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Abstract

Conventional welding processes produced severe underbead cracking in

irradiated stainless steel containing 1 to 33 appm helium from n,a reactions. A

shallow penetration overlay technique was successfully demonstrated for

welding irradiated stainless steel. The technique was applied to irradiated 304

stainless steel that contained 10 appm helium. Surface cracking, present in

conventional welds made on the same steel at the same and lower helium

concentrations, was eliminated. Underbead cracking was minimal compared to

conventional welding methods. However, cracking in the irradiated material

was greater than in tritium charged and aged material at the same helium

concentrations. The overlay technique provides a potential method for repair or

modification of irradiated reactor materials.
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1. Introduction

The heat-affected zone (HAZ) of repair welds cracked when patches were

welded to the tank wall of a nuclear reactor at the Savannah River Site. The

cracking was caused by helium embrittlement [1]. Helium was present in the

type 304 stainless steel reactor tank wall due to neutron capture by alloy and

impurity elements. The mechanism for this embrittlement was attributed to the

nucleation, growth and coalescence of helium induced microvoids during the

weJ[ding process. Scanning and transmission electron microscopy showed the

formation of small helium bubbles on grain boundaries in the steel and the

presence of dimples on fracture surfaces [2,3]. Similar helium induced

microstructures have been found in type 316 stainless steel samples that were

welded after helium was introduced into the material [4,5]. Dimpled fracture is

believed to result from bubble coalescence during a creep like fracture of the

grain boundaries in the weld HAZ.

An experimental program was initiated to develop a repair technique that

eliminated or at least minimized helium embrittlement cracking. About 30

different processes were considered from mechanical attachments to solid-state

welding processes and laser surfacing. However, a fusion welding technique

was determined to be the best option. In order to minimize cracking, the
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technique would need to minimize the stresses and temperature in the weld

heat-affected zone.

A low-penetration gas metal arc (GMA) overlay technique was developed to fill

this need [6]. This technique minimized heat input to the base material while •-_.

providing suffident weld penetration to develop a continuous metallurgical

bond between the weld and base metal. The technique provided a weld weave

to produce a 2.6 cm wide weld overlay that was approximately 0.9 mm thick.

Type 308 filler wire was used for the welding process. Weld penetration into the

base metal was approximately 0.08 ram. This minimal penetration reduced the

size of the heat-affected zone and high stress regions in the substrate material.

Metal transfer to the overlay was by the short-circuit mode and high speed cross

seam mechanical oscillation of the arc.

Al_plication of low-penetration gas metal arc (GMA) weld overlay techniques

provided encouraging results by producing a pronounced reduction in cracking

compared to the repair welds in the reactor tank. Reduction in helium

embrittlement cracking has also been obtained by Lin et al. [7,8] by cold working,

precipitate addition, and by application of compressive stress during welding.

Results from the extensive testing performed on tritium charged and aged

material have now been compared with damage developed when similar welds

were made on 304 stainless steel irradiated up to 18 apprn helium. This paper

summarizes results from the development program using helium introduced by

tritium decay, presents results for both conventional and overlay welds on

irradiated material, and compares the embrittlement developed in the two types

of samples (tritium aged vs. irradiated).
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2. Weld Process Evaluation

Prior to welding on irradiated material, the effectiveness of the shallow

penetration overlay welding process in minimizing helium embrittlement was

demonstrated b_ welding type 304 stainless steel plates that had been charged

with tritium. Helium was produced in the plates by tritium decay, and the

tritium was then removed by outgassing prior to welding. Plates were charged

to predetermined helium contents between 3 to 220 appm (atomic parts per

million). The helium content, confirmed by chemical analysis, was controlled by

the tritium charging conditions (temperature, pressure and time) and the time for

tritium decay. Overlay welds, along with gas tungsten arc (GTA) and gas metal

arc (GMA) stringer beads, were made on the helium-containing plates.

2.t i Crack distributions

External surfaces of the welds were visually examined and penetrant tested for

toe cracks (large surface cracks in the HAZ around the edge of a weld bead) and

for porosity (gas bubbles in the weld metal that may be open to the surface or

may be trapped within the weld metal below tb, surface). Helium in the base

metal caused toe cracks to form from the agglomeration of small (2-3 nm

diameter) helium bubbles on grain boundaries and the weld induced coalescence

of those bubbles to form an intergranular crack. The evolution of such a crack is

shown schematically in Fig. 1. Porosity results simply from the macroscopic

release of helium from the base metal during welding. Neither type of defect

was found in welds on helium free plates.
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Surface examination of the welded helium charged plates revealed no toe cracks

or porosity associated with the overlay welds. However, welds made by

conventional GTA or GMA processes had both types of defects. Toe cracks for

the highest heat input conventional welds were typical of those seen during

repair of the reacjtor tank. MetaUographic examination of test welds in tritium

charged and age_i stainless steel confirmed the lack of toe cracking in overlay

welds compared to conventional welds (Fig. 2).

