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IRRADIATION PRODUCED DEFECTS IN 

AUSTENITIC STAINLESS STEELS 

WHAN-FR-16 

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/cm2 (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 loops followed.trends 
similar to those found for voids to temperatures of ~ssooc where 
unfaulted loops, 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 

WHAN-FR-16 

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 levels 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 dislocation loops. (l, 2) The 

volume increase and change in mechanical properties induced by void and 

loop formation greatly affect fast reactor design and may pose a limitation 

. (3 4) 
on the development of fast breeder reactors. ' In order to fully under-

stand the effects of neutron fluence and irradiation temperature upon 

volume and mechanical property changes, a mapping of the underlying defect 

concentrations and sizes is needed. Bloom and Stiegler(S) have studied the 

relationship between void number density and fluence at irradiation tempera­

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

EXPERIMENTAL PROCEDURE 

Transmission electron microscopy 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 

1 
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a safety rod thimble, a control rod thimble, and an experimental subassembly 

thimble. Additional specimens were also taken from several EBR-II irradia­

tion experiments. The chemical composition of all specimens was within 

AISI specifications for Types 304 or 316 stain]ess steel; Table 1. The 

irradiation temperature for each specimen was calculated from thermal 

analysis using EBR-II gamma heating values( 6) and appropriate heat transfer 

data. 

The neutron fluence was calculated by multiplying the neutron flux 

per MW core power by the cumulative MW exposure of the subassembly. The 

neutron flux was assumed to be equal to that determined by activation . 

analysi~ of multiple foils irradiated during an eight day 50 MW constant 

power run.( 7,B) The neutron flux at each-specimen reactor. loc~.tjon wa~ 

interpolated froin the constant reactor power .flux values obta·ined. 

Transmission ~lectron microscopy samples were prepared from bulk 

samples. by-mechanically sectioning slabs~ 9 ) to a thickne~s of 0.5 mm :and 

thinning bya two-step jet and immersion e1ectropolishing.technique.(lo)· 

The samples wete examined in a Phillips 200 electron microscope operating 

at 100 kV using a double tilt specimen holder in a goniometer stage. 

Void, loop, and precipitate densities were determined by counting the 

number of defects _per unit area of micrograph and dividing by the foil · 

. thickness. Stereo microscopy, sl i ptrace analysis, and thickness contour 

estimates were used to determine foil thicknesses. These three methods 
. 0 

·usually produced identical foil thickness values within 100 A for foils 
o o· 

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. 

2 
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TABLE 1 

CHEMICAL ANALYSIS OF AISI TYPES 304 AND 316 SS 

AISI Type 304 ss 304 ss 316 ss 

Heat No. 890810 701626 332990 

EBR-II 
S.R.T.~a~ XG05 X018 Irradiation . C.R.T. b Subassembly 

I 

c 0.07w/o 0.042 0.052 

Mn 1.11 1.10 1.78 

Cr 18.51 18.63 17.80 

Ni 9.36 9.60 13.55 

Mo 0.10 0.13 2.33 

Cu 0.16 0.18 0.20 

Si 0.35 0.45 0.38 

p 0.006 0.30 0~012 

N2 0.029 -- 0.041 

B <5 ppm -- <5 ppm 

s 0.015 0.013 0.020 

(a) S.R.T. denotes EBR-II safety rod thimble shroud 301. 

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

65808 

X021A 
X021B 

0.060 

1.72 

17.30 

13.30 

2.33 

0.065 

0.40 

0. 012 ,, 

0.048 

5 ppm 

0.007 
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The size of voids and loops located, totally 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 and corresponded to a measured varia-
0 

tion of the void diameter of usually less than 10 A. Each specimen was 

oriented in the microscope to an absorption contrast condition for 

delineating voids since the as-irradiated microstructure normally produced 

.a complex, strongly diffracting image due to the large number of loops and 

strained lattice regions. In absorption contrast conditions, the voids 

appeared as light regions surrounded by a dark border. Since the thickness 

of the dark border is often a significant fraction of the void diameter, 

the total void'volume determined by microscopy depends upon whether one 

uses the outside or inside edge of the dark border to measure the void dia­

meter. Observations of the same voids under different contrast conditipns 

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

Van Landuyt et al(ll) have con$idered the contrast effects from small 

voids when the crystal is oriented for the symmetrical Lau~ diffraction 

condition (i = 0). According to their analysis, if thefe is no strai~ 

field associated with the void, the intensity of the beam passin·g through 

the foil at the void equals the intensity of a beam passing through a 

. perfect foil ~hich has the thickness of the briginal fotl less the diameter 

of the void. Thi.s means that fori= 0, as one proceeds from the matrix 

·into the void, the transmftted intensity changes from the background 

intensity to a different value depending on the voidsize and foil thick-­

ness. The first perceptible change in intensity should ind~cate the 

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

4 
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"' 
nearest 0.1 mm on 180,000X micrographs in both .the symmetrical Laue 

condition (s = 0) and 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 light 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 loop~, 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, neutron 

fluence, and irradiation temperature for the specimens examined is given 

in Table 2. Typical microstructure of stainless steel. irradiated at 

specific temperatures 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 function only 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. 

