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Abstract  

The enthaipies of formation of two Ruthenium-Tin (Ru-Sn) and three Ruthenium-silicon (Ru-Si) compounds have been 
measured by direct reaction calorimetry: 

Ruo4Sn0.6 : AfH( 1173 K) = -28.1 kJ/mole(+ 1.6) 

Ruo.3Sno.7 : AfH(1173 K) = -29.8 Ll/mole(±0.8) 

Ru0.57Si0.43 : AfH(1505 K) = -45.3 kJ/mole(i0.6)  

Ruo.sSio.5 : AfH(1515 K) = -57.7 kJ/mole(zk1.4) 

Ruo,4Si0.6 : AfH(1704 K) = --80.4 kJ/mole(+1.0) 

refered to pure elements in their equilibrium states at the reaction temperatures. © 1997 Elsevier Science B.V. 

Keywords: Direct reaction calorimetry; Enthalpy of formation; Ruthenium-Silicon and Ruthenium-Tin alloys; Ruthenium- 
Silicon and Ruthenium-Tin compounds 

1. I n t r o d u c t i o n  et al and Schwomma et al [ 3 ~ ] .  Comparison with 
existing values of  the literature and discussion con- 

During the general thermodynamic and structural cerning the enthalpies of  formation of  <RuSi>, 
study of  the binary systems Ru-Si ,  R u - G e  [1,2] and <RuGe> and <RuSn> compounds are made. 
RuSn, calorimetry experiments were made in order to 
determine the enthalpies of  formation of  intermediate 
phases. Results have already been published for RuGe 2. E x p e r i m e n t a l  
compounds [ 1 ] and the purpose of  this paper is to give 
the data for three RuSi and two RuSn intermediate 2.1. Ca lor ime t r i c  m e a s u r e m e n t s  

phases, already identified by Massalski  et al, Weitzer 
Preparation of  samples, method and equipment 

*Corresponding author, have already been described in earlier communica-  
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Table 1 3. Results 
Elements characteristics 

Element Origin Purity Grain size 3.1. R u - S n  system 

Ru M&alor 99.96%(rain) 1-25 p.m 
Sn Goodfellow 99.9% 45 ~m 3.1.1. Formation of Ruo.4Sno.6 (Ru2Sn3) 
Si Alfa 99.5% <44p.m At the temperature of 1173 K, the enthalpy 

of formation obtained by our method was 
A f H  (Ruo.4Sno.6) 1 ---- - 28.1 kJmole  -1 of atoms 
(-4-1.6) (mean of four measurements) 

tions [7-9], we simply recall the principle. Fine Fig. 1 shows a predominance of the compound 
powders of the two components are mixed and cold Ruo.4Sn0. 6 with small quantities of Ru and Ruo.3Sn0. 7. 

compressed in appropriate ratios, under an argon Considering the presence of an amount of 5% of 
protective atmosphere inside a glove box. Table 1 Ruo.3Sno. 7 and including its enthalpy of formation 
gives powders characteristics, given in Section 3.1.2, we checked that the present 

The compacted pellets, weighing from 50-100 mg, enthalpy result was not distorted by the formation of 
were dropped into the calorimeter which operated this second phase, the enthalpy change would be only 
under argon (purity >99.995%) (to avoid oxidation) 0.6%, which is less than the experimental standard 
at a sufficiently high temperature to ensure a rapid deviation. 
interdiffusion of the two components. Calibration and 
stability checks were made with c~-alumina samples 3.1.2. Formation of Ruo.3Sno. 7 (Ru3Sn7) 

(20-60 rag) which were introduced into the crucible At the temperature of 1173 K, we found 
alternatively with the samples. The calorimeter AfH (Ruo.3Sn0.7) 2 = - 29.8kJmole  -1 of atoms 
measured the sum of the heat content of the pure (±0.8) (mean of four measurements). In Fig. 2, com- 
components (between room and calorimeter tempera- parison between (a) and (b) shows that the compound 
tures) and the enthalpy of formation of the compound obtained by direct reaction calorimetry gives a pattern 
at calorimeter temperature starting from the compo- analogous to the cubic structure calculated by Lazy-  
nents in their equilibrium states at this temperature. Pulverix [12] according to Nial's study [15] and 
The enthalpy increments of the pure elements and c~- confirmed that the formation of Ruo.3Sno.7 w a s  com- 
A1203 were taken from Barin [10] and Ditmars et plete (absence of Ru and Sn peaks). 
al. [11] respectively. At the end of each series of 
measurements, the calorimeter cell was slowly 3.2. Ru-Sisystem 
cooled. 

