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IRRADIATION PRODUCED DEFECTS IN
AUSTENITIC STAINLESS STEELS

H. R. Brager, J. L. Straalsund, J. J. Holmes, and J. F. Bates

ABSTRACT

The microstructure of annealed AISI Type 304 and Type 316
stainless steels has been characterized by transmission electron
microscopy as a function of fast reactor irradiation at fluence
levels from 4 x 1021 to 7 x 1022 n/cm? (E > 0.1 MeV) and at
irradiation temperatures from 370 to 700°C. Several irradiation
produced defect types were found: voids, Frank faulted loops,
perfect loops, dislocation networks, and precipitates. Void
number density obeys a power law relationship to fluence, wherein
the exponent increases with increasing temperature and has a mean
value near unity. The void size is nearly independent of fluence -
and increases with increasing temperature. The upper limit
irradiation temperature for void formation is about 650 to 700°C.
The density and size of Frank faulted lToops followed trends
similar to those found for voids to temperatures of ~550°C where
unfaulted Toops, perfect loops, and dislocation networks coexist.

" These experimental results do not confirm predictions of
recently advanced models of void formation. The major deficiency
of these models appears- to be the nucleation rate. Accordingly,
empirical nucleation rates were used to formulate a diffusion
controlled void growth model. This model was found to closely
describe experimentally determined void growth kinetics.
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IRRADIATION PRODUCED DEFECTS IN
AUSTENITIC STAINLESS STEELS

H. R. Brager, J. L. Straalsund, J. J. Holmes, J. F. Bates

INTRODUCTION

The objective of this study was to characterize the defects which
develop in austenitic stainless steels during irradiation to high neutron
fluence Tevels at temperatures between 0.38 and 0.58 Tm‘ Recent studies
have shown that the defect state in this temperature range consists
primarily of voids and interstitial Frank dis]qcation 1oops.(]’2) The
volume fncrease and change in mechanfcal pfoperties induced by void and
loop formation greatly affect fast reactor design and may pose a limitation

on the development of fast breeder reactors.(3’4)

In order to fully under-
stand the effects of neutron fluence and irradiation temperature upon

volume and mechanical prbperty changes, a mapping of the underlying defect
concentrations and sizes ié needed. Bloom and Stieg]er(s) have studied the
re]atidnship between void number density and fluence at irradiation tempefa-

tures of 370 and 450°C, but as yet no complete mapping has been given.

EXPERIMENTAL PROCEDURE

Transmission electron microscoby was used to reveal the defect struc-
ture in AISI Types 304 and 316 stainless steel in the solution annealed
condition. The specimens examined in this study were obtained from a
number of sources. Most specimens were obtained from various components

irradiated in the Experimental Breeder Reactor II (EBR-II) and included
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a safety rod thimble, a control rod thimble, and'an experimental subassembly’
thimble. 'Additiona1 specimens were also taken from several EBR-II irradia-
tion experiments. The chemicai'COmposition of all specfmens was within -
AISI spec1f1cat1ons for Types 304 or 316 sta1n]ess stee] Table 1. The L
irradiation temperature for each specimen was ca]cu]ated from therma] A
analysis using EBR-II gamma heating va]ues( ) and appropr1ate heat transfer‘
data. | o |

"The neutron f1uence was calculated by mu1t1p]y1ng the neutron flux
per MW core power by the cumulative MW exposure of the subassemb]y The‘
neutron flux was assumed to be equal to that determined by act1vat1on h |
analysis of mu1t1p1e foils 1rrad1ated dur1ng an eight day 50 Mw constant
power run. (7.8) The neutron f]ux at each spec1men reactor 1ocat1on was A )
1nterpo]ated from the constant reactor powervflux values obta1ned
o Transm1ss1on electron microscopy samp]es were prepared from bu1k
samp]es by mechan1ca11y sectioning slabs(g) to a th1ckness of 0. 5 mm and
th1nn1ng by a two- step Jet and 1mmers1on e]ectropo]1sh1ng techn1que (]0)
The samples were examined in a Ph1111ps 200 e]ectron m1croscope operat1ng
at 100 kV us1ng a double t11t spec1men holder in a gon1ometer stage

Vo1d loop, and precipitate densities were determ1ned by count1ng the
number of defects.per unit area of‘mrcrograph and d1v1d1ng by the.fo1] |
Athickness.'.Stereo microscopy., sliptrace.anajysis, and thickness contour
estimates were used to determine foil thicknesses. These three methods
'usua]]y produced identical foil thickness values within 100 A for foils
ranging in thickness from 500 A to 1500 A Corrections were made for the
intersection of voids with foil surfaces. Dislocation densities .were

estimated by the line intercept method.

