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STUDY OF IRIDIUM AND IRIDIUM~-TUNGSTEN ALLOYS FOR
SPACE RADIOISOTOPIC HEAT SOURCES

C. T. Liu and H. Inouye

ABSTRACT

The physical and mechanical properties of iridium and
iridium-tungsten alloys containing up to 4% tungsten have
been evaluated as potential cladding materials in space iso-—-
topic heat sources. The iridium~tungsten alloys are readily
fabricable and are compatible with graphite, low-pressure
oxygen, and simulated heat source environments up to at least
1300°C. The solubility of oxygen and carbon in the alloys
appears to be quite low — at a level of 5 ppm for oxygen and
10 ppm for carbon up to 1300°C. The Ir-2% W has good
oxidation resistance below 1000°C. No internal oxidation or
grain-boundary penetration has been observed in this alloy.
Also, alloying with 27 tungsten raises the recrystallization
temperature of iridium by 400°C and retards the grain growth
at high temperatures.

Tensile properties of iridium and iridium—-tungsten alloys
were determined as a function of test temperature up to
1400°C. Alloying with tungsten increases the yield strength
and slightly lowers the ductility. The ductilities of the
alloys increase steadily with test temperature. In connection
with this increase, the fracture mode changes from grain-
boundary separation to transgranular fracture at temperatures
around 800°C and finally to ductile rupture with close to
100% reduction in area above 1000°C. The Ir-2% W alloy has
the best toughness, because of its high strength and good
ductility at 1370°C. The yield strength and fracture
behavior of iridium and iridium-tungsten alloys were found
to be very sensitive to trace impurities with concentrations
in the ppm range.

INTRODUCTION

The radioisotopic fuel used for space power systems must be clad
in a highly reliable material, not only to contain the fuel for normal
operation for several years, but also to survive potential accident con-
ditions such as launchpad abort, aerodynamic heating on reentry, high-
velocity impact, and the postimpact environment. Advanced heat sources
require fuel-cladding temperatures ranging from 800 to 1400°C.. The
environment of these heat sources generally consists of helium and/or
argon plus low-pressure active gases derived from decomposition of the
oxide fuel and from the outgassing of graphite and insulator materials.
This environment limits the use of refractory alloys such as niobium-
and tantalum-base alloys, which readily pick up the gaseous impurities,
resulting in severe degradation of their mechanical properties.l’2



The noble metals are currently the only cladding materials capable
of meeting the requirements of advanced heat sources. Iridium and its
alloys appear suitable for service up to 1400°C, and platinum alloys
appear suitable for temperatures between 800 and 1100°C. The alloy
Ir-0.3%Z W is currently used as the fuel-encapsulating material in the
multi~hundred-watt (MHW) heat sourceS operating at 1330°C. Iridium was
selected as the base material because of its high melting point, oxidation
resistance (below 1000°C), and compatibility with PuO, fuel and graphite
up to 1500°C. Tungsten, at a level of 0.3 wt %, is added in order to
increase the recrystallization temperature and improve the sheet fabrica-
tion of iridium. A detailed description of the production of Ir-0.37 W
sheets and disks for fuel cladding in the MHW heat source has been
reported recently by Braski and Schaffhauser.”

As a part of a general research and development effort in support
of space radioisotopic heat-source programs sponsored by the Division of
Nuclear Research and Applications, Energy Research and Development
Administration, we have been studying the physical and mechanical prop-
erties of iridium~tungsten alloys. The objective of this study was
threefold:

(1) To characterize the physical and mechanical properties of
iridium in order to obtain a better understanding of the
metallurgical factors controlling these properties.

(2) To characterize the Ir-0.3% W sheet material used for the
production of MHW postimpact containment shells (PICS) for
space flight missions. The properties of Ir-0.37 W alloy
are not well characterized from lot to lot.° Thus, this
study emphasized the determination of lot-to~lot or heat-
to-heat variations in properties.

(3) To develop iridium—tungsten alloys with suitable properties
for fuel encapsulation in advanced heat sources.

In the present work, iridium alloys containing up to 4% tungsten
were prepared and fabricated into 0.05 to 0.08~cm-thick sheets. The
test program described below involved the determination of formability,
recrystallization and grain-growth behavior, air oxidation, tensile
properties, and compatibility with graphite and/or low-pressure oxygen.

ALLOY PREPARATION AND FABRICATION

Alloy Preparation

The starting materials used for preparation of iridium and iridium-—
tungsten alloys were obtained from different sources, including the U.S.
Office of Emergency Preparedness (OEP), Matthey-Bishop (MB) Inc., and
Engelhard Industries (EI). The chemistry of these materials (listed
in Table 1) was determined by spark-source mass-spectrometric (SSMS)
analysis.

OEP Powder

The iridium powder used to prepare the MHW PICS and most of the
iridium-tungsten alloys was obtained from OEP in 40~ to 60-kg shipments.



Table 1. Chemical analysisa of iridium and iridium-tungsten alloys
Starting material Alloy sheet
Element Ir powder Ir plate, W Ir Ir-0.3% W Ir-0.5% W %W 2% W 8% W
]
w? W we® g-744 ~ powder  EB We We Ir-33 fr-19 Iz-15  Ir-38, Tr-39 0 2%
SSMSfLanalzsis
Al 4 1 0.5 70 4 2 2 5 3 1 3 1 2
B 0.5 0.6 0.1 1.4 0.1 0.2 0.5 1 0.2 <1 0.2 1
Ca 20 60 5 30 2 6 0.1 2 6 6 0.1
Co 0.3 0.1 0.3 2 0.1 6 0.1 0.1 0.1 1 6 0.1
Cr 0.8 1 2 100 20 3 30 5 2 10 3 3 2.0
Cu 4 2 3 30 8 5 3 1 0.3 1 1 3 0.3
Fe 8 10 5 400 10 5 3 15 10 15 20
Hf <0.4 4 <0.4
K 20 20 5 <0.6 0.2 6 3 3 2 6 6 3
Mg 3 10 1 5 2 0.4 0.4 1 0.3 <0.4 <1 <0.4 0.3
Mn 0.8 1 1 3 2 0.1 0.3 0.1 0.1 0.3 1 0.3 0.1
Mo <3 0.3 3 30 20 3 10 1 3 20 10 10
Ni 0.3 2 1.5 50 0.1 1 1 0.3 1 1 1 3
Os 0.4 <0.4 <0.4 <0.4
P 0.1 0.5 0.1 0.3 0.1 0.3 0.1 0.1 0.1 1 0.1 0.5
Pd 60 2 1 20 0.2 <0.2 <0.2 <0.2
Pt 10 100 1 1 30 1 1 40
Re <0.5 <0.5 50 <0.2 <0.2 3 6
Rh 15 80 50 150 15 2 20 2 20 1 2 5
Rn 15 3 150 20 20 7 200 50 20 7
Si 8 30 10 60 6 3 100 5 10 3 30 30 30
Sn 10 0.2 <0.2 <0.2 <0.2
Ta 0.8 <3 1 10 30 3 10 10 100 30 3 30
Th 10 100 10 <0.1 1 1 <0.1
Ti 2 <5 <3 5 3 15 <3 5
v 1 0.1 3 20 1 3 3 0.3 10 1 3 1
Y 0.3 3000 M 100 4000 3000 v5000 ~10,000 >10,000 >10,000 >20,000
Zn 3 1 0.1 <0.1 0.1 1 0.1 <0.1
Zx 0.1 1 20 0.3 5 0.3 0.3 300 1 1
Br 3 <0.1 <0.1 10 <0.1
S 10 10 5 7 20 4 1 3 15 1
C1 30 20 8 3 6 5
Carbon and vacuum fusion analysis

0 10 5 3 8 9 2
N 1 1 1 1 2 1
H 1 1 <1 1 1 <1
C 5 9 5 11 8 18

%n parts per million by weight.

b

Matthey Bishop, Inc.

®HC and WG are designations of iridium powder shipments of the U.S. Office of Emergency Preparedness.
refers to the sequence of the shipment.

d

S~74 — an Ir-0.3% W plate supplied by Englehard Industries.

®EB — designation for the iridium sheets prepared from Matthey Bishop iridium powder.

fépark—source mass-spectrometric analysis,

The second letter



Each shipment of powder was designated as WA, WB, WC, etc., where the
consecutive alphabetic letters refer to the sequence of the shipment of
iridium powder. The chemistry of WC and WG powders as listed in Table 1
shows no major difference between them. The OEP powders are quite pure;
their total impurities are around 300 ppm by weight after a washing
treatment.

MB Powder

The chemistry of the iridium powder purchased from Matthey Bishop,
Inc., is also listed in Table 1. The MB powder is relatively pure and
contains a total of about 200 ppm trace impurities. Iridium sheets
prepared from this powder are designated EB.

EIl Material

The 0.051-cm—thick iridium sheet (8-69) and 0.32-cm-thick iridium
(8-65) and Ir-0.3%Z W (S-74) plates were purchased from Engelhard Indus-
tries. The EI material contains much higher levels of impurities, as
shown in Table 1. The Ir-0.96% W (Ir-19) and IR-1.92% W (Ir-15) alloys
were prepared from the EI material S-74.

