The attainable base pressure without sample 
alloy is about 2 x 10 6torr. In order to avoid the 
oxidation of the sample alloys, argon gas is supplied to 
the evacuated chamber through MnO filter (F), and 
flows out through a gas flow meter (FM). 

The AI203 Tamman crucible (C), in which the 
sample alloy is loaded, is set on the graphite block 
(GB) supported by two fused quartz tubes (QT2, 
QT3). The heated region is shielded with a long fused 
quartz tube (QT1). 
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Figure 1 Apparatus for thermal analysis. ADC: analog/digital con- 
verter; FM: gas flow meter; TC: platinum/platinum-13% rhodium 
.thermocouple; QT1, QT2 and QT3: fused quartz tubes; C: A1203 
Tamman crucible; GB: graphite block; LF: water-cooled lamp 
furnace; F: MnO oxygen filter; MF: moving flame; MD: motor 
drive; H: ultrasonic homogenizer; TMP: turbo molecular pump. 

The water-cooled lamp furnace (LF) is used for 
melting the sample; the furnace has a fairly small 
thermal inertia by nature, and is available to heat a 
15 mm diameter sample up to 1500 ~ C. The tempera- 
ture distribution in the furnace is uniform over 
140 mm length and decreases slightly near both open 
ends. The furnace is set on the moving flame (MF) and 
its position is adjustable with the motor drive (MD). 

The thermodynamic characteristic temperatures, 
which are the liquidus and solidus temperatures, tern- 

peratures of invariant reactions and second order phase 
transition, are measured directly by the platinum/ 
platinum-13 % rhodium thermocouple (TC); the por- 
tion around the sensing point of the thermocouple is 
covered by a 0.2ram-thick A1203 sheath to avoid the 
reaction of platinum with silicon. The thermocouple 
assembly is movable vertically to adjust the sensing 
point to any position of the sample alloys in liquid 
state. In order to reduce the influence due to the 
thermal inertia of the assembly, the total weight of the 
sensing portion is minimized, and its weight ratio to 
the sample is reduced to less than about 4 wt %. The 
ultrasonic homogenizer (H) is equipped in order to 
homogenize the sample in the liquid phase and to 
avoid super-cooling in the solidification of the sample. 

2.2. Sample preparation 
To avoid an explosive reaction of silicon with pal- 
ladium, the PdSi compound (made by CERAC Inc.) 
was used as host material; its purity was 99.5%, 
and the rest comprised mostly the other phases of 
palladium silicide with composition of Pd:Si = 
50.57:49.43 at. %. The main impurities of the powder 
were aluminium (0.1 at. %) and calcium (0.03 at. %). 
The samples of different compositions were made 
by addition of palladium metal (about 99.95% pure) 
and silicon lumps (about 99.9999% pure) to the host 
material. 

The total weight of each sample alloy was about 
25 g. The value was large compared with the weight of 
the Tamman crucible and the thermocouple assembly, 
and this could reduce the effect of thermal intertia 
from the other material. 

The silicon concentration in the sample was esti- 
mated by weighing the initial materials before they 
were melted; the concentration was also estimated 
after solidification. Estimation was done using an 
image processor equipped with a microcomputer, 
which calculated the partial areas of the constitution 
in the image pattern through the metallograph. The 
silicon concentration in each sample was calculated 
from the partial areas using the numerical values of 
the sixth column in Table I and the ratio of composite 
atomic numbers corresponding to each constitution. 
The sample for the estimation was made of ingots 
which had been used for thermal analysis; the ingots 
were sliced by diamond ring saw horizontally into 

T A B  L E I Crystallographic data of Pd-Si inter-metallic compounds and Si 

Compounds Crystal Lattice Unit cell 
structures parameters volume, V 

(A) (A 3 ) 

Number 
atoms/unit 
cell, Z 

Atomic 
volume, V/Z 
(A 3 ) 

