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Abstract

A reduced-activation martensitic steel was implanted with helium up to 580 at. ppm by using 36 MeV o-beam
between 353 and 423 K along with displacement damage up to 0.226 dpa. The implantation-induced increase in ductile—
brittle transition temperature (DBTT) was estimated to be 98 K for the standard charpy V-notched (CVN) specimen
implanted with 580 at. ppm He, through the conversion of small punch (SP) test results by an empirical relationship. It
is clarified from comparison with neutron irradiation data that the increase in DBTT as well as implantation-induced
hardening is interpreted simply in terms of displacement damage, suggesting that there is no significant effect of helium
on both the irradiation hardening and the fracture toughness of the steel. No fracture mode change by the helium
implantation was observed in the SP tests, showing a complete cleavage fracture mode in the lower shelf energy

region. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 61.82.Bg

1. Introduction

Fusion structural materials have been considered to
be liable to suffer from embrittlement by transmutation
helium as well as that by displacement damage caused
by 14 MeV neutron irradiation [1]. It is well known that
in austenitic stainless steels, which will be utilized for
ITER, several tens of at. ppm of small amount of helium
cause severe embrittlement accompanied by a change in
the fracture mode from transgranular to intergranular
cracking caused by bubble formation at grain bound-
aries [2]. Although reduced-activation martensitic steels
(RAMS) have a superior resistance to irradiation-in-
duced embrittlement and void swelling under fission
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neutron irradiation such as in FFTF/MOTA with low
helium concentration [3-5], helium-induced embrittle-
ment has been considered to be a critical issue of steel in
fusion environment. Helium effects on ferritic steels have
been investigated by various simulation techniques of
fusion environment, such as isotope/spectra tailoring
[6-9], dual-ion beam irradiation [10] and high-energy
helium implantation [11-16]. Isotope tailoring methods
using the two-step reaction of Ni in the mixed-spec-
trum fission reactor such as HFIR showed a consider-
able increase in the ductile-brittle transition temperature
(DBTT) for ferritic steels such as 9Cr—IMoVNb and
12Cr-1MoVW and the large DBTT shift was attributed
to transmutation helium [6]. On the other hand, the
authors reported that nickel-added RAMS showed re-
markable irradiation hardening following irradiation at
low temperature in Japan Material Test Reactor
(JMTR) where the transmutation helium is estimated to
be 1072 at. ppm [17].
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Helium implantation technique is one of the power-
ful methods to investigate the helium effect on me-
chanical properties using mini-sized specimen
techniques, because it introduces enough content of
helium into specimens without any doping elements.
Previous helium implantation experiments of ferritic
steels were usually limited to tensile tests and micro-
structural observation, and very limited work was car-
ried out to investigate the effect on ductile-brittle
transition behavior mainly because of the limitations of
irradiation volume [12]. In the previous work [18], the
authors investigated the effects of 120 at. ppm of helium
on the DBTT of RAMS, and concluded that this
amount of helium never enhanced the shift of DBTT
and irradiation hardening. This was interpreted in terms
of high trapping capacity of helium in the martensitic
structure in RAMS.

The objective of this study is to investigate the effect
of higher concentration of helium on ductile-brittle
transition behavior of 9Cr-2W martensitic steel to
evaluate the capacity for helium trapping.

2. Experimental

The chemical composition of the Japanese low-ac-
tivation martensitic steel (JLM-1) used in this study is
shown in Table 1. Heat treatments were given by
normalizing for 30 min at 1323 K, air cooling and fi-
nal tempering for 1 h at 1033 K followed by air
cooling. The specimens were punched out as tens of 3

Table 1
Chemical composition of the used steel, JLM-1

mm diameter disks with a thickness of 0.22 mm, which
was smaller than the range (0.23 mm) of helium im-
plantation.

All the specimens were irradiated with 36 MeV o-
particles from the cyclotron accelerator in the Tohoku
University (CYRIC) at a temperature between 353 and
423 K, which was measured with thermocouples fixed on
the specimen holder and one of the specimens. The
temperature measured for the latter was very unstable,
but the specimen temperature during the implantation
was estimated to be lower than 423 K because there was
no feature indicating that the indium paste which was
used for fixing specimens melted during the implanta-
tion. Helium was homogeneously implanted up to 120
and 580 at. ppm by using energy degrader wheels. The
corresponding displacement damage doses were esti-
mated to be 0.048 and 0.226 dpa, respectively, by the
TRIM code calculation. The damage rate and the he-
lium implantation rate were 8.7 x 1077 dpa/s and
2.6 x 10° at. ppm/dpa, respectively.

