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Abstract

The synergistic effect of displacement damage and helium generation under neutron irradiation on tensile behavior
and microstructures of austenitic stainless steels was investigated. The steels were irradiated at 400°C in the spectrally-
tailored (ST) Oak Ridge research reactor/high flux isotope reactor (ORR/HFIR) capsule to 17 dpa with a helium
production of about 200 appm and in the HFIR target capsule to 21 and 34 dpa with 1590 and 2500 appm He, re-
spectively. The increase of yield strength in the target irradiation was larger than that in the ST irradiation because of
the high-number density of Frank loops, bubbles, voids, and carbides. Based on the theory of dispersed barrier
hardening, the strengths evaluated from these clusters coincide with the measured increase of yield strengths. This
analysis suggests that the main factors of radiation hardening in the ST and the target irradiation at 400°C are Frank-
type loops and cavities, respectively. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

One of the favored first wall and blanket concepts for
near term fusion systems such as the international
thermonuclear experimental reactor (ITER) is a low-
pressure water-cooled type of austenitic stainless steel [1]
and reduced-activation ferritic steel structure. In the D—
T fusion reactor, the neutrons, with a maximum energy
of 14 MeV, create displacement damage in the first-wall
materials, and also produce hydrogen and helium atoms
from (n, p) and (n, «) reactions. The accommodation of
these gas atoms generated in these steels during irradi-
ation may induce radiation-embrittlement, such as the
degradation of fracture toughness and elongation. In
this study, the changes in tensile properties and micro-
structures of austenitic stainless steels induced by irra-
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diation were examined to understand the synergistic
effect of displacement damage and helium generation
under the simulated fusion neutron environment. This
experiment was conducted under the DOE/JAERI col-
laborative agreement.

2. Experimental procedure

The spectrally tailored (ST) experiments [2-7] were
performed in two stages. The first stage of the irradiation
was carried out in the Oak Ridge research reactor (ORR)
in the capsule ORR-MFE-7J, which operated at 400°C. In
the ORR capsule, water filled the reactor core-piece to 5.9
dpa, and after that it was replaced with solid aluminum to
7.4 dpa. After accumulating approximately 7.4 dpa in the
ORR, the specimens were transferred to the high flux
isotope reactor (HFIR) in the capsule HFIR-RB-400J-1,
which also operated at 400°C to 17.3 dpa. The HFIR
capsule was surrounded by a 4.2 mm thick hafnium shield
in order to reduce the thermal-neutron flux and maintain
a He/dpa level near that expected in a fusion reactor.
Temperatures were continuously measured and con-
trolled in these experiments during these irradiation. In
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addition to the ST experiment, irradiations were per-
formed in the HFIR target region at 400°C in capsules
designed JP-1, JP-2 and JP-3. The details of neutron flu-
ences and damage levels are given in Table 1.

Chemical compositions of the JPCA and J316 alloys
in this study and the heat treatments are given in Table
2. The JPCA steel contains boron, phosphorus, and ti-
tanium. The J316 is a standard type 316 stainless steel.
The JPCA and J316 alloys were solution annealed (SA)
before irradiation. Tensile tests were conducted at the
irradiation temperatures in a vacuum of about 1 x 1073
Pa at strain rates of 4.2 x 10™* to 5.6 x 10™*s!. The
tensile specimens were either rod type with gauge sec-
tions 18.3 mm long and 2.03 mm in diameter, or SS-1
flat type with gage section 20.32 mm long, 1.52 mm
wide, and 0.76 mm thick. The microstructures of these
alloys were examined using a JEM-2000FX transmission
electron microscope with a LaBs gun operated at 200
kV. In order to evaluate defect density, the foil thickness
of each TEM specimen was measured by thickness
fringes or by the improved CSS method [8,9].

3. Results

The dependence of tensile properties of JPCA-SA
steels irradiated at 400°C on the displacement damage
under the ST ORR/HFIR and the HFIR target irradia-

tion is given in Table 3 and graphically shown in Fig. 1.

