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A 

Iridium-allay blanks md foil are pmluced at the Oak Ridge National 
Laboratory for use as fuel cl 
generators for space power 
from small, 500-g drop castings 
which consumable electrodes o 
and then rolled to produce the 
during Fy 1990 included the c 
ingots and the extruding and Polling to sheet of €our billets. Significant 
improvements made in the extruding and arcmelting processes during 
FY 1989 have been demonstrated to dramatically increase the rate of blank 
acceptance in nondestructive evaluations. Efforts to improve the rolling 
pmctice and to better characterize intermetalk particle distributions in the 
sheet are also described. 

The DOP-26 iridium alloy (lr-6).3% W-0.006% Th-O.Q05% Al) was developed by 
the Oak Ridge National Laboratory (0 NL) for use as fuel cladding in radioisotope 
thennoelectric generators (RTGs) used for space power. 
have been produced at O W L  for 
the form of DOP-26 alloy blanks an 
foil. Hight-quality products were p 
used in the manufacture of flight hardware for both the ~ u ~ t i - ~ ~ u n ~ e ~ ~  Wart and General. 
Purpose Heat Source RTGs. In 6984, development of a new iri ium-alloy sheet and foil 
manufacturing process, the ~ o ~ s ~ ~ a ~ l ~ - ~ ~ ~ ~ ~ ~ ~ d ~  arc melting and extrusion of large, 10-kg 
ingots, was begun.2 Since that tinre, ip total of 1 I ingots ( b ~ t h  experimental and 
production) has been processed to blanks. 

diurn alloy sheet products 
ears. The products are cimrenfy produced in 

-g, drop-cast ingots and were 
alloy (Ir-0.3% w-0. 

"Research sponsored by Offke of Space and 
Special Applications, U.S. Depxirnent of Energy, un 
with Martin Marietta Energy Systcms, Inc, 
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This report sumikzes  the production experience for DOP-26 alloy blanks and 
DOP-4 alloy foil during F‘lt’ 1990. The rcsdts of experbental rolling trkals with sheets of 
iridium scrap me also included. ‘Ihe most important accomplishments have been the 
production of blanks and foil and the demonstration of a dramatic decrease in the rate of 
rejection of blanks for ultrasonic indications, using the improvements in arc-melthg and 
extrusion practices made during FY 1989 (ref. 3). 'lie experience with cach of the 
processing steps of clectrode fabrication, consumable-electrode melting, ingot 
conditioning, extrusion, rolling, and inspection are disc:ussed below. 

cofiguration control. Approved procedural revkions were obtained whenever necessary 
for all prwessing of these materials. The sole exception was the RS5 material that 
consisted of solid scrap material not suitable for recycling for flight-quality products. 

The processing of all materials described in this report was pafomped under full 

2. ELECIRODE FABRTCATlON 

During the year, fabrication of threc electrodes from iridium powder was 
completed, and fabrication of a fourth electrode was begun. The E2 arid E3 elecerodes 
were fabricated from elecwon-beam-melted buttoris produced from E-batch powder. The 
D2 electrodc was fabricated from elaXron-Seam-meltd buttons p r d u c d  from D-batch 
(41%), R-batch (39%), and @-batch (20%) powders. No changes were made in the 
procedures for powder processing, electron-beam melting, or arc melting and alloying of 
buttons. The impurtant technical change made in Ff 1989 and implcmented for a11 
production this year is the elimination of water washing of the iridium powder. (Water 
washing remains optional in the powder-preparation procedure in the event that future lots 
of powder are not as clean.) 

with the established procedure. The recycle material consisted of cleaned, melted, 
extruded, or rolled iridium alloy from C1, D1, CRCS, arid BT”i” ingots manufactured during 
the years 1987 through. 1989. Two pieces of the recycled iridium material, which appeared 
different in luster, were chemically analyzed and found to be within specification. Thus, 
CR4 is recycled material from powder lots B, @, and D. 

