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Abstract

Degradation of weldability in neutron irradiated austenitic stainless steel is an important issue to be addressed in the

planning of proactive maintenance of light water reactor core internals. In this work, samples selected from reactor

internal components which had been irradiated to ¯uence from 8.5 ´ 1022 to 1.4 ´ 1026 n/m2 (E > 1 MeV) corre-

sponding to helium content from 0.11 to 103 appm, respectively, were subjected to tungsten inert gas arc (TIG) welding

with heat input ranged 0.6±16 kJ/cm. The weld defects were characterized by penetrant test and cross-sectional me-

tallography. The integrity of the weld was better when there were less helium and at lower heat input. Tensile properties

of weld joint containing 0.6 appm of helium ful®lled the requirement for unirradiated base metal. Repeated thermal

cycles were found to be very hazardous. The results showed the combination of material helium content and weld heat

input where materials can be welded with little concern to invite cracking. Also, the importance of using properly

selected welding procedures to minimize thermal cycling was recognized. Ó 1999 Elsevier Science B.V. All rights

reserved.

PACS: 25.55; 81.20.V; 61.80; 28.41.Q

1. Introduction

Austenitic stainless steel is the main constituent ma-

terial used in the reactor internal structure of boiling

water reactors (BWRs). It contains nickel as a major

alloying element and boron as a trace element. Both

these elements have a large cross-section to nuclear

transmutation reaction by thermal neutrons, which re-

sults in helium production. The mobility of helium at-

oms in the austenite matrix is negligibly small within the

temperature range of BWR operation, nominally

around 560 K, hence BWRs have not incurred any

detrimental e�ects from helium.

However, in the event of needed repair of irradiated

stainless steel components, the helium e�ect is an im-

portant issue to be addressed. Since helium atoms will

migrate to grain boundaries at elevated temperatures

during welding, the strength of the grain boundaries is

likely to be degraded resulting in intergranular cracking

in the heat a�ected zone (HAZ). The susceptibility to

weld cracking, however, is not simply dependent on the

helium content. An attempt has been reported [1] to

weld repair a cracked stainless steel tank (12.7 mm in

thickness) of a military reactor. This repair was unsuc-

cessful because of helium induced weld cracking [2] al-

though the helium content was as low as 0.85 atomic

parts per million of helium (appmHe) [3]. In another

case, 1.0-mm thin plates obtained from the fast-reactor

fuel component containing a maximum 30 appmHe were

butt welded. No failure was found even in the bend test
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[4]. These results suggest that the susceptibility to weld

cracking is also dependent on other factors such as heat

input, specimen dimensions and the intensity of re-

straint.

Subsequent e�orts were made to minimize cracking

using either neutron-irradiated steel or helium charged

material. The use of special welding processes such as a

low-penetration gas metal arc weld overlay technique [5]

or a stress-modi®ed welding technique [6] were shown to

be favorable. Although use of these techniques may

promise better repair welding, they are not readily ap-

plicable in actual cases, especially deep in water with

limited access. In this work, a conventional tungsten

inert gas arc (TIG) welding technique was selected and

its applicability to neutron-irradiated austenitic stainless

steels was examined considering the dependence on weld

heat input of weld cracking susceptibility.

2. Materials and their helium contents

The samples tested are listed in Fig. 1 in increasing

order of helium content. Types A and B samples were

obtained from type 316L stainless steel (SUS316L) tube.

Types C and E samples were obtained from type 304

stainless steel (SUS304) tube. Type D samples were cut

from SUS304 plates. The chemical composition of each

sample was within the speci®cation of Japan Industrial

Standard (JIS) as given in Table 1. There were no data for

boron content. All the samples were solution-annealed

before irradiation. The nominal temperature of irradia-

tion was 561 K. The samples were in contact with ¯owing

high temperature water during irradiation so that the

e�ect of gamma heating was considered to be small.