Melting and Casting

Tungsten in powder form (with chemistry also in Table 1) was used
to prepare iridium—-tungsten alloys for improving its dissolution and
minimizing its segregation. The tungsten powder was blended thoroughly
with the iridium powder and cold-pressed into 70 to 150-g rectangular
compacts. The pressed compacts were sintered in hydrogen at 1000°C for
1 hr and in a vacuum at 1500°C for 4 hr. The sintered iridium-tungsten
compacts were then electron-beam-melted several times and cast into
rectangular-shaped buttons with dimensions of 0.8 x 2.5 x 5.1 em (Fig. 1la)
or drop cast into rectangular—-cross—section ingots 1.91 x 1.91 x 5.40 cm
(Fig. 2). The 150-g alloy buttons were used for initial alloy develop-
ment studies, and the 400-g ingots were used for the scale-up study.
Table 2 lists the composition and preparation of the alloys studied. The
heat designated EBP-19 was originally prepared from pure iridium powder,
however, its sintered compacts picked up 0.09% tungsten during heat
treatment in a tungsten-mesh furnace under poor vacuum conditions
(1072 Pa). The Ir-0.3% W sheets are the current PICS material for the
MHW heat source; their detailed preparation and fabrication have been
reported by Braski and Schaffhauser.“ The alloys containing up to 4%
W were processed into sheets. Alloys with more than 47 W were not
processed because of their poor oxidation resistance and tensile
ductility.
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Fig. 1. Iridium-tungsten alloy buttons and plates. (a) Alloy
buttons clad in molybdenum frame. (b) Alloy plates after 65% breakdown
rolling at 1200 to 1300°C; A, Ir-1.92% W; B, Ir-0.5% W; C, Ir-0.1% W.



Fig. 2. Electron-beam-melted and drop-cast Ir-1.92% W alloy ingot
and head, and fabricated sheet,

Sheet Fabrication

The as-cast alloy buttons or ingots were first cleaned in a solution
of aqua regia plus 15% HF solution for about 30 min and weve next clad
in molybdenum jackets and sealed by electron beam welding. The assemblies
were then rolled between 1200 and 1300°C under a partial argon atmosphere
with 10 to 15% reduction per pass and an 8- to 10-min reheating period.
Hot rolling was stopped after 65% reduction, and the plates (about 0.25 cm
thick) were cleaned electrolytically in KCN solution. Figure 1 shows the
alloy buttons clad in the molybdenum frame and shows the alloy plates
after breakdown rolling. The alloy plates exhibited a lumpy surface
characteristic of a highly deformed grain structure, but no edge or
surface cracks were observed.

After breakdown rolling, the alloy plates were recrystallized in a
vacuum between 1200 and 1400°C for 1 hr. The recrystallized plates
were wrapped in a loose-fitting molybdenum cover sheet and rolled to 0.6~
to 0.8-mm~-thick sheets between 900 and 1100°C. The higher rolling and
heat-treatment temperatures were used for the alloys containing higher
tungsten contents. The finished iridium—tungsten sheets were removed
from the molybdenum cover sheet and again cleaned electrolytically. The
finished sheets generally exhibited some minor edge cracks, their number
and degree increasing with tungsten contents above 2%. Figure 2 shows the
good quality of Ir-1.92% W sheet fabricated from a drop-cast ingot.



Table 2. Alloy composition and preparation

Alloy Heat or Starting Alloy preparation Ingot
co?iis§§ion nu;EZr miiiii:? Melting Casting wt (g) Size (cm)
Ir EBP-21 WA powder EBY Drop 400 1.91 x 1.91 x 5.4
Ir EB MB powder EB Drop 320 1.91 x 1.91 x 5.4
Ir-0.09 W EBP-19 WA powder EB Drop 400 1.91 x 1.91 x 5.4
Ir-0.1 W Ir-32 WC powder EB Regular 150 “vj,8 x 2.5 x 5.1
Ir-0.3 W WC, NCR WC powder EB Drop 400 1.91 x 1.91 x 5.4
WD WD powder EB Drop 400 1.91 x 1.91 x 5.4
WE, WCR WE powder EB Drop 400 1.91 % 1.91 x 5.4
WG WG powder EB | Drop 400 1.91 x 1.91 x 5.4
Ir-0.5 W Ir-33 WC powder EB Regular 150 “v0.8 x 2.5 x 5.1
Ir-0.96 W Ir-19 S-74 plate EB Regular 150 vJ.8 x 2.5 x 5.1
Ir-1.92 W Ir-15 S=74 plate EB Regular 150 3.8 x 2.5 5.1
Ir-38, 39 WC powder EB Drop 400 1.91 x 1.91 x 5.4
Ir-3.84 W Ir-29 WC powder EB Drop 150 ~0.8 x 2.5 x 5.1

aElectron beanm.



The iridium-tungsten alloy sheets were chemically analyzed by
various methods after being recrystallized at 1500°C for 1 hr. Atomic
absorption amalysis indicated that sheets Ir-15 and -39 contained 1.91%
tungsten, which is very close to the nominal content of 1.92% W. The
SSMS analysis in Table 1 shows that the total trace impurities in alloy
sheets are lower than those in their starting materials, indicating
purification of iridium by electron-beam melting. The impurity content
in the alloy sheets prepared from OEP and MB iridium powders is dis-
tinctly lower than that in the sheets produced from the EI material.
The interstitial content in these electron-beam-melted alloys is quite
low, as shown in Table 1. The oxygen and carbon contents are less than
10 and 20 ppm, respectively, and the hydrogen and nitrogen contents are
negligible,

Forming

The Ir-1.92% W sheets produced from drop-cast ingots Ir-38 and -39
were fabricated into hemispheres and capsule assemblies to demonstrate the
fabricability of iridium-tungsten alloys. Four disks were cut from the
sheets by Elox electrical discharge machining and ground to the final
dimensions, 6.03 cm in diameter by 0.0645 cm thick (Fig. 3). Dye
penetration and ultrasonic inspection of the disks showed no areas of non-
bond, such as laminations or porosities. The disks were heat treated
for 1 hr at 1150°C and formed successfully at 800°C at Mound Laboratory.®

A part of the alloy sheet was further rolled from 0,081 to 0.058 cm
thick for capsule fabrication. Rectangular blanks were cut from the
sheet stock and formed over a mandrel to right circular cylinders. The
blanks cracked during cold-forming but formed readily over the mandrel
when heated with a torch in the range of 600 to 800°C. The warn-formed
cylinders were then electron-beam~welded and ground to final dimensions,
1.407 cm outside diameter by 2.159 cm long by 0.0381 cm thick. Disks and
end 1lids were stamped directly from the sheet stock. The four complete
sets of capsules delivered to Donald W. Douglas Laboratory are shown in
Fig. 4.

MICROSTRUCIURE, RECRYSTALLIZATION, AND GRAIN-GROWIH BEHAVIOR

The iridium~tungsten sheets produced by warm rolling between 900
and 1100°C had essentially a fibrous structure (Fig. 5). A few small
recrystallized grains were occasionally observed in iridium containing
less than 0.3% W. The sheet specimens of iridium-tungsten alloys were
heat treated in vacuum for 1 hr at temperatures between 700 and 1600°C
to study their recrystallization and grain-~-growth behavior. The
recrystallization temperatures (TR) were determined metallographically,
and the results were presented in Fig. 6 as a function of tungsten
content. Recrystallization of unalloyed iridium (EBP-21) starts at
800°C and is complete at 950°C. The recrystallization temperature
increases sharply with tungsten content up to 1% and moderately with
tungsten content between 1 and 27. Alloying with 2% W raises the
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Fig. 3. Four Ir-1.927 W disks with dimensions 0.0645 cm thick x 6.03
cm in diameter.

recrystallization temperature by approximately 400°C. However, no further
increase in recrystallization temperature is observed at higher tungsten
levels. Figure 5 shows the recrystallized microstructure of the iridium-
tungsten alloys. All alloys were single phased, in agreement with the
reported phase diagram, which indicates that the maximum of tungsten
solubility in iridium is more than 10% below 1000°C. Table 3 summarizes
the grain-growth data of the iridium-tungsten alloys. Alloying with

0.3% W or more effectively inhibited grain growth at high temperatures.
For example, the grain size, after annealing for 1 hr at 1600°C, was
reduced from ASTM grain size 1 to 3-4 when iridium was alloyed with

0.3% W.

As indicated in Fig. 5¢, annealing at 1500°C for 1 hr produced a
uniform grain structure with ASTM grain size No. 4-5 in the Ir-0.3Z W
sheet WC-4. However, huge grains with ASTM No. 1-2 have been observed
frequently in Ir-0.3% W PICS produced from certain lots (for example,
lot WE) after a final anneal for 1 hr at 1500°C. The possible causes
of the large grains are (1) critical strain induced on forming the blank
into a hemisphere, (2) intermediate anneal at 1050 to 1175°C, (3) defor-
mation due to mishandling the hemisphere, and (4) instability of grain
boundaries at high temperature.
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Fig. 4. Four sets of capsules fabricated from Ir-1.927 W sheet.

To explore these possibilities, strip specimens were prepared from a
rejected blank, WE-22. The specimens were first annealed for 1 hr in

the temperature range 1140 to 1350°C and then reannealed 1 hr at 1500°C.
Metallographic examination indicates that the specimens, with or without
intermediate anneal, showed some degree of abnormal grain growth after
the final anneal of 1 hr at 1500°C. The abnormal grains appear as
patches scattered in the base grain structure. Because abnormal grain
growth has been observed in the blank material, indication is that the
deformation or strain due to hemisphere forming or mishandling has
nothing to do with this abnormal growth. Furthermore, in order to
determine the effect of the intermediate anneal on the degree of abnormal
grain growth, the grain size distribution in these specimens was analyzed
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Fig. 5. Microstructures of iridium-tungsten alloys at 100X. (a)
Ir-0.3% W (WC), as-rolled condition; (b) Ir-3.84% W (Ir-29), as-rolled

condition; (¢) Ir-0.3% W (WC), annealed 1 hr at 1500°C; (d) Ir-1.92%Z W
(Ir-38) annealed 1 hr at 1500°C.

by quantitative metallography. The results, shown in Table 4, indicate
that more than 90% of the grains are ASTM grain size 3-6. Coarse
grains (ASTM 1-2) are observed in all the specimens, indicating that
the intermediate anneal has only a small effect on abnormal grain growth.
The results of this annealing study indicate that the abnormal
growth in WE material is due to its grain instability at high temperature.
Because such grain growth is not observed in WC PICS subjected to the
same heat treatment,8 the trace impurities existing in different iridium
lots are believed to play a dominant role on grain stability and grain
growth at high temperatures.
A series of experiments were conducted to find a suitable method
for surface cleaning and structural control in Ir-0.3% W hemispheres®
produced by ORNL/Mound and EI processes. Contamination of surfaces with
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Fig. 6. Plot of recrystallization temperatures as a function of
tungsten content in iridium~-tungsten alloys.

