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AND MECHANICAL PROPERTIES OF IRRADIATED 316 STAINLESS STEEL
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Stoller**, and Margaret L. Hamilton***

*Department of Chemical and Nuclear Engineering, Umver31ty of California, S an@ Barbara, CA
93106

**Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831-6151

***Pacific Northwest Laboratory, P.O. Box 999, Richland, WA 99352

ABSTRACT

Transmission electron microscopy (TEM) specimens of a First Core heat of 316 stainless steel,
in both the soluton annealed and 20% cold worked condition, were irradiated to 46 dpa at 420°C,
to 49 dpa at 520°C, and w 34 dpa at 600°C in FFTF/MOTA. Prior to irradiation, about half of the
specimens were pre-implanted with approximately 100 appm of helium, and of these, several of
the solution annealed and pre-implanted specimens were aged at 800°C for 2hr. Post-irradiation
density rmeasurements showed liule difference in density between the unimplanted alloys and their
helium implanted counterparts. Microstructural observations on specimens irradiated at 420°C and
. 520°C showed relatively miner differences in defect distributions between the unimplanted and the
heliurn implanted materials; in all cases the defect sizes and number densities were consistent with
data in the literature. Where possible, irradiation hardening of the alloys was experimentally
evaluated by microhardness and shear punch; experimentally obtained values were compared to
values calculated using a computer model based on barrier bardening and the microstructural dara.
All methods indicated relatively small effects of helium implantation, and both measured and
calculated values were in agreement with the range of values reported in the literature,

INTRODUCTION

Austenitic stainless steels are partially limited for use in fusion reactors by the potential for
transmutant helium to affect both the swelling and mechanical properties, and a considerable body
of literature has been armassed to investigate this [1-9]. Reported here are the data obtained to date
on solution annealed and cold worked austenidc stainless steels that were successfully irradiated in
an experiment devised to examine the effects of pre-implanted helium on the microstructural
evolution and mechanical properties of both austenitc and ferritic stainless steels.

. EXPERI]\/IENT

TEM specimens for irradiation were fabricared from 316 stainless steel (First Core heat 81585)
in two material conditions: 1) solution annealed (SA) at 1050°C far 0.5 hours and 2) 20% cold
worked (CW). Sheet coupons were exposed to a 6 pA defocused beam of 40 MeV alpha partcles

 at the University of Califarnia Davis cyclotron facility. Uniform helium concentration through the
coupons was achieved by varying the angle of the coupon face with the beam and the time spent at
that angle, From records of total exposure of the coupons to the a-beam, the average
concentration of helium in the implanted coupons was calculated to be 100 appm. (Cross sectional
nonuniformity of the beam intensity resulted in a few specimens having much greater than or much
less than the 100 appm average.) Approximately half of the implanted SA specimens were then



aged at 800°C for 2hr in helium-filled quartz capsules. Specimens were irradiated in FFTF/MOTA
to doses of 46 dpa at 420°C, 49 dpa at 520°C, and 34 dpa at 600°C. Following irradiation,
specimens were subjected o densitometry, transmission electron microscopy (TEM), and shear
punch testing at PNL. Microhardness testing and additional TEM were performed at UCSB.
Yield stresses were determined from both microhardness and shear punch measurements using
linear carrelations established from microhardness, shear punch, and tensile tests on unirradiated
316 SS specimens having a wide range of swengths. Details on the analysis procedures can be
found elsewhere {10-13). The material designation and specimen matrix is shown in Table 1.

Condidon (420, 520, 600°C) | Densitometry | TEM Microhardness { Shear Punch
SA LA Y. y.n Y. Y. Y n,n,y
SA . He Y. n, Y v, n, 1 Y, T, Y y. 0, n
SAHeage Y. Y. ¥ Y, Y, 0 Y. Y. ¥ y.n,n
cw Y. Y. Y y.n 1 Y. Y.V Y. Y. ¥
CW.He A A y.n,n Y. Y. ¥V Y. V. ¥

Table 1. Types of examination performed on each specimen type irradiated at 420°C, 520°C, and
600°C. y = yes; n = no; corresponds o each of the three irradiation temperatures.