3.2.1. Formation of Ru0.57Si0.43 (Ru4Si3) 
At the temperature of 1505 K, the enthalpy of 

2.2. Phase characterization formation w a s  A f H  (Ru0.575i0.43) 3 z - 

45.3 kJ mole -1 of atoms (±0.6) (mean of four mea- 
After each experiment, the products were checked surements). The result cannot be considered as an 

by X-ray diffraction (XRD) and electron probe micro- accurate value despite the very small standard devia- 
analysis (EPMA). XRD studies were performed on a tion. The examination of the XRD pattern of the 
Philips PW1370 diffractometer using Cu I ~ l  calorimetry product allowed us to establish at first 
(A=0.154060 nm) and Kct 2 (A=0.154438 nm) the presence of RUo.57Sio.43 by comparison with the 
radiations and allowed comparisons with patterns calculated structure according to Engstrrm [16] and 
calculated by Lazy-Pulverix [12] according to litera- 
ture da ta  [ 13 -18 ] .  M i c r o p r o b e  a n a l y s e s  w e r e  pe r -  1With reference to pure metals in their equilibrium states at the 
formed using a Cameca SX 50 (Earth Sciences reaction temperature: Ru solid and Sn liquid. 

2With reference to pure metals in their equilibrium states at the 
Department, University of Lausanne, Switzerland), reaction temperature: Ru solid and Sn liquid. 

coupled with the PAP's routine [19] for matrix correc- 3With reference to pure metals in their equilibrium states at the 
tions, reaction temperature: Ru solid and Si solid. 
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Co K~, 1 ( ~ = 0.154060 nm) and Kct 2 (~. =0.154438 nm) radiations Cu Kal ( ~. = 0.154060 nm) and K~,~ (~ =0.154438 nm) radiations 
' i ' i , i , i , i • i , i i , i , i , i • i , i , i ' i 
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Fig. 1. Comparison between the Lazy-Pulverix computation Fig. 3. Comparison between the Lazy-Pulverix computation 
according to Poutcharovsky's experimental results [ 13,14] (a) and according to Engstr6m's experimental results [16] (a) and our X- 
our X-ray pattern of R u o . 4 S n o . 6  a s  obtained by calorimetry (b). (© ray pattern of R u o . 5 7 S n o ~ 4 3  a s  obtained by calorimetry (b).(O RuSi 
Ru peaks, • Ruo.3Sno. 7 peaks). (CsCl-type) peaks, Ru0.66Si0.33 (Ru2Si) peaks). 

Cu K~, 1 ( 7~ = 0.154060 rim) and K~, 2 (~.=0.154438 nrn) radiations analysis (DTA) and XRD experiments contradict 
. . . .  the diagram published by Weitzer [3] and assessed 

by Massalski [4]. As a consequence we have not yet 
tried to measure the enthalpy of  formation of  Ru2Si, 
and we consider the result about Ru0.57Si0.43 as indi- 

~ . ~  cative. 

b!j ~ ,IL_~ }~Lst.L)~ . . . .  ~ _ ~ _ ~  3.2.2. Formation of Ruo.sSio.5 (RuSi) 
At 1515 K, the calorimeter gave AfH (Ruo.sSio.5) 4 

- - 5 7 . 7  kJ mole -1 of  atoms (+1.4) (mean of  four 
measurements). The formation of  Ruo.sSio.5 is 

, I complete. Fig. 5 clearly shows that the phase was 
(a) , i l l  i i I , i exclusively RuSi (CsCl-type). The other structure of  