Helium contents in the sample varied over three or-

ders of magnitude ranging 0.115±103 appmHe. The he-

lium contents were obtained using the procedure given

in Ref. [7] where number of thermally released 4He at-

oms were counted by mass spectroscopy. Small pieces of

samples for helium measurements were taken from lo-

cations where the e�ect of helium di�usion during

welding and/or sampling could be neglected. The helium

contents indicated in parentheses are interpolated val-

ues.

3. Welding procedures

In the present work, ¯at-position TIG welding was

employed. In case of welding tubular samples, types A,

B, C and E, one end was chucked and the sample was

rotated under the welding torch. In case of welding plate

samples, type D, the sample was ®xed to a welding jig

and the welding torch traveled along the longitudinal

Fig. 1. Summary of the experimental conditions; materials speci®cation, dimensions of the sample, neutron irradiation condition and

content of helium generated and welding conditions. The drawings indicate the position of the bead. Helium contents in parentheses

are interpolated values. The collars in type B samples were made of unirradiated SUS316L.

Table 1

Speci®cation for chemical composition in weight per cent of tested material as de®ned in Japan Industrial Standard (JIS)

C Si Mn P S Ni Cr Mo Fe

SUS304 <0.08 <1.00 <2.00 <0.045 <0.030 8.00 � 10.50 18.00 � 20.00 ) Balance

SUS316L <0.030 <1.00 <2.00 <0.045 <0.030 12.00 � 15.00 16.00 � 18.00 2.00 � 3.00 Balance
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centerline of the sample. Simulated ®ller material was

used when necessary since the welding torch used did

not have a ®ller metal supplying capability. No groove

was prepared on irradiated samples.

For type A sample, two single-pass circumferential

welds, A1 and A2 were made on an identical sample as

depicted in Fig. 1. Simulated ®ller metal (2 mmw±1.6

mmt) made of SUS316L was tack welded to the ¯ange

rim prior to A1 welding. A nominal heat input of 7.68

kJ/cm could melt all of this ®ller. Weld A2 was made

where the helium content was twice that of A1. A2 was

welded without ®ller metal with a 7.51 kJ/cm heat in-

put.

For type B sample, two samples of 60 mm in length,

B1 and B2, were obtained from an identical tube. The

location where B2 was obtained was a little closer to the

reactor core than where B1 was obtained. The estimated

neutron ¯uence and helium content for B2 were there-

fore larger than those for B1. Two `collars' made of

unirradiated SUS316L were prepared. The collar was 3

mm in thickness except at both ends that were thinned to

1.5 mm for the purpose of simulating ®ller metal. The

collar was tack welded to the irradiated tube sample and

then both ends were welded with heat input about 2.5

kJ/cm.

For type C sample, three samples of 90 mm in

length, C1, C2 and C3 were selected. The neutron

¯uence, helium content and weld heat input is shown in

Fig. 1. Each sample was rotated 400° to overlap the

start and the end of the bead. No ®ller metal was ap-

plied. C2 was welded with low heat input and was a

half-wall-thickness weld. Welded joint tensile test

specimens were cut out from the quadrantal tube sec-

tion of the through-wall-welded C1 and C3. The di-

mension of the gauge section was 3 mmw±1.5 mmt±20

mml. Another quadrant was subjected to the surface-

bending test using a ®xture that had a plunger with a 3

mm radius of curvature.

Type D samples were 8 mm thick plates; high weld

heat input could be applied without melt down. Welding

was carried out in a chamber set two meters under water

to minimize personal exposure. The bead-on-plate test

was done with four levels of nominal heat input: 5, 7, 11

and 16 kJ/cm. The entire bead including both the

starting point and the crater treated terminating point

were on the sample; no run-on, run-o� tab was used.

Type E samples were the most heavily irradiated

tubular material and two samples of 90 mm in length, E1

and E2, were used. E1 welded with 1.05 kJ/cm heat input

was a half-wall-thickness weld. E2 welded with 1.88 kJ/

cm heat input was a through-wall-thickness weld. Sam-

ple was welded by rotating it 435° to ensure the over-

lapping of start and end of the bead.

