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FOREWORD

This report was prepared by Nuclear Metals, Inc., Concord, Mass.,
under USAF Contract No. AF 33(616)-7157. This contract was initiated
under Project No. 7351, "Metallic Materials,” Task No. 735101, "Re-
fractory Metals.” The work was administered under the direction of the
Directorate of Materials and Processes, Deputy Commander/Technology,
Aeronautical Systems Division, Wright-Patterson Air Farce Base, Ohio.
Mr. T. Cooper was the project engineer.

This report covers work done from April 1960 to December 1961.

Dr. S. Moll of Advanced Metals Research Corporation, Samerville,
Mass., performed a number of electron microbeams probe analyses for
investigators at Muclear Metals, Inc., and at M.I1.T. The microbeam
probe work helped the phase diasgram determinations to a great degree,
and the investigators wish to acknowledge this help.




ABSTRACT

Data on six binary constitution diagrame¢ and two ternary constitution diagrams
of some of the refractory metals are presented. The binary diagrams include Mo-Os,
Ta-Ir, Ta-Rh, Ta-Zr, W-Ir, and W-Rh; the ternaries are Mo-Hf-Re and Ta-W-Zr.

Care was taken to obtain reliable diagrams. In particular the purity of the

constituents (99.9 percent plus) was protected at all times, and the temperatures
were measured to an accuracy of + 20°C.

This report has been reviewed and is approved.

D Rt

I. Perlmutter

Chief, Physical Metallurgy Branch
Metals and Ceramics Division
Directorate of Materials and Processes
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I.  SUMMARY

A. Constitution Diagrams

The constitution diagrams which have been determined in the phase of the
work detailed in this report are presented below in Figures I:1, 1:2, and I:3.

The four laboratories which cooperated in this research were Nuclear Metals,
Inc., Westinghouse Research Laboratories, and two separate groups at Massachusetts

Institute of Technology, with Nuclear Metals, Inc. as the prime contractor.

B. Experimental Techniques

1. Materials

The purity of all the elements used was at least 99.9 percent. This
purity was enchanced by arc melting, and was considered adequate for this program
in view of the extremely high cost of purer starting stock.

2. Alloy Preparation

The most widely used technique of alloy preparation was non-
consumable arc melting on water-cooled copper hearths, using inert atmospheres.

3. Composition Determination

The primary method of establishing the composition of alloys was the
use of weight balances at various stages of alloy preparation. In addition, direct
chemical analysis, X-ray fluorescence analysis, and lattice parameter measurements

were used when applicable.

4, Temperature Measurement

Optical pyrometry was the principal temperature measurement tech-
nique. The pyrometers used at Nuclear Metals, Inc. and at Westinghouse Research
Laboratories were calibrated at the National Bureau of Standards, and the two
M.I.T. instruments were checked against the NMI instrument using a black-body
cavity. The accuracy of temperature measurement is within + 25°C in neerly all

cases.

5. Phase Boundary Determinations

a. Solidus

Several techniques were utilized to allow direct observation
of a melting specimen and to obtain its temperature reliably. These were con-
sidered less satisfactory than the incipient fusion technique, which was also used.
This technique locates the solidus by metallographic observation of microstructural

changes characteristic of melting.

Manuscript released by authors March 1962 for publication as a WADD Technical

Report.
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Figure 1:2 - Constitution diagrams of tantalum-zirconium

and molybdenum-osmium.
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b. Phase Boundaries

The techniques employed in this work include metallography,
X-ray powder patterns, thermal analysis, and electron microbeam probe analysis.
The basis of all of these techniques is the detection of physical differences,
e.g., in microstructure, crystal structure, or chemical composition, between the
phases present in the various alloy systems. Except for thermal analysis, all
the methods utilized quenched specimens.




I1. INTRODUCTION

A, Background

This report terminates the investigation of some eight binary and ternary
phase diagrams. The program was a continuation of a previous investigation of
phase relationships among various binary gnd ternary combinations of refractory
metals (i.e., metals melting above ~~2000°C). This work was initiated because of
the lack of knowledge of the phase relationships among the refractory metals. Al-
though a number of refractory metal phase diagrams do appear in the literature,
most of these are not reliable because of impure melting stock, inaccurate tem-
perature measurement, inadequate heat treating equipment, and the relatively short
times allowed to attain thermal equilibrium.

It is only in recent-years that the refractory metals have become available
in purities high enough to make the studies of phase diagrams meaningful. Until
recently there was no particular technological need for alloys of these rather
exonic elements; however, current interest in materials for high temperature ser-
vice under adverse stress and environmental conditions has motivated the investi-
gation of alloys of the refractory metals.

Constitution diagrams of various combinations of the refractory metals have
many applications. One of the most direct uses of these diagrams is the prediction
of the physical structures of specific alloys equilibrated at various temperatures.
Since the microstructure of an alloy often dictates, to a large extent, its physi-
cal properties, it is extremely important to know how the microstructures vary with
temperature and composition.

Carefully determined equilibrium diagrams may be useful in the determination
of various thermodynamic functions, as well as in studies of phase transformation
kinetics. In these cases it is frequently the slopes of the various phase boundary
curves that are of major interest.

