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e UCRL-18273
The Thermodynamic Properties of Silver-Palladium Alloys

~ J.P.Chan*and Ralph Hultgren*

*_Resee[rch'- Physlcal Ch‘e'm.ist,. Materials_‘slcie-nce Division I, Sandia Corp.,

. Liv'errhorév," jCalif.'-"arid Pvrof’es’_so’r' ef Metallurgy, Departrhe‘_nvt_ of Mineral
Tech_‘nology, College of Engineering ‘a‘nel Inerganic Meteriels Research
Di\}isi:cirl;' I.Javw_r.‘ence Ré‘.‘diati.o’.nv Lé.‘bc'.)r?a_tfor_y,- Y:U‘nl'versiv’cy of California, Berkeley,

California 94720». -"

~ Abstract
JI—I.eat's of fo‘r"lmatio_h of silver‘-—pallavd‘ium_l.s'ol'id solutions were measured
b& li'qui'd tm isol'utib'h calerimetfy. : The 'max_lmufn exothermic heat of forma-
tion was found to lie; 'at>_4‘(_) alf.(l)mi'c'p.e..rvce'nt‘palladiulrh. ~This ..wa’s corlr_'elated
1 with thé rrlegnetic :chara‘c'teruof the alloys;,they a"'ré diamaghetic below 40
atofni'c"p‘ercerlt palladium ahd paramagnetic aho.ve.' Pauling"s theory of
metalllc chemlcal‘bondlng brov1des a satlsfactory explanatlon of thls

' Introductlon The alloy chemlstry of transition metals is poorly understood,

beth b_ecausef of lack of thermodynaml-c data and because of the complex1ty
vOf .ele'..ctvrohic.:‘ Str;uctuhe'_of the se'_.me't'a'l's;A : The silver—pallad'lum sys.tem was
chvos"-'en f"‘or' studyv,be.ceuse relatively slrhple bondin..g concepts lead to a'pre—
diction.that the exother.mic .hea_t of formatidn should be greater on the silver-

rich side, reaching a maximum near 40 atomic percent palladium. This was



fouhd to be the case.

| Transition metals are charac_ter‘i'zec.l by having incompletely fi.lled inn_erv
d-orbitals; the resulting ufnpairedi electrons make 'thebse 'metals paramagnetic
Qf ‘ferromaghetic. Pa’liadium has 'approxima:tel’y 0. 6 unpéifed.eleétrons per -
atom. 'Silvef has oﬁe ‘mo‘r.‘e el'e.ctro‘ri ‘than.-pallladium (the atOmic:_nurribjer vis
one greaier); .this-i'é more than sﬁffiéient to'fiil all the 'd—orb.itals so‘tthabt
v‘sil_vér' is di_amégnetic, With 0.4 excess electvro‘ns'pervaté‘m in higher energy
levels. |

| _.Si.lver ‘a’nd 'p'alie;dium form a conmpllete ser‘i'es of face—centevred-cubic. :
solid solutions’. Substitution of a silvef é{orﬁ' f‘or a paiiadium vatom on the
| érystal.l'attice.ihcfé'-aseé the number 'of"e.lect'réns-by'orié.. On th.e.palladiu.m.—'
"rich side, .the_ extfa ele"cbtr'on enters fhe vd'—'or}»_)it.al’,v feducing fché pa‘rvamagnetic
; susc‘ebﬁbiliﬁy. | Whé_n the silver cén:ce‘;ltréti(')v.n'.r"éaches 60 atomic per"c‘er.l‘t:, all
the d-orbitals are f.i.ll-ed and alloy becqmés ' diamag.r;é-ti.c.. Furfher _incr_'eases"»
in silver concentration produce a Ch;nge' 'in‘_bo'nding. vel’ect'ron vdensity’ with'ap :
e.:'ffect on the heat Q.f: _.f'c.nv".ma‘t-tiorvi of t.'h.e éllé_‘y whi‘c_h'd.iffe.f‘s from that on thé
' p'élladiurﬁ—vricﬁ side.. 'I:‘Vbe .maig.nevtic éuscéptibiiitieslf %’_3'-shdwn in Figure 1

c‘onfirm't_his désci"ipti_ori.' .

Experimental. Palladium sponge 99'99% pure and elec‘_ci'olytic-silire'r"99.'95°/o

R

pure were used to make the alloys. Mixtures of filings in zirconia lined"
’ graphite cruéibles were melted at about 1500°C under helium by ihduction {
heating to make ingots weighing about 3 grams each. After cold—vforking,

the ingbts were sealed in evacuated quartz tubes and homogenized by heating
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for two to three weeks at témperatures 50-100° below the solidus (1000°C to

1300°C). Homogeneity was tested by X-ray diffraction of mixtures of filings

“taken from both ends of each ingot, after strain-annealing the filings at 600°C

- for thirty minutes '.iri evacuated Pyrex glass tubes. Back-reflection lines

were sharp and the lattice constants agreed well with those of Coles* for the

‘expected compositions, assuming small losses of silver during melting.

