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HIGH-TEMPERATURE FATIGUE LIFE OF TYPE 316 STAINLESS STEEL CONTAINING IRRADIATION INDUCED HELIUM®
M. L. Grossbeck and X. C. Lfu
dutals and Ceramias Divislon, Jut Ridge National Laboratory

Oak Ridge, Teanessee 37830

Specimens of 20%-cold~worked AISI type 316 stainless steel were irradfated f{n the High

AN

MASTER

Flux Tsoatorne Reactor (HFIa) at 550°C to a maximum dazize level of 15 dpa and a transmuta-

Tion procered helinm jovel of 420 at. apm.

Fuily reversed straln controlled fatipue tests

vere perioroed {a g vacwun ar 550°C,  No significant eftect of the Irradiatton on Jau—
cycle fat{gue life wis abscrved; lwowever, the straln range of the 307 cyrle endurance
Limit decreased from 0.35 to 0.304. The relatfon between total strafn range and number of
cycles to fallure was found to be dep = 0.02 };20-12 * .‘-’;0'6 for Ng < 107 cyrles.

INTRODUCTINN

Since almast all conceptual desipns of tokamak
fuslon reactors employ cyclic operatlon, the
resulting thermal stresses are cause for coacern
about fatigue. In addition to the presence of
an {nteanse wat fluw, structutes close to the
plasma such as the {first wall will experience a
high flux of high energy (up Lo li.i MeV) neu-
trons. In additlon to atomic displacements,
such hlgh erncrgy neutrous will result in the
production of hydrogea and heltum through {n,p)
and (n,a) reactions. Although hydrogen Jdiffuscs
rapidly and 1s not normally a concern in austean-
itic stainless steels, helium is Insoluble and
1s knowa to segregate to sinks such as grata
boundaries. It {s for these reasons and the
fact that AIST type 316 stainless steel (318 SS)
is a candidate first~wall material that the
effect of fatipue on 316 S5 irradiated to iaduce
transmutation hellium was investipated.

A previous study on aaterial f{rradiated and
tested at $30°C demonstrated a reduction in
fatizue Life by a Jactor of 310 for suterfal
frradiated to a displacemcat .jamage level as
Nigh as 15 dpa and 4 heliom conteat of S00 at.
ppm 11,2, The purpose of the present study (s
tu extend tie tewperature to Y5U°C.

EXPERIMENTAL PROCEDURE
Specimen Preparation

Specimens Were prepared from a reference heac
(X15893) of AISI type 316 stuinless stuecl being
used in the U.S. Fuslon Materlals Progran. The
composition {s given in Table I. Following a
vacuum anncal at 1050°C for 1 h the materlal was
cold swaped to 20% rveduction {n area. This
treatment resulted in an average graln size of
40 wm. The resulting 6.48 =n rods were machined
tnto specimens with an hourglass gage section
3.18 mn i{n diameter. The gpecimen geometry is
saown in Fig. 1.

Irradfation

The technique of introducing helium through
nuclear transmutation applies to nickel-
contalning alloys. Through frradiation in a
mixed spectrum f{ssion reactor, atomic dis-
placemcat damage 1s
Table I. Composition of accomplished by the
AISI Type 316 Stainless fast portion of the
Steel Used for the spectrum and helium
Fatigue Study formation through a
serfes of two thermal
neutron absorptions

Cr 17.28% begtaning with 5Byy:
Mn 1.70 5%41(n,Y)3%%1 and

8 12,44 59%1(n,a)50re which
Mo 2.10 deposit helfum homo-
Co 0.3 geneously tiiroughout
Cu 0.3 the alloy. The lrra-
St 0.67 diation was done in
Nb 20.05 rthe High Flux Is.tope
Ta <0.05 Reactor (HFIR} for
Ti <0.95 which both the fast

B & ppm and thermal {luxes

c 613 ppm exceed 1019 n/(nl-s).
S 179 ppm

P 570 ppm Speclmens were arvang-

ed ten per {rradiation
capsule alony the longltudinal axis. Flgure 1
shows the positioning of a speciaen surrounded
by a helium gas gap to controel radial heat con~
duction, thus providing the desired elevated
temperatuce throupih nueilear heatlng. Low melt-
ing metals and alloys and silicon carbide were
used as temperature indicators as described in
previous reports [2—4]. The melt wirte materlals
used were Cu—-30.7 Mg, Mg~23.5 Ni, Al~33 Cu,
Al~11.7 81, and Zn., The irradfation teaperatute
was deternined to be 550 £ 25°C which was then
used as the ltest temperature.