After the welding, cracking was inspected by liquid

penetrant testing (PT). For types A, B, C and E samples,

only outer surface was inspected by visible dye PT. Type

D samples were inspected by ¯uorescence PT in an un-

derwater chamber. Selected samples, mainly PT sound

welds, were further examined by cross-sectional me-

tallography.

4. Test results

4.1. Type A sample

The welded surface was examined by PT and no

cracks were detected either on A1 or on A2. The absence

of cracks in both welds was also con®rmed by cross-

sectional metallography.

4.2. Type B samples

The appearance of B2 is shown in Fig. 2(a). No de-

fects were detected both by visual observation and by

PT. Cross-sectional metallographs of B1b are shown in

Fig. 2(b) and (c). Dispersed black dots and dots in rows

were observed in the as-polished cross-section

(Fig. 2(b)); these dots were dispersed in the weld metal

and aligned along the grain boundaries in the HAZ,

respectively. Grain boundaries decorated with these

black dots were more severely etched by oxalic acid test

(Fig. 2(c)). This change was observed only in irradiated

material, not in the unirradiated collar, and was sup-

posed to be a result of the helium e�ects.

4.3. Type C samples

No defects were detected by outer surface PT in all

welds, C1, C2 and C3. However, cross-sectional obser-

vation of C3 (5 ´ 1024 n/m2, 1.26 kJ/cm, through-wall-

thickness welding) revealed the presence of cracks in the

HAZ of inner surface. In the case of C1 (7 ´ 1023 n/m2,

1.2 kJ/cm, through-wall), no cracks were found, but

grain boundaries in the HAZ near the inner surface were

modi®ed with helium bubbles like those observed in

Fig. 2(b). In the case of C2 (5 ´ 1024 n/m2, 0.58 kJ/cm,

half-wall-thickness welding), no defects were identi®ed

by metallography.

Figs. 3 and 4 show the weld joint tensile test results

taken from C1 and C3. The strain in Fig. 3 was de®ned

as the cross-head displacement divided by the gauge

length, 20 mm.

C1 (7 ´ 1023 n/m2) showed almost the same strength

and elongation as unirradiated materials; both the ulti-

mate strength and total elongation exceeded the JIS re-

quirement. The appearance and fractograph of fractured

specimens are shown in Fig. 4(a)±(c). The deformation

was extended to the entire gauge area including weld

metal, HAZ and base metal. The fracture surface con-
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sisted of the transgranular (TG) ductile dimple fracture

region (marked D in the sketch) and intergranular (IG)

fracture region (marked D+IG in the sketch). The latter

region was, however, covered with elongated IG dimples

as shown in Fig. 4(c). This indicated that no cracks were

introduced by welding alone, and that enough ductility

remained throughout the cross-section.

In contrast to C1, C3 (5 ´ 1024 n/m2) fractured with

the slightest ductility. The major part, 87%, of the

fractured surface was covered with IG facets that were

all decorated by dimples as shown in Fig. 4(f). These

dimples were smooth, unlike the elongated ones in C1

(Fig. 4(c)). This indicated that the IG fractured region

corresponded to the extent of weld cracking before

tensile loading. The remainder of the fracture surface,

13%, was covered with TG ductile dimples.

Fig. 5 shows an example of surface-bending-test re-

sult for the specimen cut from C3. Although this tubular

specimen contained a deep inner surface HAZ crack, the

outer surface, which was tensile-strained, was free of PT

indication. Specimen from C1 was also free of PT indi-

cation.

4.4. Type D samples

The test results are summarized in Fig. 6. The tested

conditions in which there was no PT indication were:

lower ¯uence sample (9 ´ 1024 n/m2) welded at 7.1 kJ/cm

(D1), and higher ¯uence samples (1.4 ´ 1025 n/m2)

welded at 5.3 or 7.1 kJ/cm (D2 and D3). When the

higher ¯uence samples were welded at higher heat input,

10.8 or 16.4 kJ/cm (D4 and D5), PT indication appeared

in parallel to the welding direction in the HAZ. Cross-

sectional examinations were made on selected sound

welds. Fig. 7 is an example for D3. Pores in the weld

metal were considered to be formed from the helium

Fig. 3. The stress±strain curves for tensile specimens cut from

weld C1 (He� 0.6 appm) and weld C3 (He� 5 appm).