An additional electrode (CR4) was fabricated from recycle material in accordance 

In addition, chemical analysis by isotopic dissolution was performed on a sample 
from the top center of the E3 ingot to evaluate the extent of thorimin macrosegregation in 
recycle material used in electrdc fabrication. The 72-ppm Th value for this samplc 
indicates that macrosegregation is not significant. 
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Arc melting of four ingots was ~ ~ o ~ e d  during the year using the MP-22 furnace. 
All of the melts were made using a 27-mm-di 
Measurements of the spacing between the electrude and hle m l d  flange were made with the 
electrode at the top, middle, and bottom of its dowed travel. Calculated clexances 
between the electrode and the mold were, in all cases, maintained a b v e  the spec.ified 
13-mm rninirnum (as compared to a clearance of 1 mm for a perfectly straight electrode 
and an ideally aligned system). '&e initial evacuated pressure levels were between 2 md 
3 M a ;  they generally rose duing melting to between 20 and 40 mPa. The nomina9 
current of the arc for all melts was 3 
after establishing the arc was 30 to 31 V. At the end of each melt, the current was 
decreased to minimize the size of the internal cavity near the top of the melt. 

Figs. 1 through 3 for E2, D2, and E3 electrodes, respectively. (Due to a computer error, 
no plot was obtained for the CR4 electrode.) The plots are very similar for all three melts. 
Each plot shows a startup lasting about 90 s, a steady-state melting, and an ending hot-top 
melting. The voltage is allowed to rise to 34 or 35 V during the first 20 s of the melt in 
order to establish an estimated initial arc length of 25 to 50 CM to avoid sticking of the 
electrode to the molten pool. The potentiostat coni~rol of the electrock feed rate initially 
drives the electrode at a relatively high rate of 
the arc length has shortened to decrease the voltage to between 29 arid 38 V and is 
estimated to bt: less than 6 mm. In each case, a number of short circuits indicated by s h q  
decreases in voltage arc seen. These are indications of molten-me 
electrode bridging to the pool for short perids of time. The electrode-fed controller 
decreases the feeding rate io about 3.5 m d s  for about 10 s. The lower feeding rate causes 
die arc length EO increase. '"his completes the startup portion of the melt, 

3 100 A and a voltage of 30 to 32 'd. The elemode-fe 
the range of 3.9 to 4.2 nm/s for the three plots shown. The filial hot-top portion of the 
melt is begun when about 50 mm of electrode length remains, and tihe current is manually 
decreased. The hot-top portion i s  ended when the the elwrrode has melted back EO the stcm 

of the iridium stub, and the power is shut off. The three plots (Figs. 1 through 3) show 
different hot-top pardmeters. At present, it is not known which parameters are most 

electscde in a 63-mni-diarn mold. 

A, and the nominal voltage (dc electrode negative) 

The plots of current, voltage, and electrode position versus time are shown in 

to 80 s. At this time, 

drops from the 

?"he steadystate p0rh-1 of e x  melt i s  characterized by a current of 34)oo to 
rate is relatively constant and is in 
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Fig. 1. Plot of arc-melting parameters for the E2 ingot shaws 
maintenance of nominal potential of 30 V and nominal current of 3000 A 
after the initial 60-s melting. 
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Fig. 2. Arc-melting parmeters for the D2 ingot are similar 
to those seen in Fig. 1 for the E2 ingot. 
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Fig. 3. Arc-melting pxameters for the E3 ingot are similar to 
those seen in Fig. 1 for the E2 ingot. 

effective in inhimizing the depth of the internal pare, which must he cut f~om the top of 
each ingot for use as recycle material. 

All four consumable-electrode, m-me1 
appearance. All of the ingots are smooth over 
rough due to unremelted 
to remove a minimum of 
ground flat and 
splatter, 

gots made during the year S ~ Q W  similar 
surface. Some areas are 

the meldng. The ingots were dl ~ y l i ~ ~ c ~ y  ground 
m the surface, and the circular ends were cur and 

endicular to axis. This removed but a few regions of umemelted 

Tlhe extmsions af the f0w ac-melted ingots described above were successfdly 
perfomed using the same extruding parameters. The ground ingot is placed in a 
molybdenum can of 86.4-nm darn and heated to 11425°C for 3 h, The canned ingot is then 
extruded through a zirconia-coated, conical, steel 
opening. The detailed exm 
this diameter of tooling (8. 

