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SUMMARY

Alloys such as AISI 316 stainless steel exhibit more swelling and larger decreases in ductility when irradiated to
produce fusion reactor He and dpa levels than at fast reactor He and dpa levels. For T ~ 0.5 Tra swelling is de-
creased and ductility increased by cold work and/or small additions of Ti. Structural components of fusion reactors
may have to operate below 550°C to ensure adequate ductility for long-term seTvice.

1. INTRODUCTION

Type 316 stainless steel (316 SS) is used extensively for several in-core components for liquid metal fast breeder
reactors, LMFBRs. This alloy is also under consideration for use :s a first wall and blanket structural material
in magnetic fusion reactors, MFRs [1]. As in iMFBRs the alloy will undergo swelling, irradiation creep, and changes
In mechanical properties and microstructure due to high levels of atomic displacements (dpa). However, because of
the high energy of the neutrons born in the D-T fusion reaction (14.1 MeV) copious amounts of He and H will be pro-
duced in an MFR structural alloy by (n,o) and (n,p) reactions. For example the cross section for He production by
fast neutrons in 316 SS increases from M).5 mb at 2 MeV to VSO mb at 10 MeV [2], For 316 SS the average He/dpa pro-
duction ratio is ̂ 20 times greater in an MFR than in an LMFBR [3,4]. The production of significantly higher concen-
trations of He in an MFR will result in changes in swelling behavior, in radiation creep, and in mechanical property
response relative to the effects observed in LMFBRs. The effects of He are considered more detrimental than those
due to H.

A neutron current of 4.43 x 10*^ n/m2 of 14.1 MeV fusion neutrons produces a neutronic wall load of 1 MW/m2 in an
MFR. For most blanket configurations this yields a total fast neutron flux at the first wall of ^3.7 x 1018 n/m2>s
(E > 0.1 MeV). Current conceptual designs call for wall loadings up to 5 MW/m2, which would produce total flux levels
and dpa rates close to those in LMFBRs.

For alloys that contain nickel it is possible to produce high He concentrations and high dpa levels in fission
reactors- that contain high fluxes of both thermal and fast neutrons. The He is produced by the reaction s3Ni + nc -»•
Ni + nj- -*• ̂ Fe + a. As shown in Fig. 1 very high He concentrations with concomitant dpa levels can be attained by

irradiation in the High Flux Isotope Reactor (HFIR) at ORNL. To date this method for producing high concentrations
of He has been utilized for 316 SS, INCONEL 600, and PE16 [5,6]. The purpose of this paper is to evaluate the
differences in swelling and mechanical property changes that are produced by the presence of high He concentrations
and dpa levels compared to the changes in these properties produced by fast reactor irradiation.

2. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows that the increase in the 400 °C yield strength of annealed 316 SS saturates at "v-25 dpa for irradiation
in fast reactors at ^380-iOO"C [7], These data are in good agreement with those reported by Holmes and Straalsund
for the irradiation of annealed 316 in EBR-II [8]. Some data from HFIR irradiation of annealed 316 SS at i<380'>C and
tested at 350°C and for irradiation at ^575OC and tested at 575°C are included in Fig. 2 [9,10]. The 316 SS
irradiated in HFIR exhibits saturation of the yield strength at VL0 dpa; the more rapid strengthening for KFIR
irradiated 316 as compared to the fast reactor irradiated 316 SS could be due to the i<500 at. ppm He that is present
at VL0 dpa in the HFIR irradiations. Note, however, that the magnitude of the yield strength at saturation is
similar for both classes of irradiation. Uniform elongation measurements corresponding to the yield strength
measurements of Fig. 2 are shown in Fig. 3 [7]. The data for the HFIR irradiations are in excellent agreement with
those from the Rapsodie and Phenix irradiations. For annealed 316 SS it appears that the displacement produced or
related defect structures, especially the dislocation networks, dominate the yield strength increases and the
associated decreases in uniform elongation produced by irradiation in fast reactors and in HFIR. However, as shown
in Fig. 4 for annealed 316 SS the total elongation after fast reactor irradiation to t44 dpa is much greater than
the total elongation after irradiation in HFIR to produce the same dpa level and large concentrations of He. For the
high He content material the cross hatched area above 600°C indicates fracture with no observed ductility [11].