Fig. 2. (a) The appearance of welded B2 sample with 1.9

appmHe. The cross-section of weld B1b containing 0.36

appmHe (b) before and (c) after etching indicated the formation

of aligned bubbles on grain boundaries.

4 K. Asano et al. / Journal of Nuclear Materials 264 (1999) 1±9



atoms held in solution in the metal matrix before

welding. No cracking was observed either in the HAZ or

in the weld metal when the cross-section was obtained

from the middle of the weld line (Fig. 7(a)). Obvious

cracking appeared, however, in the cross-section ob-

tained from the crater treated position (Fig. 7(b)). These

features occurred in other examined welds: more severe

cracking was found in the crater area while little

cracking could be found in the middle of the weld line.

4.5. Type E samples

No PT indication was detected in E1. In E2, one was

detected but only in the overlapped part of the weld

bead. The remainder of the circumference, i.e. the mid-

dle of the E2, was free of PT indication. Fig. 8(a) shows

an example of the cross-section from this part. The

presence of many pores in the weld metal re¯ected the

high helium concentration (>100 appmHe) of this ma-

terial. Note that small cracks were found on the inner

surface but not on the outer surface. Fig. 8(b) and (c)

are magni®ed views of the weld toe area of the outer and

inner surfaces, respectively. The inner surface crack ran

along grain boundaries in the HAZ. The HAZ of the

outer surface toe contained no cracks, but the grain

boundaries were modi®ed by aligned bubbles. This was

similar to the features seen in Fig. 2(b).

5. Discussion

The weldability test results are summarized in Fig. 9

where the extent of cracking or produced defects ob-

served in the weldment are categorized with ®ve di�erent

symbols. It is clear that the integrity of the weld was

better in lower helium content material and at lower

heat input. Cracking became more severe as helium

content became higher and/or heat input became larger.

This trend is well understood by the helium embrittle-

ment mechanism. By increasing the heat input, the width

of the HAZ becomes wider where the temperature is

raised high enough to make helium atoms mobile in the

metal matrix. Also, the volume of weld metal becomes

larger resulting in larger solidi®cation shrinkage thus

generating higher level of tensile stress in the HAZ. The

presence of tensile stress is known to promote helium

Fig. 4. The appearance (a, d), the whole cross-section (b, e) and magni®ed view of intergranularly fractured surface (c, f) for tensile-

tested weld C1 (a, b, c) and weld C3 (d, e, f). The di�erence in the mode of intergranular fracture was apparent in (c) which was covered

with ductile dimples and in (f) which was covered with smooth dimples. The inserted sketches represent (b) and (e) indicating the mode

of fracture: D for ductile dimple fracture, D + IG for intergranular fracture with ductile dimples as shown in (c), IG for intergranular

fracture.

K. Asano et al. / Journal of Nuclear Materials 264 (1999) 1±9 5



migration to the grain boundaries (GBs) and enhance

the nucleation and growth of helium bubbles therein

[8]. These e�ects, along with the higher content of he-

lium, lead to more severe cracking. Therefore, reduced

heat input would be very bene®cial to improve weld

quality. Use of a high energy density heat source, such

as laser or electron beam, can minimize the heat input

to the material thus reducing the temperature elevation

and thermal stress and making the cooling rate in the

HAZ larger. These e�ects will help suppress the di�u-

sion of helium to GBs and make the weld cracking less

likely.

5.1. Mechanical properties of the weld

The cross-section of C1, where helium bubbles on

GBs were observed, showed that the helium atoms have

had aggregated on GBs during welding. The tensile and

bending properties were, however, not degraded com-

pared to those for unirradiated materials (Fig. 3). The

elongated nature of the IG dimples observed in micro-

fractograph (Fig. 4(c)) indicated that the ductility of the

GB was little a�ected despite the GB helium bubble

formation.

