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b CEA/DEN/SAC/DMN/SRMA, CEA Saclay, F-91191 Gif-sur-Yvette cedex, France
Abstract

Low activation 9%Cr martensitic steels EUROFER97, pure tantalum, and low carbon austenitic stainless steel 316L

were homogeneously implanted with helium to concentrations up to 5000 appm at temperatures from 70 �C to 400 �C.
The specimens were tensile tested at room temperature and at the respective implantation temperatures. In all materials

the helium caused an increased in strength and reduction in ductility, with both changes being generally larger at lower

implantation and testing temperatures. After implantation some work hardening was retained in 316L and in tantalum,

while it almost completely disappeared in EUROFER97. After tensile testing, fracture surfaces were analysed by scan-

ning electron microscopy (SEM). Implantation caused reduction of necking, but up to concentrations of 2500 appm He

fracture surface still showed transgranular ductile appearance. Completely brittle intergranular fracture was observed in

tantalum at 9000 appm He and is also expected for EUROFER97 at this concentration, according to previous results

on similar 9%Cr steels.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

In structural materials of high-power spallation

sources, e.g. the European Spallation Source (ESS) or

the Accelerator Driven System (ADS), hydrogen and he-

lium are produced as major nuclear transmutation prod-

ucts at much higher rates than in fast-fission or fusion

reactors [1]. While some of the hydrogen will escape, he-

lium will be retained quantitatively and, due to its extre-

mely low solubility, may cause severe degradation of

material properties. A previous investigation on 9%Cr

steels showed a strong increase in strength and reduction

in ductility by implanted helium [2]. Especially at low
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temperatures, completely brittle fracture behaviour was

observed for 5000 appm helium, which corresponds to

about half year full power operation of ESS and ADS.

It was the objective of the present work to study this ef-

fect of implanted helium in other materials, namely a re-

duced activation martensitic steel (EUROFER97) an

austenitic stainless steel (316SS) and pure tantalum.
2. Experimental

2.1. Materials

The reduced activation martensitic steel EURO-

FER97 and the low carbon austenitic stainless steel

IR316L were obtained from the European fusion mate-

rials programme. The major constituents (wt%, bal. Fe)
ed.
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Fig. 1. Depth dependence of displacement damage produced

by homogeneous implantation of 4He++ ions (energies 0–

24 MeV) in 100 lm iron (q = 7.87 g/cm3, Td = 40 eV, Eb = 2 eV)
and in 88 lm tantalum (q = 16.6 g/cm3, Td = 88 eV, Eb = 2 eV),
and of 3He++ ions (energies 0–34 MeV) in 180 lm tantalum

according to TRIM-SRIM calculations. Dashed curves corre-

spond to implantation from front side, solid curves to speci-

mens turned around after half the total dose, dotted lines to

average value.

276 P. Jung et al. / Journal of Nuclear Materials 343 (2005) 275–284
are for Eurofer97: C: 0.11, N: 0.03, P: 0.005, V: 0.2, Cr:

9.0, Mn: 0.48, Ni:0.021, Nb: 0.0017, Ta: 0.07, W: 1.1,

and for IR316L: C: 0.056, N: 0.08, P: 0.02, Cr: 16.9,

Mn: 1.65, Ni: 12.3, Mo: 2.45. Sheets of about 400 lm
thickness were cut from the steel plates by spark erosion

and were cold-rolled to 100 lm thickness in steps of 25%
reduction, with intermediate annealing for 1 h at 750 �C
(EUROFER97) and 0.5 h at 1040 �C (IR316L), respec-
tively. Final heat treatment was 0.5 h at 980 �C – fast
cooling – 1.5 h at 750 �C – slow cooling for EURO-
FER97 and 0.5 h at 1050 �C – fast cooling for

IR316L, respectively. Tantalum was obtained as

100 lm thick foils of 99.9+ purity from ChemPur, Kar-
lsruhe, and as 250 lm thick sheets of 99.9 purity from
Goodfellow GmbH, Bad Nauheim. Gaseous impurity

concentrations are N: 0.0003 and 0.0005, O: 0.0023

and 0.013, respectively, while for other impurities upper

limits are C: < 0.001, V: < 0.005, Fe: < 0.005,

Nb: < 0.01, Mo: < 0.01, W: < 0.02. The tantalum speci-

mens were thinned after spark erosion to 88 lm and

180 lm, respectively, by grinding and polishing only.
Dog bone shaped specimens of all materials were spark

eroded to 28 mm total length, gauge sections of

10 · 2 mm, fillet radii of 1 mm and grips of 8 · 8 mm.

