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FOREWORD

This is the final report describing the work perfarmed at the
Materials Research Laboratory of the Aercjet-Ganeral Gm:porahon, ~
Sacramento, California under USAF Countract No. AF 33{6£15)-25668. ~*Fhe
contract was initiated 1 June 1965, and was administered under the direc-
tion of the Air Force Materials Laboratory, Research and Techuslogy
Division, witk Lt. P. J. Marchiando acting as Praject Enginecr and
Dr. E. Rudy; Aerojet-General Corporation as Principal Investigatar.

The autkor wishes to acknowledge tne guidance given by Dr.E. Rudy
during the course of the investigation,and to thank Dr.Y.A.Chang for his con-
sultation on the thermochemical evaluation of the system. Special thanks go to
~. Spencer for the invaluable help giver by him in gathering the experimental

Zata. The support given by J. Hoffman and R.Cobb is aiso gmrefully appreciated.

The report was techniczlly edited and corrected by Dr. C.E. Bruxl.

The chemical analytical work was carried out urler the supervi-
sicn of Mr. W. E. Trahan, Quality Control Division. The drawings were
prepared by R. Crist~ni and the report was typed by Mrs. J. Weidner.

The manuscript of this report was released by the author in
July 1966 for publication as an RTD Technical Report.

This technical report has been reviewed and is approved.

W {MKEL

Chief, Cerainice and Graphite Braanch
Metals and Cerarnics Division
Air Force Materials Laboratory

ii

aoinar gl oA B e % 1 b

i
|

el

Lt

STy

Pl 2




ABSTRACT

Experimental results pertaining to the melting temiperatures of selected
iridium-osmium-rhodium, iridium-osmium-platinum, and iridi*un-rhenium-
rhodium ailoys are described. The eutectic temperatures of these allor—carbon
mixtures were measured, and in addition, the composeitions of the respective
eutectics were determined by metallographic examination of chemically analyzed
alloys. A ILrief theoretical analysis of the data was performed with the specific
objertive of establishing numerical relatio.:s between the melting point depres-
sion and properties of the melt as well as the component metals.

The thermal expansion characteristics of several of the iridium-base
alloys weve measured up to 1800°C by high temperature, X-ray dif{raction as
well as by dilatometyic techniques.
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INTRODICTION AND SUMMARY

{ ‘ A, INTRODUC TION

it is well-known that graphite has many desirable character-
istics, particularly in respect to its high temperature properties. However,
because of its low resistance to oxidation, the complete benefit of its high-
temperature potential cannot be fully realized for many applications. Exten-
sive efforts have been made over the past few years to develop surface coat-
ings and impregnates which would satisfactorily protect graphite in oxidizing
atmospheres at high temperatures. The majority of these efforts have been
hindered by the complex nature of the chemical equilibria between graphite and
the protective material, and as yet, a suitable graphite composite system has

not been developed ~hich is operative above Z000°C.

Oxidation resistant coatings have shown the most promise;
although, to date refractory coatings are only able to protect graphite at tem-
peratures below 1700°C over a substantial period oi tisne. Recently, however,
investigations of graphite coatings consisting of platinum-group metals have
shown that, in selected cases, exceptional oxidation protection is nrovided
above 2000°C(1). Unalloyed iridium coatings have shown the most promise, but,

.- for this combination,the limiting operational temperature is 2110°C, the reported

(1)

iridiurn-carbon eutectic temperature

In order to more thoroughly pursue the possibility of a2pplying
the platinum-metals as refractery, oxidation resistant coatings for graphite,
a program was initiated in this laboratory under the authority of the Air Force
Systems Engineering Group, Wright-Patterson Air Force Base, Davton, Ohio.
F‘ = Platinum-metal alloy systems, specifically iridium-bkase alloys, were investi-
gated to determine which combinations might exhibit greater thermal stability

with respect to graphite than unalloyed coatings. The iridium-rich portion cf

L4 ymw,.
qeer

the iridium-osmium-rhodium and iridiuin-osmium-platinum ternary systems
were investigated since they appeared to be the most promiring for coating

applications.
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'l‘he seie«ctiun of theee systt;ms was Gased on two reguirements:
(1} that the major siioying elemiant should be iridium, {2ithet the 2liogys shouic be
primarily single phase and exhibit rutectic teihpera.fares-: with carbon in excess
of 2000°C. Cous'derahons em;;loved for choosmg the partxcu ar a2llcving canpoznts
with iridicm wese: (1) of the piatinum-metals only osmmm has a higher eutectic
temnperalurs with carbon than does iridium, thus, in-ovder to inzrease the
"'i'efr'a';'c-tori.nes’s Gfrth-e"'co'ating, csmiuzr additions are nec'e‘ssé.-'y, and {2) hecause
of the pcsmbl& deirimental effect osmium additionz might have on the ziloys'
-exidation eharacterxstlcs, it she ald ba advantagecus to add a certzin amount of

a more noble elemeri, rhodinm or platinurr, fo these iridicm-osmiam alloym

In addition to the above two systems, the fhénium-iridiuma
rhodiurs -alloy system wag investigated. Tucse more refract oTy 2iiovs are
believed to have possible applications as an mterfa;:xa.l layer s batween graphite

and the above ireationed alloy combinations.

The resuiis presexnted in thc followmg pages of this report per-
tzin to the wnvestigations of the physxcai compatibility of these metals with
graphite,in particuar, to the determiration of the eutectics between the alloys
and graphite as well as the measurement of the thermal expinsion character-

istics of the metallic ccating systems.
B. SUMMARY

The program was cenducted v four separate parts; the resclts

of each of these phases are summarized below:

1. Melting Temperatures of the Metal Components

The melting temperatures were determined for the
urary, binéry, and ternary raetal compositions of interest in these investiga-
tions. The melting points of the elements rhenium, osmium, rhodium,
iridium, and platinum were checked against the currently accepted literature
values, and, with the exception of rLenium, they were found to be in good

agreement (Table 1). The value of the melting point of rhenium was observed
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te He ueexplainably lower than previcus literature values (3067 + 13 as com-
parad tc approxiina;cly 31890°C}: moreover, chis value was reproduced with
a rumsber of sarnplea, prepared by different procedires, including elec-
trun beam’ meltmg as’ weL as with four separate batchea of rhenium,

- The melting tempera.nres of the 1r1dmm rich binary metal
alla;s were tourd %o confirm prevmusly resorted data — no gross dif-
ferences wer? observed Betwaen the present values and the previous litera-

ture Pltatt&ﬁﬂ

_ _ The melting tempsratures_of the ternary iridium-rich metal
alloys are suimnmarized in Figures 1, 2, and 3. The melting temperatures
of platinum con’aining alloys wese somewhat lower than the similar alloys
with rhodium, and as would be expécted, the iridium-rhenium-rhodium cystem
was observed to be the most refractory. The majerity of the alloys was
observed to be single phase; che =xception was most of the rhenium- and

osmium-~rich cornpositions.

Table 1. Melting Points of the Metallic Elements Used in
the Present Investization

! Metal Observed Melting Poiat, °C
Rhenium 3067 + 13°
Osmium 3055 +1°
Rhodium 1956 + 3°
Iridium 2440 + 13°
Platinum 1770 + 7°

(The error limits attached to the melting points refer to the
reproducibility of the measurements, and do not take into
accouat the calibration uncertainties <f the pyrometer.)
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Figure 1. Solidus Temperatures of Iridium-Osmium-
Rhodium Alloys,
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Figure 2. Solidus Temperatures of Iridium -Osmium-
Platinum Alloys.
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Figure 3. Solidus Temperatures of Iridium-Rhenium-Rhodium
Alloys.

2. Solidus Temperatures Between the Metal |

Components and Carbon

The eutectic temperatures between carbon and the above
metal elements, the iridium-rich binary, as well as the ternary alloys were
measured; the compositions of these eutectics were determined. The metal-
carbon binary eutectic temperatures,as well as the eutectic compositinns,are
given in Table 2. In particular, it should be noted that the iridium-carbon eutectic
temperature occurs at 2303 + 15°C,and not at 2110°C as reported by Criscione,
et al.(l). This higher value is in agreement with the earlier reported tempezature of
2296°C(2). The investigation showed that contaminate elements, such as !

silicon, would significantly lower the iridium-carbon eutectic temperature.

In every case, the binary carbide systems were found to be of
the simple eutectic-type; the earlier reported ''carbide' p.ases were not

observed in any of the alloys with X-ray and metallographic analyses.
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Table 2. Compositions and Temperatures of the Binary Metal-
Carbon Eutectics.

Eutectic Composition Eutectic Temperature
System (At % C) {°C)
Rhenium-Carbon 20 +2 2466 +15
Osmium-Carbon 17.5 + 2 2732 + 15
Rhodium-Carbon 16 +2 1662 +15
Iridium-Carbon 6.5 +2 2303 + 15
Platinum-Carbon 3+2 1732 + 15
1 i 1 H
A Ir-Re-C
2600 = Q Ir-Os-C -
O Ir-Rh-C
O Ir-P:-C
2400 -
v
%)
o
= 2200 y
<
]
Oy
=
5]
® 2000 8 4
1800 . J 1 H
0 io 20 30 40
Irc, MOLE PERCENYT METAL

Figure 4. Eutectic Trough Melting Temperatures in the
Ir-Re{Os,Rh,Pt)-C Ternary Systems.
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The eutectic trough temperatures of the iridium-rich
ternary alloys were determined as depicted in Figure 4. The iridium-
rhenium-carbon alloys exhibited the highest eutectic trough temperatures;
whereas, the platinum containing alloys were observed to be the lowest melt-
ing. The eutectic trough compositions were found to vary curvilinearly in

the ternary systems as a function of the second metal addition.

The solidus temperatures of the ternary metal
alloys in the presence ¢! carbon are summarized in Figures 5, 6, and 7. As
can be seen, all of the eutectic -surface(s)—temperatures were above 2000°C,
and the majority of these are above 2200°C. The alloys' melting temperatures
were observed to be lowe:red, on the average, by approximately 100°C in the
presence of graphite. However, more pronounced temperature depressions
were measured with the rhenium-rich metal specimens. X-ray and metallo-
graphic evaluation revezled the majority of the samples to bhe composed of two
phases, i.e., tie facecentered cubic metal solid solution and graphite. From metal-
lographic examinations of chemically analyzed allcys, the carbon concentrations

of the eutectic surface(s) were estimated to vary between 6 and 14 atomic percent.

2200

2250

Figure 5. Solidus Temperatures of Iridium-Osmium-
Rhodium Alloys in the Presence of Carbon.
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Figure 6. Solidus Temperatures of Iridium~-Osmium- {
Platinum Alloys in the Presence of Carbon.
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Figure 7. Solidus Temperatures of Iridium-Rhenium-
Rhodium Alloys in the Presence of Carbon.
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Ll Theoretical Analysis of tae Data

A thermochemical evaluation of the metal and metal-
carbon systems was performed in an effort to derive parameters whick would
allow the ‘a priori’ prediction of the solidus temperatures between
the metal components and graphite. The simplified approack which was used
here was found to adequately describe the melting temperature depression of

the metal components brought about by carbon additions.

4. Thermal Expansion Characteristics of the Metal

Alloy Systerm:s

The thermal expansion properties of seven alloys were
measured up to 1800°C using X-ray diffraction and dilatometric technigues.
The expansion characteristics cf these alloy systems are depicted in Figure 8
alory with the ¢kermal expansion range r presently available canmercial graphites.
The equations describing the memn ccefficients o thermal expamsian for these alloys
were computed by an IEM-7094 computer and are given in Table 3.

L] 1 3

2.0 o J

£

S —

1.5 | Iridium Base Alloys ———"
{This Investigation)  ——— Ao

AL/Lo (%)
@

0.5

0 1000 1800

TEMPERATURE, °C

Figure 8. Thermal Expansion Characteristics of the Iridium-Base
Alloys Compared to Commercial Grades of Graphite.




Table 3. Equations for the Mean Coefiicients of Thermal Expansion for
some Iridium-Base Alloys

Alloy System

Composition
(Atemic Percent)

a

Ir-Re
Ir-Os
Ir-Rh
Ir-Pt
Ir-Os-Rh
Ir-Os-Pt
Ir -Re~Rh

90/10
75/25
75/25
75/25
75/12.5/12.5
75/12.5/12.5
75 '12.5/12.5

6. 18+ 0.11+0.78x10" T+0.19x10™*F

6.06+90.13+0.69x10 > T+0.24x10°° 7’
7.4640.1340.20x10" T+0.48:210° T2
7. 4420.07-0.1(»:10" T+0.76x10°° T?
6.20+0.09+1.36x10 7 T+0.01x10°T’
6.67+0.14+0.79x10" T+0.24x10° T
6.27+0. 11406810 T+0.25x10°° T2

IL. LITERATURE REVIEW

A, METAL SYSTEMS

The melting points of the metallic elements of interest for

this investigation are given in Table 4; probably the best known value for this

group is the melting point of platinum. Giessen

(7

»in his investigation of the

tartalum-iridium system,indicated that the iridium-rich alloys were sensitive

to oxygen pick-up, and therefore the value of 2357°C for the melting point

of iridium might be lower than the true melting temperature. The reported

melting temperatures of rhenium (~3180°C) and osmium (3050°C) make these

metals the second and third highest melting elements respectively; only
tungsten, (34Z3°C)(18) melts higher.