a 19- by 5 1 -m-reGQngulz 
ammeters are. listed in Table 1. The press capacity far 
has, in the past, resulted in incomplete extrusions. 
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Table 1. Cwrcnt extrusion parameters for iridi 

Can 

Matarid: 
Chitside di,uneter: 
h i d e  diameter: 
Base length: 
Nose;: 
Tail plug: 

Mataid: 
Elarchess: 
Coating: 
outside dimeam: 
hg&. 
Die Oping:  
Entry flat: 
Die exit angle: 
Die cxie lePlgrhr 
Die throat length: 
Pinning hole dam: 
Pinning hole separation: 
Pinning hole depth: 

Mated.: 
I-lardness : 
Inside &amem: 
Temperature: 

Temperature: 
Time: 
Argon flow; 

Billet: 

Liner: 

fie: 
'rramfm time: 
Nitrogen pressuse: 
cooling m d u n :  

M0lyM~UlJ.I 
86.4 * 0.5 n1m 
Clearance of 0.25 to 0.10 nini to ingot 
Maximum 1 m greatm than ingot length 
45 4 3" cone with a flat diarri of 24 f 1 m a ~ l  
Approximately 25-m thick 

Extendodie 
47 to 48 HRC 
0.5 Mnlzp692 ovm 0.05 m nichrome 
w.22 t 0.05 m 
46.2 f 0.1 Inm 
19.05 $I 0.1 1m by 50.8 f 0.1 PPlIll 
1.6 f 0.2 nun 
3f1" 
6.4 k 0.2 m 
6.4 f 0.2 m 
95.25 k 0.03 mm 
70.07 k 0.03 mm 
15.9 k 0.2 m 

Liner 

Extenddie 
47 to 48 IJRC 
90.4 f 0.05 mill 
470 k25'C 

Die backer 

22.2 f 1.0 iim by 54.0 f 1.0 m n  
Same as for die 

Billet heating 

1425 k Z5"C 
3 t o 6 h  
20 P 5 Cfl l  

Follower block 

Lubricants 

67 wt A No. 567 glass (-ux> mesh) 
33 wt %I No. 3KB glass 
Manufacturer: Ceramic Color and Chemical 

Necrolene ( J ~  F. Hall and Company, Carnegie, Pa.) 
Fiske 201 ((3. Whitfield Richardson Co., 

Philadelphia, Pa.) 
Same as liner 
25 s maxim11m 
15.5 MPa (2350 psi) 
Vermiculite 

Manufact~~ring Company, New Brighton, Pa. 
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Fig, 4, Plots show that the e extrusion exhibited significantly 
lower loads early in the extl-usion than the 2,122, auld E3 extrusions but 
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5 .  SE-EET ROLLING 

b u s  from E2, DIE, and E3 ingots were rolled to yroc-luce sheet for 
machining into blanks. In addition, rolling was completed on eight shects from the 
CR3 ingot. All rolling was performed using identical. parameters. The only technical 
change made during the year was the addition of a single pass in the longitudinal direction 
for the fxst piwe of b x  from the nose of each extrusion. This change gave a more uniform 
thickness prior to the nornial cross rolling and minimized subsequent variation in sheet 
width. During the final stages of rolling without rnolybdeaium covers, one of the 17 
E2 sheets cracked along nearly its endre length. ,4 total of 112 blanks were machined. 
Seventeen sheets from the D2 ingot were all successfully rolled and prtduced 118 blanks. 
The rolling of 5 of 16 sheets with molybdenum covers fiorn the E3 inger produced 
indenlaeions or weas of insufficient thicknesses for production of blanks. Ten bladls were 
rejected for localized areas of insufficient thickness. The indentations are k l i e v d  to be 
due to relative modon between the sheets and their associated cover’s. Similar behavior 
(described below) was observed previously on three shccts f?om the RS5 iridium-scrq 
ingot. 

