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METALLURGICAL AND MECHANICAL PROPERTIES
OF THORIUM-DOPED Ir-0.3% W ALLOYS

C.T. Liu H. Inouye  A. C. Schaffthauser

ABSTRACT

Metaliurgical and mechanual proseriies of Ir-0_35 W alloys have been studied as a function of thonum
conceniration in the range G to W ppm by weight. The solubiliy umii of thoriumin Ir-0_35 W isbelow 30
ppm. Above this himit, the excess thonum :cacts with iridium 1o form sccond-phase particies. Thorism
additions raise the recrystalézation temperature and effectively retad g7l gro»th at high eemperatures.

Tensike tests at 650° C show that the alloy without thorium adds' was (undoped all7y) fractured by grain-
boundary (GB) scparation. while the allovs doped with kess than 500 ppm thor'em failed mainly by
transgranufar fracture at 6507 C. Intergranular fracture in the doped alloy~ is suppressol by GB segregation
of thorium, which improves the mechanical propertics of the boundary. The impact properties of the alloys
were corretated with test temperature. grain size. and heat treatment. The impact ductility increases with tesi
temperasure and decreascs with grain size. For a given graia size. partwularly inthz ime-grain size range. the
thorium-doped alloys are wsuch more ductile and resistant 1o GB fracture. All of these results can be
corrchated on the basis of siress concentration or GBs by using 2 dislocation pikcup model.

INTRODUCTION

Ir-0.3¢; W alioys are used as postimpact containment claddings for radioactive fuel in thermo-
electric generators that provide staile electrical power for a variety of outer planetary missions.' Iridium
alloys were chosen for this applicaticn because of their high melting point. good high-temperature
strength, oxidation resistance. and compatibility with oxide fuel forms and carbon insulation materials.
Tungsten at a level of 0.3 wt 67 is added to improve the fabrication of uralloyed iridium. However,
iridium and Ir-W alloys exhibit graii-boundary (GB) fracture with limited ductility in tensile tests at
temperatures below 800° C at conventional strain rates (10 m s) and inimpact tests at temperatures to
1500°C at high velocities (>10 m 's).' The high-temperature impact ductility is particularly important
for the space applications because the fuel cladding must survive a reentry impact at 1000 1o 1350°Cata
velocity of 50 to 85 m s under accident conditions.

Intergranvlar fracture is a seflection of GB brittleness that is generally attributed 1o a segregation of
harmful impuritics to GBs. However, the GB fracture cannot be suppressed or climinated by
purification of iridium and Ir-W alloys th-ough clectron-beam melting’ or zone refining.’ On the other
hand, Liu and Inouye' hav= found that the high-temperature impact ductility of Ir-0.35 W alloys caa1 be
greatly improved by alloying with a trace a.nourt of Th, Al, Fe, Ni, and Rh (total. approximately
210 ppm). Among the dopants, thorium is found to be the most effective in suppressing intergranular
fracture. Spark-source mass spectrometric (SSMS) analysis of the fracture surface indicated that
thorium tends to segregate at GBs in the doped alloys. A detailed Auger study by White etal.’ confirms
the extensive segregation of thorium at the GBs.

In the present study, a series of Ir-0.3% W alloys was doped with thorium, the most beneficiai
clement. ranging from U to 1000 ppm by weight. The effect of thorium addition on metallurgical and
mechanical pru;enie# was investigated by various methods, including tensile and impact tests.
Emphasis is placed on the correlation of the results with GB segregation of thorium and formation of a
thorium-rich second phase.



EXPERIMENTAL PROCEDURES

Ir-0.3¢: W alloys with thorium concentrations listed in Table | were prepared by arc or electron-
beam melting and drop casting into rectangular molds. Electron-beam-melted pure iridium and master
alloys Ir-20% W and Ir-26 Th were used as the starting materials. Theingots were clad in molybdenum
cover sheets and rolled between 850 and 1200°C in 2ir with 10 to 25% reduction per pass. The
molybdenum cover sheet was used for retaining heat 2n preventing excessive oxidation during rolling.
The final sheets, with a thickness of 0.7 to 0.9 mm, were of good quality with only minor edge cracks. The
as-fabricated sheets were cleaned clectrolytically in KCN solution.