N/

N



TABLE 1
CHEMICAL ANALYSIS OF AISI TYPES 304 AND 316 SS

WHAN-FR-16

AISI Type 304 SS 304 SS 316 S 316 SS
Heat No. 890810 701626 332990 65808
adiation | SRTf) ] s | oo
Subassembly ’
N .
C 0.07w/0 0.042 0.052 0.060
. Mn 1.1 1.10 1.78 1.72
Cr 18.51 18.63 17.80 17.30
N 9.36 9.60 13.55 13.30
Mo 0.10 0.13 2.33 2.33
o 0.16 0.18 0.20 0.065
Si 0.35 . 0.45 0.38 0.40
P 0.006 0.30 0.012 0.012.
Ny 0.029 - 0.041 0.048
B <5 ppm . -- <5 ppm 5 ﬁpm
S 0.015 0.013 0.020 0.007

(a) S.R.T. denotes EBR-II safety rod thimble shroud 3D1.
(b) C.R.T. denotes EBR-II control rod thimble shroud 5C3.
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The size of voids and loops 1ocated,tota11y'within the foil, as
revealed by stereoscopic transmission micrographs, was measured. The
uncertainty in measuring the diameter of a void with a calibrated viewer -
was estimated to be less than 0.1 mm énd corresponded to a measured variafl
tion of the void diameter of usually less than 10_3. Each specimen was
oriented in the microscope to an absorption contrast conditioh for

delineating voids since the as-irradiated microstructure normally produced

a complex, strongly diffracting image due to the large number of 100ps and |

strained lattice regions. In absorption contrast conditions, the'voids

appeared as 1i§ht regions surrounded by a dark border. Since'the thickness -

of the dark border is often a s1gn1f1cant fract1on of the vo1d d1ameter,
the total vo1d volume determined by m1croscopy depends upon whether one
uses the outside or inside edge of the dark border to measure the vo1d dia-
meter. Observations of the same voids under d1fferent contrast cond1t1ons

suggest that the dark border should be considered as part of the v01d.

Van Lénduyt et al(]]) have considered the contrast effects»from small-

voids when the crystal is oriented for the symhetrical Laue diffractioh
condition (s = 0). According to‘thetr ana]ysts, if there is no strain
field assoc1ated with the void, the 1ntens1ty of the beam pass1ng through
the foil at the void equals the intensity of a beam passing through a
.,perfect foil which has the thickness of the-or1g1na] foil less the diameter
of the void. This means that for s = 0, as one proceeds from the matrix
~into the void, the transmitted intensity changes from the background
intensity to a differeht value depending on the void size and foil thick-"
ness. The first perceptib]e change in intensity should ind?cate the

surface of the void. The diameter of seven voids was measured to the

RYe
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nearest 0.1 mm on 180,000X micrographs in both the symmetrical Laué
éondition (s = 0) ahd in the absorption contrast condition (s >> 0). With-
in the accuracy of the measurements, the diameter of the void for Bragg
contrast condition (s = 0) exactly equaled the outside diameter of the
black border surrounding the 1ight region of the void shown'in absorption
contrast. Therefore, the diameter of the voids was taken as the distance

across the outer edges of the dark border.

RESULTS
The foils examined contained voids, Frank faulted loops, perfect

loops, dislocations, and various types of precipitates, as expected from

-earlier work. The relationship of the defect state to fluence and

temperature is described below:
voIDs

A summary of void diameter, number density, neutron flux, neutfon
fluence, and irradiation temperature for the specimens examined is given
in Table 2. Typical micrbstructure of stainless steel irradiated at
speciffc temperaturés and fast neutron fluences is shown in Figures 1
through 4. If it is assumed that the void concentration and size distribu-
tion does not depend on flux (¢) and time (t) but is a functionAon1y of
the product ¢t (i.e., neutron fluence), the effects of irradiation void
formation can be described as follows: the void concentration decreases
markedly as the irradiation temperature increases and increases as the
neutron fluence increases. The mean void diameter increases with
increasing irradiation temperature but does not appear to change signifi-

cantly with fast fluence.



| TABLE 2
SUMMARY OF TRANSMISSION ELECTRON MICROSCOPY DATA

. Neutron :
Flux - Average - Void ' : '
Irrad.  Fluence ‘n/cm2-sec Void Number ~ Austenitic WADCO " Irrad. EBR-II
Temp. n/cm2x10-22  x10-15 Diageter  Density _ - Stainless Sample Sub- Irrad.

(°C)  (E>0.1 MeV) (E>0.1 MeV)  (A) (cc-1x10-15) AISI Type Designation Assembly Row No.

370 0.3 0.1 -- <'IO‘4 - 316 1-25-61 X018 2
370 0.4 0.1 _ -105 - - 1.5 304 3L S.R.T.(a) 3
370 0.6 0.16 110 2.0 . 304 3K S.R.T. 3
370 0.9 0.38 . 125 0.7 304 A C.R.T.(b) . 5
370 1.5 0.56 145 1.9 . 304 B C.R.T. -5
375 5.6 . 1.52 145 - 5.0 304 3H S.R.T. 3
385 3.4 - 1.27 150 6.5 304 C C.R.T. 5
390 3.4 - 1.56 210 2.3 304 © 5E XG05 4
400 5.9 1.60 200 6.0 - 304 3E S.R.T. 3
420 0.9 . 0.49 145 1.1 316 1-21-61 | X018 2
420 2.4 0.90 . 200 2.0 - 304 . D C.R.T. 5
425 2.2 0.82 - 210 1.7 - . 304 E- C.R.T. 5 .
430 3.5 0.95 - 190 4.8 304 3C " S.R.T. 3
440 0.2 0.19 -- <10-4 316 2-7 X021A 2
460 0.5 0.18 . 245 - 0.3 . 304 - F - - C.R.T. 5
525 . 1.9 1.03 260 - 0.6 316. 1-18-61 = X018 2
565 2.7 1.46 290 - 0.5 316 1-16-61 X018 2
565 0.7 1.68 315 0.05 304 37A-4-13 X067 4
595 3.0 1.62 - 380 0.3 304 1-14-41 X018 2
600 2.7 1.46 - 325 - 0.15 - 316 1-16-6CG X018 2
700 3.0 1.81/ . ]08(c) 0.03(c) 316 1D-1, . X0218B 2
(a) S.R.T. denotes EBR-II safety rod th1mb1e shroud 3D]

