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HIGH-TEMPERATURE PROPERTIES AND ALLOYING BEHAVIOR 
OF THE REFRACTORY PLATINUM-GROUP METALS 

by 

R.   W.   Douglass,  F.   C.   Holden,  and R.   I.   Jaffee 

INTRODUCTION 

This report covers the results of a survey of the literature on the platinum-group 
metals.    The major emphasis here is on the metallurgical properties of the four more 
refractory platinum-^roup metals,  rhodium,  iridium,  osmium,  and rutheni m; how- 
ever,  available information on platinum and palladium is also included.    This survey is 
intended to provide a reference point for an investigation of the metallurgical proper- 
ties of the platinum metals.    It will serve as a guide to planning experimental work, 
both revealing areas where concentrated study is needed and preventing duplication of 
previous work.     In general,  original source? were consulted and are referred to 
throughout the report; however,  in reviewing areas that are not of primary metallurgi- 
cal interest,  i.e.,  occurrence,  extraction,  and corrosion behavior,  information was 
drawn mainly from review articles in tnese fields.    All references are included in a 
list uf references at the end of the report. 

A selected bibliography of papers and books that proved to be of special help in 
compiling information for this report is included following the text.     These selections 
are useful either in giving a broad background of the field or in supplying an extensive 
treatment of a  specialized portion of the field. 

PROCESS METALLURGY 

Geologic Occurrence 

The platinum metals,  platinum,  palladium,   rhodium,  iridium,  osmium,  and 
ruthenium,  generally are found together in nature.    The usual habitat of the metals is 
in ultraba.iic rocks where they have been concentrated by magmatic processes.    There 
are two principal types of primary deposits;   (1) local con.cenU-al;ions of the native 
metals with dunite,  often associated with chromite.  and (?.) disseminated in nickel- 
copper sulfide deposits in norite.    In addition,  erosion of the deposits of native plati- 
num metals has yielded important placer deposits found in Alaska,   Colombia,  and the 
Soviet Union.    Osmiridium,  a natural alloy containing osmium and less than 40 per 
cent iridium,  and iridosmine,  containing greater than 40 per cent iridium,  are im- 
portant sources of these metals usually found in South Africa but also in Tasmania and 
the Soviet Union. \ * > ^ 3) 
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The must importtint commercial dunite deposits arc found in the Ural Mount; ina 
of the Joviet Union,  and at Overvacht in the Transvaal in the Union of South Africa. 
The moat extensive nickel-Cwi^c-• "ulfide deposits yielding the platinum metals arc in 
the norile belt ol the Bushv^ld igneout< complex in the Transvaal and in the Sudbury 
district of Ontario,  Canada.     The metals often arc found in compounds in the su'.fite 
deposits; cooporitc,  Pt(A£,S)2; spcrrylite,   PtAs^,  Pd5D3, lauritc,  RuS^; and braggite 
(Ft,Pd,Ni)S; hovevc/,   in dxide regions of the sulfide deposits,  the native metals are 
often found. (•') 

In all deposits platinum usually is found in the greatest amount,  followed by palla- 
dium.    The Sudbury ores usually yield platinum and palladium in equal amounts, and 
the natural osmium-iridium alloys yield some platinum and essentially no palladium. 

To show the quantities and various sources of the metals,  the production 01 the 
platinum-group metals over a span of years is listed in Table  l.l4' 

The refractory platinum metals (ruthenium,  rhodium,  Iridium,  and osmium) 
comprise about 10 per cent of the total platinum metals production.'-')   Of these,  ruthe- 
nium is the most plentiful,  with rhodium next most plentiful,  in the ratio: ruthenium  16, 
rhodium 8,  iridium  1,  and osmium practically negligible.'      ' 

Extraction and Beneficiaticn 

The refining of the platinum metals can be considered in two steps:   (1) concen- 
tration of platinum metals from the ore,  and (Z) separation of the individual platinum 
metals.    For native platinum and iridosmine only the second stel need be used. 

The most significant world source of the platinum metals is the nickel and copper 
sulfate ores in the Sudbury district in Canada.    These ores are smelted and the metal 
is heated with coke and sodium bisulfate to dissolve the copper sulfide in preference to 
nickel sulfide.    On pouring the melt,  two layers are formed,  the top layer containing 
sodium-copper sulfide and very little precious metal,  and the bottom layer containing 
nickel sulfide and the bulk of the platinum metal.    The  "bottoms" are roasted and the 
nickel is removed by leaching with sulfuric acid,  leaving a residue containing about 
5 per cent platinum metals.    The residue is  smelted with litharge,  fluxes,  and char- 
coal,  which reduce the lead oxide to molten lead.    The lead,  which acts as a collector 
for the precious metals,  can be oxidized to litharge,  yielding an ingot with a high con- 
centration of the platinum metals.    This is treated with boiling concentrated sulfuric 
acid,  which removes most of the silver and about one-third of the palladium as Sul- 
fates,  yielding a residue of the platinum metals and gold.'^) 

This concentrate and native platinum can be dissolved in aqua regia and treated 
according to the flowsheet,  Figure  1,  to yield the platinum metals in the form of 
sponge and powder. 
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lABU 1. WORLD PRODUCTION OF PLATINUM-GROUP METALS. 1Ü48-rJ52(AVERAGt) AND 1953-1957. IN TROY OUNCES«4'1'" 

(Compilci' by Aiig'nia W. Jaiin and Dcrnlcc B. Mitchell) 

Couniiy 

19J8-195? 

(Average) 1953 1954 1955 195G 1957 

Noii.i America] 
Caruii.i 

Platinum:  Placet platlniun ftum 
tefinlng nkkcl-copper matte 

Oihci pljilnum-group metal): 
Iron rcflnüig nlckcl-coppct 
mane 

United States: 
Placer platinum and from 

dome; tic gold and copper 
refining 

Total 

135.112 

160, 326 

137. 545 154,356 170.494 

166.018 189.350 214.252 

151.357 

163,451 

19Ü. 077 

213,285 

30, 655 26.072 24. 235 23.170 21.398 18,531 

326. 093 329. 635 367. 941 407.916 336,206 427. 893 

South America: 
Colombia:   Plarer platimim 

Europe:   U.S. S.R.; 
Placer platinum and from 

refining nickel-copper oresW 

30, 598 

105.000 

29.201 28. 465 27. 526 

100. 000 100. 000 125. 000 

26,215 

125, 000 

26, 000 

125, 000 

Aaia:  Japan 
Palladium from refineries 
riatinum from refineries 

Total 

234 

234 

71 
987 

1,058 

248 
1.347 

1.595 

221 
628 

849 

218 
483 

701 

200 

425 

625 

1 

! 

Africa: 
Belgian Congo: 

Palladium from refineries«0' 
Ethiopia: 

Placer platinum 
Sierra Leone: 

Placer plaiinum 
Union of South Africa: 

Platinum-group metals from 
platinum ores 

Concentrates (platinum-group 
metal content from platinum ores) 

Osmlridium from gold ores 

Total 

63 

332 

29 

47, 858 

566 

90, 292 

176 

230 

101. 921 

350(b) 

109.267 

160 325 

300(b) 300(b) 

5(d) 

96. 929 
6.409 

208, 885 
6, 966 

236. 241 

6.266 
272.465 

7.021 
484, 574 

6.696 
(303.704 

5. 361 

151, 620 3oe '<.'■' 344. 834 389.103 491,730 600, 695 

I 

I 
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TABLE I.   (Oontlnuerf) 

CouiiUv 
1948-1952 
(Avcfj^e) 1963 19M 1955 1956 1957 

Oceania. 
Australia: 

Placer platinum 

Placer osinlrldlum 
New Guinea 
New .'ealaid: 

Placet platinum 
P.ipii.,; 

Pia«, er plailtiutn 

\\ tal 

5 -- 2:J 7 12 
63 69 1C 21 2G 
3(c) 6 5 10 0 

2 2 1 ■- 

1 4(0 (R) 

64 C7 49 38 47 

JO 
66 
It 

100 

World Total (estimate) 61S. COO 775. DOC 850. 000 950. 000 980, 000 1. 190. 000 

(a) This table Ineorpniates a number of re-.-^ions of data published In previous platinum chapters of Reference (4).   Data do 
mi'   idd lo lotah »l.own because of rounding where estimated figureb are included in the detail. 

(b) L^timate, 
(c) Includes platinum. 
(d) Export. 

fe) Average lor 4 years,  onlv.   as 1949 was the first year of commercial production, 
fl) Yeai ended June 30 of vear siaied. 
(g) Less than 0.6 OUIK e. 
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Cunaoh'Uttuii ami K.»hru .itton 

I he pl.itsnum mci.ili«,  ur.nl recently,  were me i ,n a lime crucible by direct 
hcAlinK with .in uxyhydrogen or uxy|{.i» torch.    This method,  being the oldest,  is per- 
haps mual  widely used, however, the u.ic of induction heating has come into frequent 
use.*'»''    Arc melting under a vacuum or .ncrt atmosphere would seem to be an effi- 
i lent method of consolidation, especially for ruthenium and osmium which react readily 
with oxygen, however,   'his technique has not found commercial use. 

Platinum '.s melted in a neutral or oxidizing atmosphere in a nonrcactive crucible. 
Lime crucibles had been used extensively because of their availability and ability to 
withstand high temperatures.     Zirconia crucibles are currently used in many applica- 
tions,  although almost any of the common high-melting refractories,   such as alumina 
or thuria,  would be acceptable.    Ingot molds usually are made from graphite or silica, 
Uraphite being preferable to silica because of its  good chilling properties.     There are 
no reports in the literature on the amount of superheat necessary to provide suitable 
i a stings. 

The  name precautions  should be taken in choosing and using a crucible or ingot 
mold as are taken in using platinum thermocouples or with platinum furnace windings. 
One important i onjide ration is to avoid the use of a silica or silica-containing material 
in contact with platinum in a reducing atmosphere.    In addition,  a combination of oil or 
grease with silica in a reducing carbonaceous atmosphere will result in some reduction 
(jf silica to silicon.     This then alloys with platinum to form a low-melting grain- 
boundary constituent.'"' 

Flotinum is very ductile and the ingots can be easily cold worked directly into a 
variety of commercial shapes.    Platinum usually is forged initially at about 800 C to 
break down the as-cast grain structure and to provide ductility.    It is customary to 
anneal platinum above the  recrystallization temperature during cold working; however, 
platinum does not work harden very rapidly so that rather large  reductions of the order 
of 75 per cent between anneals are possible.'''   Recent developments have shown that 
platinum prepared by powder-meiallurgy techniques has superior strength to conven- 
tionally  prepared platinum. V rf)    This will be discussed more fully later. 

The melting of palladium is somev/hat more difficult than that of platinum. Ex- 
perience has shown that palladium melted under oxidizing conditions is gassy whereas 
melting in a reducing environment results in ingots that are hot short and brittle. 

Atkinsonw) has studied the effect of gases on the melting,  casting,  and working 
of palladium.    He reported that the use of hydrogen as a deoxidizer during melting re- 
sulted in very dense ingots,   although it pronaotes violent gassing and attendant spatter- 
ing.    In addition,  hydrogen dissolved in molten palladium reduces the crucible material 
with resultant contamination of the melt.     Two other disadvantages associated with a 
hydrogen atmosphere are steam formation,  which causes surface pitting of castings, 
and blister formation upon heating strip in air.    Tests using city gas,  methane,  and 
acetylene as deoxidizers also showed blistering of the palladium sheet on annealing in 
air.    The use of carbon monoxide as a deoxidizer seemed to give the best results. 

An investigation of the most suitable atmosphere for annealing palladium re- 
vealed that helium and argon are the most satisfactory,  followed by CO^,   steam,  and 
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nitrogen.    Hydrogen, in addition to hardening palladium, also forms bliatera when the 
palladium is saturated with oxygen.    Air is unsuitable because the oxygen reacts with 
hydrogen to produce blisters; where Bolid deoxidizers are employed,  internal oxidation 
becomes a problem. 

It appears that the use of solid deoxidizers,  aluminum and calcium boride,  may 
be superior to gaseous deoxidizerswa/,  but there is no substantial information in the 
literature to confirm this suggestion. 

Palladium,  being soft and ductile,  can be worked in the sa-me manner as platinum. 
It is  recommended that palladium be annaaled in an inert atmosphere,  such as nitrogen 
or carbon monoxide, to prevent oxide formation. (Ö) 

Rhodium is most commonly melted by induction heating under an inert atmos- 
phe'-e to prevent oxide formation. ^ > ^)   Unlike platinum and palladium,  rhodium is 
rather difficult to work,  requiring that initial reductions be accomplished at hot- 
working tempc-ratures,  800 C or above. 1°)   Relatively ductile rhodium can be produced 
by hot and warm working at gradually decreasing temperatures.     Sheet produced by 
this technique usually can be cold worked if the thickness is less than 0.030 inch; how- 
ever,  cold working must be accompanied by frequent annealing,  as rhodium work 
hardens extremely rapidly at room temperature.'"' 

Recent developments in electron-beam purification techniques have resulted in 
rhodium rods of sufficient purity to permit cold working without preliminary hot work- 
ing.    This work has not yet been reported in the literature and the little information 
that is available doed not elaborate on the process. 

Rhodium cun be annealed in air although a superficial oxide film is formed at 
temperatures below  1100 C. 

Iridium is  generally prepared by arc-melting or powder-metallurgy techniques, 
although it may be melted in lime crucibles under an oxyhydrogen ilame, w) 

Fabrication data for Iridium prepared by powder-rnetallur gy techniques arp not 
available. 

Iridium is perhaps more difficult to work than rhodium.    Ingot breakdown is 
I usually accomplished at 1Z00 to  1500 C.     Like rhodium,  relatively ductile iridium can 

be prepared by working at gradually decreasing temperatures.     Iridium can be suc- 
. cessfully cold worked in sizes below 0.030 inch.^o) 

Ruthenium and osmium, the two hexagonal members of the group, are similar 
I with respect to their consolidation and fabrication characteristics.    Both are usually 

consolidated by powder-metallurgy techniques,  although arc melting also is employed 
in consolidating these metals.    Neither of the metals is considered truly workable, but 
ruthenium has been forged in air above  1500 C,  and rather small cold reductions,  of the 
order of 10 per cent,  can be effected in the laboratory. 

Some  success has been found in fabricating fine-grained powder-metallurgy 
ruthenium; however, ductile ruthenium has not yet been produced.    Further research 
on electron-beam or floating  zone melting may produce extremely high-purity,  fine- 
grain material,  that can be successfully worked to a usefully ductile material.'^) 
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Khva''0,1' ha«  rcporlotl thr roüuitti of «omc roconl work on the fabrtcai on of 
ruthenium.    Ruthenium jiowdor o*' v«irying purity waa invcotigatod under a vatloly of 
sintering and working tutnporaturca and atmoaphereu.    Material sinlered m ü high 
vacuum had better workability than that sintered in low vacuum or a hydrogcr atmon- 
pherc.    Sintering temperature appeared to have little effect on workability as long an 
the temperature was higher than 14'0 C.    The hot-working temperature alao did not 
appear to be critical,  temperatures as low aa  1200 C being satisfactory: however, 
1450 to  1500 C forging temperature« gave optur.um results.     Workability waa inde- 
pendent of furnace atmosphere,  air,  hydrogen,  and nitrogen-hydrogen,  but  ruthenium 
en-apsulateH in evacuated platinum envelopes had better hut workability than unpro- 
tected rutheiiium. 

In general,  it was possible tc cold  reduce  ruthenium that had previously been hot 
worked by about  10 per  cent  reduction between anneals.     Rhys was surceasful in cold 
rolling 0. 01 0-inch-thick strip, however,  this material was very brittle.    The ductilit> 
of the strip reduced to 0. 0<i-inch thickness by hot working was superior to that of the 
thinner cold-rolled  strip. 

Arc-melted ruthenium was found io have poorer workability than the powder- 
metallurgy ruthenium; however, the arc-melted material of highest purity co Id be 
worked successfully to rod and strip. 

The fabrication of osmium has received much less attention than ruthenium,  and 
osmium is still considered unworkable.    It seems, however,  that techniques designed 
to produce ductile ruthenium would also be beneficial in the fabrication of osmium.   The 
fabrication of osmium is further complicated by its volatile and toxic tetroxide which 
dictates that elevated-temperature working be done in an inert environmen«-. 

PHYSICAL PROPERTIES 

The physical properties of the platinum-group metals have been summarized 
previously^ 1 > ',7, 11 , 12) an(;j WiJj not be discussed extensively here except where con- 
flicting,  or new data,  have been uncovered.    Physical-property data from several 
sources have been compared and where there is agreement the most extensive source 
is  referenced.    Where there is disagreement,  several values are reported or the most 
widely accepted value is  r-eported. 

Atomic Number 

Platinum     Palladium     Rhodium     Iridium     Osmium     Ruthenium 

78 46 45 77 76 44 
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Atomic Weight 

Ftattnum    HMl-tdtum    Rhodtum     Iridium    Oanüum    Ruthenium 

195.23 106.7 102.91 193.1 190.2 101.7 

'7,lyat^.l Structure 

Platinum,  palladium,   rhodium, and iridium all have face-centered-cubic slruc- 
turett; osmium and ruthenium have hex;igonal close-packed structures.    Early reports 
indicated the existence of two allotropic forms of rhodium and four allotropic forms of 
ruthenium. (''   Recent investigations by McCalden and DuwezV^) and Bale'*^) reported 
no evidence of the a'lotropic transformations previously reported for rhodium and 
ruthenium. 

Lattice Constants 

The lattice constants of the platinum-group metals at 20 C are tabulated below:^'' 

Platinum     Palladium     Rhodium     Iridium     Osmium     Ruthenium 

a,A       3.9258 3.8825 3.7957        3.8312       2.7304 2.6987 

c.A -- -- -- -- 4.3104 4.2730 

Densit> 

Calculated and measured densities of the platinum metals at 20 C are tabulated 
below, (w Both density values are reported. The measured density of osmium i anks 
it as the most dense element,  although iridium has the higher calculated density. 

Platinum    Palladium    Rhodium    Iridium    Osmium     Ruthenium 

Measured,  g/cm3 21.4 11.9 12.4 22.4 22.5 12.2 

Calculated,  g/cm3 21.4 12.02 12.4 22.65 22.61 12.45 

Melting Point 

A The melting points of the platinum-group metals are tabulated below.    It should 
, | be printed out that the values of 2550 and 2750 C for ruthenium and osmium,   respec- 

tively,  that have been frequently reported are not included.    More recent determina- 
( ' tions(^) itidicate that ruthenium melts at approximately 2250 C and osmium melts at 
| i , approximately 3000 C. 
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Platinum     Palladium     Rhodium     Iridium    Oamium   Ruthenium 

Meltins Point,  C r^ 1552 1960 24-JZ jOOÜ 2250 

Polling Point 

The approximate boiling points of the platinum-group rn^tals (with the exception 
of platinum) have been determined experimentally.'')    The boiling point of platinum was 
calculated from vapor - pressure data.    In addition,  values of the boiling points of these 
metals calculated by Brewer^1"' are included. 

Platinum   Palladium   Rhodium   Iridium   Üsmium    Ruthenium 

Boiling Point,  c(7)        4530 3980 4500 5300 5500 4900 

Boiling Point, 
Calculated,  d16)        41u0 3440 4150 4800 4900 4500 

It would be expected from vapor-pressure data and known melting points that the 
boiling point of rhodium would b6 higher than that of platinum,  as is indicated by the 
data of Brewer. 

Specific Heat 

The specific heats of the platinum-group metals as functions of temperature are 
presented in Figure Z. w)    They are expressed analytically as follows: 

Specific Heat 
at ZÜ C,  cal/gU2) Cp ^ a + bt - ct2(^ 

Platinum 0.032 Cp = 0. 031 678 +   6. 30574 x 10"^ t - 
1. 6?487r   t 10-6 t2 (to 1400 C) 

Palladium 0.058 Cp = 0. 05841  +  1. 5853 x 1 O"5 t 
(to  1000 C) 

Rhodium 0.059 Cp = 0. 060467 +  1. 8303 x lO"5 t 
(to  1000 C) 

Iridium 0.032 Cp = 0. 030725 + 7. 4004 x 10" & t 
(to  1700 C) 

Osmium 0.031 Cp = 0. 030986 + 4. 721  x 1 0'6 t 
(to 1600 C) 

Ruthenium 0.058 C    = 0.057439 +  1.8921 x 10-5 t 
(to  1000 C) 
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Thermal Conducitvtty 

I'Uv thermal cnnduclivlltoa oi the plAttnum metal» at 10 C are tabulated 
be low (J. •-) 

Plaunum   Palladium   lihodmm   lr>dium   Oamium   Ruthenimr. 

I he rmal Conduct »vtty , 
cal'(»cc)(cmi)(C/cm)       0.17 0.17 0.36 0. 3S 

Thernutl Expansion 

The thermal expansion of platinum, palladium, rhodium, and iridium as a func 
tion of temperature is shown in Figure 3.(7) The coefficients of linear expansion be- 
tween Ü to  100 C of all six metals are  given below, O »'»* ^J 

Platinum   Palladium   Rhodium   Iridium   Osmium   Ruthenium 

Coefficient of Linear 
Expansion,   10   &/C 8.9 11.7 8.5 6.5 6.6 9.6 

Vapor Pressure 

The vapor-pressure data on the platinum-group metals have not been in general 
agreement.    In some instances, the volatilization of the platinum metal oxides has 
been confused with volatilization of the metals,  leading to erroneouo conclusions as to 
the relative vapor pressure of the metals. 

Some selected data from the work of Brewer^") as tabulated by Dushmann*) 
are presented below. The temperatures, in C, necessary to achieve certain metal 
vapor pressures are given. 

Temperature, C, at Indicated 
 Pressure, microns  
10-^     10-1 1 10 100      1000 

2313 2582 
1759 2000 
2358 2607 
2811 3118 
2920 3221 
2666 2946 

These data,   plus information from other sources, have been summarized with 
vapov-pressure data of the elements and their oxides and carbides from bromine to 
uranium by North American Aviation,  Inc.(l°)   The data in this report are summarized 
graphically and will not be reproduced here. 
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Platinum 1606 1744 1904 2090 
Palladium 1156 1271 1405 1566 
Rhodium 1681 1851 1971 2149 
Iridium 1993 2154 2340 2556 
Osmium 2101 2264 2451 2667 
Ruthenium 1913 2058 2230 2431 
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Haofling and Daänc''^ai have recently determined the v<tpor pro«i«uro of palladium 

betwoon  1115 and  MOO C.     Their data fit the  relals:>nsh»|J loj» Pmn, ■  ^7U\  '   8- J0 

t 0.0-1 which rcaulla in vapor proadure« of a factor of almost  15 greater than previ- 
ously recorded.    This difference is fell to be due to inctoaaed accuracy of the measur- 
ing lechniquea. 