20 ' 30 40 ' 510 ' 601 ' , 710 80t ,' 90~ RuSi (FeSi-type) was not found. Microprobe investi- 
2 thota gations confirmed that the product composition was 

homogeneous. 
Fig. 2. Comparison between the Lazy-Pulverix computation 

according to Nial's experimental results 115] (a) and our X-ray 3.2.3. Forma t ion  ofRuo.4Sio.6 (Ru2Si3) 
pattern of Ruo.3Sn0.7 as obtained by calorimetry (b). At the temperature of  1704 K, the enthalpy of 

formation w a s  A f H  (Ruo.4Si0.6) 5 z - -  80.4 kJ mole-1 

secondly the presence of  two other phases: Ru2Si of  atoms (+1.0) (mean of  five measurements) AfH 
according to Aronsson [20] and RuSi (CsCl-type) (Ruo.4Sio.6) 6 = - 50.3 kJ mole - I  of  atoms (-4-1.0). For 

[17] and Fig. 3 . These three different phases were 
a l so  d e t e c t e d  b y  m i c r o p r o b e  a n a l y s i s  ( s e e  F ig .  4). W e  4With reference to pure metals in their equilibrium states at the 

reaction temperature: Ru solid and Si solid. 
have not yet been able to find out the temperature 5With reference to pure metals in their equilibrium states at the 
range of  stability for Ru2Si, Morozkin et al. [21] for reaction temperature: Ru solid and Si liquid. 
instance, as well as our own differential thermal 6With reference to pure metals in their solid states. 
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Fig. 4. Back scattered electrons micrography on a Ru0.57Si0.43 sample obtained by direct reaction calorimetry. Three phases are detected: light 
grey, medium grey and dark grey with a composition of 33, 42 and 49 at.% Si respectively. Black spots are holes. 

comparison (see Fig. 6) between the XRD pattern of  4. Discussion and conclusions 
the product obtained by direct reaction calorimetry 
and the Lazy-Pulverix computation got with the 4.1. C o m p a r i s o n  wi th  ex is t ing  va lues  

structure of  Ruo.4Sio.6 as determined by Israiloff 
[18] confirmed the predominance of  the expected Table 2 summarizes the available values of  enthal- 
compound but also showed small amounts (10% pies of formation for Ru-Sn and Ru-Si  compounds in 
estimated) of  RuSi (FeSi type). The presence of  these the literature. For the enthalpy of  formation of  
two phases was confirmed by EPMA. By considering Ru0.5Sio.5, our result is in very good agreement with 
the presence of  an amount of  10% of Ru0.sSio.5 and Topor and Kleppa value [28], who determined the 
including its enthalpy of  formation given in Sec- standard enthalpy of  formation at 298.15 K by high 
tion 3.2.2, we checked that the present enthalpy result temperature mixing calorimetry. The very small dif- 
was not distorted by the formation of  this second ference between the two values seems to indicate that 
phase, the enthalpy change would only be 1.2%, which there is no significative ACp between the pure ele- 
is less than the experimental standard deviation, ments and the compound. 
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C u  K . 1  ( X = 0 . 1 5 4 0 6 0  n m )  a n d  Ka2  (~  = 0 . 1 5 4 4 3 8  n m )  r a d i a t i o n s  
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Fig. 5. Comparison between the Lazy-Pulverix computation ~ m "7 ~ ~1 ~1 ~1 "~ 
according to G6ransson's experimental results [17] (a) and our 
X-ray pattern of Ruo.sSio.~ as obtained by calorimetry (b). ~ ,, 

~ ~ -= 

7 - ~  m ~ . -  

C u  K~, 1 ( ~. = 0 . 1 5 4 0 6 0  n m )  a n d  K(z 2 (~. = 0 . 1 5 4 4 3 8  n m )  r a d i a t i o n s  

, i , i , i , i , i ' I • i I 

I ~ ~ _  ~. "~ 

r O ~  t 

t " ~ / e  ~..,,J.~..d :! "~ ~ ' ~  ~ ,-= "~  

i .~ 

, I , I , I , I , I , I , ~ ~ 
20 30 40 50 60 70 80 90 ~ O O 

2 t h e t a  ~ ~ ~ ~ ~- tJ 

Fig. 6. Comparison between the Lazy-Pu lver ix  computat ion ,~ ~ ~ I I 
according to Israiloff's experimental results [18] (a) and our X- "~ .~ 
(FeSi-type)ray pattern Ofpeaks).Ruo.4Sio.6 a s  obtained by calorimetry (b). (m RuSi ,~ .~ 