Helium induced cracks in all welds were totally intergranuiar. The underbead

cracks were located in the HAZ of welds and did not generally intersect the

material surface. Typically underbead cracks were smaller than toe cracks and

were in a narrow, 2 mm band adjacent to weld metal. Occasionally, underbead

cracks extended for a very short distance (0.05 mm) into weld metal.

The extent of cracking was assessed quantitatively as a function of base metal

helium concentration, weld penetration, and type of weld. Cracking increased

with helium concentration, as was expected. Quantitative metallographic

analysis showed a substantial reduction in underbead cracking of the overlay

welds compared to conventional GTA and GMA welding methods. This result,

along with the elimination of toe cracks, is strong evidence for the advantages of

the overlay technique for successful welding o_ helium-bearing material.

The effect of multiple layer overlays was also determined. An additional

practical advantage of use of overlays is the ability to build up multiple layers,

should a thick overlay be needed for structural reasons. A second layer had a

negligible effect on underbead cracking.
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2.2. Mechanical tests

Two test methods were used to evaluate the mechanical integrity of the weld

overlay process on tritium charged and aged 304 stainless steel [9]. Tensile

testing of the bored between the overlay and the base plate was used to evaluate ff

the strength and _ductility of the HAZ and of the interface between the overlay

and the base plate. Bend testing was used to determine the effect of stress on

existing helium embrittlement cracks.

Tensile tests of the overlay welds showed that strength and ductility are not

compromised in samples containing up to about 35 appm helium in the tritium

charged and aged material. The reduction of area decreased significantly for

samples that contained over 35 appm helium. Coincident with this loss of

ductility was a change in the appearance of the fracture surfaces. Scanning

electron microscope analysis of the tensile samples showed that the failure mode

changed from ductile dimple rupture in the base metal at low helium

concentrations to brittle intergranular fracture of the underbead heat-affected

zone at high helium concentrations.

Bend tests showed that helium embrittlement cracks do not propagate beyond

the weld HAZ even under severe stress. Specimens were examined with a

scanning electron microscope in the areas of uniform strain near the center of

each specimen. At all helium levels cracking was intergranular and was

restricted to the HAZ. The width of the cracks increased during bending but

crack length was almost constant, demonstrating the localized nature of the

helium embrittlement damage.
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3. Evaluation of welds on irradiated stainless steel

3.1 Conventional welds

• •q

Gas Tungsten A_c welds were made on 304 stainless steel irradiated with

fluences of 1.0 xl021 to 3.8 xl021 n/cm 2 thermal and 1.0xl016 to 7.6x102° n/crn 2

fast. Fast is defined as greater than 0.1 MeV. This irradiation resulted in

measured helium concentrations from 1 to 18.6 appm helium. All irradiated

material was from reactor tank walls at the Savannah River Site.

Helium induced weld cracks around conventional welds caused leaks during an

attempt to repair the irradiated tank wall of a Savannah River reactor in 1986 and

resulted in permanent shutdown of that reactor [1]. Welds made robofically in

the, reactor tank had surface toe cracking along with extensive underbead

cracking. Dye penetrant testing of the welds in the reactor tank dramatically

indicated the presence of the cracks. Electro discharge machining was used to

remotely remove tank wall material containing the welds so that metallurgical

examination could be performed. Helium concentration of this material was

measured as 1.5 ppm, a result of the lowest thermal and fast fluences given

above. Metallographic sectioning of the welds showed the extent of the

intergranular cracking in the weld heat-affected zones, Fig. 3.

Gas Tungsten arc welds made on six inch diameter, 0.5 inch thick, discs core

drilled from a reactor tank wall also cracked extensively. Weld cracks were

similar in nature to those made in the reactor tank. High heat input welds

caused more severe cracking than did low heat input welds. Welds made on
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discs with high helium concentrations cracked more than thcse made on discs

with low helium concentration, This was particularly evident when comparing

low heat input welds made on material of different helium concentrations.

Oscillation of the welding arc and peening of the surface prior to welding

appeared to redqce cracking, but results were not conclusive.
I

From this work it was clear that the amount of cracking when welding irradiated

304 stainless steel increased from both higher helium concentration in the metal

and from increased heat input. This led to the effort to find a low heat input

welding process that could be used on material with relatively high helium

contents without the presence of surface toe cracking and only minimal

underbead cracking. The overlay weld, whose development was described in

the previous section, served this purpose. Application of the overlay weld to

irradiated material is described in the next section.

