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Types 316 and 316 + 0.23 wt % Tl stainless steels and 16-8-2 weldment were irradiated in
HFIR at 55°C to fluences up to 1.35 x 1026 neutrons/in2 (< 0.1 MeV), which produced up to
10.5 dpa and 520 at. ppm He. Examination showed no swelling, no cavities, no precipitates,
but a high concentration of dislocations. Tensile tests showed large increases in the
35°C strength properties, with the weldments the weakest of the materials. The ductility
of all materials was reduced by the irradiation, the uniform elongation to only 0.4% in
the cold-worked material. Tests at temperatures above the Irradiation temperature showed
an approach to unlrradiated properties as the temperature was increased from 200 to 600°C.
Helium embrittlement at 700°C severely reduced elongation.

1. INTRODUCTION

Materials evaluations in several conceptual
design studies have concluded that austenitic
stainless steels are adequate for the first wall
and blan'iet structure material of fusion power
reactors. These alloys will also be specified
in the demonstration, power-producing reactors
that precede full-sized, commercial reactors.
Two of the most recent tokamak design sCudies,
NUWMAK and STARFIRE [1), specified water as the
primary coolant, with structure temperatures in
the range 250 to 350°C. Even lower tempera-
tures, below 100°C, could result if the first
wall of a power reactor is separately cooled, or
is cooled without energy recovery, as was pro-
posed for an ETF design [2].

Irradiation data at fluences of Interest for
fusion reactor applications do not exist at
these low temperatures. Irradiation in mixed-
spectrum fission reactors allows irradiation
temperatures of 50 to 1000°C. Displacement
damage results from the fast neutrons in the
reactor spectrum, while in alloys that contain
nickel appropriate helium production rates
result from the thermal neutrons through the
reaction sequence De*Ni(n,Y)^Ni :
59Si(n,a)56Fe.

Earlier work examined the tensile and fracture
properties [3,4] and the damage microstructure
[3,51 for type 316 stainless steel irradiated in
HFIR in the temperature range 350 to 700°C.
This established that displacement damage levels
in the range 5 to 60 dpa, and helium contents of
200 to 4300 at. ppm resulted in significant
changes in properties of concern for fusion
reactor design.

This experiment was designet1 to generate high
fluence data at low temperatures in two austeni-
tic stainlass steels and one weld. Irradiation
at approximately 55°C was followed by tensile

tests, transmission electron microscopy (TEM)
and fractography.

2. EXPERIMENT DESCRIPTION

The compositions of the three materials included
in this experiment are given in Table 1. The
316 and 316 + TI were included in both the
solution-annealed condition (1 h Jt 1050°C in
argon; then furnace cooled) and cold worked
(swaged to 20% reduction in area following a
solution anneal). The weldments were produced
by the gas tungsten arc process, between 20%
cold-worked type 316 stainless steel base plates,
with 16-8-2 filler metal. Weldment specimens
were machined such that at least the central
section of: the gage portion of the specimen was
all-weld metal, but the grip ends were base
plate material.

Forty-two cylindrical tensile specimens, with a
reduced gage section 2.03 mi diameter by 18.3 cm
long, were irradiated in direct contact with
reactor cooling water at 55°C. The method of
specimen loading is shown schematically in
Fig. 1. The experiment was irradiated in the
HFIR peripheral target position for U4.66 full-
power days. The maximum total neutron flux in
this reactor position is 5.5 * 1019 n/(m2-s),
with 25% >0.1 MeV. This produces 1.02 x 10"°
dpa/s. For type 316 the direct (n,a) reactions
produce helium at the rate of 7.6 * 10"' at.
ppm/s. The total helium production is dominated
by the ^"Ni reaction sequence and averaged
5 x 10~6 at. ppm/s. The material response at
the ends of the experiment were approximately
half of these midplane maximum rates.

Specimen lengths and immersion density were used
to measure swelling produced by the irradiation.

Tensile tests were run on an Instron Universal
testing machine, equipped with a resistance-
heated air furnace. The specimens were held for
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Table 1. Composition of Austenitic Stainless Steels

316
316 +
16-8-2

Ti
weldb

18
17
16

Cr

.0

.0

.4

Ni

n.
12.
8.

0
0
6

2
2
I

Mo

.58

.50

.7

1
0
1

Mn

.90

.5

.3

0
0
0

Content,
C

.05

.06

.045

Ti

0.
0.

wt

05
23

X

0
0
0

Si

.80

.40

...9

0
0
0

P

.013

.01

.024

0
0
0

S

.016

.013

.013

0
0

N

.05

.0055
0.
0.