Reliable constitution diagrams also are valuable in extending alloy theory.
Among the particular concerns of alloy theory specialists are the theoretical pre-
diction of terminal solubilities and the presence and crystal structures of inter-
mediate phases in various alloy systems. In order to develop and test such theories,
reliable phase diagrams are necessary for comparison with the theoretical pre-
dictions. The current lack of reliable diagrams for the refractory metals should
be alleviated somewhat by this program.

B. Approach to the Problem

As in the initial contract period, the four groups participating in
these studies worked, to a large extent, independently of one another. Neverthe-
less, frequent consultations among the member groups were held in order to develop
satisfactory techniques for specific aspects of the program. Such topics as tem-
perature measurem~nt, techniques of compusition determination, and the details of
X-ray analysis were thoroughly discussed among the 1nvestigators.



During the contract period, several meetings were held at which representa-
tives from the participating laboratories presented tentative diagrams, along with
their most recent and significant supporting data. The others present criticized
the work and made suggestions. Individual problems in experimental technique were
often clarified by investigators with specific experience in one or another phase

of this type of research.

C. Organization of Work

Nuclear Metals, Inc., Concord, Massachusetts was the prime contractor
and manager for this work, with the other participating laboratories acting as
subcontractors. Table II:1 gives the diagrams investigated together with the

sites and principal investigators.
*
Table II:1

Systems Investigated, Laboratories and Principle Investigators

Nuclear Metals, Inc. MIT MIT Westinghouse
Dr. E. J. Rapperport | Prof. J, Wulff {Prof. N. J. Grant| Research Labs.
M. F. Swith Prof. J. Brophy| Dr. B.Giessen Dr. A. Taylor
W-Rh Ta-Zr Ta-Ir Mo-0s
W-Ir Ta-W-Zr Ta-Rh Mo-Hf-Re

* Tables and Figures are numbered individually with respect to the sections
in which they appear.

D. Organization of Report

Each of the four participating laboratories has contributed a separate
section in this report. These independent sections give full details on the ex-
perimental techniques and procedures employed by each group of investigators.




III. CONSTITUTION DIAGRAMS W-Rh, W-Ir (Work done at Nuclear Metals, Inc. by
E. J. Rapperport and M. F. Smith)

A. General

Nuclear Metals, Inc. was responsible for the determination of the
tungsten-rhodium and tungsten-iridium binary phase diagrams. Both of these dia-
grams had relatively large terminal solubility at the low-tungsten side with
relatively little solubility at the high tungsten side. The techniques and pro-
cesses employed in the determination of these diagrams are presented in detail

below.
B. Materials

Although the materials used in these phase diagrams are available in
extremely pure forms from Johnson and Matthey Company, the cost of these ultra-
pure materials in the quantities needed was considered prohibitive. Instead,
material of lower purity (and lower cost) was used and the arc-melting procedure
was utilized for some purification. The tungsten employed in this investigation
was specified as 99.9+% pure and was supplied by General Electric. The rhodium
and iridium, both specified as 99.9% pure, were obtained from Bishop and Co. All
the elements were bought as fine powders (-100 mesh) to facilitate uniform blend-

ing and compacting.

The purifying effect of arc-melting on refractory metals has been well
established. This effect is particularly prominent in metals and alloys melted
repeatedly under vacuum or inert atmospheres. While no spectroscopic analyses
were made in this program, a high level of confidence in the final purity of the
alloys seems justifiable in the light of previous experience.

C. Alloy Preparation

The following techniques were employed in preparing alloys for both
systems. An initial series of alloys, at 10 atom percent intervals, was made for
each system by weighing out appropriate amounts of pure metal powders, and mixing,
compacting, vacuum sintering and arc-melting these powders to produce one 25-gram
ingot of each composition. An additional series of composition standards was
made for each system by combining arc-melted pellets of the pure materials. This
technique is described in detail below.

1. Compact ing

Powders were placed in a massive tool-steel die and compacted with
a steel plunger to pressurcs of 30,000 psi. The resuliing compacts were easily
handled although somewhat fragile. Care was exercised during this procedure to
avoid contamination of the compacts by extraneous elements.

(1) References for each section are listed at the end of the section.



2. Sintering

The compacts were plaged in tungsten-lined tantalum buckets, and
vacuum-sintered at approximately 1500 C in order to purge them of adsorbgd gases
and accomplish paztial densification. The final vacuum attained at 1500 °C was
usually about 107" mm Hg, and the sintering process for each batch required less
than one hour. The average weight loss during sintering was of the order of 0.1 gm
for the 25-gm compacts.

3. Melting

Arc-melting was carried out on a water-cooled copper hearth, using
a non-consumable unthoriated tungsten electrode and an inert atmosphere. This
equipment is discussed in detail in Appendix I.

Before melting, the chamber was evacuated and flushed several times with argon,
the final evacuation resulting in pressures of 5 x 107 mm Hg or less. Following
this final evacuation, an atmosphere of purified helium with a small amount of
purified argon was admitted to a pressure of approximately 500 mm Hg to form the
arc-melting atmosphere.

Standard procedure was to melt each sample, turn it over, remelt it, and so
on for a total of 4 to 6 melts. X-ray fluorescent analyses at various locations

in the arc-melted buttons showed that this procedure resulted in good homogeneity.

