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ABsrRAcT 

Tim solution caiorimetry has been used to measure the enthaIpies of formation 
of the soiid phases of the uickeLgaIIium system at 300 K and of the uickeI-germauium 
system at 330 Ic. Values are reported for the two nickel-rich binary solid- soiutions 
and for the interm~te phases N-&a, Ni,Ga, Ni,Ga,, NiGa, Ni2Gas, Ni,Ga,. 
Ni3Ge, NizGe and-NiGe_ These and previously determined enthaIpies of formation 
of related palladium ahoy compounds are compared and factors affecting the bonding 
mechanisms arc discussed; a dependence of intercomponent transfer upon electron 
concentration and electronegativity differences is sug~~ested by a reexamination of 
the intermediate phase data. 

INTRODUCTION 

Systematic studies of alloys of Pd -with E-subgroup eiementsr4 have begun 
to provide understanding of the major factors infhrencing the enthaIpies and entropies 
of formation of the solid solutions and intermediate phases of such transition-metal 
systems While similar effects arc likely in equivalent Ni-based ahoys, sign&ant 
dilTercnces may bc expected between the thermodynamic properties of the First 
and Second Long Period systems. Thermodynamic data for alloys of Niwith B-sub- 
group eIements are sparse_ Previous investigations of cQmpIete systems are mostly 
e:m_f.. or vapour pressure studies and provide reliable data onIy for free energies of 
formations”_ Calorimetric studies have been made throughout the continuous 
NiZn solid-soIutionss, but otherwise such measurements on Ni-alloys are mainly 
confined to Iimited studies of particular componncIss-g* ’ O_ Since enthalpies of forma? 
tion -provide valuable indications of bonding character, the establishment of good 
caIorimehicaIIy~measuredvaIues for.these continues to be of interest_ The present 
studies of the binary alloys of Ni with the Group III and IV elements, Cia and Ge, 
were undertaken to provide particular comparison with the previously examined 
Pd-In3 and Pd-Snl systems. . 

*Now at hdonesian National Physics Xnstitutc (LlP9, &&#q$In*-- . 
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EXP-AL 

Enthalpies of formation have been measured by tin-solution calorimetry, 
using an isoperibol calorimeter and operating procedures which have been described 
in eariier pubIicationsx*3*’ I_ In the present case, tin-bath temperatures of approxii 
mately 770 K (Ni-Ga alloys) and 840 K (Ni-GealIoys) provide optimum experimental 
conditions and sampIes were dropped from initial reference temperatures of 300 K 
(Ni-Ga ahoya) and 360 K (N&G-e aUoys)_ AlIoys were prepared from 99_999% pure 
elements by H_ F_ mehing under argon in sealed siIica caps&s and annealed, again 
seaIed under argon, until eqmiirium structures were obtained. Ni-Ga alloys con- 
taining O-60 at_ % Ga were anneaM at lOOO”C, to provide maximum ranges of the 
a- and B-phases, and at 650°C to yieIL samples containing the intermediate com- 
pounds &Ga, Ni&& and NilGaS. Alloys containing 70% or more of Ga were 
aged at room temperature for 2 months to obtain structures containing Ni,Ga,_ 
In-the case of ISi-Ge alloys, annealing temperatures of 920-950°C were employed 
with M-rich (O-35 at % Ge) and 750°C for those of higher Ge content_ Ah samples 
were waterquenched from the annealing temperatures to retain the high ?em_per- 
ature phase equiibria Checks on composition were maint.ainccl by weighing and by 
chemical analysis and phase equilibria were confirmed by metahographic and X-ray 
examination_ T6t specimens for sohttion calorimetry -were prepared by filing or, 
in the case of Ge-rich aIIoys, by crashing and the resuhing powders were enclosed in 
smaII thin-xx&xl caps&s of pure tin to provide suPable samples for introduction 
into the calorimeter via the dispcnscrs. The calorimeter was calibrated at frequent 
intervals, by the drop technique, using pure tin samples; heat content vahtes for this 
efement, for caliiration and for the calculation of the capsuIe corrections, were taken 
from Hultgren’slz asses& data 

Heats of soihtikn of 2Zme3m 

In preparation for the alloy studies the heats of soiution of Ni, Ga and Ge in 
liquid tin were first measured. For the purpose of comparison with other measure- 
ments of these quantities, the present rest&s for these elements arc here reported as 
isothermal heats of solution at the tin-bath temperatures_ The changes of heat 
content between initial and somtion tempexatures were calculated using Huhgren’s’2 
data for the elements. 