Irradiation and test parameters are givea in
Table 11. Damage levels were calculated using
the method recommended by the IAEA working group
(5] based on previous dosfmetry measurements,
and helium levels wese calculated from a rela-
tion based on experimental data {6].

*Research sponsored by the Oifice of Fusion Energy, U.S. Department of Energy, under Contract

No. W-7405-eng-26 with the Union Carbide Corporatlon.
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Fatigue Testlng

Fig. 1. Fatigue specimens posi-
tioned in {rradfation capsule.

The tests were performed on a servo-hydraullc
closed-loop controlled testing system {nstalled
{n a radlation hot cell. The system has a four-
column loa1 frame capable of 220 x& (50,000 15).
It is equipped with an uitrvahiph vacuum sysiem
puaped by a turbomoiecular jump capable of pres-
sures of 1079-10"% ‘Pa during clevated tempera-
ture testing. Specimen heating is accompiished
by RF-induction with a load coil surrounding the

specimen. Strain {s mcasured by a diamctral
extensometer which fits between two windings of
the load coll.

Tests were performed at the {rradfation tempera-
ture of 590°C. Spectmens were subjected to a
reversed trlanpalar strala versus tioe program
Meciand e Wit v it at o straia rate of
173 4 I. For low-cvele tati sue (o T 4
tosts were enatrolled on the basts of
fron dlametral straln,

hom

BTy,
axlal strafn caleulated
measured directly at the minfsum gage section,
through a strain computer. For high-cycle
tests, the same strain comrtrol was used untii a
stable hysteresis loop was achfeved, at which
t{me coantrol was shifred to load. At the same
tinme the frequency was lncreased by a factor of
10 to reduce the test duratfon. Specimens were
cycled to complete separation In order to per-
form f{ractopraphy, except in cases where an
appareant endurance limft was observed. All
specimens, both {rradiated and unirradiated,
were loaded remotely usiap the same procedure in
order to avold difterences 1in al{gnment.

RESULTS

Tne alloy exhibited (nitial cyclic hardening fol-
lowed by a saall amount of cyclic softening
before a stable hystervsis loop was vstablished.
A cyclic stress-straln curve shown {n Fip. 2 was
plotted using the stress ranges -t half the aumber
of cycles to fatlure. For low strains where de-
formatlon Is nearly completely elastic, the {rra-
diated material behaves the unirradiated
noterial.  For higher strafns the unirradi{ated
materfal cxhibits a significantly uigher cyelic
strength than the (rradiated matertals. The
lower cyclic =trength {n the {rradiated coandi-
tion {s opposite the hehavior exhibited by simi-
lar material irradiated and tested at 430°C {2].

ke

Table 1I. Irradiation and Test Paraneters
Maximum
Irradiacion Test Total Cycles to  Cycles Stress
Specinen Temperature Temperature Fluence dpa Helium Strain Fallure to a0/2
(’C) (G9! > 0.1 MeV Range N Crack  at Ng¢/2
(mPa)
G38 550 550 0 2.0 2,286 2,080 555
[ 530 550 0 1.5 3,063 351
G50 530 550 0 1.2 9,456 436
G51 550 550 0 0.70 56,692 455
G4l 550 550 0 0.42 3,125,650 37
G39 550 550 0 0.30 >11,359,300 227
G42 530 550 0 0.30 >10,643,500
AB6 550 550 1.9 14 780 2.0 1,256 440
AT4 550 550 1.2 9.0 400 1.8 2,142 400
A87 550 550 1.9 15 20 1.0 10,690 « 365
A76 550 550 1.2 9.0 400 0.87 31,595 31,000 337
A85 550 550 1.6 12 620 0.50 143,297 134,000 290
A95 550 550 1.1 9.1 410 0.42 288,410 284,300 317
AB8 350 350 1.9 14 780 0.35 1,800,000 269
Al5 550 350 1.2 9.2 420 0.30 >10,437,200 227
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Fig. 2. Cyclic stress~straln curves for
HFIR-{rradiated and uafrradiated 20Z-cold-worked
AIST type 316 stainless steel. Each point
represents an individual specimen. Test tem-~
perature ~ Jjrradfation temperature = 550°C,

The results of the fatigue tests are prescnted
in Table I1 and plotted on a d€7 versus Ne¢ curve
in Fig. 3. 1In the low-cycle regiae, although
there i{s sowe hint of a reduction {n fatiguc
1ife at the highest flucnce level, there ls not
sufficient evidence to establish any difference
between irradiated and unirradiated naterlal.
All the data are found to fit wll on a single
curve piven by

- 0.12 .6
fep = 0.02 N + N0

whete
Aep = total strain range,
N¢ = cycles to faflure.

