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Abstract

In the construction materials surrounding the spallation neutron source (SNS) mercury target, considerable

quantities of transmutation products, particularly hydrogen and helium, will be generated due to the exposure to a high

¯ux of 1 GeV protons and associated neutrons. In an e�ort to investigate the e�ects of high helium, therefore, bubble

formation and defect clustering processes in AISI 316 LN austenitic steel were studied as a function of helium con-

centration and displacement damage dose with 360 keV He� and 3500 keV Fe� ion beams at 200°C. Helium irradiation

was less e�ective in producing defects such as black dots and dislocation loops than Fe� ion irradiation at equivalent

displacement dose. On the other hand, the formation of helium bubbles produced a strong depressive e�ect on the

growth of loops and the evolution of line dislocations. The results indicated that the e�ect of helium bubbles was

augmented as the bubble number density and size increased with increasing helium beyond 1 atomic percent (at.%). In

such a case, the e�ect of helium bubbles can be more important than that of radiation-induced defects on the evolution

of microstructure and the change in mechanical properties. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

For future neutron scattering research, the con-

struction of an accelerator based spallation neutron

source (SNS) facility, operating at approximately 2

MW, is presently under design and construction [1]. The

materials R&D program that is underway for the SNS

target includes major e�orts on spallation radiation ef-

fects [2]. Type AISI 316 austenitic stainless steel is the

candidate material for the containment vessel of the

mercury (neutron source). The containment vessel will

be exposed to an intense pulsed 1 GeV proton beam and

to neutrons generated by spallation reactions in the

mercury. It is anticipated that atomic displacement rates

will be high, up to �10ÿ2 dpa/s (displacements per atom/

second) during the microsecond beam pulse period, with

a 60 Hz pulse frequency. The time average displacement

rate would be in the range of �10ÿ6 dpa/s. The operating

temperature is expected to be below 200°C. Besides the

radiation-induced displacement damage, various trans-

mutation products will be generated as a result of nu-

clear reactions. In particular, hydrogen and helium will

be produced at rates of �1000 and �100 appm/dpa,

respectively.

One of the major concerns is the ductility loss of the

vessel material due to radiation-induced hardening and

helium e�ects, which could limit the serviceable lifetime of

the vessel. In recent work [3], a dramatic increase in

hardness was observed in association with bubble for-

mation when helium was implanted to a level of 10 at.%.

In our on-going work in parallel to the present study, to be

published in a separate paper, it was found that the

hardness increase by helium implantation alone began to

exceed the saturation hardness value achieved by dis-

placement damage with 3500 keV Fe� ions at 1 at.% He

level and reached a saturation hardness value which was

twice as high as that by Fe ions at 10 at.% He level.

However, it is important to note that for the presently

anticipated end-of-life dose for the target vessel of SNS

(<10 dpa), the helium level would be below 2000 appm.

Nonetheless, there is little systematic information to
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evaluate the e�ects of the high helium to dpa rates ex-

pected under the SNS condition. The aim of this work is

to study the agglomeration process of helium as a func-

tion of helium concentration and its impact on micro-

structural change in order to provide information to guide

design and lifetime estimates for the SNS target vessel.

In this work, AISI 316 LN austenitic stainless steel

was irradiated with 360 keV He� or 3500 keV Fe� ion

beams at 200°C with systematic increment in helium

concentration and displacement dose. Microstructural

evolution during helium irradiation was studied by

comparing with the displacement induced defect mi-

crostructure by Fe� ions.

2. Experimental

A solution annealed AISI 316LN stainless steel

(Jessop Steel Company Heat # 18474) was used for this

investigation. The nominal composition of the alloy was,

in weight percent, 16.3 Cr, 10.2 Ni, 2.01 Mo, 1.75 Mn,

0.39 Si, 0.009 C, 0.11 N, 0.029 P with the balance Fe.

Disks of 3 mm diameter and 0.25 mm thickness were

prepared by mechanical and electrochemical polishing

prior to irradiation. Irradiation was carried out at 200°C

with 360 keV He� or 3500 keV Fe� ion beams using the

triple ion facility (TIF) at ORNL. Details of the TIF can

be found in [4]. The ion energies were chosen for the

maximum gas atom deposition and damage to occur

near a depth of 750±850 nm. For the depth calculations,

the computer code, Stopping and Range of Ions in

Matter (SRIM, 1998 version) was used [5]. The proce-

dure for the dpa calculation is described in [6]. The He�

ion beam was applied with a deposition rate of ' 0:2
appm/s at the peak, which also produced a displacement