2.2. Implantation

In each implantation run, four specimens were

mounted side by side, with only the lower grip fixed,

while the upper one was free to avoid stresses from ther-

mal expansion. One specimen had potential leads for

resistance measurement. The maximum energy of a-par-
ticles (4He) obtained from the Jülich compact cyclotron

CV28 behind a 25 mm Hasteloy window is about

23.9 MeV. According to TRIM-SRIM calculations [3],

this gives ranges DR of about 110 lm in steels and of

89 lm in tantalum, respectively. Homogeneous implan-
tation throughout this thickness is achieved by using a

degrader wheel with 24 Al foils of appropriate thickness

which varies the energy in front of the specimens from 0

to 23.9 MeV [2]. Thickness of the degrader foils were

optimised for steel to obtain inhomogeneity below 1%,

giving a slightly higher value for Ta. Beam was scanned

across the specimens at about 250/s, spreading more

than 50% of the beam to a four-quadrant aperture to ob-

tain fairly uniform distribution on the specimens. Uni-

formity of doses on the specimens was further

improved by exchanging inner and outer specimens after

half the total dose. Displacement production calculated

by TRIM for implantation of 100 lm Fe and 88 lm Ta
specimens is shown in Fig. 1. At the front side of the

specimen, defect production is significantly higher, but,

when specimens are turned around after reaching half

the final dose, a fairly uniform damage distribution is

obtained. With displacement energies Td of 40 eV for
steels and 88 eV for Ta [4], and a binding energy Eb of

2 eV for both materials, averages of 154 displacements

per implanted ion are obtained for the steels and 69

for tantalum, corresponding to 0.66 and 1.45 at.% He/

dpa, respectively. The Td value for steel in the TRIM

calculations was adopted from reactor irradiations,

while experimental results for light ions suggest a higher

value, i.e. lower displacement rates. These uncertainties

in Td (and Eb) are larger than differences between differ-

ent steels, allowing to use Fe as a representative. Steel

and tantalum specimens were implanted simultaneously.

For a given beam current density, implantation rate is

given by U/NaDR, with U beam flux and Na atomic den-
sity. The minor differences in Na between different steels

are nearly compensated by differences in DR. Typical
implantation rates were about 0.015 appm He/s for

steels and 0.029 appm He/s for Ta, corresponding to dis-

placement rates of 2.3 · 10�6 and 2.0 · 10�6 dpa/s,
respectively. Some �240 lm EUROFER97 and �180 l
m thick tantalum specimens were implanted with 3He

ions of maximum energy 34 MeV, which have a maxi-

mum range of 242 lm in steels and 182 lm in Ta. In this
case the average number of displacements per implanted

ion is slightly lower, reaching 130 in steel and 60 in Ta,

corresponding to 0.77 and 1.67 at.% He/dpa, respec-

tively. Implantation rates in this case were about

0.006 appm/s for steels and 0.011 for Ta (0.71 · 10�6

and 0.65 · 10�6 dpa/s), respectively. Implantation dose
was derived from measurements of beam current on a

shutter during beam-off periods. Beam stability during

implantation was monitored by the signals on the
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Fig. 2. Stress–strain curves of EUROFER97 after implantation

at 250 �C to various He concentrations, tested at a strain rate of
8.5 · 10�5/s at 25 �C (solid) and 250 �C (dashed), respectively.
The temperature of the 2500 appm implantation was possibly
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four-quadrant aperture. Implantation dose was derived

from the beam current after correction for secondary

electrons by about 30%, according to previous desorp-

tion experiments. Heating of the specimens was supplied

only by the beam, with temperature adjustment by

the flow rate of coolant. The specimens were cooled

from both sides by flowing helium gas which gives at

maximum flow rate a lower temperature limit of about

250 �C for the above implantation rates. Temperature
was measured by infrared pyrometry under 45� from
the backside of the specimens. Average temperature in

the implanted area of one specimen was also obtained

from four-point resistivity measurement. In an attempt

to reach lower implantation temperatures, some speci-

mens were soldered to a water-cooled heat sink by

Wood�s metal (Tm = 71 �C). Due to the poor thermal
contact by this solder, temperature excursions above

71 �C could not be fully excluded. Production of trans-
mutation products (e.g. H from a, p-reactions) is negli-
gible in comparison to He implantation. Radioactivity

of the implanted specimens is relatively low, allowing

hands-on testing after about one week.

