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GRAIN GROWTH IN Ir~G,3Z W ALLOYS 

D. E. Harasyn and A. C. Schaffhauser 

ABSTRACT 

The fuel cladding material for isotope heat sources oper
ating above 1300*C is currently an Ir-0.3Z V alloy. The 
ductility of this material under high-teaperature iapact accident 
conditions is reduced by large grain sizes. Grain size as a 
function of tiae and teaperature is requited to deteraine the 
effects of high-teaperature exposure during fabrication, 
asseably, ground testing, and operation of the heat source. 
The average grain diaaeter and the nuaber of grains across the 
0.64 aa (0.025 in.) cladding-wall thickness of several batches 
of Ir-0.32 W sheet is reported as a function of tiae at 1583 K 
miO^ C ) , 1689 K (1415'C), and 1808 K (1535*C) up to 2000 hr. 
Growth rates were measured both perpendicular and parallel 
to the sheet surface in longitudinal cross sections of sheet 
saaples. In alloys with Th, Al, Fe, Ni, and Rh dopant 
additions, the grain structure was elongated and grain growth 
was retarded. Grain size was aeasured by the line intercept 
aethod and the data were described by the grain growth 
equation, d2 — d\ • kt. An activation energy for grain growth 
was deterained for each batch, in both the perpendicular and 
parallel directions. Abnoraal grain growth was net observed 
within the tiae and teaperature ranges of this experiaent. 

INTRODUCTION 

The alloy currently being used for the fuel cladding in isotope heat 
sources operating above 1573 K (1300*C) is Ir-0.3Z W. In the Multi-
Hundred -Watt heat source,1 P u 2 , , 0 2 fuel spheres are clad with Ir-0.32 W, 
noainally 0.64 aa (0.025 in.) thick, which is designed to contain the fuel 
under both operating and accident conditions. The aost severe accident 
conditions that the cladding is expected to survive is iapact at 85 a/sec 
(280 ft/sec) at 1623 K (1350*C). 

The resistance of Ir—0.3X W to brittle intergranular fracture under 
high teaperature iapact conditions is advernely affected by large grain 
sizes.7 In this study, grain growth data on Ir-0.3% W were gathered to 
deteraine the effects of high teaperature exposure during fabrication, 
asseably, ground testing, and operation of the heat source. This 
information, along with iapact resistance vs grain size data, will help 
designers predict the iapact ductility of the fuel cladding as a 
function of fabrication and operational history. 

Data were collected on heat treataents at 1383 K (1310*C), 1688 K 
(1415*C), and 1803 K (IS30*C) for times froa lib to 2000 hr. Grain size 
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was Measured by the line intercept technique. The data fit zhe grain 
growth equation: 

d2 -d% « kt (1) 

with 

k - feo exp {-QIRT} . (2) 

where d is the grain diaaeter at tiae i» do is the grain diaaeter at 
t - 0t fco is a constant, ff is the gas constant, 7 is the absolute 
teaperature, and Q is an activation energy for grain growth. 

Very large grains, which soaetiaes extended through the thickness 
of the cladding, have been observed in an Ir-0.3Z V alloy.3 Brittle 
intergranular fracture under iapact conditions is often associated with 
such large grains. Therefore, in addition to the average grain size, the 
largest grain in each saaple was aeasured to oetect possible abnormal 
grain growth. 

The recrystallization teaperature of Ir—0.3Z W varies considerably 
depending upon the source of the iridium powder. The recrystallization 
teaperatures of various batches of Ir-0.3Z W sheet range over about 175*C 
(Fig. 1). In working with soae eight different batches of Ir-0.3Z V 
ever the past three years, the authors have found that generally the 
lower the trace impurity level in the iridium starting powder, the 
lower will be its recrystallization teaperature. This batch to batch 
fluctuation of the recrystallization teaperature has a significant effect 
on the fabrication teaperatures of Ir—0.3Z V.h This report focuses on 
Che grain growth behavior of three batches of Ir—0.3% U sheet referred 
to as WER, WC, and D0P-4. The recrystallizatioi. teaperatures of these 
batches correspond respectively to those of the samples WE-42, WG-202, 
and MGD266 (Fig. 1). 