Since the alloy systems to be investigated should be primarily

singl: phase, it is necessary to have a knowledge of the alloying behavior of

iridium with the secondary-metal constituent, i.e., rhenium, osmium,

rhodium, and platinum. A survey of the literature shows that the iridium-

rhenium, iridium-osmium, and iridium-platinum binary metal systems have

been investigated. Because of the fact that the metal components of these binary

19




I Table 4. Literature Values fxr the Melting Points of Platinum,
Rhodium, Iridium, Osmium, and Rhenium,

ETR
—

. Metal Melting Point °C Reference
Platinum 1760 + 2 Oriani & Jones, 1954 (3)
Platinum 1760 + 11 Roeser, et al., 1931 (4)
- Stimscn, 1961 (2)
Rhodium 1966 + 3 Oriani & Jones, 1954 (5)
Rhodium 19607 Roeser and Wensel, 1934 (6)
Stimson, 1961 (5)
Iridium 2357 + 25 Giessen, 1962 (7)
Iridium 2378 + 10 Rapperport & Smith (8)
Iridium 2443 Stimson, 1961 (5)
Raub, 1959 (9)
Lok et Tylkina, et al., 1962 (10)
Osmium 2970 Taylor, et al. (11, 12)
Osmium 3045 + 30 Knapton, et al., 1960 (13)
Osmium 3050*
Rhenium 3140 + 20 Knapton, et al., 1960 (13)
g Rhenium 3160 Jaeger and Rosenbohm,1933 (14)
Rhenium 3170 + 60 Agte,et al., 1931 (15)
Rhenium 3180 +20 Sims, et al., 1955 {16)

*Current accepted literature value {17)
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systemrs have different crystal structures (hexagonal closest-packed and face-centered

cubic), two basic types of phaae equilibrium diagrams are encountered.

Osmium, as well us rhenium, crystallizes with a hexagonal
(hep) lattice, ard both form characteristic, periteccic-type equilibrium
diagrams with the face-centered cubic iridiu.m(lo' 19), (Figures @ and 10).
An extensive a-fcc solid solution is formed in both systems, and tke addition

of both osmium and rhenium raise the melting temperature of wridium by

3000

O
°
o 2600
£
<] o
o | 2443 3
= 2400
[}
=
o a+B B
2200 =
2000 =
Ll | 1 ] ] J 1 1
0 20 40 60 80 100

- Os
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Figure 9. The Iridium-Osmium Phase Diagram.
(R.D. Reiswig and J.M. Dickinson, 1964)
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Figure 10. The Iridium-Rhenium Phase Diagram.
(M.A. Tylkina, et al., 19t4)

several hundred degrees, i.e. vrith ~46 atomic percent osmium the

(19),

solidus temperature is increased to 2660°C ; whereas an additicn of

approximately 35 atomic percent rhenium raises the melting temperature to
2800°C(10). Earlier work by Haase and Schneider, (Zo)in investigating the

iridium-rhenium system for possible thermocouple applicaticn, indicated the
c-fcc solid solution to extend to only 5 atomic percent rhenium; however,
)

T, kina, et al.(10 » suggested that these alloys did not reach complete equi-

librium.
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The alloy system of platinum with iridium shows the twn face-
centered cubic cells form a continucus series of solid solutions at high

temperatures; at lower temperatures the solid solution becomes immiscible(u' 22)

(Figure 11). The melting temperatures wers indicated to vary nearly linearly
from the melting point of platinum to that of iridium,

2590
L /
o"
U m - L = "K I# a
o - . ”—”_. -
§ #" 2
3 1500 .
B
i :
z B 1000
—.u--.-~~ a 2
Gl % dl+az ‘\~‘
VA
500 L !
20 40 80 80 100
Pt ATOMIC % IRIDIITM Ir

Figure 11. The Iridium-Platinum Phase Diagram.
{Compiled by A.S. Darling, 1960),

Although the iridiurn-rhodium system has not been investigated,
it is believed that it will resemble the iridium-platinum diagram; a miscibility
gap will probably exist at lower temperatures.and a complete series of solid
solutions will be formed at elevated temperat'ures(9 - Figure 12 gives the lattice
parameters reported for the iridium-rhodium alloys(g) as well as those reported

10)

noted that the value given for the lattice parameter of pure iridium by Tylkina,

for iridium-rhenium( and iridium-platinum(u) combinations. It shou oe

et al. “O), was 3.8312 &; it is belicved that this value is actually in kX units
and should be listed as 3. 8389 & » 8ince this value compares much more favor -

ably with the currently accepted literature value of 3.8394 % (23). Figure 12

has been corrected accordingly,
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Figure 12. Lattice Parameters of the FCC -Solid Solutions
of Iridium with Rhenium, Rhodium, and Platinum.

No information pertaining to ternary or higher order systems

involving these particular metals was found in the literature.
B. METAL-CARBON SYSTEMS

The interaction of the platinum group metals as well as
rhenium with carbon has not been extensively reported in the literature,
although recently partial investigations have been reported by M.R. Nadler
and C.P. Kempter(z), E. Raub and G. Falkenburg(24). and J.M. Criscione

et al.(l).

In earlier experiments by T.J. Collier, et a.l.(zs), the platinum-
carbon eutectic temperature was rigorously determined to be 1734 + 3°C
(1730 + 3°C corrected to conform with the 1949 International Temperature

(26}

Scale at a carbon concentration of less than 1.2 weight percent
(16.5 atomic percent). The latter value was the analyzed carbon content of
an originally pure platinum ingot which was held in contact with a graphite
crucible above the eutectic temperature for one-half hour. Metallographic

examination showed the presence of rather large graphite flakes in a eutectic

15
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matrix, thus indicating the eutectic composition to be legs than 16.5 atomic

(25)

the platinum lattice in the presence of graphite subsequent to melting.

percent carbon. These investigators

The most complete investigation that has been reported on

these particular metal-carbon dia.gra.m.s is that by J. E. Hughes(2 ) in the

rhenium-carbon system (Figure 13). The results of this research showed the

2500

TEMPERATURE, °C

2000 |- B+C -

1500 i | | | } 1
0 5 10 15 20 25 30

Re

ATOMIC % CARBON

Figure 13. The Rhenium-Carbon Phase Diagram.
(J. E. Hughes, 1959}

hexagonal rhenium lattice takes approximately 11.7 atomic percent carbon
into solution. The carbon additions were observed to increase the lattice
parameters to: a=2.792& and c = 4.471 R as compared to starting param-
eters of: a = 2.760 % , and ¢ = 4,458 8 . The system was reported to be of
the eutectic-type in which no intermediate phases occur; the eutectic was
located at 16.9 atomic percent carbon and 2480°C. However, in a recent

investigation of metal diffusion in pyrolytic graphite by Hammond(zs), it was

16
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indicated that a previously unreported carbide phase was formed. It was
reported that metallic rhenium would react with graphite near ¢.00°C to
produce the new phase. Only small quantities of this phase could be obtained,
but a diffraction pattern was produced which could be indexed with a simple
cubic lattice with a parameter of 2.8+A. The composition of the phase was

not determined, and strong indications were given that the phase is metastable.

The phase diagrams of Ir (Os, Rh}-C have not been completely
investigated, although partial investigations have been performed. M.R.Nadler
and C. P. Kempter(z) measured the eutectic temperatures of the platinum
group metals with carbon (Table 5), Lut they did not indicate the compositions
of the eutectics. J.M. Criscione et al.(l) have reported the eutectic tem-
perature in the iridium-carbon system to be 2110 + 25°C; this tempeature is con-
siderably lower than that shown in Table 5. In this respect, F. Raub and

\

G. Falkenburg(24’ report that small impurities, e~pecially silicon, form low

melting phases with the platinum group metals which in turn would cause

- drastic melting point deprescions in the metal-carbon systems. These

(24

eutectic systems with carbon; the carbon solubility is low and does

authors j also have indicated that the platinum grcup metals form simple
not lead to measurable changes in the lattice parameters in the metal pnase.
On the other hand, Kempter and Nadler(zg) have reported the existence of
intermediate carbide phases, namely OsC and RuC. in the respective binary
systems. Subsequent research by Jeantet and Knapton('m) failed to find these
carbides, and they indicated that the reported phases were actually impurity
metal carbides. Further investigations by Kempter(“) chowed that these
phases do exist and exhibit a hexagonal WC -type structure. It was noted, how-
ever, that '"little is known of the optimum conditions of preparation' and

"that the yield of RuC and OsC was strongly dependent on the metal:graphite
ratio of the starting material, the synthesis temperature, and heating time,
thus suggesting that the two carbides are metastable or have a narrow range of

(31)

temperature stability"

The only resuli pertaining to ternary or higher order metal-
carbon systems that was reported in the literature was a single melting tem-
perature of 1932 + 17°C for an iridium-rhodium-carbon alloy (Ir-50 Rh,

w )4
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Table 5. [Eutectic Temperatures in the Platinum Group
Metal-Carbon Systems (M.R. Nadler and
C.P. Kempter, 1960),

Metal Melting Point smfﬁi?i;g;;l?i’;‘m
Ruthenium 2250 1942 + 16
Rhodium 1960 . 1694 + 17
Palladium 1552 1504 + 16
Osmium 3045 2732 + 22
Iridium 24413 2296 + 16
Platinum 1769 1736 + 13

C. THERMAL EXPANSION VALUES

Little information was available in the literature concerning
the thermal expansion characteristics of alloys of the metals of interest;
only values on iridium-platinum alloy combinations were given(ZI' 22). The
coefficient of thermal e;cpansion were observed to follow a nearly linear compo-
sitional dependence from the end elemental values at 300°C,

Values for the linear thermal :Xpansion of these particular
metals investigated can be found in most metallurgical reference book.'.n'(3z' 33).

III. EXPERIMENTAL PROGRAM

A. STARTING MATERIALS

High purity metal powders of elemental rheniura, osmium,
rhodium, iridium, and platinum were the major constituents in the alloys
investigated in this program. Carbon containing alloys were made by either
adding high purity spectrographic graphite powder tc the alloy or by reacting
the molten alloy with the graphite crucible in the furnace of the differential
analytical apparatus. Chemical analysis of these starting metals were supplied
by the vendor, and purity levels of these materials are given below,
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The iridium, rhodium, and platinum powders were purchased
from J. Bishop and Co., Malvern, Pennsylvania. Impurities in the iridium
powder (-325 mesh) were given as (in ppm): Rh-200; Fe 10; Pb-20; K-100;
Si-30; Na-50, and the total of all other impurities <Z>. The rhodium powder
(~200 mesh) had analyzed impurity levels of (in ppm): Fe-30; Si-100; Na-20;
and the sum of the rest of the impurities ~<20. The platinum powder had a
particle size of <200 mesh and impurity levels of {in ppm): Pd-10; Ir-30;
Rh-10; Au-20 with the total of all other impurities being <12,

The osmium powder was purchased from Englehard Indastries,
Inc., Newark, N.J., and had a purity level of 99.84%. The supplier 2nalysis
listed the impurities as SiOz—0.0S% and Fe-0.08%.

The rhenium powder was supplied by Chase Brass and
Copper Co., Inc., Waterbury, Conn.; the particle size was <200 mesh and
the analyzed impurity levels were (in ppm): Fe-23; Al-<l; Ni-<l; Si-<l;

and the sum of the other impurities <10.

For carbon containing alloys in which the graphite was intro-
duced into the alioy as powder during its preparation, a spectrographic grade
of graphite powder was used. The graphite powder (<74 4) was obtained frum
Union Carbide; typical analyses specify <6 ppin total impurities and <1 ppm of
any one elemental constituent. However, the raajority of the carbon contain-
ing alloys were prepared by reacting a metal alloy above its solidus tempera-
ture 'in situ' with a graphite crucible; in this way graphite was introduced
to the alloy. The graphite crucibles used in these experiments were degassed
at high temperatures (>2500°C) 'in vacuo' for a period of approximately 10
minutes prior to use. The semiquantitative spectrographic analysis
revealed the impurities in the graphite crucibles as follows: Fe, Siand
Ca present in residual amounts (.10-.01%); B, Al, Mg, Cu present in trace
amounts (.01-.001%); S-.04%, ash-0.30%.
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B. EXPERIMENTAL TECHNIQUES

1. Alloy Preparation

The alloys for these investigations were prepared by

standard powder metallurgical techniques, and the description of thess
processes are given in the following paragraphs under the proper heading. gt
a. Melting Point Alloys (Pirani Technique) -

Alloys which were to be used for meiting tem-
perature determination were prepared almost exclusively by cold-pressing
the powder materials. For this operation, two specially fabricated split-dies
were available; one produces a 24 mm long sample and, the other 34 mm long
samples (Figure 14). The pressed specimen requires .o further grinding,
drilling, etc.; this saves on the costly material which would be lost in these
operations. Figure 15 shows a cold-pressed,24 mm long Pirani melting point
alloy; note the black-body hcle for temperature measurements which is

formed during the pressing by a retractable 0.6 mm diameter pin.

The majority of the alloys did not have suificient
strength to be used in the melting point furnace after cold pressing,
‘and, therefore, were sintered prior to melting. The sintering was per-
formed at temperatur:s between 1400°C and 1800°C depending on the comps:-
sition of the sample. The allgys were placed on a tantalum plate which wa
in turn loaded in a tantalum can and then heat treated in high vacuum {<107% torr}
in a Degussa bell furnace fitted with a direct resistance heated tantalum tube
element.

Figures 16 and 17 give the compositions of
the iridium-osmium-rhodium and iridium-rhenium-rhodium alloys which were
prepared for melting point deterrainations. The compositicns of the iridium-
osmium-platinum alluoys were identical to those prepared in the iridium-

csmium-rhodium system (Figure 16).
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Figure 14. Cold-Pressing Die for Preparation of Firani
Melting Point Specimens.

Figure 15. Cold-Pressed rirani Melting Point Specimen
(3 x4 x 24 mm).
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Figure 16. Compositions of Iridium-Osmium-Rhodium Alloys
Prepared for Melting Temperature Investigation.
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Figure 17. Compositions of Iridium-Rhenium-Rhodium Alloys
Prepared for Melting Temperature Investigations.
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b. Arc-Melted Alloys

Arc-meited alloys for metallographic studies
were prepared by initially hot-pressing a well-blended mixture of elemental

powders in cylindrical graphite dies; these pellets were then arc-melted.

The design of the hot press employed in
operation alloys very-fast heating and cooling rates, thus mini-
mizing the reaction of the alloy material with the graphite container; a com-
plete hot pressing cycle required only two to five minutes. The pressure
applied to the powder during this operation is cf the order of several hundred
atmospheres, and the temperature capability of this apparatus is greater than
3400°C. Previous studies in the laboratory have shown the reaction zones of
the pressed material with graphite to be norninal(34);ho“e\er, the samples wer:
always surface ground prior to arc-melting to remove any graphite which

might be present.

