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Specimens of 20^-cold-vorked AISI type 316 s t a i n l e s s s t e e l were i r r a d i a t e d In the High
Flux Isnt *>r»o R*-.i<"tf>r ('tiy'.ii) .it 550 °C to a aiKimum darr, i;»e level of 15 dpa and a t ransmit a-
t ion proi.ur.fi h.' I i» J ~ i.'vel :>f d2o j i , ppm- r'ul 17 reversed st r.iin control 1od fat i ,MIC t e s t s
w<?r.' p.'r;"onn-.-(i In a v,irUin ,ic i50*C. No sl,;nif lonnt «;f:"cct ot the lrrrtdi.it ion on low-
cyc le fa t igue l i f e was obsi-rvt-ii; howvvcr, the s t r a i n r.in^u of tho ]07 cycle endur-m--.-
Umi*. liccroased f row 0.15 to 0.30£. Tho r e l a t i on between tot J I st till n rang**- and nun: her of
cyc l e s to f a i l u r e was found to be AeT • 0.02 *rQ* 1 2 * N^0-6 for »f < 107 c y c l e s .

INTKODUCTIOM

Since a lmsr . a l l conceptual designs of tok.imalc
fusion r eac to r s employ cyclic opera t ion , tho
resulting tiieriial stresses .ire cause for concern
about fatigue. In addition to the presence of
an Intense Teat flux, structures close to tne
plasma such as the first wall -jill experience a
high flux of high energy (up to K.I MeV) neu-
trons. In adiiltlon to atonic displacements,
such high energy neutrons will result In the
production of hydrogen and Iwllum through <n,p)
and (n»a) reactions. Although hydrogen diffuses
rapidly and is not normally a concern in austen-
i t i c stainless s teels , heliur.1 is Insoluble and
Is known to segregate to sinks such as grain
boundaries. It is for these reasons and the
fact that AISI type 316 stainless steel (316 SS)
is a candidate first-wall raaterial that the
effect of fatigue i»n 316 SS irradiated to Induce
transmutation helium was investigated.

A previous study on a i ter la l irradiated and
tested at •i30°C demonstrated a reduceiun i:j
f.iti,;«e life by a factor »i 3—10 ioc ir-iterijl
Irradiated to .1 Jisplaceuent ,ian.i>;e level .is
!ii;;h us !3 vipa ami -i iiellum content of •'JitO .it.
ppm [1,2]. The ;iut*;iose of the present study is
to extend the temper.ituru to r)bu°C.

EXPliRIMENTAL PROCEDURE

Specimen Pr«|wr.«tton

Spocitr.oiis were prepared froia a reference he.ic
(X15893) of ,USI type 316 s t . i i n l e s s sceel beine
used in tile U.S. Fusion Ma te r i a l s Program. The
composi t ion i s given in Table I . FoLJ.owln& a
vacuum anneal at IO5O°C for I h tho ma te r i a l was
co ld swaged to 20% r e d u c t i o n in a r e a . This
treatment resulted in an av^raga grain size of
40 um. The resulting 6.48 =a rods were oachlned
Into specimens with an hourglass gage section
3.18 ran In diameter. The specimen geometry is
sUown in Fig. 1.

Irradiation

The techniquo of Introduclng he1iun through

nuclear transmutation applies to nickfl-

contalning alloys. Through Jrr.idl.it Ion (n a

mixed spectrum fission reactor, atomic dts-

pl.icet̂ ci\t d.in\ap,e is

Table I. Corojioslt ion of accomplished by the

AISI Type 316 Stainless

Steel Used for the

Fatigue Study

Cr
Hn
SI
Mo

Co
CM

Si
Nb
Ta
Ti
B
C
S
P

17.281
1.70

12,44
2.10
0.3
0.3
0.67

<0.05
<0.05
<0.05
4 ppra

bV 3 ppm
179 ppra
370 ppm

fast portion of the
spectrum and helium
formation through a
series of two thermal
neutron absorptions
beginning with 5ftSl:
5sNl(n,T)59Ni and
59Nl(n,o)S(>Ke which
deposit helium homo-
geneously throughout
the alloy. The irra-
diation was done in
the High Flux Is-tope
Reactor (KFIR) for
which both the fast
and thermal fluxes
exceed lo'1"* n/(m'—s).

Specimens were arrang-
ed ten |X.T Irradiation

c.ipsule aluni; the longitudinal .iKis. Klgure 1
shows the ;wsit'oninj; of a specimen surrounded
by a helium j;.is j>ip to control radial heat con-
duction, thus providing the desired elevated
tcit,,ier.iture through nu<-lear heating. Low m^lt-
ir.g i*;tals and alloys .md silicon carbide were
used as temperature indicators as described in
previous Kports [2—4]. The melt wire materials
used were Cu-30.7 Mg, Mg-23.5 Ni, Al-33 Cu,
Al—11.7 Si, and Zn. The Irradiation teapcratuce
was determined to be 550 t 25°C which was then
used as the test temperature.

