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Abstract

Helium was implanted into solution-annealed (SA) 316 stainless steel, 20%

cold-worked (CW) 316 stainless steel and titanium-modified Primary Candidate

Alloy (PCA) through tritium decay to levels ranging from 0.18 to 256 appm.

Full penetration welds were then made on helium-doped materials using gas

tungsten arc welding (GTAW) under fully constrained conditions. Intergranular

heat-affected zone (HAZ) cracking was observed in all of the materials

containing greater than 1 appm He. Electron microscopy showed that the HAZ

cracking originated from the growth and coalescence of grain boundary (GB)

helium bubbles. Bubble growth kinetics in the HAZ is explained by stress-

enhanced diffusive cavity growth. Results suggest that the propensity for HAZ

cracking can be reduced by the preexisting cold-worked structure and by

finely-distributed MC precipitates that refine the distribution of helium

bubbles and minimize the flow of vacancies in grain boundaries.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United Slates Government nor any agency (hereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors express- 6 herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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1. Introduction

Degradation of structural materials due to physical damage induced by

neutron bombardment (14 MeV) and associated transmutation reactions plays a

decisive role in determining the operational life of fusion reactors [1,2].

To achieve economical operation of the fusion reactors, it is reasonable to

assume that repair and replacement of irradiation-degraded and damaged

components, particularly the first wall, by conventional welding techniques

will be required.

The major effect that will be encountered during the welding of

irradiated first wall materials is the entrapped helium which is generated by

(n,a) reactions and tritium decay in the material [3,4]. It is well known

that the presence of GB helium bubbles can cause substantial loss of ductility

of irradiated materials at elevated temperatures [3,5]. The helium bubbles

grow rapidly under the influences of high temperature and tensile stress. As

these bubbles grow and coalesce along the grain boundaries, intergranular

fracture can occur prematurely. Since welding processes always produce high

temperatures and high thermal stresses, the growth of GB helium bubbles is

anticipated to be enhanced during welding.

To date little work has been performed on the welding of irradiated

materials, particularly none that is applicable to fusion conditions, i.e.

high helium concentrations (2: 100 appm) . The purpose of this study was to

elucidate the principal effect of helium on the weldability and post weld

properties of materials. The effects of fabrication processes and material

composition on weld cracking tendency induced by helium were also evaluated.
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2. Experimental procedures

In this study, SA 316 stainless steel was investigated as a primary alloy

and 20% CW 316 stainless steel and SA PCA (Ti-modified alloys) were secondary

alloys. These alloys have been investigated extensively in the U.S. Fusion

Materials Program [6]. The chemical compositions for 316 stainless steel and

PCA can be found in ref. 6. Type 316 stainless steel was annealed at 1050"C

for 1 h in an inert gas atmosphere. The cold-worked specimens were obtained

from sheet by 20% rolling; prior to final cold work, the material was annealed

at lOSO'C for 1 h. The PCA specimens were annealed at 1100'C for 45 minutes.

The purpose of 20% CW 316 stainless steel and PCA studies was to understand

how fabrication process and chemical composition affect the weld cracking

tendency induced by helium.

To avoid radioactive hazards and remote hot cell operations that would be

involved in working with neutron-irradiated materials, the helium was

implanted into test materials through tritium decay (tritium trick technique)

[ 7 ]. In this technique tritium gas was diffused into the materials at

elevated temperatures and at high, pressures. The entrapped tritium was then

allowed to decay to form helium by the reaction 3H •* P~ + 3He with a half life

of 12.3 years. All materials were charged at 300°C and at tritium pressures

from 0.07 to 125 MPa for 30 days. The helium levels generated under these

charging conditions ranged from 0.18 to 256 appm. At the end of this charging

period, the exposed materials were removed from the high pressure charging

vessel and degassed at 400°C in a vacuum of 10"3 Pa to remove the residual

tritium and therefore to stop the further generation of helium. The detailed

charging conditions for each material with variable helium levels can be found

in ref. 8. To demonstrate that weld cracking which occurred during welding
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arose only from the presence of helium rather than tritium, specimens of 316

stainless steel were charged with hydrogen under the same charging conditions

as the highest helium content materials.