Large quantities of helium introduce major changes in the swelling behavior. For irradiation in EB1R-II to 40 dpa and
23 at. ppm He (curve 1 of Fig. 5) there is a maximum in swelling at i<590°C which is approximately half of the melting
temperature, 0.5 Tm, of 316 SS [15]. Above the upper swelling cutoff temperature, diffusion of vacancies is very
rapid and the emission of vacancies from irradiation produced cavities occurs more rapidly than the agglomeration of
vacancies at cavities; and the vacancy concentration decreases to near that in thermal equilibrium. For temperatures
above the peak swelling temperature this effect results in swelling decreasing with increasing temperature [i6]. For

•Research sponsored by the Office of Fusion Energy, U. S. Department of Energy under contract W-7405-eng-26 with the
Union Carbide Corporation.



annealed 316 SS irradiated in HFIR and containing from 3000-4300 at. ppm He (curve 2 of Fig. 5) the swelling is sub-
stantially higher than that for EBR-II irradiations at all temperatures. However, at T > 0.5 Tra for the HFIR
irradiated 316 SS, the He which has agglomerated in the cavities produces gas driven swelling which causes the cavities
to increase in size. The swelling does not decrease with increasing temperature as is observed .̂fter fast reactor
irradiations [17].

Curve 3 of Fig. 5 provides an example of micros true tural control to alter irradiation response. For the 20% cold
worked 316 SS the swelling is very low for T < 0.5 Tm even with He concentrations of 3000-4300 at. ppm. The disloca-
tions produced by the cold work provide very effective trapping sites for He, and it remains at the dislocations and
results in much lower swelling than is observed for the annealed 316 SS. In addition, the cold work increases the
dislocation sink density for point defects which also decreases swelling when dislocations are the dominant sink fcr
irradiation induced point defects.

At T > 0.5 Tm the dislocation density is decreased by climb and recovery. This decrease in alternate sinks for He
and point defects with increasing temperature combined with gas driven swelling results in the swelling increasing
rapidly with temperature for T > 0.5 Tm [16,17].

Microstructural control, such as cold work can also improve the mechanical property response. The influence of
irradiation temperature on the ductility of 20% cold worked 316 SS irradiated to produce both high displacement
levels and He concentrations is shown in Fig. 6. For Irradiation and testing at temperatures below 500"C the He
remains trapped at the dislocations produced by the cold work and the total elongation at this temperature appears
to remain acceptable for MFR applications even at ^50 dpa and V35OO at. ppm He. For irradiation at 'v<575—600°C (and
tested at 575°C), the He is mobile and agglomerates at the grain boundaries resulting in brittle failure by inter-
granular separation. An excellent demonstration of this is shown in Fig. 7 [6]. For the unirradiated 20% cold
worked Inconel 600 tested at SOO'C the fracture was transgranular with the fracture surface dominated by ductile
dimples (7a). Irradiation in HFIR at /v300°C to produce 14 dpa and M>50 at. ppm He reduced the total elongation from
19% at 300°C in the unirradiated alloy to 4% in the irradiated alloy; however, the fracture remained transgranular
and the fracture surface was dominated by ductile dimples (7b). After irradiation in HFIR at ^500°C to produce
Mi dpa and "'1000 at. ppm He the fracture at 500°C occurred at least 50% by grain boundary separation with regions of
ductile csaring joining the separated grain boundaries (7c). After irradiation at 'WOO'C to produce "W dpa and
•V1300 at. ppm He the alloy tested at 700°C exhibited no ductility, and fracture was completely intergranular (7d);
in 7d the location of the helium bubbles at the grain boundaries is clearly shown. The effects of high He concentra-
tions on the fracture behavior of 316 SS is very similar to that of the Inconel 600 shown in Fig. 7.

The temperature dependence of the ductility of 20% cold worked 316 SS shown in Fig. 6 also indicates an upper temper-
ature limit for the effectiveness of cold work in minimizing the embrintlement in 316 SS containing large concentra-
tions of He. As mentioned to avoid unacceptable swelling levels, the first wall of an MFR may have to be kept below
550°C, depending upon microstructure and composition, to ensure adequate ductility for long-terra service.

Altering the microstructure by alloying can also change the swelling behavior and ductility response of annealed
316 SS at high dpa and He levels. As chown in Fig. 8 the addition of small amounts of Ti to annealed 316 SS reduces
swelling by a factor of ^4 at 600°C and by a factor of 'K2 at 700°C. The Ti has a high affinity for carbon in the
steel and forms precipitates of TiC. The elastic strain fields in the lattice surrounding the TiC particles
provide very effective traps for He and for vacancies — even at temperatures in excess of 0.5 Tm. At very high
temperatures the TiC precipitates coarsen and the effectiveness in swelling suppression is lost as is shown in Fig. 8.