damage at a rate of ' 7:5� 10ÿ5 dpa/appm or

' 1:5� 10ÿ5 dpa/s. This gives the helium appm/dpa

ratio almost 100 times higher than that expected in the

actual SNS target. The implanted helium concentration

levels were from 2 appm (2� 10ÿ4 at.%) to 500 000

appm (50 at.%) and the corresponding doses were from

' 1:5� 10ÿ4 to ' 37 dpa. To appraise the damage mi-

crostructure produced by helium, a set of reference ir-

radiation was carried out separately with 3500 keV Fe�

ions at a rate of 2±3� 1016 ions/m2/s (' 1� 10ÿ3 dpa/s

at the peak).

Transmission electron microscopy (TEM) specimens

were prepared by electrochemically removing ' 700 nm

from the ion bombarded side of the disks and then

thinning from the unirradiated side until perforation

occurred. This procedure produced TEM foils with

thicknesses of ' 100 nm on average and allowed ex-

amination of the microstructure at the peak damage

region between 700 and 800 nm original depth. Damage

microstructure was examined with a Philips CM12

electron microscope operated at 120 keV.

3. Results

The bubbles and defect clusters were examined after

helium irradiation to various concentration levels. At

low helium concentration levels ( K 2 at.%), it was very

di�cult to image bubbles clearly by TEM because

bubbles were too small in size (r < 0:2 nm) and too

high in number density. However, the grainy micro-

structure revealed increasingly bubble-like features with

increasing helium concentration in high magni®cation

micrographs. Discernible bubbles could be imaged at a

helium level of 5 at.% (�1.5 ´ 1023 He/m2). Patches of a

well-de®ned lattice of bubbles were visible at 5 at.%

helium level as indicated in the magni®ed inset of

Fig. 1, although complete bubble alignment was not

observed as found in 30 keV He� ion irradiated copper

elsewhere [7]. The bubble lattice spacing was in the

range of 1:5� 0:3 nm, the bubble radii were smaller

than 0.3 nm, and the bubble number density was

estimated to be in the range 2±6� 1026 mÿ3. With

increasing helium concentration, bubbles assumed a

more distinctive spherical shape, but bubble coalescence

was insigni®cant up to 10 at.% helium. A signi®cant

fraction of bubbles coalesced at 20 at.% helium as

shown in Fig. 2 and a severe blistering occurred at the

irradiated surface at 50 at.%. Although the blistering

might have caused some variation in dose from area to

area, the larger and coarser bubble microstructure in

the 50 at.% He-implanted specimen indicated that the

examined area appeared to be an area not a�ected by

the blistering.

As already mentioned, helium implantation also

produced atomic displacement damage at a rate of

' 7:5� 10ÿ5 dpa/appm. Black dots (vacancy and inter-

stitial clusters) and Frank type faulted interstitial loops

evolved on {1 1 1} planes with increasing helium con-

centration. It is known that most surviving defect clus-

ters are interstitial clusters [8,9]. Fig. 3 illustrates defect

microstructures for 0.02, 0.2, 2, and 10 at.% helium,

which also produced 0.015, 0.15, 1.5 and 7.5 dpa dam-

age, respectively. Very few defects were visible at 0.02

at.% (0.015 dpa). At 0.2 at.% (0.15 dpa), a high number

density of black dots evolved but were too small to

produce good images within the TEM resolution limit.

At 2 at.% (1.5 dpa), black dots were small ( K 1 nm) but

the number density approached a saturation level and

occasional small loops began to develop. The number

density of black dots and loops was estimated to be in

the range 2±4 ´ 1023 mÿ3 from high magni®cation mi-

crographs. We use the term loops when defect clusters

become large (>5 nm) and take on a planar disk mor-

phology. With increasing helium ¯uence, some black

dots were converted to Frank type interstitial faulted

loops as they grew but there was very little indication

of unfaulting to prismatic loops even at 50 at.%.

Loop growth was noticeably suppressed during He�
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irradiation compared to that of Fe� irradiation, as de-

scribed below.

Although a similar defect evolution occurred dur-

ing 3500 keV Fe� ion irradiation, black dot formation

and loop growth occurred at somewhat lower dose in

Fe� irradiation than in He� irradiation. Neither

bubbles nor cavities were observed after Fe� irradia-

tion. Fig. 4 illustrates the defect microstructure after

Fig. 1. Bubble microstructure after 5 at.% helium implantation with 360 keV He� ions at 200°C. The micrographs are taken near

Z � �110�: (a) under-focus, (b) near-focus, and (c) over-focus images. The magni®ed inset shows an area of aligned bubbles in which

the spacing between the bubble lattices is found to be in the range of 1:5� 0:3 nm and the bubble number density is estimated to be in

the range of 2±6� 1026 mÿ3.