Chemical composition determined by SSMS analysis shows that thorium levelcorrelates quite well
with the nominal concentration in these alloys. The trace impurities in the alloys are low, at levels less
thar: 50 ppm. Also. these al’>ys contain a relatively low conceutration of interstitial impurities. with
oxygen or carbon content below 15 ppm.

Annealing studies of the alloys were performed in vacuum (<10 Pa) in the temperature range
800 to 2230°C. Sheet specimens were heated by radiation from an inductively heated tantalum
susceptor, where the temperature was monitored by an optical pyrometer. For heat treatments at
temperatures below 1500°C, the specimens were annealed in a resistant-heated vacuum furnace where
temperatures were monitored by a Pt vs Pt-10% Rh t>=rmocouple. Microstructures of aged specimens
were examined metallographically. The polished specimens were etched electrolyticzlly in a solution of
20 ml of HC1 and 30 ml of H;O saturated with NaCl.

Tensile testing was done on an Instrentesting machine at a crosshead speed 0f0.25 cm’ min. Tensile
specimens with a gage section 0.318 cm wide by 1.3 cm long were blanked from the alloy sheets. The
specimens were ground to reduce the thickness to 0.64 mm, then annealed for | hat 1500° Cto providea
fully recrystallized microstructure. To perform the tensiletests at elevated temperatures, a water-cooled
quartz-tube vacuum system was attached to the Instren testing machine, and specimens were heated
inductively in a tantalum susceptor. The load-time curves were used to generate the stress-strain data.
Fracture surfaces of selected specimens were examined with a JSM-U3 scanning electron microscope
(SEM) operated at 25 kV.

The uniaxial tensile impact tests were performed using impact testing equipment consisting of an
environmentally controlled impact chamber and a 7.62-cm-diam gas gun to accelerate the projectile
{bullet) at velocities to 85 m; s. Figure 1 shows the arrangement of specimens for impact testing. The
impact specimens were loaded between two molybdenum alloy (TZM) puil rods and an end plate. The
specimer.s were heated by radiation from an inductively heated tantalumsusceptor, and the temperature
was monitored by a Pt vs Pt-10% Rh thermocouple centrally located on the specimen. When the

Table |. Thoriuas concentration and chemical analysis of Ir-0.3% W alloys

Nominal Th SSMS analysis (ppm)
content
(ppm) Al Cu Fe Mo P Py Rh S h] Th w
0 s ] 5 3 20 5 <0.1 3000
30 20 30 3 10 | s 5 k] 5 0 4000
50 I s 0 3 <1 I 20 : 10 40 2300
100 3 ] 3 10 <0.3 K /) 10 3l <3 100 2800
200 Y 30 | 3 <0.1 S0 10 0.3 < 190 2000
500 I ! 0 0 <0.3 ) 50 3 <3 490 500
1000 20 Jo 3 10 ! 10 50 k] ] 1200 4000




Y-129752

Fig. 1. Arrangement of sheet speciaens for uniaxial impact test. Reduced 7%.

specimens were heated to the desired temperature. the air-driven projectile was fired at a known velocity
to break the specimens. The impact clongation and the fracture mode were determined from an
exainination of the fractured specimens.

RESULTS'
Metallurgical Properties

The metallurgical properties, including recrystallization, microstructure, grain growth, and
melting point, were characterized as a function of thorium concentration.

Recrystallization and microstructure

The thorium-doped alloy sheets produced by warm rolling had a fibrous microstructure. The sheet
specimens were vacuum annealed for | h at 800 to 1600°C to study their recrystallization behavior and
microstructure. The recrystallization temperatuses ( Tx), determined metallographically, are shown in
Fig. 2 as a function of thorium concentration. Recrystallization of the undoped alloy started at 870°C
and was complete after | hat 1050°C. The Txof thorium:-doped alloys ..creases with increasing thorium
ccntent to approximately 300 ppm. Further increase in thorium does not affect Ta.