(b) C.R.T. denotes EBR-II control rod thimble shroud 5C3.

(c) Probably helium bubbles.

1

91-Yd4-NYHM
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Neg. 9288A

FIGURE 1. Structure Showing Voids in Solution-Treated Type 304 SS
Irradiated at a Low Temperature, 370°C, and a Low Fast-
Neutron Fluence, 4 x 102] n/cm2 (E > 0.1 MeV). Foil
Tilted for Absorption Contrast Orientation.
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Neg. 6928A

FIGURE 2. Voids in the Same Steel Irradiated at a Low Temperature,
375°C, But a High Fast-Neutron Fluence, 5.6 x 1022 n/cm2
(E > 0.1 MeV). Black Spots are Small M23C6 Precipitates.
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Neg. 8513A

FIGURE 3. Microstructure of the Same Steel Irradiated at a High
Temperature, 565°C, But to a Low Fast Fluence, 7 x 102‘I
n/cm2 (E > 0.1 MeV). Voids are Normally Attached to
Rod Shaped Fe-Cr Sigma Precipitates. Large Frank Faulted
Loops are Shown in Weak Contrast.

9
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Neg. 8295C

FIGURE 4. Large Voids in Type 304 SS Irradiated at a High Temperature,
595°C, and to a High Neutron Fluence, 3 X ]022 2
(E > 0.1 MeV).

n/cm

10
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Void formation in Type 304 is similar to that in Type 316 stainless

steel. Some significant differences, however, do exist. Voids have not

22 2

been formed'(<.]01]/cm3) in Type 316 at fluences of about 0.3 x 10™" n/cm™,

while high number densities of voids (10]5/cm3)
22

in Type 304 have been
found at fluences of about 0.4 x 10 n/cmz. ~In addition, éveragé void
diameters appear tb be somewhat smaller in Type 316 than in Type 304
stainless steel. ' |

Ehpirica] equations relating void size and number density to neutron
fluence and irradiation temperature were developed which fit both immersion
density and microscopy data. These equations were fit to data covering
the irradiation temperature range from‘370 to 600°C.
2770 + 78/
DUV = (p1)2°08

. [(T - 40) x 107197 exp [-0.015T - 5100/T + 32.6] (1)

1.60-27/6 + 150/ 6%

p = (¢t) exp [-0.015T + 10.253] ‘ (2)
| 0.15-24/0%
d = (¢t)”" exp (7.45 - 1700/T) (3)
MW/V = XodS
where AV/V = % volume change

2

¢t = neutron fluence (n/cm® x 10'22, [E > 0.7 MeV])

T = temperature (°K) -

0 = T-623

d = average void diameter (A)

‘o = void number density (number/cm3 X 10']5)

1
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"X"consists of unit conversion factors and an experimentally determined
geometrica1 conversion factot (K) which takes into account the ratio
between the average of the cubed void diameter to the cube‘of the average
void diameter (Figure 5). The above equations are only applicable at
temperatures between 370 and 600°C. o | |

It appears that the upper limit irradiation temperature for void
formation in solution treated stainless steel is about 650 to 700°C. A.
sample of solution treated Type 316 stainless steel irradiated atA700°C

22'n/cm2 (E > 0.1 MeV) contained only a low humber density

to 3-x 10
(3 x 10 /cm ) of small (d = 108 A) cavities on grain boundaries and in
the matrix. These cavities are probab1y he]ium filled bubbles.

The data used in these equations -include results from the present
- study, Table 2, and various other sources,(] 5 12,13,14 15) Table 3.
Equation (2) includes all data in Tables 2 and 3 except the low fluence
Type 316 data and data from Reference (13) which appear to be much higher
than the general data trends. Equation (3) ine]udes only data from the
present study because of differences in the djameter measuring .techniques.
used among the various investigators. Typical results of Equations (1-3)
are shown in Figure 6. The maximum in the void vb]ume versus temperatdre
curve of the irradiated steel is shown to be due to the increasing,void
diameter and decreasing void number density with increaSing irradiation
temperature. |

The void size distribution appears to be a funct1on of 1rrad1at1on

temperature but is relatively insensitive to neutron fluence. Void size

histograms of five specimens irradiated at various conditions are shown

12
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VOID FORMATION DATA FROM THE LITERATURE

(a)