Bead-on-plate GTA welds were then made on control, hydrogen-charged and

helium-doped materials. Full penetration welds were produced in the 0.76 nun-

thick plates at 10 V-dc, 24 A at a travel speed of 3.6 mm/s under argon

atmosphere enclosed by a plastic chamber. The plates were fully constrained

to simulate the structural restraint expected to be experienced by actual

irradiated components during weld repair.

Following welding, all of the welds were examined in detail using a

scanning electron microscopy (SEM). The weld microstruetures were also

examined by preparing metallographic sections transverse to the welding

direc 5on. The sections were electrolytically etched in a solution of 40%

HNO3 - 60% H20. The helium bubble distribution morphology in the HAZ was

examined using transmission electron microscopy (TEH).

3. Results and discussion

3.2 SA 316 stainless steel

Results of metallography and SEM examinations showed that control,

hydrogen-charged and 0.18 appm He content plates were sound and free of any

weld defects. However, materials containing greater than 1 appm He all

revealed a severe degradation of weldability. Figure 1 shows the typical

features for the welds with 2.5 appm helium level. Severe, continuous HAZ

cracking was consistently observed in all of the welds with helium levels

greater than 2.5 appm. In addition to HAZ cracking, center line fusion zone

cracking was also observed in the materials with helium concentrations greater

than 100 appm. Generally, the HAZ cracking occurred one to three grain
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diameters from the fusion boundary, and was fully intergranular in nature. Ac

higher magnification, the grain facets were observed to be decorated with a

uniform distribution of dimples attributed to helium bubbles. The dimple

spacing was approximately 1 urn. Additionally, the shear ligaments separating

the dimples were found to have been rounded by surface diffusion, indicating

that cracking occurred at high temperature. The measured thermal cycle in the

HAZ confirmed that fracture occurred at about 1150"C [8]. The SEM

examinations of fusion zone cracking indicated that brittle fracture proceeded

along the dendritic interfaces during weld pool solidification. Spherical

pores resulting from the growth of helium bubbles trapped in the melt were

also observed on the fracture surface.

Since the control and hydrogen-charged materials were uncracked, it is

clear that: the degradation of weldability is entirely related to the entrapped

helium, not to tritium or hydrogen. In addition, the cracking location, one

to three grain diameters from the fusion boundary, suggests that high

temperature alone is not sufficient to induce brittle HAZ fracture. Rather,

a critical combination of high temperatures and tensile thermal stresses is a

key factor in controlling the helium bubble growth and crack formation. Since

no external loads were applied prior to welding, the HAZ cracking arose from

the generation of tensile thermal stresses as the material contracted upon

cooling of the constrained plates.

The GB helium bubbles (=1.8 nm) which formed during helium doping grew

during the weld thermal cycle until the reduced contact area could no longer

bear the shrinkage thermal stress, leading to final brittle fracture. A model

which has been proposed to describe the cracking indicates that the growth

kinetics of GB helium bubbles leading to intergranular HAZ cracking is
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dictated by the stress-induced diffusion of vacancies into bubbles [8]. The

growth of GB bubbles is governed by the absorption of vacancies into bubbles.

The initial driving force for this mechanism is the helium gas overpressure in

the bubbles. Such growth occurs even in the absence of applied tensile

stress. Subsequent growth of bubbles is controlled by the shrinkage-imposed

tensile stresses developed during cooling. The model predicts that the GB

helium bubbles should reach about 0.85 urn in diameter one second after the

passing of the torch. The prediction compares favorably with the

experimentally measured dimple spacing (1 /im) and the time observed for the

onset of cracking.

3.2. 20% Of 316 stainless steel

GTA welds of 20% CW 316 stainless steel (Fig. 2) were made to investigate

the effect of mechanical treatment during fabrication on the HAZ cracking

tendency of helium containing materials. Results showed that no cracking was

observed for the control materials, while cracking occurred in the HAZ (Fig.