Figure 3 shows the microstructures of undoped: and thorium-doped Ir-0.3% W clloys after
annealing | hat 1500°C. The :undoped specimen has an equiz xed grain structure, while the doped alloys

show elongated grain structures with second-piase particles within grains and along GBs. In general, the
degree of grain elongation decreases with increasing arzmealing time and temperature. Second-phase
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particles are obs:rved in all the doped allovs (Fig. 3). The amount of sccond phase increases with
thorium content. and some particles appear to line up into stringers in the 1000-ppm thorium alloy
(Fig. 3d).

The thorium distribution in doped alloys was studied by ion microprobe. using oxygenions. The
mapping of ThO: is shown in Fig. 4. where the light regions indicate the presence of thorium. The
thorium is not uniformly distributed in the alloy. but is concentrated in GBs and particles. The segrega-
tion of solute thorium at GBsis revealed as networks. while the second-phase particles containing high

wevels of thorium appear as larger dots with high contrast in Fig. 4. The thorium-rich partices are
distributed both within grains and on GBs.

Fig. 4. Thorium distribution in the 30-ppm Th alloy, obtained by using ion microprobe. Heal treatment of the specimen: [9h
at 1500 °C.

Grain growth behavior

The grain growth behavior of Ir-0.3z W alloys was determined as a function of thorium
concentration. As shown in Fig. §, thorium is very effective in retarding grain growth even at 1800°C,
approximately 0.8 of the homologous temperature. The average grain diameter perpendicular to the
specimen thickness was measured by the line intercept method. Figure 6 shows that the grain diameter
(mean intercepr length) decreases sharply with an initial increase in thorium concentration until an
effective level is reached at a given heat treatment condition. Beyond the level. the grain size is almost
independent of thorium concentration. The effective thorium level. as expected. increases wi."
annealing temperature and time. For instance, the effective level is approximately 200 ppm Th for a
19-h anneal at 1500°C and increases to approximately S00 ppm for 20 h at 1800°C.
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Meiting point of thosium-doped alloys

To determine the effect of thorium additions on the melting points of thorium-doped alloys,
specimens containing 200 and 1000 ppm Th were rapidly heated to a series of temperatures upto 2230°C
by inductive heating and held at temperature for 10 min. Figure 7 shows the microstructure of the heat-
treated specimens, which exhibit a coarse grain structure with second-phase particles, probably Thlirs,!
cistributed within grains and on GBs. The amount of second phase on GBs appears (o increase with
temperatur: and covers most boundaries at 2200°C. Neither alloy showed any indication of incipient
melting at temperatures to 2230° C, which was the limit of this test series.

Mechanical Properties
Tensile properties

Tensile properties of the thorium-doped alloys were determined at 650 and 1350° C after recrystal-
lization for | hat 1500°C. Yhe tensile data are presented in Fig. 8 as a function o thorium concentration.
‘The yield strength increases with thorium concentration and doubies its value at a level 7200 ppm Th at
650°C. The tensile strength at 650°C alsoincreascs with thorium concentration but reaches a maximum
around 500 ppm. The tensile sirength is less affected by thorium at 1370°C. The alloy showed aninitial
increase in elongation with thorium, followed by a gradual decrease 2t 650°C. The peak in elongation
occurred at approximately 200 ppm Th. The ductility at 1350°C is essentially insensitive to thorium
conceniration (Fig. 8).
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Fig. 8. Tensile properties at 650 and 1350°C as a function of thorium concentration in Ir-0.35; W alloys.

SEM examination of the tensile-fractured surface reveals that thorium additions havc a dramatic
effect on the fracture behavior of Ir-0.39; W alloys at 650°C. The undoped alloy fractured mainly by
GB separation, as shown in Fig. 9a. The propensity for GB fracture decreases with increasing thorium
concentration, and the alloy with 200 ppm Th showed mainly transgranular fracture (TF)(Fig.94). The
TF was characterized by crystallographic steps and river patterns similar to a cleavage-type iractuie
generally observed in bcc metals at low tempe s. A further increase in thorium content again A
promotes the intergranular fracture. The alloy witn 500 ppm Th failed by a mixed mode of TF and GB
separation, with TF becoming more predc minant in the 1000-ppm Th allcy (Fig. 9¢). Discrete particles
are visible at GBsa:d onthe TF surfacc (Fig. 9). The particles are anite small, approximately 3 umiathe
200-ppm Th alloy annealed | |k at 1500°C.