Arc-meiting of tae alloy material was accom-
plished with a Zak button arc furnace. The hot-pressed buttons were placed
in formed crucibles in the copper hearth; the system was purged threse
times with high purity helium before melting. A non-consumatle tungsten
electrode was employed during the melting operation. The buttons were turned
over at least once to insura that entire allecy had been molten, as well as to
obtain a homogeneous alloy. Chemical analysis of the carbon containing arc-
melted samples showed the carbon losses to be 0,5 to 2.0
atomic percent; the later value was observed only in the hijher melt-

ing specimens,

Samples were prepared for metallographic studies
in the binary, ternary, and quaternary systems. The primary purpose of these
investigations was to define the compositional region of the eutectics. Gener-
ally, three to five, two-gram alloys were prepared for the metal-carbon binary
systems. The specimens were placed at five atomic percent intervals and
therefore, the eutectic location could be estimated within at least + 2 atomic

percent carbon. A smaller number of ternary alloys were arc-meited since a
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number of DTA specimens were available for metallographic studies. For

the eutectic surface determinations,twenty-three alloy combinations were
prepared by arc-melting in addition to the DTA alloys. It was found that

these alloys,in conjunction with the previously determined binary and ternary
eutectic compositions,were sufficient toclosely approximate the com-

position of the eutectic surfaces in the three quaternary system-.

c. Dilatometric Specimen and AFML Test Body

Fabrication

Seven alloys were prepared to obtain representa-
tive tnermal expansion data for the systems investigated. These alloys are

also to be delivered to the Air Force Materials Laboratory for further studies.

The alloys were prepared by electron-beam
melting the cold-pressed alloy bars in a 75 KW Heraeus furnace. The vacuum

during melting was maintained at pressures of less than 5 x 10°® Torr. The

alloys were melted, turned over,and remelted until a dense, gas-free, homo-

geneous ingot was obtained (Figure 18). Each ingot weighed approximately

sixty grams.These ingots were subsequently given a homogenizing

treatment at 1600°C for six hours prior to machining them to the desired shafge.

The machining of the alloys presented some diffi-
culty. Because of the shape and also because of the hardness and toughness
of the alloys,they could not be turned down on a lathe equipped with a cutting
tool. However, they could be relatively easily shaped on a lathe which was
equipped with a grinding wheel. The finished product wasa cylinder
between 1 and 1-3/4" in length and approximately 0.20"to 0.30"in diameter.

The osmium containing alloys were more difficult to handle than the other
alloys, and they could be fractured during preparation if excessive care was

not exercised. Figure 19 shows a finished thermal expa .sion specimen.

An X-ray diffraction pattern was made of the
material from each of the ten specimens to determine the final
composition., From these results it was concluded that the final compositions

were wichin + 3atomic percent of the starting compositions,
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. Figure 18. Electron-Beam-Melted Iridium-Base Alloy Inget

Figure 19. Machined Sample for Dilatometric Studies.
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2. Melting Peint Studies (Pirani-Technique)

The apparatus used in these studies employs direct
resistance heating to melt the sample material. In the furnacea
small alloy bar is placed against two tungsten plates and is then clamped
hetween two water cooled copper electrodes. One of the electrodes is movable
to allow for the thermal expansion and/or sintering which occurs while the
sampie is being heated. This electrode is provided with a lever arm which
can be adjusted externally to apply a desired constant load which ensures
good electrical contact between the specimen ard the electrodes. Figure 20
shows an interior view of the furnace. For a more detailed description of
the apparatus, refer to a report which will appear under another contract
carried out in thic la.boratory(35).

Figure 20. View of the Interior Portion of the Melting-Point
Furnace.
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The furnace can be operated in vacuum or in an inert
gas it pressures up to 2.5 atmospheres. The general operational procedures
in these studies was to purge the chamber three times with high purity helium,
then degass the alloy in vacuum between 1400° to 1600°C and finally {ill the

chamber to 1-1/2 atmosy res of helium before melting the alloy-

The temperature of the sample was measured with
'Pyro' optical micropyrometer using the black body hole as the tempera-~
ture reference sight. The micropyrometers are regularly checked against a
standard temperature source which has been calibrated and certified by the
National Bureau of Standards. In addition, the pyrometers are also period-
ically checked directly against a standard pyrometer which also has been
calibrated and certified by the Nationa) Bureau of Standards.

The temperature corrections which are to be applied
to these measurements have been described and validated in an earlier report(34).
The corrections that are applied for the quartz viewing port in the furnace
as well as for deviation of the black body configuration are given in Figure 21.The
latter correction factor is applied be :ause the emissivity is dependent upon the
depth to diameter ratio of the black-body hole; in the case of these samples
the ratio was approximately 4:1 (2.5 mm depth x 0.6 mm dia}, and curve

number 4 in Figure 21 gives the applicable correction.

The reproducibility of the measurements
are _iS"C at 2000°C, + 10°C at 2700°C, andi15°C at
3300°C. These values are in terms of the mean deviation of
individual measurements of ~amples which melt congruently. These un-
certainties do not take into account the errors in the calibration pyrometers;
but since these errors are of comparable magnitude of those resulting from
experimental error, the reported unce .inty in the measurements is Y2

times above given values.
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Figure 21. Chart for Temperature Corrections to be Applied
to the Temperature Measurements Performed in
the Melting Point Furnace.

3. Differential Thermal Analytical Investigations

a. Equipment Description

This apparatus was used for the determination
of the solidus temperatures of the metal alloy graphite combinations for a
number of reasons. The first is the conservation of the expensive
platinum-group metals; this was accomplished by melting a portion of
a previously melted metal alloy in the apparatus in a graphite crucible. By

using this technique, both the melting temperature of the metal and the
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solidus temperature of the alloy combined with graphite can be accomplished
with the same sample. Another advantage of the D.T.A. method is that it is,
by design an extremely sensitive device; it allows a greater precision than does
the Pirani technique in determining the incipiernt melting temperature of very

heterogenreously melting alloys.

A very complete description of this equip-

(36)

operation will be given here. This apparatus records the temperature differ-

ment is given elsewhere ; therefore, only a brief description of its mode of
ences, if any, between a reference sample which is known to undergo no phase
changes {in our experiments, graphite) and that of the test sample, as the
temperature of both is increased (heating cycle) or decreased (cooling cycle).
This is accomplished by focussing the emitted radiatior from the black body
hole of both samples onto a photo cell and alternately interrupting the focussed
beam by a chopping mechanism. If a temperature difference does exist between
the two samples, it is detected by the photo cell and ultimately results as a
AT-signal on a plotter which records AT veisus temperature. Figure 22 gives

a schematic diagram of the set-up of the DTA -apparatus.

The sensitivity of the apparatus, in terms of
signal to noise ratio, has been demonstrated to be approximately 20:1 for an
enthalpy change of 20 calories at a (zmperature of 2000°C; enthalpy changes
of about 1.5 calories (corresponded to a 1°C temperature difference between the

particular test sample and reference material) was ciearly distinguishable above

the background noise.

The apparatus is equipped with a heating and
cooling rate controller with which rates of between 0.5 to 20°C per cecond
are obtainable. This feature alloys the augmentation of the A T signal, i.e.

generally, a signal correspending to a rapid transition can be enlarged by in-

creasing the heating or cooling speeds; the signal resulting from slow transitions

may be augmented by decreasing the heating or cooling speeds.

The equipment is capable of operating in
either vacuum or at pressures of up to approximately 4
atmospheres. The temperature capability cf the furnace is

limited (excepting sarnple-container interactions) only by the sublimation of the
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Figure 22. Schematic Diagram Showing the Set-Up of the
Differential Thermal Analytical Apparatus.

graphite heater,and therefore, the maximum safe operating temperature is about
3600°C. The temperature is monitored continuously by an electronic radia-
tion pyrometer (thermodot Model TD-6BT-70); this temperature scale is

double checked manually by a micropyrometer which is focussed on the black

body hole of the test alloy (see Figure 23).

The reproducibility of the temperature measure-

nients are comparable to those obtained frcm the melting point furnace; how-
ever, because of the inherent temperature uncertainties of the apparatus, an

accuracy of no greater than + 20°C is assigned to the tcmperature measure -

ments reported in these investigations.
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Figure 23. Over-All View of the DTA-Apparatus

A, Automatic-Recording Electronic Pyrometer

B. Manually Controlled Micropyrometer

b. Experimental Measurements

A portion of the alloys that had been previously

?\ iy melted in the Pirani-furnace was used for the solidus temperature
determination of these alloys in the presence of graphite. Approximately

2 grams of material was placed in a small graphite crucible which had been

%“ degassed in vacuum at 2500°C; a cylinder with a hole in it was then inserted

in the crucible to serve as a black-body hole (Figure 24).
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Figure 24. Sectioned Graphite Crucible Subsequent to a DTA-
Run, Showing the Sample and Graphite Cap Which
Serves as the Black Body Temperature Reference Hole.

The runs were made under 1.5 atmosgheres of
high purity helium; prior to the runs the system was degassed between 1600
and 2400°C in vacuum. The best results for the heating curves were obtained
when the heating rate was <3°C per second. The majority of alloys were
found to readily supercool {even with very slow manually controlled cooling
rates, <1/4°C per second), and therefore, the majority of the cooling curves

had to be disregarded for data interpretation.

Normally, sufficient carbon is dissolveu after
one run above the alloys' melting temperature to observe the eutectic tempera-
ture on the next run. Four runs were usually made in order to obtain consistent
data for the eutectic temperature. Inthe binary metal-carbonsystem,
for example, the measurements did not, in any case, vary by more than

+ 8°C from the mean value obtained for the eutectic temperature; although
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as mentioned above, an accuracy of no greater than + 26°C will be assigned

to these temperature measurements.

4y Special Experimental Studies

a. Effect of Impurities on the Iridium-Carbon

Eutectic Temperature

In view of the fact that it has been reported that

silicon and sulfur, impurities that are normally present in commercial grades

(24)

performed which would give some indication of the effects of these impurities

of graphite, form low melting phases with iridium , an experiment was

on iridium-carbon system.

In these investigations, a piece of iridium foil
was heat treated in an environment of lampblack which contained a known
amount of a selected impurity element., These experiments were performed

in the DTA apparatus described above.

The 'foil'" was produced by hot-rolling a cold-
pressed and sirtered iridium bar (3 x 4 x 24 mm) to a firal thickness of
approximately 0.016'". The iridium was obtained from the metal powder
describec in the section on starting materials. The ronlled foil was then

surface ground, and leached in aqua-regia for a period of two hours.

The carbon (lainpblack) which was used in these
experimerts had heen previously out-gassed in vacuum at 24C0°C for ten
minutes. Part of this material was doped with a silicon contaminant of
approximately 1 percent by weight; to another portion, a sulfur impurity was
added.In order to help prewent the vaporization d the sulfur beiore it had a chance
to react with the iridium, the sulfur was first reacted with some iridium

pow :r and added to the lampblack as an impurity iridium-sulfur compound.

Three separate runs were performed: (a) iridium

foil with pure lampblack, {b) iridium fcil with silicon contaminated lampblack,
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and {c) iridium foil with sulfur contaminated lampr“lack. The runs were per-

» a0 Aty

formed under a protective helium atmosphere and were made at a temperature
of 2150°C. The material was held in this environment for a pericd of three i

hours. I

xaun

b. Investigations of tt 'Carbide" Phases of i

Osmium and Rhenium
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Since conflicting reports exist in the literature corcern---
irg the existence of carbides of osmium and rhenium, some special investiga- i-

tions were performed in order to prepare these phases.

It has been reported by K.empter(z’l) that the
preparation of OsC was dependent upon a number of variables, i.e. equilibra-
tion time and temrerature, osmium-carbon ratio, etc. The ¢ptimum condi-
tixe for the forrnation of this phase were reported to be with O=:C ratios of 1:10 at
elevated temperatures (2600°C).Heat treating for a period of approximately four
hours was necessary. In one experiment the conditias were repeated identically; a
hot-pressed mixture of osmium and graphite (1:10) was placed inside a small
cylindrical graphite tube and heat trcated in the melting point furnace under a
protective helium atrnosphere (l.5 atms) for a period of four hours. In addi-
tion to this experiment, two diffusion couples were prepared. The couples
were prepared by cold pressiig and sintering osmium rods (approximately
2.5 dia. x 25 mm lengthj and pyrolytically depositing a layer of graphite on
them by heating the specimens in a helium-methane atmosphere. A small
Lole was drilled through the graphite for a temperature measuring sight. The
first couple was heat-treated near, but below, the eutectic temperature for
four hours in an inert atmospheve. The second couple was heat-treated so that
the temperatur~ of the osmium-~-carbon interiace was at the eutectic tempera-
iure; the sample was held at this temperature for approximately 15 minutes

pefore suffici~nt meit was formed to cause the sample to sag.

A Ze-C diffusion couple was alto prepared by

the above techniques; this material was equilibrated at approximately 2400°C
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for 1-1/2 hours . The temperature was then slowly raised soc that the inter-
face temperature was at the rhenium-carbon eutectic temperature. The
material was held at this temperatare for a period of approximately

10-15 minutes before the sample started to sag.

The above diffusion ccuples were examined
metallographically as well as by X-ray diffraction techniques. The osmium-

carbon (1:10) alloy was examined only by X-ray diffraction.

5. Thermal Expansion Measurements
a. High Temperature X-ray Diffraction Camera
Method
(1) Equipment Description and Experimental

Technigue s

The high temperature X-ray diffraction
apparatus used in these investigationc was a commercially available MRC
(Model X-86-N-2) Norelco diffractometer attachment. The camera is reported
to be operable above 2000°C, and is designed to be used in vacuum. The
camera is designed to scan angles of between 0 and 1600(26); however, with the
p-otective X-ray radiation shields installed on the diffractometer, the upper
angle was limited to angles below 140 (26). A tantalum ribbon (0.0025" thick)
was used as both the heating element and sample holder. The temperature
measurements were made pyrometrically by viewing the heating element through
a quartz window in the front cover of the camera. Alignment of the equipment
was accomplished following manufacturer's directions. Figure 25 shows the

experimental set-up of the apparatus.