Nickel. Heats of sohrtion of Ni were measured at the two bath temperatures 
of 773 and 832 K used for the Nii and +Gee.I~oy studies, respe&vely- 
Themeanvahresobtainedwe~ . . . 

773K. A& = -10.21 kc&* g-at.-' 
(standard deviation 140 cal g-at-’ on 8 experiments) 

‘No&z thnxlghcut this paper I Cal = 4.184 J. : 
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and 832 K MN1 = - 10.72 kcal gat-’ 
(standard deviation 250 cal g-at-’ on 6 cxpcrimcnts) 

The vah~cs obtained are in very satisfactory agreement with other studies at simiIar 
temperatures (-11-85 kca.I g-at-l, 743 lC13; - 10.47 kcal g-at_- ‘, 741 K14) but no 
significance is attached to the temperature dependence which appears to be contrary 
to the general trend suggcstcd if all previous studies arc examincd- 

Ga@wnT The heat of solution of Ga in tin was measured at 778 K The average 
value obtained at this temperature and expressed relative to pure liquid gallium is: 

778 K AH- = i-720 Cal g-at-’ 
(standard deviation 50 cal g-at-’ on IO experiments) 

This value is also in satisfactory agreement with previons measnrements’5*16 for 
this element of which the heat of solution in tin varies very little with temperatnnz 

Gmnaniruk Present measurements of the heat of solution of Ge in liquid tin 
were made at 836 K and the average vahte obtained wasz 

836 K AIT&= +9370 cal g-at-r 
(standard deviation 230 Cal g-at_- ’ on 7 expe-riments) 

This value interpolates excchently between values reported at higher and lower 
soIution temperatures* 7_ 

N Go 
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Heats of fonnorion of nicke&gaGnz aIloys 
The Nd phase diagram, based maidy on that of HeIIner’* but modified 

in the light of investigations by !SchubertXg, is shown in Fig. I. From the present 
caIorimetric study, extending over the complete composition range, entbalpi~ of 
formation have been obtained for the fkc. a-solid-so?utions and for the in@mediate 
phases Ni,Ga, N@a, Ni,Ga=, Nigh, NizGa3 and Ni,Ga,. The experjmenti 
integral beats of formation at 3QO K, refemd to the pure Solids As the’ standard 
states, are assembkd in .TabIe I. The data are also presented in J& 2, to show the 
values corresponding to the sequence of phases existing at the higher anneaiing 
tcmperabxe (1273 K), and in Fig- 3 where, except for the iuchxsion of Ni&a,. 
they are plotted in a manner consistent with the report&i phases boundaries at the 
lower anneatkg temperature (923 IQ. 

The heat of forma&n of the compound “Ni,Ga” (36 at. %’ Ga) has been 

obtained by extrapolation fkom the data for the Iimiting CL’ (27 at.: % Ga) and two 
p5ase a’+Ni,Ga (31 at. % Ga) alloys. The resuIts for the-55 at. % & aIIoy (Fig. 3) 
are anomalous and incompatiiIe wit& the high-temperature eqiIibrium; the observe- 
tions arc, however, consistent with the separation during quenching of the Iow- 
temperatwe phase rep&ted by Schubert1g at 57 at % Ga. VaIues for the b.c.c. 
“Nim”-pkse arc sIightIy less exothermic than those given by Jacobi”, but the 
variation is believed to refiect the different reference temperatures (300 and 1023 K) 

TABLE 1 

HEATS OF FORMATiON OF Ni-Ga ALLOYS AT 3OOK 

Ref- states Ni(s) and Gil(s). 

hm AJfr c Phzsc 
(Cal g-ar.’ 1) 