Table 3. Effect of l1-hr heat treatment on grain-growth behavior
of iridium~tungsten alloys

ASTM grain size number

Annealing 0% 0.09%2 W 0.3Z W 0.967 W 1.92Z W 3.847Z W
Temperature
(c®) EBP-21  EBP~21 WC-4 Ir-19 Ir-38 Ir-29
1200 3-4 5-6 6-7 a a a
1400 2 3 5-6 6 6 6~7
1500 1-2 1-2 45 5 5-6 5-6
1600 1 1-2 3-4 4 4 45

“Not completely recrystallized.
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Table 4, Effect of intermediate anneal? on thg abnormal grain growth
in WE-22 specimens at 1500°C
Intermediate Distribution of ASTM grain size (%)

anneal temperature

c

°c) No. 6 No. 5 No. 4 No. 3 ©No. 2 DNo. 1
d 22 34 18 18 7 1
1175 23 32 24 14 4 3
1250 16 31 27 20 5 1
1300 19 33 20 23 4 1

N

For 1 hr in vacuum.

For l-hr anmneal at 1500°C.

o

Q

Grain size equal to or smaller than ASTM grain size 6,

Q,

No intermediate anneal.

impurities or coating with oxides during PICS fabrication may affect
compatibility with PuO, fuel or cause plugging of the vent for helium
release during long-term operation at 1330°C. The hemispheres produced
by the Engelhard Industries process (EI-46, ~52) showed a black coating
on the inner surface, whereas the hemisphere produced by the ORNL/Mound
process (WC-3) was bright on both surfaces. Sections of the hemispheres
were heat treated in a vacuum at 900, 1100, 1300, and 1500°C for 1 hr.

A section of the EI-52 hemisphere was soaked in hot HF for 4 hr followed
by ultrasonic cleaning prior to vacuum anneal at 1500°C. This treatment
is used to clean the sectioned hemisphere at Mound Laboratory.

Table 5 summarizes the effect of the vacuum anneals on the hardness,
yield strength, and microstructure of the hemisphere sections produced
by the two different processes. The products are notably different in
the following aspects.

1. The hardness and yield strength of WC-3 are greater than for

EI-46 in the as-fabricated condition and after a 900°C anneal.

2. The hardness and yield strength of the EI product are
greater than for the ORNL/Mound product for anneals above
1100°cC.

A duplex structure characterized by a band at the surface

(0.008 to 0.0013 cm thick) is observed in the EI product

(Fig. 7a), whereas the ORNL/Mound product shows a uniform

grain structure (Fig. 7b).

The 100% recrystallization temperature of the ORNL/Mound product
is between 900°C and 1100°C. A 100% recrystallization tempera-
ture for the EI product is not well defined due to the duplex
structure but is estimated to be between 1100 and 1300°C.



Table 5. Effect of l-hr vacuum anneal on hardness, yield strength, and microstructure
of Ir-0.3% W hemispheres produced by ORNL/Mound (WC-3) and EI (EI-46) processes

Annealing Hardness Yield b
temperature RA? strength Microstructure
(c*) (ks1)®
EI-46%

As fabricated 68.5 110.0 Fibrous and elongated grain structure near the edge,
recrystallized grains in the middle; many particles
and stringers

900 68 105.0 Same as above
1100 64.2 70.0 Same as above
1300 55.1 15.0 Small-grained structure near the edge and coarse-
grained structure in the middle; many particles and
stringers
1500 51.5 8.0 Same as above
we-3°
As fabricated 73.9 175.0 100% fibrous structure
900 70.6 130.0 A few recrystallized grains distributed uniformly
through wrought matrix
1100 53.5 13.0 100% recrystallized structure
1300 52.5 8.0 100% recrystallized structure

aRockwell A scale

bEstimate based on the Ry — yield-strength relation obtained from a series of tests on WC-4.

®1 ksi = 6.89 MPa.

dHemisphere of Engelhard material (lot 46) received from Mound Laboratory.

e
Hemisphere of ORNL material received from Mound Laboratory.

71
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Y-135948

Y-135949

Fig. 7. Microstructure of Ir-0.3% W hemispheres produced at ORNL/
Mound (WC-3) and Engelhard Industries (EI-46). Heat treatment: 1 hr
at 1300°C; 100x. (a) EI-46: duplex grain structure; (b) WC-3: uniform
grain structure.
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Table 6 compares the interstitial content of the iridium specimens
processed by the methods mentioned above. For all comparable conditions,
the ORNL/Mound product contains significantly less oxygen than the EI
product. A consistent decrease in the oxygen content with increased
annealing temperature was observed in the EI product, whereas no further
improvement occurred in the ORNL/Mound product in anneals above 900°C.

The inner surfaces of the iridium hemisphere were analyzed by SSMS
after the various treatments. The results indicate that neither the
annealing temperature nor prior chemical treatment had a significant
effect on the level of trace impurities. Based on the results of this
series of tests, recommendation is that annealing temperatures no higher
than that required for structural control be employed, inasmuch as no
significant improvement in the cleanness of the surface results from
excessive temperatures.

Table 6. Effect of l-hr vacuum annealing on interstitial
content of Ir-0.37 W hemispheres

Hemisphere Annealing A

number temperature Interstitial content {(ppm)

o 0 N H

(c®)
a . b

EI-~46 As fabricated 32 1 <1

900 29 1 <1

1100 16 1 <1

1300 15 1 <1

1500 10 <1 <1

EI-52° 15007 9 <1 <1

we-3° as fabricated’ ? <1 <t

900 4 <1 <1

1100 5 <1 <1

1300 4 <l <1

%A half of Engelhard hemisphere (lot 46) received from Mound
Laboratory.

A black coating was on the inner surface.
°An Engelhard hemisphere (lot 52) received from Mound Laboratory.

Four-hour soak in 150°F HF plus ultrasonic clean plus l-hr vacuum
anneal at 1500°C (performed by Mound Laboratory).

eA half of ORNL Ir-0.3% W hemisphere received from Mound Laboratory.
f‘
B

oth inner and outer surfaces were bright and clean.
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TENSILE PROPERTIES

Tensile specimens with a gage section 0.318 cm wide by 1.3 cm long
were blanked from 0.05~ to 0.08-cm~thick sheets to determine tensile
properties. The blanked specimens were polished on 400-A silicon carbide
paper, pickled in an aqua regia plus hydrofluoric acid solution, then
heat treated in a vacuum. Tensile specimens tested above room tempera-
ture were heated by radiation from an inductively heated tantalum
susceptor under a vacuum of less than 1 x 10~3 Pa. A platinum vs Pt-10%
Rh thermocouple centrally located on the specimen monitored the tempera-
ture. After a 10- to 15-min holding time at the test temperature, the
specimens were pulled on an Imstron machine at a strain rate of 0.13 to
0.51 cm/min.

Tensile Properties of Iridium Sheets

Tensile properties of iridium sheets produced by ORNL and Engelhard
Industries were determined as a function of test temperature and heat
treatment. Table 7 presents the tensile properties of EB iridium
annealed at different conditions. The specimens in the as-rolled condi-
tion had high strength and low ductility. No significant difference in
properties was noted in specimens taken longitudinally or transversely to
the final rolling direction of the sheet. With increasing annealing
temperature, the strength decreased, and the ductility increased. The
precipitous change in the tensile properties between the specimens that
were heat treated at 1100 and 1300°C is attributed to recrystallization.

Table 7. Effect of heat treatment on the room-temperature
tensile propertiesa of iridium sheet EB

s el
As rolled 148,700 164,000 2.0

As rolled (transverse) 156,000 164,500 2.2

1 hr at 1100°C 117,000 190,700 10.8

1 hr at 1300°C 14,600 70,900 12.6

1 hr at 1500°C 9, 500 57,000 lO.9d

Q

Tested at a crosshead speed of 0.05 in./min.

o

Annealed in a vacuum; all specimens longitudinal except as noted.

1 psi = 6,89 x 103 Pa.

Q

Q

Average of two specimens.
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Most tensile data were obtained from the specimens recrystallized
1 hr at 1500°C. These results are presented in Fig. 8 as a function of
test temperature up to 1370°C. The tensile properties of iridium are
sensitive to trace impurities existing in various sheets. Sheets EBP-21
and EB, produced by electron~beam melting at ORNL, had a low yield
strength (o,) of 55.1 to 68.9 MPa [8 to 10 (ksi)] at room temperature,
whereas the  EI sheets S-65, -69 (containing higher levels of impurities)
had Oy of 117.1 to 172.3 MPa (17 to 25 ksi), which is more than twice
the value for the ORNL sheets. Also, in contrast to the EI sheets, the
Oy of the ORNL sheets is independent of test temperature up to 1100°C.

The stress—strain curves of iridium exhibit unusually high work
hardening rates at all test temperatures. These rates result in a
tensile stress that is higher than its o_ by 300 to 500%Z. The tensile
strength increases with temperature up to about 600°C; beyond that
temperature it decreases steeply. The ductility of iridium sheets
increases steadily with test temperature up to 1100°C and then remains
relatively constant.