Fig. 6. The weld test results on type D samples. Fluorescent

penetrant test was used to detect surface cracking. No surface

cracking was observed in (a), (b) and (c). Bright indications

near the toe of the bead were found in (d) and (e) which cor-

responded to cracks. (f) shows the appearance of the weld bead.

Fig. 5. The test ®xture (a) used for the surface-bending-test on

specimens from weld C1 and C3. (b) The bent surface of the

specimen from weld C3 (He� 5 appm) was free of defects by

dye penetrant test.
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The tensile test on C3, containing 5 appmHe, pro-

vided another insight. The nominal tensile strength of

this weld was 137 MPa and the nominal total elongation

was 1.98% over a 20 mm gauge length including the joint

itself; these nominal values fell short of the requirement.

However, it must be considered that the area that sur-

vived cracking during welding was very limited. If only

the area indicated by D in Fig. 4(e), 13% of the initial

cross-section, was subjected to the tensile load of 617 N

(� 137 MPa ´ 3 mmw 1.5 ´ mmt), the net stress in this

area exceeds 1 GPa; this value is larger than the tensile

strength of this material which is around 750 MPa be-

fore welding. So, it can be inferred that at least the un-

cracked part of the fracture surface had equivalent

tensile strength to those of unwelded material. This in-

ference was also con®rmed by other observations: the

mode of fracture in this part was TG with ductile dim-

ples with no discernible e�ect of helium embrittlement;

no defect was introduced in this part by bending test

even the estimated strain exceeded 20%. The tensile de-

formation in C3 was also limited to the vicinity of the

pre-existed crack. So the local ductility of the uncracked

part can be considered to be high enough judging from

the ductile manner of the fracture.

Metallography of these two welds revealed the

presence of aligned helium bubbles on GBs in the

HAZ. This change is evidence of a potential e�ect of

helium embrittlement, however, it can reasonably be

Fig. 8. (a) The cross-section at the middle of the circumferential

weld on sample E2 (He� 103 appm). Detailed observation near

the weld toe showed the absence of crack on the outer surface

(b) and cracking on the inner surface (c).

Fig. 7. The cross-sectional metallography of weld D3 (He� 8.3

appm) welded at 7.1 kJ/cm. The cross-section in (a) obtained

from the middle of the bead contained no cracking while that in

(b) obtained from the crater treated position contained sub-

surface cracking.
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inferred as not to be detrimental to the strength of the

welded joint.

5.2. Cracking incurring conditions

In this work, the distribution of cracks, if present,

was not uniform along the weld bead. If a combined

condition of helium content and welding heat input was

judged to be sound, it does not mean that the total of the

weld line was thoroughly defect free. Two types of

conditions that incur cracking were identi®ed from this

investigation: the overlap of the weld bead in tubular

samples (E2, inner surface of C3); and the crater treat-

ment region at termination of a stringer bead (Fig. 7(b)).

When a closed weld line must be constituted, like a

circumferential welding on tubes, there is always an

overlap of the bead, at least at the end of welding. In this

overlap region, the ®rst welding cycle will alter the state

of presence of helium atoms in the HAZ somehow to

increase the cracking susceptibility. The second heat

cycle thereon will further enhance the helium in¯ow to

HAZ GB and this will make IG cracking more easily

upon cooling. In the crater treatment region, the welding

current is gradually diminished with the torch woven.

The HAZ around the crater will therefore experience

repeated heat cycles during cooling. This cycling is evi-

dent from the weld metal microstructure in Fig. 7(b);

and just beneath the crater, severe cracking was ob-

served even though there was no PT-detectable surface

cracking in this weld bead. From these observations, a

conclusion can be drawn that those positions that ex-

perienced repeated welding heat cycles were liable to

crack. This suggests the importance of proper design of

the weldment and choice of the welding procedure. Such

welding techniques as multilayer welding or overlay

welding which require bead overlap, or welding which

requires elaborate crater treatment should be minimized

to achieve defect-free welding.