RESULTS/DISCUSSION

Swelling and Microstructural Evolution

The swelling results determined from deasitometry and microscopy are plotted in Figure 1. The
cavity-based values are consistently larger than the densitometry-based values by approximately the
same amount for both the SA and the CW material. Such discrepancies between the two
techniques have been reported in other studies [2], and have been anributed, in part, o the effectof
precipitation on density and to the magnitude in the uncertainty in the densitometry technique when
the total swelling iy small. The effect of helium implantation on the response of SA and CW
materjal is mixed. In the SA and CW material at 420°C, the densitometry-based values suggest a
slight increase in swelling with the addition of helium. Swelling calculated from microscopy at the
same temperature shows the same small increase in swelling with helium in the SA material, but

the CW material shows no helium-implantadon effect. In the SA and CW material at 520°C,

density and microscopy based swelling measurements suggest that helium pre-implantation may
suppress swelling. The mixed effect at 600°C is complicated by large variations in helium pre-
implanation as shown in Figure 1.

The microstructural features of the irradiated specimnens observed in the TEM are summarized in
Tables 2 and 3. The observed irradiated microstructures were broadly consistent with changes
reported in austenitic stainless steels: the major microstructural features consisted of network
dislocations, faulted loops, cavities, and precipitates [2,3,8,12,14-19]. At 420°C, network
dislocation densities, Py, increase with helium in the SA, while they decrease in the CW. At |
520°C, the network dislocation density decreases. The faulted loop dislocation densities, pr.
follow approximately the same trend, but their values are about 25% of the nerwork dislocation
densities. In all cases, the differences in the dislocation densities are within experimental error. A
strong helium effect is not obvious. For the SA, the dislocation densities drop with an increase in
irradiation temperature. For SA and CW at 420°C and 520°C, faulied loop sizes, dr, show only
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Figwe 1. Swelling versus iemperature as calculated from densitomerry and microscopy. Helium
-content in appm is shown in parcnthesis.

minor size differences for the ditferent pre-implanation condxuons, however loop number
~ densities, N1, show a moderate decrease with helinm tor the SA and CW at 420°C. Cavities sizes,
dy, display weuds siilar to dy, at 420°C. however at 520°C, the cavity siza in the SA He.age is

about 10 nm larger than in the SA. AL 420°C in the SA, the cavity number density, Nv, increases
with helium, while it is constant with helium in the CW. AL520"C in the SA, where there was a
significant increase in cavity size with helium, the cavity number density shows a wn‘cspondmg
decrease. Precipitates show nearly the same trends as cavities cxcept at 520°C, the pmnpnan:

. number density, N, does not show the same corresponding decrease that was secn in the cavity
number density at that iemperature. Additionally, Np decreases with helium in the CW at 420°C.

\

Material | He cont| dpa Temp Pn dy, NI pL
[appm] / [°cJ [1010 em-2] Inm] [1615¢cm-3] [1015cm-2]
SA 0 49 420 9.8 259 {234 1.9
SA He T 49 420 133 30.4 {2.20 2.1
SAHe.age | 121 49 420 {152 27.0 {150 1.3
S&A 0 4% 50 90 5361035 0.8
SAHc.agec | 124 46 520 7.9 49.2 10.39 _0.6
W 0 49 [420 [194 29.9 618 58
CWHe 101 49 30 {139 20.2 14.80 4.4

Table 2. Dislocarion densities and fanlted loop sizes and number densities at about 50 dpa.




He cont

Material dpa | T'emp| d, N, dp Ny
[appm] [*Cl | Inm] | [1045 cm3] | [nm] | [1015 em-3]

SA i} 49 420 26.0 12.06 243 j1.62

[SAFe 77 a9 A0 1266 1362 7585 1233
SATficage | 121 7T R T N N T 7 R )
SA {) 46 520 623 10.38 44.0  10.30
SAYicags 1154 @50 720 10 3871034
cw 0 49 420 17.6 13.13 1X.4 }2.86
CW.He 101 49 420 17.2 }3.18 17.7 2.33 N

Table 3. Caviry and precipitate sizes and number densities at approximately 50 dpa.

Conclusions about the cffect of helium un these microstructural defects can be summarized as
follows: 1) If there is an cffcet, itis complcx, 2) The winor helium effect appeared 10 be
dependem on irradiation temperawre and prior thermomechanical treatuent and varies with defect
type: 3) In most cases, the differences exhibited between unimplanted and implanted material are
within the experimental error. Similar conclusions have been previously reported [6,8].