Small punch (SP) tests [18,19] were performed at a
cross-head speed of 0.2 mm/min at temperatures from 77
to 293 K. Test temperature was measured with a ther-
mocouple in contact with the lower die and controlled
within an error of =1 K. Fig. 1 shows a schematic view
of the SP test specimen holder and a typical example of
the load-deflection curve with the definition of SP
properties, such as SP-fracture energy and so on. The
SP-DBTT was obtained by measuring the SP-fracture
energy, which is defined as the total area below the SP
load—deflection curve, at various test temperatures. The

C Si Mn P S

Cr W A\ Ta Ti B

JLM-1 (wt%) 0.10 0.042 0.53 0.002 0.0014

9.03 2.06 2.06 0.051 0.021 0.0032

Upper Die Steel Ball

Lower Die
Specimen

Clamping Screws

(1.0mm diameter)

(3.0mm diameter)

(b)

Load

Deflection

L, ax: Maximum Load
L,: SP-Yield Load
5,: Deflection at Maximum Load

8": Total Deflection

Fig. 1. Schematic view of (a) the specimen holder for SP test and (b) the definition of SP properties with a typical example of the load—

deflection curve.
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SP- DBTT is defined to be the temperature where the
energy is the average of the maximum energy and the
lower shelf energy. A disk of 3 mm diameter was grasped
by dies along its peripheral edge and deformed by bulge
deformation mode in a cold bath. Following SP tests,
the surfaces of the fractured specimens were observed
using scanning electron microscopy (SEM) to determine
the fracture mode. Micro-Vickers hardness tests were
performed with a load of 0.2 kg at room temperature
after each implantation. Positron annihilation (PA)
lifetime spectra were also measured at room temperature
after each implantation, and then decomposed into two
components, that is, a matrix component (t,/;) and a
microvoid (V-cluster) component (t,, 1), where 1; and /;
were the lifetime and intensity of the ith component,
respectively.

3. Results
3.1. SP properties and fracture behavior

Effects of helium implantation on the SP-DBTT
curves are shown in Fig. 2, indicating that helium im-
plantation-induced the shift of DBTT to higher tem-
perature and the amount of shift appeared to increase
with increasing helium concentration. The empirical re-
lationship between the DBTT of SP test (SP-DBTT) and
that of the standard CVN impact test (CVN-DBTT) has
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Fig. 2. Effect of helium implantation on the ductile-brittle
transition curve of JLM-1 tested with SP-test.

Table 2

Numerical data of mechanical properties after helium implantation

been obtained for many sorts of ferritic steels by the
following equation [18]:

CVN-DBTT (K)=2.5x SP-DBTT (K).

Increases in SP-DBTT (SP-ADBTT), which were 26 and
39 K for 120 and 580 at. ppm helium-implanted JLM-1,
respectively, were thereby converted to CVN-ADBTT of
65 and 98 K, as summarized in Table 2.

Fracture surface observation following SP-tests re-
vealed that the fracture mode of specimens implanted
with helium up to 580 at. ppm was complete trans-
granular cleavage at temperatures below 112 K and in-
tergranular cracking was never observed even in this
region, while the fracture mode was ductile above 122 K,
as shown in Fig. 3. There is a good correlation between
fracture mode and SP-fracture energy.

3.2. Micro-Vickers hardness test

Helium implantation caused an irradiation hardening
on the irradiation surface and also on the backside
surface, as shown in Fig. 4. This suggests that the
specimens were implanted with helium homogeneously
through the specimen depth by utilizing the energy de-
grader. The increases in the hardness were 67 and 96 for
specimens implanted with helium of 120 and 580 at.
ppm, respectively, where the measured values were
average increments in the implanted area. In order to
compare the irradiation hardening due to helium im-
plantation with that of neutron irradiation, the micro-
Vickers hardness was converted into the tensile yield
stress of which data are available for neutron-irradiated
RAMSs. The empirical relationship between micro-
Vickers hardness and tensile yield stress was derived
from the experimental results of RAMSs irradiated in
JMTR and expressed by the following equation [18]:

o, (MPa) = 1.54 x Hy + 213 (220 < Hy < 320).
The numerical data of micro-Vickers hardness mea-
surements and the calculated yield stress are also shown

in Table 2. The comparison to neutron irradiation will
be discussed in the later section.