Fig. 2. Bubble microstructure after (a) 20 and (b) 50 at.% helium implantation with 360 keV He� ions at 200°C. A signi®cant fraction

of bubbles coalesced at 20 at.% and a severe blistering occurred on the irradiated surface at 50 at.%.
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0.01, 0.1, 1, and 10 dpa Fe� ion irradiation. At 0.01

dpa, defects were not visible. At 0.1 dpa, black dots

were well established and some small loops began to

evolve. At 1 dpa, small but copious well-de®ned loops

were visible. At 10 dpa, some large faulted loops be-

gan to unfault to prismatic loops. The black dot and

loop number density appeared to saturate between 0.1

and 1 dpa. Here, it should be pointed out that the

image of a small loop or black dot comes from the

strain-®eld around the cluster and varies strongly with

Bragg di�racting condition, so it is often di�cult to

make a precise size determination from a TEM image;

the defect cluster sizes at 0.1 dpa appeared to be

larger than at a dose of 1 dpa because of the di�er-

ence in di�racting conditions and partly due to

streaking.

Fig. 4. Defect microstructure after 0.01, 0.1, 1, and 10 dpa irradiation with 3500 keV Fe� ions at 200°C.

Fig. 3. Defect microstructure after 0.02, 0.2, 2, and 10 at.% (or 0.015, 0.15, 1.5, and 7.5 dpa) irradiation with 360 keV He� ions at

200°C.
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Under He� irradiation, not only black dots evolved

slowly but also loop growth was suppressed noticeably.

Fig. 5 compares the defect microstructures for 50 at.%

(37 dpa) He versus 10 dpa Fe. The defect clusters in the

He-implanted specimen were noticeably smaller than

those in the Fe irradiated one, even though the dis-

placement dose for He was almost four times higher.

4. Discussion

As described in Section 2, the microstructures in the

depth between 700 and 800 nm depth were examined

after removing about 700 nm surface region. A calcu-

lation based on a rate theory model showed that point

defects at this depth would not see the free surface e�ect,

particularly at low temperature and high sink density

conditions where most point defects were recombined or

captured by sinks before any signi®cant di�usion could

occur [10]. Thus, the microstructures in the depth ex-

amined here were considered to represent the bulk be-

havior. The most notable observation was that the black

dot evolution and loop growth was slower for He irra-

diation compared with Fe irradiation at equivalent dpa

dose. The suppressed defect evolution is attributable to

the lower displacement damage rate for He irradiation,

smaller cascade energies produced by a lower mass and

lower energy He� ion, enhanced point defect recombi-

nation at helium bubbles, and dislocation pinning by

bubbles. These e�ects are described further below.

During irradiation, vacancies and interstitials are

generated as a result of displacement damage. Some of

these point defects are absorbed by pre-existing or gen-

erated defects such as dislocations, grain boundaries,

precipitates, and cavities, and the rest are either anni-

hilated via direct recombination or form clusters. At a

given temperature, the point defect supersaturation de-

creases with decreasing damage rate, but the fraction of

surviving point defects is higher at a lower damage rate,

since the probability of point defect recombination is

Fig. 5. Bright and dark ®eld defect microstructure (a) and (b) after 50 at.% (37 dpa) He implantation, and (c) and (d) after10 dpa Fe�

irradiation. Black dot and loop sizes in (a) and (b) are smaller despite the higher displacement damage dose.
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lowered in proportion to the product of vacancy and

interstitial concentration, which are lower at lower dis-

placement rate [11]. However, the nucleation rate of

defect clusters is lower at lower damage rate because the

absolute point defect ¯ux to sinks is lower. The em-

ployed He� ion energy (360 keV) was about 10 times

lower than that of the Fe� ion (3500 keV) and the

damage rate from He� (' 1:5� 10ÿ5 dpa/s) was about

two orders of magnitude lower than that from Fe�

(' 1� 10ÿ3 dpa/s). A slower defect-clustering rate is

thus expected for He� ion irradiation because of the

lower damage rate.