The D0P-4 alloy is being developed at Oak Ridge National Laboratory 
by C. T. Liu and H. Inouye who have determined that the addition of 
40 wt. ppa Al, 80 Fe, 16 Ni, 75 Rh, and 30 Th to the starting powder 
greatly improved the iapact fracture behavior of Ir-0.3Z W . 2 , s , c Doped 
material tested (by uniaxial iapact) under the saae simulated accident 
conditions as undoped aaterial typically showed increased reduction of 
area froa 20Z to 60Z and increased uniform elongation froa 10Z to 27Z. 
Also the fracture mode changed from mainly grain boundary separation to 
aixed transgranular fracture and ductile rupture. Probably these dopants 
stabilize the batch-to-batcb fluctuations of the recrystallization 
teaperature.7 
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Fig. 1- Percent Recrystallization of Ir-0.32 W Alloy Sheet vs 
Annealing Temperature. 

EXPERIMENTAL 

The fabrication of Ir—0.3Z V sheets has been previously described 
by Braski and Schaffhauser.* Briefly, iridium powder (99.9+?) obtained 
in 40-60 kg batches and tungsten powder (99.97Z) were blended together, 
compacted, and sintered. A mixture of approximately 40Z sintered 
compacts and 60Z previously melted material was electron beam melted 
and drop cast into copper chill molds. The 2 x 2 x 5 cm (3/4 * 3/4 * 2 in.) 
ingots were rolled at 900 to 1200*C into 0.8-mm-thick (0.03-in.) sheers 
whose micrestructures were wrought and fibrous. The sheet was rolled 
primarily in one direction, but some cross rolling was done early in the 
rolling schedule. Chemical analyses for trace impurities were done by 
spark source mass spectrography on samples cut from the fabricated sheets 
(Table 1). 

The DOP-4 alloy was fabricated in the same way except that selected 
dopants were blended in with the iridium and tungsten powders. The 
dopants (40 ppm Al, 80 ppm Fe, 16 ppm Hi, o ppa Rh, and 30 ppm Th by 
weight) were added as elemental powders except for thorium, which was 
added as Th0 2 powder. The DOP-4 samples used in this experiment were 
fabricated from what initially was a portion of the VG batch of iridium 
powder. The above dopants were then added to this portion of WC starting 
powder before compacting. 



Table 1. Spark Source Mass Spectro raphic Analyses for 
Trace Impurities in WER, WG and DOP-4 Sheet (wt. ppa) 

Elcaent 
A l loy 

Elcaent 
UER-«13 WC-202 DOP-4-4 

A* * 0 . 3 

Al 0 . 3 5 3 

As <0 .5 

Au <3 

B 0 . 5 0 .1 

C* <0.1 1 0 . 5 

Co 0 . 1 <0 .5 

CT 0 . 1 5 1 

CI 1 

Cu 1 1 3 

Fe 0 . 3 5 10 

K 3 I 

Mg <1 <0.5 

Mn 0 . 1 <u-3 

Mo 3 10 

S* <0 .1 5 <0 .5 

!fi < 0 . I 1 3 

P 0 . 1 <0 .5 

Pd <0 .5 

Pt 3 

Rh 1 20 20 

Su 1 20 40 

S 40 

S i <3 5 10 

Ta 1 10 10 

Th <1 40 

Tl <3 3 

V 3 I 

W 3000 2000 3800 

Zn <0 .5 

Zr 5 
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All saaples were taken fro* sheets that had been surface ground 
to 0.64 MB (0.025 in.) except for DOP-4. The DOP-4 samples were taken 
from an experimental as-rolled 0.81-mm-thick (0.032 in.) sheet. No 
serious effect of the free surface on grain growth kinetics was observed. 
Continued work on the DOP-4 alloy has not shown that the difference in 
surface finish between the DOP-4 samples and the undoped saaples intro
duced any aeasurable systeaatic error into this experiaent. All aaterial 
was electrolyticaily etched in KCK, cut with a water cooled abrasive 
cutoff wheel into 5 * 10 an (0.2 * 0.4 in.) pieces, and then acid cleaned 
in MCI, HNO,, and HF. 