14

Neutron Average Void . Annealed
Irrad. Fluence Neutron Void Concen-  AISI
Temp. (E>0.1 MeV) Flux Diageter tration Type
(°c) (n/cm?) (n/cmé-sec) (k) 1/cc . SS Reference
450 5.2x1055 (a) 135 (a) ‘M316 1
510 4.5x1022 . " 252 o
560 3.2x10 z 258 "
370 to  4.9x105; " (a) 2.0x10}§ 304 5
380 8.0x105) ] " 2.5x1012
1.1x1055 " : 5.0x10,2
2.3x1055 " " 7.0x10;2
5.0x10 " " 1.0x10
460 to 2.8x105]1 - " " 1.0x107, 304
470 2.9x105; ! " 1.0x10;4
9.0x105, " " 3.5x10;,
1.3x1055 " ! 8.5x101,
1.7x1055 " z 5.5x101,
2.6x10 " " 2.1x10
375 2.4x1055 n 110 (a) . 304 12
410 . 4.5x1055 " 100 "
450 4.1x1022 " 120 "
263 3.1x1055 " 200 "
463 2.4x10 " 160 "
660 3.0x10%% K 260 .1.0x10'° 304 13
370 0.8x1052 1.4x1012 80 1.4x10;2 304 14 ,
398 1.2x1055 2.1x10,7 100 1.3x10;2
430 1.4x1055 2.5x1012 130 1.3x107
460 1.3x1055 2.3x10}7 190 0.9x102
472 0.9x10 1.6x10 160  0.4x10
370 3.0x102! (a) 85  2.4x10'° 304 15
not reported.
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e

in ngure 7. At low irradiation temperatures,. a very narrow range of void
diameters'exisis with an esséntia]]y normal distribution. As the fluence
is increased an order of magnitude; the void size distribution remains .
normal, but the mean value increases slightly. As the 1rradfation tempera-
.fure is increased, the normal distribution becomés skeWed to larger | |
diameters and at sufficiently high temperatures develops more than one
maximum. The data are not sufficiently COmpletg to allow the fluehce and
temperature dependence of the‘maxima to be well described. |
FﬁANK LOOPS

The size and density of the Frank loops appear to have a fluence and
temperature dependence similar to voids (Figure 8). The loop humber
density, at irradiation temperatufeé wheré unfaulted loops wereAnot
observed, is estihated to be an order of magnifude greater than the void
den§ity, while the average loop diameter varies from two to five times
tﬁe void size. At low irradiation temperatures (370f380°C) and low

21

fluences [4 x 10 n/,cm2 (E > 0.1 MeV)], the microstructure consists of

22

small faulted loops. Irradiation to high'nehtron fluences [6 x 10

n/cm2

(E > 0.1 MeV)] at low temperatures produces a high concentration
of loops similar in’'size to fhosé}in samples'irradiatéd to Towerif1uen6es,
The struéture is very cohp1ex; resulting in cansfaerable image‘oVérlap.
Loop development trends can norma11y only be studied at‘cohbinations of
fluence and temperature where overlap is nof excessive.

Under this restriction, the following trends are indicated. Loop
density increases with neutron fluence and decYeasesiwith increasing

temperature. The average loop size does not change appreciably with

fluence but increases with irradiation temperature. The shape of the

16
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Frank faulted loop ranges from nearly circular to very irregular. The
fraction of irregular loops decreases with increasing temperature. At
temperatures above 550°C, the microstructure is dominated by irregular
dislocation networks and perfect Toops, as shown in Figure 9. The
concentration of loops and network dislocation density decrease with
increasing irradiation temperature as shown in Table 4.

PRECIPITATES

The combined effects of neutron irradiation and elevated temperature
also induce formation of M23C6 carbides and sigma phase precipitates in
these steels. Specimens irradiated in the 370 to 425°C region and fluences

22 n/cm2 (E > 0.1 MeV) often contain high concentrations of

above 1 x 10
small (50 to 300 A) coherent cuboidal M,C, precipitates distributed
uniformly throughout the matrix. Voids are not found on these coherent
carbides. At higher temperatures (450 to 600°C), both larger cuboid and
rod precipitate forms are found. In this region, most of the voids are
normally associated with a majority of the rod shaped precipitates,
although voids and rod shaped precipitates have been found independent

of each other. As in the lower temperature case, voids are not associated
with the cuboidal carbides at elevated temperature. 1he rod-like form

has not been positively identified but has diffraction spots consistent

with FeCr sigma phase. At the 700°C irradiation temperature, only large

carbide precipitates are present.