4., Composition Determination

Quantitative analysis techniques for the combinations tungsten-
rhodium and tungsten-iridium have not yet been developed. Therefore, since the
scope of this program did not include the development of analytical methods, re-
liance was placed on weight-balance calculations, both for alloys to be used in
the study of phase relations and for those to be used as composition standards for
the microbeam probe. By weighing the pure materials, the compacts before and
after sintering, and the final arc-melted ingots, and attributing the entire loss
first to one component, then to the other, the maximum deviation in chemical compo-
sition was obtained for each alloy. These data are preserted for the two binary
systems in Tables I1I:1 and I111:2.

Composition standards were prepared by a slightly different technique from
that used for the initial series of alloys. In particular, the pure elements were
compacted separately and arc-melted in the form of small l-gram pellets. This
had the effect ot puritying the starting materials individually and permitted the
final weighing ot the stock to be carried out with virtvally no handling losses.
The alloys were then made by arc melting together suitable amounts of pellets of
the pure materials, rather than by arc-melting mixed, compacted and sintered
powders. The primary advantage of this technique for alloy preparation is that
it keeps the weight losses during the tinal arc melting to a minimum. Thus the
overall composition uncertainty of the standard alloys is !ess than + 0.25 atom
percent in all cases, and less than + 0.10 atom percent in all but three cases.
Compositions of the standard alloys for the two systems are pgiven in Tables 111:3
and 111:4.



Table III:1

Compositions and Tolerances of W-Rh Alloys

Intended Composition, | Minimum| Maximum | Nominal | Tolerance

4/o Rh 3/o Rh | %/o Rh [ 2/o Rh | #/o Rh
10 6.76 10.20 8.48 sk 02
20 18.75 20.18 19.47 + 0.72
30 26.71 30.77 28.74 s 20103
40 38.37 40.60 39.49 + 1.12
50 48.05 51.07 49.56 ihiallx5.1
60 ~56% 59.37 57
70 68.97 72.07 70.52 An5S
80 79.41 81.30 80.36 + 0.95
82.2 81.96 .| 82.50 82.23 + 0.27
85 84.53 86.48 85.51 + 0.98
90 89.76 91.18 90.47 i ORF
95 94.89 96.14 95.52 + 0.63

* Tungsten electrode melted and dripped into alloy.

Table II11:2

Compositions and Tolerances of W-Ir Alloys

Intended Composition, | Minimum | Maximum | Nominal | Tolerance
/o Ir e T IYe Doa rdfol gt s Tr
10 2.05 10.79 6.42 + 4.37
20 18.11 20.26 19.19 1 1.08
30 24,22 32.61 28.44 + 4.20
40 A 35% 39.11 37
50 49.31 50.72 50.02 + 0.71
60 53.55 60.72 60.14 #0259
70 69.62 70.94 70.28 + 0.66
ViSS 77.42 77.49 77.46 + 0.04
80 79.61 81.18 80.40 + 0.79
L 90 89.86 | 91.33 | 90.60 | + 0.74

* Tungsten electrode melted and dripped into alloy.
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Table III:3

Compositions and Tolerances of W-Rh Composition Standards

Minimum Max imum Nominal Tolerance
®/o Rh /0 Rh /0 Rh /0 Rh
3.89 4.15 4,02 + 0.13
24,17 24.56 24..37 + 0.20
55.30 55.43 55.37 + 0.07
69.76 69.87 69.82 + 0.06
79.77 79.83 79.80 + 0.03
94.76 94.81 94.78 + 0.03

Table III:4

Compositions and Tolerances of W-Ir Composition Standards

Minimum Maximum Nominal Tolerance

a/o Ir a/0 Ir a/o Ir a/o Ir
5.04 5.23 5.14 + 0.10
25.29 25130 25.29 + 0.01
40.56 40.64 40.60 + 0.04

54.61 54.78 54.70 + 0.09

69.12 69.49 69.30 il 19

93.95 94.01 93.98 + 0.03

The inherent disadvantage in this technique is the difficulty of producing an
alloy with exactly the desired composition. On the other hand, although it is
casier to weigh out an cxact predetermined amount of powder, the rather large
losses which attend the melting of powder compacts probibly make it somewhat in-
ferior to the technique of combining pre-melted pellets.

These standard alloys were used by the Advanced Mcials Research Corporation
of Somerville, Massachusetts for electron microbeam probe determination of compo-
sitions of other alloys and of individual phases in alloys. This work is described
in detail in Section F, Alloy Analysis Techniques.
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D. Thermal Treatments of Alloys

1. Preliminary Solidus

Before a reasonable program of homogenization and equilibration
treatments could be planned, it was necessary to make a preliminary determination
(+ 50°C) of the solidus temperatures for the various alloys. Two techniques, the
"tantalum-block" technique and the "tungsten-ribbon' technique, were employed in
the preliminary solidus determinations. These are described below.

The more reliable of the two techniques was the 'tantalum-block" technique,
illustrated in Figure II1:1. The sample to be melted is wired to the tantalum
block, and protected by thoria as shown. The actual measurements of the blocks
used for this purpose were about 2 inches by 1/4 inch by 3/8 inch, and the drilled
sight-holes were about 1/8 inch in diameter and 1 to 1-1/2 inches deep. This
approximated a blackbody cavity whose temperature could be accurately read with an
optical pyrometer, as described in Appendix II. The fixture with the attached
sample was placed in a vertical tube furnace, described in detail in Appendix III,
and observed from above. The projecting portion of the sample was examined as
the temperature was raised in 20 C increments. When the sample melted or changed
shape, the temperature of the tantalum block, as read in the long cavity by an
optical pyrometer, was taken as the melting point, or preliminary solidus, of the

alloy.