The brittle fracture associated with GB separation is not observed at 1350°C; instead, all alloys,
whether thorium-doped or not, exhibited ductile rupture with reduction of area near 100<;.

Impact Properties

Impact properties of thoriura-doped Ir-0.39 W alloys w=re characterized as functions of test
tem,perature, grain size, and heat treatment. All ilnpact tests were performed at 85 m. s, the impact
velocity corresponding to the maximum reentry velocity of isotopic heat source.. from space. The impact
results of the undoped alloy reported” previously were also included here for comparison.
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Fig. 9. SEM fractographs of Ir-0.3% W alloys fractured in tension a1 650°C. 300 . (4)0 ppm Th(undoped); (5) 200 ppm Th;,
{(c) 1000 ppm Th. Reduced 18%.

Impact temperature effect

Specimens containing 200 ppm Th were heat treated for | h at 1500°C and impact tested to
determine the effect of test temperature on impact properties. The impact elongation of both undoped
and 20»-ppm Th alloys increases with test temperature and becomes i nsensitive to temperatures above
1200°C (Fig. 10). The thorium-doped alloy is much more ductile than the undoped alloy at all test
temperatures. For example, the doped alloy exhibited 29.2% clongation, while the undoped alloy
showed only 5.4% at 1050°C. The undoped specimens showed GB fracture without necking at these
temperatures (rig. 11a). In contrast, the th~rium-doped specimens exhibited ductile rupture (Fig. 115)
with 2>65% reduction of area at and above 1050°C. The fracture mode of the doped alloy changed to
mixed TF and GB separation as a result of lowering the impact temperature to 950°C.



40 T T T
IMPACT VELOCITY 200 ppm Th ALLOY
- 85 m/fs
¥ 30 —
4
o
[
L.
g 20 —
- Eadm
[Y7]
-
g syt
> 0} /. UNDOPED ALLOY
— /.
o | R N i

800 900 1000 #1100 200 1300 100
TEST TEMPERATURE (°C)

Fig. 10. Impact clongation as s function of test temperature for undoped and 200-ppm Th alloys impect tesied
at8S m/s.

QF .NL-Phato §-6997 ORNL-Phato S-6989
. A

Fig. 11. SEM fractographs of Ir-0.3% W alloys impact fractured s1 1050°C and 85 m/s. 200X. {g) Undoped alloy: {h)
200-ppm Th alloy. Reduced 17%. ‘

Grain size and heat treatment effects

The impact properties of undoped and thorium-doped alloys are presented as a function of
reciprocal of grain diameter® in Fig. 12 for reduction of arca and in Fig. 13 for impact elongation. The
variation in grain size was produced by heat treatment between 1300 to 1800°C, Allthe specimens were

*At a given specimen thickness, the reciprocal of grain diameter is proportional to the number nf grains across the
specimen,
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tested under the sarne impact condition, that is. 83 m s and 1350°C. The impact data of doped alloys
containing 30 to 1000 ppm Th group together to fita single curve in Figs. 1 2and 13. Tk~ impact ductility
is much better for doped alloys than tor the undoped alloy inthe fine-grainsize range. . drinstance.ata
grain size of 2.5 cm ', undoped alloys had 27; reduction of area. while the doped alloys had 85¢;
reduction of area. However, the ductility of both doped and undoped alloys decreases with increasing
grain size. and the decrease becomes more dramatic in the coarse-grain size range. Poth allovs appearto
lose their ductility when the grain size is sufficiently coarse. This observation is in agreement with the
biaxial impact results obtained recently at Los Alamos Scientific Laboratory and indicates that the
beneficial effects of thorium additions on impact ductility can be offset by too coarse a grain size.