The. trapping of the He at the TiC-matrix interface also enhances the high temperature ductility of the alloy as
shown in Fig. 9. Over the temperature range studied to date (575-750°C) the 316 SS + Ti exhibits higher total
elongation than does the 316 SS. Note at 0.5 Tm the 316 SS + Ti possesses ̂ 5 times more elongation than the 316 SS;
and as mentioned earlier, one would most probably not use a structural alloy for long-term applications at tempera-
tures above M).5 !„,.

Figure 10 shows the microstructure of (a) annealed 316 SS irradiated in HFIR at 585°C to produce 30 dpa and 2000 at.
ppm He and (b) annealed 316 SS + 0.23 wt % Ti irradiated in HFIR at "v600°C to produce 30 dpa and 1850 at. ppm He.
In (a) there are large cavities throughout the lattice and at the laves phase-matrix Interfaces as well as grain
boundary cavities. In (b) essentially all of the cavities are at the TiC-matrix interface, the cavities are much
• smaller than in (a), the total cavity volume is less than in (a), the matrix is relatively free of cavities and the
Laves phase-matrix Interfaces are also free of cavities. In addition, tb€'.re are carbides at the grain boundaries
and no large cavities are present. These combined effects on cavity behavior are responsible for the lower swelling
and greater ductility of 316 SS + Ti than that of 316 SS at high dpa and He.

6. CONCLUSIONS

The swelling and mechanical property response of annealed 316 stainless steel is significantly different for
irradiations in a neutron spectrum which produces large amounts of helium than la a spectrum which produces only
displacements.

Important properties such as swelling and ductility are also sensitive to preirradiation microstructure, small changes
in composition, and to precipitate phases and their morphology.

Measures such as cold work and/or alloying with Ti to produce fine dispersions of TiC are effective in trapping
vacancies and He. This results in reduced swelling and increased ductility of 316 SS.

There are temperature limits above which cold work and/or alloying with Ti lose their effectiveness for suppressing
swelling and loss of ductility, tfor long-term structural components of fusion reactors this temperature limit
appears to be in the range 500-550°C. The major purpose of the alloy development program for MFR structural alloys
is to achieve maximum reliable operating temperature combined with long-te-ra component life. Further research is
required to develop the optimum alloy composition and microstructure for this application.
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Fig. 1. Helium and dpa for 316 SS
irradiated in MFR, HFIR, and EBR-II. The
lines end at: MFR— 5 MWy/m2; HFIR — 6
oonths; EBR-II - 1.5 years; both at 1002
plan1", factor.

800

HFIR. 1RRAD AT-380-C IRRAO AT-5?5'C
TESTED AT 350"C TESTED AT 575'C

740 AT ppm Hi (1)680 AT ppm H«
3,500 AT ppm Hfl ®4.O0O AT ppm He
PHENIX I IRRAD AT 380-400'C
RAPSODIEJ TESTED AT 400*C

100
10 20 30 40

FLUEUCE(dpa)

Fig. 2. Effect of dpa and dpa + He on yield strength of annealed
316 SS. Fhenix and Rapsodie data from Ref. 7.
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Fig. 3. Effect of dpa and dpa + He on uniform elongation of
annealed 316 SS. Phenix data from Ref. 7.
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Fig. 4. Effect of high helium concentration
on the total elongation of annealed 316 SS.
Data from Refs. 7, 9, 11, 12, and 14.
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Fig. 5. Swelling as a function of temperature for ->16 SS
with dpa and with dpa + He. (1) EBR-II irradiation of
annealed 316 SS, Ref. 15. (2) HFIR irradiation of
annealed 316 SS. (3) HFIR irradiation of 20% CW 316 SS.
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Fig. 6. Effect of high helium concentration
on the total elongation of 20Z cold worked
316 SS. Data from Refa. 7, 9, 11, 12, 13,
and 14.
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Fig. 7. Effect of irradiation to ^10 dpa
and "-17C0 at. ppm He on the ductility and
fracture behavior of 20% cold worked
Inconel 600, Ref. 6.

400 500 600 700 800

IRRADIATION TEMPERATURE (°C)

Fig. 8. Swelling in annealed 316 SS irradiated in Hr'IR
(3000-4000 appm He, 40-60 d p d ) .
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Fig. P. Tensile elongation of annealed 316 SS irradiated in HFIR
(2000-^4000 appm He, 30-60 dpa).
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Fig. 10. Effect of Ti on cavity formation in annealed 316 SS. (A) Annealed 316 SS irradiated in HFIR
at 585°C to 10 dpa and 2000 at. ppm He. (b) Annealed 316 SS + 0.23 wt 7 Ti irradiated in HFIR at
600°C to 30 dpa and 1850 at. ppm He.
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