Reference 

Pd2 Si* hexagonal 

Pd2Si't hexagonal 
super 
structure 

PdSi orthorhombic 

Si diamond cubic 

a = 6.497 125.46 9 13.94 [8] 
e = 3.432 

a + 2% = 13.055 4057.51 288 14.09 [9] 

c = 8c 0 = 27.490 

a - 5.617 117.2I 
b = 3.391 
c = 6.153 

a = 5.430 ~ 160.10 

14.65 

20.01 

[10] 

[131 

* Pd 2 Si indicates 'silicon-poor Pd 2 Si' 
t Pd2Si' indicates 'silicon-rich Pd 2 Si' 
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many discs at regular intervals, the surface of each disc 
was polished successively finer and finally polished 
with 0.25/~m diamond paste, then measured by a 
metallograph under both direct and polarized light- 
ing. The partial areas of silicon crystal and silicides on 
each surface were distinguished by a digital filter fitted 
to the image processor. The ratios of partial area 
corresponding to each constitution were averaged 
over all disc species sliced from the same ingot, 
because a small difference was seen between the ratios 
for the upper and lower discs. The silicon concentra- 
tions calculated from the averaged ratio agreed well 
with the values estimated from the initial materials. 

2.3. Experimental procedure and data 
processing 

Sample alloys of all Si concentrations were crushed 
into pieces, of probable diameters 0.1 ram, and loaded 
into a A1203 Tamman crucible. The attainable base 
pressure was about 3 x 10-6torr after baking at 
about 700 ~ C. The sample alloy was remelted in an 
argon atmosphere, where the argon gas flow rate was 
100cm3min -1 The thermocouple assembly was 
moved down to the centre of the sample after melting. 
The temperature of the sample was held at 1400 ~ C, 
and it was homogenized using an ultrasonic homo- 
genizer to avoid separation of the components. In 
order to investigate the phase diagram for the Pd-Si 
system at medium cooling rate, the power to the lamp 
furnace was turned off after homogenization. 

The time-dependent e.m.f, of the thermocouple was 
amplified by a pre-amplifier, converted into digital 
signals by an analog/digital converter (ADC), and 
stored in a microcomputer. The duration for a single 
measurement was 330sec, the temperature of the 
sample alloy decreased from 1350~ to about 600~ 
in this time scale, where the sampling time was about 
30 msecl 

The dependences of the thermocouple e.m.f, on real 
temperatures were represented by a bicubic function 
with sufficient accuracy. In order to measure exactly 
all the thermodynamic characteristic temperatures, 
the second derivative of temperature with respect to 
time, d 2 T/dt 2 was calculated numerically. The calcu- 
lation was made successively with assigning the cubic 
functions best fitted to the time dependent T(t) curve, 
during the short time interval which was taken as 
the signal to the digital noise ratio, maximized by 
the least squares method. The temperatures, at 
which the second derivative exhibited the peak, were 
automatically indicated as numerical values by 
computer programming. 

The accuracy of the bicubic function was examined 
where the thermal analyses on silver and copper 
metals (99.99%) were made under the same conditions 
as the practical analysis for Pd-Si alloy. The melting 
temperatures of both metals agreed with well-known 
values to within 0.5 ~ C, and the T(t) curves were also 
found to be reasonable with reference to their phase 
diagrams. 

3. Results and discussion 
The phase diagram is derived from the temperatures 

at which the second derivative has a peak. Typical 
couples of T(t) and the second derivative are shown in 
Figs 2a to c, which represent the computer processed 
curves for samples of 40, 50 and 58 at. % Si, respect- 
ively. In each figure, the vertical dashes below the tem- 
perature curves, which are automatically drawn by 
computer programming, indicate peak positions. The 
second derivatives are amplified by the same factor, 
1.5 for all graphs; the noises in their curves may be due 
to the local fluctuation caused by the heterogeneous 
quality of the samples, indeed, when the silver or 
copper metals are measured, the noises become smaller. 