4.2. Comparison with our preceding results in the '~ ~ ~ 

RuGe system ~ ~ ~ -~ 

o -  o ~  ~ _  ~ , ~ _ . ~  Table 3 summarizes our results about the enthalpies 3~ 
of  formation of  compounds in the RuX systems (X = ~ ~ ~ 
Si, Ge and Sn). Fig. 7 presents the comparison of  the ~ .~ ~ ~ .-° ~ ~ 
enthalpies of  formation of  the seven phases reported in .~ ~" ~ ~ ~ ~ ~ ~ 
table 4 according to the atomic composition of  X (X = ~, ~ ~ ~ ~ ~ ~ ~ 
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Table 3 

Phase mfH a A f n  b type of T(K) 
kJ mole 1 of atoms kJ mole i of atoms decomposition decomposition 

Ruo.4Geo.6 -34.8 -34.8 [1] fusion 1824 [2] 
Ruo.sGe05 -28.7 -28.7 [1] fusion 1783 [2] 
Ruo.aSno. 6 -28.1 -24.3 peritectic 1539 [30] 
Ru0.3Sno.7 29.8 25.4 fusion 1530 [30] 
Ru0.4Sio. 6 -80.4 50.3 fusion 1983 [3,4] 
Ru0.57Sio.43 -45.3 45.3 peritectic 1968 [3,4] 
Ruo.sSi05 -57.7 57.7 fusion 2023 [3,4] 

a With reference to pure components in their equilibrium states at the reaction temperatures. 
b With reference to pure components in their solid states at the reaction temperatures. 

40  i i i i 40  

- - . - -  Si ---.--- Ge  ...... o.... Sn accord ing  to ou r  resu l ts  

Si ........ Ge  ........... Sn . . . .  C and ........... Pb " / 
e: / 

~ O 20 according to Miedema's semi empirical model 20  

E 

E 0 0 0 ............................ 2,,'.- ~<z.::..222 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  

"\/ t~ - 4 0  - 4 0  
t-- 

E 

- 6 0  , I , J ' J ' 6 0  
0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  16 

atomic fraction of X 
Fig. 7. Comparison of the enthalpies of formation of RuX compounds with reference to pure components in their solid states at the reaction 
temperatures, according to this present work and [1], with 0 :  X -- Si, m:X = Ge [1] and 0 :  X = Sn and the enthalpies of formation of 
Ru o -x)Xx (with X -- C, Si, Ge, Sn and Pb) compounds versus atomic fraction of X, according to Miedema's semi empirical model. 

Si, Ge  and  Sn).  T h e  l igh te r  the  a s soc ia t ed  c o m p o n e n t  c o m p o u n d s  do  not  s eem to fo l low th is  l inea r  t endency .  

to R u t h e n i u m ,  the  h i g h e r  the  en tha lpy  o f  fo rmat ion .  A c c o r d i n g  to the  genera l  t rend  s h o w n  by  this  figure,  

Fig. 8 shows  the  va r ia t ion  o f  the  in t e rme ta l l i c  en tha l -  the  ex i s t ence  o f  R u P b  c o m p o u n d s  s eems  very  uncer -  

p ies  o f  f o r m a t i o n  versus  the i r  d e c o m p o s i t i o n  t e m p e r a -  tain.  Th i s  is conf i rmed:  firstly by  the resul t s  of  M i e -  

tures.  T h e  s t ronger  the  en tha lpy  o f  fo rma t ion ,  the  d e m a ' s  s emi - emp i r i c a l  m o d e l  (Fig. 7) w h i c h  g ive  a 

h i g h e r  (nega t ive )  the  d e c o m p o s i t i o n  t empera tu re ,  pos i t ive  en tha lpy  o f  f o r m a t i o n  for  RuxPb( l -x )  on  the  

M o r e o v e r  we can  no t ice  for  s e m i - m e t a l  a l loys  (RuSi  en t i re  r ange  of  c o m p o s i t i o n ;  s econd ly  we  n e v e r  

and  RuGe) ,  a l inea r  evo lu t i on  b e t w e e n  en tha lp i e s  o f  o b s e r v e d  any  in te rmeta l l i c  p h a s e  by  d i rec t  r eac t ion  

f o r m a t i o n  and  t e m p e r a t u r e s  o f  decom pos i t i on .  R u S n  b e t w e e n  Ru  p o w d e r  and  m e l t e d  Pb. 
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