Irradiation and test parameters are given in
Table I I . Danage levels wore calculated using
the method recommended by the IAEA working group
[5] based on previous doslmetry measurements,
and helium levels were calculated from a rela-
tion based on experimental data (61.
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specimen. S t r a i n Is measured by a d iamet ra l

extensometer vlilch f i t s between two windings of

tile load c o i l .

Tes t s were performed at the I r r a d i a t i o n tempera-
tu r e .>f Y>0°C. Spi-clmi'iiK w t f subjec ted to n
r . v e r s e d irl . iui ' t i l . ir sit r.i I n VITKUII lime program
• i . - - ; . u i l . • u : t h i . . , . , . ! • . ; ! • . . ! . i t 1 - . i r . i i . i r n . - . ) f

•'. - ! ' » ' • > :.''•. r ' n t l o w - c y c l e t " . i t I ••!•• ( . ' • • r *

• t . " / ' ) , L c * . t - * w . - t v t - o . i t r o l 1 o i l o n t h < ' h . r ; ! s o f

.ixl.il s train calculated from di.in.-tr.il s t ra in ,
tr.-.'.Tuired directly at tin- mt nl.-.um j;->;',e section,
through a strain conputer. For Uij'h-cycle
t e s t s , th*1 same strain control was used unti l a
stable hysteresis loop was .tchieved, at which
ti-ne control was shifted to load. At the same
time the frequency was increased by a factor of
10 to reduce the test duration. Specimens were
cycled to complete separation In orHer to per-
form f rac to^.raphy, except in cases where an
apparent endurance l in i t was observed. All
specimens, both irr.idi.ited and unl rradlated,
were loaded remotely usinj* the s-i.-ne procedure In
order to avoid difterences In alignment.

Fig. 1. Fatipue specimens posi-
tioned In irradiation capsule.

Fatigue Testing

The tests were perforned on a servo-hydraulic
closed-loop controlled testing system Installed
In a radiation hot ce l l . The system ins a four-
column lar-i frar.e capable of :20 k.'i (50,000 lb).
I t is equipped wit1" an Mltrahl;:h vacuum system
puaped by a turbonolecular ;iunp capable ot pres-
sures of 10~6-i0~4 !-!Pa during elevated tempera-
ture tes t ing. Specimen heating Is accomplished
by RK-induct ion with a load coil surrounding the

RKSULTS

Tne alloy exhibited initial cyclic hardening fol-
lowed by a s>3all mount of cyclic softening
before a stable hysteresis loop was established.
A cyclic KtreKs-str.iln curve shown in Fig. 2 was
plotted using the stress cancel '̂, lu.ilf the number
of cycles to failure. For low strains where de-
forcatlon is nearly completely elastic, the irra-
diated material behaves like the unlrradlated
m.'terlal. For tiigher strains the unirradlated
material exhibits a significantly iii,;her cyclic
strength than the irradiated materials. The
lower cyclic strength in the Irradiated condi-
tion is opposite the behavior exhibited by simi-
lar material irradiated and tested at *»3U°C [2).

Table II. Irradiation and Test Parameters

Specimen

G38
G4I
C50
C51
C43

C39
G42
A86
A74
A87
A76
A35
A95
A88

A7S

Irraciat ion
Temperature

CO

530
530
550
5S0
550

550
530
550
550
510
550
550
550
530

550

Test
Temperature

CO

550
550
550
550
550

550
550
550
550
550
550
550
550
550

550

Fluence
> 0.1 MeV

0
0
0
0
0

0
0
1.9
1.2
1.9
1.2
1.6
1.1
1.9

1.2

dpa

14
9.0
15
9.0
12
9.1
14

9.2

Helium

780
400
820
400
620
410
780

420

Total
Strain
Range

2.0
1.5
1.2
0.70
0.42

0.30
0.30
2.0
1.8
1.0
0.87
0.50
0.42
0.35

0.30

Cycles to
Failure

:if

2,286
3,043
9,456

56,692
3,125,650

>11,359,000
MO.643,500

1,256
2,142
10,690
31,595
143,297
288,410

1,800,000

MO.437,200

Cycles
to

Crack

2,080

31,000
134,000
284,300

Maximum
Stress
Ao/2

at Nf/2

(nPa)
555
351
496
455
317

227

440
400

* 365
337
290
317
269

227
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Fig. 2. Cyclic stress-strain curves for

HFIK-lrradiated and uairradlatcd 201-cold-wor'iced

AISI type 316 stainless steel. Each point

represents an Individual specimen. Test tem-

perature - Irradiation temperature - 55O°C.