Examination of the fracture surfaces of the impact specimens with a wide range of grain sizes
showed a general correlation. The specimens with more than 25¢ impact elongation generally fractured
by ductile rupture. while those with less than 155 elongation fiactured by GB separation. Between these
levels the fracture mode was predominamly TF.

DISCUSSION
Phase Relation of Ir-Th System

Second-phase particles arz observed in all the alloys doped with 30 to 1000 ppm Th after being
anncaled at 1300 to 1800°C (Figs. 3. 5.and 9). Analysis of the particles showed thatthey are composed of
thorium (Fig. 4) and iridium.* According to the partial phase diagram of the Ir-Th system.*” the first
iridium-rich compound in the diagram is of the compositior Thlr., forming through the eutectic
reaction

Liliquid) ~ Ir + Thir. . (1

The observation of the second-phase particles in the doped alloys suggests that the solubility limit of
thorium in iridium below the eutectic is extremely low, that is, less than the lowest concentration tested
here (30 ppm). The temperature of the above eutectic reaction has been reported recently to be 2080°C
by Kleykamp.” However, the alloys containing 200 and 1000 ppm Th showed ns indicetion of incipient
inelting at temperatures to 2230°C (Fig. 7). This indicates that the solidus or eutectic temperature of the
Ir-Th alloys containing 1000 ppm is above 2230°C. Thus, alloying of itidsum with thorium additions
does not significanily lower the melting point of the iridium (7T, = 2447°C). Since the solubility of
thorium in iridium is very low, it is probable that the alloy with 1000 ppm Th is in the hypoeutectic
composition range.* In other words, the eutectic temperature for iridium and Thirs is
above 2230°C. ‘

Segregation of Thorium at Grain Boundaries

The small amount of thorium (<30 ppm) retained in solution is not uniformly distributed in the
thori* m-doped Ir 0.3% W alloys. lon microprobe analysis indicates that thorium has segregated
stror , to the GBs, as shown in Fig. 4. The enrichment of thorium at the GBs was first detected’ by
SSMS and then confirmed by Auger.”’ White, Clausing, and Heatherly' have estimated the GB
concentration of thoriumte be 5 10 159% in the DOP-4 type Ir-0.39% W alloy containing 30 ppm Th. Also,

*Iridium was detected in the particles by using Ir ion mapping.
+The culectic composition has been reported to contain ~ 1077 Th by Thomson (sce ref. 5).
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the thorium concentration at the GBs does not change with the bulk concentration of thorium in the
alloy doped to 1000 ppm Th.” Inen-ion sputtering at the fracture surface indicates that thorium is
euriched only within a few atom lavers of the GP- similar results for GB segregation of thorium in
iridium have also been obscrved by Hecker.

Since chemical analyses for thorium segregation were carried out only at room temperatun., wedo
not know whether this is an equilibrium segregation that should occur at high temperatures. A
“nonequilibrium™ (such as pre-precipitation of second phase at GBs) segregation cantake place during
cooling of specimens from high temperature.. + his type of segregation is particularly favored in alloys
where the solubility of solutes is low and is strongly temperature dependent. However. our impact tests
indicate that adding thorium alters the fracture mode from brittle GB fracture to ductile TF at high
temperatures (Fig. 11). This suppression of intergranular fracture suggests that thorium is present at the
GB at temperatures at least to 1350°C. We thus believe that the GB scgregation of thorium is an
equilibrium type in the doped Ir-0.3¢% W alloys. The cause for thorium segregation isnot known. butis
possibly related to the large difference in atomic size of thorium and indium.

Effect of Thorium Additions on Recrystallization and Grain Growth

The addition of thorium is very effevtive in raising the recrystallization temperature of doped
Ir-0.3% W alloys. A previous study showed' that the recrystallization behavior of iridium and
Ir-0.3% W alloys was sensitive to t-ace impurities in the ppm range. The recrystallization of pure iridium
sheets produced by electron-hear; melting starts at 800°C and is complete after 1 hat950°C. However.
the Tz of commercial-grade iridium containing a relatively high level of trace impurities is higher by as
much as 400°C. The results shown in Fig. 2 certainly identify thorium as one of the elemcents that
contributes to the significant increase in Tz of Ir-0.30; W.