Electrical Resistivity 

The electrical  rcaistivity of the metals at Z0 C is presented below:w) 

Platinum   Palladium   Rhodium   Iridium   Osmium   Ruthenium 

Electrical Resistivity, 
^ohm-cm 10. 6 10. 7 4.7 5. 3 9.5 (9.5)(3) 

(7.a)(7) 

(14,4)(1) 

The effect of temperature on the resistivity of the four face-centered-cubic 

metals is shown in Figure 4,^'' 

Emis sivitv 

The effect of temperature on the emissivity of the platinum-group metals has not 

yet been thuroughiy investigated.    The available data from several sources are tabu- 
lated below: 

Platinum      Palladium     Rhodium    Iridium       Osmium  Ruthenium   Wavelength, A , mJcron   Reference:» 

II.:Jü 

0,30(UOÜ C) 
ii. W(1300 C) 
0.31(1500 C) 

11.37 U. l:'l (total emissivity 
at 25-1500 C) 

0.33 0.24      0.30(1750 C) 
0.37 0.30 
0.35(1000 C) 
0.31(1460 C) 
0.37(1550 C) 

0,65(solld) (7) 
0.65(licuiid) (7) 
0.66 (19) 
0.66 (1)) 
0.66 (19) 

(3) 

Magnetic SuäceptibillLy 

The magnetic susceptibilities of the platinum metals, except osmium,  at various 
temperatures are tabulated on page 16.(') I  ; 
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Temporaturo,      MaKnutic Suaccptibtlttyt X x 10'^. ma«> un»» 
 C  Platinum Palladium Khqtlium Irtdium Rutncntum 

18 I. 10 5. 8                I. »-4 0. 15 0. 56 
Z50 Ü. 66 4. 3                 1. 30 0. IB 
500 0. 55 3. 3                 1.46 0. 21 0. 62 
750 0.41 2.6                1.55 0.25 

1000 Ü. 36 2. 1                  1. 80 0, 29 0. 70 

Atorruc   Properties 

In addition to some of the atomic and thermal properties hated previously,  there 
are many other properties of the metal atoms that are of spccralizcd interest.    Some of 

these,  such as atomic diameter,  closest approach of atoms,   ionization potential, 

chemical valence and valence electrons,  atomic abundance in the earth's crust,  the 
mass of the isotopes and the thermal-neutron-absorption cross section,  are listed ii. 

Table  2. 

TABLE 2.    SOME ATOMIC PROPERTIES Or THE PLATINUM-GROUP METALS 

Atomir UiamctiT, kX 
Distance of Closest Approach, kX 
loru/atioii Potential, ev 
Chemical Valence 
Valence Electrons 
Atomic Abundance in Karth's Crust 
Isotope Mass,   A 

Platnuim Palladium Rliodiiim Indium Osmium Ruthenium RelereiK c 

2.7Ü'J 2. -4.:> 2.7 2. 70'.* 2.70 2.67 (20) 

2. 76.) 2. 746 2.684 2. 709 2.670 2.644 ( 20) 

8.90 8. J:J 7. 7 8.7 8.7 7. ft (20) 

4.2 2.4 3.4 4.6,8 4,6,8 3.4.6.0 (20) 

Slices1 4dl0 4d85Sl 5d66s2 4d75S1 (20) 

4 x 10-3 8 x It)-'-' 1.6 x 10',J 8 x 10-J 4 x 1(1-8 8 x ur9 
(20) 

192 102 103 191 184 96 (20) 
194 104 -- 193 186 98 (20) 

195 10 5 — ... 187 99 (20) 

l.Hi 106 -- -- 188 100 (20) 

I9Ö 108 -- -- 189 101 (20) 

-- 110 -- -- 19Q 102 (20) 

-- -- -- -- 192 104 (20) 

Thermal-Neutron-Absorption 
Ores* Suction, barns/atom 8.1 8.0 150 430 14.7 2.46 (21) 

Elastic Modulus 

The  more refractory platinum-group metals have among the highest known 
elastic  moduli; osmium having a higher modulus than any other element. 

The  room-temperature values of elastic modulus of these metals arv   tabulated 
bo low. n) 

Platinum   Palladium   Rhodium   Iridium   Osmium   Ruthenium 

Elastic  Modulus,   106 psi 22 16 40 74 81 60 
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The effect of tcrnporaturo on the elastic modulus of the four face-contered-cubic 
metals, a« reported by Koater^^), is shown in Figure 5.    All of the modulus values at 
room temperature reported by Koster appear to bo higher, especially for the case of 
rhodium, than those reported by others.    This is probably because Knster reported 
dynamic modulus whercae the other values are representative of static modulus. 

CHEMICAL PROPERTIES 

Gas-Metal Reactions 

Carbonaceous Gases 

An interesting phenomenon has been observed with unstable hydrocarbons that 
crack in contact with hot platinum metals.    Damage to the metals in the form of a fine 
intcrgranular precipitate of carbon extending some distance into the metal has been 
observed.    No explanation is offered for this phenomenon.'   ^' 

Most of the platinum-group metals are unaffected by exposure to commercial 
carbon monoxide; however,  it has been observed that CO will harden palladium, and 
that ruthenium will react with CO to form a carbonyl at 180 C and very high pressures, 
of the order of 200 atmospheres. 

Exposure to carbon dioxide reportedly has no effect on any of the platinum-group 
metals. (^) 

Halogen Gases 

Platinum.    Investigations of the reaction of platinum with chlorine gas over the 
temperature range 500 to 800 C revealed the corrosion rate reaches a maximum at 
570 C and then drops to a minimum,  approximately one-fiftieth of the maximum at 
650 C.    This behavior is attributed to the change in vapor pressure and the nature of 
the platinum chloride reaction products.'   -*' 

Studies by Nogareda\'^ of the corrosion rate of platinum in chlorine and bromine 
gas at low pressures reveal that the corrosion rate varies with the second power of the 
gas pressure between 600 and 850 C,  and with the first power of the pressure from 
1200 to  1300 C. 

The results of various studies indicate that up to 400 C a protective film,  pre- 
sumably PtCl^ is formed; at 600 C no film is formed,  and at 700 C a weight loss is 
observed.    This is in disagreement with the first tests mentioned. 
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Hydrogen 

Sturlics of the reaction« of hydrogen with the platinum-group meula have largely 
centered on the palladium-hydrogen ayotem.    Of the other platinum-group metals, 
Smithclla^''' reports only osmium and i.'idium do not adsorb hydrogen. 

None of the platinum metals have been reported lo be embrittled on exposure to 
hydrogen, however, exposure of pallad.urr to oxygen and hydrogen atmospheroi alter- 
nately docs result in blistering from water   vapor formation.    This phenomenon also is 
common in copper and silver,  but hi.8 not been observed in any of the other platinum- 
group metals. 

A more complete presentation of the hydrogen-platinum metals systems is given 
later in the section "Alloy Systems". 

Nitrogen 

Smithells^^) reports that nitrogen is insoluble in all of the platinum-j^roup 

metais. 

There was no information found on the effect of nitrogen on the physical or 
merhanical properties of the metals. 

Oxygen 

Brewer(184) critically analyzed the available data for the oxides of the platinum- 
group metals.    He concluded that many of the oxides have low decomposition tempera- 
tures, and their study must be carried out at temperatures where equilibrium condi- 
tions are difficult to obtain.    Most of the work has been dene without the aid of X-ray 
analysis, and many phaties have been reported which do not exist.     Many of the oxides 
have been prepared from aqueous solutions, and some of the reported oxide phases 
appear not to exist under anhydrous conditions. 

The following decomposition temperatures (the temperature where the dissocia- 
tion pressure of the solid oxide reaches 1 atmosphere of oxygen) have been given by 
Brewer: 

Decomposition                                                               Decomposition 
Oxide       Temperature, K  Oxide       Temperature, K  

PtO                                   780 ± 30                                  Ir02 137 3 
Pt304 
Pt02                                    750                                     RuO^ 1400 ± 30 

RUO4 Metastable to Ru02 + ©2 
PdO                                    1150 

OSO2 Disproportionates at 923 K to 
Rh20                                  1400 give  1 atm OsO^g) 
RhO                                    1394 
Rh203                                 1150                                       OSO4 Normal boiling point = 403 
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H.iactl on the«c data, Browor concluded that above about 1400 K (11 27 C) no «olid 
nxidc phaao« can exist «von In an atmoaphere of oxygon.    Uaing an argument baaed on 
(hcrmud) namica, he concluded that, with the exception of uarrvlum, only Myfi^ and M^O 
gancoua molecules can roault from the reaction of oxygen with the platinum-group 
rnctals.    MxO^ is supposed to be predominant at the lower temperatures, and MyO 
should predominate at the higher temperatures whore O? begins to di&oociate appreci- 
ably into atomic oxygen. 

Meats and free energies of formation, according to the comp.lation by 
Coughlin'^*»2)f arc presented for several of the oxides of the platinum-group metals in 
Tables  3 and 4,  respectively.    Based on Coughlin'a free-energy data, the decomposi- 
tion temporaturcs for solid PdO,  RhO,  Rh^O-j,  IrO^, and RuO^ are  1160,   1300,   1215, 
1C30, and 1425 K,  respectively. 

Prior to presenting» the experimental results concerning the behavior of the 
plalinum-group metals in oxygen at elevated temperatures, a few of the problems 
associated with the interpretation of such data should be mentioned.    The face- 
centered-cubic platinum-group metals are well known for their tarnish and oxidation 
resistance.    Under many conditions of temperature and oxygen pressure they can be 
considered noble metals.    A31 of the platinum-group metals have volatile oxides under 
certain temperature conditions.    Throughout the literature there appears to be a ques- 
tion as to whether the metals vaporize and the oxides are formed from the vapor or 
whether a solid oxide is formed followed by immediate vaporization.    Most investi- 
gators today agree that the latter is the case. 

Because of the low oxidation rates exhibited by most of the platinum metals,  the 
oxidation characteristics are extremely sensitive to impurities in the metal.    In addi- 
tion,   since the oxides are volatile,  it is possible to build up an oxide-metal equilibrium 
in a static atmosphere, thus leading to an erroneous picture of the oxidation character- 
istics.    In a nonstagnant environment the flow rate of the oxidizing atmosphere could be 
expected to influence test results,  especially with those metals with highly volatile 
oxides.     Fryburg and Murphy'^' have commented on this effect and have reviewed 
some pertinent data to illustrate the effect of a moving versus a stagnant atmosphere. 
Because of the number of test variablesj  all of which have a large influence on experi- 
mental results, the following presentation will concentrate on the most extensive in- 
vestigations where the variables mentioned will be assumed constant for all tests.    In 
addition,  comparisons of the results of several investigators will not be attempted un- 
less there is a reasonable assurance that the experimental conditions are equivalent. 

Platinum.    Platinum is reported to form two oxides,  PtO, produced by heating 
platinum sponge or platinum black in oxygen at 510 to 560 C(26),  an(i Pt02 which has 
been isolated and identified by Fryburg'^') as the volatile reaction product of platinum 
with activated oxygen.    The formation of PtO^ has also been noted by Güntherschulze 
and Betz(28) in ari investigation of the oxidation of platinum in ionized gases.    In addi- 
tion, both of these oxides have been found coexisting in surface films on platinum 
electrodes.'29) 

Schneider and Esch^"',  in a study of the oxidation characteristics of platinum, 
report that the evaporation rate of platinum dioxide is strongly dependent upon oxygen 
pressure.    Kubaschewski and Kopkins'-^J conclude from Schneider's data that the 
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•.: r-. a'..: r o( the uxido incroAitoH .n proporlion lo iho oxygen prciaurc in aKr*ff">cnt wlih 
the equilibrium rolAttonnhip 

Vi * Oz(R) = Pt02(R). Pptü2 = K/Pür K -   l>5 x  lü-6 a,  1200C. 

Several Invosllgaior«'•**',      •      '      ' have  studied ihc oxidation of jjlatinum in oxy- 
gen and flowing air at  1000 C and above. 

The work of Raub and Plate' '^) on the oxidation of platinum in oxygen i» uum- 
marincd in Figure 6.    At  1000 and 1100 C the weight loa» appears to be linear with lime 
up to  30 hourn' exposure.    At  1 <i00 and  1300 C,  however,  the  rate of weight  loss de- 
creases with increasing lime,  the most significant departure from linearity being at 
1200 C.    The authors specified that the tests were carried out in flowing oxygen 
(0.4 litcr/rnin),  but the possibility exists that this flow was not sufficient to remove 
any stagnant environment which would result in an approach to an equiLbrium of oxide 
vapor with metal.    This explanation,  however,  does not account for the difference in 
the curves for the  1200 and 1300 C exposures. 

Th«* aulhors^^' also report that exposure to oxygen at 900 C resulted in weight 
losses of such a magmladt: as to be measured or. an analytical balance.    However, 
work of other investigators^^» J4*, 35) indicates that somewhere in the region of 900 C 
or below platinum should begin to show a weight gain.    This would not be unexpected as 
the dissociation pressure of the platinum oxide would probably fall below  1 atmosphere 
of oxygen at some temperature.    This is in agreement with Wühler and Freyw"' who 
state that the dissociation pressure of PtO^ at 530 C is under  592 mm of mercury. 

The effect of alloying with other platinum-group metals on the oxidation resist- 
ance of platinum is shown in .'igures 7 through 9. 

The addition of palladium results in a slight increase in the weight loss r.s com- 
pared with pure platinum at 1100 C; however,  the weight loss decreases with increasing 
palladium ccr^«*nt up to 40 weight per cent palladium.    This behavior can be attributed 
to inrreased oxygen solution resulting from the addition of palladium.    At 1100 C the 
40 per cent palladium alloy shows an initial increase in weight which later is eliminated 
by the volatilization of the oxide. 

The effect of rhodium additions  shown in Figure 8 can be divided into two separate 
effects.    At 900 C,  increasing the rhodium content results in a change from a weight 
loss at 10 weight per cent rhodium to a definite weight gain at 40 weight per cent 
rhodium,  due to the formation of the trivalent rhodium oxide.    At 1100 C the alloys 
show a decreasing weight loss with increasing rhodium concentration.    The authors 
feel that an increase in the oxygen dissociation pressure cf t^f oxide resulting from 
the alloying affinity between platinum and rhodium prevents the fornution of the tri- 
valent rhodium oxide in all of the alloys under investigation. 

Additions of iridium, the least oxidation resistant of the face-cente red-cubic 
platinum metals,   result in increased weight loss of the platinum (see Figure 9).     This 
effect is attributed to vaporization of the iridium plus an increased tendency toward 
volatilization of the platinum in the presence of ;ridium. 

BATTELLE MEMORIAL INSTITUTE 



-•-» 

0 

■30 

en 
E 

b 

E? I 
en 

|  -90 
o 

-i20 

i" ~~ ~~ —— *. 
"■""  

L  l000C 

L nooc 

\ 
\ 
\ 

V | 1200 C 

\ 
\ 
\ 
\ 
\ 
\ s 

t                                           1 

\l300 C 
\            1 
\         j 

■60  

0 12 IS 
Heating Time,    hours 

24 30 
A-3!9e5 

FIGURE 6,    CHANGES IN WEIGHT OF PLATINUM IN OXYGEN AT 
VARIOUS TEMPERATURES(32) 

GATTELLE MEMORIAL INSTITUTE 



I 
I 
I 
I 
I 
I 

-■<' 

200        0 

Time, hours 

i i 
I 

FIGURE 7.    TIME DEPENDENCY OF THE  WEIGHT   CHANGES OF PIA ITNUM- 
PALLADIUM ALLOYS IN OXYGEN AT 900 AND  1100 C 32) 

BATTELLE MEMORIAL INSTITUT   F. 

.,u. 



-•< 

-200 
200 0 100 

Time , hours A-31987 

FIGURE  8.    TIME  DEPENDENCY OF THE WEIGHT CHANGES OF PLATINUM 
RHODIUM ALLOYS JN OXYGEN AT 900 AND  1100 C(32^ 

BATTELLE MEMORIAL INSTITUTE 



27 

10 20 
Time, hours 

30 40 

A-3l9e8 

FIGURE 9.    TIME DEPENDENCY OF THE WEIGHT LOSS OF PLATINUM- 
IRIDIUM ALLOYS IN OXYGEN AT 900 C(32) 

BATTELLE MEMORIAL INSTITUTE 



28 

An A rr»ult ol (he vulAllllialton a( platinum ox4do Al elovAled (en)(>crAlurcaf 

l>lA(inum ü «uacoptlblc (o thermal clchtnK.    1..». ruix**') ha« r«por(oci thermai etching 
of plaiinum at  1000 C And Abuvo, and Raub and Plat«^ ^) ntudied the thermal etching of 
plaltnum and plAiuiurn-{>AUadtuin( platinum-rhodium, plaltnum-irldium, and platinum- 
gold alloy* A' variouii (omporaturoit. 

HalladiurT>.    Palladtum whin he<tlcd m an oxygen-containing atmosphere over a 
(crl.ttn range ui temperature» form» the bivalent palladtum oxide, PdO, which ttubiie- 
qucntly dis aoctatcH at higher tempe raturcn.    in air, the oxide forms at tempcraturcb 
from   i5ü to 790 C( ^). m crwironmcntj richer in oxygen, thin range would be extended 
•     higher U:mpcraturcH . 

The work of K.iub and Plate'^^' \H one of the moat extensive studies of the high- 
temperature oxidation of palladium.    A summary of their work on the oxidation charac- 
teristics of palladium is given in Figure  10.    (All of the data shown in this figure are 
representative of specimens quenched from the testing temperature.)   At all tempera- 
tures investigated,  the palladium samples show an initial weight increase, the rate of 
weight gain increasing with increasing temperature.    At 1100 C and above, the speci- 
mens  show a weight loss following the initial increase in weight.    This unusual be- 
havior can be attributed to the interplay of two phenomena.    The initial weight increase 
would be due to the solution of oxygen in the palladium lattice.    Assuming the palladium 
did not combine with oxygen to any appreciable degree, the weight gain would stop as 
the oxygen content approached its saturation limit,  as observed in the tests at 900 and 
1000 C.    However,  the palladium does react with oxygen and subsequently volatilizes, 
thus giving rise to the weight loss observed at  1100 C and above. 

The change in lattice parameter of palladium specimens heated in oxygen at tem- 
peratures from 800 to  1300 C and rapidly quenched also was studied.    Using the 
parameter of a specimen annealed at 800 C in vacuum and quenched as base line,  a 
definite decrease in parameter was noted in specimens annealed and quenched from 
higher temperatures.    In addition,  the structure of PdO was determined to be tetrag- 
onal with a =  3.03 kX and c/a =  1.754.    The results of these investigations indicate 
that there is an appreciable solubility of oxygen in palladium that increases with in- 
creasing temperature. 

Rhodium. Rhodium is the least volatile of the platinum metals.^'' It does, like 
palladium, form a tenacious oxide film at temperatures below 1000 to 1100 C, depend- 
ing on the oxygen pressure of the environment. 

Wöhler and Müller''*^' have reported the existence of three rhodium oxides which 
have a dissociation pressure of 1 atmosphere of oxygen at 1113,   1121,  and 1127 C for 
the trivalent,  bivalent,  and monovalent rhodium oxides,  respectively.    Brewert^"^) re- 
ported that the only definitely determined phase is Rh^C^ (corundum structure).    He 
q'ioationed the interpretation of Wöhler and Müller on the grounds that their data do not 
distinguish between distinct phases and an extended homogeneity range,    Kubaschawski 
and Catterall' 185) concluded from the available data that Rh^C^ is the only stable oxide 
at room temperature and that Rh20 and RhO are metastable. 
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Rdub and HUi«^^' tuiva «tudi««! the high lomperaturo oxidation characteritttc« of 
rhodium at  (100,   1200, and 1300 C.    The result« of their work are aummansed In 
Figure  11.    Rhodium, like palladium oxhibita a weight gain at 1100 C, mo«t of whir.i i« 
due in okygon «olubllliv.    At  1200 C there !• a very »light initial walgitt ga<n chat Id 
•oon overcome by the vuUttlisattun of the oxide,  leading to an approximately linear 
weight loan with time.    At 1300 C, the vohitiliiation la ao rapid that any weight in- 
crcaae due to oxygen in auluti^n la hidden.    Kowevet , the rhodiuin specimen after being 
heated in vacuum, following 9 hours in oxygen at  i ■■00 C, exhibited a weight loss of 
0. OU mg/dm^ or  1. 56 mg/100 g of rhodium, thus indicating an appreciable oxygen solu- 
bility at  I J00 r. 

Iridium. IrOj appears to be the only stable oxide in the iridium-oxygen ayatem. 
Goldschmidt'18^) reports tiiis to be of the same type as TiO^ (C4 type) with a = 4. 50 A 
and c/a  "  0. 700. 

Indium ia considered the least oxidation resistant of the face-centered-cubic 
platinum-group metals.    It oxidizes slowly upon exposure to air at 600 to  1000 C; how- 
ever,  above   1C00 C the oxide,  IrO^,  is quite volatile. ('» ^'' 

There have been very few investigations of the oxidation characteristics of 
indium,  recently,  due to the emphasis on protection of molybdenum,  some properties 
of electroplated inchum have been studied. 

Table 5 is a summary of the short-time exposure characteristics of plated 
iridium. * -'' 

TABLE 5.    SHORT-TIME EXPOSURE CHARACTERISTICS OF 
ELECTROPLATED IRIDIUM(41) 

 Change in Weight in Air^  mg/in. ^  
600 C 1000 C 

 Material 10 Min     20 Min     3 0 Min      10 Min Z0 Min 30 Min 

410 stainless steel,  bare -0.25        -0.53       -0.52 +1.14 +3,73        fl4.5 
410 stainless  steel,  iridium      -t-0.06       +0.08       +0.11 +33.2 +36.7 +40.0 

plated,  0. 0005 in.   thick 

Molybdenum,  bare +0.32       +3.7 +4.0 -317.3 -596.5 (a) 
Molybdenum,  iridium 10.3 +0.3 +0.3 +0.31 +0.09 -0.42 

plated,  0. 0005 in.   thick 

(a)   Sample completely disintegrated. 

The data here do not appear compatible when the molybdenum and stainless steel 
results are compared.    It appears from the results on molybdenum that the iridium 
plating afforded good protection and that the oxidation data are perhaps representative 
of only iridium.    It would appear from the data at  1000 C that the iridium, like rho- 
dium and palladium, has a definite oxygen solubility which is masked after long ex- 
posure by the weight loss resulting from the volatilization of Ir02. 
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Ruthontum.    Kulhonlum commonly tornx» »wo oiudo». HuO^ and RuO^.    RuO^ l« 
the reaction product of ruthenium In oxygen At lern|>«>ralurc« uf> (o 960 C.^S)    Like 
IrOj, KuO^ )« volatile only at high temperalure«.    In the region of 600 C a moaaurablo 
oxide film m formed, the thlckno«» of the film Inrre4«lng with Increasing lime Al tern- 
;.<• r.itti.-f. *■'•■'   The higher oxide of ruthenium ha« been Isolated a» a product of certain 
wet chemical  reaction*,  but there wan no definite evidence found in the literature that 
KuO.| i» formed on heating in air.     Brewer^'8"*) concluded that RuO^ appears to be 
thormodynamicaiiy unatable ever it rnom tenipcraturo. 

Ruthenium in conaidored to follow trtdium in order of decreasing oxidation ro- 
siHtancc,  although very few data arc available and no systematic studies have been re- 
ported on the oxidation characteristics of this metal. 

Osmium.    OsO^ (rutilc structure) and ÜsO^ arc the only known oxides of 
os^'iium. ( 1#4)   The yellow tetroxide is the stable form,  melting at 56 C and boiling at 

1 iO C under atmospheric pressure.    OsO^ also has a white form which is metastable 
with respect to the yellow form. 