DISCUSSION
The defect structures can be discussed in terms of irradiation

temperature and fluence provided the structure is not a function of the

19
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FIGURE 9. Mizrograohs Showing the Trarsition Between (1) Faulted Frank Loops,
(2) Parfect Loops, and (3) D-slozation Nzzworks in Types 304 and 316 SS
as a Function of Irrediation Temperature.
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TABLE 4

INTERSTITIAL CLUSTER STRUCTURE 1IN
FAST REACTOR IRRADIATED
TYPES 304 AND 316 STAINLESS STEEL

WHAN-FR-16

' Irrad. Fast Neutron FaU]fed Loops Dislocations and
Material Temp. Fluence,n/cm? Unfaulted Loops

Type (°C) (E>0.1 MeV) (cm-3)  Diameter (cm/cm3)

304 460 0.4 x 1022 2 x 10" 750 A <100

316 565 2.7 x 1022 5 x 10" -650 A 7 x 1010

304 595 3.0 x 1022 6 x 10 350 A 4.5 x 10'°

316 600 2.7 x 1022 <1019 3 x 1010

21
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b

flux and time path, but their product (4t). While data from the present
study are not sufficient to establish path independence, results from other
EBR-II investigations and ion bombardment experiments can be used to

clarify the situation.

(1)

Recently, Stiegler and Bloom. reported void size and number density

resu]ts on annealed Type 304 stainless steel after EBR-II irradiation to

22 15 2

a fluence of 0.8 x 10 n/cm2 at a neutron f]ux'of 1.1 x 10 n/cm -sec.

.These data compare favorably with the resu]ts obtained in the present study

15 n/cm2 -sec. . This agreement"

at a much 1ower flux of 0.16 to 0.34 x 10
supports the path 1ndependence assumption of neutron fluence, but, because
of the large scatter in data, a significant f]ux effect could easily.

be obscured | | -

(16) and Mazey(17) have examined Type 316 stainless

Nelson and Mazey
steel which contained various concentrations of helium and was bombarded
with 20 MeV carbon ions at temperatures between 450 to 600°C; For 556°C,
at damage levels reported to be similar to those obtained in fast reactpr o

(17)

experiment, Mazey reports Frank loop and yoid formation with sizes

and cdncentrations similar to those found in fast reactor experiments. In
“this case, the loops and voids were created 1n a_ few hours compared to
about 104 hours in reactor This suggests that a factor greater than 163
increase in flux does not greatly change the defect state at equivalent
fluence or damage levels. Void formation, however, was not reported at

- 450°C.

(

Laidler 18) bombarded solution treated Type 316 stainless steel, which

did not contain helium, with 5 MeV Ni** jons. The Ni™* ‘jon bombardment

22
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/

caused displacement damage in the steel calculated to be equivalent to

22 19 1 /em?-

ébout 3x10 n/cm2 at a rate equivalent to a neutron flux of 10
sec. Voids were observed for bombardment temperatures of 585°C. These
voids were similar in size to voids found in steels which were neutron
irradiated in the same temperature range. No voids were foﬁnd for‘samples
bombarded at 500°C or lower.

For the conditions where voids have been found, the fon bombardment
studies indicate that the flux rate effect on void‘fonnafion is smé]],
particularly over the range of neutron fluxes encountered in fast reactors.
However,.the fluence and irradiation temperature threshold for void
formation may be rate sensitive.

(19)

Recently, Laid]er, in the temperature range below void formation,

indicated the existence of a rate effect in an ion bombarded steel.
Solution treated Type 316 stainless steel was bombardedﬂwitﬁ‘heavy ions

to the same fluence but at two orders ofAmagnitude difference in flux. The
increase in the heavy ion flux caused a decrease in "black-spot“ defect
cluster damage.

' The effects of neutron flux on Frank loop formation are less clear
than the effects onlvoid formation. While no apparent Flux effect has been
found in the EBR-II experiments, écce]erator studieS'faiT‘t0'unambiguously
confirm the absence of a flux effect. Mazey(]7) found loop formation}dn]y
at Tow ion dose levels; at the higher levels the loops appeared to be

unfaulted and to have interacted and formed a dislocation network.

EXPERIMENTAL VOID GROWTH KINETICS

Void growth kinetics can be determined on an experimental basis by

unfolding void size distributions in conjunction with éxperimenté]]y
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determined void nucleation rates if it is assumed that:

- Voids grow‘monotonicé]]ylwith fluence, that is, they do
not undergo any shrinkage during the growth process,

« A1l voids nucleated at a given f]ueﬁce will follow approximately
the same kinetics as all other voids nuc]eated‘at that fluence,

- A1l voids which are above the resolvable size of tranémission
‘electron microscopy are observed and only a Smdl] fractioh of
voids exist below the resolution level..

The experimental void growth kinetfcs can be -determined as illustrated
schematically fn Figures 10 and 11. A void size probability distribution
funct1on, Figure 10A, is generated from an exper1menta11y determined void
size h1stogram of a spec1men 1rrad1ated to a spec1f1c fluence @ Typ1ca1—
void size h1stograms were previously shown in F1gure 7. The void size
probability funct1pn is a plot of the fraction of voids which are larger
than voids having the diameter D. |

The fraction of voids nucleated, which is téken as the norméiized |
experimental void number density, as a fuhctioh of neutron fluence is
shown in Figure 10B. This curve is simply thézdensity of void§ calculated

from Equation (2) for any. fluence @],.¢2@-44'

.= §max divigéd by thg void

density calculated for a fluence of P nax | A tie line fromiahytfiuence
level, say s drawn vertically to the nucleation curve, fhen’horizonta]]y
to the diameter curve, identifies the measufed diameter (D]) associated
with a void which is nucleated at a fluence g and grown during irradiation
until a final fluence level of ¢ is accumulated. This ‘is equivalent to
saying that the biggest'void'is nuc]eafed first, the next biggest one