Twe approaches were used for making
the temperature measurement during these experiments. The first method was a
novel approach in which a small tantalum sight tube was positioned on the
heater to act as a black body hole. The tube was surrounded by the powdered

material {o insure thal its interior temperature was representative of that
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Figure 25. Experimental Set-up for Performing the Thermal
Expansion Measurements Using the High Tempera- :
ture X-Ray Diffraction Apparatus.
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of the specimen. This method was abandoned, however, when it became
apparent that excessive thermal differences existed between the sample’s

surface and that measured in the black body hole.

In lieu of the above method, a proven
and more conventional approach was used. This procedure involved the
application eof a very thin layer of powdered meatai on the heating element's
surface. Tho element was preformedto a cup-shape, thus permitting the
temperature measurements to b2 made on 1 side which was perpendicular to
the optical pyrometer. The correct temperature can be calculated from the
known emissivity values of the heating element material; in these experi-

ments tantalum was used.

Only tantalum heating elements were
avzilable for these experiments ; therefore, some method had to be sought

to prevent melting between the tantalum and the materiai to be studied. The

(37, 38)

literature shows that melting cccurs below 1800°C in the binaries of

tantalum-rhodium, and tantalum-platinum; however, such would not be the

(37, 38) {10)

It was decided to apply a very thin layer of tungsten powder to the surfaces of the

case if rhodium or platinum were in contact with tungsten or rhenium
heater with which the alloy materials would come into contact. The tungstea
powder was then sintered onto the element in the high vacuum furnace at a
temperature of 2000°C. It was found that this method was not in any way
detrimental to the experimental resuits, and it did, indeed, alicw the investi-

gation of rhodium and platinum containing systems to be carried out at 1800°C.

The thermal expansion runs were carried
out at 200°C intervals between 1000° and 1400°C and at 100°C intervals between
1400°C and 1800°C. The 4290 and 33! CuK_and Ka., peaks were scanned
both from higher to lower and lower to higher angle§ in order to help alleviate
any systematic errors which might be present in the set-up. Subsequent to
each run, a room temperature scan was also performed to insure that the
lattice parameter of the material remained constant, i.e. no solutioning of

the tungsten in .ce occurred, and the system remained properly aligned.
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The precirion of measuring the angies
at 1800°C was observed to be + 0.005°(26)under optimum conditions, and
+ 0.02° {Z6)under thie most adverse conditions. The latter value would yield
an error in the lattice parameter of the alloys measured in these studies of

approximately + 0.001 £.
For a very complete descripticn of
experimental procedures 2nd techniques for high -temperature X-ray diffrac-

tion studies,reference should be made to an axticle by D.K. Smi’ch(”).

(2) Temperature Calibration

The most recently published value for
{
the emissivity of tantalum has been reported by Allen, Glaiser, and Jordon‘40)
for the temperature range above 2300°K. Thkeir data was expressed in

equation form given below by Thorn and Winslow(41):

€nes = (0.391 + 0.001) - (1.26 + 0.04) 167" T ()

where €45 is the emissivity of tantalum at 0.65 u and T is the absolute tem-
perature {°K). Since, for all practical purposes, the nyrometric temperature
measurements are carried out at a single effective wavelerngth of CG.65u, a
temperature correction curve using'the above ¢ value can be calculated by

inserting thece values, as a function of temperature, into the well known
L}

relationship:
¢4 lne, = C,, (/T -1/1'}, (2)
where CZ is the second constanat in Plank's law, is the wavelength (in this

case A = 0.65u), T is the true temperature, and T' is the apparent tempera-
ture of the tantalum surface. The temperature correction to be applied to
each experimental reading is simply the difference between the true termpera-
ture and the apparent temperature of the surface. Figure 26 shows the calcu-
lated correction curve used in these investigations, along with the correction

curve resulting from the absorption of the quartz window.
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Figure 26. Temperature Correction Curve for the
Pyrometric Readings on the Surface of the
Tantalum Heating Elements Used in the
Hign Temperature X-Ray Studies.

in order to check the above tempera-
ture correction curve, a calibration run was made using pnre platinum as
the standard. Camp‘3e11(42) has published a circular for the calibration of
high-temperature X-ray diffraction cameras, using platinum as the standard,
in which past literature is evaluated and best-fitted to a curve of thermal
lineral expansion versus temperature. The points obtained in the calibra-
tion run, in which the temperature measurements were made on the tantalum

heating element, are >mpared in Figure 27 to the literature values as wzll
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Figure 27. Literature Values and Calculated Expansion Curve
for Platinum,

Calculated Curve to "Best-Fit" the Data
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Present Investigation

as to the curve which best fits these data. From the results of this calibra-

tion run, it is believed that corrected temperature values are accurate
within + 10°C up to 1600°C.
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b. Dilatometric Studies

(1) Equiprment

The apparatus used to perform the
dilatometric investigation was a commercially available unit, Brinkmann
Mocdel TD iX, which is specified to operate to temperatu es of 1600°C
{Figure 28). This model operates in vacuum,and the measuring system is
made of sintcred alumim. However, bYecause of certain procurement diffi-
culties, only a low temperature measuring attachment (quartz} was available
through the vendor; therefore, the thermal expansion measurements were
restricted to temperatures below 1200°C; with the particular unit on hand,

expansion measurements were limited to 800°C.

Figure 28. Brinkmann High Temperature Dilatometer, Model TD 1X
: (Shown with the Alumina Measuring System).
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The measuring system consists of a quartz
vacuum tube, a sample support tube, and a push-rod as weli as a transducer
system. The transducer unit is composed of a dual coil which can be dizplayed
horizontally along the outside of a quartz tube by a micrometer screw. A
movable core inside the quartz vacuum sealing tube provides th2 inductance
changes necessary. The core has a force exerted on its one side by a spring
which causes it to change position in direct proportion to the expansion of the
sample which preeses the quartz push rod against the other side of the core. The
primary side of the coil is excited with a 3000 cycle signal, and the signal in the
secondary coil is proportional to the position of the core. The latter signal is
demodulated, amplified, and recorded. The transducer system is enclosed in a
constant temperature jacket (40°C) to restrict the influence of room temperature

variation. Figure 29 gives the schematic drawing of the dilatometer set-up.

The heating elements in the furnace are
silicon carbide. The heating and cooling rate of the furnace is centrolled by
a "West'" program controller in which a photo-electric measuring device
detects the proportional difference between a pointer of a galvonometer and of
the cam-driven program indicator. The signal from the photo-electric circuit
is araplified and used for the control of the silicon controlled rectifier which in

turn supplies the power to the furnace through a step-down transformer.

The temperature of the sample is measured
by a thermocouple which is in direct contact with the specimen; this signal
drives one of the pens on the strip chart recorder. A representative error in
the measurements was estimated to be + 2°C at 1500°C. The thermal gradient
along the length of the sample is juoted by the vendor as being less than 2°C
for a 2' specimen at appreximately 1400°C (Figure 30).

The most sensitive recorder scale for

determining the relative thermal expansion of the sample aliows AL values

to be read to + 0.000005". However, the precision assigned to each measurement
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is a factor of ten less precise than this value, since during the experiment,

very slight changes in the system will introduce larger uvncertainties in the

readings.

6. X-Ray, Metallographic, and Chemical Analysis

All of the ailoy materia! was examined subsequen: .c
its particular experimental test oy X-ra-- ;uwder diffraction techniques. The
X-ray exposures were made on a Siznias Lrystallofiex II unit in either a two
radian cr cne radian Debye-Scher:~: Posder Diiffraction Camera; all
exposures were 1mmade in using copper !{a radiation. The X-ray films were
evaluated for phase equilibria as well as for the lattice parameters.
The lattice parameters were measured using a Siemens-Kirern coincidence
scale which is capable of determining 6 values to + .01°. The majority of
the alloys had to be stress relieved subsequent to pulverizing in order to clearly
resolve the KQl —Kaz lines of the highest angle reflections.

Metallographic studies were performed primarily on
carbon containing material in order to locate the eutectic compgositions of
the systems. The alloys were riounted in 2 non-conducting diallyl-phthalate
base with a conductive luciie-coated copper top which provides an electrical
path to the polished surface of the sample. The specimens were rough ground
on silicon carbide papers with grit sizes varying between 120 and 600. Polish-
ing was accomplished on a nvion cloth using a slurry of 0,05y alumina and
chromic acid solution. The majority of the carbon containing alloys could be
examined in the as-polished condition. Metal alloys were electro-etched in

the standard solutions recommended for these rnetals(43).

Carbon analysis of the alloy material wes performed
with a 'Leco' carbon analyzer by combusting the material in 3 pure oxygen
atmosphere and conductometrically determining the amount of CO, in the com-
busivien product. As would be expected with osmium containing alloys, a
large amount of the tetroxide was formed during this procedure; this in

turn gave readings which were erroneously high. It was found, however,
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that this method could be used with some success if a certain procedure was
followed. This procedure involved combusting the osmium containing ailoy,
recording the read-out, and then immediately recycling the same alloy and
recording this value. This latter value was observed to be representative

of the amount of OsO, formed during the cycle; by subtracting the latter
reading from the first, the weight percent carbon could be determined. A
number of calibrations by this technique yielded fair results, i.e. + 2 atomic
percent carbon. A similar procedure was also found to be necessary for

rhenium containing alloys.
C. RESULTS

I. Meiting Temperatures and Phase Equilibria o the Jridium
Base Metal Alloys

a. Melting Points of the Pure Metals

The melting points were deterinined for the
rhenium, osmium, rhodium, iridium, and platinum starting materials used in
these investigations. These temperatures were determined using the Pirani
technique, and the results are presented in Table 1. The measurements were
performed on cold-pressed and sintered material; runs were made both
in a high purity helium atmosphere and in vacuum. Slightly higher resuits
were consistentiy recorded with the specimens which were run in vacuum. It
was concluded from these results that the melting points of these metals are fairy
sensitive to atmospheric gases which were most likely entrapped during
cold pressing and were insufficiently driven off during the vacuum sintering
operation. C.her evidence pointing to this conclusionis the results of an earlier
series of melting point measurements of these elements. After these experinments it
vas fourd that- ae o the high vacuum valves had developed a leak. The results of
these measurements were consistently 15° to 60°C lower than those observed

later under high purity conditions.

The melting point of rhenium was observed to be

inconsistently low with the reported literature value (11,12, 13, 14) of
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approximately 3180°C (Table 4}. The melting temperature of 3067° + 13°C

was observzd with two sampies of material which had been ¢lectron beam

molten four tiines. The EBM-samples wsre prepared a:ly after similar low tempera-
tures were observed with cold-pressed and sintered alloys. These results

44)

3675° 3+ 7 °C was observed from rhenium of three different batches. A com-

—

parison of the impurities of the present material with thcse reported by the

are substantiated by earlier results in this laboratory—( in which a value of

different investigator ¢ did not yicid any significant differences in pur.ty levels;
furthermore it was decided that no one impurity (in the concentrations present)

would contribute significantly to melting point depression.

The other results, on the other hard, are in good

(17)

observed for osmium is slightly higher thar the value 3045° 4+ 30°C chosen by

agreement with the currently accepted melting points ; the melting point
Knapton, et al.,(13); however, the vaiue presented by them is lower than the
mean value of their three determinations, i.e. 3040°, 308G°, and 3065"0(13),
which yields a mean value of 3062 ° + 21°C. However, certain experimental
evidence not presented by the above authors might not warrant this mxan temperature
to be assumed. It should be noted that the melting point recorded for osmium
was the most reproducible of the five elements; a standard deviation of + 1°C was

observed for five different melting point measurements.
b. Iridium-Rich Portion of the Metal Binary Systems

The solidus temperatures in the systems iridium-

(19)

and iridium-osmium® “‘as well as the liquidus temperatures of the

(45}

literature. Melting temperature investigations were carried out in the iridium-

(10)

rhenium
iridium-platinum system have been previously investigated and published in the
rich portion of these systems in order to confirm these data. In most instances
agreement was very good between our results and these of the previous investi-
gations (Figures 31-33); however,slightly lower melting temperatures were obtained
for the face-centered cubic solid solution in the iridium-rhenium system

(Figure 31).
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The solidus temperatures of the iridium-

rhodium system were investigated up to a rhodium concentration of 40 atomic
The solidus curve decreased smoothly with increas-

ing rhodium concentrations {Figure 34).

The limits of the face-centered cubic solid solu-

tions in the iridium-rhenium and iridium-osmium systems were not specifically

investigated; however, they were indicated to be located as reported in the

The alloys in the iridium-rhenium system cored during

solidification, and the second phase (hcp) was not completely annealed out
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during the following heat treatment; however, the lattice parameters were

observed to change continuously linearly for alloys up to 30 atomic

percent rhenium. The alloy with 40 atomic percent rhenium did not have a

sufficient amount of the fcc-solid solution present to determine a lattice

parameter at this composition. It shoula be noted that Tylkina ei a.l.(l o .

i report-d the parameters of the iridium solid solution to decrease with rhenium

addition; this is completely opposite to that observed in the present
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measurements, (compare Figures 12 and 35). Morecver, since the effective

atomic radius of rhernium is larger than that of iridium(46), one would

expect the size of the iridium unit cell to increase with rhenium substitution.

The lattice parameters were observed to vary
linearly with composition in the iridium-rhodium and iridium-platinu.n

systems, and these values compare very favorably with parameters cited
in the literature (Figure 33).
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A Incipient Melting

€. Ternary Iridium-Base Metal Alloys

(1) Iridium-~Osmium-Rhodium Alloys

The incipient melting temperatures of
twenty -eight alloy compositions were determined using the Pirani technique.
Of the alloys investigated, all solidus temperatures were found
to bie higher than 2150°C; the lowest melting tempera‘ure was in the iridium-
rhodium binary at a rhodium concentration of 40 atomic percent. The results

of these investigations are presented in Table 6 and Figure 1. Also, the
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effect of various elemental substitutions on the alloys' melting temperatures

are depicted graphically in Figure 36.

The highest recorded melting tempera-
ture was V2650°C corresponding to the peritectic temperature in the
iridium-csmium binary system. In general, the heterogeneity of melting
increased with higher osmium concentrations, and therefore, the incipient
melting temperatures of these alloys are not as precise as the incipient melt-

ing temperatures of alloys with small osmium additions.