The "tungsten-ribbon" technique was used on many of the alloys instead of the
"tantalum-block" technique, because it is much less cumbersome; and although the
temperature measurement is less accurate in this technique, it was considered
adequate for preliminary work. The sample to be melted was placed in a folded
ribbon-type heating element made from 0.002-inch thick tungsten sheet having a
cover with a 1/8-inch hole placed on in such a way that the sample could be seen
through the hole. Although this deviated from blackbody conditions the apparent
melting temperature, indicated by optical pyrometer readings on the surface of the
sample, was usually found to be within 100°C of the true solidus.

More careful detetminatiions of solidus temperatures were eventually made,
using the incipient fusion technique, which is described in detail in Section 4.

2. Homogenization

Many of the alloys used in this program required high temperature
homogenization prior to equilibration treatments at various temperatures. Samples
to be homogenized were loaded in tungsten-lined tantalum buckets and placed in the
furnace. Liners made of tungsten shret were used in order to p.sevent tantalum
pick-up from the heating elements by the alloys.

The containers used were approximately 3-inches long by 1/2-inch in diameter
and the maximum temperature difference along their length was found to be less than
30°C. In most cases the homogenizing temperatures were measured and maintained
with sufficient accuracy to permit the as-homogenized samples to be regarded as
equilibrated at the homogenization temperatures. Homogenization was conducted for
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10 to 15 hours at temperatures about 200°C below the solidus for most alloys;
this wzs generally found to be satisfactory on the basis of metallographic appear-

ance and the sharpness of Debye-Scherrer X-ray patterns.

3. Equilibration

Nearly all equilibration runs were performed at temperatures above
1500°C in the tantalum tube furnace dpscrébed in Appgndlx III. The two lowest-
temperature equilibrations, those at 1300 C and 1385°C, were made in molybdenum-
wound furnaces. For these runs, temperature measurements were made with
(Pt)-(Pt - 10% Rh) and W-Re thermocouples. Measurements of the gradients along the
furnace tubes, and of the fluctuations of temperature with time at a given point
within a tube, yielded an overall accuracy of + 25°C for equilibration temperatures.

Many of the equilibration runs extended overnight and through weekend periods.
During the workday the temperatures were read at approximately one hour intervals.
Such readings sometimes extended well into the night and some readings were ob-
tained on weekends. At other times the furnaces were monitored by the thermo-
couples, or Leeds and Northrup Rayovac Radiation Pyrometers, connected to recorders,
These devices provided excellent checks as to the constancy of temperature within
the furnaces. Except for those runs which were so high as to cause vapor depo-
sition on the sight glasses, the radiation pyrometers proved quite successful as
monitors.

4. Final Solidus

The tantalum-block technique outlined above for prelimirary solidus
determinat ions was considared satisfactory for pure elements and for alloys melt-
ing isothermally. However, for alloys which melt over a wide temperature range,
this technique may yield erroneous results, since such an alloy may not change
shape even though much of it has been melted.

Since most of the alloys do not melt isothermally the technique of "incipient
fusion" was relied upon to give more accurate solidus temperatures. In this tech-
nique, a small sample of homogenized alloy was placed in a thoria crucible and
heated to a previously selected temperature for about 10 minutes. The furnace was
then turned off (radiation quench) and the sample removed and examined metallo-
graphically. If the solidus temperature had been exceeded, the portion of the
sample which melted showed the typical as-cast structure for the composition in-
volved. Since the samples for these experiments were initially in the homogenized
condition, it was usually possible to tell by metallographic inspection whether or
not melting had occurred. The precision to which the solidus of a given alloy can
be determined by this technique is limited mainly by the number ot samples which
are prepared, heated, sectioned, polished and inspected metallographically for
evidence of melting. Since the prellmlnary solidi were known, four aJdltlonal
samples were generally sufficient to establish the true Solldl within about 20°C.
Figure IIT1:2 shows several microstrucutres of the same alloy, including one heated
just below the solidus and another just above it.

14




(a)

Previously homogenized alloy heated to 2150°¢.
No melting has occurred.

e

.r*"Q\—'\

Ny L
t

Previously homogenized alloy heated to 2170 0,
Alloy has begunoto melt. Solidus is between
2150°C and 2170 C.

Figure I11:2 - 70 Yo Rh, 30 %o w alloys, illustrating the
incipient fusion technique for solidus
determination.
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E. Alloy Analysis Techniques

1. Metallography

Metallographic examination was used throughout the program for
studying phase relationships in alloys. Examination of as-cast alloys frequently
helped establish the general forms of the phase diagrams; for example, peritectic
or eutectic type reactions could often be identified by examination of as-cast

alloys.

Metallographic examination of homogenized and equilibrated alloys provided
information concerning phase boundaries, homogeneity of alloys, solid-state
reactions, precipitation, etc. The use of metallography in the incipient-fusion
technique of solidus determination has already been discussed.

Most of the alloys were successfully prepared by polishing through one micron
diamond paste on cloth wheels and etching by the A.C. electrolytic technique
described in Appendix IV. A few were prepared using a Syntron vibratory polisher
and etched with potassium ferricyanide as described in Appendix V.