The slower grain growth in thorium-doped Ir-0.3¢2 W alloys can be 'he result of two processes. One
involes the GB segregation of thorium, which retards grain growth through a solute drag mechanism. '
The second is associated with precipitation of Thir. particles, which effectively pin the GB. The
solubility of thorium in iridium is so low that the particles are very stable and show no appreciable
growth, even at 1800°C (compare Figs. 3 and 5). This makes the particle pinning mechanism effective in
both low- and high-temperature annealing treatments. At a given anncaling condition, the grain
diameter decreascs sharply with increasing thoriuta content (Fig. 6) for the low-thorium alloys. This
suge * 's that the grain size in these alloys is governed by a grain growth process thatdepends strongly on
the amount of second-phase or thorium concentration. However, with a contiruous increase in thorium
content, the grain boundaries become more securely pinned due to the presence of larger amounts of
second-phase particles in the matrix and at GBs. Eventually, the grain growth rate approaches zero
when an effective level of thorium is reached. Beyond the level, the grain size is practically independent
of thorium concentration, as shown in Fig. 6. As expected, the effective thorium level increases with
both annealing temperature and time.

Effect of Thorium on Grain-Boundary Fracture

Study of fracture behavior reveals that the GBs tend to be preferred sites for failure in pure iridiun
and 1r-0.3% W allcy.'™""""” The brittle fracture associated with GB separation is promoted in these
materials by cither a decrease in test temperature (<800°C) or an increase in strain rate. The inter-
granular fracture in metals is generally attributed to the segregation of harmful impurities at GBs.
However, Hecker et al.'' and White et al.,’ by using Auger electron spectroscopy, were unable to detect
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impurities with significant quantity at the GBs. and they concluded that the intergranular fracture in
iridiv.m and Ir-0.3% W was ininnsic and not impurity related.

The tensile test results at 650F C imndicate that the Ir-0.3¢; W allovs doped with <500 ppm Th failed
mainly by TF rather than by GB separation (Fig. 9). Alsc. the doped allovs showed ductile ruptuie with
tremendous reduction of area (except for very coarse grain size) dudang high-temperature impact tests.
The suppression of GB fracture in the doped alloys must be due to GB scgregation of thorium. which
improves the mechanical properties of the boundary. Seah'” has recently proposed a theory to predict
the effect of solute segregation on GB embrittiement. According 20 his theory. solute atoms smaller in
size than those of the host clement are predicted to improve the cohs:rent strength of the GB. while the
solute with larger atomic size low=rs the coherent strength. Since ive atomic size of thorium is larger
than that of iridium by 30%¢. the ducti%:ing effect of thorium in the dured alloys does not appear to agree
with Seah’s prediction.

The amount of Thirc particles increases with thorium “ment. and a part of them connect
themselves imo stringers in allovs containing 1000 ppm Th (Fig 3d). The parnicles and stringers
embnittle the GBs to 2 ceriain extent: as a result. the 1000-ppm alloy showed 2 mixed mode of GB
separation and TF, as compare | with predominantly TF in alloys containing 200 ppm Th(¥ig. 9). Thus.
in terms of fracture behavior. the optimum amount of thorium in Ir-0.3% W is around the
200-ppm level.

Analysis of Impact Ductility

The impact results obtained at ¢ m: s indicate :ha: the deformation and the fracture behavior of
Ir-0.3% W alloys are sensitive to tew« temperature, grain size. and thorium addition. The GB fracture in
these alloys is ¢ Iways promoted by decreasing test temperature or increzsing grain size. In the fine-grain
size range, the thorium-doped alloys are much more ductile and r:sistant to GB fracture than are the
undoped alloys. All these results can be correlated on the basis of stress concentration on GBs, using a
dislocation pileup model.* Assuming that work hardening is linearly proportional to

o =0+ ke, 2
impact deformation wherc recovery does not take piace, this model predicts
& = (0. - 0) k+ (0. k)s/d) . 3

where

¢ = fracture strain,
0. = frictional stress against the motion of dislocations on slip planes,
k, 0, = materials constants for the stress-strain relation (0 — ¢) in Eq. (2),
d = grain diameter,
s = distance beyond the tip of a pileup,
o, = cohesive strength of grain boundaries, or the critical strength required to crack grain
boundaries.