The saaples were vacuum heat treated in iridiua boats. For heat 
treatments of less than 500 hr. three separate oil-diffusion-pumped-
vacuum furnaces were used to maintain the pressure near 1 * 10~ s Pa 
(10~5 torr). The long term hea*. treatments were done in ion-pumped 
furnaces operating at pressures near 1 x 10" 5 Pa (10~7 torr). The 
temperature was .raised from just below the recrystailization tempera
ture to the heat treating temperature within 10 ain. This was done so 
that the initial grain size (at t • 0) would be as uniform as possible 
from one heat treataent to the next. An optical pyrometer or a thermo
couple measured the temperatures. 

After heat treatment, a sawcut vas made through the middle of each 
sample parallel to the rolling direction to expose a longitudinal cross 
section. Mechanically polished samples were electrolytically etched in 
20Z HCl in saturated NaCl solution to reveal the grain structure. Details 
of the metallography technique have been previously described.' 

The average grain diameter both parallel to and perpendicular to 
the sheet surface was determined by the line intercept method that counts 
the number of grains crossed by a unit length of line. Also the largest 
grain in the cross section of each sample was measured. An average diam
eter was determined for the largest grain by measuring the diameter at 
72* intervals. 

RESULTS 

Grain size data in terms of the number of grains across a 0.64-am 
(0.025-in.) thickness was recorded (Figs. 2—5). This parameter was con
venient to use because the fuel cladding thickness is 0.64 am (0.025 in.) 
and impact data have been correlated with the number of grains across 
the cladding thickness. The DOP-4 alloy had finer grains than the undoped 
alloys at all times and temperatures. However, at the higher annealing 
temperatures, the grain size of the DOP-4 alloy approached that of the 
undoped alloys (FI%. 2). Note that the grain size data for two other 
batches of undoped Ir-0.32 W, WC and WE. tend to group together with zhe 
data from WE* and WC (Fig. 2). 

The nuiober of grain boundaries across the thickness is shown as a 
function of time (Figs. 3, 4, and 5) at 1583 K (J310*C>, 1688 K (1415*C), 
and 1803 K (1530*C). Again the undoped alloys WC and WER had nearly the 
same grain size in almost all cases whereas the doped alloy was finer 
in grain size. A spot comparison of the WC and WE alloys with the WER 
and WG alloys showed little difference. The error bars (Figs. 3, 4, 5) 
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Fig. 3. Nuaber of Grains Across a 0.64-«a-Thic' (0.025-in.) 

Ir-0.32 W Alloy Sheet vs Annealing Tiae at 1583 K (1310'C). 
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represent plus or minus one standard deviation of the average number 
of grain boundaries across the thickness, that is, ± S/\Jn where 5 is 
the standard deviation and n is the number of measurements made in 
determining the average. At the lon~r times or higher temperatures, 
the slope of the curves approach —"./2 on these log-log plots. This 
suggested that the grain growth equation. d* - d\ = kt, might be used 
tc interpret the data. 

Figures 6, 7 and 6 show the data of Figures 3, 4, and 5 replotted 
in t^rAS of the average grain diameter. This average grain diameter 
is simply the inverse of the number of grains across the thickness and 
is therefore a measurement of the dia"t$ter from the perpendicular 
orientation only. The solid curves were calculated by a least squares 
fit of the data to the grain growth equation (Eq. 1). The values for 
do were determined mathematically as part of the least squares fitting 
process rather than experimentally. In a few cases this results in 
what looks like poor fit of the curves to the data at sviall grain sizes. 
In those cases a do was obtained from a reasonable estimate of the average 
grain diameter at t * 0 by extrapolaLion of rhe data. The dashed curves 
were calculated using the same value for k as determined by the least 
squares method. But instead of using the mathematically determined do, 
the estimated do was used. With or without the modification of do, the 
grain size data are well described by d2 — do = kt. 

To determine an activation energy, Equations 1 and 2 were rearranged 
int. the following form: 

In fc - In £2- ) ln*0 - Q/RT (3) 

ORNL-MG 76-10477 
I N ! !!!!— 

Fig. 6. Isothermal Grain Growth of the DOP-4 Alloy as a Function 
of Time. 
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Fig. 7. Isothermal Grain Growth of the WG Alloy as a Function 

Time. 