A study was conducted to identify rnethsds of minimizing the risk of edge cracking 
or splitting along the rolling direction during the rolling of bare sheet using tungsten- 
carbide rolls. The calm of the cracking is attributed primarily to the nsnunifomity in the 
sheet thickness following rolling in the molybdenum covers. Measurements performed on 
the sheets from RS5 iridium-scrap ingot show thicknesses that are maximum at the center 
and tfecrease toward both the sides and the ends. After the initial cross rolling of the 
extrusion from 13 to 8 mm, the variation in thickness is typically 0.4 m. After further 
rolling to about 4.5 mxn, the variation in thickness is typically 0.2 mm. Upon completion 
of the. covered rolling, the variation in thickness is about 0.15 m. However, the variation 
was more on two sheets that slipped within the covers during rolling. In tkse cases, the 
iridium-sheet material moved under a portion of the rpaolyl~enurn cover that had not 
received as much reduction in thickness and, which in subsequent rolling, left an 
impression in the sheee. 

Several special, tapered covers were prepared and used for rolling at a preheat 
temperature of 100°C from an initial. thickness of ahue 2 rnm to a final thickness of about 
1 nit11 in 6 or 7 passes of 10% each. ‘l’hrm of the covers wcre prepared by masking a 
25-mm-wide strip along the center of one side with tape arid acid etching to remove 0.13, 
0.25, and 0.38 rnm of material, respectively, to produce a lengthwise step of the same 
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height. TWQ of the three covet's did p 
the cover with the 
the tail. For the c 

tep, the depression varied from 0. 

sultant 2S-mm-wide depressions were n@t ccntered dire to 
1 covers with a tapemi thickness, rather rhan 
tapers from the icker center to thinner 

6 mm, respectively. It was hoped that this would produce a 

mii at the nose to nil at 
9 the ~ ~ ~ r e ~ s ~ ~ f l  varied kom .o$ mrn at the nose 

rolled iridium-dloy sheet with a ~ncm ~ n ~ ~ o ~ ~  thshichiess across 
movement of the sheets within die covers produced severd regions imp 
than anticipated. The initial curvature d the  sheets also ~ o ~ ~ ~ u ~ ~  to the problem of 
obtaining greater d i n g  reduction a ng the thicker cenwal portion of the sheet. 