Broken tensile specimens were examined by optical microscopy and/or
scanning electron microscopy to study their fracture behavior. The
fracture mode of iridium is very sensitive to test temperature and
trace impurities in various sheets. The ORNL sheets fractured mainly
by an intergranular mode at temperatures up to 650°C and started to
exhibit a mixed mode of grain boundary separation (GBS) and transgranular
fracture (TF) at 760°C. The EI sheets exhibited a mixed fracture mode as
low as 500°C and essentially a TF with a high degree of secondary cracks
at 650°C. These observations suggest that EI material is more resistant
to brittle GBS fracture. Figure 9 compares the fracture modes of EI and
ORNL materials at 760°C. The dimple-type fracture generally associated
with ductile rupture is not observed on the TF surfaces; instead, the
fracture surface exhibits contoured steps typical of a cleavage fracture.
It should be noted that iridium is only one of the fcc metals that
exhibits a cleavage~type fracture at these temperatures. All sheets,
whether EI or ORNL, exhibited ductile rupture at 1093 to 1370°C. 1In
fact, sheet specimens necked to knife edge and fractured with close to
100% reduction in area.

To study the effects of reentry heating on the tensile properties,
a set of S-69 specimens were heated in a vacuum for 5 min at 2000°C
after recrystallization for 1 hr at 1500°C. The results obtained at
various temperatures are presented in Table 8. Comparison of the tensile
data in Table 8 and Fig. 8 indicates that the heat pulse lowers the ¢
considerably but does not affect the tensile strength and ductility.

The lowering in yield strength is apparently due to the coarsening of
grain structure at 2000°C.

Tensile Properties of Iridium-0.3%7 Tungsten Alloy Sheets

The Ir-0.3% W alloy is the current PICS material for the MHW heat
source; its tensile properties have been characterized extensively with
emphasis on lot-to-lot and heat—-to-heat variations.
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Fig. 9. Scanning electron microscope fractographs of OEP iridium
and EI iridium specimens broken in tension at 760°C; 300x.
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Table 8. Tensile propertiesa of S-69 sheet specimens annealed
5 min at 2000°C after recrystallization for 1 hr at 1500°C

Testing N ,
compratire =

Room 12,500 46,100 8.5

500 17,800 61,200 17.8

760 11,500 57,000 24.3

1093 8,500 32,000 36.2

1315 10,500 23,000 33.7

a . .
Tested in vacuum at a crosshead speed of 0.05 in./min.

bl psi = 6.89 x 103 Pa,

A first series of Ir-0.3% W sheet specimens were annealed for 15 min
between 850 and 1000°C and then tested at room temperature and at 800°C
to determine the optimum heat treatment condition for forming Ir-0.37 W
disks at Mound Laboratories. Table 9 shows the tensile results for
lots WB-1 and WC-3 to -11. The WC-4 sheet annealed at 850°C had low
ductility but high strength at room temperature. For the specimens
tested at 800°C, the strength decreases and ductility increases with
annealing temperature. The variation in properties from heat to heat is
insignificant, as indicated in Table 9. All the annealed specimens
exhibited some degree of necking at 800°C.

Most tensile data were obtained after a standard recrystallization
treatment for 1 hr at 1500°C. Table 10 summarizes the results from
ORNL and EI (5~74, EI-114) materials. The stress-strain curves of
WC-4 specimens were calculated and are shown in Fig., 10. The Ir-0.3%7 W
alloy exhibits a low yielding but a high work-hardening rate at these
temperatures. The hardening rate decreases with test temperature;
however, the tensile-to-yield-strength ratio remains as high as 4.7 at
1370°C. Discontinuous yield and serrated plastic flow are not observed
on these curves, indicating low impurity in these electron-beam-melted
OEP heats. The specimen fractured without necking at room temperature,
started to show necking at 760°C, and necked significantly at 1093
and 1370°C.

The tensile data of Ir-0.3%7 W sheets prepared from the OEP powders
are presented in Fig. 11 as a function of test temperature. The
ductility of the sheets increases with test temperature. All the sheets
had about 137 elongation at room temperature and more than 507 elonga-
tion at temperatures of 1093°C and above. The yield strength of the
Ir-0.3%2 W is low and is slightly dependent on the test temperatures;
however, the tensile strength decreases sharply above 760°C. All of
the sheets exhibited tensile strengths between 165.4 and 179.1 MPa
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Table 9. Effect of 15-min vacuum annealing on tensile propertiesa
of Ir-0.3% W sheet specimens tested at room temperature and 800°C

. b
Annealing Heat Strength (ksi) Elongation Reduction
temperature number (%) in area (%)
(c%) Yield Tensile ° >
Room temperature
850°C WC-4 19.20 197.0 2.5 e
800°C

As rolled WC-4 139.0 145.0 3.4 ¢

850 WC-3 123.0 137.0 5.4 d

WC~-4 133.0 141.0 4.3 i6

WC-11 126.0 136.0 4.9 d

200 WB-1 121.0 141.0 4.8 d

WC~4 126.0 134.0 5.0 14

950 WC-4 110.2 120.7 6.1 19

1000 WC-4 73.0 91.3 10.0 24

%Tested in a vacuum at a crosshead speed of 0.05 in./min.

bl ksi = 6.89 MPa.

e .
Fractured without necking.

d

Not measured.

(24 and 26 ksi) at 1370°C. From these results, we conclude that the
tensile properties of Ir-0.3% W sheets used for production of the space
nuclear flight system hardware do not vary significantly from lot to lot
after a standard heat treatment of 1 hr at 1500°C.

Like those of unalloyed irridium, the yield strength and fracture
behavior of Ir-0.37 W alloy are quite sensitive to trace impurity and
test temperature, as indicated in Table 10. The EI sheets (S-74 and
EI-114) had much higher vield strengths than the ORNL sheets at all
test temperatures. Figure 12 compares the scanning electron microscope
fractographs of WG and S~74 specimens fractured at 650, 760, and
1093°C. As indicated, the EI material is more resistant to intetrgranular
fracture at lower temperatures.
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Table 10. Propertiesa of Ir-10.3% W sheet specimens vacuum-annealed
for 1 hr at 1500°C

Strength (ksi)b

. e
Heat Yield Tonsile Elongatlon Fracture mode
No. (%)
Room temperature
WC~4 13.4 55.7 12.1 Mainly GBS
WCR~93 12.3 58.1 12.9 Mainly GBS
WD-1 13.0 61.0 14,2 Mainly GBS
WE~3 13.1 60.4 12.4 Mainly GBS
WER-94 14.4 54.3 12,0 Mainly GBS
WG~202 11.8 62,6 14.0 Mainly GBS
S-74 16.0 63.2 9.7 Mainly GBS
EI-114-C 13.3 63.2 13.5 Mainly GBS
650°C
WC~4 12.0 58.5 23.0 Mainly GBS
WCR-93 9.5 60.1 23.3 Mainly GBS
WD-1 10.7 70.4 32.2 Mainly GBS
WE
WER-94 9.6 70.7 33.0 Mainly GBS
WG~202 7.4 7G.8 30,1 Mainly GBS
8-74 15.2 e e GBS and TF
El-114-C 13.6 74.2 37.6 GBS and IF
760°C
WC~4 7.5 58.1 32.5 TF (Ma) and GBS (Mi)
WCR~93 8.9 64,6 39.8 GBS and TF
WD~1 9.3 58.7 42.5 Mainly TF
WE-3 11.0 65.6 34.0 GBS (Ma) and TF (Mi)
WER-94 8.6 59.1 42.1 GBS (Mi) and TF (Mi)
WG-202 6.8 64.0 39.3 GBS (Ma) and TF (Ma)
S-74 16.0 60.5 25.0 Completely TF
EI~114~C 15.4 64.0 38.6 Mainly TF
1093°¢C
WC~4 7.3 35.0 53.5 DR
WCR-93 6.5 40.1 57.6 DR
WD-1 10.6 36.8 55.3 DR
WE-3 7.9 34.9 51.5 DR
WER-94 ———— 35.0 56,7 DR
WG-202 6.7 36.2 55.6 DR
8=74 17.0 51.2 37.5 DR
EI-114-C 10.5 39.0 56,0 DR
1316°C
WC~4 4,5 24,7 44,5 DR
WC~3 5.5 26.5 60,7 DR
WC~1 5.1 25.7 57.6 DR
WC~11 4.9 26,4 54,2 DR
5-74 10.5 27.6 47.0 DR
1370°¢C
WC~4 5.2 24.4 50.4 DR
WCR-93 5.0 26.3 54,2 DR
WD~1 7.8 23.8 56,0 DR
WE-3 7.9 25.5 55.7 DR
WER-94 6.1 24,3 53.4 DR
WG~202 5.6 25.8 55,2 DR
5-74
EI-114-C 10.3 26.4 54,0 DR

a'l‘ested in vacuum at a crosshead speed of 0.05 to 0.2 in./min.

bl ksi = 6,89 MPa.

cGBS, grain boundary separation; TF, transgranular fracture; Ma, major fraction; Mi, minor
fraction; and DR, ductile rupture.
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Fig. 10. Stress-strain curves of Ir-0.3%Z W alloy sheet (WC-4) tested
at 25, 760, 1093, and 1370°C.

Tensile Properties of Iridium-Tungsten Alloys

The tensile properties of iridium-tungsten alloys heat treated for
1 hr at 1500°C are presented in Table 11 and are plotted as a function
of tungsten content at five test temperatures in Fig. 13. The iridium-
tungsten alloys prepared from EL material had higher yield strength and
slightly lower ductility than the alloys prepared from OEP iridium
powder, so their tensile data were not included in the plots. The yield
strength increases almost linearly with tungsten content at these tem~
peratures, indicating the hardening of iridium with added tungsten. The
tensile strength also increases with tungsten content except for the
points above 27 W at 650 and 760°C. The elongation of the alloys decreases
with the tungsten content at room temperature and at 650, 760, and 1093°C,
but it remains at a constant level of 50% at 1370°C until the tungsten
content is over 2%. The iridium-tungsten alloys are compared in Fig.
14 in terms of toughness, defined as the product of fracture strain and
half the sum of tensile strength and yield strength at 1370°C, the
projected MHW fuel sphere assembly impact temperature. The toughness of
Ir-1.92%Z W is 13,900 in.-1b/in.3, which is the highest among the alloys.
The high toughness of Ir-1.92% W is derived from both good strength and
ductility at 1370°C. Thus, this alloy possesses the most promising
mechanical properties among the alloys in this investigation.