The resu l t s of the fatigue t e s t s are presented
in Table II and plot ted on J Atj versus Nf curvo
in Fig. 3. In the low-cycle regime, although
tb i re Is some hint of a reduction In fatigue
l i f e at the highest fluence level , there Is riot
suff ic ient evidence to es tab l i sh any difference
between Irradiated and unl rraul.it ed mater ia l .
All the data are found La t i t well on a single
curve given by

AeT - 0.02 M;0-1 2 + NT0-6

Ae-f - total strain range,

Nf - cycles to failure.

The high-cycle tests were discontinued at

spproxlmately 10^ cycles which was considered to

be an apparent endurance limit. This 10' cycle

endurance limit was observed at Ac.j. - 0.3!>Z for

the unlrradlated condition and AeT - 0.30* for

the Irradiated condition.

The fracture surfaces were studied by scanning

electron microscopy (SEM> to help Identify the

fracture mechanism. 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 thi-aselves exhi-

bited many similar features and trends. For

material in the unlrradiated condition, the sur-

faces showed almost exclusively ductile rupture.

In the Irradiated case, ductile rupture still

prevailed, but the fracture surfaces showed

Fig. 3. Total s train r.inne .i-i i function of
cycles to failure for HF1K-1 rr<i<lt.u.-d O-15 dpa,
400—820 a t . ppm He) and uni rrad i at eil 201-cold-
worked AISI type 316 s ta in less s t e e l .

reduced duc t i l i t y . In addit ion, intragranular
fracture resembling cleavage appeared at a
s t ra in range of 0-*>2£ in irrcuiiated material
(Fig. 4 ) . This phenoraenon w;is also observed at
430°C where a much clearer trend was demon-
s t r a t ed . The phenoraenon appears to be G\ly
sporadic at 550"C.

DISCUSSION'

The cyclic Kirdening curve In FIR. 2 I l l u s t r a t e s
the effect nf i r radia t ion on cyclic hardening.
In contrast to the behavior ol material I r ra -
diated and tested .it 430°C, the i rradiated mate-
r i a l exhibited a lower level of cyclic hardening
probably due to l rmdl jcion assisted recovery
[7] and coarsening of the mi r e s t r u c t u r e with
I r radia t ion at High temperatures.

The fatigue l i fe of Irradiated matorl.il is inf lu-
enced l i t t l e If fi..y at 5i0°C (Fig. 3). This
behavior contrasts with the resul ts at -i30°C
where a reduction In tnttgue life by a factor of
1—10 uis obticfvid upon lrtiull.ic.ion t<i similar
fluence levels [1,2J. The absence of a d e t r i -
mental effect is somewhat unexpected due to che
high concentrations of helium in the i r radiated
specimens. However, since 550°C is s t i l l some-
what low for helium embrittlement. It cannot be
determined if there will be a degradation of
fatigue l i fe at high helium concentrations or If
the presence of helium retards the progression
of fatigue damage. The lower cyclic hardening
in Irradiated material does no' support the
mechanism of dislocation pinning by helium [8 ] .
It Is possible that the degradation In fatigue
l i f e observed at 430°C results from a precipita-
tion phenomenon rather than helium. Further
study Is being conducted to determine the reason
for this effect.

The fracture surfaces reveal a highly ductile
failure mode which could account for the good
performance In low-cycle fatigue. The Intra-
granular cleavage-like morphology observed at
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IAET " 0.42% might be expected to be associated
with premature fa i lu re , but this Is not observed.
This mechanism Is l ikely to be associated with
precipi ta t ion on the s l ip bands created by
preirradi . i t Ion cold work [2], but since it docs
not adversely affect strength, (the cyclic
strength Is s ignif icant ly above the curve tn
Fig. 2 at AeT - 0.422, /WT - 317 MP.i), I ts
effect on high-cycle fatigue l ife Is minimal.

CONCLUSIONS

For the 20X-cold-worked AISI type 316 s t a i n l e s s
s t e e l s I r r ad i a t ed to 9-15 dpa containing 400-820
a t . ppm He I r r ad i a t ed and tested nt 550°C:

1. The fat igue l i f e was not s i g n i f i c a n t l y
affected by the Irradiation.

2. The cyclic strength v.is reduced by irra-
diation In the UFIR .

3. A 107 endurance limit of 0.302 for HFIR-
irradlated material and O.35X for unlrradlated
material was observed.

4. A transgranular cleavage-like fracture
morphology was observed in Irradiated material
for a strain range of 0.42X.
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