Osmium has the most volatile oxide of all the platinum-group metals.     No data 
arc available other than that the toxic osmium tetroxide vaporizes at  130 C in air.l'') 

Sulfuroua Gases 

Platinum.     Platinum,  used in the manufacture of H^SO^, is unattacked after ex- 
posure to a mixture of SOT,  air,  and SO^ at 400 to 450 C.    In SO2 alone after  1 hour at 
800 C there is no attack; however,  after  1 hour at 1000 C a weight loss of 0. 0013 g/cm^ 
is  reported.    There also is a reaction in H^S from 400 to  1000 C which produces a 
slight blue film,   but no loss in ductility is observed after exposure.'^' 

Palladium.    Exposure of palladium to SO^ at 800 and 1000 C reportedly results in 
etching at  1000 C and the formation of a purple-blue film,  which is heavier at  1000 than 
at 800 C.    No loss in ductility was observed at either temperature.    Heating in H^S 
above 600 C resulted in rapid attack through the formation of a low-melting sulfide 
eutectic. (^3) 

Corrosion by Liquid Media 

The platinum-group metals are among the most corrosion-resistant elements 
known.    In many corrosive environments rhodium,  iridium,  and ruthenium are com- 
pletely resistant to chemical attack, v^)   Table 6 is a compilation of the corrosion re- 
sistance of all the platinum metals in a number of common corrosive environments. 
Table 7 summarizes the corrosion behavior of the platinum metals except osmium in a 
number of fused salts. 
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lAtu «. a>iwüiK)s i>» rnr ^unsuMCAW»" ».«tTALs IN A smwr« « on-woN aw^Dsivr ENVIRDSMINTS^3' 

" Tctn|>ci*i<sc. 

OttüniiT McUJuci C t'Uilmini Pall.KUum KJimJJum Iridium Ounlu.'ii Rutiicnium 

((-.4*.^.    CH(K. *: A A A \ A » 
100 A C B A A "1 

»IjSeü^.  ip p 1.4 RT A c -• -• • 
100 c D -- ■■ ■- 

"3PO4 too A H A A I) A 

MCIO4 HI A A -- -- ■• -• 
-.00 A C -- ■• -- 

MNtV).  70* RT A 1) A -- C A 

HNO3.   95* HT A I) A A 1) A 

100 A 0 A A D A 

Aqui rc^U m D I) A A I) A 

Boiling D D A A D A 

Ml.   40* RT \ A A A A A 

HCI.   3C* R: A A A A A A 

100 B B A A C A 

HBr.  jp jjr 1. 7 RT n 1) B A A A 

100 D D C A C A 

HI.   ip gi 1.75 Rl A Ü A \ B A 

100 D -- A A C A 

ACCIK a«.iiJ,  glai lal 100 A A A A -- A 

f-2 RT B -- -- -- -- -- 
CI2,   Jrs RT B c A A A A 

CI2,  niDist RT B D A A c A 

Br (li^lX   "■lr>' RT C D A A D A 

Br (liq),   moist RT C D A A B A 

Br,   w.uer RT A B A A -- A 

I,  dry RT A A A A B A 

I,   r-.LVsf RT A 11 B A ■\ A 

I,  In alcotiol RT A D B A -- A 

HrjS,   moist RT A A A A A A 

NaCIO solution RT A C B -- 0 I) 

100 A D B B D D 

KCN solution RT A C -- -- -- -- 
100 c D -- -- -- -- 

HgCl2 solution 100 A A A A -- C 

CuChj solution 100 A B — - -- -- -- 
CUSO4 solution 100 A A A A -- A 

A 12(804)3 solution 100 A A A A * - A 

Note: 
A - no appreciable corrosion 
B - some attack but not enough to preclude use 
C - attacked enough to preclude use 
D - rapid attack. 
Test on massive specimens,  except for Osj solutions not aerated or stirred. 
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METALLUHOICAL PHOPEKTIES 

McchAnicAl Propcrtlc» of the Pure Mctala 

Few data on the mechanical proj>erlie« o( the platinum-group metals arc avail- 
able.     Little in known of the effect« of various testing variables (strain rate, prior 
strain,   stress  system,  temperature,  etc.) on the oropertics of any of these materials. 
Platinum and palladium have  received the moat attention with  respect to tensile proper- 
ties,  rhodium and iridium have received little attention, and no data have been reported 
for ruthenium and osmium. 

Ruom-Temperature Propertica 

The available room-temperature tensile properties are aummarized in Table 8, 
and the room-temperature hardness data of the metals in various metallurgical condi- 
liuna are tjummarized in Table 9.    Where data are in agreement,  the values have been 
averaged and the references cited; where there appears to be wide variations in data, 
the values of each investigator are reported individually. 

The well-known softness and ductility of platinum and palladium are shown by the 
relatively low strengths and high elongations of these materials in the annealed condi- 
tion.    Rhodium and iridium,  on the other hand,  have higher tensile strengths and con- 
siderably lower ductilities.    It may be noted from the tensile data for rhodium and 
iridium that some values  reported for the annealed and worked conditions are conspicu- 
ously high.    The values of 138,000-p3i tensile  strength with a corresponding elongation 
of 35 per cent'-^' for rhodium are not in agreement with data from other sources.( 1 ^J 14) 
Unfortunately,  the purity of the rhodium and the iridium which exhibited these unusually 
high strength levels is not specified,  whe-oas the other tensile data are representative 
of high-purity material. 

Although the v/ork-hardening characteristics of the four face-cente red-cubic 
metals have not been thoroughly investigated,  some insight into their behavior can be 
gained from a comparison of the various tensile properties.    Platinum and palladium 
cold rolled 50 per cent exhibit increases of 1. 5 and 2. 0 times the annealed strength, 
respectively.    On the other hand,  rhodium and iridium exhibit strength increases of a 
factor of 3 on cold working by an unspecified amount.    It is doubtful that,  even under 
the most favorable conditions of purity and prior fabrication,   rhodium and iridium 
could be rolled to a 50 per cent reduction to be comparable to the platinum and palla- 
dium.    In fact,  the maximum possible reduction between anneals probably would be of 
the order of 1 0 to 20 per cent. 

Although rhodium and iridium are notoriously difficult to work, very little has 
been done to study this behavior,  especially through the determination of mechanical 
properties.    BaleH'*) attempted to explain the difficulty of working rhodium by testing 
rhodium of extremely high purity,  less than 10 ppm metallic impurities.    This material 
exhibited a threefold increase in hardness after cold rolling 15 per t;ent.    He concluded 
that although high-purity annealed rhodium is rather soft,  its rate of work hardening, 
like that of rhenium, is extremely rapid at room temperature; this might indicate an 
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TABLE 9.    ROOM-TEMPERATURE HARDNESS OF THE PLATINUM-GROUP METALS 

Metal 

Platinum 

Palladium 

Rhodium 

Iridium 

Osmium 

Ruthenium 

Condition 

Vickira 
Hal dncit« 
Number References 

Wroußht-anncal-d 37 
Cast-annealed 55 
Eicclrodcpositcd from complex sodium platinatc 606-642 

bath 

W rouRht-annealed 
Cast -annealed 
Electrodcpositcd from palladoaamine bath 
Electrodeposited from metal nitrates plus 

chloriciea bath 

Pressed and sintered plus  3 hours at 1300 C 
The above plus  1.5 hours at 1600 C 
Wrought-annealed at  1200 C 
Vacuum annealed,  high purity 
Cole rolled,   15 per c^nt 
Electrodeposited from rhodium sulfate bath 
Cast 

Pressed and sintered plus  3 hours at 1300 C 
The above plus  1. 5 hours at 2000 C 
Cast 
Cast 
Vacuum-arc melted-annealed 

Vacuum-arc melted; hardness variation due to 
different crystallog] aphic orientations 
of gi ains 

High purity-cast 
Cold worked,  7 per cent 

Vacuum-arc melted 
Cast 
Cast-annealed 
Cold worked,  9 per cent 

37 
48 

190-196 
387-435 

135 
128 
122 
110 
300 

549-641 
139 

270 
178 

163-172 Dhn 
217 Bhn 
210-240 

300-670 

350 
690-1000 
Avg -710 

200-500 
220 Bhn 

240 
360-750 
Avg ~480 

(7) 
(4M 
(47) 

(7) 

H6) 
(48) 
(48) 

(46) 
(46) 
(49) 
(14) 
(14) 
(47) 

(H) 

(46) 
(46) 

(50), (51) 
(52) 
(15) 

(53) 

(7) 
(15) 

(15) 
(H) 
(12) 
(15) 

i 
I 
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opcraltvo altp mrchitfusn» tllfforon'. <rom XUAX found in ulhor (aco-conlerod-cubtc molAl«. 
The |H»nt;billiv ext«(«. In thr c.i«o n( twtth rhodium And irldiurn, ihul they are extromoly 
Konnttive tu oxvgon <. r  aorno other (i;atolvod inter«titlal. 

Very hlllc in knuwn about the effect cf temperature on lite ductility of thcac 
metal«.    There i» nu evidence that the platinum or palladium undergoes a ductilo- 
bratlc transition.    It is kr.own that indium -ire can bo bent slowly, but rapid bending 
may  result In fracture      Thn g'vr« a «rude indication that the material is strain-rate 
Bcnnitive, and that the ductile-brittle transition in bending is close to room tempo raturc. 

Khya''^"1) reports that single crystals of ruthenium produced by zone melting 
arc quite ductile and can be bent easily by hand,  and that hot -rolled annealed strip can 
be bent to an angle of 90 deg over a  1-lnch radius.    Cold-roiled and annealed ruthenium 
3tiip is considerably less ductile and fractures at lower amounts of plastic deformation. 

Very little is known regarding the operative deformation systems in these metals. 
It can be safely assumed that platinum and palladium,  like most face-centered-cubic 
metals,   slip on the   fill)   planes in the < 1 10> direction.    There are no data to indicate 
the operative slip systems in rhodium and Iridium. 

Ruthenium and osmium,  like many other hexagonal materials,  slip on the   (lOlOj 
planes and also,  in the case of osmium,  in the basal, (0001),  plane.    Ruthenium is re- 
ported to have several operative twinning planes,  the   {1011},   {llZl}    {1123}, and 
occasionally the   {l 0 1 2j .    In this respect it is very much like rhenium,  zirconium, and 
titanium.    Osmium,  like many of the more common hexagonal materials,  twins on the 
{1012} and   (l U 1 \)   planes, w'*)   There are no data available on the twinning planes of 
platinum,  palladium,   rhodium,  and iridium; however, they probably twin on the   {ill} 
planes as do most other face-centered-cuoic metals. 

Elevated-Temperature Properties 

The elevated-temperature hardness of all of the metals has been investigated and 
a summary of these data is presented in Figures  12 and 13.    The hardness of the more 
refractory metals is unusually high at temperatures above  1000 C, the average hard- 
ness of ruthenium and osmium at 1200 C being about 125 and 300 VHN,  respectively. 
The hardness of rhodium and iridium at  1100 C is  significant y high in view of the high 
purity of these materials. 

The tensile properties of palladium and platinum up to  1100 and 1200 C,  respec- 
tively,  are presented in Figure  14.    The strength decrease of palladium with tempera- 
ture appears to be almost linear, whereas the iiardness-temperature curve changes 
slope rather abruptly at about 400 and 800 C.    The effect of temperature on the tensile 
strength and hardness of platinum is very similar at the higher temperatures, but at 
low temperatures there is no plateau in the tensile-strength curve. 

The creep properties of the platinum-group metals are virtually unknown. 
Platinum has been subjected to several investigations,  especially in recent years, but 
palladium,  rhodium,  and iridium have received very little attention.    Allen and 
Carrington'^"' have investigated the compression-creep properties of several refrac- 
tory metals,  among them platinum, palladium,  rhodium,  and iridium.    Some of the 
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r«Dull« uf their ttudy, showing the atronii And »ironit-dontttly i-Aliu to produce 1 per cent 
dv/urnvilion in i4 hour« 4( 1000 C l« the plaltnum tnrtalii And molyhdonum, tungsten, 
Ar.-t Iron, Arc t4bulAtnd below 

Mrca» for 1 % DoformAtton 
MAlcrtAl in 24 11 Ir At lOUO C, H«» SI re»«»' 'I)cn«»ity x 10'* 

Platinum 200 0.029 
Palladium 660 0. 154 
Rhodium 6,600 1. 49 
Iridium 13,200 1   64 
Molybdenum 6600-8800 1 .81-2. 41 
Tungsten 1J,200 1.90 
Iron 1,057 0. 375 

It is seen that,  although platinum and palladium are inferior to the other matc- 
riala with regarc! 10 creep strength,  rhodium and iridium compare favorably with 
molybdenum and tu. gsten,  and arc far superior to iron on a strength-weight basis. 

The creep and stress-rupture data on platinum and palladium that are available 
have been generated by many sources with many different objectives,  so that a concise 
correlation ol the work of various investigators is rather difficult. 

Reinacher'->-)' determired the 20-hour i upture strength of high-purity platinum 
over a range of temperature.', from 20 to  1250 C,    He found that the ratio of 20-hour 
rupture strength to short-time tensile strength decreases with increasing testing tem- 
perature,  indicating that the short-time tensile strength is a poor design criterion for 
elevated-temperature applications.    The values reported by Reinacher are listed in 
Table 10. 

TABLE 10.    ELEVATED-TEMPERATURE MECHANICAL PROPERTIES 
OF HIGH-PURITY PLATINUM{55) 

Temperature, 
C 

Ultimate Tensile 
Strength,   1000 psi 

Stress to Rupture 
in 20 Hr,   1000 psi 

Ratio of 
20-Hr Rupture 

to Ultimate Strength 

20 
300 
500 
700 
900 
1250 

19.2 
14. 2 

10.9 
9.2 
4. 8 
1.4 

17.9 
12.4 
8.5 
5.0 
2. 1 
0.85 

0.93 
0.88 
0.78 
0.54 
0.45 
0.60 
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mariznd below. 

Platinum 900 -- -- 3630 1650 (57) 

99.97% platinum, I 100 1875       1250 625 600 (58) 
I 200 C annealed, 
0. 010-in. -diameter wire 

Annealed 0.020-in. - 1400 250 120 -- -- (6) 
diameter wire 

(l;      =Ac"]£iT;(2)  a = BaPT)£(. 

(5)   Q oclog a]e 

where Q = activation energy for rate of deformation, t = time, and A, B,  C,  a.,  n, and 
p are constants. 

m * 
i 
■ 

i 
Sumo atro«t-rupture prnperlie« of pUtinum have been tlolormincd by Chlldt*'^, 

StauB«^^), and Donnett(^).    The reeulte of the etudie* of these inveetlgator» are sum- f 

       Strcas to Rupture^ p«i ' 
Temper- 

Material ature, C      I Hr       10 Hr      100 Hr       1000 Hr      Reference» 
I 

I 

I 

I 
Stauss also observed that exposures greater than 5 hours' duration resulted in a 

change in the fracture characteristics from the usual necking-type fracture to a knife- | 
edge type of fracture.    Metallographie investigation revealed that grain growth during 
exposure resulted in single crystals across the specimen diameter.    Bennett also noted 
such grain growth during exposure under low stress levels; however, in this case the | 
grain growth resulted in embrittlement. 

Other investigations of the creep characteristics of platinum have followed differ- I 
ent lines.    Carrecker(59)^  in a study of the plastic flow of metals as a function of tem- 
perature and amount and rate of deformation,  investigated the creep behavior of plati- 
num wire at several temperatures and stress levels.    His data yielded some relatively 
straightforward relations between stress, 0,  strain,  e,   strain rate,  £, and absolute 
temperature, T.    These relationships are listed below. 

I 

I 

I 

1 

I 
The effect of stress and temperature on the strain rate at a constant stress of 

0. 01 is shown in Figure  15.    From these data the constants A, n, B, and p,  in Equa- 
tions (1) and (2) can be calculated.    The data concerning the time dependency of strain | 
are too voluminous to be presented here. 

Only two studies of the creep properties of palladium are known.    Atkinson and | 
Furmanf"^) studied the creep behavior of platinum,  platinum-10 rhodium, and palla- 
dium (deoxidized with calcium boride,  CaB^,   and aluminum) at 750 C under relatively 
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n- 
low «trr«« lovoU (or very long llmea.    The ia«ull» o< tHo»o (oat«,  »howing the c   rrj» 
rato ai'.cr  1000.  .'000, Amt 5000-huur cx]>oduro» arc given tn Table  II. 

T Mill  11     < MTtf ID(A Vlf* (» PIJ^TIM M. Pi \TI.SUM15 lUKMltUM. AND PAU ADIt'M AT 7 W < 

•' it. .-   . 

!..>..., 

',       i..   . A.    J.    ucttn Ciecp (Uu, EttUnitcd Sue« 
Tcwjxuiuic. Dlitstrict. MICM. IQ^T» ;..,.•,.•..■      lot Ciccp (Utr 

C inch pii       lOü Mi    2tM» Hi     3000 M»      Ten. bl     ol JO'^V Mi. f«t 

TV) 

■.V) 

0.004 
0.004 

0.004 

2«    0.0H 

2S0    0.0> 

400  o. an 

0.09 

0.0-t 

0.2ß 

0.04 3817 

2S29 

2266 

'   I 

i'lailnuiti • 10 rhodiuni 750 

1050 

1060 

11.0021 

'.003? 

1.0032 

400 

400 

S60 

0.40 
o n 
o.3a 

0.40 

0. 13 

0.22 

2163 

2101 

2135 340 

Pal'aUiUi« ♦ C*B6 760 ).015 260 1.43 0. 1'J 0.04 3090 
I'iUadium t CJiJ^ 7S0 ).0i5 150 0.56 0.08 0.02 3017 
PalUdium ♦ Aluminum 750 o.uln 26ö 0.S7 0.13 0.05 3118 
Pilladiuni • aluminum Tbd*) 0.015 250 0.n>) 0.03 0.02 3032 

440 

(a)   AnncaUu for 1200 hours prior to loading. 

The data for the platinum-10 rhodium alloy are presented here to point out the 

effect of grain size on the creep rate at these low stress lovels.    The platinum-10 
rhodium alloy would be expected to have better creep resistance than pure platinum; 
however, the alloy specimen with the smallest grain size is markedly inferior to plati- 
num and to the alloy specimens of larger grain size. 

The data presented for palladium are significant in view of the high rate of first- 
stage creep that is observed in comparison with platinum,  followed by a marked de- 
crease in creep rate at 2000 and 3000 hours. 

Microscopic examination of the test bpecimens revealed intergranular attack, 
and subscale formation extending to a considerable depth below the surface.    A speci- 
men annealed for  1Z00 hours to form the subscale prior to testing showed significantly 
reduced creep rates.    The authors  seem to imply that the high first-stage creep re- 
sulted from this reaction during the initial 1000 hours of testing; it seems more reason- 
able to assume that the subscale formation is the cause of the improvement in the creep 
rates at Z000 and 3000 hours, and that palladium inherenlly has a high first-stage creep 
rate. 

i   i 

Albert and Sadowskiw) have determined the stress-rupture properties of commer- 
cial platinum and palladium and several alloys at 927 C.    Their data, presented in 
Table 12,  indicate that platinum is far superior to palladium with regard to rupture life. 
This marked superiority of platinum over palladium is not readily apparent from the 
creep-rate data of Atkinson and Furman,  although there is no sound basis for compari- 
son between the two investigations. 
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TABLE 12.    STRESS-RUPTURE PROPERTIES OF COMMERCIALLY PURE 
PLATINUM AND PALLADIUM AT 927 C IN AJR(5) 

Reduction 
St re a«, Rupture Life, Elongation, in Area, 

Material p.l hours per cent in 1. 3 in. per cent 

Platinum 2000 
1500 
U50 

58. I 
355.6 

1020.7 

98. 6 

92.5 
79.0 

(approx.) 

91. 2 
99.6 

Palladium 2000 

1000 
500 

0.7 

13.7 
322.2 

96.6 

56. 2 
6. 2 

Formed 
point 
Ditto 
4. 3 

The abrupt loss in ductility of palladium during exposure under the 500-psi stress 
suggests that the intergranular attack and subscale formation observed by Atkinson and 
Furman may be a factor in the apparently anomalous results for palladium. 

Recrystaliization and Cold Work 

Because of the limited data available,  it is difficult to compare the platinum- 
group metals on the basis of their work-hardening and recrystaliization characteristics. 
There are desultory data in the literature on the annealing and recrystaliization of 
palladium,  rhodium, and iridium which may be summarized as follows: 

Rhodium will recrystallize at 800 C (per cent work unspecified)^   ' 

Pure palladium has a VHN of 37 jifter annealing at SO1") C (softest condition 
reported' (' 

Commercial palladium has an average VHN of 46 after annealing at 800 C 
and about 44 VHN after annealing at 1000 or 1100 C(7) 

Iridiuiii. has been completely softened by annealing at 2000 C.(') 

One of the definitive works on the recrystaliization of the platinum metals is that 
of Wiae and Vines'"^' who determined the recrystaliization. temperatures of Grade 2 
platinum (99. 99 per cent) for various degrees of cold work (0 to 89 per cent).    The data 
obtained from their work are summarized in Table 13. 
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I .\l\l.L I J    EKKEC I OK COLD WOKK ON THE HARDNESS AND 
RECHYSTAl.UZATION TEMPERATURE Of 
GRADi; .! IM.ATINUM«6') 

VicKcr» 
Kctluction, )U reine« it Kcc ry«l.»lll7..itU)fi 

jx? r c c nl NumlKJr Icm pcraturc^ C(a' 

l1' 765 
39. 5 85 700 
50.8 9^ 635 
(>!> 101 600 
HO. S 114 545 
89. 5 UZ 425 

i .u    All ipecuneni jimcalcJ fot  IS minuter 

1 his work was performed on platinum with an estimated purity of 99.99+ per cent 
in order to eliminate the effects of impurities from the results.    It was found that 
neither increases in the annealing time nor in the annealing temperature had any ap- 
preciable effect on the recrvstaliized grain size,  but that the grain size was an inverse 
function of the amount of cold work, i.e. ,  the greater the amount of cold work,  the 
smaller the recrvstaliized grain size 

In this same experiment,  the work-hardening behavior of platinum was demon- 
strated by a rapid increase in hardness up to 1 0 to 15 per cent reduction in thickness, 
a more gradual increase between 15 and 75 per cent reduction,  and then a slightly 
more rapid increase from 75 to 90 per cent reduction.    The rate of work harden, ng 
(increase in hardness/per cent reduction) was found to decrease rapidly up to 30 or 
40 per cent reduction,  increase gradually up to 70 or 80 per cent reduction,  and then 
increase rapidly from 80 per cent on. 

The effect of annealing time on the re crystallization process in platinum for 
various temperatures and reductions is illustrated in Table 14. 

Although these data are incomplete in the sense that the only isothermal curves 
of hardness versus annealing time which could be drawn are those for 400 C,  there is 
evidence of a decreasing activation energy for re crystallization with increasing per 
cent reduction.    The rapidity with which the  recrystallization process occurs once it 
has been initiated is not immediately apparent from the data,   since there is no clear 
dividing line beL'vVcen recovery and recrystallization in the case of those specimens 
which have not reached the hardness of fully recrystallized material.    There does, 
however,  seem to be an increase in the rate of recrystallization with increasing per 
cent reduction. 