. second, and so dn. Figure 10C is then constructed by plotting the

24



S¢

(A) ' (B)
- SIZE DISTRIBUTION NUCLEATION

FRACTION WITH VOID SIZE
GREATER THAN D
FRACTION NUCLEATED

e — —_——— ———
— — — ——— —

O
S

1
DIAMETER FLUENCE

(C)

D, ~ SIZE VERSUS
NUCLEATION FLUENCE

DIAMETER

. NUCLEATION FLUENCE

FIGURE 10. Schematic of a Void Size Probability Distribution Function and a Normalized
Void Nucleation Fluence Curve Generated From Experimental Data.

9L-44-NYHM



9¢

DIAMETER

(A) . (B)
" DIAMETER VERSUS N
NUCLEATION FLUENCE  GROWTH CURVES

P . [IRRADIATION |
~B\  FLUENCE

DIAMETER

NUCLEATION FLUENCE

. IRRADIATION FLUENCE

FIGURE 11. Schematic of the Determination of Experimental Void Growth Kinetics.

91-d4-NYHM



WHAN-FR-16

diameter (D) as a function of nucleation fluence (2).
| Plots similar to Figure 10C are then constrected for various specimens
irradiated to different fluences (i.e., various &), Figure 11A. A void
growth curve may then be determined by drawing a vertical line at the _
nuc]eation fluence of interest and reading the appropriate Qalues ef
diameter (D) and irradiation fluence (¢), and then plotting ‘the diameter (D)
versus the irradiation fluence () as shown in Figure 11BL

Void growth curves are presented based on the resu]fs of five samples,
all irradiated at temperatures of 370 to 380°C but over a neutron fluence

from 0.4 to 5.6 x 1022 2

n/ecm”® (E > 0.1 MeV), Figure 12. The void diameter
is shown to increase rapidly to about 100 K, after which the growth rate
decreases with fluence. fhe growth rate also appears fq be a function of
the fluence at which nucleation occurred. Voids nucleated at low fluences
grow more rapidly than those nucleated at higher fluences. Lack of
sufficient data prec]ddeS»unfo1ding the growth kinetics et higher tempera-
tures. The multiple peaks.in the size distributions found at eievated
temperatures, however, suggest that growth may proceed by somewhat

different kinetics than at lower temperatures.

VOID FORMATION MECHANISMS

‘The importance of void formation to fast reactor'teehnology has
spurred the development of physically real{stic'models for void and loop
nucleation and growth during irradiation. The approaches taken by Claudson

ct a1’(20) Harkness and Li,(21’22) Bullough and Perrin,(23)‘ (24)

and Shivley
all assume that void growth arises from a supersaturation of vacancies

created by neutron irradiation. Growth occurs when the net rate of
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FIGURE 12. Experimental Void Growth Kinetics in Type 304 SS
Irradiated at 370 to 380°C. '
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vacancy flow to voids exceeds the net flow rate for interstitials. Frank
1oops grow when the‘net rate of flow of interstitials -exceeds the vaoancy
flow rate. |

| While general agreement exists on growth concepts, nuc]eat1on poses a

k(22) consider

difficult problem in current theory. Harkness, Li, and ‘Tesk
nucleation behavior of voids and loops to be similar to the features of
classical homogeneous nucleation. B]oom(zs) demonstrated that, at Tow
fluences, voids nucleated on dislocations and he suggested that cons1der-
able heterogeneous nucleat1on occurs at all fluences, Bloom and Stteg]er(]s)
also showed that preirradiation injection of helium into stainless steel
increased the number density of both voids and Frank loops. This result
indicated that helium generated by fast neutron induced_(n,a) reaction
also affects nucleation. Other mechanisms proposed for nucleation models
| include growth of three dimensional vacancy clusters created in a neutron
sp1ke and heterogeneous nucleation on second phase part1c]es
A quant1tat1ve model for void and loop formation has been advanced

by Harkness and L1.(22) This mode],‘however, appears tolbe in conflict
with the experimental data in terms of fluence dependency of nucleation
and growth. Harkness and L1's model predicts a rapid decrease}in
.nuc1eation rate with fluence. After nucleation essentiaily stops, voids
continue ‘to grow and dominate the volume change process. The experimental

(5)

data presented here and that given by Bloom and Stiegler suggest

nucleation rates are nearly constant with fluence over the 370 to 600°C

irradiation temperature range whére voids were observed. Recently,

wolff(27) found only large voids (d

.0 R
minimum 200 A) 1n4annea1ed Type 304
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stainless steel irradiated at high temperatures, 540 to 650°C, to a peak

fluence of 5.4 x 1022 n/cm2 (E > 0.1 MeV). The lack of small voids suggests

that at this high irradiation temperature, the nucleation rate has signifi-
cantly decreased or ceased during 1rrad1at1on poss1b1y due to the Tow
vacancy supersaturation. This effect was pred1cted by Harkness and L1 S
model .