Additional efforts to improve the use of the molybdenum covers arc planned. One 
simple appmac is the placement within the cover of ~ o l ~ ~ ~ e ~ ~ ~  strips on both sides an 
of similar thickness to the i ~ ~ ~ ~ ~ - ~ ~ ~ o y  sheet. This is expected to minimize (1) varir-atioxas 
in gage ~ ~ i c ~ ~ e s s  across the wid of the sheet, (2) warping of the sheer associated with 
~~~~~~i~~~ reduction in thickness of the ~~~1~~~~~~~~~~ cover, and (3) tendency of the sheet 

A total of 0.2 m2 of foil was prduczd from rhe e x m d d  bar of BF4 ingot. The 
yield of foil in Ell 1990 is ~ i ~ ~ i i ~ ~ c a ~ ~ ~ l y  reduced due to cdge cracking. The foil is rolled in 
~ ~ l ~ b ~ ~ ~ ~ ~ m  covers to a thickness of .63 to 0.76 mm aid recrystallized. ' 
which begins after the reclrysta1:lli;red sheet is bare rolled to about 20% reduction, becomes 
less prevalent after about 5 % reduction. The efforts described above to iniplrove the 
~ ~ n ~ f ~ ~ ~ ~ ~  of sheet thickness during covered rolling should also benefit the foil rolling 
operation, 

s for acceptance of blanks per specification GPF1S-M-185 consist of 
cstructive, chemical analysis, and metallographic testing. Three ingots 
were processed to produce 313 blanks for inspection during this fiscal 

re rejected far dimensional ~ o n c ~ n ~ o ~ a ~ i c e s ~  
g grinding. A total of eight other blanks with dimensional 

terials review b o d  action (two CW3s, four 
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The nondcsm~ctive tesdxig s f  blanks ec sts of uluascnic, dye-penetrant, and 
visual inspeclions. Rcjcction of blanks for ultrasonic indications cf drfecis has averaged 
5% during FY 19%. The yield szf bimks tl~rough ulvasoraic inspcstion is shown 
graphically in Fig. 5 for thc last six ycars The consistent high yieldc clusir~g F Y  1990 
above the goal of 85% are the rmdt of thc improved melthg p r a ~ i k e  snsiiig rhe 
63-mm-diam ingots comb 
practice. The size ardd powdm-batch somcc; of each impot N-C iktd in Table 2. 

The dye-jmxtrant and visual inspechxs of hlaiks produce few ultimate rejections 
because reworking by sanding, with sabscqucilt rcinspection, pernits salvage at relatively 
low cost. Inspection of 85 blanks from the CR3 ingot resalted in ciye-peiiebranr indications 
for 4 and visual indications for 12. All bat LWU were acceptable after a single rcworhng 
operation. Inspection of 112 blaiiks from thc Ed ingot rcxLilt& in no  dye-penetrant 
indications and uist1d indications for 13; all of which wcic sucr=cssfu‘ully T ~ W Y I O P ~ ~  by 
sanding. A recent iiispccdon of 116 b h k - s  fiom the D2 ingot resulted in dye-penetrant 
indications in 3 and visual indictstio:a:, in 21. Reworking apst ioas  on thcse blanks are 

ORNL-D w-G 90- 17393 
100 

80 

60 

40 

20 

n 

Fig. 5. Yieldq of ‘;;lark.; tlirougli ulirac.r~nic examination have increase8 
due to improved proccssing in ITC” 1931) and are above thc task goal of 85%. 



11 

Table 2. Summary of ingot size and powder-batch soiree for 
consumable-electe9 arcmelt 

E Z 

Ell 
B2 
B4 
B5 
BR6a 
C1 
D1 
El  

E2 
D2 

51 
51 
51 
51 
51 
59 
51 
63 
63 
63 
63 

6.1 
6.4 
5.6 
5.5 
7.6 
7.7 
7.1 
8.5 
8.9 

10.9 
11.0 

0 
0 
0 
0 
0 
0 
0 

100 
0 

1 
0 

0 
0 
0 
0 
0 
0 
0 
0 

28 
0 
0 

aRecycle material obtained from B I, B2, B4, md H35 ingots. 
hliecycle material obtained from ZR (28%), C1 (25%), BR6 (32%), and Is5 (15%) 

ingots. 

not completed. The largcr number of visual indications (niostly for inclusions) €or thc 
D2 blanks is of conccrn, however, and is under itivestigation. 

Metallographic inspections of ~ ~ ~ u i ~ ~ - ~ l ~ o ~  sheer include porosity, inclusions, 
degree of recrystallization, delamiriations, md ~ ~ ~ c ~ ~ ~ ~ ~ ~ ~ e s s ”  No porosity or 
delanniriations are observed on any of tlic sheets examined. All sheets show substantially 
less than the maximum limit of 5% recrystallization in the fibrous condition. Only one of 
47 sheet samples showed any visible inclusims. A single inclusion (about 4-pm wide by 
40-pm long) was seen in one sheet from the I12 ingot arid was identified as m alumina 
particle. All shcets show visible particles in the as-polished coridition of an iridium- 
thorium inkxmetallic that are typically 1 pni in height and 2 to 4 prn in  Length. The 

rectangular, cross-section drop castings. Sheet prepard frcpm 63-naraa-di;ma ingots 
gerneraIly shows more arid Iruges intermetallic paticles than are see11 in material from 
5 1-xnm-diarn ingots, Representative, polished surfxxs at a  ti^^^ of 2 
shown in L;igs. 6 through 8. The distribution of larger j ~ ~ ~ ~ ~ ~ ~ ~ ~ l a ~ ~ ~ c  pmiclt=s in shcet 
prderced frfrorri the larger ingots is also seen in  the as-cast materials md may be rer;sociared 

pstvalerrt thana in sheet prepxed frsm the 19-mm- 
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PHOTO Y217344 

Fig. 6. Optical mkrograph of as-polished specimen sheet 