O-06 
0.11 
0.20 
025 

027 
0.31 
OS 
0.38 
OAQ 
3.41 
0-M 
0.50 

-0.52 
0.55 
0.60 
0.70 
0.80 
030 
0.95 

- 1430 
-2400 
-4390 
-5610 
-5920 
- 6370 .- 
-6suv 
-7Mo 
-8560 
-9580 

---9060 
-9120 - 
-8580 

~10120 
-10760 - 

-8060 
-5300 
-2x0 
-1400 

*no a 
*230 a 
f180 a 
2170 Ni,Ga 
f550 Ni=Ga 
*2AO Ni=Ga+Ni,Ga 

ml- 
-5zf19w Ni,Gaz 
f180 .Ni,Gal 
fzoo Ni,Ga= 
*350 NiGa 
r 170 NiGa 
f130 NiGa 
f300 o 
iloo Ni,G23 _ 
*1x0 Ni,Ga-, . . ’ 
flO0 Ga+M&a~ 
f120 Ga+Ni,GaT ., _ 
floe Ga+-Ni,G8~~ 

t Intcrlhtcd. b Noxxquikii alIoy; posiiIe prcsipitation of Nil-. 
.r _- _:- .__. 

_ 

. 
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Fig- 3. Enthfdpics Df formation of N-a alloys a_t 300 F (923 K”aql worn tanpaabaq an+s). 
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Fi& 4. The Ni-Gt a@iirium diagram. 

TABLE 2 

HEATS OF FORMATION OF Ni-Ge ALLOYS AT 33OK 

Rcfkranx stztcs Ni(sj and Gets)- 

O-i6 -1970 
0.10 -3143 
0.20 -4620 
-.0.X -5930 
OV27 -6470 
o-35 -7510 
0.40 -7s20 
0.45 -7660 

-0-50 -7600 
O-60 -6600 
O-70 -33m 
020 ‘-3710 
090 -920 

3260 a 
f270 a 
*260 a*P 
f260 B 
i400 P-e 
f360 2 

f210 NiGefs 
f330 NiGc+e 
+350 NiGe 
f460 GeiNiGe 
rm Gc+NiGe 
ZEno Gc+Nx3c 
f220 Gei-NiGe 

_ _ 

80 90. ‘g 

36-= 
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and suggests negative deviations from Neumann-Kopp behaviour- A similar composi-; 
tion dependence of the heats of formation of the “NiGa” intermediate phase is 
indicated in both calorimetric studies. 

Wears offormation of nick&g fzrmaniwn alloys 

The equilibrium diagram of the NiGe system, according to Hansen and 
Anderko2’, is shown in Fig. 4. A series of 13 compositions have been examined in 
the present study in order to establish the heats of formation of the N&rich soIid 
soIutions and of the intermediate phases /3(Ni,Ge), s(Ni,Ge) and NiGe. The results 
obtained are presented in Table 2 and also shown diagramaticaIIy in Fig 5, which 
has been constructed in a manner consistent with the tentative phase boundaries at 

Fig 5.EntbaIpksofformationofNi-GeaIIoysat330K_ 

925 C (O-35 at % Ge) and 750 C (35-100 at % Ge) given in Fig_ 4; alI data are, 
however, referred to a uniform reference temperature of 330 I( and to the pure solid 
eIements as standard states. The results are generally very satisfactory, but variabIe 
solution behaviour gave persistently scattered data for the twophase (NiGe+-Ge) 
alIoys_ The value for- NiGe it&f is, however, well established by measurements on 
the singIe-phase alloys and the (NiGeiGe) two-phase data line is therefore plotted 
by reference to this, - 

