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SUBTITLE 

A computer controlled gas tungsten arc welding (GTAW) machine is used to 

238 
encapsulate radioactive PuO in a nonconventional iridium alloy. 

INTRODUCTION 

Instruments on U.S. interplanetary spacecraft are powered by radioisotope 

thermoelectric generators. These generators convert decay heat from 

radioactive plutonlum-238 into electrical energy using thermoelectric couples. 

The plutonlum is in the form of an oxide pellet that Is hot pressed from 

powder. Each ceramic pellet produces 62.5 watts of thermal energy. The 

plutonlum must be contained and packaged to prevent accidental release to the 

environment during possible accident conditions that may occur during launch 

and ascension through the earth's atmosphere. 

Primary containment for the radioactive pellets is provided by a shell of 

irldum alloy. Iridium is a platinum-group metal that is compatible with 

plutonlum oxide and has good strength and Impact resistance at the 1310 C 

heat source operating temperature. Iridium is unusual In Its inertness, high 

density, and rapid work hardening. 

Capsules are thin wall cylindrical shells 0.025 (0.64 mm) in. thick, Fig. 1. 
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The vent assembly in the end allows the escape of helium gas from radioactive 

decay but it does not allow escape of Pu0„ fines. The butt weld joint is 

backed by a 0.005-in. (0.13 mm) thick foil of iridium to minimize the effect 

of weld heat on the PuO_ pellet. Completed capsules are loaded into a 

graphite matrix for final orientation and secondary protection. Pellets are 

now being fabricated for the Solar Polar and Galileo missions, shown in the 

lead photo. 

THE WELDING OPERATION 

Autogeneous gas tungsten arc welding (GTAW) is used to produce a full 

penetration weld. The weld is made at 30 in./min (12.7 mm/sec) (8 rpm), 83 

amperes, and in a helium atmosphere using 20 cfh He - 25% Ar shield gas. 

Magnetic arc oscillation of 6.5 cycles/sec is used to promote the desired 

grain structure in the weld (Ref. 1). 

welding operation Is carried out remotely in a heavily shielded cell 

containing manipulator arms and glove ports. Remote operation is required 

because of the highly toxic nature of the plutonlum-238 alpha emitting 

radioisotope that is being encapsulated. 

The welding operation is computer controlled. The fixture. Fig. 2, consists 

of a turntable, an upper deadweight-loaded positioner, and a horizontally 

mounted torch. Stepping motors actuate these three functions. Welding current 

Tft 
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is supplied by a power source with a dual schedule programmer- A small 

computer controls the stepping motors and coordinates the operation of the 

fixture with the weld programmer. Instrumentation, Fig. 3, Includes a 

pushbutton control panel for simplified operation by a production operator. 

Welding parameters and production data can be documented by a computer 

printout and a fast response current and voltage recorder. 

The flexibility of the computer-controlled welding equipment was a 

significant aid in developing the welding process and in creating an efficient 

production operation. The computer automatically rotates the capsule through a 

series of three short tack welds located symmetrically around the capsule. 

Tack welds maintain alignment of the capsule during the thermal stresses of 

the full weld. The computer locates the capsule in the proper start position 

for each weld and strikes the arc three times in succession. The dual welder 

control allows changing the parameters from the tack to the full weld without 

resetting the programmer. After the tack welds are Inspected, the full weld is 

automatically sequenced by the computer. 

Iridium Welding 

An iridium base alloy, "DOP-26," is used for production encapsulation of 

cylindrical heat sources (Ref. 2). Alloy constituents are a compromise between 

mechanical properties and weldability. The "DOP-26" alloy contains 0.3 wt % 

tungsten, 60 ± 30 ppm thorium, and 50 ± 30 ppm aluminum. The addition 
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of small quantities of thorium improves ductility but decreases weldability. 

Weldability with 60 ppm thorium was demonstrated for bead on plate samples 

(Ref. 3). Above 100 ppm thorium, the alloy cracks during GTA or EB welding but 

is weldable with a laser (Ref. 4). Production welding is limited to GTA due to 

physical and programatic considerations. 