The fracture surface of iridium~tungsten specimens was examined by
optical microscopy and scanning electron microscopy; the results are
also presented in Table 11. The alloys prepared from the OEP powder
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Table 11. Tensile propertiesa of iridium-tungsten sheet specimens
vacuum-annealed for 1 hr at 1500°C

Strength (ksi)b

Alloy - - Elongation Fracture
(wt %) Yield Tensile ) behavior
Room temperature
Ir (EBP-21) 8.2 48.0 13.6 Mainly GBS
Ir-0.1 W (Ir-32) 8.9 45.3 12,0 Mainly GBS
Ir-0.3 W (WC-4) 13.4 55.7 12.1 Mainly GBS
Ir-0.5 W (Ir-33) 13.8 54,6 13.2 Mainly GBS
Ir-0.96 W (Ir-19) 29.1 56.0 6.8 Mainly GBS
Ir-1.92 W (Ir-38) 32.8 64.0 8.4 Mainly GBS
(Ir-15) 36.7 70.3 8.3 Mainly GBS
Ir-3.8 W (Ir-29) 51,7 64.0 4,0 Mainly GBS
650°C
Ir 8.6 65.2 31.1 Mainly GBS
Ir-0.1 W 9.9 58,2 25.8 Mainly GBS
Ir-0.3 W 12.0 65.5 23.0 Mainly GBS
Ir-0.5 W 9.7 65.5 26.1 Mainly GBS
Ir-0.96 W TF and GBS
Ir-1.92 W (Ir-38) 20.2 76.7 20.2 Mainly GBS
Ir-1.92 W (Ir-15) 23.5 72.2 16.0 Mainly GBS
Ir-3.84 W 33.8 62.5 8.5 Mainly GBS
760°C
Ir (EBP-21) 8.2 56.9 38.4 GBS and TF
Ir-0.1 W 7.3 53.5 36.0 GBS and TF
Ir-0.3 W 7.5 58.1 32.5 TF (Ma) and GBS (Mi)
Ir-0.5 W 9.5 58.4 34,3 TF (Ma) and GBS (Mi)
Ir-0.96 W 23.6 58.0 24,4 Mainly TF
Ir-1.92 W (Ir-38) 21.2 79.8 29.1 Mainly GBS
Ir-1.92 W (Ir-15) 22.2 84,2 30.0 GBS (Ma) and TF (Mi)
Ir-3.84 W 30.0 57.3 10.6 Mainly GBS
1093°C
ir 8.5 37.0 50.6 DR
Ir-0.1 W 6.8 34,2 47.7 DR
Ir-0.3 W 7.3 35.0 53.5 DR
Ir-0.5 W 9.2 35.0 49.4 DR
Ir-0.96 W 21.0 40.0 41.8 DR
Ir-1.92 W (Ir-38) 20.4 55.2 40,2 DR
Ir-1.92 W (Ir-15) 22,2 60.5 31.2 DR
Ir-3.84 W 25.3 56.9 22.3 DR, TF
1370°C
Iy 7.4 23.0 50.4 DR
Ir-0.1 W 6.0 23.1 52.2 DR
Ir-0.3 W 5.2 24,4 50.4 DR
Ir-0.5 W 7.0 25.7 50.5 DR
Ir-1,92 W (Ir-38) 15.3 38.0 52.3 DR
Ir-1.92 W (Ir-15) 18.0 45,1 42,0 DR
Ir-3.84 W 21.7 46.9 25.1 DR

aTested in a vacuum at a crosshead speed of 0.05 to 0.2 in./min.

bl ksi = 6.89 MPa.

e}

GBS, grain boundary separation; TF, transgranular fracture; DR, ductile rupture; Ma,
major fraction; and Mi, minor fraction.
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Fig. 11. Tensile properties of Ir-0.3% W sheets as a function of
test temperature.

fractured mainly by GBS at room temperature and 650°C. At 760°C the
alloy with less than 17 W exhibited mixed modes of GBS and TF, whereas
the alloys with more than 17 W fractured mainly by GBS. Thus alloying
with tungsten does not improve the fracture behavior. The iridium-
tungsten alloys prepared from the EI material are more resistant to

GBS at low temperatures. All the alloys exhibited ductile rupture with
close to 100% reduction in area at temperatures of 1093 and 1370°C.

Tensile Properties of Notched Specimens

To study the notch sensitivity, specimens of Ir-0.3%Z W and Ir-1.92Z W
alloys were prepared with a groove 0.015 cm wide by 0.079 cm long on both
sides. The notched specimens were then annealed for 18 hr at 1500°C in
contact with graphite. The results of tensile tests at 1370°C are pre-
sented in Table 12. The alloy specimens had an overall elongation of
12 to 16%. The elongation actually reached a level of 1000% if the width
of the notch is considered as the gage length. Examination of the
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Fig. 12, Scanning electron microscope fractographs of OEP sheet
and EI sheet specimens broken in tension at (a) 650, (b) 760, and (c)
1093°C. Fractographs shown at 300X.
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fracture surfaces showed that the specimens necked to knife edge and
fractured by ductile rupture. These results indicate that the iridium=—
tungsten alloys are not notch-sensitive at 1370°C. According to the
Bridgman analysis,9 a component of hydrostatic tension will be induced
on the notched portion when the specimen is tested under simple tension.
Thus, the excellent ductility of the notched specimen demonstrates that
a change of deformation state from uniaxial tension to a more compli-
cated stress state has no adverse effect on the ductility and fracture
mode.

Effect of Hydrogen Treatment on the Tensile Properties

The iridium-tungsten alloys generally contain up to 10 ppm oxygen
and 20 ppm carbon, as shown in Table 1. The early works10,11 by field-
ion microscopy and Auger analysis suggest that oxygen and carbon may
segregate on grain boundaries and damage the grain-boundary structure.
In an attempt to remove the interstitials, a set of WC-1 sheet specimens
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Table 12. Tensile propertiesa of notched iridium-tungsten
sheet specimens” tested at 1370°C

Alloy Strength (ksi)c Elongation Fracture mode
wt %) Yield Tensile (%)

Ir-2 Wd 26.5 53.5 12.0 Ductile rupture
Ir-0.3 W° 10.7 30.8 16.0 Ductile rupture

%Tested in a vacuum at a crosshead speed of 0.2 in./min.

bAll sheet specimens contacted with ATJ graphite on one side and
annealed 18 hr at 1500°C prior to testing.

©1 ksi = 6.89 MPa.
dHeat No. Ir-38.
eHeat No. WC-3.

(0.076 cm thick) recrystallized for 1 hr at 1500°C were heat treated for
256 hr at 1100°C in 1 atm of hydrogen. Vacuum fusion analysis indicates
that the hydrogen treatment did not alter the bulk oxygen content but
reduced the bulk carbon content from 9 to 5 ppm. The treated specimens
were tested at temperatures to 1370°C. The results are presented in
Table 13 together with those obtained from the untreated specimens.

The specimens, with or without hydrogen treatment, had about the same
level of strength and elongation at all temperatures. Furthermore, the
treated and untreated specimens exhibited the same fracture mode at

low temperatures, indicating no improvement of fracture behavior by
hydrogen treatment.

OXIDATION CHARACTERISTICS IN AIR

The air oxidation behavior of iridium and of Ir-1.92%7 W and Ir-3.84%Z
W alloys was determined at 770, 870, and 1000°C, which represent the
postimpact temperature range for the MHW fuel sphere assembly. Rec-
tangular sheet specimens 0.064 cm thick were polished through 1/0 paper,
pickled in aqua regia, vacuum annealed for 1 hr at 1500°C, and then
oxidized in air at a flow rate of 100 liters/hr. The oxidation at
1000°C was terminated after an exposure of approximately 400 hr because
of the high oxidation rate. The oxidation at 770 and 870°C was extended
to approximately 1800 hr. The specimens were periodically removed from
thesfurnace and weighed on an analytical balance with a sensitivity of
107° g.

Brown oxide coatings, probably Ir0O,, gradually appeared on the
specimen surface at all temperatures; however, the coating was not
adherent and began to flake off after a short exposure at 1000°C. All
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Table 13. Effect of hydrogen treatment on the tensile
properties of Ir-0.3% W sheet specimens®

Strength (ksi)c

Hydrogen Elongation Fracture
treatment Yield Tensile (%) behavior
Room temperature
No 12.3 58.1 12.9 Mainly GBS
Yes 12.2 62.9 14.5 Mainly GBS
650°C
No 9.5 60.1 23.3 Mainly GBS
Yes 9.8 76.9 34.6 Mainly GBS
760°C
No 8.9 64.6 39.8 GBS and TF
Yes 9.1 63.0 38.6 GBS and TF
1093°C
No 6.5 40.1 57.6 DR
Yes 6.6 37.8 55.5 DR
1370°C
No 5.0 26.3 54,2 DR
Yes 5.7 25.4 42.5 DR

%e specimens annealed 1 hr at 1500°C. )
bHeat treatment for 256 hr at 1100°C in 1 atm of hydrogen.