3.3. PA results

PA lifetime measurement is sensitive to detect small
vacancy type defect clusters (V-cluster). The dose

Hy o, (MPa) SP-DBTT (K) CVN-DBTT (K)
Unimplanted 218 549 81 202
120 at. ppm 285 652 107 267
580 at. ppm 314 697 120 300
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Fig. 3. Fracture surfaces of 580 at. ppm He-implanted specimens after SP tests at (a) 77 K, (b) 102 K, (¢) 112 K and (d) 122 K.
Specimens after SP tests above 122 K showed ductile failure.
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Fig. 4. (a) Vickers hardness distribution of implanted surfaces at 120 and 580 at. ppm helium implantation. (b) Dependence of Vickers
hardness of the implanted surface and the back side on helium concentration.
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Fig. 5. Dose dependence of PA parameters in (a) helium-implanted JLM-1 and (b) neutron-irradiated 9Cr—2W steels in JMTR.

dependence of lifetime (t1,7,) and intensity of longer
lifetime (/;) of helium-implanted specimens are shown in
Fig. 5(a) with those irradiated in JMTR at 493 K (Fig.
5(b)) [17]. The I, parameter of each helium-implanted
specimen was much larger than that of the neutron-ir-
radiated specimens, and 7, of the former was smaller
than that of the latter, indicating that the V-cluster in
helium-implanted specimens had higher density and
smaller size than that of the neutron-irradiated one.

4. Discussion
4.1. Effects of helium on mechanical properties

4.1.1. Irradiation hardening

In order to investigate the effect of helium on irra-
diation hardening, the amount of hardening after he-
lium implantation was compared with those of neutron-
irradiated ferritic steels in JMTR, where the transmu-
tation helium concentration was estimated to be 1072 at.
ppm at most for RAMS. As shown in Fig. 6, the dose
dependence of the irradiation hardening of all the steels
seems to follow the 1/4 power law as previously re-
ported by the other researchers [20-22]. The slope of the
linear relationship between o, and (dpa)"/* depends on
the irradiation temperature and the slope becomes lar-
ger with decreasing irradiation temperature. The Ag,s of
helium-implanted steel, as plotted in the figure in
comparison with neutron irradiation, were on a line
between two lines of 353 and 493 K. Since the im-
plantation temperature was between 353 and 423 K, the
Aoys of helium-implanted steel are those which can be
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Fig. 6. Dose dependence of increase in the yield stress of
9Cr-2W steels, which follows 1/4 power of dpa.

expected from the dose and temperature dependence of
neutron irradiation-induced hardening where transmu-
tation helium is very small (10-2 at. ppm). Hence, ir-
radiation hardening of helium-implanted JLM-1 is
considered to be due to displacement damage and he-
lium never causes enhancement of the hardening up to
580 at. ppm. It is expected that implanted-helium does
not form helium clusters because of low mobility of
helium below 423 K in the martensitic structure which
contains a high density of trap sites for helium. Ul-
Imaier and Camus [13] reported a similar result of the
irradiation hardening behavior in the dual-beam or
high-energy helium irradiated RAMS with the concen-
tration up to 0.5 at.%; no enhancement of hardening
was induced by helium.
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4.1.2. DBTT shift

Previous investigations on irradiation embrittlement
of light water reactor pressure vessel steels have shown
linear dependence between ADBTT and Ag, after neu-
tron irradiation. As shown in Fig. 7, ferritic steels for
fusion structural materials also show a linear relation-
ship between them up to a dose of 40 dpa, although the
irradiation conditions, such as temperature, dose and
energy spectrum of neutrons, are different among ex-
perimental data [5]. The data obtained for helium-im-
planted steel are also plotted in the figure, indicating
that the relationship is never influenced by the larger
introduction of helium. Since the linear relationship
between ADBTT and Ag, is considered to be broken off
if the fracture stress is changed by irradiation, no effect
of helium implantation on the relationship suggests that
helium does not cause any change in the fracture stress.
This agrees with the results of fracture surface obser-
vation showing no change in the fracture mode by the
helium implantation up to 580 at. ppm. Therefore, the
same linear relationship of helium-implanted steel as
neutron-irradiated ones reflects no effect of helium on
both irradiation hardening and embrittlement.

It is of notice that the data of helium-implanted steel
were obtained for very thin specimens, while the data of
neutron-irradiated steels were obtained for bulk speci-
mens. Good linear relationship of helium-implanted
steel in Fig. 7, therefore, suggests that the mechanical
properties, especially yield stress, of bulk specimen can
be evaluated by small specimen technology such as SP-
testing.