3.2 Overlay welds

The applicability of the overlay technique to irradiated material was assessed by

welding one of the six inch diameter discs from the wall of a Savannah River

reactor tank. The radiation fluences to the inside surface of this disc were 2.6 x

1021 n/cm 2 thermal and 7.6x1020 n/cm 2 fast. This irradiation produced

measured helium contents of 10.4 appm on the inside surface and 5.0 appm on

the outside surface of the disc. The disc is 1.3 cm thick 304 stainless steel with a

slight curvature due to the 4.9 m diameter of the reactor tank. An overlay weld

approximately 7.6 cnv,long and 2.6 cm wide was made on each side of the disc

(Fig. 4). Welding was performed remotely in a manipulator cell facility.
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Dye penetrant testing and metallographic examination of overlay welds on the

irradiated disc showed no surface cracks. Metallographic sectioning of the edges

of the overlay welds, Fig. 5A, confirmed the absence of toe cracks. Compare this

- to the conventional welds that resulted in deep surface cracks and underbead

cracks (Fig. 3) in .the heat-affected zone of welds even when the helium content •:_

was 3.3 appm of less. The overlay method therefore avoids toe cracks, present in

conventional welds made in irradiated material at much lower helium

concentrations.

i.

Analysis of the welds was completed by counting the number and length of

cracks in metallographic sections of each overlay weld. Measurements showed

approximately twice the amount of cracking beneath the overlay weld made on

the material with 10.4 appm helium as on the material containing 5.0 appm

helium. The area with the greatest concentration of cracks observed for the

overlay welds is shown in Fig. 5. Cracks were observed in the weld heat-affected

zone and, at several locations, these cracks extended into the weld metal.

The analysis demonstrated that the overlay technique is applicable to 304

stainless steel impregnated with helium by irradiation as well as by tritium

decay. Surface cracking was eliminated and underbead cracking, although

significantly greater than for tritium charged and aged material, was minimal

compared to conventional welding methods.

4. Comparison of implantation by tritium decay and irradiation

The effect of helium on the weldability of stainless steel is expected to differ

depending upon implantation technique for a number of reasons. Primary
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among these is the anticipated difference in distribution of the helium in the

microstructure and the presence of other transmutation products in the

irradiated material. Helium from transmutation of boron in the stainless steel

matrix is expected to be in the grain boundaries due to the location of boron as an

impurity element. On the other hand, helium from transmutation of nickel is .:_.

expected to be dtistributed throughout the matrix. For tritium charged and aged

material, helium is expected to be distributed throughout the matrix because of

the high solubility of tritium in austenitic stainless steel. Additionally, damage to

the metal matrix of irradiated material may play a part in the weld heat-affected

zone crackil-ig, as may the presence of lithium from irradiation of boron. The

overall effect of these differences was unknown until the present study

demonstrated that the tritium aged samples were less susceptibleto weld

damage than the irradiated samples.

C1,/acking was minor in overlays made on the irradiated material, however, it was

considerably higher than that experienced for the tritium charged and aged

material at the same helium concentrations. This comparison of damage holds

for both conventional welds, where measured crack lengths were 31 times

, greater in irradiated material compared to tritium charged and aged material,

and for overlay welds, where measured cracks lengths were 28 times greater.

These results are based on crack lengths at a helium concentration of 10 appm,

Fig. 6. Crack length data for welds at a series of helium concentrations provide

additional credence for results at 10 appm helium. Measurements of cracking on

tritium charged and aged material are presented in more detail in reference [9].

Measurements for overlays on irradiated material are from the present work and

measurements for conventional welds on irradiated material are from

unpublished work at helium concentrations up to 12 appm.
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5. Conclusions

A low-penetration weld overlay technique, developed for repair of helium-

containing mater.ials, has been successfully applied to irradiated material.

Elimination of lai'ge surface cracks, present using conventional welding methods,

and reduction of underbead cracking was demonstrated on irradiated 304 j'

stainless steel. This technique is expected to be a practical method for repair or
i

modification of irradiated reactor components.

The overlay technique was developed on tritium charged and aged material

prior to its application to irradiated material. Weld cracking is significantly

higher for irradiated material than for tritium charged and aged material at equal

helium concentrations.

t,,
d
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Figure Captions:

Figure 1. Progression from helium bubble formation to grain boundary cracking

during welding.

Figure 2. Comparison of cracking in welds made on tritium charged and aged

30_ stainless steel containing 17 appm helium. Note the absence of cracking in

the overlay.

A. Low penetration gas metal arc overlay weld.

B. Toe cracks in conventional gas tungsten arc weld.

Figure 3. Conventional gas tungsten arc weld on irradiated 304 stainless steel

containing 1.5 appm helium.

Figure 4. Overlay weld approximately 7.6 cm long made on irradiated 304

stainless steel containing 5.0 appm helium.

Figure 5. Metallographic sections of low-penetration overlay welds made on

irradiated 304 stainless steel containing 10.4 appm helium. Dark area on top is
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weld metal and light area in lower half is base metal including the heat-affected

zone.

A. Edge location.Note theabsenceoftoecrackingintheoverlayweld.

B. Underbead at location of maximum cracking. Note that some cracks

extend froyn the heat-affected zone into the weld metal.
I

Figure 6. Bar chart summarizing quantitative analysis of underbead damage due

to helium embrittlement crack.=_ngof 304 stainless steel charged to 10 appm

helium. More cracking was measured for conventional welds than overlay

welds. More cracking was measured for welds in irradiated material than in

tritium charged and aged material.
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