The second reason for the slower defect nucleation

rate in He� irradiation is due to the smaller cascade

energy of He� ions because of the lower ion mass and

energy. When an ion penetrates into a material, the in-

cident ion energy is transferred to the target atoms via

nuclear and electronic energy loss processes. Atoms

displaced from their lattice sites by elastic collisions with

the ion are called primary knock-on atoms (PKAs). The

PKAs have various energies depending upon the energy

received from the ion. PKA energies are similarly

transferred to other target atoms in subsequent sec-

ondary knock-on processes. The PKAs produced by an

ion can be simulated in a full cascade SRIM calculation

[5]. A 360 keV He� ion produces about 35 PKAs with

energy between 40 ´ 103 and 5.2 ´ 103 eV, and a 3500

keV Fe� ion produces about 350 PKAs with energy

between 40 ´ 106 and 1.6 ´ 106 eV. Fe� ions produce

more and higher energy PKAs. About 40% of the PKA

energy lies below 100 eV for both ions. Since an average

displacement threshold energy for stainless steel is about

40 eV [12], the interstitial clustering for PKA energies

below 100 eV is inconsequential within the damage rate

range of interest. The value 40 eV was used for all SRIM

simulations in this work. In a recent molecular dynamic

(MD) simulations of cascade process in bcc iron [9], it

was shown that the total number of surviving point

defects and the resulting fraction of interstitials in clus-

ters in a cascade increased with increasing cascade en-

ergy. Although the austenitic stainless steel studied in

this work has a fcc crystal structure, for 3500 keV Fe�

ion irradiation, a larger number of interstitial clusters

per dpa is expected to form because of the larger PKA

energy.

In a previous study, we found that defect evolution

and void growth were suppressed by a high helium in-

jection rate or in the presence of high bubble number

density because of enhanced point defect recombination

at bubble sinks [13,14]. Since bubbles were nucleated in

high number during the 360 keV He� irradiation, point

defect recombination at bubble sinks may be an im-

portant factor for the slow evolution of black dots and

loops. An impeded loop growth has also been observed

in the presence of high helium because of pinning by

helium bubbles [15]. On the other hand, there is evidence

that helium often promotes loop formation by retaining

vacancies during the process of helium-vacancy cluster-

ing and by punching-out interstitials by over-pressurized

helium bubbles [16,17]. In the present study, the relative

importance between these two competing e�ects could

not be di�erentiated. Nevertheless, the microstructural

evidence indicated that bubble pinning and enhanced

point defect recombination played important roles in

loop growth because most loops remained small and

faulted in the presence of high helium contents.

A notable ®nding was that very limited loop growth

and unfaulting occurred even at 50 at.% (37 dpa) helium,

even though the defect cluster number density saturated

near 2 at.% (1.5 dpa). In fact, very little change in mi-

crostructure occurred beyond the saturation dose except

bubble growth. The primary reason for this static defect

microstructure is believed to be due to helium bubbles

acting as a barrier to loop growth in addition to en-

hancing point defect recombination. Helium bubbles are

considered to be a weak barrier for dislocation motion

[18]. Up to now, there has been no information re-

garding the synergistic e�ect of bubble size and number

density. However, hardness measurement data reported

in other work [3] indicated that, when helium bubbles

were present in such high concentration, the barrier

strength (hardness) was augmented as bubbles grew,

particularly when helium clusters began to become

identi®able as bubbles under TEM. That is, at a helium

level of above 1 at.%. This trend of microstructural

evolution con®rms the trend of hardness data measured

for the 25 MeV helium implanted 316 L stainless steel by

other investigators [3,19] and gives insight into the cause

of the high hardness values measured in our more recent

work.

5. Conclusions

To investigate the impact of high helium concentra-

tions on a spallation neutron source target material, the

microstructural evolution in an AISI 316LN stainless

steel was studied after irradiation with 360 keV He� and

3500 keV Fe� ions. The results indicated that defects

(black dots and loops) evolved slower in 360 keV He�

irradiation than in 3500 keV Fe� ion irradiation when

the defect microstructure was compared at equivalent

damage doses. With increasing helium concentrations

above 1 at.%, bubbles grew continuously but loop

growth was severely impeded. The slower evolution and

growth of defect clusters during 360 keV He� irradiation

was attributed to the lower damage rate, smaller PKA

energies, enhanced point defect recombination at bubble

sinks, and dislocation pinning by helium bubbles. An

important realization is that barrier strength of helium

bubbles increase with increasing bubble size, and that

helium bubbles impede not only the motion of disloca-
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tions but also the evolution of loops and dislocations.

Such e�ects can augment the radiation-induced hard-

ening and ductility loss for steels subjected to a high

helium generation environment. However, within the

expected service period of the SNS target, hardening by

helium appears to be insigni®cant.
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