The onIy other known thermodynamic study of this system is a calorimetric 
measurement of the heat of formation of the phase Ni,Ge by Predel and Ruge9_ 
They have reported a value of 8770 (+440) Cal g-at,’ ’ ; this is sIightIy moreexothermic 
thau the present result, but allowing for experimental uncertainties, the two investiga- 
tions are in satisfactory agreement. 
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DISCOSION 

me solid soluriarrr 

Althcugh smaller ;11 magnitude than those of the Pd-based exampks1-3, 
the present__+ha.Ipies of formation of the N& and Ni4e cc-solid. soIutions 

sfisw exothemxZ cbaraderistics sidar to those typifjmg the later Period. alloys. 
r -. tion of the data for the soWions of Ge, Ga and 2ns in Ni rexea!s a clear 
dependence on electron concentration akin to that shown by ~‘so111tions of Cd, 
In, Sn and Sb in Pd2 and comparison with the magnetic properties of the Ni-based 
alIoyszl again suggests a- ixxrelation between the cntbalpies of formation. of. thei 

a-solid-solutions and the rate of filling of their delectron IeveIs. The close coincidence 
of the enthalpies of formation, vi&wed as a function of electron concentration, 
suggezxs that, as with the Pd-based solutions, a solute-induced modification of the 
4.s-3d eIectron distriiution of the solvent Ni, rather than intercomponeut @an&r, 
is involved_ 

Intercomponent eIect.ron transfer has been invoked, however, as a predoin&ant 
factor in stab&ing inter&d&e phases of Pd-B-sub-groupelement alloy _syst$~*~~. 
This suggestion is based on the observation, demonstrated in Fig- 6, that their 

0 . 1 I 

0 -. o-1 02 .:03- 
.y l?imium u-_m par~fw - . 

. -* .-. 

%&All&w dqaldam of the alth3lpics of fomation of pzibdhm-alloy intermediate phases. 
- ._ 

enthalpies of formation show a strong deqxndence on the number of clectron- 
&sorbing &states present, i.e., on the likely. degree of heteropolarityV of the phase. 
Sii, but Icss7 tu$orm, behz&our is shown -by. ?he intermediate phases of the 
N& a&N& system but an aItemative~e&min&on of,these, ~ogcthcrwith 
the P&phses, now.gives some indication-of prob&Ie.variatiO~ in kercomponent 
tL&&i& I. :, _..; .~ . . - -- ---‘. 



Differences in behaviour are more clearly reveakci by reexpressing the enthalpy 
of formation of the phases pet g-at_ ~rmrsiiion meti and exauum - ‘ngtheseasafbnc- 
tion of outer electron conccntratiou (or average group number). The resuIts of this 
modified analysis are shown in Fig, 7, In this diagran& an increase of AH g-at? 
transition metal-is considered to indicate a higher degree of d-state filling, due to 

Heats of Formation 
v5 

0 Cd-W 
0 in-i% 
0 h-m. 
0 sb-fd 

10 11 12 13 

Fig 7. A comparison of nickel-alloy and palladium-alloy arthalpics of formation_ 

either increased local s-v2 transfer (solid solutions) or additional intercomponent 
transfer (intermediate’ phases)_ On the o&x band, establishment of cssentialIy 
constant values for this function is consistent w&h the_?saturation” of the Pd or 
Ni d-stat&, so that -intercomponent transfkr and enthaipy of formation per mok of 
alloy falls in.dim_ proportion to the decreasing transition metal con=- 
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The data so pIott.ed show that while the enthalpies of formation of the solid 

solutions depeud only on ‘the soivent metal -and the .ehxtron concentration, the 
bebaviour of the intermediate phases varies also according to the B-group element 
involved, The suggested difference in electronic mechanisms for the solid soIutions 

and intermediate phases is thus c!Wly dispIayed- 
Consideration of the available intermediate phase vaIues indicates that the 

extent of intercomponent transfer increases reguIarIy with electron concentration 
until satura&on of the transition metal d-shells is achieved and that the maximum 
eff&t of this (per g-at transition metal) is greater with Pd than with Ni, The differerxe 

in hehaviour between the individual Pd alloys and between the Ni-Ga and +&Ge 
systems also appears to refiect the. varyiug efectronegativity factors. It is nMed that 
as the eIectronegativity difference between components is reduced, a higher e&&on 
concentration is required to reach similar heats, i-e_, presumabIy to reack an equiva- 