Table 1

The 0.2% offset yield and ultimate tensile strengths in the
JPCA-SA steels are plotted against the displacement
damage, as shown in Fig. 1(a). These strengths increased
rapidly during the first-damage increment, but the in-
crease was less with each succeeding increment. The in-
crease in the strength in the HFIR target irradiation was
considerably larger than that in the ST experiment. The
uniform and total elongations in the JPCA-SA steels are
also plotted against damage, as given in Fig. 1(b). The
uniform elongations in the steels decreased significantly
with irradiation, and they were only several percent and
less than 1%, respectively, for the ST ORR/HFIR and the
HFIR target irradiation. The total elongations for these
irradiations were nearly equal and at 4-8%. The depen-
dence of tensile properties of J316-SA steels irradiated at
400°C under the ST irradiation was very similar to that in
the JPCA-SA steels, as given in Table 3.

Frank-type dislocation loops, carbides and cavities
were formed in the JPCA-SA and J316-SA steels during
these irradiation at 400°C, as shown in Fig. 2. The
number densities and sizes for these defect clusters are
given in Table 4. The number densities of dislocation
loops and carbides in the HFIR target irradiation were
about twice those in the ST ORR/HFIR irradiation. The
number density of cavities in the HFIR target irradia-
tion was one order of magnitude higher than that in the
ST one. The mean sizes of dislocation loops and voids in
the former were smaller than those in the latter irradi-
ation. The mean sizes of carbides in the JPCA-SA steel

Irradiation conditions for JPCA and J316 steels in the ST ORR/HFIR capsules and the HFIR target capsules

Capsule ST irradiation HFIR target irradiation
ORR-MFE- HFIR-MFE- ORR-MFE-7J/ JP-1 Jp-2 JP-3
7] 400J-1 HFIR-MFE-400J-1
Neutron energy Fluence (x 10*! n/cm?) Fluence (x10*' n/cm?)
Total 27.0 333 60.3 93.8 160.8 148.0
Thermal (<0.5 eV) 8.1 4.0 12.1 38.4 65.8 60.9
0.5 eV-0.1 MeV 9.5 13.0 22.5 30.3 52.0 47.7
>0.1 MeV 9.5 16.4 259 25.1 43.0 39.5
>1 MeV 5.1 5.9 11.0 12.7 21.8 20.2
Damage level, dpa 7.4 9.9 17.3 21 36 34
He level, appm 155 125 280 1585 2817 2501
(100*) (100*) (200%)
Specimen type TEM TEM TEM Tensile (rod) Tensile (rod) TEM
tensile (SS-1) tensile (SS-1) tensile (SS-1)
#Value of He production for J316 steel.
Table 2
Alloy compositions (wt%) and heat treatments®
Alloy Fe Cr Ni C N P S Si Ti Mn Mo
JPCA Bal. 14.2 15.6 0.003 0.06 0.0039 0.027 0.005 0.50 0.24 1.77 2.3
J316 Bal. 16.8 13.5 0.06 - 0.028 0.003 0.61 0.005 1.80 2.5

“Heat treatment: JPCA, 1090°C/1 h/AC; J316, 1050°C/1 h/AC.
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Table 3
Tensile properties of the JPCA-SA and J316-SA steels tested at 400°C
Alloy Damage Irradiation YS UTS (MPa) Eu Et Ref.
temperature (°C) (MPa) (%) (%)
ST irradiation
JPCA-SA 0 - 274 492 26.0 28.6 -
JPCA-SA 7 400 505 652 10.5 12.9 -
549 667 2.5 10.5 -
JPCA-SA 17 400 669 729 3.4 5.8 -
666 728 32 5.2 -
J316-SA 0 - 252 476 26.1 28.4 [6]
222 476 33.0 35.1 [6]
J316-SA 7 400 595 677 4.6 7.0 [6]
650 717 4.3 6.8 [6]
J316-SA 17 400 663 720 2.4 43 [6]
634 716 5.8 8.1 [6]
HFIR target irradiation
JPCA-SA 21 400 902 905 0.4 6.2 [10]
JPCA-SA 36 400 872 899 0.6 5.7 [10]