In Fig. 2a, the first peak corresponds to the liquidus 
point of Pd2 Si, and the small second peak may relate 
to the invariant reaction in the liquid phase; the reac- 
tion is pointed out in Ref. [5] and is discussed later. 
The third peak indicates the initiation of solidification 
and the negative peak in the fourth sequence indicates 
the end of solidification. The last small negative peak 
may indicate that the second order phase transition 
occurs in the solid state. 

In Fig. 2b, both curves behave in a simple manner 
and the last negative peak of the second derivative 
becomes distinguishable. This indicates that the 
50 at. % Si sample makes a uniform PdSi alloy, and 
the PdSi alloy may change its structure immediately 
after the solidification. 

In Fig. 2c, representing the characteristic curves for 
the 58 at. % Si sample, the first peak appears before 
the solidification and indicates the liquidus point of 
silicon. The negative peak just following the solidifica- 
tion peak is due to weak supercooling. When the 
supercooling takes place, the eutectic temperature is 
assigned to the point of the negative peak, because 
when supercooling takes place, the initiating tem- 
perature of solidification must be somewhat smaller 
than the exact eutectic temperature. 

The typical structures seen through a metallograph 
are represented in Figs 3a to c. Fig. 3a shows the 
metallograph of 40at. % Si alloy, where the white 
domain corresponds to Pd2Si crystal and the dark 
grey area to PdSi matrix. The Pd2 Si crystals appear to 
make hexagonal structures. Furthermore, Pd2 Si crys- 
tals and PdSi matrix appear to make large composite 
hexagonal patterns. Indeed, a feature of the local 
structure appearing on the surface of the sample ingot 
has a hexagonal columnar form like quartz crystal. 

Fig. 3b shows the enlarged metallograph of 50 at. % 
Si alloy. The grey matrix constitution is PdSi, where 
clusters of tiny silicon crystals appear, but the number 
density of the cluster is very small. All these clusters 
have tear-drop-like form, and are sprinkled on the 
surface of the sample disc. 

Fig. 3c shows the metallograph of 58 at. % Si alloy, 
where massive silicon crystals of dark grey exist in the 
matrix of PdSi, and they orient in random directions 
in all areas of the sample disc. Most of the silicon 
crystals are separated into two parallel long domains 
by PdSi, and many cracks are seen over the surface. 
Their number seems to increase with silicon concen- 
tration in the alloy. The occurrence of cracking may 
be caused by a large lattice misfit and the difference in 
the thermal expansions between Si and PdSi crystals. 
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Fig. 4 represents the phase diagram estimated 
from thermal analysis and the metallography. Plots on 
the diagram are obtained from experiments on 23 
ingots, where in all cases, the weight of each ingot is 
about 25g and the cooling rate is about 140~ ]. 
The thermal analysis is repeated several times for the 
sampled ingots over the temperature range from 
1350~ to 600~ The repetition shows that the 
characteristic temperatures are valid with every trial, 
though the peak amplitudes of the second derivative 
fluctuate by each trial. 

~n Fig. 4, the characteristic point at 48.5 at. % Si and 

1482  

1400 [  . . . . . . . .  

O~__kP 1 2 0 0 1 ~  

 'ooo I \ 
~: 8 0 0  
W 

"'  1 
6 0 0  

5 

4 0 0  

2 3 

I i i i  I , i  

1 2 3 4 5 

(b) T I M E  ( t )  min) 

10 
i i i  

> 
m 

I.- 

5 >  

r ~  . _  

L U  c -  

a 

0 
a -6 

0 
o 

- 5  Lu u) 