2.3. Tensile testing

The specimens were tensile tested in a testing device

for miniature specimens, located in a vacuum furnace

under 10�3 Pa. Testing was performed after evacuation

and heating (<0.5 h) at a strain rate of 8.5 · 10�5/s.
Some tests at up to an order of magnitude higher strain

rates showed no significant differences. Fracture surfaces

were analysed by scanning electron microscopy (SEM)

using a Hitachi S-4100 at a voltage of typically 20 kV.

Reduction of area (DA/A) of the foil specimens was
approximated by the ratio of neck width (dn) to total

thickness d by

D A=A ¼ 1� dn=d. ð1Þ
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Fig. 3. Yield stress r0.2 of EUROFER97 as a function of helium
concentration at various implantation and testing temperatures.

The upper axis gives displacement dose as derived from Fig. 1

for 4He. Dotted lines connect tests at RT, dashed lines those

performed at respective implantation temperatures.
3. Results

3.1. EUROFER97

Stress–strain curves of EUROFER97 before and

after helium implantation at 250 �C are shown in Fig.
2 from tests at 25 �C and 250 �C. In general, stresses in-
crease and strains decrease with increasing dose, and

work-hardening is reduced up to about 1250 appm,

where it virtually disappears and specimens become

plastically unstable. Yield stresses (r0.2) and tensile stres-
ses (rUTS) for various implantation and testing tempera-
tures are summarised in Figs. 3 and 4. Figs. 5 and 6

show the strains at ultimate tensile strength (eUTS) and
total elongation at fracture (ef), respectively. No signifi-
cant effect of specimen thickness is observed for 100 lm
and 240 lm (not include in the figures) specimens. Gen-
erally the increase in strength and decrease in strain is

higher at lower temperatures down to 250 �C, while no
substantial differences in results are observed between

250 �C and 150 �C (see 1250 appm data). Numerical
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Fig. 5. Elongation at rUTS of EUROFER97 as a function of
helium concentration at various implantation and testing

temperatures. The upper axis gives displacement dose as derived

from Fig. 1 for 4He. Dotted lines connect tests at RT, dashed

lines those performed at respective implantation temperatures.
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278 P. Jung et al. / Journal of Nuclear Materials 343 (2005) 275–284
data are given in Table 1. Uniform strain and stress

parameters can be empirically correlated by

eUTS ¼ 0.15ð1� r0.2=rUTSÞ0.8. ð2Þ

A semi-empirical model [5] suggests a linear relation

which gives only poor agreement for the EUROFER97

data (prefactor: 0.2), while agreement is satisfactory for

T91 [2] (prefactor: 0.3).

Fracture surfaces from SEM after implantation at

250 �C and testing at room temperature are shown in

Fig. 7 for two different magnifications. The upper pictures

show the reduction of necking with dose, while the lower

enlarged pictures show a gradual transition from a ductile

dimple type fracture to an increasingly coarser fracture

appearance. Reduction of area (1�dn/d) after implanta-
tion at 250 �C and testing at 25 �C as well as at 250 �C
shows a sharp drop at concentrations below 600 appm

He from about 0.8 to 0.58, and then remains virtually

constant up to 0.25 at.%, analogous to the behaviour of

strains in Figs. 5 and 6. At higher implantation tempera-

ture, the decrease is more gradual. This behaviour of A/A

is similar to results from T91 [2], which also showed a pla-

teau between about 600 appm and 2500 appmHe, while a

second strong decrease was found there between

2500 appm and 5000 appm He, associated with a transi-

tion to brittle intergranular fracture.