O Ir- kPt Fresent Investig.tion

0 ir-Rh Fresent Investigation

A 1r-Os Fresent Investigation

0 fr-Re Present Investization(Single Phase)
3. 8m -o Ir-Re Present Investigation (Tao Phase}
V¥ ir-Pt Raub & Plate

Q tr-Rn Raub “/

387 — Lz

LATTICE FARAMETER IN X
x
2
1
|l

ATOMIC PERCENT

Figure 35. Lattice Parameters of the Face-Centered Cubic
Solid Solutions of the Iridium-Base Binary Alloys.
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Table 6. Melting Temperatures of Iridium-Osmium~Rhodium

Alloys
i Composition Observed Incipient -
Sample At. % Melting Temperature, °C Melting

No Ir Os Rh | Incipient Collapse Characteristics

1 90 10 0 2434 ~2434 Fairly Sharp

2 90 5 2370 ~2370 Fairiy Sharp

3 90 0 10 2342 ~2342 harp

4 8¢c 10 2375 2406 Fairly Sharp

5 85 5 io 2339 ~2339 Fairly Sharp

6 80 =2 0 2532 2532 Fairly Sharp

7 80 15 5 2396 2447 Fairly Heterogeneous

8 80 10 10 2339 2372 Fairly Heterogeneous

9 80 5 15 2308 ~2308 Fairly Sharp
10 80 0 20 2283 ~2285 Fairly Heterogeneous
11 75 20 5 2406 2498 Fairly Heterogeneous
12 75 i 10 2355 2406 Fairly Heterogeneous
13 75 10 15 - 2370 Fairly Heterogeneous
14 75 | 5 20 - 2308 Fairly Heterogeneous
15 70 30 c 2590 2632 Heterogeneous

16 70 25 5 2460 2574 Heterogeneons

17 76 20 10 2437 2508 Faicly Heterogeneous
18 70 15 1% 2362 2421 Heterogeneous

19 70 10 29 2324 2398 Heterogeneous
20 70 5 25 2283 2308 Fairly Heterogeneous
2! 70 0 30 2228 2228 Fairly Sharp
22 65 30 5 2519 2601 Heterogeneous
23 05 20 15 2374 2463 Heterogeneous
24 05 10 25 2308 2362 Heterogeneous
25 6u 40 0 2649 2687 Heterogeneous
26 60 25 i5 2393 2498 Very Heterogeneous
27 60 15 25 2324 2457 Very Heterogeneous
28 60 0 40 2171 2217 Fairly Heterogeneous
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X-ray diffraction patterns were made

of alloys subsequent to melting; the majority of the alloys were in the singie

Qerig

phase, face-centered cubic solid solution region. Only two alloys in the iridium
osmium binary showed patterns of the hexagonal, osmium-rich, solid solu-
tion. The binary peritectic point was therefore indicated to be at 2 osmium
concentration betwsen 20 and 30 atomic percent; from the ternary data,

the peritectic line is not indicated to protrude too far into the ternary sec-

et it

tion investigated in this work.

Both osmium and rhodium, when alloyed e
with iridium, reduce their cell sizes. The lattice parameters of the
ternary alloys varied between 3,839 Rand 3.82, £ with the maximum
value being measured for pure iridium and the mirimum value in the iridium-

rhodium binary system (Ir:Rh-60:40),

(2) Iridium-Osmium-Platinum Alloys

Experiments similar to those performed
on the iridium-osmium-rhodium alloy system were performed on alloys of the
iridium-osmium-platinum ternary. The compositions of the allos were the same as

those investigated in the 1iridium-osmium-rhodium syste:n (Figure 16).

The data are given in Table 7,and the
points are also presented in graphical form to best illustrate the variance
of the melting temperatures of the alloy solution as a function of individual

component additions (Figure 37).

The temperature-compositional plo*s of
the melting temperature data illustrate the expected results that platinum metal sub-
stitution in tae alloy system iridium-cemium lower the melting temperatures. In com-
parison to the iridium-osmium-rhodium system, it can be seen that platinum
has a greater effect on depressing the melting points than does rhodium. How-
ever, a comparison of Figures 5 and 6 shows that the lowe st solidus temperature
of each nf these two alloy systems in the presence of carbon is quite close
2100%and 2150°C). v
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Table 7. Melting Temperatures of Iridium-Osmium-Platirum

Alloyy
Comgosition Observed Incipient
Sample At.% Melting Temperature, °C Melting

No Ir Os Pt Incipient Collapse Characteristics

1 S0 10 0 2434 ~2434 Fairly Sharp

2 90 5 5 2339 >2339 Fairly Heterogeneous

3 90 0 10 2273 (2314) Fairly Sharp

4 85 10 5 2370 2406 Heterogeneous

5 85 5 10 2298 2355 Heterogeneonus

6 80 20 0 2532 ~2532 Fairly Sharp

7 8¢ 15 5 2427 2484 Heterogeneous

8 80 10 10 2329 2403 Hetercgeneous

9 80 5 15 2268 2339 Heterogeneous
10 80 0 20 2191 2231 Fairly Heterogeneous
11 75 20 5 2489 2514 Fairly Heterogeneous
12 75 15 10 2365 2453 Heterogeneous
13 75 10 15 2273 2360 Heterogeneous
14 75 5 25 2181 2276 Heterogeneous
15 70 30 0 2590 2632 Heterogeneois

16 70 25 5 2473 2540 Heterogeneous

17 70 20 10 2398 2470 Heterogeneous
18 70 15 15 2295 2386 Heterogeneous
19 70 10 20 2201 2273 Heterogeneous
20 70 5 25 2164 2273 Heterogeneous
21 70 0 30 2131 2175 Heterogeneous
22 65 30 5 2509 2596 Heterogeneous
23 65 20 15 {2308) 2437 Very Heterogeneous
24 65 10 25 2176 2255 Very Heterogeneous
25 60 40 10 2649 2687 Heterogeneous
26 60 25 15 2308 2421 . ery Heterogeneous
27 60 15 25 2161 2263 Very Heterogeneous
28 60 0 40 2035 2089 Heterogeneous

I
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Allecys with high osmium and platinum
cantents were gensrally found to melt very heterogeneously, thus indicating
2 relatively large temperature separation between the sclidus and liquidus
surfaces. Most of the alloys were observed tobe single phase, except -
ing of iridium-osmium binary alloys which had approximately 30 or more
mole percent osmium; however, none of the ternary alloys investigated were

observed to be two phase from the X-ra diffraction patterns.

X-ray measurements showed that the termry
alloys had parameters between the limits of 3.83, R and 3.87, & which
are the parameters of the limiting unit cells in the iridium-osmium and

iridium-platinum binary alloys investigated in this current work.

(3) Iridiur -Rhenium-Rhodium Alloys

A total of twenty-three compositions
were investigated in the iridium-rhenium-rhodium alloy system. The assump-
tion that the rhenium containing alloys are more refractory than the osmium
containing systems is borne out in the currently established experimental
data. Table 8 gives a compilation of the melting points of these test specimens,
and again the data are plofted as a function of various metal concentrations in
order to more clearly depict the effect of particular elemental substitutions

into the binary alloy system (Figure 38).

Substitution of rhodium for iridium
has only a slight effect on the melting temperatures of iridium-
rhenium alloys (Figure 38-bj; whereas the exchange of rhenium for iridium
in iridium-rhodiun alloys sharply increases the incipient melting temnjera-
tures of the alloy system (Figure 38-a). It appears fran these results that one
can freely substitute rhodium for iridium in an iridium-rhenium alloy with

only a slight drop in the original binary alloy's melting temperature.
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Table 8. Melting Temperatures of Iridium-Rhodium-Rhenium .
Alloys. .-
Composition Observed Incipient -
Sample At. % Melting Temperature, °C Melting N
No. Iz Ph Re incipient Collapse Characteristics
1 90 10 © 2342 ~2342 Sharp
2 90 5 5 2365 2380 Fairly Sharp -
3 30 0 10 2440 ~2440 Fairly Sharp i
4 85 10 5 2339 2360 Fairly Sharp ‘-
5 85 5 10 2447 2457 Fairly Sharp {
6 80 20 0 2283 ~2285 Fairly Heterogeneous g
7 89 15 5 - 2324 Fairly Sharp
80 10 10 24217 ~2453 Fairly Sharp
8G 5 15 2488 2530 Fairly Heterogeneous
10 30 0 20 (2550) 2579 Fairly Sharp
11 75 20 5 - 2332 Fairly Sharp
12 75 15 1C 2398 2411 Fairly Heterogeneous
13 75 10 15 ~2487 2555 Fairly Heterogeneous
14 75 5 20 2591 2612 Fairly Heterogeneous
15 70 30 0 2228 ~2228 Fairly Sharp
16 70 25 5 2314 2344 Fairly Sharp
17 70 20 10 2406 2478 Heterogeneous
18 70 15 15 2475 2501 Heterogeneous
19 70 10 2C 2558 2605 Heterogeneous ‘ ;
20 70 5 25 - 2656 Heterogeneous
21 70 0 30 2684 2700 Very Heterogeneous
22 70 40 0 2171 2217 Fairly Heterogeneous
23 70 0 40 (2790) 2797 Heterogeneous
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; ) In the ternary iridium-rhenium-rhodium

i section which was investigated, X-ray diffraction patterns of melted alloys,
as well as of alloys subsequently heat treated at 1800°C, showed that the speci-
mens, which had rhenium concentrations greater than approximately 21 atomic
percent, were two-phase (fcc + hcp). However, as mentioned earlier, these
alloys cored during cooling, and they apparently did not reach equilibrium

during the prescribed heat treatment.

Lattice parameter values of the fcc-
ternary alloys ranged between 3.85; R and 3.82, 3.; these are the limiting

values measured in the respective iridium-rhenium and iridium-rhodium

binaries.

2. Solidus Temperatures of the Alloys

in the Presence of Carbon

a. Metal-Carbon Binary Systems

Experiments were conducted in the metal-carbon
systems in order to check the previously reported values of the eutectic tem-
peratures as well as to define the composition of these eutectics. In addi-
tion, in the rhenium-carbon and osmium-carbon systems, experiments of
previous investigators (29,30, 32) were repcated in an attempt to prepare

the observed carbide phases.

S o

{1) Rhenium-Carbon

S

Melting temperature investigation by

both differential thermal analytical, amd the Pirani,techniques were performed

in the rhenium-carbon system. The mean value for che eutectic temperature

o -

from these determinations was 2466 + 15°C. Figure 39 shows two represemnta-

it

tive DTA curves obtained with a rheniurn carbon alloy. It should be noted

evis

that curve "A" shows that the alloy super-cooled significantly before solidifying.

o i

This phenomena was observed on the majority of the runs of carbon-rich

AN

60

s b e e e (1 e
st 3

e
B

PrrERE—




———,

4 ! T 4 T

d !

Heating Hate: 3°C- sec1
Cooling Rate: 14°C- sce”!

i P it SIS i ar e (s

— AT —»

} ) i Ly 1
1600 1800 2000 2200 2400 2000
~—— TEUPERATURE, °C ~-»

Figure 39. Differential Heating and Cooling Curves of a
Rhenium-Carbon Alloy.

A. Showing Eutectic Melting with
Supercooling of the Melt.

B. Showing Eutectic Melting and Solidification.

alloys. It was found that super-cooling could be prevented only if, as soon

as melting was detected, the sample was rapidly cooled (Curve B). A plaus-
ible explanation of this observation is that above the eutectic temperature the
graphite crystals grow at very rapid rate, and thus nicleation sites are not present
during cooling. However, if the alloy is quenched shortly after melt-

ing, the graphite crystals do not have sufficient time to grow to large proportions,
and therefore are able to povide sites or nucleation of the secadary solid phases.
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Five binary specimens were prepared by

arc-melting in order to locate the composition of the eutectic. These alloys

were placed at 5 atomic percent intervals between 5 and 25 atomic percent
carbon. From metallographic and chemical analysis of these samples, the
eutectic composition was estimated to be at 20 atcmic percent :arbon
(Figures 40-42). Although the hcp solid solution was not specifically investi-

gated, the resulis showed tnat the f-phase exterded to carbon concentration of

at least 10 atomic percent {¥Figure 40). These results confirmed the finding

by Hughes(zn

» that an exteasive rhenium solid solution is formed in the system.

However, lattice parameters of single phase alloys did nnt yield identical
results to those given by Hughes(27) who determined the lattice parameters
at the terminal solid solution to be a = 2.792 &, ¢ = 4. 471 & . In this work,
maximum lattice parameters of 2 = 2.79; Rard c-= 4.4(, R were calculated
for an alloy ne~ r the limit of the single phase region. Thie result would indi-

cate only a slight expansion of the 'c' parameter and a rather larger expaasion

of the "a' parameter.

Figure 40,

Re-C (99/10), Arc-Melted Alloy Showing X175
Single Phase Rhenium Solid Solution.
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| Figure 41. Re-C (82/18), Arc-Melted Alloy Showing X750
Primary Metal in a Eutectic Matrix.

e

Figure 42. Re-C (76/24), Arc-Melted Alloy Showing =~ X750
Primary Graphite in a Eutectic Matrix,
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Recent work performed by Hammond(zs)
indicated the existence of a cubic carbide phase in the . henium-carbon binary
system. It was suggested, however, that this phase was very likely meta-
stable. The phzse was observed in diffusion couples which had received heat
treatments at elevated temperatures (2 to 6 hrs at 1800 to 2000°C). In an !

effort to produce the carbide phase, a diffusion couple of rhenium and graphite -

was prepared (see sample preparation section of this report). Subsequent
metallographic (Figures 43--4) arnd X-ray examination reveal only rhenium
and carbon to be present. Also, the presence of ancther phase was never
detected in any of the melting point, DTA, or arc-melted samples. It was
thus conciuded, that if the phase exists, it does not form readily under the
conditions of these experiments.

e e

Figure 43. Rhenium-Carbon Diffusion Couple Revealing X600
Sharp Boundaries Between Rhenium and the 1
Re + C Eutectic.

(X-Ray: hcp - Re + Graphite)
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! ] Figure 44. Rhenium-Carbon Diffusion Couple Revealing a X525
Sharp Boundary Between Eutectic (Re + () +
v + Graphite.