External surface appearance of the welds is shown In Fig. 4. The pattern 

produced by arc oscillation is visible. Weld beadwldths are typically 0.100 

in. (2.54 mm) on the external surface and 0.050 in. (1.27 mm) on the Inside 

surface. 

Changing welding variables results in dramatic differences in 

microstructures. Test welds are typically sectioned in face (top surface) and 

transverse directions. Typical microstructures are shown in Fig. 5 for the 

production welding speed of 30 in./min (12.7 mm/sec). Lower speeds cause large 

grains across the weld thickness. Fig. 6A, that are undesirable. Faster speeds 

cause a weak centerllne structure visible in face sections. Fig. 6B. Narrow 

weld beads where penetration may not be complete have a relatively equiaxed 

grain structure, Fig. 7A. Wide beads have a coarse colummar structure. Fig. 

7B. Typical weld beads are no wider than is necessary to ensure full 

penetration throughout the weld in all capsules. 
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Hot Cracking 

Cracking at the weld quench was the most significant problem encountered 

during startup of the welding process. Small underbead cracks up to 0.2 in. 

(5.08 mm) long developed in the single pass weld bead under the arc taper, 

Fig. 8A. Cracks were along grain boundaries and did not extend through the 

capsule wall, Fig. 8B. The largest cracks were along the weld centerllne. 

Cracks aften followed grain boundaries out toward the edge of the weld, Fig. 

8C. 

Cracks form by a combination of grain boundary liquation and stress. Weld 

heat at the quench melts thorium phases in the grain boundaries ahead of the 

weld bead. Thermal stress then produces grain separation. Evidence for this 

mechanism includes microprobe analysis of crack surface chemistry and surface 

structure. 

o Chemical analysis of material on crack surfaces using a scanning auger 

microprobe (SAM) shows that thorium is present in concentrations up to 

30%. The iridium-thorium phase diagram (Ref. 5) shows a series of 

eutectics in this region having melting points 300 to 400 C lower than 

iridium, 

o Grain boundary cracks have a characteristic ridge network structure as 

shown by scanning electron microprobe (SEM) examination, Fig. 9. Networks 

are present in grain boundaries of the weld underbead, particularly on 

crack surfaces. They are not found in material remote from the weld. 

Ridge networks have the appearance of a liquid phase that has pulled 

apart during the stress of cooling. 
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Initial attempts to eliminate weld cracks in iridium capsules were 

unsuccessful. A team of welding experts from five companies was formed to 

develop process solutions to cracked Iridium welds. The team met over a period 

of three months and developed three approaches: 

1) Use of a small backing strip located inside the weld overlap. 

2) A stress relief notch with slower welding speed. 

3) An increased initial and final taper with slower welding speed. 

Initial work showed promise for all three approaches. The third approach 

showed the most potential for use as a production process. However, an 

extended program showed that cracks had not been eliminated. Several changes 

were introduced into the process; they reduced the severity but not the 

frequency of cracks. Principal changes were a longer final taper and a smaller 

arc gap (0.035 in. or 0.89 mm). The work on the team approaches showed that 

the longer final taper was beneficial. The smaller arc gap reduced the 

beadwidth and improved the microstructure. 

WELD QUALIFICATION 

Coincident with welding process development, a nondestructive ultrasonic 

test was developed to inspect finished capsules for weld cracks and other 

defects. The ultrasonic test configuration, Fig. 10, used a Lamb wave 

technique. Reliability of this test has been very good. Over 170 capsules 

6 



have been tested and 38 of them have been destructively examined to compare 

ultrasonic test results with defects observed by visual and dye-penetrant 

Inspection. All 26 capsules with ultrasonic indications had defects. Cracks 

were observed in only 2 of 12 capsules having no ultrasonic indications. These 

two cracks were below the threshold size for detection. The success of the 

ultrasonic test allowed production to start in spite of a known crack rate of 

15% of capsules. 