Another p   per of importance on the recrystallization of platinum is that of 
Middleton,  Pfeii,  and RhodesW on the recrystallization of platinum produced by 
powder-metallurgical techniques.     As shown in the curves of Figures  16 and 17, the 
recrystallization temperature of piaiiiium produced by this method is dependent on the 
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• inlarlng irrn^orAtura AIM! devutoc markedly from iho curve« for regular platinum.    Il 
in «uggontotl by iho author« that the high recryRlalliaalion temperature of the «inlered 
platinum ia due to «uitably diaperced porosity.   The purity of the material u«ed in ihi« 
rifj>rrsmenl w,»« 99.9* per cent platinum. 

Ailoy Sylem« 

Thl« «cttion include« the available information on the con«titution of binary alloys 
of the platinum-group mctaia.    The emphauis here is on tiystcms involving rhodium, 
iridium, osmium, and ruthenium, and constitution diagrams of systems Involving these 
elements are presented wherever available.    1 ho constitution diagrams of platinum- 
•ind palladium-base alloy s have been omitted,  mainly because of the large number that 
arc available and published in other reviews, (-*»')   In the following discussions, when 
an alloy system is omilled (for instance,  eilver-osmium) it is because no iniormation 
has been fou »d concerning that system. 

A particularly valuable reference work for information on alloy systems is 
Hansen and Anderko s Constitution of Binary Alioys.     (See  "Bibliography" at end of 
text. )   Many of the data presented here were condensed from this book, however,  suf- 
ficient new references are included that it was considered necessary to include all of 
the data in this report. 

Silver 

Iridium.    Iridium is  reported to be insoluble in molten eilve/.'"^' 

Palladium.    Several inveptigators'' » °^ > "'*» "^' conclude that silver and palladium 
form a continuous series of solid solutions.    However,  Theirer(oo), on the basis of 
discontinuities in the thermal expansion,  and Glander'"'), on the basis of studies of the 
system silver-copper-palladium,  conclude that new phases form iu the solid state. 

Platinum.    The solubility of silver in platinum is reportedly between 7.5 
and 13. 25 weight per cent (13.5 and Z2. 5 atomic per cent) silver. (68) 

Two intermediate homogeneity ranges having ordered structures with ideal com- 
positions PtAg  (face-centered cubic) and Pt3Ag (face-centered cubic) exist below 
750 C. (^9,70)    7he ordered Pt3Ag undergoes a transformation to another ordered 
structure below 650 C. 

Rhodium.    Rhodium,  like iridium,  is reportedly insoluble in molten silver.'"   ' 
Hov/ever,  X-ray investigations of silver-rhodium alloys show that these alloys consist 
of practically pure silver and a rhodium solid solution of at most 0. 07 weight per cent 
(0.1 atomic per cent) silver. (^1) 
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Kuthomum.    InvomtgAiipn wf 4 S woighl per ccnl [i.A Atomic per com) rulhenlum 
Alloy liulscitlrp «onvc altght »olid aolubllny o( rulhcntum In *tlver.('^) 

Aluminum 

t'ullmiHim.    Grube and Jauch1     ' have Htudted the paUadium-alunufi'im ny-Htcm 
usin^ thermal, thcrmorcaiat jmctric,  and metallographic »tudieii of «cvcral ailoya. 
Their phaiic rolaliunshlpa ahow a aolubility of approximately 4, 1 weight per cent 
(15 atomic per cent) aluminum in palladium at 400 C and the existence of three com- 
pound phases,  PdAlj,  PdAJ,  and PdrjAI,  corresponding to the compusitions 43. 14, 
£0. 19,  and 11.22 weight per cent aluminum,   respectively. 

Platinum.     According to Chounguinei ^"1),  there appears to be no solid solubility 
of platinum in aluminum.    Investigation of alloys containing up to 80 weignt per cent 
(35.6 atomic per  cent) platinum oliuvvri three phaseu forming from hypereulectic melts. 
The phase  richest in platinum probably is PtAl-j (70.69 weight per cent platinum). 

Arsenic 

The cempounds MAs^ have been r« ported for all of the platinum-group metals 
except osmium.    All of these compounds can be made by synthesin of the elements; 
however,  for the more refractory metals,  heating the metal trichloride with arsenic 
in a hydrogen stream is perhaps the easiest way of obtaining the compound. (^5) 

Gold 

Iridium.    The solid solubility of iridium in gold is repcil^dly negligibly 
small. W")    No investigations into the solid solubility of gold in iridium have been 
reported. 

Osmium.    L,inde\ ' 0I has showi   by electrical-resistance methods that osmium, 
like iridium,  has negligible solid solubility in gold. 

Palladium.    Studies by Ruer('') established that palladium and gold form a 
continuous  series of solid solutions.    The results of other investigationsC^, 79, 80) of 
physical properties of the palladium-gold system support this conclusion; however, 
some peculiarities in curves of thermal emf(81) and electrical resistivity'"^) versus 
composition in the neighborhood of 70 weight per cent gold indicate the possibility of a 
structural change in this region. 

Platinum.    Darling,  Mintern,  and Chuston(83) have studied the phase relation- 
ships of the platinum-gold system and shown the existence of a two-phase region. 
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ranking from aUiui  I   7% lo tit waigh! |H»r ten? (•! lo 61 atomic p«r c«nl) gold Al öOO C, 
wiih A rtvAKtmum tom(»«rdtur« of «pproximAlely l.!50 C Al 40 w«tghl j*«r c«n( (40 atomic 
p« r cent) |{>-i-l 

K hod turn.    Mtcru«copic and X-ray «tudc» »how that the ch« dlum-^old iiy«tom 
conatats of torn.tnal »olid »olullon» of Z. 2 to -1.9 weight per cent (4. 1 to 9.0 atomic per 
cent) rhodium in gold, .tnd 2 to 4. S weight per cent (1.1 to 1.4 atomic per cent) go!d in 
rhotllum with no intormeduio phase« exlgllng. <"^» ' H 

Lindct?0) h.tn rc{>ortc<i that the »olid •olubtllty of rhodium In gold l» about 0. 3 
weight per cent (0. 56 atomic per cent) at 900 C. 

Ruthenium.    Llnde'     ' ha« shown by clcctncaJ-resistance measurcmenl» that 
ruthenium,   like osmiunA and indium,  ha» ncghgitlc solubility in gold. 

Boron 

Buddu ry and Welch(84) have identified the following borides: 

Ir jD^ -  3. 60 weight per cent boron 

IrR  -  5. 31 wc-ight per cent boron 

IrB^ -   10. 08 weight per cent boron 

OsB  -   5. 37 weight per cent boron 

OaB^) -   10. Z?. weight per cent boron; cubic; a. = 7. 04 A 

OsxB    - Unknown composition,  richer in boron thanOsB-, 

Pd^B^i 9) -  6. 33 weight per cent boron; hexagonal; a = 6. 43 A, 
c = 3.43 A 

Pt3B(j or PtB  -  In the range 3. 5 to 5. 2.5 weight per cent (40 to 50 atomic 
per cent) boron; a tentative structure of PtB was given 
as tetragonal,  a = 2. 78 A,  c = 2. 96 A; between platinum 
and this phase a "complex region" was observed; addi- 
tions of boron appear to lower the melting point of 
platinum considerably(^5, 

Rh2B - 4.99 weight per cent boron; orthorhombic; 8 rhodium 
atoms per unit cell; a = 5.42 A, b - 3.93 A.,  c = 7.44 A 

RhB -9.51 weight per cent boron 

Rh  Bv - Greater boron content than RhB^: Mooney and Welch'°°' 
have observed an additional phase between Rl^B and 
RhB,  although an identification of this phase has not 
been made 
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HioH - S.05 weight per com boron 

RuIJ - 9.6i weight per cent boron, cubic. 4 ■ 6. 98 A 

....:' ; - 1 3. 76 Wbtghl |>or cent boron 

Kull2 - 17. 55 weight per cent  !>oron. 

Rolnachort*''  rcjwrtcd that boron form« A low-melting cutcctu- with «ill o( the plätinunv 
group mctalii.    The molting points of the cutccticu arc A* followi:    inthum,   1046 C. 
osmium >1500C(''). palladium,  743 C, platinum,  800 C. rhodium,   1131 C. and 
ruthenium,   1 370 C. 

Barium 

Fiatinum.    Heuman'v"8' has identified the compound BaPtjj as a hexagonal CaCu5 
type structure,  six atoms per unit cell,  with a = 5. 505 A and c = 4. 34Z A.    This phase- 
is  stable only at elevated temperatures; however,  complete decomposition on cooling 
can be prevented by quenching. 

Beryllium 

Compound phases in systems of the refractory platinum metals with beryllium 
have been studied by Misch("9) and Kaufmann,  Gordon,  and Lillie.w^)   Compounds 
and their compositions and solubility limits,  where available,  are summarized below; 

Be2lr  - 8. 54 weight per cent beryllium 

Be^Os  - 8. 66 weight per cent beryllium; alloy of 20 weight per cent 
beryllium as cooled from the melt is two phase with 20 to 30 
per cent eutectic 

Be^Rh —  14.9 weight per cent beryllium; complex powder pattern similar 
to Be^Ir; alloy of 90 weight per cent beryllium as cooled from 
the melt is two phase with a eutectic network 

Be^Ru -  15.06 weight per cent beryllium; complex powder pattern simi- 
lar to alloy of Be^Os (90 weight per cent beryllium) as cooled 
from the melt is two phase, with about 20 per cent eutectic 
and a fine precipitate in the primary beryllium. 

Palladium.    Palladium-rich alloys of tne palladiuii-beryllium system have been 
studied by several inve stigators . (°9, 90, 91, 92)   One of the important features of this 
system is the existence of a low-melting eutectic (930 C) at about 2. 1 weight per cent 
(20 atomic per cent) beryllium. 
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The foUwwtrtf compound |IHA«C« HAV« U«on IdenlUted: 

UdMj - J. 74 wotghl per conl beryllium 

i5fpd^ - 4. OS weight por cenl borylliuin 

Uo »Pd .  - 5. 3J wetiiht j;ör cent beryllium 
•a J 

Uc »l^dii ?) - 6. 10 wrtght per cent borylhum 

Be . .lJd . .( '') -  7. 25 weight per cent beryllium 

BePd - 7,79 weight per cent bcryliium, CsCl {D2)-typc atructuru. 
a  =  2. 819 A 

BecFfl -  26.69 weight per cent beryllium. MgCu^-type structure; 
a = 5.994 A. 

The solid solubility of beryllium in palladium is reportedly befveen 0. 05 and 
U. 09 weight per cent (0.6 and  I . 0 atomic per cent) beryllium at 950 C, and less than 
U. 05 weight per cent (0. 6 atomic per cent) beryllium at 400 C. 

Platinum.    The solid solubility of beryllium in platinum is reportedly 0.06 weight 
per cent (1.28 atomic per cent) beryllium. ('^'    Nemilov and Rudnit8ky(94) conclude,  on 
the basis of hardness measurements of annealed alloys,  that the solubility limit is  much 
higher,  approximately U. 15 weight per cent (5. 15 atomic per cent) beryllium,  and is 
relatively independent of temperature. 

Platinum.    Information on the platinum-bismuth system is  scarce.    Measurements 
of the temperature coefficient of resistivity show a slight decrease with the addition of 
small amounts of bismuth to platinum, indicating a slight solid solubility of bismuth in 
platinum. (96) 
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\ i Kaulmann,  et al. ,\°^' has observed a two-phase  structure of about 20 per cent 
eutect;c in an 80 weight per cent beryllium alloy. 

Misch(^9) reports the existence of only one compound of composition PtcBe^p i 
with a structure  similar to deformed gamma brass. 

I 
Bismuth 

I 
Iridium.    Bismuth-iridium alloys up to 72 weight per cent (70 atomic per cent) 

iridium have been investigated by Belonogov. w-^    it was necessary to heat the elements | 
fo  1450 to  1500 C,  slightly above the boiling point of bismuth,  to achieve alloying. 

Two compounds,  IrBi,  51.98 weight per cent bismuth,  and I^Bi,   35. 12 weight 3 
per cent bismuth,  were detected; both are the decomposition products of a eutectic at 
1420 C. 

i 
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The «Kiftienco oi the ioilowing pLatinum-bismuth compound« ha« been reported: 

Pliti - 51.71 wolght por cent bismuth. NLA« (D8)-lype «(ructure^?) 

j "..H: . - 68. IS weight per cent bi«muth; cubic, pyrlte (C2)-tvpe «true- 
lure, A = 6.69 A(98,99) 

PlRi} - 76.25 weight per cent bismuth. ('00) 

Rhodium.    The rhodium-rich portion of the rhodium-bismuth system has not been 
investigated; in the composition range 65 to 90 weight per tent bismuth, the following 
compounds have been detected:''"'»'"^) 

RhBi - 67 weight per cent bismuth; NLAH (D8)-type structure; a = 4. 08 A, 
c = 5.66 A 

RhBi2 - 80. 24 weight per cent bismuth 

RhBi^ - 89. 04 weight per cent bismuth. 

Carbon 

Moissan^O-^, 104) report8 that all of the platinum-group metals dissolve carbon 
when molten, the carbon being precipitated as graphite on cooling.    Investigations of 
osmium powder exposed to methane at 1200 and 2000 C disclosed no change in lattice 
parameters. (105) 

Collier, et al. ,'^00) reports that melting platinum in a graphite crucible reduced 
the melting point of platinum to 17 34 C and resulted in an ingot containing 1. 2 weight 
per cent carbon with a structure of primary graphite in a eutecticlike matrix.    Lattice- 
parameter measurements of this material indicate a solid solubility of 0. 25 weight per 
cent carbon in platinum. 

Calcium 

Vines(°^) reports that calcium has a slight solid solubility in platinum. 

Cadmium 

Investigations of the cadmium-palladium and cadmiuni-platinum systems by 
Hume-Rothery, et al. ,'iU'/ disclosed the existence of three modifications of the Hume 
Rothery 7-phase, in high-cadmium alloys. 
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Th« hoinugrncity ranges of those pKAOO« arc tabuldlot! below: 

Catlmtum-l-'aUatltum CAdmtum-PUunum 

7 - 

M 

>2 " 

V - HI. 4 to b4. 4 wctght per cent (80. 7 
to 83. ) atomic per cent) cadmium. 
A = 9. 9t A at 83.5 weight per cent 
(-.'-. S atomic per cent) cadmium 

fi - 78 2 tc 80. 9 weight per cent (77 
to 80 atomic per cent) cadmium, 
a = 9.9 3 at 79. 1 weight per cent 
(78 atomic per cent) cadmium 

72  -  -74 weight per cent (73 atomic 
per cent) cadmium 

At 600 C there appears to be a solid solubility of about 25 and 17 weight per cent 
cadmium in palladium and platinum,   reapectively.     Below 600 C the limit of solubility 
of carlmium in platinum seems to decrease,  whereas in palladium the limit of solu- 
bility appears unaffected by temperature. H 08, 109)    The phase relationships of low- 
cadmium alloys have not yet been fully iuvestigated,   so that no conclusions on the 
change of cadmium solubility with temperature can be made. 

72. 8 to 76. 6 weight per cent (82. 5 
to 85.5 atomic per cent) cadmium. 
a " 9. 89 A at 75. 0 weight per cent 
(81.9 atomic per con) cadmium 

63. 8 to 65. 8 weight per cent (75. S 
to 77 tttomic per cent) cadmium 

59.7 to 61.9 weight per cent (7^ 
to 74 atomic per cent) cadmium 

Cobalt 

Koster and Horn*^0' have investigated alloys of the four refractory platinum- 
group metals with cobalt.    Constitution diagrams for these systems are presented in 
Figures   18 through 21.    In all systems the liquidus and solidus lines are hypothetical, 
and are based on observations of the experimental alloy» and the known melting points 
of the various metals.    Also,  the phase boundaries,  where represented by broken lines, 
are hypothetical.    In all the figures the lined Q0 and 9e denote the Curie temperatures 
of the a and t; phases,   respectively. 

Iridium.    Lattice-parameter and microscopic investigations indicate that the 
face-cente red-cubic modification of cobalt forms a continuous series of solid solutions 
with iridium.    The transformation curves in Figure  18 are based on magnetic and 
dilatometric measurements and give the start of the e'-*a transformations on heating 
and cooling.    The transformation curves cannot be considered as true equilibrium 
curves. 

In constructing the hypothetical liquidus and solidus curves,  the minimum at 
about 29. 1 weight per cent (57 atomic per cent) cobalt v/as included because alloys 
containing 23.2 and 30.5 weight per cent (49.4 and 58.4 atomic per cent) cobalt were 
partially molten on annealing at  1400 C.OlO) 

\  ! 

9ATTELLE MEMORIAL INSTITUTE 
<   / 



2 500 
2454 

r 

2000 

o 
QJ S     15001- 

\ 

Q. 
6 

10 0 0 

500 - 

47 

1495 

«'—a' 

/ 
/ 

/ 
/ 

i / 
1/ 
1/ 
LI— k / 

/ 
€' 

0 10 20        30        40 50       60        70        80 

Xr Cobalt, weight per    cent 

I i 
90 100 

CO 

A- 31996 

FIGUilL  18.     CONSTITUTION DIAGRAM OF THE IRIDIUM - COBALT SYSTEM (110) 

BATTELLE MEMORIAL INSTITUTE 



•-* 

2500 

2000 - 

a 

o 

Q. 
e 

1500 

500 

495 

1000 — 

Os 
30        40        50        60        70 

Cobalt, weight per cent 

80      90      100 

Co 

A-3199? 

FIGIMK  1'».     CONSTITUTION DIAGRAM OF THE OSMIUM-COT-AT ,T SYSTEM(110) 

BATTELLE MEMORIAL INSTITUTE 



i v> 

0) 
w 
3 *~ 
O 
w. 
0) 
Q. 
£ 
0) 

2500 

2000 

v\ 

u        1500 

1000 - 

1966 

\ N 
^ 

(   r 

i   i 

.^4^4-4- J425, 

500 

0   10   20   30   40   50   60   70   80   90  100 
Rh Co 

^   ,     ,. ... A-31998 Cobalt, weight per cent 

FIGURE 20.    CONSTITUTION DIAGRAM OF THE RHODIUM-COBALT SYSTEM(1I0) 

BATTELLE MEMORIAL INSTITUTE 



- 

hO 

I 
I 
I 

o 

oT 
w 

O 
w 
0) 
Q. 
£ 

2500 

2000 

1500 

\ 
I   I    I    T" I 

\ 
\ 

\ 

V 
_, . 

v.. 
I I 

\ 

i   7 

'S 

I0C0 

500 

4_. 

0 
0 10 20        30        40        50        60 70        80        90        100 

Ru Co 
Cobalt, weight per cent A-31999 

FIGURE 11.    CONSTITUTION DIAGRAM OF THE RUTHENIUM-COBALT SYSTEX.*110) 

BATTELLE MEMORIAL INSTITUTE 

I! 

1 
! 

I 



hl 

Otmiurn.    in «he <,«•« o( os'ntum there i» a cominuoue .'»^rlet of «oltd «oluUun» 
wiih ihe low-icmj>©r*iure heK^gonAl-cloee-p^Acked modidealiün of cobalt.    The «olttltd- 
cation interval of ahoye containing 10. S to 42. I weight j-cr cent (27 u> 70 atonuc per 
cent) coUalt it aeeuti^od to be broad bocauee alloy« in :htt range required hon\ogoni£4- 
fion anneal« about  100 C below the eolldu». 

Palladium.    Palladium form« a conttnuuu« «orio« of «ulid «olutiun« with tho htgh- 
icrnperatviro face-centered-cubic modification of cobalt.    Grube and Kä«tncr(lll) have 
cHl..bIi»hcd that a minimum in tho llquidu«    urvr ou«tfl at  1217 C and about  36. «J weicht 
per cent (50 atomic per cent) cobalt.    Grube and WinKlon'»') using magnetomctric 
meapurcmento have  shown the Curie temperature to docreaae  smoothly from  111? C 
for pure cobalt to 0 C al about -i weight per cent (8 atomic per cent) cobalt.     They 
also have shown that a strong hysteresis occurs for the e -• a transformation. 

Platinum.    Platinum,  like the other farc-ccntcrcd-cubic platinum-group metals 
forms a continuous scries of solid solutions with the high-temperature,  face-cenlurcd- 
cubic modification of cobalt.    Also,  like the other metals of the group, a minimum was 
observed in the liquidua curve at  1430 C and about 48. Z weight per cent (85 atomic per 
cent) cobalt.(^ l 13) 

TWL. order-disorder transformations have been observed in the platmum-cobalt 
system.    One has a maximum in the transformation curve at  22.9 weight per cent 
( 50 atomic per cent) cobalt (PtCo) at 825 0.^13,114)   -phe homogeneity range of this 
face-centered-tetragonal phase [ a = 3. 793 A and c = 3. 675 A at 23 weight per cent 
(50 atomic per cent) cobalt]  extends from 1 0 to 25 weight per cent (26 to 50 atornic per 
cert) cobalt.    The other order-disorder transformation occurs in the region of 9. 0 
weight per cent (25 atomic per cent) cobalt (Pt3Co) with a maximum in the transforma- 
tion curve lying between 700 and 800 C,'*^-*' 

As was observed with palladium-cobalt alloys,  the Curie temperature in the 
piatinum-cobalt system decreases smoothly from 1 1 20 C for pure cobalt to 0 C at about 
3.5 weight per cent (11 atomic per cent) cobalt. (113) 

Rhodium.    As with iridium,   rhodium forms a continuous series of solid solutions 
with the high-temperature, face-centc red-cubic modification of cobalt.    It is interest- 
ing to note that the transformation curves,  obtained by magnetic and dilatometric 
measurements,  show an increasing transformation hysteresis with decreasing cobalt 
content.     From the phase diagram.  Figure  20,  it is seen the a to ej transformation 
occurs below room temperature in alloys containing .less than 35.4 weight per cent 
(50 atomic per cent) cobalt.    It should be emphasized that the transformation curves 
presented here are not equilibrium curves but denote the temperatures of the start of 
the diffusionless e'-»- a and a-»e' transformations on heating and cooling respectively. 

Again,  as with iridium,  alloys containing 15.4 and 29. 1 weight per cent (24. 8 
and 42. 8 atomic per cent) cobalt were partially molten on annealing at 1400 C. 
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KuthoiUum.    Ltkc oiimtum,  rulhotiiutn form« A conltnuou« »enc» o( «olid solu- 
dun« with the luw-tompcrtalurc. ho&Agoaal-clone-(Mickod mud;<tcdllun of cobalt.    The 
Iranitfurnuit'.on < urvr» ..rrsmj.-ei in Figure 21,   roproitonl oqutlibrtum cundiOun» above 
lOUO C and are noncqutllbnum curve« below 1000 C. 