2. Debye-Scherrer X-Ray Photographs

Debye-Scherrer X-ray patterns were made using a 57.3 millimeter
camera. Patterns were made for all alloys, both in the as-cast condition and
after homogenization and equilibration. These patterns gave valuable information
on the phases present in the binary systems; in particular, their number, identity,
and solubility limits.

The relative sharpness of the lines on the Debye-Scherrer photographs gave an
indication of the degree of homogenization and the efficacy of the annealing treat-
ments. In addition, they allowed approximate phase boundary determination by ob-
servation of the relative intensities of the lines from each phase in a two-phase
field. It was frequently possible Lo bracket a particular phase boundary between
two known compositions, one showing a particular phase in a two-phase pattern, and
the other not showing it.

)2 Electron Microbeam Probe

The electron microbeam probe is an instrument capable of focusing
a beam of electrons on a spot approximately one micron in diameter. These elec-
trons excite X-rays, both "white radiation'" and wavelengths characteristic of the
elements irradiated  The wave lengths emitted by the elements in the spot are
separated by diffraction from an analyzing crystal, and their intensities are
recorded by radiation counters. By comparing the normalized intensity of charac-
teristic radiation from the sample with that from carefully made composition
standards, a quantitative analysis can be obtained for the irradiated spot.

Electron microbeam probe data can be only as accurate as the composition

standards from which the probe is calibrated. The standards for this work were
made very carefully (as previously discussed) and their compositions were very

16




well known. An indication of their consistency and quality is shown by the
composition-intensity plots, Figures III:3 and III:4. These curves show very
little scatter, and were quite reproducible. They are considered accurate to

within 0.5 atom percent.

Data was obtained in two ways from the microbeam probe:

a. Two-Phase Alloys

Phase boundaries can be found by determining the compositions
of the phases in two-phase alloys, by techniques discussed above. The chemical
compositions of the two phases are determined by focussing the electron beam on
each phase and analyzing the excited characteristic radiation in the usual way.
Since the phases are presumed to be in equilibrium with one another, the phase
boundary compositions are equal to the compositions of each of the two phases.

b. Diffusion Couples

In this technique, slabs of two elements (or two alloys) are
placed in intimate contact and allowed to diffuse together. The microbeam probe is
then used to determine the compositions at approximately 10-%-inch intervals across
the diffusion zone and a plot of composition vs. diffusion distance is derived.
Discontinuities in this curve indicate phase boundary compositions. A typical dif-
fusion plot is given in Figure III:5.

4, Thermal Analysis

Thermal analysis was used to determine the eutectoid decomposition
temperature in the tungsten-iridium system. The temperature of the sample was
measured and recorded by a tungsten-rhenium thermocouple and a Leeds-Northrup
Speedomax recorder. The temperature of the furnace was raised or lowered at a
uniform rate by driving the Powerstat shaft at a uniform speed by means of an
electric motor-variable speed reduction combination. Thermal arrests were deter-
mined from the recorder charts by graphical methods.

F. Tungsten-Rhodium Constitution Diagram

1 General

The proposed constitution diagram for the tungsten-rhodium system
is given in Figure I11:6. The data for this diagram was obtained by techniques
already outlined; the diagram is discussed in detail below. In general, good
agreement prevailed among the metallographic, X-ray, and electron microbeam probe

techniques.

2. Presentation of Data
a. Solidus

The solidus temperaturcs were determined in this system by
finding first the preliminary melting points of alloys at 10 2/o increments across

17
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These preliminary solidus observations guided the choice of homogeni-
They were ultimately followed
Addi-

the diagram,
zation and equilibration temperatures for the alleys.
by more accurate determinations, utilizing the incipient fusion technique.
tional alloys were also prepared, and their solidi carefully determined.

A summary of the solidus data for the tungsten-rhodium system is given below
in Table III:5. The solidus in the diagram in Figure III:6 is seen to lie between
the temperatures indicated in Table III:5 for each alloy.

Table III:5

Solidus Data, Tungsten-Rhodium System

Composition Max%mum Temperéture Minim9m Temperature
a/0 Rh Wlthogg Melting MeltlngCObserved
10 ——-- 2275
20 2220 2275
30 2250 2260
40 2220 2250
50 2230 2250
60 2220 2250
70 2150 2170
80 2095 2100
85 2040 2060
90 2020 2050
95 1980 2000

b. Equilibration

Table III:6 summarizes the thermal equilibration treatments
given the alloys in the tungsten-rhodium system, and the number and kind of phases
present for the various conditions of temperature and composition. No distinction
is made between homogenization of as-cast alloys and other equilibration, since
equilibrium is assumed to be achieved during homogenization. In general, the
homogenization treatment was that having the highest temperature shown; all other
treatments having been preceded by this treatment.

c. Composition Limits of Phases

The data which was used to construct the phase boundaries in
Figure II1:6 is tabulated below in Table III:7. All quantitative observations as
to the iocations of phase boundaries are included, and the techniques by which
they were determined are indicated.
22
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Table III:7

Phase Boundary Data in the W-Rh System

Solubility Range (/o Rh)
Tempgéature oM E BRh Technique*
Min. | Max. | Min.} Max.| Min.! Max.
2095 3.5 1
2095 2.9 | 44.5 1
2095 2.5 | 44.1 1
1800 0 3.8 [ 51.7| 81.7{ 83 100 2
1800 3.8 | 51.5 1
1800 5 51.8 1
1645 1.8 | 55 1
1645 3.0 | 54.7 1
1645 55.9 1
1645 0 3.8 | 55.5} 83 84 100 2
1385 0 4 56 81.6 | 86.0] 100 2
1385 4.5 | 53.6 1
1285 5.0 152.8 1
1300 0 4 57 81 85 100 2

* 1: Microprobe analysis of two-phase alloys.