2b) during cooling of the welds on material containing 1.9 appm He (3 out of

3). As in the case of SA 316 stainless steel, cracking in the HAZ was fully

intergranular in nature and the grain facets were covered with a uniform

distribution of dimples (Fig. 2c). Again, the HAZ cracking was approximately

three grain diameters from the fusion boundary. The length of the cracking

was 8% of the total length of the weld bead which was much less than that of

SA type 316 stainless steel (80%). This latter result suggests that

mechanical pretreatment may by used to reduce the HAZ cracking tendency of

helium-containing materials. This tendency is attributed to two possible

mechanisms: dislocation structures which act as a sink for helium atoms and

vacancies, and recovery processes of cold-worked grains which consume many of
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the vacancies reducing available vacancies for bubble growth. However,

further study is needed to provide insight into the microscopic control

mechanisms.

3.3. Primary candidate alloy

Figure 3 shows the as-welded features of Ti-modified austenitic stainless

steel (PCA) containing 1.6 appm He. The postweld SEM examinations indicated

that only one of the three welded plates revealed HAZ cracking. The HAZ

cracking was limited to the beginning region of the weld. Again, the HAZ

fractured inter granular ly and was one to three grain diameters from the fusion

boundary. Results also showed that the degree of HAZ cracking (length of

cracks) was significantly reduced from 80% down to 0.6% with respect to that

observed in SA 316 stainless steel (Fig. la). This suggests that PCA exhibits

much better resistance to high temperature weld helium embrittlement than SA

316 stainless steel. The addition of Ti into austenitic stainless steels

leads to the formation of MC precipitation [9-12]. It is hypothesized that

these precipitates act as trapping sites for helium, thereby reducing the

amount of helium on the grain boundaries. Experimentally, it has been found

that formation of these carbides can substantially increase the resistance uo

helium embrittlement following irradiation [13,14]. Creep-rupture results of

German Ti-stabilized austenitic stainless steel (DIN 1.4970) further supports

this hypothesis [15,16]. It was suggested that carbide formation such as MC

within the grain boundaries traps helium and refines the bubble distribution

at particle interfaces and affects the grain boundary resistance to migration

and its behavior as a sink for helium [11,15]. Additionally, the presence of

MC precipitates at grain boundaries will inhibit grain boundary sliding which

reduces the stress-induced flow of vacancies along the grain boundaries,
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further reducing the bubble growth. Accordingly, helium accumulation and

bubble growth rates on the grain boundaries are retarded, and the occurrence

of HAZ cracking induced by helium is reduced.

4. Conclusions

This study of the welding of austenitic stainless steels containing

helium has led to the following conclusions:

Severe intergranular HAZ cracking occurred during cooling of the GTA

welded SA 316 stainless steel, 20% CW 316 stainless steel and PCA plates

containing helium levels > 1 appm.

- Intergranular HAZ cracking originates from the growth and coalescence of GB

helium bubbles. Brittle fracture in the fusion zone of SA 316

stainless steel containing greater than 100 appm He arises from

the precipitation of helium bubbles at dendrite boundaries.

High peak temperature is not the main driving force for HAZ cracking.

A critical combination of high temperature and stress is necessary.

- PCA, Ti-modified 316 stainless steel containing helium, exhibits less

weld cracking than SA 316 stainless steel under similar welding conditions.

- Retained cold-worked structure can reduce the HAZ cracking tendency

observed in helium containing austenitic steels.
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Figure Captions:

Figure 1. Structures of as-welded SA 316 stainless steels containing 2.5 appm

He. (a) SEM micrograph showing HAZ intergranular fracture, (b) SEM

micrographs showing details of intergranular fracture, (c) SEM micrograph of

grain facets decorated with a uniform distribution of dimples.

Figure 2. Structures of as-welcad 20% Gw 3̂ .5 stainless st^el containing 1.9

appm He. (a) SEM micrograph showing intergranular HAZ fracture, (b) SEM

micrographs showing details of intergranular fracture.

Figure 3. Structures of as-welded Ti-modified Primary Candidate Alloy

containing 1.6 appm lie. (a) SEM micrograph showing intergranular HAZ cracking

limited to the beginning region of the weld, (b) SEM micrograph showing

details of intergranular fracture.
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