2 (X-Ray: hcp Re + Graphite)

i From the above results it is indicated
that slight modifications should be made to the rhenium-carbon phase

’ diagram reported by Hughes(27). The eutectic temperature should be

placed at 2466 + 15°C; the eute.tic composition is indicated to be at

20 + 2 atomic percent carbon. In addition, the melting point of rhenium is

observed to be 3067 + 13°C. The solubility of carbon in rhenium is

(47)

rhenium-~arbon phase diagram.

g the value given by Hughes Figure 45 depicts the modified

=

65

e e

ek




3500 Y Y r Y ' -

3000

2500

TEMPERATURE, %C

2000 £ - i

1500 1 § 1 i 3 |
0 10 20 30
Re
ATOMIC % CARBON

Figure 45. Modified Rhenium-Carbon Phase Diagram.

(2} Osmium-Carbon

The eutectic temperature was observed
to be at 2725 + 15°C by both DTA and Pirani melting point d=terminations.
As with the rhenium-carbon alloys, super-cooling of the meit was observed
with graphite-rich osmium-carbon specimens (Figure 46). An explanation
similar to that presented for the super-cooling phenomena observed in the
rhenium-carbon system can also be applied for these samples. Figure 47
shows a photnmicrugsaph of an osmium-carbon specimen which super -
cooled during solidification; note the very large size of the primary graphite

crystals.
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Figure 46. Differential Heating and Cooling Curves of an

Osmium-Carbon Alloy .

A. Showing Eutectic Melting with
Super cooling of the Melt

B. Showing Eutectic Melting and
Solidification
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¥Figure 47. Os-C (73.5/26.5), DTA Alloy Cooled at 13°C X175
per Second From 2900°C. Primary Graphite
in a Eutectic Matrix. (Alluy Sup2rcooled,
Necte Large Size of Primary Graphite Crystals).

Metallographic examination of arc-
melted alloys as well as of the DTA and melting point samples indicated
a eutectic composition of 17.5 + 2 atomic percent carbon (Figures 48-50).
The only phases that were observed in these alloys were osmium and
graphite. The solubility of carbon in osmium appears to be only nominal;
lattice parameter measurements showed the 'a' parameter to be expanded
glightly (a = 2.733 toa = 2.736 R), whereas the 'c' parameter remained
nearly constant (c = 4.316 R). Howevér, the exact extent of the carbon
solubility was not investigated. It should b¢ noted that the lattice parameters
obtained .or the pure osmium melting point samples are somewhat smaller
than those reported in the literature, a = 2, 7341 R andc-4.3197% (4), as
compared to, a = 2.733 R and 4.316 R, for the melted samples.,
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Figure 48. Os-C: (96.5/3.5): Arc-Melted Alloy Showing X600
o Primary Metal in a Osmium-Carbon Eutectic
- Matrix.
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Figure 49. Os-C (91.4/8.6), Arc-Melted Alioy Showing X375
Primary Metal in a Eutectic Matrix.
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g X375

-Melted Alloy Showin

Primary Graphite in a Eutectic Matrix,
(Sample Very Close to the Eutectic Composition).

Figure 50. Os-C (81.6/18.4), Arc

Held at 2609°C

Carbon Diffusion Couple

for 4 hours.

Osmium

Figure 51.

(Osmium-~Graphite Interface)

PR

(X-Ray : hep Os + Graphite).
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In an effort to produce the carbide phase
i l : (OsC) reported by Kempter and Nadler(zc)' Sl
5o described by them were repemted along with a number of oth investigations (see gection

on special experimental studies). An over -exposed X-ray diffraction pattern of

, the experimental procedures

an 10:99 osmium-carbon alloy , which was equilibrated at 2600°C for 4 hours,

revealed the presence of only the osmium and graphite phases. Similar results
were obtained for an alloy equilibrated at 2700°C for 4 hours. X-ray and metal-
lographic analysis of two diffusion couples, one heat treated at 2600°C for 4
hours, the other at the eutectic temperature, also did not reveal the presence

of another phase (Figure 51). These results, coupled with the fact that the
phase was not observed in any of the DTA, melting point, or arc-melted alloys,

.- shed some doubt on the existence of the'OsC'phase. Howsever, the only conclu-

sion that can be drawn with any certainty is, that if the phase does exist, it

: does not form readily under the conditions of the above described experiments.

-n

The tentative osmium-carbon diagram

resulting from these investigations is depicted in Figure 52.

. 3500 r r r l :
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Figure 52. Tentative Osmium-Carben Phase Diagram.
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(3) Rhodium-Carbon

The eutectic temperature for the Rh-C
system was established by differential thermoanalytical techniques (Figure 53)as well
as by the Pirani method; the average vaiue from t>ese two methods was
1662 + 15°C. From metallographic examination of chemically analyzed
alloys, the composition of the eutectic waspositioned at 16 + 2 atomic
percent carbon.. Figures 54-56 show some of the results obtained from the
metallographic studies of meited alloys. The carbon solubility was indi-
cated to be negligible since no change in the lattice parameter of rhodium
could be measured. The lattice parameter of the rhodium starting material
was calculated to be 3.803 &, which is in excellent agreement vwith the litera-

(17)

ture value of 3.803] Figure 57 gives thz proposed rhodium-carbon system.

(4) iridium-~Carbon

Init ial investigations of the eutectic
temperature by differential thermoanalytical techniques indicated the
solidus temperature tc be approximately 2320°C (Figure 53). Subsequent
melting point determination using the Pirani-technique resulted in slightly
lower melting temperatures, A weighted average for the eutectic
temperatire was 2302 + 15°C. This value is in very good agreement with the
value of 2296 + 17°C reported by Nadler and Kempter(z), but is considerably( )
1

higher than the temperature of 2110°C quoted in a report by Criscione et al.

The composition of the eutectic was
located by metallographic examination of DTA, melting point, and arc-melted
alloys. Figures 58-60 show some of the results obtainr:d in these investiga-
tions. Normally, when the alloys were quenched after arc-melting, extremely
fine eutectic structures resulted. From these studies, the eutectic composi-

tion was positionedat 6.5 + 2 atomic percert carbon.
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Figure 54. Rh-C (92/8), Arc-Melted Alloy Showing
Primary Metal in a Eutectic Matrix.
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Figure 53. DTA Cooling Curves Showing Eutectic Solidification
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Figure 55. Rh-C (83/17), Arc-Melted Alloy Showing
Primary Graphite in a Eutectic Matrix.
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Figure 55. Rh-C (177,23, Arc-Melted Alloy Showing
Primary Graphite in a Eutectic Matrix.
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Figure 57. Tentative Rhodium-Carbon Phase Diagram.
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Figure 58. Ir-C: (95.5/4.5), Arc-Melted Alloy Showing X680
Primary Iridium in a Metal-Graphite Eutectic.
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Figure 59. Ir-C: (93.5/6.5), Arc- _elted Alloy S};owing X140
Colonies of Extremely Fine Eutectic (Polarized !
Light to Reveal Structure. =

Figure 60. Ir-C: (90.8/9.2), Arc-Melted Alloy Showing X475 i.
Primary Graphite in a Eutectic Matrix.
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Figure 61 gives the tentative iridium-
carbon binary diagram. The system appears to be a simple eutectic-type
since no phases other than iridium and graphite were observed. The solu-
bility of carbon in iridium is indicated to be small since no detectable change
in the lattice parameter was noted. The starting material had a lattice param-
eter of a = 3.839 &, which agrees very favorably with the parameter pre-
sented by Taylor and Kagle!??), a = 3.8394 8.

2750

2500

2250 <1m N\ s

5 128 '
= a
=)
5}
g 2000 ] a+c g
a,
=
«
)

1750 | .

1500 1 | 1 1 1 i

0 10 20 30
Ir ATOMIC % CARfON

Figure 61. Tentative Iridium-Carbon Phase Diagram.

In view of the fact that it has been
reported that silicon and suliur impurities normally found in commercial
grades of graphite form low melting phases with iridium(24), an experiment
was performed which would give some indication of the effects of these impurities
on iridium-carbon composites. Iridium foil {(approximately 0.016" thick) was

heat-treated in the presence of pure lampblack, silicon doped lampblack
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(approximately 1 weight percent silicon in the lampblack), and sulfur doped
lampblack (approximately 1 weight percent sulfur in the lampblack). The
three samples were heated to 2150°C under a helium atmosphere and

were held at this teiap.. “ature for three hours. Figure 62 shows the three
pieces of iridium subsequent to the tests; the iridium in both the pure lamp-
black and sulfur doped lampblack had not melted, whereas the foil in the silicon
doped lampblack definitely showed signs of melting. This would indicate that
close controls of the silicon content of materials to be used for iridium-carbon
composite systems must be maintained where the application temperatures are
expected to exceed 2150°C. The results also conclusively show that the
iridium-carbon eutectic temperature is greater than 2150°C, which is contrary

to a previously reporteé eutectic temperature of leO‘C(l).

Figure 62. Iridium Foils Heated to 2150°C for 3 Hours X2
in a Helium Atmosphere.

A. Iridium Foil + Pure Lampblack
B. Iridium Foil + Sulfur Doped Lampblack
C. Iridium Foil + Silicon Doped Lampblack

78

F-acts ‘PMWWWQWWW U l"-.r.\“‘iwfﬁm~ . : . = — e

e
‘

scer

e
+

"

RN

v

P —
4

Pl
BEEER r d

T AN AN S A ..




g P—

P

-

{5) Platinum-Carbon

Similar to the above systems, the platinum-

carbon system was found to form a simple eutectic. The cutectic
temperature was determined to be 1732 + 15°C; this value is in very good

agreement with that of 1730 + 3°C reported by L.J. Collier et.al.(zs),

and

1736 + 15°C published by Nadler and Kempter(z). The eutectic compoaition

was located at approximately 3 atomic percent carbon (Figures 63 and 64).

In their investigation, L.J. Collier et zl. (25) show that an alloy with 1.2
weight percent carbon (16.5 At.% C) contained large primary flakes of graphite,
which is consistent with our results. No measurable change in

the lattice parameter of the platinum starting material (a = 3.923 X) could be

detected in carbon containing alloys indicating that the carbon solubility is

only nominal. Figure 65 gives the resulting platinum-carbon phase diagram.
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Figure 63. Pt-C {97/3) DTA Alloy Rapidly Cooled from
1800°C. Eutectic Structure.
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Figure 64. Pt-C {92.5/7.5), Arc-Melted Alloy Showing X550
Primary Graphite in a Eutectic Matrix.
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b. Ir -Me-C Ternary Alloy Systems

The solidus (eutectic) temperatures
of the iridium-rich metal temaryalloys wer: determined principally with
the use of the DTA apparatus. These melting temperatures were checked
by melting selected alloys using the Pizani technique. The results of the two
methods were in very good agreement in each instance; the results of these
melting investigations are given in Figure 4. Rheniun: additions
have a somewhat greater effect on increasing the refractoriness of
the alloy systems than does osmium; platinum, on the other hand, has
a slightly more pronounced effect on the melting point depression of the iridium
alioy's eutectic temperature than does rhodium. Figure 66 and 67 show some

representative DTA heating curves obtained in these studies.

L 1 [ T I
I Heating Rate: 3° C. sec~}

—JIr:Rh T:3 .
) \Ir:Rh 4:)
- B
-y Q

I Ir:Rh 9:1
N 1 o
1
1800 2000 2200 2400

—TEMPERATURE, °C —

Figure 66. Differential Heating Curves of Ir-Rh-C Alloys
Showing Eutectic Trough Melting.

(Ir:Rh Ratios are Given in Atomic Percent of the Starting
Pure Metal Alloys).

81

e




R £ R I A T PN 3 <

1 ] T I
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Figure 67. Differential Heating Curves of Ir-Os-C Alloys
Showing Eutectic Trough Melting.

(Ir:Os Ratics Given in Atomic Percent of the Starting
Pure Metal Alloys). '

The compositions of the eutectic troughs were
determined by metallographic examination of chemically analyzed DTA,
melting point, and arc-melted alloys. The uncertainties to be associated to
these values are principally due to the liinited number of alloys made in
each system; however, the compositions of these eutectics are believed to be
correct to + 2.5 atomic percent. Figures 68-69 show some representative
photomicrographs obtained from the metallographic studies of the alloys,and
Figure 70 gives the experimentally determined eutectic trough composition

for the iridium-base ternary systems.
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Figure 68. Ir-Os-C (81109):Alloy Cooled in the DTA X325
at 13°C per Second from the Melt.

Approximate Eutectic Composition.

Figure 69. Ir-Pt-C (71/18/11): Alloy Cooled in the DTA X325
at 13°C per second from the Melt.

Primary Graphite in a Eutectic Matrix.
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c. Solidus Temperatures of the Ternary

Iridium -Base Alloys in the Presence of Carbon

The majority o these measurements of the metal-
carbon eutectic temperatures were performed with the differential thermo-
analytical apparatus. The results are, in most cases, based on the data
obtained from cne sample that was cycled through melting at least four times.
In the majority of the instances, the incipient melting temperatures were
found to vary only slightly with increasing carbor pickup. The maximum
analyzed carbon concentration, subsequent to melting, was approximately 26
atomic percent. However, metallographic examination of the alloys revealed
that all of the samples were either entirely eutectic er had primary crystal-
lized graphite. Selected quaternary alloy compositions were also prepared
for melting temperature measurements using the Pirani technique. This data
provided an independent check on the results obtained in the DTA -apparatus.
In most cases the data obtained by the two diiferent methods were
in very good agreement; only when the material meited very heterogeneously.,
were large deviations between the two results observed. In these instances the

temperatures recorded by the DTA were believed to be more accurate.

A series of quaternary alloys were also arc-
melted in each of the three systems for investigations of the compositions of
the eutectic surfaces in these diagrams. Metallographic and chemical analyses
of these specimens, as well as of the DTA and melting point samples, provided
sufficient information to estimate, with a fair degree of accuracy, the eutectic

surface compositions in the quaternary systems.