OHNL-ONG 76-10*78 

Fig. 3. Isothermal Grain Growth of the WER Alloy as a Function 
of Time. 
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Wh3n In [(i2 - dl)/t) was plotted against l/R? (Fig. 9) a straight line 
of slope -Q was obtained. The lines were calculated by the least 
squares aethod and the resultant constants are listed (Table 2). The 
data points at 1908 K (1635*C) were not used to calculate Q because 
they were determined by grain size Measurements from only two heat 
treatments. But these data points fall fairly close to the predicted 
values for DOP-4 and UG. On the other hand the 1908 K (1635"C) data 
points for UER, 0.01 m»2/hr (1.5 * 10" 5 in.2/hr) (not shown) were higher 
than expected. 

Grain size was measured parallel to and perpendicular to the sheet 
surface, and the ratio was plotted against the perpendicular measurement 
(Fig. 10). The grains were initially elongated in the rolling direction 
and became more equiaxed as the grain rize increased for both DOP-4 and 
UG. Elongation was significantly greater in DOP-4 than in WC. The 
error bars (Fig. 10) indicate the standard deviation of the average. 

IML-OKK-QW 

I/RT no" 4 «o*Aoi> 
,2.6 2.7 2.8- 2--> 3.0 3.1 1.2 33 

Fig. 9. Temperature Dependence of Grain Growth Rate Constant, 
k - d2 - dl/t, for Three Ir-0.3Z W Alloys. 
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Table 2. Calculated Values of fc, Q. and In fc, 

K \m2/YiT ac 
D irec t ion (kJ/mole) In fe. Direc t ion 

1310'C 1415 #C 1530*C (kJ/mole) In fe. 

1.35 

Al loy DOP-4 

477 4 42 I co surface 1.35 18.3 124 477 4 42 30 .20 
I Co surface 0.767 15.7 133 545 4 54 34 .79 

Average 1.06 17.1 130 507 ± 46 32.27 
Racio, kt/kl 1.76 1.16 0 .93 

7 .23 

Alloy WG 

471 4 24 1 co surface 7 .23 55.2 625 471 4 24 31.24 
1 Co surface 6 .71 61 .6 697 491 4 13 32.67 

Average 7 .03 58.1 662 480 4 20 31.91 
Racio, kH/kl 1.08 0 .90 

Alloy 

0 .90 

WER 

H co surface 7.48 39.8 572 458 4 60 30 .19 
1 Co surface 9 .55 57.5 787 466 4 50 31.07 

Average 8 .52 48 .3 677 462 4 55 30 .65 
Racio, kji/ki 0 .78 0.69 0 .73 



T> 

#1 («rsao 

Fig. 10. Grain Shape as a Function of Grain Size for DOP-4 and WG 
at 1583 K (1310°C), 1688 K (U15*C), and 1803 K (1530*C). 

An abnormally large grain whose growth was induced by a critical 
amount of strain in recrystallized Ir—0.3Z W was observed by Frank et al. 3 

In that study a sheet sample of Ir—0.3Z U (WC material) had been recrys-
tallized, machined at one end, and then annealed 6 hr at 1773 K (1500'C). 
The average grain size was less than 0.05 mm ( 0.002 in.), but a large 
grain at the machined end measured over 0.5 mm (0.02 in.) in diameter 
(80Z through tte thickness). 

The possibility of abnormal grain growth was investigated in this 
experiment also. The average diameter of the largest grain may be 
correlated with the average grain diameter as measured perpendicular to 
the sheet surface (Fig. 11). If abnormal grain growth were active in these 
alloys, the linear relationship (Fig. 11) would not exist. There would 
have to be a sharp increase in the slope of D vs d at some fairly well-
defined value of d. Care was taken in this experiment to avoid 
straining the samples after they had been recrystallized. Under t'ese 
conditions abnormal grain growth was not observed. 