T T T

1000 }- HFIR Target —

£ Spectrally Tailored
E Irradiation
-] [ Irradiation Temp.=400°C, JPCA-SA
0 " Test Tenp.-‘lmﬂc | )
0 10 20 30
(a) Displacement Damage (dpa)
JPCA-SA ' ' '
Spectrally Tailored
30 Irradiation -
— HFIR Target
® Irradiation
13 Etm 7
'i Eu:0
& -
w | e ey -
0 30
(b) Displacement Damage (dpa)

Fig. 1. (a) Yield and ultimate tensile strengths and (b) uniform
and total elongations as a function of displacement damage for
JPCA-SA steels irradiated at 400°C in the ST ORR/HFIR and
the HFIR target capsules.

were similar in each irradiation. The number densities of
carbides in the JPCA-SA steel were higher than those in
the J316-SA steel under the ST irradiation.

4. Discussion

The effects of He generation on hardening for au-
stenitic steels irradiated in the HFIR and HFR reactors

(b) HFIR Target
Irradiation

(a) Spectrally
Tailored Irradiation

(c) Spectrally
Tailored Irradiation

*
3 .A

JPCA-SA

JPCA-SA J316-SA

Fig. 2. Microstructures formed at 400°C in: (a) JPCA-SA, (b)
J316-SA steels irradiated in the ST ORR/HFIR capsules, and
(c) JPCA-SA steel irradiated in the HFIR target capsule.

has been reported by Jitsukawa et al. [12], and in the
EBR-II and HFIR reactors by Mansur and Grossbeck
[13]. In the steels with a high helium production, more-
radiation hardening was observed in their examinations
of the tensile properties. The detailed reason for the
hardening could not be explained, but the cause was
thought to be helium atoms in lattice sites and helium
bubble formation. Therefore, it is very important to
examine in detail the relation between the tensile prop-
erties and microstructures.

The model of estimation for the increase of yield
strength caused by the radiation-induced micro-clusters
is based on Orowan’s theory for athermal bowing of
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Table 4

Summary of dislocation loops (Frank-type), bubbles, voids, and precipitates formed in the JPCA-SA and J316-SA steels irradiated at 400°C in the ST ORR/HFIR and the HFIR

target capsules. The number density and mean size are denoted as N and d, respectively

Ref.

M;C carbides N
(m~?), d (nm)

MC carbides N
(m~3), d (nm)

Voids N

Frank-loops N Bubbles

(m™), d (nm)

Damage
(dpa)

(m™?), d (nm)

N (m~3), d (nm)
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ST irradiation

JPCA-SA
316R-SA

Present data

1% 102, 7.4
9 % 102, 7.1

8 x 102, 3.4
2 % 102,

9.5

8 x 10",

7 % 10%', 3.0
1 x 10%,

15.7

1 x 10%,

17

17

Present data

7.2

5% 10, 11.0

3.0

1% 102, 202

HFIR target irradiation

JPCA-SA

(1]

1.4 % 102, 34

1 x 102, 5.0

2.6

2.8 x 10%,

2.4 %102, 12.3

34

dislocations around obstacles in a slip plane, and this is
summarized by Bement [14]. The defects that contribute
to the strength in an irradiated steel are given as: Frank-
type dislocation loops, black dots, precipitates, cavities
(either bubbles or voids), and dislocation network.
These defects can be divided into two classes:
short-range and long-range obstacles. The short-range
obstacles are defined as those which influence moving
dislocations only on the same slip plane as opposed to
long-range obstacles which impede dislocation motion
on slip planes not containing the obstacle [15]. In this
model, only the network dislocations are long-range
obstacles. The contributions to hardening by short- and
long-range obstacles are combined as follows [14]:

Aoys = Aosg + Aoy, (1)

where Aays, Aosg, and Agrr represent the strength es-
timated from all defect clusters, the short-range obsta-
cles, and the long-range obstacles, respectively.