(1) Iridium-Osmium-Rhodium Alloys

The solidus temperatures of
the iridium-osmium-rhodium alloys in the presence of carbon were determined for
the metal allys that were discussed in Section C, 1., c.(1) of the results. These results
are presented again in both tabular and graphical form (Table 9 and Figure 71)

to best illustrate the compositional variance of the melting temperatures.
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Table 9, Solidus Temperatures of Iridium -Osmium-

RETEN 5 Ry simoret T RETERT A

(e
-

Rhodium Alloys in the Preseace of Carbon

Sample Me®nal Alloy Con.position | Eutactic Temperature
No. Ir Os Rh With Carbon, °C
1 90 10 0 2341 +25°
2 90 5 5 2280 hd 25°
3 90 0 10 2234 i 25°
4 85 10 5 2276 + 25°
5 85 5 10 224l he 25°
6 80 20 0 2377 + 25°
1 80 15 5 2318 + 25°
8 80 10 10 22718 + 25°
9 80 5 15 2220 + 25°
10 80 0 20 2151 + 25°
11 15 20 5 2333 + 25°
12 15 15 10 2275_-0; 25°
13 15 10 15 ZZOQi 25°
14 75 5 20 2165 + 25°
15 70 30 o0 2445 + 25°
.16 10 25 5° ~2336 + 25°
17 70 20 10 2291 + 25°
18 70 15 15 2233 + 25°
19 79 10 20 2226 + 25°
20 70 5 25 2128 + 25°
21 70 0 30 2098 + 25°
22 65 30 5 ~2373 + 25°
23 65 20 15 2273 + 25°
24 65 10 25 2162 + 25°
25 60 40 0 2456 + 25°
26 60 25 15 ~2296 + 25°
a7 60 15 25 ~2178 iZS'
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Figure 71. Solidus Temperatures of Iridium-Osmium-
Rhodium Alloys in the Presence of Carbon.
(a) Constant Rhodiumn Concentr~tions
(b) Comnstant Osmium Concentr: a.n
(¢) Constant Iridium Concentrations
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A noderate depression of the melting points of
iridium-ommium allopm in cantact with gphite is observed by substituting rhodium for
iridium (~150°C with 25 atomic percent rhodium substitution Figure 71);
however, most  of these alloys exhibited meltiug temperatures which were
higher than 2100°C. Furthermore, a significant increase in the oxidation-
resistant characteristics of the alloys is expected with the rhodium additions.
Figure 72 shows a series of DTA heating curves obtained in these investiga-

tions.

5a/c Rh
1 N
1 \
4
10a/o Rh
: 1v
g —~—— }5a/0 Rh J
= oy,

20a/0 Rh

e i

25a/o Rh

\7.—
\\\
W\-
-

v

Heating Rate: 3°C-sec’

] | J |

1800 2000 2200 2400 2600

~————TEMPERATURE, °C —¥»

Figure 72. Representative DTA Curves Showing Eutectic Melting
in the Iridium-Osmium-Rhodium-Carbon Nuaternary
System. The Samples Contain a Constant Osmium
Concentration of 5 Atomic Percent; the Rhodium
Concentrations are listed for each Curve. The Compo-
sitions 2 = Given for the Original Metal Alloy Starting

Composition.
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X-ray diffraction patterns of the quaternary
alloys indicated that all compositions which were investigated consisted of
only two phases, the iridium face-centered cubic solid solution and graphite.
Approximately one-third of the compositicnal region inves’igated had .
solidus temperatures which were greater than that of tke binary iridium-
carbon (~2300°C), and approximately 95% of the alloys investigated meited at
temperatures higher than 2110°C, which was an earlier reported iridium-
carbon eutectic temperature(l). The ternary iridium alloys that appear to be
most promising for high temperature applications in a carbonaceous environ-
ment are those alloys which have solidus temperatures (with carbon)
in excess of 2200°C and which have a secondary metal (rhodium and osmium)

addition of between 2 and 25 atomic percent.

O L)
¥ 12 %
£ %,
Y30 /\ 30 2
/\AS -
40 40

Figure 73. Approximate Eutectic Surface Carbon Concentrations
for the Quaternary Systems Ir-Os-Rh-C, Ir-Os-Pt-C,
and Ir-Re-Rh-C. The Isocompositional Lines Give the
Carbon Concentration in Atomic Percent.
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From metallographic studies of melied
alloys, the composition of the eutectic surface is indicated in
Figure 73. These compositions a~e less precisely known than the boundory
binary and ternary values; however, they are believed accurate to be within
+ 3 atomic percent carbon.

3

(2) Iridium~Osmium-Platinum Alloys

1.

The data pertaining to the !
solidus temperatures of the iridium-osmium-platinrum alloys with carbon are
cormpiled in Table 10, and are plotted in Figure 74. The metal solution-
graphite eutectic temperatures were generally observed to be slightly lower
than for comparable iridium-osmium-rhodium alloys ; however,the majority

of the eutectic temperatures are in excess of 2100°C,

The X-ray investigations of the qutarary alloy
material showed all of the samf)les to be two-phase, metal solution (fcc) and
graphite. Lattice parameter measurements found the parameters to vary

nearly the same as the metal alloys without carbon additions.

The compositional field in which the
promising alloys lie would be similar to that for the iridium-osmium-rhodium
alloys, i.e. alloys which had . solidus temperatures with carbon
above 2200°C, and have secondary metal addition between approximately 2

to 25 atomic percent.

The estimated eutectic surface composi-
tions are shown in Figure 73. The analysis of this portion of the system was
similar to that described in the preceding section. Typical photomicrographs

from the metallographic investigations are given in Figures 75-77,
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Tablel0, Solidus Temperatures of Iridium ~-Osmium-
Platinum Alloys in the Presence of Carbon
Sample Metal Alloy Composition “Eutectic Temperature
No Ir Os Pt With Carbon, °C
1 90 10 0 2341 125'
2 90 5 5 2255 i25°
3 90 10 2210 + 25*
4 85 10 5 2295 _-0_-_25'
5 85 5 10 2220 + 25°
6 80 20 0 2377125‘
7 80 15 5 2295 + 25°
8 80 10 10 2235 + 25°
9 80 15 21751 25°
10 80 20 2135 +25°
11 75 20 5 2290 + 25°
12 5 15 10 2260125°
13 75 10 15 2240_-1_—_ 25°
14 75 5 20 2125 + 25°
i5 70 30 0 2445 _-_I»_ZS'
16 70 25 5 2340 + 25°
17 70 29 i0 2290 + 25°
18 70 15 15 ZZZOi 25°
19 70 10 20 2128 + 25°
20 70 5 25 (2151)1 25
21 70 0 30 2057 + 25°
22 65 30 5 2366 b 25"
23 65 20 15 2236 + 25°
24 65 10 25 ~2141 + 25°
25 60 40 0 2456 + 25°
26 60 25 15 2257 A 25°
27 60 15 25 2191 + 25°
28 60 0 40 1977 + 25°
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Figure 77, Ir-Os-Pt-C (55/25 5715): Arc-Melted Alloy Showing X400
Primary Graphite in a Metal Carbon Eutectic.

(3) Iridium-Rhenium-Rhodium Alloys

As previously mentioned, the proposed
application of theee alloys is as an interfacial layer between the more oxidation
resistant alloys from the above twc systems and graphite. These refractory
alloys have solidus temperatures with graphite between approxi-
mately 2150°C and 2450°C (Table 11 and Figure 78); their eutectic tempera-
tures are, on the average, 25 to 75°C higher than alloys of similar composi-

tions in the iridium-osmium-rhodium (platinum) systems.

From the X-ray evaluation of the melted
specimens, the majority of the alloys was found to be two phase, (fcc solid
solution + graphite). However, the hexagonal, rhenium-rich phase was
observed at rhenium concentratious of 20 atomic percent and higher; from
this result it can be assumed that the three-phase field, (fcc solid solutions

+ hcp solid solution + graphite), lies at co..centration ranges in the quaternary
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Table il.

The Solidus Temperatures of Iridium-
Rhenium-Rhodium Alloys in the Presence of

Carbon

oy e

Sample Metal Alloy Compusition Eutectic Temperature
| _No Ir Rh Re With Carbon, °C
1 90 10 0 2234 + 25°
2 90 2260 + 25°
3 90 0 10 2345 iZS'
4 85 10 2235 + 25°
5 85 5 10 2310 + 25°
6 80 20 0 2151 + 25°
7 80 15 5 (2170)i 25°
8 80 10 10 2235 + 25°
9 80 15 2380_'!;25’
10 80 20 (2430)+ 25°
11 75 20 5 2210i25'
12 5 15 10 2240125'
13 75 10 15 2330 + 25°
14 75 5 20 2385 + 25°
15 70 30 0 2098 + 25°
16 70 25 5 ~2205 i25°
17 70 20 10 "'2260i 25°
18 70 15 15 2305125'
19 70 10 20 2365125'
20 70 5 25 23951: 25°
21 70 0] 30 2474i 25°
22 60 0 40 2496 + 25°
95
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Figure 78. Solidus Temperatures of Iridium-Rhenium-
Rhodium Alloys in the Presence of Carbon.

{a) Constant Rhodium Concentrations

(b) Constant Rhenium Concentrations

(c) Constant Iridium Concentrations
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section which have rhenium contents greater than 20 atomic percent.

Figure 73depicts the approximate carbon conceniration of the eutectic surface.
The rhenium-richest portion of this figure was omitted since melting, other
than the simplc eutectic-type, is believed to occur in this portion of the eystem
for a third phase (the hcp rhenium solid solution) was observed

in the melted alloys. Resolution of the phase equilibria in this region
was not attempted, because metal alloys which were not single phase were

not of particular interest in these studies.
Similar consideration can be employed
to the selection of the most promising section of the Ir -Re-Rh alloy system

for coating application as were applied to the above mentioned systems.

3. Theoretical Analysis of the Data

A thermochemical analysis of the above data, as wellas o the
data from the existing platinum-metal binary system, was made with the objective
of establishing numerical relations between the melting point depression and
properties of the melt of the component metalc. The analytical approach for
the extraction of the specific parameters is given in the following sections,
and the feasibility of using this data in order to predict the solidus (eutectic)
temperatures between the metal components and carbon is demonstrated. In
the majority of the calculations, an over simplified approach was used in
lieu of a more correct and more rigorous one when the end results appeared
to be reasonable. This procedure, although not strictly correct, is believed
to be justifiable because its straightforwardness makes the theoretical p1edic-
tion of the systems more appealing to those who might be interested in this

group of alloy systems.

The highest order of system treated within this presenta-
tion is the ternary system. higher order systems can also be predicted
using this approach; however, if certain experimental data are not available
(e.g. the solidus temperatures of the metal solution) the calcula-

tions can become somewhat laborous.
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a. Analytical Approach

(1) Metai-Carbon Systems

For the binary metal-carbon systems
two assumptions were made in order to simplify the calculations. These
are as follows:

(a) The solubility of carbon in the
metal phase, and the solubility of metal in the carbon (graphite) phase was
assumed to be negligible.

{b) The liquid phase was defined to
behave regularly.

An exception to (a) has to be made for
the rhenium-carbon system, because an extensive carbon solutioning in the
metal phase is observed.

The first of the above idealizations is
believed to be sufficiently valid for the treatment of the platinum metals,
but the latter is obviously somewhat dubious. However, previous caicula-
tions, making 2 similar simplification, have been performed with reasonable

(47)

BUCC2S8 . Therefore, a more rigorous description of the liquid phase

is not believed to be warranted here.

With the above idealizations, the partial
free energy terms are greatly simplified,and the analysis of the parameters
can be performed with relative ease. The partial free energy terms for the

respective components then can be written as:

S =B6=0=80Y = « (M 4rTIm 4 ac®L ()
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AG° - 36C =0:=7G - e, (X +RT In (1-x¥) + AG (4)

where 'EE': is the relative partial free energy of the 'i' component in the

L is the intcraction parameter for the liquid solution, T is the
absolute temperature { °K), xJ ig the mole fraction of carbon in the'j' phase,
and AG Iy L is the relative free energy of melting of the solid phase to the
liquid state. The unknown in these relationships ic the interaction parameter
for the liquid phase (eL). €

temperature, because at this temperature the equilibriz concentrations

'i' phase, ¢
The evaluation of is best made at the eutectic

of the liquid phase are best known. By equating the proper partial relative molar

free energies at this temperature,the calculation of this parameter can be made.

The enthalpy of fusion for the

metal elements were taken from thermodynarnic values compiled by Hultgren

et al.‘48), and the free energy of fusion for the graphite phase was taken as
Acf')l* = 21,600 - 5.4T cal/gm.at. (5)
. : (47)
which is a value estirnated by Kaufman g

Because of the fact that in the
rhenium-carbon system an extensive so'1bility of carbor in the metal phase
is observed, the assumptions that‘ﬁg = 0O and Ecﬁ = Q cannot be
used. For this case the calculations followed a previous model for evaluat-
ing the free energy of formation of an interstitial solutioning of carbon in a

hcp--pha se( 49) .

From a statistical analysis of
the entropy of mixing, the below equation for the relative free energy of
formation oi the interstitial solid solution results:

1-2x%

x .
AGf = Bx+RT{x In T:x— + (I-X) In 5 (6)
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where the first term arises from the thermal contribution,and the second
from the entropy contribution in which B is a constant to be determined. It

is assumed that the thermal free energy of formation of the solid solution is
proportional to the carbon concentration; the configurational free energy of
formation is therefre,entirely due to the entropy of mixing oi the interstitial
carbon atoms among the available sites. A slight modification of this equation
was made in order to obtain a better fit to the experimental rhenium-carbon
diagram. Here a seccnd constant, A, was added to the equation, and thus the
thermal contribution term becomes A + Bx, The partial molar free energies
for the metal and carbcn components in the terminal hcp (B) solid solution are
then:

'KG:; = A+RT In -1I3_-‘-'x3‘ (7) ;
and
Ef = A+B+RTIn — (8)

The liquid sclution for the Re-C system
was also assumed to behave regularly. The evaluation of the parameters €
A, and B, is again performed by equating the partial molar free energies of
the elemental components in the liquid to those of the solid f-phase at the

eutectic temperature.

The values for the interaction parameters
for the liquid phase resulting from the above described method of analysis
are given in Table 12. The values for the parameters A and B for the rhenium

solid solution were calculated to be 1,250 and 9, 000, cal/gm.atom, respectively.