‘Heats of formation of the alloys were determined in a liquid-tin solution

: : é,élorivmeté_r" d‘escribejd'el-sewheres._ In this method the heat of solution of the
alloy is sibtracted from the heats of solution of corresponding amounts. of
 the p’ur_é--‘compone'nts, to give the heat of formation of the alloy. Experi—

o ment’él"“dva‘_ca .'a_r'e ‘given in Table L. |

| ’Th'é heat.céﬁtents- of the allbys} Wéré measured in a di_phenyl ethelv:'.“c.lrop
caloirime'te_f'ev‘.‘ The expe'r‘i.meﬁtal re's'_ult.s‘ are given in Table II. A moderate.
ne'gavtiv_e‘. deviatidn from 'addifiVity'éf heat'cq'nffent‘s was fqund. From'the heét
.cbnté‘:.n.“cs '-th'é heats é'f..f-orm‘atior.l, 'vvhic_h were meas‘ufed near room tempera-
fure, 'éan be caléulated a{ high tempgratuiﬁes,

The heats of solution of silver and palladium in liquid tin, calculéted at

T00°K are show_“n in Table IIL. ‘The heats of formation of the alloys, calculated

at 1200°K are s_hbwn in Table IV.

Discussion. The extraordinarily nigh exothermic heat of solution of palladi—

um in tin is su’rprising@ None of the generalizatidns on metallic bonding

give a _hi'n't that palladium would differ much from silver. Palladium and

silver have atomic radii (1.375 and 1.445A) which differ by only 5% and their
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l.elec“cronegativirties are also not vefy different (2.2 and l’.-9). Yet_pall-adium
hes ohe of lhe fhost exlethel'mic heats of soli;fcion known, while silver dis-
solves en.doth'ermic'ally.‘ Silver and palladium, as shown in this paper, behave
nor.mally to ..one' enother,' fdfn‘ling alloys W1th mode_rate exothermic heats.. B
Clearly there ere 1.arge factors in the fermatiOn of me‘tallic”bon_d's m iallo'ye
which are not ekﬁleinable"on‘ the 'sirﬁple ‘concepts of elecfrbnegativity and
atomic size. '

- The heats of formefibh at 1.200°K of sil_ver—palla'dium alloys are shown
in F‘igﬁre 2. 4Th'e.ir" dependence on eohcerltr_a_tidﬁ re_Sembles a p.a_Lrablola, such
as would be p'redic.ted'b.y the wellek'rxown quaei-ehemical theory in whlch |

heats of formation dependv on the number of bonds between unlike nearest -

neighbors,- except that they are strongly skewed toward the vs'ilver—fi‘ch,si"de;_ .

The m'ax’irhu'm‘ eXOthermic' effecfoe'cur's near 40 atomic" perce'nt pal-ladium~

51gn1f1cant1y, th1s is the compos1t10n where magnetlc proper’ues drastlcally _

change (Flgure 1) the alloys are dlamagnetlc at lower palladlum contents,
and paramagnetlc-at hlgher._

This behavior is'-n'bt peculi_ar'to silveeral_ladium alloys. It seems to

appear 'in éll'binery.elldys where one’.m'etal is from the Ni-Pd-Pt cOlumh of '_ :

. the perlodlc table and the other member is from the Cu- Ag -Au column
Thus bes1des Ag Pd Cu Pd7 Au- Pd8, Cu P’c9 are exothermlc skewed
toward the Cu-rich or Au- rlch 51de w1th max1mum exotherm1c effect near
40 atomic percent Pd or Pt. _Cu—Nim,and Au~Ni11 are endothermic, but are

less endothermie on the Cu-rich or Au-rich sides. Ag-Ni!?, Ag-Pt!? and

ad

el
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Au-Pt!? have miscibility gaps; the first is hightly immiscible even in the
liquid state, the latter two are more miscible at the Ag-rich and Au-rich

s'i,'des, respecfi‘vely. Thus of the nirie’ binary combinations, none disagree

with the observation that the exothermic character ig greater on the Cu-,

: Ag—f or"Ah”—I‘iéh sides of the binary’“alio'ys, |

'Pav_ul‘ing's tvh"e.or"‘y of metallic bonding ég’ree.‘s nicely with this result.

Aécording to Paulingw_: the transition metals in the middle of the periodic

'c‘ab,lé," including palladium develop a valénce of 6 in thé'metallic state.