B

0005
0007

^Balance iron, ''Analysis of welding rod.

Fig. 1. Schematic diagram of the specimen
loading for the HFIR water temperature Irradia-
tion experiment, HFI° CTR-16. Rea^'or coolant
water flows throup' ' regions of t*e experiment.

a 30-min equilibrate jeriod at the test temper-
ature before application of the load. Most tests
were run at a crossheiJ spetd of 0.0r an/min,
for a nominal strain race of 4.6 * 10~' s~'
(0.0O28 min"1). Stresses reported are based on
the pretesc ^ecimen dimensions.

Selected fracture surfaC' examined in a
scanning electron microsci ,SEM> to character-
ize the fracture node. A :e; specimens were
also examined by TEM to determine che micro-
structural response î ":ne 55 °C irradiation.

3. RESULTS

The fluences achieved in this experiment ranged
from 0.5 to 1.35 * 1026 neutrons/a2 OO.l MeV),
depending on the position in the capsule. Th*s
produced displacement damage levels of 4.5 to
10.8 dpa and helium concentrations of 180 to 520
at. ppm in the type 316 stainless steeL. Irra-
diation parameters for Individual specimens are
given in Table 2, calculated for the midpoint of
each specimen.

The comparison of prelrradlation and postirra-
dldtion length measurements on all specimens of
316 and 316 + TI showed that any swelling pro-
duce J by the irrad on was less than 0.1Z.

Immersion density ueasurements on the 20%-cold-
worlced 316 confirmed this limit on the possible
swelling. Electron microscopy examination, to
be discussed inore fully below, did not reveal
any cavities, confirming l i t t l e or no swelling.

Tensile data for all irradiated and control
tests are given in Table 2. Tests at 35°C,
following Irradiation at 55°C, showed that: Irra-
diation produced increased strength values In
all materials. Far the range of fluence values,
and the small number of tests, the strength
increases did not correlate with fluence. This
may reflect normal scatter about a saturation
value of the Irradiation hardening. The
strengthening for the several materials is tabu-
lated in fable 3. The increment of yield stress
is nearly equal for the 316 and 316 + Ti,
whether in the cold-worked or solution-annealed
condition before irradiation. For the cold-
worked materials this increment is near 130 MFa;
for annealed materials it Is 560 MPa. The yield
stress increment in the weldment was very close
to the average for cold-worked and solution-
annealed 316. There was less agreement In the
values of irradiation-produced increases in the
ultimate tensile strength, but the same relative
ranking was maintained. For both yield strength
and ultimate tensile strength, the irradiated
-old-worked material was strongest, the ini-
t ia l ly solution-annealed material was nest, and
the irradiated weldnent was the weakest of the
three material conditions.

The most Important effect of irra-iiation at
55"C on the 35°C ductility was ths reduction in
uniform elongation of the cold-worked material.
The uniform elongation uas jnly 0.4Z after irra-
diation, for both Che 316 and the 316 + TI.
Although small values of uniform elongation were
recorded, the stress dropped very slowly below
the ultimate tensile strength with continued
deformation. For example, in the cold-wurked
316 irradiated to 10.8 dpa, the uniform elonga-
tion was only 0.4?, but the engineering stress
at 7.5Z wis s t i l l 99Z oi the ultimate tenslie
strength. The total elongation for this sample
was 12.01. In general, the cotal elongation of
irradiated, cold-worked material remained near
the value for unirrddiated oacerlal. Both the
uniform and Che Cotal elongation of the
solution-annealed material were reduced to about
one half the unirradiated value. In the



Table 2. Tensile Properties of 316, 316 + 0.23 wt X Ti, and 16-8-2
Weldment after Irradiation at 55"C in HFIa

Test
Temper-
ature

ro
20%-Cold
35b
35
35
35
35=
35d
200
300 b

300
300
400
450
500
500
500c

500e
600
600c

700
700
700

20%-Cold
35
35
35
300
300

Irradiation
Fluence
>0.1 MeV

(* 1026 n/m
2)

Worked 316
0
0.5
1.13
1.35
1.13
1.09
1.27
0
0.73
1.30
1.27
0
0
1.27
0.69
0.73
1.24
1.30
0
0.69
1.24

Worked 316 +
0
0.91
1.30
0
1.30

Solution-Annealed 316
35
35

300
300
600
600

0
0.91
0
0.5
0
1.35

Solution-Annealed 316
35
35

600
600

0
0.73
0
1.30

16-8-2 Weldment
35
35
35
35
300
300
625
700

0
0.5
1.09
1.35
0
1.35
0
0.73

8
10
8
8
10

5
10
10

10
5
5
10
10

5
10

• 0,

7.
10.