Figure 2 Typical time-dependent temperature curves, T(t), and the 
second derivative of temperature, d2T/dt 2 in thermal analysis of 
palladium-silicon binary alloys. (a) Behaviour of T(t) and d 2 T/dt 2 

o for the alloy of silicon concentration 40 at. %. Peak 1, T = 1184 ~ C, 
liquidus temperature of Pd2Si; peak 2, T = 1062~ invariant 
reaction that Pd2Si + 6PdSi or Pd2Si + &Si ~ Pd2Si'; peak 3, 
T = 883~ eutectic temperature; peak 4, T = 864~ end of 
solidification; peak 5, T = 843 ~ C, second order phase transition in 
solid state. (b) Behaviour of T(t) and d 2 T/dt 2 for the alloy of silicon 
concentration 50 at. %. Peak 1, T = 897 ~ C, eutectic temperature; 
peak 2, T = 880~ end of solidification; peak 3, T = 835~ 
second order phase transition in solid state. (c) Behaviour of T(t) 
and d 2 T/dt 2 for the alloy of silicon concentration 58 at. %. Peak 1, 
T = 1038 ~ C, liquidus temperature of silicon; peak 2, T = 892 ~ C, 
initiating temperature of solidification under a slight supercooling; 
peak 3,894 ~ C, real eutectic temperature; peak 4, T = 878 ~ C, end 
of solidification; peak 5, T = 811 ~ C, second order phase transition 
in solid state. 

886 ~ C is given as a point where extension of the falling 
gradient line crosses the horizontal line at 886 ~ 
taking account of experimental plots existing to the 
right of the point. The vertical line at 50 at. % Si, which 
indicates a phase boundary, is decided mainly by 
metallographic measurements. The constitution of 
just 50 at. % Si alloy appears to be homogeneous PdSi, 
and even at silicon concentrations slightly smaller 
than this value, both constitutions Pd2Si and PdSi 
appear in heterogeneous form, whereas at slightly 
higher concentrations, PdSi and Si crystals appear in 
heterogeneous form. Moreover, the second derivative 
curve of thermal analysis exhibits a simple form 
for 50at. % Si alloy, and for shifted concentration 
additional peaks appear on the curve. The global 
feature of the diagram is similar only in form, to the. 
diagram for the full concentration range of the gold- 
antimony alloy [14]. 

Fig. 4 shows that the characteristic temperature of 
50at. % Si alloy does not exhibit a peak value as 
represented in literature by Hansen [6], but appears to 



Figure 3 Metallographs of  palladium silicon binary alloys of  dif- 
ferent silicon concentrations. (a) Metallograph for the alloy of 
silicon concentration 40 at. %. Hexagonal-like white area~ are Pd 2 Si 
crystals and dark grey area is the PdSi matrix. The scale is I00Fm. 
(b) Metallograph for the alloy of  silicon concentration 50 at. %. 
Grey area is PdSi matrix and dark grey dots in cluster are small 
silicon crystals. The scale is 10/lm. (c) Metallograph for the alloy of 
silicon concentration 58 at. %. Dark grey areas are silicon crystals 
and grey area is PdSi matrix. The scale is 100/~m. 

be equal to the solidus temperature; the same evidence 
is also given by Langer and Wachtel [5], although 
differences exist in the detailed properties. 

The phase diagram in Fig. 4 is divided into two 
sections with respect to silicon concentration. In the 
silicon concentration range of  50 to 60 at. %, the alloy 
appears to be the eutectic relating to PdSi and Si. The 
eutectic point just coincides with the solidus tem- 
perature of PdSi, so that in decreasing the tempera- 
ture, all excess silicon in the liquid phase is solidified 
as primary crystal until the eutectic temperature is 
attained. The situation causes the alloy to grow to the 
massive silicon crystals as shown in Fig. 3c, even with 
comparatively rapid cooling rate. w h e n  the PdSi alloy 
including a very small excess of Si is made, solidifica- 
tion takes place at the eutectic temperature, so that the 
fragmented silicon crystals appear as small cluster 
feature as shown in Fig. 3b. 