“Tested at a crosshead speed of 0.1 to 0.2 in./min in
a vacuum., 1 ksi = 6.89 MPa,

d

GBS, grain-boundary separation; TF, transgranular
fracture; DR, ductile rupture.

specimens exhibited weight losses due to formation of a volatile oxide,
Ir03. The mechanisms of oxidationt?,13 appear to be

Ir(s) + 0, < Ir0,(s) (1
and

21r0,(s) + 0y 2 2Ir03(g) (2)

Figure 15 shows the plot of the weight loss as a function of time

at 770, 870, and 1000°C. Generally, a transient period of decreasing
reaction rate precedes a constant reaction rate at 770 and 870°C. The
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reaction rate constants for the linear oxidation periods are presented
in Table 14 and compared with those for unalloyed iridium reported

by Phillips.l* The Ir-1.92% W alloy has the lowest linear oxidation
rate — lower than for pure iridium by a factor of 2 and Ir-3.847 W by
a factor of 4 at 770 and 870°C. However, the oxidation rate constants
are approximately the same for the three specimens at 1000°C, indi-
cating that alloying with up to 4% W does not alter the oxidation of
iridium at this temperature. As shown in Table 14, the oxidation rate
of iridium measured here at 1000°C has the same order of magnitude as
reported by Phillips.lq However, the rate is lower than that of
Phillips by more than two orders at 870°C and by four orders at 770°C.
This big discrepancy is believed to be due to the fact that Phillips'
data were obtained from short-term oxidation (within 24 hr) and that
the rate he reported was actually corresponding to the transient portion
of the weight-loss—time curves as shown in Fig. 15 and D.

Table 14. Comparison of linear air oxidation rate? of
iridium and iridium-tungsten alloys

Oxidation rate (ug cm™2 hr"q

Alloy Source
(wt %) 770°C 870°C 1000°C

Ir 0.024 1.23 310 Present work
Ir-1.92 W 0.014 0.69 310 Present work
Ir-3.84 W 0.045 3.46 340 Present work
Ir 300 400 500 Phillipsb

aAt an air flow rate of 100 liters/hr.
bw. L. Phillips, 4ASM Trans. §. 57: 33-37 (1964).

The microstructures of the iridium-tungsten alloys after air oxida-
tion for approximately 1700 hr at 770 and 870°C are shown in Figs. 16
and 17. Figure 18 shows the microstructure of the alloys oxidized for
approximately 370 hr at 1000°C. No evidence of reaction is observed for
iridium and Ir-1.927 W specimens at 770 and 870°C, whereas the I1r-3.847
W specimens exhibit grain-boundary attack at 870°C (Fig. 17e¢). The
oxidation at 1000°C results in surface roughness and grain-boundary
attack, as shown in Fig. 18. Some grains at the surface fell off during
oxidation at 1000°C as a result of severe grain-boundary attack, as
evidenced in Fig. 18¢. This phenomenon is probably the cause of the
unusual scatter in weight change data for Ir-3.84%7 W at 1000°C.
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Y-135960

Y-135963

Fig. 16. Microstructures of iridium-tungsten specimens oxidized
in air at 770°C for about 1700 hr; 1000x. (a) Iridium specimen, (b)
Ir-1.92% W specimen, and (¢) Ir-3.84% W specimen.
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/// Y-135959

\

Y-135962

Y-135946

Fig. 17. Microstructures of iridium-tungsten specimens oxidized
in air at 870°C for about 1700 hr; 100x. (a) Iridium specimen, (b)
Ir-1.92% W specimen, and (¢) Ir-3.84% W specimen.
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Y-135958

Y-135961

/ Y-135968

©) w

Fig. 18. Microstructures of iridium-tungsten specimens oxidized
in air at 1000°C for about 370 hr; 100x. (a) Iridium specimen, (b)
Ir-1.92% W specimen, and (¢) Ir-3.84% W specimen.
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The interstitial content in the oxidized specimens shown in Figs.
16 through 18 was determined by chemical analysis. To eliminate the
surface effect, the chemical analysis was made on specimens whose oxide
coating was removed by electropolishing. The results are presented in
Table 15. The iridium and Ir-1.927% W specimens showed no increase in
oxygen content after oxidation, indicating that the oxygen solubility
is 5 ppm or lower at these temperatures. The Ir-3.87 W specimens picked
up a small amount of oxygen (16 to 32 ppm) during oxidation. (This
amount of oxygen is too small to affect the weight change of Ir-3.84%7 W
alloy during oxidation.) The higher oxygen content in the oxidized
specimens may be a result of oxygen penetration along grain boundaries
(see Figs. 1l7c¢ and 18c) or may be due to an increase in oxygen solu~
bility in iridium by alloying with 47 W.

Table 15. Effect of air oxidation on the interstitial content in
iridium~tungsten sheet specimens

Air oxidation condition® Alloy (wt %) Interstitial contentb {ppm)
Temperature Time
(c®) (hr) 0 N H
1000 382 Ir (8-65) 5 1 1
1000 382 Ir-1.92 W (Ix-15) 5 1
1000 371 Ir-3.84 W (Ir-29) 38 1 1
870 1574 Iir 3 1 1
870 1574 Ir-1.92 W 3
870 1836 Ir-3.84 W 26 4 1
770 1582 Ir 4 1 1
770 1582 Ir-1.92 W 2
770 1836 Ir-3.84 W 18 1 1
As recrystallized Ir 9 1 1
As recrystallized Ir-1.92 W 8
As recrystallized Tr-3.84 W 2 1 <1

At an air flow rate of 100 liters/hr.

Obtained by vacuum~fusion analysis.
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COMPATIBILITY WITH HEAT SOURCE ENVIRONMENTS

The cladding material used in the MHW heat source is required to
contact oxide fuel (Pu0,) on one side and graphite on the other side
during operation and reentry from space. The environment of such a
heat source operating at 1300 to 1350°C generally consists of low-
pressure active gases derived from the decomposition of the oxide fuel
and the outgassing of graphite and insulator materials. The reentry
heating pulse could be as high as 2000°C.

Compatibility with Graphite

To determine the melting temperature between graphite and iridium—
tungsten alloys, disk specimens of iridium and Ir-1.927 W alloy were
stamped from the alloy sheets, polished with silicon carbide paper,
and pickled in aqua regia. The specimens were then contacted with
graphite coupons and heated rapidly to the desired temperature in a
graphite crucible by thermal radiation from an inductively heated
tungsten susceptor. The holding time was 10 min at temperatures of
2100 to 2300°C. The iridium and iridium~tungsten alloys did not bond
or melt at 2250°C but did melt at 2300°C, indicating that incipient
melting occurs between the alloy and graphite at 2275 * 25°C. This
demonstrates that the reentry capacity of the iridium—-tungsten alloys
is at least 2250°C. The incipient melting temperature determined here
is close to the eutectic temperature of iridium and carbon, which has
been reported!®:16 to be 2110 to 2296°C.

To study the effect of possible carbon pickup on the mechanical
properties, the tensile sheet specimens of Ir-0.3% W (WCR-94) were
contacted with graphite and heated together at 1500°C for 18 hr. The
specimens were then tested at room temperature and at 760 and 1370°C;
the results are shown in Table 16. The specimens exposed to graphite
showed lower ductility at room temperature and 760°C, as compared with
the specimens vacuum—annealed for 1 hr at 1500°C without exposure to
graphite. The ductilities of the exposed and unexposed specimens were
not different at 1370°C. The specimens showed the same fracture mode
at room temperature and 1370°C but had a higher propensity for GBS
at 760°C. Because Auger17 and SSMS analysis indicate no significant
change in interstitial content in bulk material or on grain boundaries,
the small difference in elongation and fracture behavior of the
graphite-exposed specimens presumably results from longer annealing
time at 1500°C, which effects the grain size, as shown in the footnotes
in Table 16.

Compatibility with Low~Pressure Active Gases

Tensile specimens of the iridium—tungsten alloys were exposed to
low-pressure oxygen or oxygen and carbon environments in order to study
their effects on mechanical properties. The 0.64-cm~thick sheet speci-
mens of iridium (8-635) and Ir-0.3% W (5-~74) were recrystallized for 1 hr
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Table 16. Tensile propertiesa of Ir—-0.3%Z W sheet specimens heat
treated at 1500°C with or without contact with graphite

Strength (ksi)b

Heat Elongation Fracturec
number Yield Tensile 3] behavior
Room temperature
WCR—935 12.3 58.1 12.9 Mainly GBS
WCR-94 11.6 46.5 10.7 Mainly GBS
760°C
WCR-93 8.9 64.6 39.8 GBS and TF
WCR~94 7.3 60.5 28.9 GBS (Ma) and
TF (Mi)
1370°C
WCR—93§ 5.0 26.3 54.2 Ductile rupture
WCR-94 6.5 25.2 51.9 Ductile rupture

aTested in vacuum at a crosshead speed of 0.1 to 0.2 in./min.

bl ksi = 6.89 MPa.

GGBS, grain-boundary separation; TF, transgranular fracture;
Mi, minor fraction; and Ma, major fraction.

Specimens were annealed for 1 hr at 1500°C without contact
with graphite. The grain size was ASTM grain size No. 4-5; the
interstitial content was 4 ppm O, and 8 ppm C.

eSpecimens were annealed for 18 hr at 1500°C in contact with
graphite on both sides. The grain size was ASTM grain size No. 1-3;
the interstitial content was 6.6 ppm 0, and 11 ppm C.

at 1500°C and then exposed to oxygen at a pressure of 1.3 x 1073 Pa at
1300°C. The oxygen pressure was monitored with a Veeco ionization gage.
The specimens showed no weight loss and remained bright after 2000 hr of
oxygen exposure. Metallographic examination revealed no indication of
an oxide film on the surface or of oxygen penetration along the grain
boundaries (Fig. 19a and b). The tensile properties of the exposed
specimens were determined at five temperatures; the results are pre-
sented in Table 17. The exposure to oxygen at 1300°C did not impair the
ductility of iridium and Ir-0.3%7 W at room or elevated temperatures.