The high-cycle tests were discontinued at
epproximately 107 cycles which was considered to
be an appareant endurance limit. This 10/ cycle
endurance limit was obscrved at 8€g = 0.35% for
the unirradiated conditlon and Scg = 0.30X for
the frradiated condition.

The fracture surfaces were studled by scanning
electroa alcroscopy (SEM) to help tdentify the
fracture mechanisa. In contrast to the behavior
at 430°C, all the specimens fractured with a
"slant™ fracture surface. However, the morpho-
logy of the fracture surfaces theaselves exhi-
bited many similar features and trends. For
material in the unirrediated condition, the sur-~
faces showed almost exclusively ductile rupture.
In the {rradlated case, ductile rupture still
prevailed, but the fracture surfaces showed
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Fig. 3. Total straln ranpe as a function of
cycles to failure for HFlR-irradlated (9-15 dpa,
400-820 at. ppm He) and unirradiated 201-cold-
worked AISI type 316 stainless steel.

reduced ductility. 1In additien, intragranular
fracture resembling cleavape appeared at a
straln range of 0.42% in frradiated miterial
(Fig. 4). This pbenomenon was also observed at
430°C where a much clearer trend was demon-—
stratcd. The phenomenon appears to be cily
sporadic at 550°C.

DISCUSSION

The cyclic hardening curve in Fig. 2 {llustrates
the cffect of {rradiation on cyclic hardening.
In contrast to the behavior ot wmaterial {irra-
diated and tested at 430°C, the irradiated mate-
rial exhibited a lower level of cyelic hardening
probably due to lrradiacion assisted recovery
[7] and coarsening of the micruostructure with
frradiation at high temperatures.

The fatigue life of frradiated material {s {nflu-
enced little {f a.y at 5%0°C (F¥ig. 3). This
behavior contrasts with the results at 330°C
where o reduction in tatigue life by a factor of
3-10 was observed upaa trradlation to slamilac
fluence levels [1,2). The absence of a detri-~
mental effect Ils somewhat uncxpected duv to che
high concentrations of helium {n the irradiated
specimens., However, since 550°C {s still some-
what low for helium embrittlement, it cannot be
determined Lf there will be a degr.dation of
fatigue life at high helium concentrations or Lf
the presence of helium retards the progression
of fatigue damage. The lower cyclic hardenting
in irradiated material does no’ support the
mechanism of dislocation pinning by heliun [8].
It is possible that the degradation in fatigue
Iife observed at 430°C results from a precipita-—
tion phenomenon rather than helium. Further
study 1s being conducted to determine the reasom

for this effect.

The fracture surfaces reveal a highly ductile
faflure mode which could account for the good
performance in lowcycle fatigue. The intra-
granular cleavage-like worphology observed at
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Fig. 4. Fluence versus total strain range (duratfon of test fnereases to the right) showing repre-~
sentative portions of the fracture surfaces for type 316 stalnless steel {rradiated and tested at
550°C. Photographs have been shifted slightly to farm straight rows and eoluynns.



PCT = 0.42% might be expected to be associated
with premature failure, but this i{s not observed.
This mcchanism {s likely to he assocfated with
precipitation on the slip bands created by
preirradiation cold work {27, but since it does
not adversely affect strength, (the cyciic
strength {s significantly above the curve {n
Fig. 2 at Acp = 0.42L, Aoy = 317 MPa), fts
effect on high-cycle fatigue life is minimal.

CONCLUSIONS

For the 20%-cold-worked AISI type 316 stainless
steels {rradiated to 9-15 dpa contaln{ng 400820
at. ppm He irradiated and tested at 550°C:

1. The fatigue life was not significantly
affected by the {rradiation.

2. The cyclic strength was reduced by irra-
diation in the HFIR .,

3. A 107 endurance lmit of 0.30% for WFIR-
irradiated material and 0.35% for unfirradiated
material was observed.

4. A traunsgranular cleavage-like fractu.re
morphology was chserved in Irradiated material
for a -train range of 0.42%.
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