10.

7.

4.

10.

+

5.

10.

4.
8.
10.

10.

5.

Parameters

dpa

.5

.8

.8

.8

.7

.2

.5

.5

.2

2
. 4
.5
.0
.5

.4

.0

.23

,3
,5

.5

,3

5

8

Helium
(at. ppm!

180
380
520
380
370
470

200
490
470

470
200
200
450
490

200
450

wt Z TI

270
450

450

290

180

520

0.23 vt % Ti

5

5

5
7
8

5

180

450

100
250
340

340

130

Strength, MPa
0.2%
Yield

>

813
960
943
948
945
1049
844
695
802
783
731
760
675
636
665
636
563
538
399
398
415

[850]f
961
993
780
810

1240]
799
[170]
526
[1501
468

[250]
816
[1601
485

343
680
701
727
241
565
210
214

Ulti-
mate

848
967
950
954
949
1054
847
733
802
783
763
814
732
708
742
719
634
574
410
407
419

[950]
965
1002
820
815

[650]
841
[680]
629
[500]
525

[590]
830
[450]
531

529
735
739
759
433
598
367
247

Elongation, %

Uniform Tota

5.1
0.4
0.4
0.4
0.3
0.6
0.3
1.6
0.2
0.2
2.7
2.2
3.4
3.°S
6.8
4.0
5.3
1.4
0.9
0.4
0.3

0.4
0.4
0.7
0.4

[40]
23.5
[33]
16.:

[3!]
9.9

[40]
17.3

[31]
6.7

13.5
6.8
5.8
7.2
10.0
3.1

11.1
1.4

13.8
9.1
14.7
12.0
11.1
9.5
6.7
5.2
5.6
5.5
7.5
6.7
7.7
8.2
11.5
9.1
9.6
3.0
15.9
0.9
0.4

9.7
9.4
5.9
5.1

[>45]
30.2
[40]
20.9
(411
13.1

!>45)
25.8
[41]
19.2

17.3
12.0
11.8
13.0
13.3
6.7
17.1
1.7

aStraln rate 0.0028/min, except as noted. ''Average of 2 or 3 tests.
cStrain rate of 0.00028/min. ^Strain rate 0.28/min. eStrain rate
0.028/mln. ^Bracketed values are Interpolated from measured values
for these steels, iising handbook trend curves for 316, either cold
worked or solution annealed.

weldment, the uniform elonga-
tion was near half the
unirradiated value, the total
elongation two-thirds of the
unirradiated value.

Tensile tes'-s were also con-
ducted at temperatures above
the 55°C irradiation tempera-
ture. The results are
included in Table 2, and the
data for tests on 20%-cold-
worked 316 are plotted in Fig.
2. For test temperatures in
the range 35 <:o 300°C the
yield and ultimate tensile
stress values were nearly
equal, and remained above the
ultimate tensile stress
for the unirradiated material.
The uniform elongation for
these tests remained at 0.2 to
0.4S, and the total elongation
decrtased as the temperature
increased.

For test temperatures above
300°C, the strength values
were very close to the values
for unirradiated material.
The total elongation was
also similar to the unirra-
diated value. The uniform
elongation Increased with
increasing test temperature,
to reach a maximum value for
tests at 600°C. Throughout
the temperature range 300 to
600°C, the uniform elongation
remained about 52 less than
the total elongation. At a
test temperature of 700°C the
strength values of irradiated
and control material were
nearly equal. However, both
uniform and total elongation
were below 1% in the irra-
diated material, the classi-
cal Indication of helium
embrittlement. For the two
tests at 700°C, the higher
helium level resulted In the
lower ductility.

Only a C-v specimens of the
other materials were avail-
able for elevated temperature
testing. These results, in
Table 2, serve only to show
that the trends established
for 20%-cold-worked 316 were
followed by the other
materials.

A few tests wtie conducted at
tensile strain rates different



Table 3. Increase in 35°C Strength Values
Produced by Irradiation at 55°C

Alloy and Condition

Bange of Increase in
Displace- Strength, MPa
ment Damage Ulti-

(dpa) Yield mate
Tensile

316, 20% cold worked 4.5-10.8 137 109
316 + Ti, 20X cold 7.3-10.5 127 34
worked
316, solution annealed 7.3 559 191
316 + TI, solution 5.5 566 240
annealed
16-8-2 weldment 4.5—10.8 360 215

2OV. CW 316
IRRAOo 53"C

150 fo 500 oopm Ht
3 to lOdpa

200 300 400 500 600 TOO 600
TEST TEMPERATURE CO

Fig. 2. Tenslli; properties of 20%-cold-worked
type 316 stainless steel irradiated at 55"C in
HFIR to fluenc.es in the range 0.5 to 1.35 « 10^6
neutrons/ra2 (>Q.l MeV).

from the rate of 0.0028/min used for most tests.
These results, Table 2, were approximately con-
sistent with the scatter expected In the results
of tensile tests except at 600°C, where a
reduced strain rate led to much lower elongation
values.