In fact, most of the exposed specimens exhibited a better ductility

than the unexposed ones. The tensile strength was not sensitive to the
oxygen exposure, although the yield strength of the exposed specimens

is a little lower than that of the umexposed ones. Thus, exposure to
the low-pressure oxygen at 1300°C does not have a detrimental effect on
the tensile properties of iridium and Ir-0.37 W.
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Fig. 19. Microstructures of (a) Iridium (S-65) and (b) Ir-0.3% W
(S5-74) exposed to oxygen at 1.3 x 10”3 Pa for 1000 hr at 1300°C, (e)
Ir-1.92% W (Ir-15) and (d) Ir-3.84% W (Ir-29) exposed to oxygen and
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Table 17. Tensile properties? of iridium and Ir-0.3% W sheet specimens
exposed to 1 x 1073 Pa 0, at 1300°C

,\C
Alloy Exp?sure Strength (ksi) Elongation
wt %) time %)
(hr) Yield Tensile
Room temperature
Ir 0 17.0 57.0 9.5
Ir 1000 9.5 54.3 9.3
Ir 2000 13.0 54.5 9.7
500°C
Ir 0 14.5 64.0 13.5
Ir 1000
Ir 2000 11.0 67.0 16.5
760°C

Ir 0 18.0 52.0 21.5
Ir 1000 10.0 59.0 24.2
Ir 2000 13.5 60.7 25.7
Ir-0.3 W 0 16.0 60.5 25.0
Ir-0.3 W 1000 12.0 63.5 28,2

1090°¢
Ir 0 15.0 32.3 37.8
Ir 1000 13.5 31.0 32.2
Ir 2000 11.6 31.6 37.3

1316°C
Ir 0 6.0 23.0 37.5
Ir 1000 6.8 22.5 34,0
Ir 2000 6.5 23.5 43.7

%Tested at 0.05 to 0.1 in./min strain rate.
bRecrystallized 1 hr at 1500°C.
°l ksi = 6.89 MPa.

To simulate the MHW heat source environment, tensile specimens of
Ir-1.92% W and Ir-3.84% W alloys heat treated for 1 hr at 1500°C were
contacted with ATJ graphite on one side and exposed to oxygen on the
other side at a total pressure of 1.3 x 1073 Pa at 1300°C. Figure 20
shows the arrangement of the specimens in the ATJ graphite boat. Both
sides of the specimens were bright and showed no indication of surface
reaction with oxygen or carbon after the 1000-hr exposure. Weight
measurement also revealed no change in weight after the exposure. The
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Y 126379

Fig. 20. Arrangement of iridium-tungsten test specimens in the
ATJ graphite boat.

photographs in Fig. 19¢ and d show no indication of internal oxidation
or oxygen penetration along the grain boundary. The results of tensile
tests are compared in Table 18 with those for the unexposed specimens.
The tensile strength is not sensitive to the exposure, whereas the yield
strength of the exposed specimens is a little lower than for the
unexposed ones. As indicated in Table 18, the exposure to an oxygen
and graphite environment at 1300°C does not impair the ductility of the
iridium~tungsten alloys at the test temperatures.

The interstitial content of both the specimens exposed to oxygen
and those exposed to carbon and oxygen was determined by vacuum fusion
analysis; the data are presented in Table 19. The carbon and oxygen
concentrations decreased in both environments, suggesting that their
concentration in the fabricated specimens may be higher than the con-
centration in equilibrium with these environments. The data in Table
19 indicate that the solubility of carbon in the iridium—-tungsten alloys
may be less than 10 ppm and the solubility of oxygen less than 5 ppm;
these values are in good agreement with the results obtained from the
alr cxidation study (see Table 15). There was no change in concentra-
tion of nitrogen and hydrogen during the exposures.
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Table 18. Tensile propertiesa of iridium—-tungsten sheet specimens
contacted with ATJ graphite on one side and exposed to oxXygen at
a total pressure of 1 x 10~3 Pa at 1300°C

Alloy Exii;ure Strength (ksi)c Elongation
(wt %) (hr? Yield Tensile (Z)
Room temperature
Ir~1.92 W Od 36.7 70.3 8.3
1000 33.7 68.2 7.9
Ir-3.84 W Od 51.7 64.0 4.0
1060 46.8 62.5 3.8
760°C
Ir-1.92 W Od 22.2 84,2 30.0
1000 19.6 85.0 28.3
Ir-3.84 W 0CZ 30.0 57.3 10.6
1000 30.1 88.2 19.8
1093°C
Ir-1.92 W Od 22.2 60.5 31,2
1000 17.8 60.8 41.4
1316°C
Ir-1.92 W Od 17.0 45,2 36.0
1000 16.0 47.1 37.0
1370°C
Ir-3.84 W Od 21.7 46,9 25.1
1000 22.2 44.0 27.3

“Tested in vacuum at a crosshead speed of 0.05 to 0.1 in./min.

bAll specimens were annealed for 1 hr at 1500°C prior to exposure
to graphite and oxygen.

©1 ksi = 6.89 MPa.

d ,
Unexposed specimens were vacuum annealed for 1 hr at 1500°C prior
to tensile testing.
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Table 19. Interstitial content” in iridium-tungsten sheet specimens
exposed to oxygen or oxygen and carbon at 1300°C and at 1 x 1073
Pa pressure

Exposure condition Interstitial content (ppm)
Environment Time (hr) Oxygen Hydrogen Nitrogen Carbon
Ir (5-65)

Oxygen 0 9 1 1 5
1000 5 1 6
2000 1 1 1 5

Tr~0.3%2 W (5-74)
Oxygen 0 10 1 1 5
1000 8 1 1 1

Ir-1.9272 W (Ir-15)
Oxygen and carbon 0 8 1 1 11
1000 3 1 1 10

Ir-3.847%Z W (I1r-29)

Oxygen and carbon 0 2 1 1 18
1000 1 1 4 8

a . . .
Obtained from vacuum fusion analysis.

Annealed 1 hr at 1500°C prior to exposure.

GENERAL DISCUSSION, SUMMARY, AND FUTURE WORK

Impurity Effects

The physical and mechanical properties of iridium and iridium-
tungsten alloys are quite sensitive to trace impurities in the ppm
range. The fracture behavior, yield strength, and recrystallization
behavior are particularly sensitive to impurities, as discussed below.

Fracture Behavior

Examination of the tensile fracture behavior reveals that the
iridium and iridium-tungsten sheets produced from the EI material are
more resistant to grain-~boundary separation than the sheets produced
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from the OEP or MB powders. The EI material contains higher levels of
trace impurity, as shown in Table 1. This suggests that some impurities
in the EI material play an important role in strengthening the grain-
boundary region and in suppressing the brittle grain-boundary fracture.
To identify such impurities, the fracture surfaces of the EI and OEP
tensile specimens broken at room temperature were analyzed by the SSMS
analysis. The results are presented in Table 20 for bulk concentration
(corresponding to long-time exposure of fracture surface to the spark
source) and for surface concentration (corresponding to shorter time
exposures). Because the specimens fractured mainly by GBS at room tem-
perature, the surface concentration in Table 20 may be considered as
the impurity level in the vicinity of the grain-boundary regions. The
range of concentrations between the surface and under surface regions
may also be interpreted as the impurity gradient near the grain
boundary. The trace impurity level in the EI material is much higher
than that in the OEP sheets, as confirmed in Table 20. Auger work!7

at ORNL indicates that carbon and oxygen are not strongly segregated
on grain boundaries and that their concentration is also not signifi-
cantly different in the EI and OEP materials. All of this suggests
that the grain boundary in iridium is dntrinsically weak and that the
GBS is alleviated rather than caused by the segregation of impurities
on grain boundaries.

The impurity elements whose concentration is significantly higher
in the EI than in OEP materials are listed in Table 21. The impurities
fall into two categories — elements such as thorium, tantalum, iron, and
aluminum, whose concentration at the grain boundary is higher than the
bulk value by two to four orders of magnitude, and second, elements such
as rhodium and nickel, whose grain-boundary concentration is not
significantly different from bulk value. Thus, we suspect that the
elements with distinctly higher grain-boundary concentrations contribute
to the major difference in fracture behavior of EI and OEP materials.
Future work will involve the preparation of iridium~tungsten alloys
doped with these elements to study the effect of dopants on the fracture
behavior at various test conditions.

Yield Behavior

The critical resolved shear stress of an iridium single crystal
has been reportedw’19 to be exceptionally high as compared with that of
other fcc metals; however, the present work indicates that the yield
strength of high-purity iridium polycrystals is not inordinately high.
Figure 8¢ indicates that the o, of iridium is very sensitive to the
trace impurity. The electron-geam—melted iridium produced from OEP and
MB powders (ORNL material) has a low o, of 55.1 to 68.9 MPa, whereas
the EI iridium containing higher levels of impurity has a yield strength
of 172.3 MPa at room temperature. Mehan et al.2? have reported that the
0, of impure iridium can be as high as 261.8 MPa at room temperature.
TKe yield strength of the ORNL iridium (EBP-21, EB) is not dependent on
the test temperature even up to 1100°C, as shown in Fig. 8a. This
strongly indicates the absence of short~range stress fields, which
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Table 20. Chemical analysisa fractured at room temperature
5-74° E1-527 EI-1149 Epp-21" we-4" wp-1* WE-3° Ir-1.92% W*