The nucleation model proposed by Harkness and Li also appears to be

very sensitive to damage rate (flux). Their model pred1cts that acce1erator

experiments shou1d.produce a much higher density of sma]]er voids than
reactor experiﬁents, but experimentally the structures obtained by the
two techniques are nearly equivalent. |

Empirica]]y determined nucleation rates may be used to cohpare the
general features of void growth with simple growth models. Greenwood,

(26) ng others(20'23)'have‘considered the growth of a

Foreman, and Rimmer
spherical pore in the presence of irradiation induced point defects. The

defect concentrations produced during high flux neutron irradiatton may

be expected to be much greater than the thermal‘equilibrdum concentrations.

If it is assumed that a void has no preferential attraction for vacancies
or interstitials and that. 1nterna1 gas pressure effects. are neglected the

void growth rate may be. calculated:

d(rz)/dt =2q (V-1)

where r = void radius
Q = atomic volume
vV,I = DVCV, DICI

30

@



‘WHAN-FR-16

c ,CI = average vacancy and interstitial concentration in matrix

L)

-

o
1]

average vacancy and interstitial mobilities.

(28) point defect

Following the treatment of Damask and Dienes,
concentrations are considered to be maintained by a steady state dynamic
balance between creation of free vacancies and interstitials, recombination
of vacancies and interstitials, and migrationAof these defects to other

sinks. This model can be expressed by the two equations:

dC .
vV _ _ Vy _ <O
T 0 =G¢p - RVI - SVV SVY A (5) -
c, » - ~ S
I _ A ) 0 '
it - 0 =G - RVI - SII —,SII , _ (6)

where G¢ is the production rate of ihterstitials and vacancies (the
production rates have been assumed equal), Sz is a geomefriC>term describing
the sink efficienéy of'vdids for vacancieé, S¥ is the geOmétrica] term fof
the sink efficiency of voids for interstitiais,‘and the S° terms represent
other éinks such as dislocations, loops, precipitates; and grain boundaries.
The term RVI represents the recombination of interstitials and vacancies.
Equations (5) and (6) may be solved simultaneously tq-yie]d Vand I, whi;h

may in turn be substituted into Equation (4) to obtain the growth rate

for a void:
2\ \ 1/2 :
d(r®) _ ,.(S'-S 4RG ) .
gE - ) [0+ gt - 1) 7
oV 0 '
where S = Sv +.Sv
and .s' = s¥ + s?.
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If recombination is small compared to the rate of diffusion to sinks,

Equation (7) may be approximated as:
2 ‘ , -
4RG4.
Wk = 20Grsd0s (ggk << ) (8)

However, if recombination predominates:

d‘giazn(s--s)(g@)”ﬂ”z ey ()
The predominant contributions to the sink terms S and S' are dis]ocation
loops and voids. produced during i;radiation and dislocations initially
present in the material. The experimental data suggest that fhe size and
concentration of the Toops.and voids depend upon fluence (¢t)‘rather than
some other combination of flux (¢) and time (t). It therefore follows that

S and S' are also functfons of fluence. Thus if recomb1nat1on is sma1]
compared to the rate of diffusion to sinks, integration of Equat1on (8) w11]'
yield a void radius which depends only upon f]uence, in agreement with the
experimentai results. Howeuer, if recombination s signjficant,»Equation |
(7) or (9) should be used, and it is evident that integration would yield a
void radius dependent upon flux and time rather than the sihgle fluence
variable. It w111 be assumed, because of "the. apparent 1ack of rate
dependency, that the defect concentrat1ons are contro]]ed predom1nant]y by
“diffusion to s1nks and that Equation (8) applies. ’

Inspection of Equation (7) shows that if all sinks have equal affinities

for vacancies and ihterstitia]s (S=S')‘no void growth is predicted. This

has been discussed in more detail by others. (]7 19,23 25) Since equa1

amounts of vacancies and‘interstitials are produced during irradiation and
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equal amounts are annihilated as a result of recombination, the excess
Vacancies‘that condénse at voids must be balanced by an excess of inter-
stitials condensing on other sinks such as dislocations and interstitial
loops. vw1thin this framework, there are two requirements that must be met -
to have void growth: 1) sinks other than voids take up'theAexcess'inter-
stitials and 2) a driving force, or bias, tends to cause the vacancies to
go to the voids and the interstitials to go to other sinké. A possible

(22’26’29) is a higher sink efficfency of dfs1oca-

driving force, or bias,
tions and loops for interstitials compared to vacancies, due to stress
assisfed diffusion effects as considered by Ham.(30)' There is thought to
be a larger strain field associated with interstitials than with vacancies,
resulting in a lakger eléstic inferaction betWeen 1nte;$titia1s and
dis]ocatfons than between vacancies and dislocations. Ham's analysis
showed that the effect of the elastic interaction on diffusion to disloca-
tion sinks could be represented by an‘inéreased "effective,cabture radius".

Thus if SS represents the sink term for vacancies diffusing to dislocations

and dislocation loops, the term for interstitials may be approximated by:
0 _ <O
SI = Sv (1 + ¢)

where e represents the increased efficiency for ihterétitia]s; e depends
strongly updﬁ the interaction enérgies which are very poorly known, buf
use of approximate interaction energies given by Damask and Dienes and the
expression for capture radius given by Ham suggest that reasonable values
for ¢ lie between 0.01 and 0.2.