Another note concerning Figure 11 is that th^ largest grains in 
the undoped alloys were generally equiaxed. The largest grains in the 
D0P-4 alloy were generally elongated in the rolling direction and had 
length to width ratios ranging from 2 to 5. 
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Fig. 11. Dlaaeter of Largest Grain vs Average Grain Diameter in 
Ir-0.3.1 W Alloys. This coxrelation includes data fror WC, WE, UER, WC 
and DOP-4 samples from various heat treatments. 

Figures 12-15 contrast some of the grain *izes and shapes observed 
in this experiment. Precipitate particles were detected in some of the 
DOP-4 grain growth samples. However, these particles comprised much 
less than IX of the polished surface in those samples in which they 
were detected, and were usually seen at the f.rain boundaries. The 
particles are believed to be nearly spherical, but unfortunately the 
etching process usually removed them and left behind only indications 
that something was there. The composition of the precipitate has not 
been established, but Ir-0.32 W alloys doped only with thorium show 
the same kind of particles (Fig. 15). The thorium contents are listed 
(In the caption of Fig. 15), but it should be remembered that Al, Fe, 
Ni, and Rh were also added to the DOP-4 alloy. Ion microprob* muss 
analysis of the precipitate from the alloy containing 1000 pom Th 
indicated that the precipitate is rich in thoriu*. Available phase 
diagram information indicates that the precipitate is likely to be 
IrsTh 10 
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Fig. 12. Longitudinal Cross Sections Annealed 1 hr at 1583 K 
(1310*C): (a) OOP-*; (b) WG; (c) WER. 100* 
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Fig. 13. Longitudinal Cross Sections Annealed 1000 hr at 1583 K 
(1310*C): (a) D0P-4; (b) WC; (c) WER. lOO* 
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Fig. 14. Longitudinal Cross Sections Annealed 100 hr at 1803 K 
(1530-C): (a) DOP-4; (b) WG; (c) WER. 100x 
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ocr-w wm-j 
Fig. 15. Ir-W-Th Alloys Heat Treated at 1300'C For 480 hr in 

Vacuus. All alloys are Ir-0.3Z U. Thoriuai additions to the melt are 
as follows: WC Material - 0 ppa; D0P-4 material - 30 ppm; DOP-14 
saterial - 200 ppa; and UTn-2 Material - 1000 ppa. 

DISCUSSION 

Constants obtained by a least squares fit of the data to the 
grain growth equations (Eqs. 1 and 2) were determined (Table 2) for 
each case in which "ata was obtained by Measuring perpendicular to the 
sheet surface, parallel to the sheet surface, and by taking the average 
of the two, i.e. (<& + <*)/2. 

The isothermal tiMe constant k is considerably smaller for D0P-4 
compared to the imdoped alloys at any temperature considered. Overall 
there is not a great difference between the value of k (perpendicular) 
and k (parallel) except for the DOP-4 alloy at 1583 K (131C"C), in which 
k is calculated to be 76Z greater in the parallel direction compared 
to the perpendicular direction. The plot in Figure 9 would change very 
little if k (parallel) were plotted rather than k (perpendicular), which 
is plotted. 
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The activation energies (Table 2) indicate that the energy barrier 
to grain growth in the undoped alloys is essentially independent of the 
two directions in which the neasureaents were nade, but in the doped 
alloy, the energy harrier is directionally dependent. The error calcul
ated for the activation energies are plus or •inns one standard deviation. 
This error represents how well the data fit a straight line and does not 
reflect the individual errors in the values of k. The activation energy 
for the doped alloy is significantly greater than those of the undopet' 
alloys when measurements are made only perpendicular to the surface. 
However, when neasureaents are nade parallel to the surface, the activa
tion energies of the three alloys are indistinguishable. 

When the average of the perpendicular and parallel measurements 
of the grain diameter are used to calculate £, there is no clear dis
tinction, within the linits of precision of these data, between the 
activation energies of the doped and the undoped alloy*. The DOP-4 
dopants retard grain growth in Ir—0.3* W as is clearly reflected in the 
lower k values (Table 2). However, any difference in the activation 
energies between doped and undoped Ir-0-3Z W is snail. The difference 
in kinetics between i.he two materials may be caused by differences in 
fc«, but here again the data are not sufficiently accurate to say. 
Furthermore, small errors in Q can lead to much larger errors in '<% 
because k% is determined by extrapolation over a wide range. Thus more 
data of higher precision are required to determine if there is a funda
mental difference in grain growth behavior between doped and undoped 
Ir-0-3Z W. 