At a given test condition, the above equation predicts the decrease of ¢ with increasing d. This is in
agreement with the data correlating impact elongation with grain size (Fig. 13). Figure {4 showsa plot of
impact elongation as a function of & ", as suggested by Eq. (3). A lincar relation exists between ¢,and
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. Fig. 14. lmpact clongation as s function of (grain diamxter) ™ iur undoped and thorium-doped Ir-0.3G W alloys impact
tested a1 1350°C and 85 m/s.

d"** for the undoped alloy, which exnibited G B fracturc when impact tesied at 1350°C and 85 m/s. The
linear relation also holds quite well for the thorium-doped alloys, even though they exhibited ductile
rupture in the fine-grain size range.

ol According to Eq. (3), the slope of the curves in Fig. 14 determines the value of ods/k). It is
reaswnable to assume that s/k is the same for the dop=d and undoped alloys. However, based on
comparison of the slopes for the undoped and doped alloys, o. for the doped alloys would then have to
be higher than for the undoped alloy by 110%. This certainly suggests that segregation of thorium
improves the cohesive strength of the GBs. Aiso, thorium additions retard grain growth in the doped
alloys; as a result, the doped alloys have much finer grain structures as compared with the undoped alloy
under the same heat treatment conditions (Fig. 6). In Eq. (3), both the increase in o, and a decrease in
d improve the fracture ductility. By a combination of these two effects, the impact properties o thorium-
doped alloys are greatly improved. ‘

Constants o, and k can be considered as yield strength and work-hardening rate of the alloys
[see Eq. (3)], respextively, and both of them would be expected to increase in value with decreasing test
temperature. An increase in o, and k should lower the impact ductility, ¢, and this prediction is in
accordance with the temperature effect shown in Fig. 10.

SUMMARY AND CONCLUSIONS

" 1r-0.3% W alloys have been doped with thorium additions ranging from 0 1o 1000 ppm for the
purpose of improving their metaliurgical and mcchanical properties, The solubility limit of thorium in
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indivm is very low. at a level below 30 ppm. Above this limit, the excessive thorium reacts with iridium
o form second-phase particles with composition Thirs. The thorium in sottion is not uniformly
distributed; instead. it segregates strongly at grain boundaries. as detected by ion microprode amd Auges
analyses. The thorium-doped alloys showed no indication of incipient meling at temperaturcs
10 2230°C, indicating that the cutectic temperature for iridium and Thirs is above that temperature.
Thorium additions raise the recrystallization temperature and retard grain growth at high temperatures.
The grain size in Jow-thorium alloys s governed by the grain growth process. which depends strongly on
the amount of second-phase or thorium concentration. Beyond an cfiective tho.ium ltvel the grain size
becomes almost independent of thorium concentration. :

Tensile tests indicate that thorium addition increases the strength and improves the fracture
behavior of Ir-0.3% W alloys. The undoped alloy fractured by GB separation, while the alloys doped
with less than 500 ppm Th failed mainly by transgranular fracture at 650°C. The suppression of the
intergranular fracture m the doped alloys is due to GB segregation of thorium, which improves the
mechanical propertics of the boundary. The brittle fracture associated with GB separation is not
observed at 1370°C; instead, all alloys, whether lhomm.—doped or not, exhibited ductile rupture with
reduction of area close 10 100%.

" The impact properties of the alloys were characterized as functions of test temperature, grain size,
and heat treatment at a velocity of 85 m/s. The impact elongation of both doped and un-oped allcys
incres ses with test temperature and becomes insensitive (o temperature above 1200°C. The ductility of
both alloys decreases with increasing grain size, and the decrease becomes more dramatic in the coarse-
grain size range. Fora given grain size, particularlyin the fine-grain size range, the thorium-doped alioys
are much more ductile and resistant to G B fracture. Al 'u1 these results can be correlated on the basis of
stress concentration on GBs, using a disiocation pileup model.
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