2: Microprobe analysis of diffusion couples.

d. Metallographic Data

The photomicrographs of Figures III1:7 and I1I:8 are repre-
sentative of the types of structures present in binary alloys of the W-Rh system.
The as-cast microstructures give the initial evidence as to the type of solidifi-
cation reactions involved (later verified by solidus measurements); the homo-
genized microstructures show the typical condition of samples analyzed for equi-
librium phase relationships by Debye-Scherrer analysis and by the microbeam probe.

3. Discussion
The foregoing presentation of data is felt to justify the diagram
as shown in Figure I1I1:6. Theooverall temperature accuracy, except where otherwise
indicated, is plus or minus 25 C; and compositions are accurate to within 1 atom

percent for solid lines and within 5 atom percent for dotted lines.
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Figure IIL:7 - Microstructures of tungsten-rhodium alloys.
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A-4086-4

40 /o Rh, 60 /o W, as-arc-melted.
Dark phase is alpha tungsten, which
surrounds particles of primary
epsilon.

o -

- -:".x \0—-‘.-“‘ ' & -t
(&) A-4086-5

40 a/o Rh, 60 a/g W, equilibrated
28 hours at 2095 C.

500X (b) A-4086-4a

Same alloy as (a). Higher magnifi-
cation clearly shows divorced
eutectic. Some normal eutectic is
also evident,

A-4001-2a

150X (d)

50 #/o Rh, 50 “/o W, equilibrated
200 hours at 1800°C.

Figure III:8 - Microstructures of tungsten-rhodium alloys.
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Several unsuccessful attempts were made to determine the boundaries of the
two-phase epsilon plus beta-rhodium region. It will be noted that Debye-Scherrer
analysis of the 85 a/o Rh alloy indicates the presence of only beta-rhodium in the
as-cast condition, and of only epsilon after 200 hours at 1800°C. The microbeam
probe also could detect only one phase in this equ111bra5ed alloy. However, the
Debye Film of a specimen homogenized for 8 hours at 1800 C (initially in the as-
cast condition) shows both the epsilon and the beta patterns. The 8-hour treatment
was considered insufficient for equilibration since the Debye pattern was not as
sharp as is normal for equilibrated alloys.

Several effects may be responsible for these inconsistencies. In partlcular
the microbeam probe indicated that an alloy initially containing 82.2 + 0.3 /o Rh
(in the as-cast condition, ,as calculated by weight balances) contained only 78 /o
Rh after 300 hours at 1645 C, and then consisted of a single phase only. It may
be that rhodium was lost by vaporlzatlon durlng vacuum heat treatment; this could
explain the change in structure of the 85 /o Rh alloy from beta to epsilon. Also,
since the composition difference between the two phases appears to be very small,
the sensitivity of the microbeam probe may be insufficient to resolve the composi-
tions of the individual phases. Additional work in this area seems desirable,
although diffusion-couple data can be used to define the solubility limits ade-
quately for present purposes.

Generally speaking, good agreement exists between the present results and
those of prior investigatioms. Raub(2) makes the general statement that rhodium
and iridium, when alloyed with the body-centered cubic metals of group VI A, form
a c.p.h. intermediate phase having the characteristic structure of the close-packed
hexagonal metals of groups VII and VIII. The present work bears this out, both in
regard to the W-Rh system, ani in the W-Ir system which is discussed in the next
section. The results of Greenfield and Beck(3) are also verified by those presented
above.

G. Tungsten-Iridium Constitution Diagram

1. General
The proposed constitution diagram for the tungsten-iridium system
is given in Figure III:9. The data for this diagram, obtained by techniques pre-

viously discussed, is presented below.

2. Presentation of Data

a. Solidus
Preliminary solidi were determined from as-cast alloys, and

more careful determinations were made following suitable homogenization. The
solidus data from which the diagram was constructed is given in Table III:8.

27




ainjosadwa |

dO

‘mweiBeTpP UOTINITISUOD WNTPTIT-uld3lsBuny - §:111 °2in3T1g
WNIpUT juadisad J1woly
41 o6 o8 0oL 09 oS o og oz Ol
| T
_ | _ ! | | | |
e \[ 4 1o |lo | | _an}
_ | |
[— H_ 34+ MD -
adnos  uoisnyyig i
i woiy Alppunog 3soyd x I 1
000¢ b—- ¥ ®0x Ko||ly @soyd-z w} |® @ e X1
- woJy AJopunog asoyd 0O _—
pajjswun Aojly @ _
= Paisw Aoy w ——— —=i_-
g asDy4 om) @ et . G¢ 02,0181 | v
b= 4 asoud sibus o ’ |
00se +— i \
L o \
T+ 118
o]e]e} o]
|
L 18+
-
/ 0,60¢¢
00S% = gi¢z m
- \ 0, 00t¢]
| \ T+ gd% 2
* | N T 1 T {0 W (o T
06 (0]°] 0oL 09 0s ot (o] 02 Ol
WwnipuT Juddiag jyblap