A minimum In ihc hqutdu» curve at about rt-l. J weight per cent (90 .itormc  per 
cent) loball w.ia  conntructod a« aUo>n  conlaintn({ HI. 7 and 85. 6 weight }>c r cent (88 and 
91 atomic per cent) cobalt were partiaJly molten on annealing at  MOO C. ^ "W 

Ch romium 

Alloy« of chromium v. ith the  refractory platinum-group rr.ctals have been investi- 
galcd by Kaubt'l^),  Raub arid Mahler*117),  and Greenfield and DcckH 1 8)      Iniormalion 
on Holubility limitH and homogeneity  ranges of phascH arc tabulated below: 

HotnoXcncUjfJOn^c , wci^til per icnl i:htormLirii 

tlcxagooil-Clo»c-Pai ked 
 , -Phatc  Cubic /i-W Phae n -Ph.iu' 

n ■:■.'.: 41.3-50. o 

narrow 

(a * 4.684 A) 

WuKji.uii 4.02(-.>üOC) 10. 6 (800 Q 13. 9-43. 4 t J00 C) C^Rh 
•14.60201)0 24.9(1300Q 33.8-48.9 (1200 C) 

Ruihcmmn 21.0^00 0 27.2(i00Q -- CrgRu ur2Ru(b) 

(below ,350 C) 
26.3 (1300 C) 30.2(1300 C) 

(a) Tile a-phaüe.CigOs,  Identified by Raub'      '.   is tetragonal, a =  •. 105 A, c/a« 0.516, and stable only 
at elevated temperatures. 

(b) Raub and Mahler also Identified a phase, -C^Ru,  formed below 950 C. 

Jn addition to the above phases,  in the iridium-chromium system,  a ferromag- 
netic ordered phase of the CU3AU type has been observed to form at low 
ternperatures . ' ^ ^ ') 

Palladium.    The palladium-chromium system has been investigated recently. H 19) 
The results of this work show a solid solubility of about 20. 8 weight per cent (35 atomic 
per cent) chromium in palladium at 300 C,  rising to about 33. 6 weight per cent 
(51 atomic per cent) chromium at 1313 C,  the eutectic temperature.    An intermediate 
phase,  CrPd,  face-centered tetragonal,   a = 3.881 A,  c/a = 0.975,  has been identified, 
this phase forms  peritectoidally below 570 C, 

Solubility Limit, wcl ̂ ht per cent 

Metal Cr ui M M in Ct 

IrlJluiti .*.7 H." 

Ouniuin 22.4 1600-1360 C) 2«. 1 
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P Uli num.    InvomtgAiiona of the pUtlnum-chromium •y«icm^*i' have ohown thai 
chromium ha* a high »olid aolubiiity,  39.9 weight per com (71 atomic per cent) up lo 
1000 C in platinum, and that the ayvtem la devoid of compound phaaea.    More recent 
inveaiigallona< * 19,118) «how a lower chromium-aolubiiity limit,  30. 6 weight per ccm 
(62 atomic per cent) up lo 1400 C, and the exiatence of an inlermedicte /9-W-lype phase, 
Cr^Pt.   On both atdca of thi« phaao, eutectic tranalormations occurred. 

Copper 

Palladium.    Several investigatora report that palladium-copper alloys form a 
continuous series of solid solutions, and that at low temperatures two order-disorder 
transformations occur giving rise to ordered structures based on the compojltions 
PdCuj and PdCu. (' ^0, 121,1 22)    The homogeneity ranges of the ordered phases are 
subject to several conflicting reports, but most investigators agree on 37. 1 to 56.6 
and 62. 0 to 82. 9 weight per cent (50 to 70 and 75 to 91 atomic per cent) copper with 
maximum temperatures of about 600 and 500 C,  respectively. 

Platinum.    Like palladium, alloys of platinum with copper form a continuous 
series of solid solutions at elevated temperatures.    At lower temperatures two order- 
disorder transformations occur, one in the range 2.7 to 44.4 weight per cent (8 to 
71 atomic per cent) copper embracing the compound compositions PtyCu, Pt3Cu, and 
PtCu, and the other in the range 45. 6 to 97. 3 weight per cent (72 to 99 atomic per cent) 
copper,  including the composition PtCu5. 

The maxima in the transformation curves occur at 812 C at 24.6 weight per cent 
(50 atomic per cent) copper and 645 C at 56.9 weight per cent (80 atomic per cent) 
copper. (^0,123) 

The structures of the ordered phases, PtCu, Pt3Cu, and PtyCu are similar to 
that of a unit cell containing 32 atoms on a parameter twice as large as that for the 
diaordered atructure. ' ^ ") 

Rhodium.    A tentative constitution diagram of the rhodium-copper system is 
presented in Figure 22.    The data reported in this study are limited, hence the consti- 
tution diagram is considered tentative.    From the diagram there appears to be a solid 
solubility of 6. 3 weight per cent (10 atomic per cent) copper in rhodium and 29. 0 weight 
per cent (20 atomic per cent) rhodium in copper at 800 C.U24) 

Iron 

There is no information presently available on the systems uron-iridium, 
-osmium,  and -ruthenium for alloys rich in the platinum metals.    Work on iron-rich 
alloys has been done by WeverH^S^  Fallet'^"),  and Gibson and Hume-Rothery( 1 27) 
This information is not presented because it contributes little to the knowledge of the 
platinum-rich alloys which are of primary interest here. 
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Palladium.   GrlgorjowO^S) f,4q eatabllshed the exltlenco u( a minimum in the 
liquidua curve at about 1310 C and 34.7 weight per cent (50 atomic per cent) iron, and 
the presence of an ordered phase FePdj with a maximum on the tranaformatton curve 
at 16.1 to 17. 6 weight per cent (26. 2 to 2R. 5 atomic per cent) iron and 810 C.    Other - 
wise, palladium forma a conlinuoua aertea of solid aolutiona with the elevated- 
temperature "y-modLfication of iron. 

A second order-disorder tranaforma^ion in the range 24.1 to 44/5 weight per cent 
(37.4 to 60 atomic per cent) iron has been reported. 11^» ' ^0'   This second-ordercd 
structure, with the theoretical compoaition FePd, has a maximum at 24. 9 to 26.2 
weight per cent (38. 5 to 40 atomic per cent) iron and 880 C. 

The structurea of these two ordered phases arc:    FePdj, iaotypic with CU3AU 
(LI 2 type), a = 3. 848-^.851 A at 15.2 weight per cent (25 atomic per cent) iron, and 
FePd, face -centered-tetragonal, a = 3.860 A,  c = 3.730Aat 33.1 weightpcrccnt 
(48. 1 atomic per cent) iron.'*-^' 

Platinum.    Like palladium, platinum forma a continuoua series of solid solutions 
with 7-iron at elevated temperatures.    At lower temperatures, in addition to the 7 -• a 
transformation, three order-disorder transformations have been noted in iron-rich 
alloys. (126, I ?0, 132, 133)   These transformations in order of increasing iron content 
are tabulated below: 

7 -► FePt3 - 8 to  10. 2 weight per cent (23 to 28 atomic per cent) iron; 
maximum between 700 and 800 C; CU3AU (L^-type 
structure^ 133) 

7 -► FePt - Vicinity of 22. 6 weight per cent (50 atomic per cent) 
platinum; maximum between 1300 and 1400 C; isotypic with 
CuAu; a = 2.719 A,  c/a = 1. 369(134); a = 3.87 A, 
c/a = 0.973(133) 

7 -*■ FeiPt - 37. 3 to 55. 8 weight per cent (67 to 81 atomic per ^ent) iron; 
maximum about 835 C; CU3AU (Ll^J-type structure. O33) 

All of the ordereH phases are ferromagnetic. However, the Curie temperature 
of FePt^ between 2. 1 and 6. 8 weight per cent (7 and 20 eitomic per cent) iron io about 
100(3.(133) 

Gallium 

Investigations by Hellner and Laves( 135,1 0f the gallium-palladium and gallium- 
platinum aystems have disclosed the existence of four intermediate phases.    These 
phases are listed below: 

Gallium-Palladium Gallium-Platinum 

GaPd3 - 17.89 weight per cent gallium GaPt - 26.31 weight p^r cent gallium 
GaPd2 - 24. 63 weight per cent gallium Ga3Pt2 - 34.88 weight per cent gallium 

GaPd - 39. 52 weight per cent gallium Ga2Pt - 41.66 weight per cent gallium(136) 
Ga7Pd3 - 60. 39 weight per cent gallium Ga7Pt3 - 45.45 weight per cent gallium 
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Gornuimum 

IrtUtum.    Two inlormodlAle phAio« in ihti germanium*iriUiuiTt ayntom Kavo been 
t(icn(i(io<l.    Thr-ao «ro IrGc,  IT. iZ weight per ccnl germanium,  MnH (D3l)-lypn struc- 
ture with A s 0  .181 A, b => 5. 61 1 A. and t =  3. 490 AU^

7
). and IrjGeY,  46.73 weight per 

rent gorrrumum, body-centered cubic, wuh 40 atomr per unit cell md a ■ 8.753 A. (138) 

Oamtum.    Wallbaumt ^^J has identified the phase OHGO^ (43. 29 weight i>cr cent 
Kernuinium) with the o.irr.e crystal atrurWrc as KuSi^, which is of an undetermined 
tetragonal type 

Palladium.    Using microacopic techniques,  Pf i8tcrcr( * ^ '' hau sho^/n tVi-, exist- 
ence of a primary palladium solid solution and four intermediate phases:    PdtjGc2 
[ 2 1. 39 weight per cent (28. 57 atomic per cent) germanium] ,  Pd^Ge ( 25. 39 weigh' per 
cent germanium),  PdGc (40.49 weight per cent germanium),  and Pd^Ge ,  stable only 
at elevated temperatures. 

Platinum.    The following phases in the germanium-platinum system have been 
identified by microscopic and X-ray studies :('■*') 

PtiGc  -  15. 68 weight per cent germanium 

PtGe -  27. 11 weight per cent germanium; isotypic with MnP (B31)-type 
structure; a = 6.088A,  b=  5.733A,  c = 3.701 A 

Pt^Gei  - 35.81 weight per cent germanium; isotypic with Fe^l"' (C22)-type 
structure, a = 6.68 A,  c = 3.53 A.(140) 

Rhodium.    Gelleri^l)^ using X-ray diffraction techniques ,  has studied alloys in 
the region 19. 2 to 60 weight per cent (25 to 66. 7 atomic  per cent) germanium.    The 
existence of four phases was determined, three of which are tabulated below; 

Rh^Ge-26.08 weight per cent germanium; orthorhombic,   12 atoms per 
cell; a = 5.44 A, b = 7.57 A,  c = 4.00 A 

RhcGei- 29.74 weight per cent germanium; orthorhombic,   16 atoms per 
cell; a = 5. 42 A, b = 10. 32 A,  c = 3. 96 A 

RhGe-41. 37 weight per cent germanium; orthorhombic;  MnP (B31)-type 
structure; a = 5. 70 A,  b = 6. 48 A,  c = 3. 25 A. 

Ruthenium.    The intermediate phase RuGe2, 51.81 weight per cent germanium, 
with an unidentified tetragonal structure similar to RuSi2, has been identified. (139) 

' 
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Hydrogen 

Iridium.    A »urvcy of th«; literature on the tiydrogon-indium aystcm ha« bc«n 
made by Smith J'■***'   The iitudies reviewed generally arc in conflict with one another 
as to «fchclhcr iridium i«» a hydrogen occludcr, am* >n no caaco arc definite solubility 
data givert. 

There are no data available on the effect of hydrogen on the mechanical proper- 
fie« or fabricability of     Ulium. 

Qbinium.    The adsorption of hydrogen at   itmoapheric pressure by line osmium 
black and annealed (sintered) osmium up tc 208 C has been reported. "^5)   xhe sintered 
material showed much lower adsorption values. 

Palladium.    The hydrogen-palladium system has been studied extensively by many- 
investigators; only the most important featnres of the system will be mentioned here. 

Hydrogen in palladium forms two disrinct phases, a and ß, the limits of which are 
strongly dependent upon the hydrogen pressure and temperature.    The a- and /i-phases, 
both lace-centered cubic, coalesce at 295 C, a pressure of 19.87 atmospheres, and 
0. 25 weight per cent (21 atomic per cent) hydrogen. '        ' 

The solubility limit of hydrogen in the a-phase is about 0. 02 weight per cent 
(2.4 atomic per cent) in the range of 200 to 300 C. ^^'' 

Perminov,  et al. J'*'*W have shown the effect of pressure on the solubility of 
molecular hydrogen in the /3-phase.    Increasing the hydrogpn pressure from 1 to 
700 atmospheres resulted in an increase in solubility of 0. 7 to 0.9 weight per cent 
(41. 2 to 46. 7 atomic per cent) hydrogen at 15 C, and 0. 55 to 0„ 78 weight per cent 
(35.9 to 43. 6 atomic per cent) hydrogen at 88 C. 

Smith'^'") and E>ushman^^/ give more extensive reviews of the hydrogen- 
palladium system. 

Platinum.    Several investigators^ •1'*'^-'^»''-^' agree that the solubility of hydro- 
gen in platinum is small.    The solubility increases with increasing temperature from 
about 0. 12 x 10-2 atomic per cent hydrogen at 409 C to  1. 64 x 10-2 atomic per cent 
hydrogen at 1342 C.(149) 

Rhodium.    The data, of several investigators, as summarized by Smith'^'*''*), 
concerning the solubility of hydrogen in rhodium are conflicting.    Smith suggests that 
the conflicting data are indicative of a variable occlusive capacity of rhodium. 

Ruthenium.    The adsorption of hydrogen at atmospheric pressure by fine ruthe- 
nium black up to 186 C has been investigated. ^45) 
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SmuM'-*^ r«portii on oxporinutnt« on the polArtsation capAcity of ruthenium 
cathcdcn th.ii indiCAte a con«idor«ibiö cathodic occlusion. 

Halnium 

Ncvitt and Schwartz^**0) have investigated the existence of the Ti2Ni-typo phase 
in alloys of ih»« platinum-group metals with hafnium.    The Ti^N» phase was generally 
found in aliuya containing 30 atomic per cent platinum-group metal after quenching 
from IZ00 C.    It wan found that in some cases a relatively high oxygen level was re- 
quired for the stability of the phase.    Their observations are summarized below. 

Iridium.    Examination of a 31.5 weight per cent iridium alloy, containing 600 ppm 
of oxygen, quenched from 1200 C,   revealed it was single phase of the Ti^Ni type, with 
a = 12. 352 ± 0. 001 A, and 94 atom« pc.  unit cell. 

Palladium.    A study of hafnium-palladium alloys containing 13 to 23 weight per 
cent palladium,  revealed that a nominal HfßPd alloy with 800 ppm of oxygen, annealed 
at 1ZÜ0 C, was initially a two-phaae structure but developed a single-phaae Ti^Ni-typu 
structure after reannealing.    This structure had a lattice parameter of 1*1. 3605 ± 
0. 0üü3 A and an oxygen content of 6700 ppm. 

Platinum. A hafnium-31.5 weight per cent platinum alloy containing 300 ppm of 
oxygen, annealed at 1200 C, had a TipNi-type structure with a = 12. 4SI ± 0. 001 A and 
94 atoms per unit cell. 

Rhodium.    Investigation of 20 and 22. 2 weight per cent rhodium alloys  revealed 
the existence of a Ti^Ni-type structure in both alloys.    The 20 weight per cent rhodium 
alloy showed a two-phase hafrdum solid solution and Ti^Ni structure with a parameter 
of the Ti2Ni phase of 12. 3255 ± 0. 0002 A. 

Me i cur v 

i 

Palladium.    A study of palladium amalgams containing 11.2 to 34.8 weight per cent i 
(19. 2 to 50 atomic per cent) palladium disclosed the existence of three distinct phases |     i 
as listed belüw:(142) | 

Pd2Hg5 - 17.8 weight per cent (28.57 atomic per cent) palladium; found I    \ 
over the range 17 to 20. 2 weight per cent (27.7 to 32.0 atomic | 
per cent) palladium; similar to the 7-brass structure I 

i > Pd^Hg-j - Similar to PtZn^; found coexisting with above phase in the range S 
23. 2 to 26. 2 weight per cent (35. 9 to 39. 8 atomic per cent) I 
palladium |    I 

PdHg - CuAu (Ll0)-type structure with a = 4. 284 A,  c = 3. 692 A. I 
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AUo, an indication oi A fourth phavo with about 15. Z weicht per cent (ZS atomic 
per cent) paUatiium  <■.».■• found. 

Platinum,    tnvesttgationa by Bauer, ct al. ,»''•*' oi thr whole cumpoaitiün range 
ditcloaed '.he existence of three intcrrlediate phancii.    The »olid »olubihty of mercury 
i:. plaitaum WA« also dotenmncd pMiainetricaily as in. 1 weight per cent (IB. 5 atomic 
per cent) mercury after a 450 C anneal. 

The intermediate phattes and their structures arc as follow«: 

PtHg4  -   19.57 weight per cent platinum; body-cento red-cubic ,  with  10 atoms 
pe r cell; a = 6. 18 A 

PtHg2 - 3Z.73 weight per cent platinum; tetragonal,  with 3 atoms per cell, 
a = 4. 67 A, c  - 3.91 A 

PtHg - 49. 32 weight per cent platinum; isotypic with CuAu (Llgj-type structure; 
a = 4. 20 A,  c ^ 3. 82 A. 

Indium 

Palladium.    Hellner and Laves''-"' renor; the existence of the following phases 
in the palladium-indium system: 

Pd-rich solid solution - about 21. 2 weight per cent (20 atomic per cent) 
indium 

Pdßln — 26.39 weight per cent indium; face-centered 
tetragonal; a = 4. 07 A.,  c = 3,80 A 

Pd^In - 34.97 weight per cent indium; apparently forms 
as a result of a solid-state transformation 

Pdln — 51.82 weight per cent indium; isotypic with CsCl 
(B2)-type structure; a =  3. 25 A 

Pd2ln-j — 61.73 weight per cent indium; isotypic with 
Ni^Al-j (D5,.,)-type structure; hexagonal, with 
one formula weight per unit cell; a - 4. 53 A, 
c = 5.50 A 

Pdln3 - A phase of approximately 76. 34 weight per cent 
indium, having a '^-brass  structure with voids"; 
a = 9.44 A. 
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PUttnunv    The (uUuw;^)} intorma^iaio phaitc« have been utentified by X-r^y 

Plln^p  -  54.05 weight p« r conl Indium, taotypic wiih CAF^ (C l)-lypo «Iruc- 
turo, A » 6. i'iO A(152)i AtAblo Al olovAlcd lomporAturo«, docom- 
posca lo form ''^JI^I 

Pt»lnj  - 46.86 weight \>cr cent indium; iautypic will» N'i^Alj {Df, .)-typc 
structure, ho^gonal,  with one formula weight per unit cell, 
.i = 4. 53 A, c  -  5. 51 A(li5) 

I'liln-i        57. HI weight i>c r cent  indium; taotypic wiüi Iriin-7, bo<ly-c cnte red 
cubic witl> 40 aloma pc r unit cell, a = 9.435 A. (1 38) 

Rhodium      Schubert,  et al. ,'1->.JJ rt.ports the compound Rhln to have a CsCl (B, 
type  structure,  with a  =  3. JO A. 

I r iciium 

Osmium.    Indium ami osniium occur as a natural alloy, oamiridium,  containing 
between  30 and 65 weight per cent osmium,  and platinum,   rhodium,  and ruthenium in 
varying amounts .('54) 

X-.-ay investigation of the natural alloy indicates that the iridium-rich solid solu- 
tiun extends to 3 1 to 35 weight per cent osmium. (155)   At higher compositions a 
hexagonal-close-packed osmium-rich single phase was observed. ( 156) 

fclxaminatioi   of cast iridium-osmium alloys containing 38.7,  59.4,  and 79 weight 
per cent oumium showed a trwo-phase structure( 1 57) ^  indicating the existence of a 
miscibility gap between the terminal solid solutions. 

Palladium.    A constitution diagram of the iridium-palladium system has not yet 
been determined.    Since the metals are of the same crystal structure and their atomic 
radii differ by less than 1 per cent, they would be expected to form a continuous series 
oi  solid solutions. 

Platinum.    A constitution diagram of the iridium-platinum system,  compiled 
from the data of several investigators! 158, 159, 160, 161) is presented .ui Figure  Z3. 

Alloys of platinum and iridium form a continuous series of solid solutions at 
elevated temperatures; however,  at lower temperatures,  a miscibility gap,  with a 
maximum at 50 weight per cent (50 atomic per cent) platinum and 975 C,  extends over 
nearly the whole composition range.    This transformation was first observed from in- 
creases in tensile strength on annealing wires containing up to Z5 weight per cent 
iridium at 700 to 800 C,  and was considered due to an ordering reaction.    Work by 
Raub and Plate'Ikl) has shown that the miscibility gap does occur, but the transforma- 
tion is extremely sluggish. 
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HhodUtm.    The constitution oi thn iridtum-rhudium iyntom HA« not y«t b«Qn in* 
vc«t)gaicd.    Itowevor, both mctaia AFO (aco-conto rod cubu and their atomic diamotort 
differ by only 0.9 per reru. hence    A I» prok»ablo that they form a continuous «erion of 
ttolid solutions. 

RuÜ.cnium.    V. artenberg,  ct al. ,''"-) ra|>urts th.il '.he addition of .\ tew per cent 
rulhcmum to indium raincs the multin({ point of indium by »cver.il hundred -'enrccs C. 

Potassium and Lithium 

Platinum.   It has been reported that platinum is attacked by liquid and gaseous 
jotaauiuml 153), and reacts with molten lithium at a temperaiurc slightly above the 
melting point,   186C.(l63) 

Magnesium 

Iridium.    BuakW"'*) found that additions of iridium to magnesium slightly in 
creaso'l the axial ratio of the magnesium. 

Osmium.    SauerwalclU o5) reports that a magnesium-rich eutectic exists. 

Palladium.    Additions of palladium tc rpanneflium result in a slight increase in 
the a parameter and a corresponding decrease in the c/a ratio. (1^4) 

Platinum.    Hodgkinaon, et al. j'1*3") report that a compound Mg^Pt (19.94 weight 
per ceit magnesium) is formed by reacting platinum with magnesium vapor in a stream 
of hydrogen. 

Additions of platinum are reported to increase the c/a ratio very slightly. v I"'*) 

Rhodium.    Additions of rhodium to magnesium decrease the a parameter,  result- 
ing in a slight increase in the c/a ratio of magnesium. 

Manganese 

Iridium.    Figure 24 ia a partial phase diagram of the iridium-manganeae systerr 
based on work by Raub and Mahleri 1IS)^    -p^e solubility of manganese in iridium is 
approximately 18. 8 and 21. 3 weight per cent (44 and 48 atomic per cent) manganese at 
650 and 1350 C, respectively.    The ^-manganese phase undergoes am order-disorder 
transformation below 900 C in the region of 46.8 weighl; per cent (75 atomic per cent) 
manganese to Mn-jlr.    The ordered structure is of the Cn-iAu type, 
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Killachum. The entire pallAtiium-rrutngane«o «yntrm h.%* been ttudied by »ovoral 
invQ«UK<aiuf ••» ^« i'^» l^8)i ha^ever, only %h* j»ha<»*» ««fjnilibrla of palladium-nch alloys 
will be diacumiod here. 

'! ho limit oi «olid sulubil'ty of manKaneso in palladium incroa»cii from 15.2 
weight per cent manganese at J00 C to 18.4 weight per cent at 1350 C, the oatectic 
temperature. 