4.2. Helium trapping behavior

In this study, no cavity was observed in as helium-
implanted JLM-1 by transmission electron microscopy

300
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Fig. 7. Relation between irradiation hardening and shift in
DBTT for neutron-irradiated 9Cr steels and helium-implanted
JLM-1.

(TEM) because the implantation temperature was so
low that no cavity grew to visible size. In contrast, PA
analysis could give us information about small V-clus-
ters. Though it is difficult to estimate the density and size
of V-clusters from PA results, we could roughly estimate
the amount of helium trapped by V-clusters by means of
positron trapping model.
The density of microvoids Cy can be estimated as

Cy =«/p. (1)
The trapping rate « is given by the formula
= [L/(1=D)[(1/w) - (1/)], ()

where 1, is the positron lifetime in defect-free bulk,
which is 110 ps in iron [23]; p is the specific trapping rate
for the V-cluster, and can be given by

= Nypyy, (3)

where Ny is the number of vacancies in a V-cluster, on
which positron lifetime depends. Correlation between 7,
and Ny was shown for iron by theoretical study [23]. u;y
is the specific trapping rate for a vacancy, which was of
the order of 10'5 s~! for all metals [24]. The total con-
centration of vacancies included in V-clusters can be
obtained by CyNy. Thus, the He/V ratio, R, can be es-
timated by the following equation:

R = Cue/(MWCy) = Cue/(K/11y). (4)

The R-value of 580 at. ppm helium implantation is es-
timated to be 110 under the assumption that all the
implanted-helium was trapped by microvoids, which is
calculated directly from experimental data of 7, and 1,
when ignoring helium effect on lifetime. Since He/V ratio
is considered to be not larger than 10, as expected by
calculation study [25] and supported by SANS result
[26], the above-mentioned R value of 110 appears to be
over-estimated. To elucidate the reason for this dis-
agreement, the trapping effect of helium on the positron
lifetime in V-clusters was taken into account at first. It
was reported that the lifetime of 500 ps for microvoid
containing no helium in aluminum is reduced to about
200 ps in case that helium/vacancy (He/V) ratio is 2,
because the lifetime of microvoid containing several
helium atoms is shortened by the increase in the electron
density [27]. However, in order to explain the over-es-
timation of R-value in terms of helium effect on lifetime,
7, would be changed by more than one order of mag-
nitude, which is considered to be too large change when
compared with the case of aluminum. Therefore, our
result strongly suggests that the assumption that all the
implanted-helium was trapped by microvoids is not re-
alistic at all, and that there are another trapping sites for
helium atoms, such as, dislocations, grain boundaries,
lath-boundaries and carbides, in the martensitic struc-
ture of RAMS. According to the previous work on TEM
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observation after helium implantation at higher tem-
perature [11], nucleation of cavities was observed at
dislocations and lath-boundaries as well as in the matrix.
Thus, it is considered that a high resistance of RAMS to
helium-embrittlement is due to high trapping capacity of
the martensitic structure of the steel which prevents
helium atoms from forming cavities and/or bubbles.
Finally, it is concluded that the trapped helium atoms
in martensitic structure never enhanced irradiation
embrittlement up to the helium concentration of
580 at. ppm.

5. Conclusions

The ductile-brittle transition behavior and the mi-
crostructural evolution of reduced-activation marten-
sitic steel (JLM-1 steel) after helium implantation up to
580 at. ppm at a temperature between 353 and 423 K
were investigated. The main results are:

1. The SP-ADBTTs were 26 and 39 K for RAMS im-
planted with helium at 120 at. ppm (0.048 dpa) and
580 at. ppm (0.226 dpa), respectively. Converting
the SP-ADBTT into ADBTT of standard Charpy test
(CVN-ADBTT), corresponding CVN-DBTTs were
estimated to be 65 and 98 K. The shift in DBTT is
considered to be not due to helium but due to irradi-
ation hardening caused by displacement damage.

2. No helium-induced enhancement of irradiation hard-
ening was observed.

3. No intergranular cracking was observed in SP tested
specimens even for those implanted with helium up
to 580 at. ppm and broken in the lower shelf energy
region.

4. PA measurements suggest that RAMS has many
trapping sites for helium, such as dislocations and
lath-boundaries, which is considered to be the main
cause for high resistance to helium-induced embrittle-
ment of RAMSs.
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