Table 1

Specimen thickness d, implantation temperature Timpl and dose cHe, testing temperature Ttest and tensile data of tested specimens

Spec. no. d [lm] Timpl [�C] cHe [appm] Ttest [�C] r0.2 [MPa] rUTS [MPa] eUTS [%] et [%] dn/d

EUROFER97

116/E1 105 – 0 25 637 806 4.70 8.20 0.26

123/E1 105 – 0 150 596 729 4.50 6.60 0.23

184/E3 101 – 0 250 560 664 3.10 4.40 0.20

177/E3 101 – 0 325 569 641 2.45 3.40 0.27

120/E1 104 – 0 400 550 632 1.85 2.89 0.20

115/E1 103 150 1250 25 1139 1141 0.28 1.53 0.25

117/E1 102 150 1250 150 1051 1060 0.34 1.10 0.31

118/E1 103 250 625 25 974 1003 1.60 3.10 0.43

119/E1 103 250 625 250 773 797 1.40 2.30 0.30

180/E3 100 250 1250 25 1186 1189 0.38 1.29 0.41

181/E3 100 250 1250 250 948 953 0.23 0.95 0.41

178/E3 102 250 2500 25 1053 1095 0.84 1.92 0.42

126/E2 237 250 2500 25 1152 1182 0.58 1.50 0.43

179/E3 101 250 2500 250 1035 1035 0.15 0.72 0.39

127/E2 237 250 2500 250 960 974 0.51 0.72 0.68

121/E1 102 325 1250 25 1087 1105 0.68 1.96 0.25

122/E1 104 325 1250 325 849 865 0.41 1.20 0.30

124/E1 101 400 2500 25 966 1021 1.40 3.30 0.34

125/E1 101 400 2500 400 779 796 0.68 1.75 0.36

Tantalum

166/R1 90 – 0 25 236 362 25.1 28.6 60.05

132/R2 181 – 0 25 233 343 25.2 29.2 �0.40
167/R1 91 – 0 200 198 327 12.0 13.3 �0.00
133/R2 176 – 0 250 176 396 18.3 20.9 0.22

163/R1 89 <70 1700 25 655 862 6.2 7.7 60.06

164/R1 90 200 9200 25 687 812 1.56 1.95 0.92

165/R1 90 200 9200 200 546 635 1.2 1.67 0.41

130/R2 178 250 5100 25 666 800 3.4 4.7 0.50

131/R2 181 250 5100 250 572 685 1.28 2.3 �0.00

IR316L

112/A1 102 – 0 25 204 589 49.9 51.7 60.13

110/A1 104 – 0 250 125 400 24.1 27.0 60.06

106/A1 103 250 2400 25 586 826 11.3 12.5 60.125

107/A1 102 250 2400 250 610 694 3.2 3.7 60.25

113/A1 103 250 4900 25 686 1066 7.8 8.2 60.24

114/A1 102 250 4900 250 476 785 5.8 6.0 60.06
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3.2. Tantalum

Stress–strain curves of pure tantalum after implanta-

tion at 250 �C to 5100 appm 3He and at 200 �C to

9200 appm 4He, tested at a strain rate of 8.5 · 10�5/s
at 25 �C and at the respective implantation temperature
are shown in Fig. 8. Numerical data are included in Ta-

ble 1. General behaviour is similar to EUROFER97

with the exception that no plastic instability is observed

up to the highest concentration. Tensile properties r0.2,
rUTS, eUTS, and ef at various implantation and testing
temperatures are summarised in Figs. 9 and 10. The data

base is insufficient to derive detailed dependences on

concentration and temperature, but it is obvious that

similar to EUROFER97, after a strong change in prop-
erties below about 1000 appm He, stresses (Fig. 9) show

only minor changes up to 9200 appm He, while strains

(Fig. 10) still gradually decrease. Fracture surfaces from

SEM after implantation at 200 �C and 250 �C and test-
ing at room temperature are shown in Fig. 11. Also a

reduction of necking is observed at increasing concentra-

tion, with a large fraction of intergranular brittle frac-

ture at 9200 appm He.