Silver, however, is hyperelectronic; the electrons in excess of those neces-

"'sary'to’fill'the d‘b—.orbital_ére"paired with electrons which wbuld_otherwise be

valence electrons. Thus sii_ver, ‘with 0.4 excess electro‘ns,. develops a

_Vaience_‘df'dnl);-S.‘G (or 5. 586). 'Eéch_.'P-d atom which enters the Ag lattice

fémov_és an éXééss;»electr‘o'n into its incompletely filled,d—brbitalbin(‘:reasing -

the valerice of the Ag; when x reaches.0.40, the valence of the fémaining

silver atoms reaches 6.0. Thus on the vAg—riclh side of the phase diagram |
each Pd atoi'nb iﬁéfeases the &alence, convt'ributing to the exother\mic»chafac;
fer of the a’_lloy;_f.this ceases _aS the concentration of Pd exceeds 40 Vat»om‘ic
percérvl‘t.‘ The valé_ﬁ.c"é’is shéwiri' 'grap_};icail_}’.in: Figu'ré 3, Witiq the extra - A
valence_ cq;n.tribution:sho.wn in fhé shaded-area. |
'(.M;yle-s.mvh'_as vrjéc.ently'determivnéd Gibbs'enef.gi‘es of A_g—P_d.solid solut‘ions-'. '
from 'yépbr pressﬁre -meésur»emeﬁntg.:' _Combinihg ‘the ée values ﬁith the
énthalpies of fofmatioﬁ determined‘iri thisl paper, the AS values shown

in Table IV and Figure 2 are obtained.
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. . -TABLEI

Measured Heats of Solution and Heats of Formation of the Alloys

' ' ' : o AHo i AHy o rmation
X_ .. T,°K = T,°K .. sl lorma |
Pd - i’ | £7: - calf/g-atom  cal/g-atom

: 1.900:_ ‘ 342, 7 '700.8v:_ : : f23906~
| 1{009   sazle 00.8 _~24216
- 0.798  324.6 3.2 -17430  -410
0,798fj ’ '343;64" _701;5,'f,u: o }17440 | ~-'”3‘1'-510'
: 0;612: .324,9* oone  v:?1r24b "_ 'J. 990
0,512": 431 :vj7oq;§ E . '—1132b-;.f= . i -1030
0,495', '1;324.8 . 700. 8 . | 'jf'-é7470 , "VIQ115¢- 
0.492‘- H  542.4_ } 700.5 i‘ | '47536 -  »'—1150'
0.394 fﬁ 324§9  ;__f6§§;5 ﬁ'_f' 1“ .f438o - _v‘;}1290
0;394f, a 326;1‘._1. 706;6 f  . ' ]~_v;44oo w1230
 : 0,200' | 324.6"1' '698;4' .' }_'. - \1i3o 5' ;_ ~ -950
0.200  342.8 _760.2_ o 1010 o : -§30
0.000  325.6 699.1 o es0 L
| 0.000  325.9 705. 2 | :.6306 |
0,000 3429  6e9.2 6120

0.000 342.6 699.2 6090
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TABLE II

‘Measured Heat Contents for the Alloys

< T °K Hp-Hogg. 15 AHLHygg. 15
Pd e cal/g-atom cal/g-atom

LI

0.200  998.3 R 4560 40
0. 200 1021, 5 N 4670 o -90
7 0.200 1076. 4 : | 5040 o -120
0.200  1o78.7 v  5050 | . -130
0.394 99,4 '  | 4440 B S s110
0. 394 . 1095.4 5240 - - -80
.d.394:f”_, 3111095.7 | '_:  5260 =60
0. 492  se2.9 S ss20 | 60
0. 492  ‘ . 998.6 X 4530 _:f _ - -100
0.492 oz . s210 'L» 0
0.798 886.8 sg80 T
0,798 998.9 - : 4670 ::". 0
0.798 10213 S a0 s -60
: | VT TABLE III |

Measured Heats of Solution in Tin at 700°K for Pure Silver and Palladium

R AH . T00°K
. sol'n
Substance -
. cal/g-atom
Pd. -26400£160

" Ag  3845%55
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TABLE IV

Silver-Palladium Alloys at 1200°K

(0hg ) vxPa, = Agy Pl )

XPd » AG AH _ AS‘

0.1 . -1196 .>=§725"- -76.392'

| 0.21 o -1927 41115'»- 0.677
0.3 -2318 e 41326 - 0}832
0.4 2429 -1370  0-882

‘ 0;5 a ‘{2325‘ | -}1300 »' ‘0.856 '
_5;5) . -e2087; C o110 0,814

 vo{7f . 51751 ”"f‘4ssq . id.751 
0.8  -1338 . -590 B 0.623
,Q.Qf'-' C-825 . =310 0.429
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