Additional nondestructive inspection of production capsules Includes visual 

examinations, measurements, helium leak testing, and measurement for external 

surface radioactivity. Capsules must meet specifications for maximum flaw size 

and have external beadwldths within the range 0.080 to 0.120 in. (2.03 to 3.05 

mm). The internal helium atmosphere lends itself to helium leak testing to 

10 atm cc/sec while measurement for external radioactivity serves to 

indicate any large leaks In the girth weld since radioactivity would leak from 

the PuO pellet. 

Process quality is monitored by destructive examination of the first 

capsule from each production run of about 10. This examination includes 

Internal bead inspection for penetration and defects. Dye check and 

metallographlc examination are then made to Indicate the need for process 

adjustments in future production runs. 
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SUMMARY 

A remote computer-controlled welding station was developed to encapsulate 

radioactive PuO^ in iridium. Weld quench cracking caused an interruption in 

production of capsules for upcoming space missions. Hot crack sensitivity of 

the "DOP-26" iridium alloy was associated with low melting constituents in the 

grain boundaries. The extent of cracking was reduced but could not be 

eliminated by changes to the welding operation. An ultrasonic test was 

developed to detect underbead cracks exceeding a threshold size. Production 

was continued using the ultrasonic test to reject capsules with detectable 

cracks. 
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VENT ASSEMBLY 

WELD SHIELD 

0.025" WALL 

IRIDIUM SHELL 

1.170" OD 

{2.97 cm) 

BUTT JOINT WELD 

PUO2 PELLET 

FIG. 1. HEAT SOURCE CAPSULE CONFIGURATION 
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FIG. 2. GTA WELDING FIXTURE 
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DPSPF 30484-15 

FIG. 3. COMPUTER CONTROLS FOR WELDING OPERATION: COMPUTER AT LEFT, 
OPERATOR CONTROLS AND INTERFACING ELECTRONICS AT CENTER, STEPPING 
MOTOR DRIVERS AT RIGHT 
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EE 33987-A 

EE 33982-A 

FIG. 4. WELDED IRIDIUM CAPSULE SHOWING SURFACE PATTERN 
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EE 36301-A 

EE 36297-A 

FIG. 5. TYPICAL IRIDIUM WELD MICROSTRUCTURES. WELD SPEED 30 IPM. 
FACE SECTION (TOP) AND TRANSVERSE SECTION (BOTTOM). X50 
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EE 35229-7\ EE 35348 

Ul 

A. 11 ipm 
EE 35251-A 

B. 37 ipm 
EE 35353 

FIG. 6. EFFECT OF WELDING SPEED ON MICROSTRUCTURE. FASTER SPEED RESULTS IN 
CENTERLINE GRAIN BOUNDARIES IN FACE SECTIONS (TOP). SLOWER SPEED RESULTS IN 
GRAIN BOUNDARIES THROUGH WALL IN TRANSVERSE SECTIONS (BOTTOM). X50 



EE 35657-A EE 35224-A 

EE 35646-A EE 35272-A 
A. 0.080" (0.2 cm) BEADWIDTH B. 0.120" (0.3 cm) BEADWIDTH 

FIG. 7. EFFECT OF WELD HEAT ON MICROSTRUCTURE. NARROW BEADS (A) RESULT IN A RELATIVELY 
EQUIAXED GRAIN STRUCTURE WHILE WIDE BEADS (B) RESULT IN A COLUMNAR STRUCTURE. X50 



WELDING 
DIRECTION 

OUTSIDE 
SURFACE 

INSIDE 
SURFACE 

A. SCHEMATIC OF LONGITUDINAL SECTION SHOWING TYPICAL CRACK LOCATION 

^ OUTSIDE 
SURFACE 

INSIDE 
SURFACE 

EE 4669~F 
B. TRANSVERSE METALLOGRAPHIC SECTION OF TYPICAL CRACK. X50 

SRL-SEM-1344 
C. SEM PHOTO OF CRACKS ON INSIDE WELD SURFACE, X80 

FIG. 8. TYPICAL CRACKS IN WELD UNDERBEAD 
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FIG. 9. RIDGE NETWORKS ON GRAIN FACETS OF CRACK. X3,000 
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3/8" (0.95 cm) v 

CAPSULE 

CHUCK 

FIG. 10. ULTRASONIC TEST CONFIGURATION 
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