In the silicon concentration range of 40 to 50 at. %, 
the phase diagram, on the whole, appears to be a 
binary alloy of  Pd2 Si and PdSi, and the eutectic point 
is 48.5 at. % of Si and 886 ~ C. The horizontal line at 
1063~ C appears to be caused by an invariant reaction 
in the liquid phase; the reaction may be 

Pd2Si + 5PdSi ~ Pd2Si' or Pd2Si + 6Si ~ Pd2Si' 

where 5PdSi and 6Si denote small amounts of PdSi and 
Si, respectively, and PdzSi' denotes silicon-rich Pd2Si 
following Langer and Wachtel [5]. However, Pd2Si 
and Pd2Si' cannot be identified by metallographic 
measurements. The metallograph of  an alloy of 
46 at. % Si, which is near to the eutectic concentration, 
shows that there exist small amounts of  fine PdzSi or 
Pd2 Si' along with their massive crystals, although such 
a fine structure is not observed for an alloy including 

sufficiently less silicon, as seen in Fig. 3a. The facts 
appear to show that the fine PdRSi or Pd2Si' structure 
is made by solidification at the eutectic temperature. 

The plots appearing below the eutectic temperature 
are divided into two groups; plots in the silicon con- 
centration range of 40 to 45 at. % align almost on a line 
of 845 ~ C, while plots at a higher concentration range 
are scattered. The mean temperature of scattered plots 
is 831 ~ C, and the dispersion in temperature evaluated 
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Figure 4 Phase diagram of palladium silicon system obtained under 
medium cooling rate. Dashed lines represent extension from the 
experimental lines, two straight dot-dashed lines ( - - . - - )  are the 
mean temperatures of second order phase transition in solid state, 
and two straight dotted lines ( . . . .  ) represent the temperature disper- 
sion assuming Gaussian distribution of experimental plots. 
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assuming the Gauss ian  d is t r ibut ion  is 848~ and  
814 ~ C. Langer  and  Wachte l  [5] describe the invar ian t  

react ion for PdSi to change into Pd2Si' and  Si as 
taking place near  these temperatures.  However,  the 
react ion is unlikely to occur at a tempera ture  higher 

than  824 ~ C. Moreover,  even in the temperature  range 
below 824 ~ C, the react ion is moderate .  On  the basis of  
these facts, the plots seem to correspond to second 
order phase t rans i t ion  in the solid state. 

The second order  phase t rans i t ion  may be the 
t rans i t ion  of  the lattice structure of  PdSi to the 
o r tho rhombic  which is the stable lattice structure of  
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Figure 5 Time-dependent temperature curves, T(O, and the second 
derivative of temperature, d 2 T/dt 2 for palladium-silicon alloy with 
and without silver impurity. (a) Behaviour of T(t) and d 2 T/dfl for 
the Pd-Si alloy; atomic concentration ratio is Pd : Si = 48 : 52 and 
Pd:Ag = 100:0. Peak 1, T = 916~ liquidus temperature of 
silicon; peak 2, T = 893 ~ C, initiating temperature of solidification 
under a slight supercooling; peak 3, T = 894 ~ C, real eutectic tem- 
perature; peak 4, T = 876~ end of solidification; peak 5, 
T = 851~ second order phase transition in solid state. (b) Behav- 
iour of T(t) and d 2 T/dt 2 for the Pd-Si alloy; atomic concentration 
ratio isPd:Si = 48:52andPd:Ag = 98:2. Peakl, T =  884 ~ 
initiating temperature of solidification under supercooling; peak 2, 
T = 888 ~ C, real eutectic temperature; peak 3, T = 850 ~ C, end of 
solidification; peak 4, T = 815 ~ C, second order phase transition in 
solid state. (c) Behaviour of T(t) and d 2 T/dfl for the Pd-Si alloy; 
atomic concentration ratio is that Pd:Si = 60:40 and 
Pd:Ag = 92:8. Peak 1, T = 1210~ liquidus temperature of 
Pd2Si; peak 2, T =  833~ eutectic temperature; peak 3, 
T = 782 ~ C, end of solidification. 