The solid sulubility cf palu'dium in manganese vanes from below 10 weight per 
cent palladium in a- and /i-mangancsc to 30 to  35 weight per cent palladium In 
7- manganese. 

Platinum.    Kaub and Mahler^'''' report the existence of two order-disorder 
Iransformations,  7-mangancs'-  —  7'-mangane3e (CU3AU type) below  1050 C in the 
neighborhood of the composition Mn^Pt,  and platinurn-rich solid solution -*   MnPtj 
(CU3AU type) below 1000 C.    T icy also report the solid solubility of manganese in plati 
num as   14. 6 weight per cent rranganese up to a eutectic at about 14Z5 C,  and platinum 
in fi- and ^-manganese as below 10 weight per cent platinum. 

Rhodium.    Figure 25 is   1 partial phase diagram of the rhodium-manganese  sys- 
tem based on X-ray and microscopic studies. (1 ^') 

The limit of solid solubility of manganese in rhodium is given as about 8. 1, 
10.7,  and 21 weight per cent (14,   18,  and 33 atomic per cent) manganese at 800,   1000, 
and  1300 C,   respectively, whereas the limit of rhodium in a- and /S-manganese is below 
5 weight per cent rhodium. 

As in the iridium-manganese system, the 7-manganese phase becomes ordered 
to a CuiAu-type structure,  below 900 C,  in the neighborhood of the composition Mn^Rh. 

Ruthpnium.    Raub and Mahlerv^'/ report that no intermediate phase exists in the 
system ruthenium-manganese.    It would seem that the osmium-manganese system 
might be similar to the ruthenium-manganese system in that the atomic diameters of 
osmium and ruther.ium are about the same.    The partial phase diagram.  Figure 2b,  is 
based on their work. 

Molybdenum 

Iridium.    A study of iridium-molybdenum alloys,  between 2, 6 to 70 weight per 
cent (5. 2 to 82.4 atomic per cent) molybdenum, by Raub(l"9) revealed the existence of 
the following phases: 

An iridium-rich solid solution containing ap to 8. 9 weight per cent (16. 2 
atomic per cent) molybdenum 
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A hrxaftonAl-cloio-packed phaio, C, between 12.0 and 41.7 weight per cent 
{21. 5 and 59 atomic per cent) molybdenun.; a • 2. 736 A, c ■ 4. 378 A: and 
a a 2. 771 A, c • 4. 436 A At 12 and  «0 weight per cent molybdenum,  i ospectively. 

NUi^Ir.  59  SS weight per cent molybdenum, cooxivting with almoit pure 
molybdenum, leotypic with /J-W (A15-type), a » 4.959 A (mean). 

Oamtum.    A study of throe osmium-molybdenum alloys with 30,  50, and 70 weight 
per cent (45.9,  66.5, and 82.2 atomic per cent) molybdenum^'°^' diacloaed the exist- 
ence of the following phases: 

A solid solution of molybdenum in osmium of 25. 2 weight per cent molyb- 
denum at 1200 C 

| MogOs-j, 45. 68 weight per cent molybdenum, presumably with a a-type 
8tructure( 1 ^) 

M03O8, 60. 2 weight per cent molybdenum, ß-Vf (A15)-type structure. 

, 1 

Palladium.    Raub(*"') reports that no intermediate phase exists in the p viladium- 
molybdenum system.    There is a solid solubility of molybdenum in palladium ( f 33. 2, 

» 35.5, and 44.9 weight per cent molyh'Ienum at 800, 850, and 1200 C,  respectively. 
The solid solubility of palladium in molybdenum appears to be quite small. 

■ With regard to the solubility of palladium in molybdenum, Greenfield and BeckM'"' 
report the solubility of palladium in solid molybdenum to be greater than 23 weight per 
cent (25 atomic per cent) palladium. 

Platinum.    A study by Raub(^"°/ of platinum alloys containing 2. 5 to 70 weight 
per cent (5 to 82.6 atomic per cent) molybdenum discioöcd the existence of three 
phases. 

At temperatures above 1000 C, the solid solubility of molybdenum in platinum is 
about 26. 3 weight per cent (42 atomic per cent) molybdenum.    Alleys containing above 

I 14 weight per cent molybdenum undergo a transformation from a face-centered-cubic 
to a face-centered-tetragonal structure, a', with a = 3. 895 ± 0. 004 A, c/a = 1. 005 to 
1. 009 independent of molybdenum content. 

i 
In the range 29.7 to 55. 8 weight per cent molybdenum there exists a hexagonal 

B phase with a = 2. 786 A, c/a = 1. 611 at the platinum-rich side of the composition range. 

It is interesting to note that unlike the iridium-molybdenum system, the 
1 platinum-molybdenum system does not appear to have an intermediate /3-W-type 

structure. 

Rhodium.    Raub'^"^' found that only one intermediate phase,  e, hexagonal close 
packed,   14. 3 to 50. 8 weight per cent molybdenum at 1400 C, exists in the rhodium- 
molybdenum system between 2. 5 to 70 weight per cent molybdenum.    The lattice 
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cunstAttte ol ihi« f^taso are * « ^.71?. A, r/a 9 1.603 at the rhcKltum-rich itde, and 
a s 2.755 A, c ,'a 0  1.605 a( the inulybdcmun-nch ei<lo of (he rogiun. 

Th J aolubtllty limit ot molybdenum in rhodium waa «ilau dciormined an 6. 6 weight 
per cent molybdenum at I »0C C. 

Stur.ie« ot rhodium-molybdenum Alloys'*'*' agree wtth the .ibovc roaulta wuh the 
exception that the homogeneity range of the t-phaec is smaller at 1200 C than . .  rc- 
jKjrtcd at 1 300 C by Raub. 

Eluthcnium.    Only one intermediate phase,   MoeRui (61. 13 weight per cent 
niolybdenum),  has been found in the ruthenium-molybdenum aystcm in the range  10 lo 
70 weight per cent molybdenum between 800 to 1600 C.^^*"   This is presumably 
identical with a O-type phase found at 43. 5 weight per cent (60 atomic per cent) molyb- 
denum, with lattice constants a = 9.54 A, c = 4.95 A.^'**' 

Raub also reports that the solid Bolubility of ruthenium in molybdenum ia  ■imdii 
at  1200 C but appears to increase at higher temperatures,  and that molybdenum in 
ruthenium is about 33. 8 weight per cent molybdenum between 800 and 1600 C. 

Jasonis and Cline'1'^' report that ruthenium and molybdenum form a low-melting 
eutectic at about  1900 C.    The occurrence of this eutectic is especially vaiuable in that 
a mixture of ruthenium and molybdenum powder forms an excellent high-temperature 
brazing alloy. 

Nitrogen 

Sieverts and Krumbhaar'^ ' ^) report that nitrogen is insoluble in palladium up tu 
1400 C. 

Sodium 

Platinum is attacked by sodiarn vapor and by molten sodium above 450 C. ^ '    ' ' '->' 

Niobium 

Iridium.    Geller,  et al. ,'        ' report the existence of Nb3lr of the ß-W (A15)-type 
with a = 5. 131 ± 0. 001  A. 

Osmium.    An intermediate phase Nb-jOs of the ß-W (A15)-type structure with 
a = 5. 121 ± 0. 002 A has also been identified. (174) 

Palladium.    An examination of seven rlloys ranging in composition from 45 to 
65 weight per cent (48 to 68 atomic per cent) niobium diöciosed only one intermediate 
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ph4«e «"Kich oxiit« »vor a narrow rango of compotilion« araund 57 weight n*r cent 
(60 atutnic per c«nt|) niobium. ('18)   xhlii 1« a tetragonal 0-type pliaaa with a ■ 9. 89 A 
and c • 5.11 A. 

Platinum.    Gileenfleld and DeckC '°',  from A study of seven alloy-i ranging irom 
26.6 to 59 weight per cent (43 to 75 atonale yer cent) niobium annealed at  1000 C,  report 
the oxistonce of two intermediate phase«.    One, Nb3pt,  58.81 weight per cent niobium, 
is of the ß-Vf (A15)-|typo w!th a = 5, «1 A.    The parameter of Nb3Pt ia reported to be 
a = 5. 15J * 0.003 A. (174) 

The other pha$G is a tetragonal a-phase, uvisting at about 44.5 weight per tcni 
(6?.. 5 atomic per cent) niobium,  with a = 9. 89 A and c = 5. 1 1 A. 

Rhodium.    Alloys of rhodium and niobium containing 50.8 to 74.9 weight per cent 
(52 to 76 atomic per cent) niobium annealed at  1000 C showed the existence of two in- 
termediate phaacb.Ul^ 

At about 58. 1 weight per cent (60 atomic per cent) niobium a tetragonal o-phase 
with a = 9. 774 A and c = 5. 054 A was found to exist over a small range. 

A .-W (A15)-type structure,  NbßRh (73.03 weight per cent niobium), with 
a = 5. 1 1 5 A also wa« found. U 18) 

Ruthenium.    A study of six ruthenium-niobium alloys containing between Zl and 
67 weight per cent {ZZ and 68 atomic per cent) niobium anne?led at 1200 C reveaied 
several intermediate phases,  none of which were cor.clusivel/ identified. (57)   One 
phase existing at 50 and 51 weight per cent (51 and 52 atomic per ce.nt) niobium was 
assigned a tetragonal lattice with a = 3. 00 A and c = 3. 38 A. 

It was also determined that the  solubility limit of niobium in solid ruthenium is 
less than 21 weight per cent (22 atomic per cent) niobium, and that of ruthenium in 
niobium is at least 30. 5 weight per cent (32 aiomic per cent) ruthenium. 

Nickel 

Osmium.    Köster and Horrn^'5) conclude on the basis of X-ray, microscopic, 
hardness,  and magnetic measurements on 11 osmium-nickel alloys annealed at 1200 C 
that only two phases, the terminal solid solutions, exist in the osmium-nickel system. 
The solid solubility of osmium in nickel is about 15 weight per cent osmium, and that 
of nickel in osmium is about 16 weight; per cent nickel. 

Palladium.    The work of several investigators^ ' "> 177, 178) shows that nickel 
and palladium form a continuous series of solid solutions with a minimum in the 
liquidus curve at 40 weight per cent nickel and 1237 C.(^'"/ 
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Mar!.•»•>**77) ^4, «hown lhal the Curio leinpvra'.ur« u( m«.kcl-pAllAdium lUoys He 
rroaMO» ■n-.äöthly from )S6 C lur pure nsckol lu 0 C At about 68 wolghl per cent 
palladium. 

Platinum.    Scvc.il tnvoatig<-,tiunii have »hown that platinum and nickel form a 
contlnuuus acrica of »olid aoluttons. H'/, 179, 180) 

Two order-diaordc/ tranaforniationa have been üb»crvod «it  relatively  low tem- 
pentur«-«»   ^9)   A t rdriaforrn.ition to NiPt ha a been repjrtcdH??) \inlh a muximuni in the 
transformation curve at 6-15 C and Zl.-i weight per cent (50 atomic per rent) nickel and 
a homogeneity range of <J0. 5 to  31.7 woight per cent (45 to 60 atomic per ».cu!) mckel at 
'•1Ü C.    NiHt ha« .i tetragonal CuAu (Llo)-typc structure, with a = 3.HZ3 A and 
c   -   3.5H9 A at 2. \    \ weight per cent (SO atomic  per cent) nickel. ('77) 

The uthcr ordering reaction takes place around the composition Ni,Pl (47.42 
weigh* per cent nickel).    The ordered phase,  a Cu^Au-type structure,   has been ob- 
served in alloys containing 41 to 54. 1 weight per cent (69 to 79 atomic per cent) 
nickel. (' ^'   Oriani and Jones' * ° ^' found the disordering temperature of a 48. 2. weight 
per cent (74.93 atomic per cent) nickel alloy is 580 ±5 0. 

Osmium 

Palladium.     A constitution diagram of the osmium-paJladium system has not yet 
been determined; since the metals are of different crystal structure,  a continuous 
series of solid solutions would not be expected.    The fact that the atomic radii of the 
metals differ by less than 1 per  cent would indicate extensive  solid solubility of the 
metals in each other. 

Platinum.     The osmium-platinum system,  like the osmium-iridium system, 
shows the existence of a miscibility gap between the terminal solid solutions. 

The limit of solid solubility,  as determined by metailographic techniques, is less 
than 11 weight per cent platinum in osmium and slightly less than 25 weight per cent 
osmium in platinum. (188)   The existence of a miscibility gap would indicate that there 
should be aging response in platinum-osmium alloys. 

Phosphorus 

Reinacher(^) has observed low-melting eutectics in alloys of the platinum metals, 
except osmium,  with phosphorus.    The observed eutectic temperatures are as follows: 
iridium,   1262 C; palladium,  788 0; platinum,   588 C; rhodium,   1254 O; and ruthe- 
nium,   1425 C. 

I 

I 
i 
I 
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Irtdium.    Two Iridium phuAphidn«, IrP (7.41 w«ig« •. j^»r com phoiphorut) and 
IrP) (24.29 weight per cc  i phosphorus), have been identified by vapor-preaeure and 
X-ray analysis. (^^)   I:': .: :rt stable up to about 1230 C.    Irl ^ appears to form a 
eutectic with indium at about 1300 C containing between 3.86 and 5.87 weight per cent 
phosphorus. 

Osmium.    X-ray analysis indicates that osmium forms only one phosphide, OnPp 
(24.57 weight per cent phottphorus) of undetermined strucTu. c. ^90) 

Palladium.    Four intermediate phases have been identified in the pa'iadium- 
phosphorus system as tabulated below.''°»' 

ß {PdtjP) - 5.49 weight per cent phosphorus 

7 (Pd^P) - 8. 82 weight per cent phosphorus 

PdtjP^ -  10. 40 weight per cent phosphorus 

PdP^- • 

Jedcle'^°^' reports that the solubility of phosphorus in palladium is only about 
0. 01 weight per cent phosphorus.    In addition, he noted that small additions of phos- 
phorus to palladium resulted in embrittlemenl due to the formation of a low-melting 
eutectic at the grain boundaries. 

Platinum.    Two intermediate phases, Pt^QP-j (5.26 weight per cent phosphorus) 
and PtP^ (24.09 weight per cent phosphorus), and a miscibility gap above 683 C extend- 
ing from 5. 3 to 14.7 weight per cent phosphorus have been identified. (193)   Tiie melting 
point of PtP2 is reportedly above 1500 C. 

Jedele^92) reports that the solubility of phosphorus in platinum is 0.005 weight 
per cent phosphorus and,  as with palladium. embrlUieir^nt of platinum by small 
amounts of phosphorus is due to the formation of a low-melting eutectic (588 C) at the 
grain boundaries. 

Rhodium.    Four intermediate phases,  shown in the incomplete phase diagram, 
Figure 27, have been identified in the rhodium-phosphorus system. (194)   These are: 
Rh2P (~15 weight per cent phosphorus), RhgP^?) (19.40 weight per cent phosphorus), 
RhP2 (37. 58 weight per cent phosphorus), and RhPj (47, 45 weight per cent phosphorus). 

Ruthenium.    Three intermediate phases,  Ru2P(?) (13.22 weight per cent phos- 
phorus), RuP (23.35 weight per cent phosphorus), and RuP2 (37.85 weight per cent 
phosphorus), have been identified.   There appears to be no extended homogeneity range 
for any of the compounds.'^95) 
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Iridium.    Pfittorer and Schubert^'17' report the exietence of a perltecticeUy 
formed intermediate phaee, probably IrPb (5!. 76 weight per cent lead), with the 
NiA« (B8)-type «tructure; a ■ 3.893 A, c ■ 5.566 A. 

Palladium.    The following intermediate phase* in the palladium-lead system have 
been identified: 

Pd3Pb - 40 weight per cent lead; cubic C^Au-typc structure, with 
a = 4.021 A 

Pd3Pb2 - 56.42 weight per cent lead; homogeneity range from 54.8 to 
56.9 weight per cent (38.5 to 41 atomic per cent) lead; NiAa 
(B8)-type structure, with a = 4.465 A and c = 5.704 A at the 
palladium-rich side of the rangeH^o/ 

PdPb - ~'66 weight per cent lead; member of monocliiiic translation 
group, with a = 7. 09 A, b = 8. 44 A,  c = 5. 57 Aj  and 
ß = 71 degn96) 

PdPb2 - ~80 weight per cent lead; tetragonal CuAl^ (Cl6}-type struc- 
ture, with 2=6. 849 ± 0. 005 A and c = 5. 833 ± 0. 005 A. (99) 

The solubility of lead in palladium is about 24 weight per cent lead. 097) 

Platinum.    Three intermediate phaaea in the platinum-lead system have been re- 
ported and substantiated.    These are tabulated below: 

Pt3Pb - 26. 14 weight per cent lead; cubic CU3AU (LlQ)-type structure, 
a = 4.053 A(196) 

PtPb - 51.49 weight per cent lead; hexagonal NiAs (B8)-type structure, 
with a = 4. 258 A and c = 5.467 A(196) 

PtPb^ - 80. 94 weight per cent lead; tetragonal unit cell with 10 atoms; 
a = 6.666 ± 0, 001 A and c ■■-- 5.978 ± 0,001 A. (198) 

Rhodium.    Two compounds Rl^PbU02) (50. 17 weight per cent lead) and RhPb2 

(80. 11 weight per cent lead)(99) have been identified.    RhPb2 is of the tetragonal CuAl2 
(C16) type with a = 6. 664 ± 0. 003 A and c = 5. 865 ± 0. 003 A. 
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PkiUdlum 

At lower lcmi>ar<ituro«, between 700 to 1400 C, there la »omc evidence from 
ttArdnetfl mc.titurcinontii of a transforrndtton In the r.inf(o«   16 to S4 and 7} to 94 weight 

Mechanical-property data by Cartcr^"^', and Carter and Stauiml ^02)f   »how that 
maxima in hardness and tensile  strength occur at about 40 weight per cent palladium. 

Ruthenium.    Hellawell and Hume-Rothery(^^) have  reported lattice parameters 
of ruthenium-rich solid solutions containing up to 2. 74 weight per cent palladium. 

No systematic investigation has been made of this system; however, because of 
different crystal structures,   the metals cannot form a continuous series of solid 
solutions. 

Platinum 

Rhodium.    A constitution diagram of the rhodium-platinum system at elevated 
temperatures is presented in Figure 28.(158,204) 

On the basis of X-ray( 204
J 

205),  electrical resistivity^04^206), and hardness 
measurements^04, 206)^  it is concluded that platinum and rhodium form a continuous 
series of solid solutions. 

Platinum-rhodium alloys form one of the most importanl; thermocouple elements 
for accurate temperature measurement, the platinum-10 and -13 rhodium alloys being 
used most commonly for this purpose. 

The effect of rhodium on the thermal emf of platinum-rhodium versus platinum 
is well known and will not be presented here.    Thermal emf versus composition curves 
up to 1200 C for the whole range of platinum-rhodium alloys from 0 to 100 per cent 
rhodium are given by Reference (7). 
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Plan num.    In «pilo of Iho wtdonpreAd u«e of pUtinum-palUdlum alloyi, thi« 
jystom h*« nok yel bcc:< ihoruughl) inveaUgated.    Thermai «tr.d oloctricAl meaturo- 
ment«n9<>, 200) indicate that 'ho two metal« form a conttnuou« •ortet of tolid «olutiona 
at elevated temperature*. 

I 
naronen« meanurcmem » oi a i ranmormdiion in me rangen   i u 10 31 ana  / j to vt wclgnt i 
per cent (10 (o 40 and 60 to 90 atomic per cent) platinum. < ~0') | 

I 

i Rhodium.    Tammann and Rocha*20*' report that palladium and rhodium lorn! .i 
continuous sciies of solid solutions with the liquidus curve rising continuously from 
the melting point of palladium to that of rhodium. I 

Although no solid-state transformations were indicated, they report that a 
15 weight per cent rhodium alloy age hardens slightly,  78 to  110 Bhn,  on aging at [ 
550 C.    They also report that the maximum hardness is about 145 Bhn at 60 weight per 
cent rhodium. 
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Rmncntum. Microgirucixiral, wl»t.ti»v«l-rc»t«uneo,t^07) and X-rayt^*) «KAmi« 
rvAUurt :-tdlCAlo lhal ih« «olubiltly of rulhcmlum in fiLMlnum exceed« 66. I weight |*«r cent 
ruthenium. 

Plutonium 

Oantium.    Konobcovtky^O'' reports the aolubillty of osmium In ihc Üirco a lo- 
tropic  forms oi plutonium to bo very slight,  loss than 0.24 weight per cent o^.-nium. 
four intcrmcMlAto phases h.-.vc been identified.    The compositions of three of these 
phases correspond to the ideal compositions PuOs^ (28.6 weight per cent plutonium), 
hexagonal of the MgZn^ (C 14) typo with a = 5. 3 37 A and c » 8. 682 A. PugC^, and 
PU5O8. 

Ihc fourth phase,  n, is richest in plutonium and occurs in the range of about 2.4 
to 5.6 weight per cent ( 3 to 7 atomic per cent) osmium. 

Rhenium 

Iridium.    Haas and Schrieider(^"' report the solid solubility of rhenium in iridium 
to be at least 5 weight per cent at room temperature. 

Osmium.    Winkler'1     ' reports, based on a study of alloys of 25,  50, and 75 
weight per cent rhenium, and the similarity of the lattice parameters of the pure metals, 
that osmium and rhenium form a continuous series of solid solutions. 

cent rhenium are solid solutions, 

Rhodium 

Ruthenium.    Hellawell and Hume-Rotheryl^OS) have determined the lattice con- 
stants of ruthenium-rich solid solutions containing up to 5. 3 weight per cent rhodium. 
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Paii.\dium.    The solid solubility of rhenium in palladium is at least 7.4 weight 
per cent rhenium. (^^U 

I 

Platinum.    An investigation of the platinum-rhenium system disclosed no inter- j 
mediate phases, the system being composed of the two terminal solid solutions.    The 
solubility of rhenium in platinum is about 38 to 40 weight per cent rhenium and that of . 
platinum in rhenium 40 to 42 weight per cent platinum up to 2000 C.(212) j 

Rhodium.    Goedecke(^^) has reported that alloys containing up to 10 weight per | 

! 
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! 

! 
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Sine« Ute inei*U ar« of dltferont crysui »tructuro, It i« tmpotaible for ihem to 
form & cofttiiuiouo torioi of »olid tolutiona. 

Sulfur 

Iridium.     The existence of the (oliowiitg iridium aulfidcs has boon shown by X-ray 
and vapor-pressure measurcmonti; between 880 and  1073 C:^'**) 

Ir^S,   -  19.94 weight per cent «ulfur 

IrSi - ^4.93 weight per cent suliur 

Ir.Sy  -  3U. 69 weight per cent aulfur. 

Osmium.    Juza'^*-'', on the basis of X-ray and vapor-pressure studies,  found 
that only one sulfide OsS2 (25. ZZ weight per cent sulfur) exists.    This compound is 
isotypic with pyrite (C2 type) with a = 5. 65 AU^

6
) fa = 5. 619 AUI^JJ _ 

Palladium.    Investigations of the palladium-sulfur system have disclosed the ex- 
istence of the following palladium sulfides :'217, Z 18) 

Pd^S - 6.99 weight per cent sulfur,   stable at Z5 C 

PdS -  23. 10 weight per cent sulfur,  stable at 25 C 

PdS2 - 37. 54 weight per cent suliur,   stable at 25 C 

ß - between 10 and 11 weight per cent sulfur,  stable, between 555 
and 635 C. 