MR424 produced from a 0.75-mm-square drop casting shows only 
a few small intermetallic particles. 

PHOTO Y217345 

Fig. 7. Optkal rnkrograph of as-polished sheet specimen 
B2-3 produced from a 51-mm-diam ingot shows more and larger 
intermetallic particles than seen in sheet produced from drop castings. 



PHOTO Y217347 

Fig. 8. Optical micrograph of as-polished sheet D2- 12 
specimen produced from a 63-mm-dim ingot shows interne 
particles, some of which have been elongated in the rolling direction. 

with a decrease in the solidification rate with increased. ingot size. The effect of 
intermetallic-particle distributions and morphology on material properties will be studied in 
FU 1991. 

Microhardness measurements are made on the nieellogrdphic sample from each 
sheet using a Vickers indenter at a load equivalent to 1 OOO g. The average of five hardness 
values is obtained from impressions made near the centerline of each sheet. All of the 
sheets exanlined show average hardness values within the specified range of 400 to 
550 HV. The results are summarized in Table 3. 

Table 3. Summary of Vickers nlicrohardness of iridium-alloy sheet 

Microhardness of sheets, 1008-g load 
Number of -- 

Ingot sheets 
Standard 

M W  deviation Minimum Maximum 

CK3 14 465 10 450 484 
EG2 16 446 11 430 463 
D2 17 430 6 417 443 
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Chemical analysis of iridium-dloy sheet includes thorium by isotopic dissolution; 
aluminum, tungsten, and impurities by spark source mass spectroscopy (SSMS); oxygen 
by vacuum fusion; and carbon by combustion. The thorium analyses of sheets from CR3, 
E2, and la2 ingots (Table 4) show the values to fall within the specified range of 30 to 
90 ppm by weight. The larger variability in sheets from the CR3 ingot may be associated 
with the use of recycled materials, but the variation in thorium content is not larger than that 
of blanks from some ingots made directly from the powder in previous years. 

Table 4. Sumnlary of thorium analyses of iridium-alloy sheet 

Thorium content, ppm by weight 
Number of -_-._I 

Ingot sheets 
Standard 

M m  deviation Minunurn Maximum 

CR3 14 67 6 
E2 16 63 1 
D2 17 69 1 

51 77 
61 64 
68 71 

The analyses for tungsten, aluminum, and impurities by SSMS are performed on 
every second sheet fiom each ingot and are within the specifid limits for all sheets from all 
ingots. The impurity levels analyzed I 10 ppm for all sheets from the CR3 ingot with the 
exception of iron, which was 20 to 30 ppm; molybdenum, which was 20 ppm in one sheet 
(CR3-2); and sulfur, which was 30 ppm in one sheet (CW3-7). The impurity levels 
analyzed 2 10 pprn in all sheets from the E2 ingot with the exception of 30-ppm copper in 
the E2-7 sheet. The impurity levels analyzed 5 10 ppm for all sheets from the D2 ingot 
without exception. 

The carbon and oxygen analyses of the sheets were all within the specifid limits of 
35 ppm maximum for carbon and 50 ppni maximum for oxygen, with the exception of one 
analysis for D2- 14 sheet, which is being repeated. The carbon analyses have historically 
shown a large scatter in values with occasional, nomepatable values above the 
specification limit. Additional work is planned to determine if this variability in carbon 
analyses from adjacent samples of a sheet is due to inhomogeneity in the sheet or associated 
with the analysis technique. 
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7. coNcEusI 

The following conclusions are drawn &om the experience in processing iridium- 
alloy-sheet products during Ey 1 W 

1 .  

2. 

3. 

4. 

The use of the 63-mm-&am ingot in combination with m improved extruding process 
has dramatically decreased the rate of rejection of finished blanks for ultrasonic 
indications of defects. 
The production process has met the program goal of a minimum 85% acceptance rate 
for finished blanks. 
An intermetallic compound of iridium and thorium is present in the m1p-26 alloy and 
is seen as larger size particles in material produced from 63-mn-diarn ingot than from 
19-mm-square, cross-section drop castings. The particles are somewhat larger for 
mteial from 63-mm-dim ingots than for material from 51-m-&m ingots. 
Efforts to achieve a more unifomi sheet thickness during rolling of i r ~ ~ i u ~ ~ - ~ l l o y  sheet 
within molybdenum covers, by use of a tapered cross section QII the covers, were riot 
successful. Other variations in the design of the covers s h ~ u l d  be evaluated as a 
means to increase product yields by minimizing sheet splitting and cracking during 
bare rolling. 
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N. M. Atchley for performing the fabrication work; G. C .  Marsh for performing the 
metallography; R. L. Heestand and E. P. George for manuscript review; and M. I,. 
Atchley for preparing the manuscript. 
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