3.3. IR316L

Stress–strain curves of IR316L after implantation at

250 �C to 2400 appm He and 4900 appm He, tested at
a strain rate of 8.5 · 10�5/s at 25 �C and 250 �C, respec-
tively, are shown in Fig. 12. For numerical data see



Fig. 7. SEM micrographs of EUROFER97, implanted at 250 �C to He concentrations of 0, 1250, and 2500 appm, after tensile testing
at 25 �C.
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Table 1. Also in 316 L, the stresses increase and the

strains decrease with increasing dose, but work harden-

ing is retained up to the highest concentration of

4900 appm He. Yield stresses r0.2 and tensile stresses
rUTS for various implantation and testing temperatures
are summarised in Fig. 13. Both show significant in-

crease even between 2400 appm and 4900 appm He, at

least in the tests at 25 �C. Fig. 14 shows the strains at
ultimate tensile strength (eUTS) and total elongation at
fracture (ef), respectively. Both eUTS and ef continue to
decrease from 2400 appm to 4900 appm He when tested

at 25 �C, while testing at 250 �C gives an increase in this
dose regime. Fracture surfaces from SEM after implan-

tation at 250 �C and testing 25 �C and 250 �C are shown
in Fig. 15. Almost complete necking is observed up to
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the highest concentration, with only narrow areas of

dimple fracture appearance.
4. Discussion

Three topics will be addressed:

(1) Dose dependence of strengths and strains in

EUROFER97.
m (thickness 88 lm), of specimens implanted at 250 �C to 5100
ensile testing at 25�C.
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(2) Comparison of the present results of implanted

EUROFER97 to irradiation in reactors and spall-

ation sources.

(3) Change in fracture mode at high helium

concentrations.

After implantation at 250 �C, EUROFER97 (Figs. 3–6)
shows a strong change in dose dependence of both yield-

and tensile strength at concentrations above 1250 appm

He (0.19 dpa). This change of strength parameters is

associated with a corresponding change of ductility

parameters, namely from a strong decrease at doses

below 1250 appm He to a much lesser decrease above.

This behaviour becomes more clear when the implanta-

tion induced change of yield stress is plotted according

to a power law

Dr0.2 ¼ r0ðUÞn ð3Þ

and tensile strain by a logarithmic law

lnðe0=eUTSÞ ¼ U=U0 ð4Þ

with e0 = eUTS(0). Parameters r 0, n, e0 and U 0 for the low

dose regime (<0.19 dpa) are given in Table 2. Included

are results from He-implanted T91 [2] and from reactor

(HFIR) irradiation [6], where similar behaviour has been

observed. Table 2 gives remarkably uniform values of

n � 0.7 ± 0.15 and U 0 � 0.07 ± 0.02 after He implanta-
tion and reactor irradiation. Also hydrogen implanta-

tions [7,8], which are limited to very low doses of

about 0.03 dpa, give similar values of n. If strength is as-

cribed to the combined effect of pre-existing dislocations

(obstacle strength coefficient ad, line density qd) and irra-
diation induced defects (al, ql, where ql is set equal to
Nldl in the case of loops, with Nl number density and

dl diameter) their respective contributions can be de-

scribed by (cf. [9]):

Dr0.2;i / q1=2i i ¼ fl; dg. ð5Þ

Superposition of both contributions by a linear

(Dr0.2 = RDr0.2,i) or by a square law ðDr20.2 ¼P
Dr20.2;iÞ gives at very low doses when dislocations still

dominate: Dr0.2 / al 
 q1=2l and Dr0.2 / a2l ql=2adq
1=2
d ,

respectively. With the experimentally observed con-

stancy of Nl and linear dose dependence of dl [10] (for

austenitics see [11,12]), giving a linear dependence on

ql, one expects values of n between 0.5 (linear law) and
1 (square law), in agreement with the results of Table

2. n values above 0.5 could also be attained, even in

the case of linear superposition, by an increase of al with
dose, when loops start to grow. At slightly higher doses,

when the irradiation induced defects (loops) become

dominant (and al is constant) n = 0.5 prevails. The
agreement between the results in the 9Cr steels from

He implantation and neutron irradiation shows that

hardening and loss of ductility in the very low dose re-

gime is dominated by displacement damage. The result



Fig. 15. SEM micrographs of fracture surfaces of unimplanted IR316L, and of specimens implanted at 250 �C to 2400 appm He and
4900 appm He.