In this experiment, after 400°C irradiation, the radi-
ation-induced defect clusters observed were Frank-type
loops, bubbles, voids, and carbides, and Aoys is there-
fore described as

AO'YS = AO'SR = {(Agloops)2 + (Aa-bubb]cs)2 + (Aa'voids)2
+ (Aaprecipitates)2}1/27 (2)

where AJIOOpS7 AO-bubblesv Ao'voids> and Aaprecipitates represent
the strength increase estimated from dislocation loops,
bubbles, voids, and precipitates, respectively. The con-
tribution from each type of short-range obstacle is de-
scribed as follows:

Aci = Moub(Nid;)"?, (3)

where M, o, u, b, Ni, and d, are factors converting critical-
resolved shear stress in a single crystal to the uniaxial yield
stress in a random crystal, the barrier strength of i-type of
obstacle such as dislocation loops, the shear modulus of
matrix, the Burger’s vector of moving dislocation, the
number density of the obstacles, and the mean diameter of
the obstacles, respectively. These factor values for au-
stenitic stainless steels have been obtained by several
researchers [16-21], and the values are given in Table 5.

From Eq. (2), the contribution of each defect to the
total Aoys can be determined as (for example, Frank
loops)

(AGioop)” = (AGioop)’ /Adys. 4)

The increase of strength estimated from these defect
clusters in JPCA-SA under the ST irradiation and the
HFIR target irradiation are evaluated as 344 and 666
MPa, respectively, and these values coincide with the
increase of yield strength obtained from the tensile tests
(Fig. 3). For the J316-SA under the ST irradiation, the
value is calculated as 406 MPa, and it also coincides with
the experimental data. In the ST irradiation, Frank-type
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Table 5

The values of the M factor, barrier strength of obstacles, the shear modulus of matrix, the Burger’s vector of moving dislocation in

austenitic stainless steels

M o (Frank-type) o (bubbles) o (voids) o (small carbides) u b
3.06 ~0.45 0.2 ~1 ~0.4 ~70 GMPa 2.55x 107" m
(at 400°C)
Ref. [16]  [17-19] [20] [17] [18] [21]
~— 1000 e the irradiated materials examination and testing labo-
§ - JPCA-SA Target :J316—SA ratory of ORNL for the technical support.
— B Irradiation Spectrall
4 [ Spectrally  314pa, 34dpa | Talored
8 Tallored ORR/HFIR
7 -  ORRMFIR iradistion References
500 |~ Irradiation -
he] 17dpa Estimated value . .
°® of (Acy)* [1] G.L. Kulcinski, J. Nucl. Mater. 122&123 (1984) 457.
: - B :Carbides [2] F. Rowcliffe, A. Hishinuma, M.L. Grossbeck, S. Jitsuka-
S s fj;‘::"" wa, J. Nucl. Mater. 179-181 (1991) 125.
§ [3] R.E. Stoller, P.J. Maziasz, A.F. Rowcliffe, M.P. Tanaka,
0 J. Nucl. Mater. 155-157 (1988) 1328.

_g_ [4] T. Sawai, P.J. Maziasz, H. Kanazawa, A. Hishinuma,

Fig. 3. Comparison of increase of yield strength obtained from
tensile tests and the values evaluated from the microstructures
in the JPCA-SA and J316-SA steels irradiated at 400°C in the
ST ORR/HFIR and the HFIR target capsules.

loops are the main contributor to the increase in yield
strength, and in the HFIR target irradiation, cavities are
largely responsible for the increment of the strength as
shown in Fig. 3. The strength component (Ag;)" for each
obstacle can be seen in the figure. The good correlation
between the model and the experimental data shows that
the equations and values used in this study are appro-
priate.

5. Conclusions

The changes in tensile properties and microstructures
of SA austenitic stainless steels induced by irradiations
in the ST ORR/HFIR capsule and in the HFIR target
have been examined to understand the synergistic effect
of displacement damage and helium generation under
the fusion neutron environment. This study, based on
the theory of dispersed barrier hardening suggests
that the main factors of hardening in the ST ORR/
HFIR and the HFIR target irradiation are Frank-type
loops and cavities, respectively.
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