A literature search revealed no bulk diffusion data on iridium or 
on iridium-tungsten couples. An estimate was obtained fron the approxi
mate relationship between the activation energy for self-diffusion and 
the melting point «*» a pure metal given by Shewnon11 

_2_ » 37 cal , (4) 

7 mole K 

and is 

Qt * 418 kJ/mole (100 kcal/mole) . 
It is not certain that this approximation should apply to iridium; 
however when compared to values listed in Table 2 it is reasonable 
to suspect that self-diffusion is controlling gra'n growth in undoped 
Ir-0.3Z W and that the addition of tungsten to iridium ought to increase 
the activation energy for self-diffusion of the alloy. 

More work is necessary to establish the exact role played by the 
dopants in the D0P-4 alloy. Auger electron analysis has shown thoriun 
segregation to the grain boundaries in the D0P-4 alloy, but not 
in the undoped alloys. The concentration at the grain boundaries of 
recrystallized 00P-4 samples has been found to be approximately 3 to 5 
at. Z. It is thought to be present in solid solution because it is 
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present only in the first few atomic layers.l2 Auger analysis has 
not detected any segregation of either the other dopants or tungsten 
to the grain boundaries in any of the Ir-0.3Z V alloys. 1 2* 1 1 

These results suggest that choriun is involved in a rolute drag 
mechanism retarding grain growth in the DOP-4 alloy. However some 
careful studies are needed to test this theory. 

Although the mechanism by which the dopants retard grain growth 
in Ir—0.3Z V cannot be unequivocally determined from these data, ii is 
likely that thorium plays an important part in that process either as 
a grain boundary solute segregate or as a precipitate. The effects of 
the other dopants on the overall behavi ,r of the D0P-4 alloy are still 
under investigation. Recent work by C. T. Liu1* has suggested that both 
aluminum and thorium are important in the impact behavior cf the DOP-4 
alloy, but this is still under investigation. 

COKCLTSIOKS 

(1) The DOP-4 (Ir-0.3Z V) a'loy was finer is grain size than th-
undoped alloys at all times and temperatures investigated. At temper' 
atures over 1873 K (1600*C) this relationship becomes less evident. 
Undoped Ir-0.3Z V alloys tended to have nearly the same grain size at 
any given time and temperature investigated even though their recrystal-
lization temperatures were quite different. 

(2) Grain growth data obtained on Ir-0.3Z U alloys followed the 
grain growth equations d2 — d% * ki, where k » <» exp<-£/KT). The 
activation energy for grain growth in undoped Ir-0.3Z W was greater 
than the anticipated activation energy for self-diffusion in pure 
iridium by about SO kJ/aole (12 teal/mole). Possibly the addition 
of tungsten to iridium increases the activation energy for self-
diffusion in the alloy and self-diffusion controls grain growth in 
the undoped Ir-0.3Z U. 

(3) When grain diameter was measured in the direction perpendicular 
to the sheet surface, the activation energy for the DOP-4 alloy was 
significantly greater than in the case where grain diameter was measured 
parallel. This directional dependence was not observed in the undoped 
alloys. 

(4) When the average of the perpendicular and parallel grain size 
measurements was used to calculate an activation energy, the difference 
between that of the doped and those of the undoped alloys was small. 
However, when grain sixe was measured in the perpendicular direction 
only, the activation energy for the OOP-4 alloy was significantly greater 
than tnose of the undoped alloys. More data and greater precision are 
necessary to determine any fundamental differences in activation 
energy and k% between the doped and the undoped alloys. 

(5) The D0P-4 alloying additions (Al, Fe, Hi, Hi and Th) retarded 
grain growth in Ir-0.3Z W. which dopant or combination of dopants was 
responsible is not known, but it is likely that thorium played an 
important role. 



(6) Abnormal grain growth was not an active mechanism in the 
Ir~0.3Z U alloys studied within the tine and temperature ranges of 
this experiment. 
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