The correlated yield stresscs detcrmined from microhaidiess dnd shear punch tests are shown in

figure 2. The lines (solid for CW and dashed for SA) arc drawn from the unirradiated yield swess

10 the average of the irradiated values siroply to guide the eye, howcver they arc representative of

. the wends seen in the literanire where the yield stress change saturates by about 10,20 dpa in this
irradiadon temperature regime [17-23). Following wends reported in the Literature, the yield

n _SA l_m § T T T clﬂ‘c T Lt T T
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Figure. 2 Dose dependence of nniaxial yield stress determined from a) microhardness and b)
shiear punch tests.




stress increases at all temperatures for the SA, and the change decreases with increasing :
temperature. The CW material increases in yield stress at 420°C but decreases at 520 and 600°C.
There does not appear to be a strong effect of helium on yield stress change in either material,
except possibly on the microhardness tests at 600°C and 34 dpa; however, as mentioned -

- previously, there are large differences in helium contents of these specimens, and the yield stress
variation seen in the microhardness tests of the CW material ar 600°C are not seen in the shear
punch tests. At each temperature, the yield strengths of SA and CW materials show significant
convergence. ‘

The microstructural defect data were used to estimate the yield stress using a computer simulation
based on the barrier hardening model. The total yield strength of the irradiated marterial, Oy, was
assumned to have the form ‘ _ : :

where G, is the yield stress of unirradiated SA material (taken to be 225 MPa), o, is the long range
stress field due to network dislocations (taken to be proportional 1 Vpy), and A, is the increase
in yield stress due to short range obstacles. The value of A, was determined by modelling the
motion of a dislocation through a two-dimensional obstacle field similar to that of Foreman and
Makin [26]. Critcal angles, 6., for dislocation release from obstacles were determined from
assigned barrier suengths using the relation @ = cos(842). Short range obstacles were taken to be
loops, precipitates, and cavities with barrier strengths 0.3, 0.6, and 1.0 respectively [15]. Planar
number densities of each defect were determined from the square root of the product of measured
volume number densities and defect sizes, but the defects were assigned random positions in the
glide plane, and the defects were treated as point obstacles. The resulting predictions are compared
to measured values of yield stress determined from both shear punch and microhardness
measurements in Figure 3. The model predictions track the experimentally-based values
reasonably well, however, contrary to mechanical properties tests, the notably different CW and
SA microstructures combined with the simulations did not predict a yield strength difference
between SA and CW materials. The simulations suggest the major contributions to hardening

1000 T T l. T |‘ T — T

o SA
O SAHe .
O SAHeage 3800} @ 4 : °o9of -
o CW . A .
O CWXHe 600 : B 4 . _ g
* Predicted
" Yield Smess 400 |- : T s -
(model) _
PPl 50l 1 i
o 1 1 L g 5 1 1 1
0 200 400 600 800 0 200 400 600 800 1000
Meas Yield Stress Meas Yield Stress
(Microhardness) [(MFa] (Shear Punch) [MP3]

Figure 3. Comparison of the uniaxial yield stress predicted from the barrier hardening model with
values determined from microhardness and shear punch tests. '




came from the network dislocations and voids, with voids contribudng about twice as much as
dislocations. Bubbles, which were not included in this hardening analysis, also act as short range
barriers. Based on bubble densities from previous swdies of helium pre-implantation of austenitics
3], their contribution conld be up to 30 MPa of hardening. Results from this and other |
experiments show that helium's effect on mechanical properties is manifested in its obscrvable
changes to the wicrostucture (24.25). '

SUMMARY/CONCLUSIONS

A First Core heat of 316 stainless steel in both the CW and SA condition was irradiated to ~50 dpa
at420°C and 520°C and to 34 dpa at 600°C. Some specimens were cold pre-implanted with heliwn
(~100 4ppm) or cold pre-implanted with helinm and aged (SA only) prior to irradiation. With the
exception of the implanted SA specimen (6 appm of pre-implanted helium) irradiated at 600°C, the
observed swelling as a function uf cmperurure achieved a maximum ar $20°C: with litde observed
effect of helium on either the cavity swelling or the density. At420°C and 520°C where irmadiation-
. induced microstructural defects were characterized, nerwork dislocation densides and faulted loop.
cavity, and precipitate sizes and number densities werce consistent with trends reported in the
literature; again, a strong effect of helium pre-implantation on the microstructure was not obse: ved,
Yield stress changes as determined by microhardness, shear punch techniques, and barricr
hardening models show agreement among themselves and with the data trends from the literature.
The bacrier lurdening analysis suggests that the major hardening comes from network dislocations
and voids, reconciling the apparcnt absence of a helium effect on yield stress.
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