Platinum.    Two sulfides,  PtS (14. 1 weight pel' cent sulfur) and PtS2 (24. 73 weight 
per cent su]iur)( 219),  and a terminal solid solubility of 0, 23 weight per cent sulfur in 
platinum'^") have been reported. 

PtS is tetragonal with a = 4, 93 A and c = 6. 13 A(220)^ while PtS2 is isotypic with 
Cdl2 (C6)-type structure, with a = 3. 54 A and c = 5. 02 A, (221) 

Rhodium.    The existence of the following rhodium sulfides has been established; 
Rh9S8, Rh3S4, Rh2S3, and Rh2S5. i222) 

Ruthenium.    Investigations of the ruthenium-sulfur system indica,te that only one 
ruthenium sulfide,  RuS^ (38. 68 weight per cent sulfur) is formed. (22^) 
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Antimony 

.1 
PalUdlum.    The following tabuUllon of chArivctorl«tlc lomporaluro« and compost- 

tlon« ha« boon «.emptied by Hanson from data from iwo »ourcent £^4, 22S) 

Equilibrium  Reference («?Z4) Reference (US) 

Melting Point of Palladium       1541 C 1549 C 
Lf»MPd) + 3 1070 C,  23. 5 weight        1069 C,  23 weight 

per cent antimony per cent antimony 

Melting Point of PdjSb 1220 C 1185 C 
ß ¥=*ß' Transformation 950 C 955 C 
L * ß** y 839 C 8S0 C 
L««=* 7 + PdSb 733 C, 45 weight 73 I C , 45. 5 weight 

per cent antimony per cent antimony 

Melting Point of PdSb                   305 C 800 C 
7^iß + PdSb                                   530 C 550 C 
L + PdSb^i PdSb2                         677 C 680 C 
Lr=^PdSb t Sb                                 587 C, 90 weight 593 C, 80.4 weight 

per cent antimony per cent antimony 

The structures of the various phases are as follows: 

Y(Pd5Sb3) - filled NiAs (B8)-type structure; a = 4.45 A, c/a = )   3 1 at 
660 d2-26) 

PdSb - isotypic with NiAs (B8) type; a ~ 4.078 A,  c = 5.593 A^227) 

PdSb^ - isotypic with pyrite (C2) type, a = 6. 452 A. (227) 

Platinum.    Several investigators agree on the existence of three intermediate 
phases in the platinum-antimony system.    These are: 

Pt4Sb - 13.49 weight per cent antimony(22^) 
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PtSb - 38.41 weight per cent antimony, NiAs (B8) type; a = 4. 13 A, I 
c = 5.48 A(229) 

PtSb2 - 55.50 weight per cent antimony^  isotypic with pyrite (C2 type), 
a = 6.44 A. ("^ 

In addition there is a low-melting eutectic at about 24 weight per cent antimony 
and 633 d228) or 690 CU^I). 

Rhodium.    Pfisterer and Schuberti^U report the existence of RhSb (54. 20 weight 
per cent antimony),  isotypic with MnP (B31) type; a = 6. 333 A, b = 5. 952 A, and 
c •-• 3.87 6 A. 

1 



89 

S« ionium 

Iridium. The following «elenido«, prspAred by reaction« of Se with IrClj, havo 
boon reported: ir^Se^ (38. 02 weight per cent aelenium); IrSe? (44.99 weigtit per cent 
•olenium): am   USc^ (55. 09 weight per cent selenium). (232,233, 234) 

Oamium.   Thoma«aon*^^'' reports that the compound OHSe2 (45. 36 weight per 
cent selenium) is isotypic with pyrlte (C2 type), with a = 5.945 A. 

Palladium.    The following palladium sclcnidcs have been reported: 

Pd4Se -  15.61 weight per cent selenium 

PdSe - 42. 33 weight per cent selenium; tetragonal, B34-type structure; 
a = 6.73 A, c = 6.31 AU53) 

PdSe2 - 59.68 weight per cent selenium; orthorhombic, deformed pyrite- 
type structure; a = 5. 72 A, b = 5. 80 A, and c = 7.67 A. ü^) 

Platinum.    Two platinum selenideo, PtSe\98) (28.80 weight per cent selenium) 
and PtSe^ (44. 72 weight per cent selenium),(230) have been reported, although the ex- 
istence of the former has not been definitely established.    PtSe2 is isotypic with Cdl^ 
(C6 type), with a = 3. 73 A and c = 5. 07 A. (132) 

Rhodium.    Blitz,  et al. ,("4) ^aa prepared Rh^Seg by reaction of the trichloride 
with selenium, and attempted unsuccessfully to form lower selenides by thermal dis- 
sociation of Rh^Seg. 

Geller and Cetlin'"^) report the existence of the phase RhSe2 with a cubic 
pyrite (C2)-type structure and a homogeneity range from 56. 8 to at least 65. 8 weight 
per cent (64-71.4 atomic per cent) selenium. 

Ruthenium.    Thomaeseni 230) reports the structure of RuSe2 (60, 83 weight per 
cent selenium) is isotypic with pyrite (C2 type); a = 5.933 A. 

Silicon 

Iridium.    Buddery and Welch(°^) report the existence of the followi ig iridium 
silicides; 

Ir-jSip - 8. 84 weight per cent silicon 

IrSi — 12.70 weight per cent silicon 
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Ir ,.S» .   -   17. 91 weight i>«r ccn!  «Utcon 

IrSl,   -   \(). \H woigni per cent «tltcon. 

Another sihcidv, richer In i-ulium than IriSi«, wa« rcix>rtcd bul not tdcntihcct. 
Thm ailicide in hcx*igonal with .1 = i.96 A and c = 5. 11 A. Kcmachcr^^) rcjxjrln the 
existence '»f AU iruiiun»-i»ihcon outoctic,   molttnK at  H70 C. 

Üanruum.    '1 wo silicidcs,  OH^SIJ IIH. 1-1 woight fKj r cent rtiheon), totrAgonal with 
.1  =  5.58 A and c   -  5. \ I A. and OsSw I2J.80 weight [>cr cent »tlicon),  have been  re- 
vealed in an X-r.iy study of the whole  range of compoHitions. (84) 

Palladium.    Two palladium suicides,  P^^^1 (^'-^^ weight per cent .silicon) and 
PdSi (Z0.84 weight pi-.r cent silicon) have been identified.     Pd >.Si is isotypic with h'v >P 
(C2Z type),  a = 6.49 A and c =  i.4i A.*8'*»141) and PdSi is isotypic with MnP (B51  type), 
a = 6. 133 A,  b = 5. 599 A,  and c = 3. 381 A. (137) 

In adilition,  three low-melting eutectics have been reported in the palladium- 
silicon system;'^"' the most important from the standpoint of embnttlement of 
palladium is one at about 4.5 weight per cent (15.5 atomic per cent) :.ihcon and 800 C. 

Platinum.     Voronow(^D4) reports the  solid solubility of silicon in p'atinum,   after 
annealing at 800 C,  at about 0. Z weight per cent silicon.    At the eutectic tTnperature, 
830 C,  the  solubility should be somewhat higher. 

In addiiion, th'CG platinum silicidej have been identified:^"4) 

PtcSio - 5.44 weight per cent silicon 

Pt^Si — 6. 71 weight per cent silicon; tetragonal,  a = Z. 77 A and 
c = Z.95 A(84) 

PtSi  -  12.58 weignt per cent silicon; orfhorhombic of the MnP (B31/ 
type; a = 5. 93 A,  b - 5. 59 A,  and c - 3. 60 A. (137) 

Rhodium.    Buddery and Welch(84) report the existence of Rh^Si^   RhSi,  RhoSi-^ 
(or RhSi^),  and an unidentified compound lower in silicon than RIITSI,. 

Reinacher(°') has observed melting of the eutectic grain-boundary network in a 
1. 5 weight per cent silicon alloy at 1389 C.    He reports the solid solubility of silicon in 
rhodium to be leas than 0.5 weight per cent silicon. 

Ruthenium.    Reinacher'      ' reports that the solid solubility of silicon in ruthenium 
is less than 0. 5 weight per cent silicon.    Also,  in a 3 weight per cent silicon alloy, 
melting of a eutectic grain-boundary network is observed at about 1488 C. 
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Butidery and Weicht84) HAV« Identtfiod iho (ollowing ruthenium •ilicidaa by X-ray 
didrAClion lochntquo« 

KutSl^ - 15.5Swatgh( p«r cent «ilicon 

RuSl - leolyplc vdlh C«C1 (BZ lypc). a = 2.90 A 

Ku^Sl) - 29. 27 weight per cent filicoo, tetragonal, a ■ S. 53 A And 
c = 4. 47 A;(84) thie is posaibly identical with RuSi2 (35. 58 weight 
per ccn» «tlicon),  reported to have A tetragonal structure of un- 
known type.(J^O) 

Tin 

Iridium.    Nial'       ' has identified the phases IrSn^ (55. 15 weight per cent tin) and 
Ir ^Sn-j (58. 92 weight per cent txn) by X-ray analyses.    IrSn^ is isotypic with CaF^ 
(C 1 type), a = 6. 338 A, and Ir,Sn^ is cubic with 40 atoms per unit cell and a = 9. 360 A. 

A phase, possibly corresponding to the composition IrSn (38. 07 weight per cent 
tin), isotypic with NiAs (E8 type), a = 3. 988 A and c = 5. 567 A, has been observed. (196) 
These investigators also report that tin is soluble in iridium, but the aolubility limit is 
not known. 

Osmium     Osmium and tin form no intermediate phase and are reportedly com- 
pletely insoluble in each other. (^^) 

Palladi im.    The following intermediate phases of the palladium-tin system have 
been positive.'y identified by X-ray analysis:(196) 

Pd^Sn - 35.74 weight per cent tin; orthorhombic,  Co2Si (C37)-type struc- 
ture; a = 8.12A, b = 5, 65 A, and c = 4,31 A 

PdnSn-, - 42. 58 weight per cent tin; partially filled NiAs (B8)-type struc- 
ture; a = 4. 399 A and c = 5. 666 A(84) [for 43^ Q weight per cent 
(40 atomic per cent) tin alloy]; homogeneity range 40. 2 to 45. 5 
weight   per cent (36 to 41,5 atomic per cent) tin at 480 C(139) 

PdSn - 52.90 weight per cent lin; orthorhombic MnP (B31) type; 
a = 3.87 A, b = 6. 13 A, and c = 6. 32 A(153) 

PdSn;? — 69. 01 weight per cent tin; monoclinically deformed B31-type 
structure; a = 3.93 A, b = 6. 18 A, c = 6.38 A, and ß = 88.5 
deg(238) 

PdSn^ - 81. 65 weight per cent tin; orthorhombic with 20 atoms per unit 
cell; a - 6.40 A, b = 6.43 A, and c = 11.44 A.U39) 

tin. 

The solid solubility of tin in palladium was determined( 196) as 28 weight per cent 
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Platinum     Five intormodidto |ih«»c» Have boor. tdciUift«d by X-r»y An«ly«lt of 
}»lAt4num-lLn alloyi».    These arc; 

PljSn - 16.85 weight jwr com tin. («otypic with CU3AI; 4-4,01 AC-
1
*
0

) 

PlSn - i7.8l weight per cent tin. NiA» <B8)-type iitructurc.  % = 4.111 A 
and c = 5.439 A(

Z41
) 

Pt >Sn J  - 47.70 weight per cent tin, hcictgonal, of a new type wjth 10 atom» 
per unit cell, a *> 4. 3 34 A and c =  12.960 AU'IO) 

I 
I 
1 
I 

i 

HtSn.  - 5-1.87 weight per cent ".in. -.aotypic with CaF^ (Cl typo), 
a - 6.425 A^^1) 

PtSn^  - 70.8b weight per cent tin, orthorhuinbir ,  with 20 atonriB uer unit 
cell; a = 6. 388 A,  b = 6.419 A.  and c - 11. 357 A. U^9) 

The bolici solubility of tin and platinum has not been determined; however, esti 
mates '^aacd on the change in lattice parameter of platinum place it at about 5 weight 
per cent tin at 750 to BOO C.(Z37,Z42) 

Rhodium.    The compositions and structures of intermediate phases found in the 
rhodium-tin system are presented below: 

Rh^Sn  -  38. 58 weight per cent tin; orthorhombic Co?Si-type structure; 
a = 8. 21 A,  b = 5. 52 A,  and c = 4, 22 AU^) 

Rh^Sn,  - 43. 47 weight per cent tin; partially filled NiA.s (B8)-type struc- 
ture; a = 4. 340 A and c = 5. 553 A at rhodium-rich side of 
homogeneity range, 41.1 weight per cent (37, 6 atomic per cent) 
tin( 196)^ anci a = 4. 338 A, c = 5, 544 A at ti.-e tin-'-ich side of the 
homogeneity range, 44.4 weight per cent (40. 5 atomic per cent) 
tinU37) 

RhSn   -  53. 56 weight per cent tin; cubic,  of FeSi (B20) type; a - 5. 131 A(Z37) 

RhSn^ - 69.76 weight per cent tin; two modifications,  with transformation 
point above 500 C; high-temperature form is tetragonal of CuAl^ 
type, a = 6.412 A and c = 5.655 A(196)j the low-temperature form 
is isotypic with CoGe^ orthorhombic unit cell vvith 7 rhodium and 
16 tin atoms; a = b = 6. 332 A and c =  11.99 A.i1^) 

Ruthenium.    Nial'"  ' has identified a cubic phase in alloys containing 73, 6 to 
100 weight per cent (70 to 100 atomic per cent) tin annealed at 475 C or quenched from 
650 C.    This phase is probably of the composition RuoSn^ (73. 14 weight per cent tin), 
with a = 9. 351 A and 40 atoms per unit cell. 

I 
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Tani^tum 

O» mi um.    Ncvttt #j;tl Dowivey^^ ^ :»por' the e&}«tence of a 4-lyp« |4vAt<? in the 
Approximate compoetuoti range (*4 to 74 weight per cent (65 to 75 atomic por cent) 
tantalum at 1 ZOO C.    The Latttco parAruoierd of a 74 weight (75 atomic) per cent tanta 
lum alloy are:   a = 9.9 54 A and c a 5. 189 A. 

Palladium.    Throe art-molted aUuyn containing 63.6,  74.0, and BJ weight per 
cent (50,  (JZ,  and 7Z atomic per cont) tanta um annealed at  1000 C ami quonched nhowud 
no ovidene»» of ar »"tcrmodialo phase. H 18) 

Platinum.    Grccn/icld and Deck*''"'  report the existence of a J   pha.ie cxinii.tg 
between 66. Z and 69. 8 weight por cent (65. 8 and 69. 5 atomic per cent) tantalum and 
81.6 ind 83.8 weight per cent (81.5 and 83.5 atomic per cent) tantalum with a = 9.95 A 
and c = 5. 16 A,  in alloys quenched from 1000 C. 

In alloys containing 57 to 66. 1 weight per cent (57 to 65.8 atomic per cent) 
tantalum,  O van found coexisting with an unidentified intermediate phase. 

Rhodium.    A study of eight rhodium-cantalum alloyn containing 25. 9 to 88. 5 
weight per cent (16. 4 to 81 atomic per cent) tantalum quenched from  1000 C revealed 
the existence of an intermediate tetragonal o-type phase at about 72,9 weight per cent 
(60 atomic per cent) tantalum, with a = 9. 754 A and c = 5. 058 A. (118) 

Ruthenium.    Microscopic and X-ray investigations of five ruthenium-tantalum 
alloys containing 40 to 75. 1 weight per cent (27 to 62 atomic per cent) tantalum 
quenched from 1200 C showed the existence of two intermediate phases. (118) 

An alloy containing 64. 5 weight per cent (50 atomic per cent) tantalum appeared 
to have a tetragonal structure with a = 3.02 A and c = 3. 37 A.    Alloys containing about 
50. 5 and 60. 3 weight per cent (36 and 45 atomic per cent) tantalum showed the existence 
of a second intermediate phase  whose structure was not identified. 

The solubility limit of tantalum in ruthenium was shown to be less than 40 weight 
per rent tantalum and that of ruthenium in tantalum at least 26. 2 weight per cent 
(38 atomic per cent) ruthenium. 

Tellurium 

Iridium. The existence of the compounds IrTe^ (56. 9 weight per cent, tellurium) 
ana IrTe3 (66.5 weight per cent tellurium) haa been reported(234)j however, as yst no 
systematic investigation of the iridium-tellurium system has been made. 

BATTELLE        MEMORIAL        INSTITUTE 



94 

Oamtum.    The cumiwund OaTo^ (57. JO weigh«. f>c r cent trllun-im),  i»oiypic wtlh 
; . rt!c \C1 tyj>e), .» ■ 6   J82 A, ha» been tdonllfted bv Thom«««on  '^JO) 

1 .llAchum     Thonvafl«cn^^0) report« iho existence of two intermeduite ph.itictt m 
the {>all<«dlum-tellurlum »yatem.    These arc PdTo (54.46 v/clght oor rtr'. »cllurtum), 
laotyplc   %vnii N'lA« (B8 type)    a  = 4. 135 A, and <   =  5.674 A. and PdTe , (70   52 weight per 
i «til  tellurium).  Cdl^ (C6)-typc  «tructuro,  a  = 4,036 A,  and c  =  5. 1Z8 A 

IM.itim.m.     The atruclurc of an intermediate phase,   FtTc> (56.66 weight per cent 
tellurium) «.»u  re{xjrtcd( ^^^) aa luolypic  with Cdl^ (B6),  with a = 4.01  A and  J   =  5.21  A, 

Rhodium.     X-ray analyaia of rhodium-to Uurium alloys  revealed the existence of 
the fulluwing intermediate phases;''-■*"' 

Rhl'e  - Hexagonal NiAs (D8)-type structure, a = 3. 99 A 

Khlcj - High-temperature modification (quenched from  1 ZOO C),  hexagonal 
Cdl^, (C6)-type structure; a = 3.92 A and c = 5.41 A 

RhTe^ — Low-temperature modification (prepared at 900 C),  cubic pyrite 
(C2)-type structure; a = 6.441  A. 

Ruthenium.    Thomassem ^30) ha3 identified the phase RuTe^ (71. 51 weight per 
i cnt  tellur-um) as being isolypic with pyrite (C^ type),  with a - 6. 37 A. 

Thorium 

MgCu2-type Laves phases have been observed in the iridium-thorium and 
osmium-thorium systems.    The phases Thlr^ and ThOs2 were identified as diamond 
cubic with a = 7. 6615 and 7.7050 ± 0.0015A,   respectively. (279) 

Titanium 

Iridium.    Wallbaum( ^44) investigated the possibility of the occurrence of the 
phases Ir^Ti and Ir^Ti but did not detect these phases. 

Osmium.    Laves and WallbaumA 244) rep0rt the existence of the compound OsTi 
(Z0. 12 weight per cent titanium) with a CsCl (B 2)-type structure, a = 3. 07 A. (245) 

Palladium.    The existence of the following intermediate phases in the palladium- 
titanium system has been reported: 
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FdjTt -  li.Oi woighi per cent tiunium, uomorphout with TiNij 
(00^4 lypp). * " 5   -186 A and c » 8. 796 K(£*4) 

PdjTij - Zi.üi wctghl |>cr cont titarvium'-'*^) 

PdTi^ " "J7- *' «•ctght }j«r cent titanium, inotypic with Tl^N'. ^''^ 

Platinum.     The following intermediate phatiuit have been identified in the 
platinum-titanium ay stem: 

Pt3Ti - 7.56 weight per cent titanium; CujAu (LI ^)-lyyc atructurc, 
a = 3.898 AU44) 

^13X12  -  14.06 weight per cent titanium^"*") 

PtTi2 -  32.92 weight por cent titanium,  iaotypic with Ti^N'^^"' 

PtTi3 - 42. 40 weight per cent titanium; p-W  (A15)-type structure; 
a = 5.031 A.(247) 

Rhodium.    A study of the possible occurrence of the phases RhoTi and Rh-jTi 
indicated these phases do not exist. (^44) 

Ruthenium.    An intermediate phase RuTi (32.02 weight, per cent titanium) witli a 
CsCl (B2)-type structure^244» ?'46) a = 3. 06 A.,  has been identified. (245) 

Thallium 

Palladium.    HeLlneri24?) reports the existence of an alloy of the approximate 
composition Pd^Tl having a structure of the NiAs (BB) type. 

Platinum.    The existence of an intermediate phase PtTl (51. 15 weight per cent 
thallium) haa been reported(250) and confirmed(251)-    PtTl is isotypic with CoSn 
(B35 type), a = 5. 616 A and c = 4. 648 A, (251) 

Two eutectics, one at about 98- 4 weight per cent thallium and the other at about 
40 weight per cent thallium, have been observed. (250)    Estimates made on the basis of 
lattice-parameter measurements indicated that there was a slight solubility (about 
1. 5 weight per cent) of thallium in palladium, ("ll 
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Uranium 

Irttltum.    Jl^al «r»'1 'V'.UUmn^^' r«por? iho ««xialonce o( At. Into.-modiA.o phanc, 
Ir^U (J8. H wctnh» i»or conl urAntum) with A fACO-ccntei od-cubic MgCu^j (Cl5)-,ypo 
«trucluro, * * 7.4919 t 0.0005 kX al 20 C. 

OrtjTUum.    The cornpuuml OJI^U ( iö   5 weight per cent uramun.; has been idonttfird 
a» being o( the face-contcrcd-cubic MgCu> (CI5)  type with a = 7.4974 ± 0.0005 kX at 

Palladium.    Calterall,  et aJ. ,('^•'' studied the palladium-uranium system b- 
means of thermal,  metaliographic,  and X-ray analysis.    At the palladium-rich side, 
a minimum was observed it» the liquidus curve at about 28 weight per cent uranium and 
1 105 i 5 C.    The palladium-rich solid solution reportedly extends to about  38.6 weight 
ntT tent uranium; however,  Hannen proposes that the minimum in the liquidus corre- 
sponds to a eutectic point separating the palladium-rich solid solution from a face- 
centered-cubie intermediate phase at about 36. 1 weight per cent (20 atomic per cent) 
uranium. 

A compound,  UPd3 (42.66 weight per cent uranium) has been identified as being 
of the hexagonal TiN^ (U0 ^4)-type structure with a = 5. 769 i 0. 00 I A,  and c = 9. 640 ± 
0.001 A at 42.8 weight pe r cent (24. 95 atomic per cent) uranium. (252) 

The existence of two other intermediate phases,  l^Pd^, and UPd, has been 
repo rted. ( "3) 

Platinum.    The intermediate phase,  UPt3,   is  reported to be of the hexagonal 
Mg3CdlD0 19)-type structure, with a = 5. 764 ± 0. 001 A and c = 4. 899 ± 0. 001 Aj252) 

Sailer and Rough'2^^' report that retention of the ß-uranium phase in quenched, 
low-platinum alloys has been observed.    They also report the existence of the com- 
pound UPt2 of the hexagonal MgNi2 (C36)-type structure. 

Ruthenium.    Heal and Williams("2) rep0rt the structure of URU3 (43, 23 weight 
per cent ruthenium) is of the cubic CU3AU {Ll^) type with a = 3.988 ± 0.002 A. 