Another position where cracking was often found

was weld toe at the inner surface of circumferential weld

of tubular samples such as in C3 (Fig. 4(e)) and E2

(Fig. 8). When such circumferential weld is placed on

tubes or pipes, it is well known that there will be a tensile

residual stress on inner surface and a compressive re-

sidual stress on outer surface. Hence, the formation of

inner surface cracking can be attributed to the enhanced

helium aggregation to GBs, which is in agreement with

the mechanism proposed in Ref. [8]. In E1 and E2, no

outer surface crack was observed, except at re-heated

region in E2, despite their very high helium content (103

appmHe). The generation of compressive residual stress

on outer surface upon cooling could have suppressed the

formation of cracks. Those regions beneath the outer

surface were free from IG fracture in tensile test as noted

in the previous section. These results are also in good

agreement with that in Ref. [6] where the possibility to

suppress cracking is discussed by applying a compressive

stress normal to the welding direction during welding.

5.3. Helium content in the material

Austenitic stainless steels contain nickel and a trace

of boron. Nuclear transmutation reaction of these ele-

ments produce helium atoms via 58Ni(n, gamma)59Ni(n,

alpha)56Fe and 10B(n, alpha)7Li. Helium from nickel is

produced by a two-step reaction, thus the amount of

product is proportional to the square of the thermal

neutron ¯uence. Helium production from boron is in

proportion to the thermal neutron ¯uence, until the

burn-up of boron is negligible. The concentration of

Fig. 10. The dependence of helium content on thermal neutron

¯uence.

Fig. 9. The dependence of the character of weld-induced defects

on helium content and weld heat input.
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helium is therefore dominated by impurity boron con-

tent in low ¯uence region, while the contribution from

nickel increases in higher ¯uence region. Fig. 10 shows

the relation between helium content and thermal neu-

tron ¯uence, where only the helium content value actu-

ally analyzed are shown, and those in parentheses in

Fig. 1 are not included. A good one-to-one correspon-

dence between helium content and thermal ¯uence can

be seen for a wide range of irradiation levels as shown in

the ®gure. The gradient of the line in the ®gure is unity,

which suggests that the dominating contributor to heli-

um production was boron in most of this ¯uence range.

The highest helium content of 103 appmHe was, how-

ever, unrealistic by considering the contribution from

boron alone: the impurity level of boron is usually much

lower. Since the trace boron is supposed to have burnt-

up in this ¯uence, the contribution from the transmu-

tation of nickel should be incorporated.

6. Summary

1. Weldability tests by TIG welding procedure were per-

formed for austenitic stainless steels neutron-irradiat-

ed in power reactors to ¯uence from 8.5 ´ 1022 to

1.4 ´ 1026 n/m2 (E > 1 MeV) corresponding to heli-

um content from 0.11 to 103 appm, respectively.

2. The integrity of the welded joint was better in lower

helium content material and with smaller weld heat

input. Unirradiated steel was successfully welded to

the irradiated steel containing 1.9 appmHe. The me-

chanical properties of the welded-joint containing

0.6 appmHe satis®ed the JIS requirement for unirra-

diated base metal. No defect was formed in the sam-

ple containing 0.1 appmHe after welding at 7 kJ/cm

heat input with ®ller metal deposition.

3. The severity of the helium e�ects induced by welding

varied from severe surface cracking, to subsurface

cracking, and to helium bubble formation along grain

boundaries as helium content became smaller.

4. The mechanical property of the weld was not a�ected

by the presence of helium atoms if they only form

grain boundary bubbles and no longer grow into

cracks upon welding.

5. A fully ductile fracture surface was obtained by ten-

sile test of the welded type 304 tube with 5 appmHe

although the remainder of the cross-section cracked

before the tensile test.

6. Weld-induced cracks were often found under the cra-

ter treatment and at the bead overlap where the ma-

terial experienced repeated heat cycles. This

observation suggested the importance of proper de-

sign of welding procedures to avoid these crack-invit-

ing conditions.
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