oov|

009l

008

000¢

0022

00ve

0092

ainyoiadway

:)O

28




b. Equilibration

The equilibration treatments given to tungsten-iridium alloys
are summarized in Table III:9, along with the phases present in the equilibrated
alloys. The homogenization treatment for each alloy is that of the highest tem-
perature shown. This treatment preceded all subsequent equilibrations and was the

first treatment given to the as-cast alloys.
Table III:8

Solidus Data - Tungsten-Iridium System

Composition Max%mum Temper?ture Minim?m Temperature

WS i WLthoucheltlng Meltlngogbserved
10 EE=E 2850

20 2485 2550

25 ., 2535 2685

30 2440 2480

40 2460 2490

50 2450 2480

60 2400 2430

70 2330 2355

80 2270 2310

90 2295 2340

100 2370 2385

e Composition Limits of Phases

The data from which the phase boundaries in Figure III:9 were
constructed is tabulated below in Table III:10. The composition ranges of the
phases at various temperatures are listed, as are the techniques by which the data

was obtained.

d. Metallographic Data

The photomicrographs below in Figures III:10 and III:1l show
representative structures of W-Ir alloys. The individual captions of the photo-
mic rographs discuss the structures shown in relation to the phase diagram.
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Table III:10

Phase Boundary Data in the Tungsten-Iridium System

Solubility Range, #/o Iridium
Tempgéature oW o] E BIr Technique*
Min.| Max.| Min. | Max.| Min. | Max. | Min. | Max.
2110 0 \ 5 21.5| 26.0| 41.0| 76.0} 80 100 2
2095 3.5 | 21.0) 23.5| 38.7 1
2095 3.8 | 21.0] 24.1 40.1 1
1800 4.1 | 22.5 43.8 1
1800 2.6 | 23.4 1
1800 0 4.0 - - 44.0177.0| 80 100 2
1645 3 1.8 - - 43.0176.1( 81.0 1
1645 0 E 2.5 - - 47.0175.0| 80.5| 100 2
1385 : 3.5 - - 44 .0 1

* 1: Microprobe analysis of two-phased alloys.

2: Microprobe analysis of diffusion couples.
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(a) A-4086-15 150X Bt. Lt. (b) A-4086-16

10 /o Ity 90 a/8 W, equilibrated
24 hours at 2300 C. Alpha-tungsten
in sigma matrix.

10 %/0 L, 90 4o W, as-arc-melted.
Cored alpha-tungsten plus sigma.
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e o LA SRR T L
R e ¥

150X Bt. Lt. (c) A-4001-4b 150X Pd. Lt. (d) A-4001-6a
25 a/o Ir, 75 a/oow, equilibrated
200 hours at 1800 C. Untransformed
sigma plus fine epsilon precipitate.

10 %/o Ir, 90 %o W, equilibrated
200 hours at 1800°C. The sigma
matrix has transformed eutectoidally
to alpha plus epsilon, and some
additional epsilon has precipitated
in the primary alpha.

Figure II1:10 - Microstructures of tungsten-iridium alloys.
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150X Bt. Lt. (a) A-4001-7b 150X Bt. Lt. (b) A-3033-7a

37 a/o Ir, 63 a/o W, equilibrated 54.7 a/o Ir, 45.3 a/o W, as-arc-
200 hours at 1800°C. The sigma melted. Single-phase (epsilon)
phase in the eutectic has decomposed alloy prepared as composition
eutectoidally. Also, some alpha standard.

has precipitated in the primary

epsilon.
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150X Bt.Lt. (c) 150X Bt.Lt. (d) A-4086-20b
80 %/o Ir, 20 2o W, as-arc-melted. 80 %/o Ir, 20 Vo W equilibrated
Cored beta-Ir. 200 hours at 1800°C. Twinned

and/or ordered epsilon.

Figure 171:11 - Microstructures ot tungsten-iridium alloys.
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e. Thermal Analysis Data

The eutectoid temperature was detelmlned finally by thermal
analysis, having been confined to the vicinity of 1800°C by equilibration runs and
by Debye-Scherrer analysis. A tungsten-rhenium thermocouple was used, as previously
discussed, to measure the temperature, its output being used to drive a Leeds-
Northrup Speedomax Recorder. Three runs were made, using a specially prepared
alloy containing 25.29 + 0.01 8/0 Ir. Temperatures were recorded both on heating
and on ccoling, and the thermal arrest temperatures determlned graphically from
the chart. All of the arrests fell between 1790 and 1830°C. The invariant tem-
perature is therefore taken as 1810 + 20°c.

3. Discussion

The constitution diagram of Figure III:9 is felt to be complete and
accurate within the limits of the present data. Overall accuracies are as indi-
cated in the discussion >f the W-Rh system, i.e., plus or minus 25°¢ except where
otherwise indicated; plus or minus 1 atom percent for solid lines, and plus or
minus 5 atom percent for dotted lines.

During the course of the solidus determinations, the melting point of pure
iridium was checked and found to be soie 75°C lower than the previously accepted
value of 2454°C. This disparity was first noted by B. C. Giessen of M.I.T., and
verified independently at Nuclear Metals on material from the same source.
Giessen's results are presented in the section on the tantalum-iridium system.