Ient degree of intercomponent electron transfer. Thus, for exampIe. in the Pd-In 
and N& systems, transfer appears almost complete in PdJn, and Ni,Ga,, 
with an outer electron concentration of 11.8 per atom. By comparisp. a slower 
development of transfa is implied for Pd-Sn alloys, where maximum vaIues are 

only approached at electron concentrations of o-13 per atom, while for the lowest 
eIect.ronegativity difference systems, PbSb (5-vaIent) and Ni-Ge, the data suggest 
that “saturation” transfer may weIl not be achieved even in the most ekctron-rich 

intzrmediate phases (PdSb2 and NiGe). The latter behaviour is consistent with the 
existence of zero ekctronegativity difference between Ni and Ge and the smaIl 

electronegativity difference between Pd and pentavaleut Sb. Strictly, however, the 
behaviour of Sb is ambiguous and the data for the Pd-Sb intermediate phases are 

therefore plotted in two forms, assuming either tri- or penta-valent (superscript 5) 

vakncy for Sb. For the a-solid soIntious the heats of formation and magnetic prop- 
erties have been most consistent with the bebaviour of Sb as a tri-valent soIute2; 
if this state should persist in the compounds, then the dependence of the heats on 

electron concentration becomes close to that of the Pd-Sn compounds, as might. 
be expected in view of the similarity of the electronegativities of 4-vaIent Sn and 
3vaIent Sb_ Au exception to the above generaI hypothesis is the Pd-Cd system for 
which, despite a b&h eIectrochem.icaI factor, compound heats decIine rapidly with 
iucnziiug cd without approaching the high maximum values characteristic of 
other Pd systems. 

Turning to the individuat nickel-alloy phases, it is first noted that NiaGa and 
Ni,Ge, Iike several of *the corresponding Pd-based phases, possess the Cu,Au strut- 
ture and are tb~.& do&Iy r&ted to the a-soIid-soIutions; the-present re+examinaGon 
nevert.heIess indicates that some intercomponent transfer, dependent on soIute 
character, is-begiuning at these compositions. 

-- .~ The e(“Ni,Ge”) -p+ase is isomorphous with y(Ni,Gaa. and both possess 

partly-IWed NiAs (B8) structures. The difference between the en-pies of-formation 
of-these.(Ni,Ge, -7.1 to -7.8 kcal g-at.-‘;‘Ni,Ga,; -7.5 W-9.6 kcai g-at.-‘) 
and the more rapid variation with composition-and narrower stability range of 
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y(Ni,Gaz) are all attributable to a hi&er heteropok bonding in the latter phase. 

Both phases exhibi; enthalpies of formation which increase as the occupation of the 
NiAs trigonai interstitial sites, by excess transition metal atoms, is reduced. Such 
behaviour has been sugpted by Predel’ to be a general characteristic of fihed- 
NiAs-?jrpe phases. In the present instance the increasing heats are to be associated 
\rr.‘& the continuing development of heteropolar bonding as the phase field is crossed. 

The phase “NiGa” has the CsCl (B2) structure, exists over a range of composi- 
tion and shows enthalpies of formation which are asymmetric about the equiatomic 
ratio_ This latter feature is attributable to the change from anti-structure substitu- 

tion to the creation of Ni-sub-lattice vacancies, as the predominant defect mechanism, 
on moving from the Ni-rich to the Ga-rich ranges of non-stoichiometry22-25_ The 
N&+-type phase Ni,Ga, is considerably more exothermic than its CsCl neighbour, 
but this may be seen as a consequence of the cortinuing development of electron 
transfer heterpoiarity at these compositions in the Ni-Ga case_ 

The phase NiGe is of fixed stoichiometry and exhibits the MnP (B31)-type 
structure, following the behaviour found in the alloys of Pd with its higher-vaIent 
partners, such as Sn or Sb. It appears that this structure, rather than the CsCl form, 
is favoured by high solute valencies combined with comparatively low electrone- 
gativity differences_ The present Iimited number of examples--PdSn (- 14.6 kcal 
g-at_- ‘), PdSb (- I I.4 kcal g-at-‘) and NiGe (-7.6 kcal g-at.’ ‘)-suggest that 
the enthalpies of formation increase with eleetronegativity difference and with eIectron 
concentration. 
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