Fracture surfaces of the type 316 stainless
steel, cold worked before irradiation, showed
only the nearly equiaxed dimples characteristic
of fully ductile failures for tests a: 35°C
[Fig. 3(a)J and 600"C. The similarity of prop-
erties throughout this test temperature range
indicates that all tests in the range failed by
ductile rupture. At 700°C the fracture surface
was made up almost entirely of grain boundaries

[Fig. 3(b)J. This fracture mode, lack of
necking in the sample, and the low elongation
indicate helium embrittlement, resulting from
the helium weakening of grain boundaries.

The fracture mode in irradiated 16-8-2 weldments
irradiated at 55°C and tested at a series of tem-
peratures showed J response similar to the cold-
worked 316. Failures at 35 and 300°C were by a
ductile mode, with only ductile dimples seen on
the fracture surface. The sample tested at 700°C
failed near the weld natal—base metal Interface.
It failed without measurable necking, wii-h a
totally intergranular fracture surface, Fig. 3(c).

TEM examination at high magnification showed a
dislocation structure that had resulted from
the irradiation. Neither precipitate phases nor
cavities were seen, with a practical resolution
limit of 2 to 3 nm. The dislocation microstruc-
ture of the 316 stainless steel is shown in Fig.
4, and the dislocation concentration data are in
Table 4. The unlrradiated microstructures of
the solution-annealed 316 (not shown) contained
only a low concentration of dislocation line
segments. The cold-worked 316, Fig. 4(a), con-
tains a high dislocation concentration in bands
and tight networks, but also contained small
areas essentially free of dislocations. Irra-
diation produces somewhat similar microstruc-
tures from the two different starting conditions,
Fig. 4(b) and (c). The total dislocation con-
centration in each material is 1 to 2 * lO1^
m~2. in the Initially solution au.nealed
macerial [4(c)J this is composed entirely of
small dislocation loops. This loop population
contains two size distributions: a component of
faulted, Frank loops that are clearly resolv-
able, and a component of much smaller defects
("black spots") that are assumed to be loops.
The material that was cold worked before irra-
diation (4(b)J contains a three-component dislo-
cation mlcrostructure. The two loop components
are again present, with size parameters given in
Table 4, but a dislocation network is also
present. This network is presumed to be a recov-
ered product of the as-worked microstructure.
The considerable rearrangement is the result of
absorption of point defects and of interaction
with loops during the irradiation.

Similar microstructures were observed in irra-
diated 316 + Tl (6).

4. DISCUSSION

A small amount of low fluence data Is available
for austenitic stainless steels irradiated at
lower temperatures. Bloom et al. [7j showed
that Irradiation of solution-annealed type 304
stainless steel to about 1 dpa at 93°C produced
microscopically visible lattice damage ("black
spot" damage). Tensile tests showed that the
room temperature yield strength increased to
three times the unlrradiated value. Vandervoort
et al. [8] Irradiated solution-annealed type
316 stainless steel in several ae<irroa spectra



Fig. 3. Fracture surfaces of material irradiated at 55°C: (a) 202 CW 316 irradiated to 10.8 dpa
and tested at 35°C; (b) 2G% CW 316 irradiated to 10.0 dpa and tested at 700°C; and (c) 16-8-2 weld-
ment Irradiated to 5.5 dpa and tested at 700°C.

strength values at 35°C varied
only 1%, and were not a function
of fluence. In the weldment the
yield strength did increase with
increasing fluence, but the
three values were within 3»5X of
their average. Significantly
higher fluence data would be
required to verify that satura-
tion of che yield and ultimate
strengths has been achieved.

The previous work at lower
fluances [7,8J reported only a
single component damage micro-
structure, without resolvable
loops. Vandervoort et al. [8J
found clusters of 1 to 2 no
dianeter in irradiated, solution-
annealed 316, but with concen-

trations similar to the concentrations reported
here. The two experiments suggest that the
defect cluster concentration does not exceed a

Table 4 .