(2) Metal-Metal Binary Systems

In order to calculate the ternary
Me -Me,-C solidus temperatures, (where Me, and Me, stand for
metals of the platinum family and also fxr rtenium)the b~havior of the boundary
metal binary have to be known. If these systems have not been experimentally

determined, they must be calculated. Since an assumption is made in the
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Table 12. Liquid Interaction Farameter Values Calculated
from the Established Metal-Carbon Binaries.
(Regular Liquid Sclution Behavior)

System € (cal/gm.at.)
Rhenium-Carbon 3,000 + 1,500
Osmium-Carbon 8,000 + 1,500
Iridium-Carbon 7,000 +1 500
_ Rhodium-Carbon -5,800 + 1,500
[ Flatinum-Carbon 5,950 + 1,500

next section which makes the calculation valid cnly for cases which concern

equilibria between the fcc-solid solution, liquid, and carbon phases; only the

. equilibrium between the fcc and liquid phase needs to be dealt with here.

For these metal systems, it is believed
that defining the solid and liquid solutions to behave regularly is sufficiently
correct. The interaction parameters for the fcc-platinum systems can, in
a large number of cases, be calculated from experimentally estabiished data.
} For systems which have not been determined, the interaction parameter for

the solid phase can be estimated by correlating the difference in melting tem-
- peratures of the elemental constituents with the critical temperature of

clesure for the miscibility gap presented by Raub(g) (Figure 79), The inter-

. action parameter for the particular liquid phases were taken as equal to. or

LF‘ somewhat less than, that for the solid phase.

For the isomorphous fcc-metals, the

1#& liquidus and sclidus curves can be calculated by equating the relative partial
. : —-—=a _ === L “<Qo _ ==L
molar free energies (i.e. AG A C AGA and AG B AG B ) and
simultaneously solving for the equilibrium concentration at liquid-solid boundaries.
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For the binary systems involving non-
isomorphous phases {fcc and hcp), an analysis of the existing equilibrium
diagrems wasg performed in order to determine the transitional energies for
the elements from me crystal modificationinto the other. Equating the partials
at the terminal a-B-phase boundaries yields the equation below:

2 2 a
. l-xA(u) -¢‘3 l'xA(p) +RT In ,x_“_‘iﬂ = AG P (9)
A(B)
1800 T
O = Experimentslly Determined
Ir-Pd
A — Predicted
g 1690
[
w
Oy
8- /
g:»__ 1400
B
2%
Ny
3 - QO—Ir-Pt
‘gl:: 1200 3
3 Rh-Pd /

=8 Rh-Pt \0/ ~— Rh-Ir
S f
S 1000 Pd-Pt

800

200 400 600 800

DIFFERENCES IN THE M LTING POINTS IN °K

Figure 79. Correlation Between the Difference in Melting
Points of the Flatinum-Group Metals and the
Critical Closing Temperature of the Miscibility
Gap. (Raub, 1959).

where x is the mole fraction of component A at the 'j' phase's boundary. A

A(j)
similar relation exists for the AGg—)Q value. For these systems, three

separate pairs of two phase equilibria must be calculated in order to determine
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solidus temperatures. However, since only the boundaries of the

a-fcc phase are of interest; {(i.e. the a-L and a-p phase boundaries), the
number of calculations are greatly reduced. Againthe phase Loundaries are
determined by equating the proper relative partial molar fre: energies znd
solving for the equilibrium concentrations.

The available literature dia.grams(lo’ 19,50
involving the platinum metais with themselves, as well as with rhenium, were
evaluated in order to obtain numbers for the transitional energies as well as
for the solid solution interaction parameters arising from describing the solu-
tion as behaving regularly. For the cases at hand, it was assumed that the
interaction parameters for the fcc and kcp solutions were approximately equal
in value. The vaiues for the transition energies for the fcc platinum metals
were found to be in the neighborhood of a2 few hundred cal/gm. atom, e.g. for

iridium AGQ rds = 900 + 200 cal/gm atom. The transitional values for the

hcp-platinum metals (and rhenium) tc the fcc structure were found to be approxi-
mately the same, e.g. for osmium A(}‘3 =~ 800 + 200 cal/gm. atom (Table 13).
Good agreement was not always observed between the phase diagram involving
e ore particular hcp metal with different fcc elements {i.e. between the phase
systemi: Re-Pt, and Re-Rh, and Re-Ir, etc}. This indicates the assumption that
F - the solutions behave regularly is mot as exact a model as might be recessitated; the walues
F calculated using this model should therefore be looked upon with some resenations.
However, this approach is believed sufficiently correct to allow it to be used

in evaluating the solidus temperatures in these systems. As an

T

exampie, the iridium-osmium phase system was czlculated using the param-
eters obtained in this analysis (Table 13), and a good correlation between the

literature system and this system is observed (ccmpare Figures 80 and 9).

Pt et e

{3) Calculation of Metal-Carbon

i -

Solidus Temperatures

Fl P The calculation of the eutectic solidus
temperatures for the binary systems, as well as for two ternary systems
(Ir-Os-C and ir-Pt-C), were carried out in order to demonstrate the feasibility

e

of the thecretical rnethod,
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Figure 13.

Relative Free Energy of Transition {fcc = hcp} for
the Platinum-Group Metals and Rheniom, Along with
tae Approximate Solid Phase Interacticn Parameter
for the Metal Binary System {Regular Soluticn).

Metal Structure AGQ" ﬁ(or AG% °) po-Me €05 -Me
{cal/gm.atom} Icaﬁgm mx(c&m)
Rhenium | 560 + 200 - -
Osmium hep 800 + 200 - -
Rhodium fcc 750 + 200 10,500+2000 -
iridium fce 900 + 200 7500_+_]500 6700+1500
Flatinum fce 650 + 200 5100+1000 -
300¢
<800
e
;E
f’: 2600
B
&
]
2400 f—
a (/3 &’g
2200 L e
l \
2040
i) 20 40 60 80 1Ge

Figure 80. Calculated Iridium-Csmium Phase Diagram.
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The estimation of the binary systems

was performed using the previcusly mentioned assumptions and the above etrarted

parameters (Table 13). These diagrams are given in Figure 81, and as can be
seen, the agreement with the experimentally established system is very good

indeed.

For the ternary systems, the calculations
relied only on the data derived from the metal-carbon and metal-metal binary
systems. Additionz! approximations which were made in order to simplify

the calculations were;

{a) the ternary interaction
parameter for the liquid solution has a linear dependent value between the
end binary system (e.g. for the iridium-osmium-carbon system, € (for a

+ .l¢ = 7,100 cal.

90:10 metal alloy in equilibrium with graphite} = .9 L
Os-C

LIr -C

{b) the system is to be treated as a
quagi-binary system in which the alloy component is assumed to melt con-
gruently, and that the solubility of metal in the carbon phase, and of carbon
in the metal phas« is negligible. The enthalpy of fusion of the alloy is
approximately equal <« 5‘Tf, where AS is the entropy of fusion(AS = 2.3),and T

f
is the melting temperature (°K) of the alloy.

These calculations then can be considered
as treating a series of quasi-binary metal-carbon systems; the estimation of
the solidus te mperatures can be carried out as described for the real
binary systems. One stipulation that is put on this treatment is that the meztal
alloys have to be single phase, sirce fxr the analysis of higher order systems, these

approximations would leas to gross errors.

Figure 82 shows the calculated
solidus temperatures of the two ternary systems which were considered, and
a comparison is made w..h the experimentally obtained solidus tem -~
peratures. Agreement between the curves is very acceptable. However, no

pretense is made that the theoretical treatment is a substitute for experimentally
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Figure 82. Calculated Solidus Temperatures for

the Ternary Systems Iridium-Osmium-Carbon
and Iridinm-Platinum-Carbon.

obtained data. This treatment only allows a relatively quick and economical

method of selecting promising systems which might be of some practical
interest, thus helping to eliminate the expensive "shot-in-the-dark' type of

experimentation.

4, Therrnal Expansion Measurements

The thermal expansion of the seven alloys were
measured in order to define the thermal expansion characteristics of the
metal alloy systems presently investigated. Four alicys were prepared in
the respective binary systems,and one specimen was prepared in each of the
three ternary alloy systems. Figures 83, 84, and 85 show the compositions
of the alloys selected for thermal expansion measurements. These figures also show the
compositional reg °f the alloys for which the thermal expansion characteristics

were estimated on the basis of the experimentally determined values.
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Figure 83. Compositional Field of Iridium-Osmium-Rhodium

Alloys for which the Thermal Expansicn Chacteristics
were Estimated.

® Thermal Expansion Alloys.
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Figure 84. Compositional Field of Iridium-Osmium-Platinum

Alloys for which the Thermal Expansion Characteristics
were Estimated.

@ Thermal Expansion Alloys.
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Alloys for which the Thermal Expansion Characteristics
were Estimated.

@ Thermal Expansion Alloys

The measurements were determined by two separate

techniques, dilatometric and X-ray diffraction. The equipment and procedures

are described under the appropriate heading in an earlier section in this report.

a. Diiatometric Studies
!

These investigations were originally scheduled to
be performéd up to a temperature of 1400°C; however, due to certain prcblems
experienced by the vendor, a system which would only operate to tempera-
tures of 800°C was available for these studies. This was quite ' unfortunate,
since the X-ray studies, which wereperformed earlier were
carried out at a temperature above 1000°C. Therefore, a 200°C gap, rather

than the expected 400°C overlap ,exists in the data.
The investigations were performed on electron

beam melted material which was subsequently homogenized at 1600°C for

6 hours. The samples were approximately 25mm in length and 6 mm in
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diameter. The results obtzined in these studies are given in the next sec-
tion along with the X-ray data.

b, High Temperature X-Ray Diffraction Studies

The eguipment and procedures for these studiee;
&re described under the appropriate heading earlier in this report. Typical
X-ray diffraction peaks from the highest angle reflection measured are shown
in Figure 86. The resolution of the K., -Kaz peak was possible at all tem-
peratures with all of the alloys. The peaks were scanned from high to low
and low to high angles, and the diffractior peaks were measured to better than
3+ 0.01°(28). On the average,the deviation between the individual measure-
ments of the two angles was no greater than + 0.03°(26, which weculd lead te
an approximate error in the lattice parameter of + 0.0005 R or 0.01%.

1)[ 1

lu ) us 0 us 0 m 0 " lu ) 128.0

e 420 CUK ———reeee—Pp
e 420 CuK ——u-p Room Temp.
1800°C

—~

DEGREES 28

Figure 86. Representative X-Ray Diffraction Peaks Obtained Duaring
the High Temperature X-Ray Diffraction Measurement.

[Iridium -Osmium (75/25) Alloy].
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The data from the dilztometric and X-ray studies were
evaluated by an IBM 7064 computer,and the resulting expressions for the co-
efficients of thermal expansion of the alloys zzre given in Table 3; the data
is presented in Table !4, From analysis of these data, it was concluded that
in each of the ternary systems, the expansion characteristics of the unmeasured
alloys fali between the extreme values reported for the particular boundary hinary
alloys. These values are summarized in Figure 8 and are compared to the themal

expansion characteristics d present grades & commercially available graphites.

IV.  DISCUSSION

From the results of these investigaiions,it san be concluded that a
number of alloy combinations show promise tor graphite coating applications.
All of the materials investigated exhibited solidus temperatures with
graphite in excess of 2000°C; the majority had eutectic temperatures of

greater than 2300°C.

The thermal expansion characteristics of the alloys appear to be
"border -line'" in respect to their mechanical compatibility with the present
commercial grades of graphite. However, recent development work has pro-
duced graohites 'vhich have thermal expansion characteristics which closely

(1)

patible with the pressntly investigated irid’um-base alloy materials.

match fthose of pure iridium , ard hencs, this material would also be com-

The results have also indicated that faclors such as the levels of
specific impurities (silicon, boron, etc.) must be closely controlled, other-
wise drastic melting point depression of the coating material will result. It
is probuble that this factor resulted in the low iridium-~carbon eutectic tem-

(1)

perature previously reported in the literature

The final ewaluation o allby material far coating applications cannot how-
.ver be justifiably made with the results obtained in these investigations; this
work only aids in pointing out the most desirable alloy combinations. Numerous
other parameters have to be measured before the optimum coating materials
are selected for these systems; i.e.,adherence to graphite, strength and
ductility. oxidation resistance, etc. are all vital properties which have to be

taken into account.
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Table 14: Thermal Expansion Data from the Dilatometric and
the High Temperature X-Ray Diffraction Studies. ¥

Alloy T(°C) a(°C" x 10) Ailoy T(°'C) o(°C " x 10%
Ir-Re 222 6.34 Ir-Os-Rh 207 6.65
(90/10) 423 6.47 75'12.5/12,5 400 6.55
600 6.83 600 6.88
800 6.85 800 7.19
1009 7 03 1009 7.5
1209 7.56 1209 8.03
1409 7.44 1409 8.08
1509 7.80 1509 8.22
1610 7.91 _ 1609 8.26
1710 8.15 1709 8.56
1810 8.12 1809 8.64
Ir-Os 170 6.34 Ir-Os-Pi 225 7.00
{715'25) 3590 6.12 75/12.5'12.5 411 6.84
480 6.43 605 7.09
660 6.74 810 7.50
790 6.47 1010 7.73
1009 7.12 1210 7.94
1209 7.36 1410 8.46
1409 7.54 1510 8.10
1509 7.58 1610 8.58
1609 7.74 1710 8.69
1709 7.88 1810 8.80
1809 8.09
Ir-Re-Rh 245 6.44
Ir-Rh 130 7.63 75/12.512.5 400 6.45
(75725) 230 7.44 600 6.178
325 7.43 810 7.18
500 7.85 1010 7.08
595 7.54 1210 7.33
1000 8.01 : 1410 7.74
1200 8.55 1510 7.66
1460 8.73 1610 8.03
1510 8.86 1710 8.21
1610 8.87 1810 8.25
1710 8.99
1810 9.44 *X-Ray data for termnperatures
above 1000°C
Ir-Pt 105 7.38
(75/25) 195 7.57 )
300 7.45
485 7.37
665 7.67
760 7.80 ' .
1200 8.29
1400 8.72
1600 9.00
1700 9.30
1800 9.57
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