PdSi at the room temperature.  The reason why the 
plots do not  scatter in the low silicon concent ra t ion  
range and do in the higher concent ra t ion  is no t  clear. 

A plausible explanat ion  is as follows. At low concen- 
t rat ions of silicon, PdSi and Pd 2 Si form the hexagonal  
s tructure in a lump as seen in Fig. 3a, so that  PdSi may 

be constricted by the ambient  massive Pd2 Si, and the 
transi t ion to the or thorhombic  structure may take place 

at a temperature  slightly higher than that  at high 
silicon concent ra t ion .  On the other hand,  at high sili- 
con concentra t ions ,  the pr imary  crystals of silicon 
grow in a r a n d o m  m a n n e r  as seen in Fig. 3c, so that  
they may not  impose stress field on PdSi in the solid 

phase, and  some marg in  in lattice format ion  may give 
uncer ta in ty  in the t ransi t ion along with lowering the 

mean  t ransi t ion temperature.  Even in a silicon con- 
cent ra t ion  somewhat  lower than 50 at. %, the plots are 
scattered. Tha t  fact may be caused by the absence of 
a s t rong stress field on PdSi in the solid phase, because 
the size of  each pr imary  crystal of  Pd2Si is small and  



Figure 6 Metallographs of palladium silicon alloy including silver impurity. (a) Metallograph for the Pd-Si alloy; atomic concentration ratio 
is Pd : Si = 48 : 52 and Pd : Ag = 98 : 2. Medium grey area is PdSi, light grey area is Pd 2 Si and fragmented dark grey portions are silicon 
crystals. The scale is 50 #m. (b) Metallograph for the Pd Si alloy; atomic concentration ratio is Pd : Si = 60 : 40 and Pd : Ag = 92 : 8. Light 
grey area is Pd2Si and dark grey portions are Si crystals. Silver precipitates at the pointed ends of silicon crystals. The scale is 50/~m. 

the lumped hexagonal structure does not appear  at a 
silicon concentration somewhat lower than 50 at. %. 

In comparison with the phase diagram given by 
Langer and Wachtel [5], there are some differences in 
form in the vicinity of  the two eutectic points. The 
diagram in Fig. 4 has the temperature minimum at a 
silicon concentration of 2 at. % lower than 50 at. % and 
appears to be the eutectic point of  Pd2Si and PdSi, 
while the characteristic temperature at a silicon con- 
centration of 50 at. % appears to be the eutectic point 
of  PdSi and Si. On the other hand, the diagram given 

by Langer and Wachtel [5] has the temperature mini- 
mum at a silicon concentration 2at.  % higher than 
50 at. % and is the anomalous eutectic point of  PdSi 
and Si, while the characteristic temperature at a silicon 
concentration of  50 at. % is only the liquidus point of  
Pd2 Si'. 

The origin of  these differences is not clear, but the 
important  source is supposed to relate the phase stab- 
ility of  PdSi along with a difference in the cooling rate 
in both experiments. A qualitative explanation for the 
source is as follows. At a liquidus temperature of  
Pd2Si in silicon-poor concentration, the interaction 
between PdSi and Pd2Si may be weakly repulsive, but 
some PdSi is probably included in the Pd2Si phase, 
and silicon-rich Pd2Si, that is Pd2Si', is formed. The 
amount  of  included PdSi depends on the cooling rate 
and tends to decrease with the cooling rate. This tend- 
ency may give rise to the eutectic property of  PdSi and 
Pd2Si in a silicon-poor concentration as seen in this 
experiment. 