The gross characteristics of the experimehta] void growth curves may
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be shown to be consistent with diffusion controlied growth by using a
simp]ified model which considers only voids, dislocation loops, and.
dislocations as sinks. The sink term for voids may be taken as:

Sy = Sy = 4r N

v VrV

where Nv is the number of voids per cm3 and r., is the average void radius.

v
Similarly, the sink term for interstitial Toops may be approximated by the

total Tine length associated with thé loops:

L _
Sy =2m Ny

L _ o -
SI-SV (] +€)a

The sink term for dislocations is taken as the tota] dislocation

(other than loops) line length:

D _
Sv = fp

D_ D
SI_SV(]+€)'

The relative magnitudes of S2 and Sv may be compared by assuming that
the number of 1att1ce s1tes taken up by loops 1s equa] to the number of
Tlattice s1tes taken up by voids. W1th this approx1mat10n, it is poss1b1e

to show that:

where a, is the 1atticelparameter. At low fluences, both r

2<and r, vary

with fluence, but it appears reasonable to approximate the ratio S&/Sx
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-as a constant. At 370°C, F; is about. 50 A and F&‘is about 175 R, which
gives:

B v
Sv v b SV.
If these approximations are put in Equation (8), one obtains:

D L
d(r?) 296 (5, +5)) ¢ o 206e
dot D ) Vy2 (pn + 247 N 7. )
(Sv +S,t Sv) (1 +¢) D | Vv

(10)

In general, one may expect-the'term Nv F; to Qary in a complex, non-
linear fashion with‘exposure. However, the experimental data suggest that,
over a relatively wide range of f]ﬁence, the average void radius is
approximately constant and the number density-may be approximated asAa
Tinear function of fluence. Thus: |

“d(r®) . 206e
det °p + Bot

Integration of the above equation yields

(1+ 2 4t)

Ln : BD | | (11)
+ 2 o .
( po‘¢t")

2 _ 20Ge
r =3

where ¢t is the fluence at which the void was nucleated. Using the data

in Table 2, and assuming an initial dislocation density of 5 x 109/¢m2, a

21 (n/cmz)'] was obtained for the ratio B/p,. The

value of about 1 x 10°
best fit of Equation (11) to the experimental growth curves was obtained
by choosing a value of 0.1 (ncm)".I for the constant Ge. Since reasonable .

values for e appear to be between 0.01 and 0.2, this choice requires G,
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the number of vacancies per cubic centimeter per unit neutron fluence
surviving‘recombination and clustering within spikes, to be between 0.5
and 10 (ncm)']. This value appears to be reasonab]e if one considers that
only a fraction of the defects‘produced survive recombination with the
spike. The experimental growth curves are compared with curves'ca1c01éted:
from Equation (11) in Figure 13. The general features,of the calculated -
and experimental curves are similar, the best fit befng‘obtained for voids
nucleated early during irradiation. For voids ﬁuc]eated later, the
calculated curves do not have the sharp knee at 75-100 K diameter. This
knee may be due to an experimental resolution limit fé} observing voids
having.diameters significantly below 75-100 R with the foil oriented
for absorption contrast.' ' | | | |

-The void grdwth equation ﬁay also be used-to'calculate the Qoid

size distribution which, for a constant nucleation rate,may be shown to be:

“Br2/20Ge

N(r) = f(¢t) r e . (12)

'

for r < g%QE- Ln (1 + E—-@t)
. QD

and

N(r) = 0

for r > 296e. Ln (1 + E—-¢t).
B Pp

A size distribution calculated from Equation (12) is compared with an
experimentally determined one in Figure 14. The calculated distributions
are, in general, higher than measured for the smaller void sizes, which

may again reflect a decfeasing resolving ability for small voids.
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FIGURE 13. Comparison of the Experimental Void Growth Kinetics
with the Theoretical Void Growth Kinetics Based on
‘Classical Diffusion Theory.
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The void growth model employing empirical void nucleation rates and
61assica1'diffusion‘theory appears to closely describe thé experimental
void growth kinetics. However, the theory of void nucleation is not as
well Understood. The agreemént between classical void growth theqry and‘
experimental results emphasizes the neéed for further investigation‘of fhe

mechanisms controlling void nucleation.

CONCLUSIONS

It is concluded that:

1. The void nuhber density follows a power law relationship to
fluence with the power increasing with increasing irradiation temperaturé
and the mean value near uhity. | |

2. The mean void and 1ooplsize-and the void size distribution are
nearly independent of fluence but increase with increasing temperature.
The upper limit irradiation temperature for void fofmation_is about
650 to 700°C. | |

3. Void and loop formation is ré]ative]y ihdependent of ﬁeutron
flux or damage rate. |

4. Frank fau]ted loop formation follows similar trends as void

‘formation to about 550°C where the microstructﬁre is-dominated by an
irregular dislocation network and perfect loops.

5. Void growth rates can be described in terms of classical

diffusion theory using empirical nucleation rates.
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