Vanadium 

Palladium.    Greenfield and Beck(^°) report that the solubility of vanadium in 
palladium is approximately 32. 5 weight per cent (50 atomic per cent) and that of 
palladium in vanadium is less than 34. 3 weight per cent (20 atomic per cent) palladiam. 

They also report inconclusive data suggesting the existence of an intermediate 
phase of unknown structure. 
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Mattnum.   An mvo«ttgation ot (our |>UiWmm-vAn4dtum Alloy« coniamins botwoen 
14.9 And 44. 1 weight per cent (40 and 75 Atomic par cent) vanadium, annealed and 
quenched from 1200 C,  revealed Uta oxietonce oi an intermediate phaite PlV» (43. 91 
weight per cent vanadium) with A «trMrtur« oMhr /*-W (A15) »ypc, a ■ 4.808 A. 

The study also showed that the solid solulnltty of vanadiu.u In platinum is greater 
than 14. 9 weight per cent (40 atomic per cent) vanadium. (118) 

Rhodium.    Two Intermediate phases were found In a stud> of rhodium-vanadium 
alloys containing <M.6 to 60.0 weight per cent (40 to 75 atomic per cent) vanadium 
quenched from 1200 C. 

Ono of these, RhV-^ (5?. 76 weight per cent vanadium),   is of the cubic ^i-W (A15)- 
typc  structur»« v,ith a = 4.767 A.    The other phase was found in an alloy containing 
24. 6 weight per cent (40 atomic per cent) vanadium and was determined to have a 
hcxagonal-rlose-packed crystal structure.'*'") 

Ruthenium.    Grecniicld and Beck''l°/ report the existence of an intermediate 
phase at 34.0 weight per cent (50 atomic per cent) vanadium having a tetragonal lattice 
with a ^ 2. 96 A ami c =  3. 09 A. 

The solubility limit of vanadium in  ruthenium is reportedly less than 10 weight 
per cent vanadium. 

It was also observed that a 47.9 weight per cent (64 atomic per cent) vanadium 
alloy was single phase with the CsCl (B2)-type structure and cell dimensions similar to 
those of the vanadium-base solid solutions . H * °) 

Tungsten 

Iridium.    Raub and "1A,alter('-')-') have investigated homogenized alloys c mtaining 
5 to 95 weight per cent tungsten.    One intermediate phase,  ß,  extending from 22.5 to 
55. 2 weight per cent tungsten after annealing at 14UÖ to  1800 C was identified.    The 
lattice constants of this hexagonal-close-packed phase are:   a = 2. 736 A and c/a =  1. 602 
at the iridium side, and a = 2.764 A and c/a =  1. 611  at the tungsten side of the 
homogeneity range. 

The solid solubility of tungsten in iridium was determined as  19,   13.3,   12.4,  and 
1 1. 3 weight per cent tungsten at 1800,   1300,   1 100, and 900 C,  respectively. 

Osmium.    A study of eight cast alloys containing 15 to 90 weight per cent tungsten 
revealed the existence of an intermediate phase,  probably of the composition W^Os 
(74. 37 weight per cent tungsten) and terminal solid solutions extending to 47. 2 weight 
per cent tungsten and about 5 weight per cent (5 atomic per cent) osmium.' ^"l 

Studies by Raub(^56) gUggest that WoOs may be a a-phase with a = 9.933 ± 
0, 007 A and c/a = 0.515. 
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PalUaium.    Invn^ilgailon« of the palladium-ivrngiton ayttemn iÜ»2S5) rovealed no 
iniormotiiAtc phA«oa and thowod that the »olubllity limit of tungsten in palladium it 
cloac to )0 weight por cont tungaten, palladium 1« ot«entially inaoluble in tungsten. (^^^) 

The solidu« point of a 21 wotghl per cent tungsten alloy was observed to be 
• hghtly below MOO C. 

PUitmum.    A study of stniorod platinuni-tungaton alloy» by Jaffcc and Nlolson'   '  ' 
(thowed ilic maximum nolub'.lity of tungsten in platinum to bo about 62 weight per cent, 
and that of platinum in tungxtcn between 4 and 6 weight per cont platinan: at the nolidus 
tc mpu raturc. 

Nemilov and   Rudnit sky ' "**' suggest the existence »>f an ordered phase WPti 
above 24. 5 weight per cent (25 atomic per cent) tungsten,  based on hardness and mi- 
croscopic data. 

Rhodium.    A study of rhodium-tungsten alloys containing 5 to 80 weight per cent 
tungsten revealed the existence of the following phases: 

A terminal solid solution of tungsten in rhodium up to 20 weight per cent 
tungsten. 

A hexagonal-close-packed phase with a homogeneity  range of about 30. 3 
to 60.4 weight per cent tungsten. 

A terminal solid solution of rhodium in tungsten up to about 7. 8 weight 
per cent rhodium. 

Greenfield and Beck^        '  report the lattice parameters of the hexagonal phase are 
a = 2. 708 A and c = 4. 328 A at 30 weight per cent (19. 2 atomic per cent) tungsten. 

Ruihcnium.    No intermediate phase was observed in a study of six ruthenium- 
tungsten alloys containing 10 to 70 weight per cent tungsten. \ ^55/   The solubility of 
tungsten in ruthenium after annealing at  1400 C was found to'be about 51. 2 weight per 
cent tungsten. 

Obrowski'--So) reports the existence of a O-type phase of the approximate com- 
position W-jRu-, (73 weight per cent tungsten), which decomposes eiitectoidally into 
ruthenium and tungsten below 1650 C.    The lattice parameters are a = 9. 55 A and 
c/a = 0. 52. 

Zinc 

Osmium.    Debray^':,:>'''' reports that osmium and zinc do not form a compound, 
based on the fact that osmium-zinc alloys treated with dilute HC1 had a residue of pure 
osmium. 
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PaUatÜum.   The taU4(Jium<sinc •>»(«m i* «;h4r«cl«rtft«ü liy th<* e9d»l«nce &t 
«overal imermodUto phA«««, one •»( which i* * y-brfi»«-lypc phti«« tnct^4ing th« td««l 
composition Pd^Zn^j {11. 01 weighl \>er con! jtlnc).^^) 

The »olid •olubillty ot nine in pallAdium It about S. S weight per cent tine •: 
5J0 C and about  il weight per cent tine at 780 cJ26') 

Platinum. The Rolubthly uf fine .n plAtinun^ ha« been (ound to be gteate. than 
about 7 and lou« than about 10 weight ]*rr cent line. The oxiatonce of «evoral intrr- 
mcdiatc phaecs has been reported.    These arc tabulated below: 

V - Facc-rcnlercd tetragonal of the CuAl (I-IQ) type, axial ratio U-J- 

crcased from about 0.954 at the platinum-rich «ide to 0.860 on 
the ^inc-rich (iide(109) 

P,  -  PtZn2,  similar lo A1B2 (C3Z) type with a = 4   1 1 A and c =  2. 744 A 
at 38.8 weight per cert (64.7 atomic per cent) ;'.incn09) 

^j  - Similar to f, but of lower symmetry(' ^') 

7 -  "y-brass-type structure^ ^"^) 

/j   - Designate] as PtcZn,i  59.0 weight per c«;nt (80.77 atomic per 
com) zinc   a = 18. 116 AU09,260) 

PtZnß - 73.8 weight per cent (88.89 atomic per cent) zinc,  phase richest 
in zinc; complicated diffraction pattern indicating low symmetry .(* ^9) 

In addition,  evidence of an ordered phase Pt-jZn isotypic with CU3AU (Ll^) type > 
a = 3.89 A,  and forming at about 800 C,  has been found. (^09) 

Rhodium.    Ekman(^"™ reports the existence of a phase,  probably of the ideal 
composition RhcZn^i (72. 74 weight per cent zinc), of the 7-bra3s-type structure. 

Zirconium 

Iridium.    The existence of an intermediate phase Zrlr^ {19. 11 weight per cent 
zirconium) which is isotypic with MgZn2 (C14) type has been reported. (262) 

Nevitt and Schwartz^ ^W report the existence of a Ti^Ni-type phase in the region 
34. 5 to 44 weight per cent iridium.    The stability of this phase appears to be affected 
by oxygen content; high oxygen levels promoting stability. 

Osmium.    Wallbaurm ^oii) reports the existence of the intermediate phase ZrOs-, 
(19. 34 weight per cent zirconium) which is isotypic with MgZn2 (C14) type,  with 
a = 5. 189 A and c = 8. 526 A. 

I 
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PalUdium.    Nevm and Schwari»^80), in an .nvatugation of ih« occurrence oi a 
Ti^Nl-typ« ttruciuro In pAlladium-airconium alloys, report thii phai« dooa not exist in 
alloy« containing 23 to 44 weight per cent palladium annealed at 700 to 1100 C.    A phase 
«a« found at 40. S weight per cent pa ladium that **« tentatively indexed a» body- 
centored tetragonal with a » 3. 28 A and c ■ 3. 32 A.(-80) 

Platinum.    The intermediate pha«a ZrPtj (13,48 weight per cent zirconium), 
tootyplc with TIN j { IK^) type, with a = 5. 644 A and c « 9. 225 A, ha» been 
identified. (24-1) 

A fltudy of piatinum-r.irconium alloyn cont.iininK ?S to 47. 5 weight per cent 
platinum annealed at 600 C revealed the exitftencc of an unidentified phaac at 38. 5 
weight per cent platinum and (MO ppm of oxygen.    X-ray needles of 34. 5 and 41. 5 
weight per cent platinum alloys containing 6000 ppm of oxygen exhibited a Ti^Ni-type 
structure with a lattice parameter of 12.574 ± 0.006 A in 41.5 weight per cent platinum 
alloy. 

Rhodium.    Nevitt and Schwartz report the existence of an unidentified phase in 
equilibrium with the zirconium solid solution in a 32.5 weight per cent rhodium alloy 
after annealing at 950 C. 

Upon reannealing X-ray needles of alloys containing 22 and 24 weight per cent 
rhodium exhibited a Ti^Ni-type structure with a lattice parameter of 12. 476 ± 0. 001  A 
for the  22 weight per cent rhodium alloy. 

The oxygen content of the X-ray needle was 6400 ppm and the oxygen content of 
the massive 32.5 weight per cent rhodium alloy was 427 ppm,  indicating that oxygen 
may stabilize the TipNi-type phase in zirconiam-rhodium alloys. 

Ruthenium.    Hellawell and Hume-Rothery(203) report the solubility ol zirconium 
in ruthenium,  in alloys  strain annealed at 1050 C, at between 0. 31 and 0. 45 weight 
per cent zirconium. 

The existence of the intermediate phase  ZrRu^ (30.96 weight per cent zirconium), 
isotypic with MgZn2 (C14) type with a = 5. 141 A and c = 8. 507 A has been reported by 
Wallbaum, (z62) 

Mechanical Properties of Alloys 

The mechanical properties of the platinum-group meted alloys have not been 
studied to a great extent^ although a great deal of attention has been focused on alloying 
to increase the strength and hardness of platinum and palladium for use in jewelry and 
electrical applications. 

Platinum and palladium are most commonly alloyed with other members of the 
platinum-group metals,  although there are several other metals which impart greater 
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«ohd-»otutton ■ironglhenin}*.    A «urruttAry of (ho ofloc: of v«riou» alloying «•lcm«ntt on 
the hardnoii« of plAiinum and palladium I» preaented in Table 15.    Thia tablo wa« con- 
•lruc(«d by plotting the hardnoea data of aovoral investigator! agalret alloy content and 
then picking the hardnc«« value« from the curve«.   This enable« an approximation of the 
hardno«« at «everal alloy content« although data (or only a «tngle alloy may be gtven. 
The data are proeumablv for the alloy in it« Hofte«t condition su that in interpreting the 
aolid-solutlon hardening of the various alloying element«, the vartable« of rate of work 
hardening and hoat-treatment roaponse are olirmnated. 

Of tho alloying elements prcsontod, chromium,  nickel, and ruthenium appear to 
be the moa» effective hardener« (in platinum).    Silicon also is an extremely effective 
hardener.    The four element«,  arsenic,  boron, silicon, and phosphorus,  in addition to 
imparting high hardness, form low-melting eutcctics with platinum, and,  in the case of 
t) ü latter three, with palladium and all of the other platinum-group metal.s. 

.•edcle'^"^) reports that small additions, on the order of impurity levels, of phos- 
phorus and sulfur to platinum and palladium result in a significant increase in strength 
and reduction in ductility both at room temperature and 850 C. 

Voronow^"'*) also reportpH that the addition of 0. I per cent silicon to platinum 
increased the hardness from Z5.2. to 132 Bhn. 

Information on the effect of alloying elements in what would be considered "im- 
purity levels" on the mechanical properties of the platinum metals is rather scarce. 
Some insight into the effect of impurities on mechanical properties can be gained by 
examining the tensile data for the various commercial grades of platinum and palla- 
dium.    Platinum is produced in four grades, Grade 1 containing 99.99 per cent plati- 
num and the other grades containing increasing amounts of the other platinum metals; 
namely,  rhodium and iridium.    Grade 4 platinum contains at least  1 per cent of other 
platinum-group metals plus nickel, calcium, and silicon.    Compared with an annealed 
tensile strength of 18,000 psi for Grade  1 platinum, tensile strengths of about 20,000- 
22,000 and 30,000 psi have been recorded for Grades 2 and 4 platinum,  respec- 
tively. (7)   The tensile strength of pure palladium is about 27,000(7) pSi as compared 
with 28,000(7) to 30,000(45) pSi for commercial palladium.    These data, unfortunately, 
give no indication of the effect of dissolved interstitials,  oxygen and hydrogen,  on the 
properties of the tie metals. 

The effect of systematic additions of other platinum-group metals to platinum 
has been studied by several investigators.    Table 16 ia a summary of their data.    The 
variations in properties are most likely due to differences in the purity of starting 
materials,  heat-treatment condition,  and fabrication history. 

In addition to the data in Table  16,  data are also available on the properties 
of commercial alloys.    These are far too voluminous and specialized to be mentioned 
here.    The Platinum Metals and Their Alloysw) contains tensile and hardness data for 
numerous alloys of commercial interest.    In addition,  company data sheets describing 
dental, jewelry,  and electrical alloys are excellent sources for property data. 

Although t.^ .e are no property data available for alloys of the refractory 
platinum-group metals, it should not be assumed that there are no alloys of these 
metals available.    In many cases, iridium and ruthenium alloys are used in applications 
requiring extremely high hardness,  such as pen nibs; information from the patent 
literature on these alloys does not disclose what is considered significant property data. 
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TADLE  15.    EFFECT OF ALLOY ADDITIONS ON THE HARDNESS OF ANNEALED 
PLATINUM AND PALLADIUM 

Ha rdm 
num, 

•88   of 
VHN, 

Plati- 
After 

Hardness of Palla- 
dium,   VHN,  After 

Indicated Addition, Indicated Addition, 
Alloy weight per cent 

R e fere nee s 
weight per cent 

Addition 1.0 5.0 10.0 1. 0 5.0       10.0 

63           77 

References 

Silver 48 80 160 (26b) 46 (7) 

Gold 50-55 100 142 (267) 46 50           Si (7) 
Copper 50-55 90 no (H), (268), (269) 50-52 72          90 (7) 

Chromium 50-55 125 212 (270) 50-52 70         102 (275) 
Cobalt 50-55 92 135 (271),  (272) -- ._ -- 

Iron 4^ 65 90 (273) 49 62          80 (276) 
Manganese -- -- -- 53 85          79 (277) 
Nickel 50-55 105 185 (7) 50-52 80        130 (7) 
Iridium 50-55 99 139 (27 4) 50-52 68          85 (274) 
Palladium 45 62 77 (274) -- -- -- 

Rhodium 48 70 92 (274) 48 57          68 (278) 
Ruthenium 60 130 190 (274) 52 90        169 (274) 
Osmium 60 120 175 (274) 49 62          80 (274) 

Antimony -- -- -- 50-52 73        102 (7) 
Silicon 70 225 — — (264) ~ ■" 

_ —                    .. — 
" 
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TABLE  16.    EFFECT OF ADDITIONS OF PLATINUM-GROUP METALS ON THE 
TENSILE STRENGTH OF ANNEALED PLATINUM 

Alloy Composition 
(Balance Platinum), Ultimate Tcnailc 

weight per cent Strength,   1000 pai Reference!» 

Platinum                                                                               18 (274) 

5 iridium                                                                        40 (274) 
10 iridium                                                                        55 (274) 
10 iridium                                                                        77 (279) 
15 iridium                                                                        75 (274) 
20 iridium 100 (274) 
20 indium                                                                        99 (279) 
25 iridium 125 (274) 
30 iridium 160 (274) 

5 palladium                                                                      34 (7) 
10 palladium                                                                      45 (7) 
15 palladium                                                                      49 (7) 
20 palladium                                                                   52 (7) 
25 palladium                                                                      53 (7) 
30 palladium                                                                      54 (7) 
35 palladium                                                                   54 (7) 
4C palladium 53 (7) 

3.5 rhodium 25 (274) 
5 rhudium 30 (274) 
5 rhodium 35. 2 (6) 

10 rhodium 45 (274) 
10 rhodium 46. 2 (6) 
10 rhodium 66 (279) 
13 rhodium 50.6 (6) 
20 rhodium 70 (274) 
20 rhodium 59.4 (6) 
30 rhodium 66. 0 (6) 

3 ruthenium 42 (^74) 
5 ruthenium 60 (274) 

10 ruthenium 85 (274) 
10 ruthenium 110 (279) 
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Some «lov«tic(l-(omporaturo mochailcai pro)>«rlio« of platinum and palladium 
alloy« havo boon detorirünod. 

I 
I 
J 

Hcinacrhor^"' dctormincd the 20-hour rupture »trc«« of three platinum alloy«, 
plailnum-5 iriJium, plAtlnum-4 palladium, platinum-5 rhodium, at tomporature« up to 
1250 C.    All three alloys showed an improvement in 20-hour rupture atresa over pure 
platinum, the Iridium alloy being aupenor up to 500 C and the rhodium alloy being 
nMghtly superior at higher temperatures. J 

Bcnnottl") has ntudi<-d the short-lime creep behavior at   1400 C of platinum and 
platinum-rhodiurn alloys containing up to 40 per cent rhodium.    The addition oi rhodium I 
markedly increased the   1- and  10-hour rupture atresH over that of pure platinum.    The 
difference between the  10-hour rupture stress for 20 and 4U per cent rhodium alloys, 
however,  was only 50 psi,  indicating that the proportionately greater improvement in I 
creep strength occurs with the addition of only a few per cent rhodium, further addi- 
tions contribute relatively little to the creep behavior.    Bennett also observed that the 
addition of rhodium reduced the grain growth under stress,  thus  reducing the grain- 
boundary sliding which leads to brittle fracture.    However, the addition of 5 per cent 
rhodium did result in intercrystalline cracking.    The report did not mention whether 
Huch cracking peiaisted in the higher rhodium alloys. 

I 

I 

Although no extensive grain growth ana grain-boundary slidiiig were observed by I 
Dennett in the platinum-rhodium alloys, it should be pointed out that examination of 
failed platinum-rhodium thermocouple wires has revealed grain growth resulting in 
grains as large as the wire diameter and attendant grain-boundary sliding. 

Other investigations of the creep properties of platinum-platinum-group metal 
alloys have been made by AJbert and Sadowskiw) and Stauss(58)_    Albert and Sadowski 
investigated the stress-rupture properties of platinum-10 ruthenium,  platinum-10 
iridium,  and platinum   1U,   -20,  and -40 rhoHium alloys at 927 C, 

This study revealed that the platinum-10 ruthenium alloy is far superior to plati- 
num imi the other alloys on the basis of rupture life at a given stress level.    The addi- 
tion of 1U per cent iridium resulted in somewhat better properties than did the addition 
of 10 per cent rhodium.    The addition of 20 and 40 per cent rhodium increased the rup- 
ture life considerably, when compared with the platinum-10 rhodium alloy, with an 
attendant loss in ductility.    This is not entirely in agreement with Bennett's data, 
which show only a very slight improvement in creep properties with rhodium additions 
above  10 per cent. 

Stauss'- "', in a study of platinum-10 rhodium and platinum-10 iridium alloys at 
1100 C,  showed that the iridium alloy has slightly better creep properties tl. an the 
rhodium alloy except at very low stress levels, where both alloys have approdmately 
equivalent rupture levels.    Both of the alloys have considerably better creep properties 
than pure platinum.    Stauss observed that both the platinum-10 iridium and platinum-10 J 
rhodium alloys showed a change in slope in the log stress versus log/rupture time 
curve at a rupture time of about 10 minutes.    He observed that this break corresponded 
to the change from transgranular to intergranular fracture, and attributed this to a I 
propensity to oxidation of the alloy.    Another break,  resulting in a decreasing slope, 
is observed at a rupture life of about 10,000 minutes.    This increase in rupture 
strength presumably is due to strengthening by -xidacion. 
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C'tiU'*7) ha» iUtdiod Iho o((ect of Addllton« of gold and gold plus 0. S per cent 
rhodium on the creep charACierlttic» oi platinum at 9u0 C.   The addition of 0. 5 per cent 
rhodium tncroaned the 100-hour rupture «treat by a factor of about 1.5, or increased 
the rupture life ft A given »tree» level by about 4 or S time«, without affecting iuctllity. 
The addition of gold alto improved ine creep propertin« of platinum, an addttloti of 
S. 0 per cent gold increaning the 100-hour rupture nlrcoo by greater than a factor of 3. 
The addition of gold AUO reaultrtd in IntercryttaUinc cracking.    An addition of 0. 5 per 
cent  rhodium tu the platinum-gold alloy« did not appreciably alter ihc creep character- 
lotictf or the tendency toward intcrcryatallinc cracking. 

An intcrcBting dcvolopmonl in Improving the creep characteristics of pU»lli.u. . 
wire« hafl been reported recently.    Middleton,  Pfeil,  and RhodcsW have reported that 
sintered platinum has properties superior to those of platinum prepared by conventional 
techir.qucn . 

Creep-rupture tests of cold-drawn wires showed that the rupture life of conven- 
tionally prepared platinum was  120 hours at 1400 psi, whereas the sintered platinum 
had a rupture life of 670 hours at 5000 psi.    More important,  the elongation during 
testing was approximately  10 per cent in Z0 centimeters for conventionally prepared 
platinum at 1400 psi, while the sintered platinum had leas than 1.0 per cent elongation 
at 5000 psi.    The sintered platinum had a fine fibrous structure after testing compared 
with the large-grained structure usually observed in conventional platinum. 

More  resell!, developments along these lines have been made by fabricating sin- 
tered platinum-10 rhodium and platinum-10 rhodium-0. 025 oxide alloys that appear to 
have especially good creep resistance.    Commercial-sintered,  dispersion-hardened, 
platinum alloys with increased creep properties and excellent thermoelectric proper- 
ties are now available for thermocouples.    The increased strength at temperature re- 
duces the number of failures due to insufficient strength in the platinum leg of 
thermocouples. 

Belyaev(^5) aiso has reported greatly increased strength with no reduction in 
ductility in sintered platinum wire hardened by dispersions of AI2O3,  BeO,  BaO,  and 
Zr02 in concentrations up to 0. 5 per cent. 
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