Figs 5a and b represent T(t) and its second deriva- 
tive for 52 at. % Si alloys, where Fig. 5b represents both 
curves for the alloy containing 2 at. % Ag with respect 
to the palladium concentration. The alloy without 
silver exhibits peak 1 relevant to the liquidus tem- 
perature, where the silicon pr imary crystal grows, 
while the alloy containing silver does not exhibit the 
peak, and the d 2 T/dt  2 curve becomes simple. Fig. 5c 
represents both curves for 40 at. % Si alloy containing 
8 at. % Ag with respect to the palladium concentration. 
The second derivative peak relevant to the invariant 
reaction in the liquid phase disappears, and also the 
peak relevant to the second order phase transition of 

PdSi in the solid state disappears in contrast  with fact 
that they exist in Fig. 2a. In general, the comparison 
of  second derivatives for alloys with and without silver 
indicates that the addition of  small amounts of  silver 
leads to an appreciable change in properties of  the 
phase diagram. 

Fig. 6a represents the metal lograph of  52 at. % Si 
alloy containing 2at. % Ag with respect to the pal- 
ladium concentration, where the medium grey area 
shows PdSi, the light grey area indicates Pd2Si or 
Pd2Si', and the dark grey fragments are Si crystals. 
When the silver content increases up to about  8 at. % 
with respect to the palladium concentration, the whole 
surface of the disc becomes silicon crystal fragments 
and Pd2Si or Pd2Si'. Fig. 6b is a metallograph of the 
alloy corresponding to Fig. 5c, where the concentra- 
tion ratio is Pd: Si = 60 : 40 and Pd : Ag = 92 : 8. The 
light grey area is probably Pd2 Si, the dark grey areas 
are silicon crystal fragments, and the precipitating 
silver is shown as small white areas which terminate 
the pointed end of the Si crystals, and the cracks 
disappear completely. 

The investigations of  thermal analysis and metallo- 
graphy for the wide range of  silicon concentrations 
indicate that the addition of a small amount  of  silver 

collapses PdSi and separates the system into the bin- 
ary constitution of Pd2Si and Si [15]. Consequently, 
the phase diagram comes to behave as the eutectic 
alloy of Pd2Si and Si. 

4. Conclusion 
The phase properties of  the palladium-silicon system 
are reinvestigated by thermal analysis and metallo- 
graphic measurement in an at tempt to obtain a func- 
tional material which consists of  dual constitutions; 
those are fragmented silicon crystals and substances 
permeable to hydrogen. 

In thermal analysis, the method of taking the 
second derivative of  the time-dependent temperature 
curve offers a sensitive and accurate means to detect 
and read the thermodynamic characteristic tempera- 
tures of  the Pd-Si alloy, providing that the heat 
capacity of  the sample alloy is large enough compared 
with those of the equipment, and that a suitable 

1485 



procedure using a microcomputer is applied to 
processing the measured 4r 

The phase diagram obtained over the silicon con- 
centration range from 40 to 58 at. % under the medium 
cooling rate of 140~ ~ shows that the liquidus 
temperature relevant to the inter-metallic compound 
PdSi has no peak in the diagram. In that silicon con- 
centration range, the phase diagram appears to be 
divisible into two sections; at silicon concentrations of 
40 to 50 at. %, the alloy is a eutectic of Pd2 Si and PdSi, 
and at silicon concentrations from 50 to 58 at. %, the 
alloy is also the eutectic of PdSi and Si. The alloy of 
sufficiently poor silicon concentration has a hetero- 
geneous hexagonal pattern consisting of Pd2Si and 
PdSi. The 50 at. % Si alloy is almost a single consti- 
tution of PdSi. The alloy of sufficiently rich silicon 
concentration consists of PdSi and random fractions 
of the primary Si crystal, and has many cracks. 

The addition of a certain amount of silver collapses 
PdSi, and the silicide forms dual constitutions of Pd2 Si 
and fragmented Si crystals. In this alloy, a little pre- 
cipitated silver can be seen on the surface of the sliced 
disc, and cracks do not exist. 
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