Element

Bulk? cB® Bu1k? cr® Bu1k? cB® Bulk? cB® Bulk? cB® Buik? ce® Bulk? cr® Bulk? cB®
Al 70 10-70 20 50-1000 60 1000~10,000 1 50-200 2 50-150 0.1 10-30 1 20 1 20-80
B 1.4 30 0.2 <10 0.2 20-~70 0.2 5-20 0.2 10 <0.2 <10-30 0.2 5=10 0.2 5=20
Ca 30 50-200 6 20-100 2 200-800 6 30-200 6 10-30 0.2 10-100 1 20-100 6 50
Co 2 11 0.3 0.3 6 <0.1 0.1 6
Cr 160 <20 10 100-2000 3 300-1500 3 50-200 30 <20 1 <50~-200 0.5 20-100 3 <20-50
Cu 30 20 30 100~-300 50 100-400 10 <20-200 3 <20 5 <20 2 30-100 3 <20
Fe 400 200-600 150 100-4000 15 1000-3000 15 200-2000 3 2
HE <0.4 <0.4 <0.4 <0.4 <0.4
K 0.6 30-70 0.6 20~150 2 800-8000 2 100-1000 6 50-200 <0.2 10-500 <0.2 100-400 6 50-250
Mg 5 0.4 0.4 0.4 0.4 <1 <1 <0.4
Mn 3 3 1 0.3 0.3 <0.3 <0.3 0.3
Mo 3 3 1 3 3 3 <3 10 <50=-100
Ni 50 <50 10 20-200 10 20-50 1 <50 1 <20 1 <20 1 <50 1 <20
Os <0.4 <0.4 <0.4 <0.4 <0.4
P 0.3 0.2 <0.1 <0.1 0.3 <0.2 <0.2 0.1
Pd 20 6 0.6 <0.2 0.2 5 1 <0.2
Pt 100 1 1 1 1 2 <1l 1
Re 0.5 <0.5 <0.2 <0.2 <0.2 <0.2 0.2 0.2 6
Rh 150 50 50 20 2 2 10 2
Ru 150 2 0.5 20 20 20 1 20
Si 60 50~90 3 100-500 10 500-~2000 10 200-1000 100 200-600 9 50-1000 15 200 30 200-600
Sn 6 0.6 <0.2 <0.2 <0.2 <0.2
Ta 10 <50 30 803000 3 2000-5000 3 <100 3 <50 3 20-300 <3 <50 3 <100
Th 10 1000~10,000 10 2000-20,000 1 <50-5000 <0.1 <50-800 <0.1 <100 <0.1 <50 <50 <0.1 <100
Ti 5 1 50 1 100-600 1 <50 <3 2 1 <3 <50
v 3 3 1 <10-50 3 3 <1 3
W 3000 4000 4000 ~4000 V1% 10 <1000 4000 4000~15,000 3000 3000 3000 3500 <1Z 2%
Zn <20 0.1 <50-300 0.1 100-600 0.1 <20 0.1 <20 <1 <20 <1 20 <0.1 <20
VA 'S 1 0.3 0.1 0.1 0.3 1
Br 0.3 50-500 <0.1 0.1 <0.1 <0.1
S 7 <50-200 50-300 1 800-8000 3 600-3000 1 <50 <2 <50-500 <2 <50-400 1 <50-~1000
C1 100~300 50-300 1000~-10,000 200~-1000 <50-200 50-1000 100-500 200-600

a

Analysis in parts per million by SSMS method.

o

Annealed for 1 hr at 1500°C prior to tensile testing.

Q0

Engelhard Industries 1/8-in. plate fabricated to sheet at ORNL.

Bulk concentration obtained from long-time exposure of fracture surface to ionized beam.

®

Grain boundary.

PICS produced from EI material, lot No. 52.

gSheet produced by EI.

hIridium produced from QEP powder.

ﬂIr—3% W produced from OEP powder.

Surface concentration obtained from various short~time exposures of fracture surface to ionized beam.
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Table 21. The difference in trace impuritya observed in OEP
and EI sheets

Flement ELl sheet QEP sheet

Grain boundary Bulk Grain boundary Bulk
Th 1,000~13,000 6 <50-150 <0.1
Ta 1,050~4,000 17 20~120 3
Al 500-6,000 40 30~100 2
Fe 500-3,500 85 80-750 15
Ni 20-130 10 <30 1
Rh 50 11

aIn parts per million by weight.

generally contribute?! to the thermally activated component of the yield
strength. In other words, this suggests that the ORNL iridium is very
pure and free from the hardening due to impurity solute atoms. In con-
trast, the yield strength of the EI iridium sheets containing high levels
of trace impurities shows a temperature dependence, and its value
decreases with test temperature, as shown in Fig. 8a and as reported by
Mehan et al.?0 The yield strength of iridium-tungsten alloys increases
with tungsten content, indicating the solution headening of iridium by
tungsten. The degree of solution hardening by tungsten is strongly
temperature—~dependent, and the yield strength decreases with test tem-
perature, as shown in Fig. 13.

Recrystallization Behavior

The recrystallization behavior of iridium and Ir-0.3% W alloys has
been found to be very sensitive to trace impurities in the ppm range.
Recrystallization of the iridium sheet EBP-21 produced from the OEP
powder starts at 800°C and is complete at 950°C. These recrystalliza-
tion temperatures agree with the data reported for iridium in
literature.?2523 The recrystallization behavior of Ir-0.3%Z W sheets
used for hardware production has been studied“»2% extensively, and the
results indicate a lot-to-lot variation in the range of 100°C for the
OEP sheets. The iridium sheets produced from the MB powder had higher
recrystallization temperature. For instance, the 1007 recrystallization
temperature of EB sheets is found® to be 1175°C based on the recrystal-
lization study at Mound Laboratories. Because the EI sheets contain a
relatively high level of trace impurities, their recrystallization tem-
perature is distinctly higher than that of the OEP sheets. We charac-
terized the recrystallization behavior of the EIL sheet 5$~69 and found
its recrystallization temperature to be higher than that of the OEP
sheets by as much as 400°C. Some PICS produced from the EI material
even showed a duplex structure after annealing at 1300°C, as indicated
in Fig. 7a. This structure is believed to have resulted from a surface
contamination that raises the recrystallization temperature of the
material near the surface.
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Tungsten Effects

Alloying with up to 4% W significantly affects the physical and
mechanical properties of iridium. As shown in Fig. 6, the recrystal-
lization temperature of iridium increases with the tungsten content.
Increasing the recrystallization temperature is required in iridium for
controlling the metallurgical structure of sheets during hot working.
Alloying with tungsten also inhibits the grain growth, as shown in
Table 3. Refinement of grain structure is generally beneficial to the
mechanical properties, such as impact properties.25

The iridium—-tungsten alloys have good oxidation resistance below
1000°C (Table 14). The Tr-1.92% W has the lowest oxidation rate among
the alloys at 770 and 870°C. The air oxidation rate of iridium-tungsten
alloys is higher than that of platinum-307 rhodium-8% tungsten alloy
(Pt-3008)26 by more than two orders of magnitude at 1000°C; however, at
770°C, their rate is even lower than that of Pt-3008 by an order of
magnitude. In addition, the iridium-tungsten alloys containing 27
tungsten showed no indication of internal oxidation and grain-boundary
penetration (Figs. 16-18) between 770 and 1000°C. Thus, Ir-1.9272 W
alloy has the excellent oxidation resistance to withstand the postimpact
oxidation of MHW PICS.

The strength of iridium-tungsten alloys increases with the tungsten
content. The linear increase in yield strength with tungsten concentra-
tion in Fig. 13 is in agreement with the solution hardening theory
predicted by Mott and Nabarro.?’ The ductility of iridium-tungsten
alloys generally decreases with the tungsten content; however, the
elongation at 1370°C is independent of tungsten content up to 2%. Among
the alloys, Ir-2%Z W exhibits the highest combination of strength and
ductility at 1370°C, and thus has the highest toughness at this tempera-
ture. In fact, the toughness of Ir-1.927 W is significantly greater
than that of potential fuel-clad materials such as Pt-3008, TZM, and
T-111 at 1300 to 1400°cC.

In addition to the excellent tensile properties, the Ir-1.927 W
alloy appears to be compatible with graphite and the simulated heat
source environments. This alloy is readily fabricated into sheet and
presents no major difficulties when formed from sheet into hemispheres
or cylindrical capsules. Therefore, our study leads to the conclusion
that the optimum amount of tungsten in iridium should be around 27%.

Strain Rate Effects

As indicated in Table 10, the Ir-0.3% W alloy is very ductile when
tested at slow strain rates (10" m/sec) above 1000°C. In this tempera-
ture range, the alloy actually had more than 507 tensile elongation and
fractured by ductile rupture with close to 100% reduction in area. How~
ever, on impact of MHW fuel sphere assemblies at a velocity of about
90 m/sec, the Ir-0.3% W PICS quite often showed brittle failure with
limited deformation even at 1400°C. Two types of failure are generally
observed3>25,28 opn the impacted shells: one is a tensile failure in
the hoop strain region, where the normal strain is maximum (6 to 15%);
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the other one is the so-called fingerprint crack on the impact face,
where fine cracks are formed within an annular region, with no cracks in
the rest of the impact face. An Ir-1.92%7 W fuel sphere assembly (MHT-74)
impacted at General Electric at 90 m/sec and at 1427°C showed?? finger-
print cracks on the impact face with only limited deformation. Thus,
alloying with tungsten does not inhibit brittle fracture of iridium when
impacted at high velocities (90 m/sec or higher).

Comparison of the tensile with the impact results shows that the
ductility and fracture behavior of iridium and iridium~tungsten alloys
are sensitive to the test velocity. Tensile tests at intermediate strain
rates have been performed30 at Donald W. Douglas Laboratories, and the
results show that Ir-0.3%7 W and Ir-1.92% W alloys remain ductile at a
test velocity of 3 to 5 m/sec at 1370°C. Tensile tests at strain rates
close to the MHW impact velocity (90 m/sec) are currently being con-
ducted at ORNL to verify the strain rate effects.

Postmortem examination of iridium—tungsten PICS revealed?®,25,28,30
that the failures occurred mainly by GBS when impacted at 90 m/sec at
1400°C. The same fracture mode was observed when tested at low tempera-
tures and strain rates (Figs. 9 and 12). Auger17 and SSMS analyses
indicate no major segregation of impurities on grain boundaries, suggesting
that the grain boundary is intrinsically weak in iridium and in iridium-
tungsten alloys. We have found that the trace impurities listed in
Table 21 tend to segregate on grain boundaries and improve the fracture
behavior. In an attempt to develop a more impact resistant alloy, the
elements listed in Table 21 will be added to the iridium~tungsten alloys
in order to study their effects on the fracture behavior and impact
properties.
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