Condit ion

Annealed

Annealed

20X CM
20? CW

Dislocation Mlcrostruetures in
Steel Irradiated in HFIR at

Dis-
placement
Damage
(dpa)

0
7.3

0
10.8

Network
Disloca-

: don
Concen-
tration
(m"2)

l010_1012

<2010

3-3 x 10'5
5 x 1014

Type 316
55°C

Dislocation Loops
Average
Diameter

(nsn)

14a 3
3.7b 3

23a 1
3.5b 7

Concen-
tration

0
.6 x 10^2
x 1022

- 0
.0 * 10^'
.7 x IQ22

Stainless

Total
Dis-
location
Concen-
tration

1010_I0I2

1.9 « 10̂ 5

3.5 » 10l5

1.4 x 1015

aFrank interst i t ia l loops.
^Small defect clusters, tentatively identified as loops.

to fluences producing less than 0.1 dpa at tem-
peratures between 25 and 60°C. They observed
the formation of very small defect dusters,
with concentration increasing with increasing
fluence. Room-temperature tensile tests showed
strength Increases and ductility decreases with
Increasing fluences.

The present results are qualitatively similar to
the literature results. In a direct comparison
of results on type 316 stainless steel, the
strength increases derennlned here were much
greater than the hardening found by Vandervoort
et al. <8] for much lower fluences. The factor
of 2.7 range in neutron fluence suggests, but
does not prove, chat the Irradiation hardening
has saturated. For the CH 316 the three ylejd

limit of nbout OJ-3, and chat continued
irradiation then results la loop growth.

Harries [9) irradiated a 20Z Cr:25X Ni:!«b stabi-
lized austenitic steel at 40°C to a fluence of
8.0 x 1023 neutrons/a2 (fission) and determined
tensile properties as a function of test temper-
ature. These low fluence results indicated
trends similar to the present findings on type
316 stainless steel, except that helium emhrlt-
tlement at temperatures above 600°C was much
less severe. However, che helium content in
Harries experiments was certainly less than 10
at. ppro.



Fig. 4. Microstructures of type 316 stainless steel, (a) As cold worked; (b) cold worked, then
Irradiated at 55°C to 10.8 dpa; (c) solution annealed, then irradiated at 55°C to 7.3 dpa.

Kangilaski, Bauer and Wullaert [10] reported
high-fluence 50°C irradiation results on type
347 stainless steel. They found a saturation in
the yield stress values for solution-annealed
type 347, at approximately the strength values
determined for the solution-annealed 316 an . 316
+ Ti included in the present experiments.

5. SUMMARY AND CONCLUSIONS

Types 316 ;.r>d J16 + 0.23 wt Z Ti stainless steel,
and 16-8-2 weldment were irradiated in HFIR at
55°C. Damage levels of 4.5 to 10.5 dpa and 100
to 520 at. ppm He were achieved. Postirradia-
tion examination of the 316 and 316 + Ti, in
both solution-annealed and cold-worked condi-
tions, showed no appreciable swelling, and a
microstructure free of cavities or irradiation
produced precipitates. The irradiation had pro-
duced a high concentration of dislocations, in
the fora of small loops in initially solution-
annealed material and loops plus network disloca-
tions in cold-worked material.

Tensile tests of the irradiated material showed
large increases in the 35°C strength properties.
The strength of the lrradiaced weldments was the
lowest of the five materials examined. While
the ductility of all materials was reduced by
the irradiation, che most restrictive ductility
change in 35"C tests was the 0.4Z value of uni-
form elongation in the two cold-worked materials.

Tests at temperatures above the irradiation tem-
perature showed an approach to unirradiated prop-
erties as the temperature was increased from
200 to 600°C, and an abrupt onset of helium
embrittlement at 700°C. In 700°C tests of 20X-
cold—*orked 316 and of 16-8-2 weldment, strength
values were close to those of unirradiated mate-
rials, but elongation values were severely
reduced. SEM fractography revealed that while
failures at 600°C and lower were by ductile rup-
ture, 700°C failures were lntergranular.

The findings of this work do not suggest severe
limitations on fusion reactor operation imposed
by the use of austenitic stainless steel in ser-
vice at temperatures near 60°C. The damage levels
achieved correspond to I MSf-y/m̂ , to produce the
displacement damage level, ot 3.3 MW-y/m^, to
match the maximum helium level. While all
grades of material should be strengthened by the
irradiation, the lowest strength can be expected
in weldments. The lowest ductility values,
however, will be in material cold worked before
service, where uniform elongations of a few
tenths percent can be expected. The results do
not indicate any advantage of the titanium-
modified alloy over the standard type 316
stainless steel, for low-temperature service.
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