Table 2

Comparison of the dependence of Dr0.2 and DeUTS of 9%Cr steels on displacement dose U [dpa] below about 0.05 dpa under various
irradiation conditions

Material Irradiation/

implantation

Tirr/impl [�C] Ttest [�C] D0.2 = r 0(U)n ln(e0/eUTS) = U/U 0 Ref.

r 0 [MPa] n e0 [%] U 0[dpa]

EU97 He-implantation 250 25 1640 0.66 4.3 0.079 This work

EU97 He-implantation 250 250 1510 0.83 3.0 0.074 This work

T91 He-implantation 250 25 1025 0.55 5.9 0.088 [2]

T91 He-implantation 250 250 1445 0.78 3.9 0.123 [2]

EU97 H-implantation <70�C 25 1460 0.76 5.2 0.058 [7]

F82H-mod H-implantation <70�C 30 2060 0.65 4.8 0.049 [8]

9Cr1MoVNb Neutrons (HFIR) 60–100 25 1850 0.60 6.2 0.050 [6]
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that helium has only a minor effect on tensile properties

at low doses is corroborated by the good agreement be-

tween results after irradiation in reactor and spallation

source [6] considering their large difference in helium

production. The only difference being the extension of

this regime to higher doses and higher Dr0.2 values under
He implantation.

The decrease of n and the levelling-off of eUTS at high-
er doses agrees qualitatively with results from irradia-

tions in HFIR [6] (n = 0.11) and in LANSCE. In the

latter case values of n = 0.24 and 0.27 can be evaluated

from the data given in [13] and [14], respectively. A pos-

sible explanation of this decrease of n is reduced interac-

tion of the obstacles, e.g. by loop reorientation or by flux

localisation (e.g. dislocation channelling, as tentatively

proposed in [6]). Up to now, a microstructural proof

of this explanation is missing. An alternative explana-

tion would be a decrease of the effective strength al of
obstacles. In the case of small loops, strength contribu-

tion is assumed to increase with size, but it may decrease

when large loops tend to entangle into the network. In

this dose regime the increase in yield stress of EURO-

FER97 as well as T91 after He implantation are signifi-

cantly higher than after HFIR [6] or LANSCE [14]

irradiation when compared on dpa basis. A better agree-

ment with the LANSCE data – but not with the HFIR

data – is obtained when compared on basis of helium

content [2]. Enhanced loop growth by helium as indi-

cated in [15] could explain this result.

Fracture surfaces of EUROFER97 show no signifi-

cant changes in the low dose regime (Fig. 7). On the

other hand, T91 shows a transition to partially inter-

granular fracture between 2400 appm and 5000 appm

He [2]. From this result on T91 a similar behaviour,

i.e. intergranular fracture above 2500 appm He may be

expected for EUROFER97. This transition in the steel
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corresponds to a displacement dose below 0.75 dpa.

Such dramatic behaviour has never been observed after

irradiations in reactors or spallation sources even at

much higher displacement doses, but much lower accu-

mulated helium concentrations (maximum 1500 appm

He [16]). Also bcc-tantalum shows between 5100 appm

and 9200 appm He a dramatic transition to partially

intergranular fracture, almost without necking after

implantation at 250 �C and testing at 25 �C (Fig. 11).
In 316 L, such a transition in fracture mode was not ob-

served at a He concentration up to 5000 appm, but has

been reported at 10,000 appm for testing at 25 �C [15].
In these high concentrations, also additional hardening

by implanted helium has been observed [17].
5. Conclusions

1. Comparison of results from He implantation and

neutron irradiation of 9Cr steels indicates that hard-

ening and ductility loss at low doses is dominated by

displacement damage.

2. At higher He concentrations transition of fracture

mode to intergranular brittle behaviour is observed,

namely between 2400 and 5000 appm He in 9Cr

steels, between 5100 and 9200 appm He in tantalum,

and probably above 5000 appm He in austenitic

316 L.

3. Microstructure of implanted material needs investi-

gation to understand the particular effects of helium

on strength and ductility.

4. Bending, impact, or small-punch experiments, may

give insight in changes of fracture mode induced by

helium at high concentrations.
5. Synergy effects with hydrogen, which is produced in

even higher amounts, should be studied by co-

implantation.
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