For the purposes of the W-Ir system, iridium was found to remain unmelted at

2371° C, and Lo melt completely at 23850C Its melting point is therefore taken

as 2378 i 10°C. It should be pointed out that the uncertainty in the sigma de-
composition temperature overlaps the temperature variation of the 1800 C equili-
bration treatment; that is, the phases present in the alloys and diffusion couples
could be characteristic of temperatures as high as 1825°C or as low as 1775 C, and
the eutectoid temperature is probably bel“\vn 1790°C and 1830°C. This exnlalns the
absence of the sigma phase from the 1800°C diffusion couple and the 10 and 40 a0
Ir alloys, its presence in the 25 “/0 1r alloy, and the presence of three phases

in the 20 /o Ir alloy. (See Table ILI.9)

Areas which merit further attention in this system include the solvus at the
high-tungsten end of the diagram, the solidus between 20 and 40 /o Ir, and the
breadth of the sigma phase at several additional temperatures.

The extent ol solubility of iridium in tungsten seems to be a particularly
difficult quantity to measure tor a number ol reasons. First of all, the micro-
beam probe is quite insensitive in this composition range, giving rise to a
rathier large scatter in that data. In addition, iridium has very little eftect

on the lattice parameter of tungsten  The alpha-tungsten Debye lines of a 20 10
Ir alloy (which also contains sigma) tall at the identical positions as those for
pure tungsten This minimizes the possibilities both of lattice parameter extrapo-
lation and microbeam probe analysis as techniques for determining the solvus. It
will probably be necessary ultimately to prepare a series of alloys at close
composition intervals (say 2 /o), and then bracket the solvus by heat treating

the alloys at a series of temperatures and identifying the phases present by X-ray

and metallographic analyses.
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APPENDIX I: ARC MELTER

In this work, Nuclear Metals, Inc. has used a newly constructed nonconsumable
electrode arc melter. This arc melter has a water cooled copper hearth with seven
depressions in it,

The arc melter has a power source that will deliver up to 1,000 amps at
40 volts D.C. This power supply is equipped with a high-frequency, high voltage
arc starter which permits the arc to be started without touching the electrode to
the hearth or the specimen.

The hearth chamber is approximately 14 inches in diameter by 16 inches high
and is evacuated by a Consolidated Vacuum Corp. MC-275 diffusion pump with a Cenco
Hypervac mechanical pump. This pump arrangement has a liquid nitrogen cold trap
between the diffusion pump and the hearth chamber and permits evacuation to
pressures as low as 5 x 107° millimeters of mercury.

The arc melter has a gas purification train as auxiliary equipment. Helium
or argon is passed through zirconium chips at 800 C and tantalum chips 600 C be-
fore being used as an arc-melting atmosphere. This equipment is also fitted with
an auxiliary liquid nitrogen cold trap (not used in purifying argon since that gis
boils at a higher temperature than nitrogen).
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APPENDIX II: OPTICAL PYROMETRY

Since nearly all temperatures encountercd were well above IOOOOC, optical
pyrometry was the most suitable technique for temperature measurement. The instru-
ment used was a Leeds and Northrup Company portable pyrometer (Catalog No. 8622-C),
which had been calibrated at the National Bureau of Standards over the temperature
range 8§00 - 4000°C. The maximum temperature uncertainties over this range are
given in Table II1:11 below.

Table III:11

Accuracy of National Bureau of Standards Pyrometer Calibration

(Leeds and Northrup Pyrometer No. 776555)

T — Maximum
Scale % Egc) s Uncertainty

(°C)

Low 800 + 4
High 1100 + 3
X-High 2800 + 8
XX-High 2500 + 12
3200 + 15
4000 + 20

The pyrometer was calibrated by measuring the pyrometer bulb current as a
function of temperature (referved to black body radiation). In service, the fila-
ment current was measured by determining the voltage drop across an accurately
known resistance in series with the bulb. Calibration of the bulb filament current
results in more reliable temperature measurement than can be obtained by calibrating
the temperature scale of the instrument directly. Black body radiation was
approached for all critical temperaturc measurements in this work. The criteria
for the geométry of cavitivs necessary to obtain black body radiation were taken
from DeVas(%4) .

Twenty-four new pyrex sight glasses of the same batch and the same thickness
were ordered for this work and the transmittence temperature correction was deter-

mined experimentally tor these ylasses. This was dene by inserting multiple thick-
nesses of the glass into the liwht path of the pyrometer and reading the apparent
temperature as a function of plass thickness. Using a number ot glass discs the

same thickness allowed extrapolation back to a single thickness. Hume—Rothery(S)
and others have pointed out that the sight-glass correction is directly propor-
tional to the square of tle absolute temperature. The experimental procedure out-
lined above allows the constant ot proportionality to be determined experimentally
for given sight-glass optical properties.
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One problem of considerable importance at temperatures above 2000°C is the
deposition of metal vapors on the sight-glass. These deposits behave as filters,
effectively changing the transmittence characteristics of the sight-glass. The
technique used at NMI to avoid this difficulty was to insert an additional piece
of glass held in a steel carrier, between the sight-glass and the sample. This
second piece of glass was kept in the path, shiclding the external sight-glass
while permitting visual observation of the sample. Then when a temperature
measurement was to be made, it was moved out of the path by means of a magnet, thus
allowing direct readings of the sample through the clean sight-glass. This tech-
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