5 



TABLE 2 

SUMMARY OF TRANSMISSION ELECTRON MICROSCOPY DATA 

Neutron 
Flux Average Void 

Irrad. Fluence ·n/cm2-sec Void Number Austenitic WAD CO Irrad. EBR-i I 
Temp. n/cm2xlo-22 xla-15 Diaweter Density . Stainless Sample Sub- Irrad. 
{oc} {E>O.l MeV} {E>O.l MeV} {A} {cc-lxlo-15) AISI T~Ee Des i gna ti on Assembl~ Row No. 

370 0.3 0.11 <lo-4 316 1-25-61 X018 2 
370 0.4 0.11 . 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 0.34 125 0.7 304 ·A C.R.T.{b} .5 
370 1.5 0.56 145 1.9 304 8 C.R.T. 5 
375 5.6 1.52 145 5.0 304 3H S.R.T. 3 

m 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 .l 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 <l o-: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 XOlB 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 0.15 316 l-16-6CG x·ol8 2 
700 3.0 1.81 108{c} · 0.03{c} 316 1 D-1 X021B 2 

:;:: 
::::c 

,.- )::o 
:z 

{a} S.R.T. denotes EBR-II safety rod thimble shroud 3Dl. I ., 
{b) C.R.T. denotes EBR-II cdntrol rod thimble shroud 5t3. 

;o 
I 

(c) Probably helium bubbles. 
....... 
dol 

,. . 
I, 
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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 1021 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 10
22 

n/cm
2 

(E > 0.1 MeV). Black Spots are Small M
23

c
6 

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 1021 

n/cm2 (E > 0.1 . MeV). Voids are Normally Attached to 

Rod Shaped Fe-Cr Sigma Precipitates. Large Frank Faulted 

Loop~ 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 F1uence, 3 x 1022 n/cm2 

( E > 0 . 1 MeV ) . 

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 

been formed(<. lo11 ;cm3) in Type 316 at fluences of about 0.3 x 1022 n/cm2, 

while high number densities of voids (lo15;cm3) in Type 304 have been 

found at fluences of about 0.4 x 1022 n/cm2 .. In additibn, average void 

diameters appear to be somewhat smaller in Type 316 than in Type 304 

stainless steel. 

Empirical 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 fi.t to data covering 

the irradiation temperature range from 370 to 600°C. 

2 
2 05-27/8 + 78/8 

t:,.V/V = (cpt) . 

~ [(T- 40) x lo-10] exp [-0.015T- 5100/T + 32.6] (1) 

2 
P = (cpt)l.60-27/8 + 150/8 exp [-0.015T + 10.253] (2) 

2 . 

d = (cpt) 0·15-24/
8 

exp (7.45 - 1700/T) (3) 

where t:,.V/V = % volume change 

( 2 -22 [. - ] ) cpt =neutron fluence n/cm x 10 , E > 0.1 MeV 

T = temperature (°K) . 

0 = T-623 
0 

d = average void diameter (A) 

p = void number density (number/cnl3 x 10-15 ) 

11 
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11 X11 consists of unit conversion factors and an experimentally determined 

geometrical conversion factor (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. 

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 stqinless steel irradiated at 700°C 

to 3. x 1022 n/cm2 (E > 0.1 MeV) contained only a low number density 

(3 x lo13;cm3) of small. (d = 108 A) cavities on grain boundaries and in 

the matrix. These cavities are probably helium filled bubbles. 

The data used in these equations include results from the present 

study, Table 2, and various other sources,{l,5,l 2,l 3,l 4,l 5) Table 3. 

Equation ( 2) inc 1 udes all data in Tab 1 es 2 and 3 exc·ept the 1 ow fl uence 

Type 316 data ancj data from Reference (13) which appear to be much higher 

than the general data trends. Equation {3) includes only data from the 

present study because of differences in the diameter measuring techniques. 

used among the various investigators. Typical results of Equations (1-3) 

are shown in Figure ·6. The maximum in the void volume versus temperature 

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 dis~ribution appears to be a function of irradiation 

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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TABLE 3 

VOID FORMATION DATA FROM THE LITERATURE 

Neutron Average Void Annealed 
Irrad. Fluence Neutron Void Concen- AISI 
Temp. (E>O.l MeV) Flux Di{i}ter tration Type 
( oq (n/cm2) · (n/cm2-sec} 1/cc ss Reference 

450 22 (a) 135 (a) ·M316 1 5.2x1o22 510 4.5x1o22 
II 252 II 

560 3.2x10 II 258 II 

370 to 21 II (a) 15 304 5 4.9x1o21 2.0x1o15 380 8.0x1o22 
II II 2.5x1o15 1.1x1o22 
II II 5.0x1o15 2.3x1o22 
II II 7.0x1o16 5.0x10 II II 1 .Ox1 0 

460 to 21 II II 14 304 2.8x1o21 . 1. Ox1 o14 470 2.9x1o21 
II II 1.0x1o14 9.0x1o22 
II II 3.5x1o14 1.3x1o22 
II II 8.5xlo14 

1. 7x1 o22 
II II 5.5x1o14 2.6x10 II II 2.1 x1 0 

375 22 II 110 (a) . 304 12 2.4x1o22 410 . 4.5x1o22 
II 100 II 

450 4.1x1o22 
II 120 II 

463 3.1x1o22 
II 200 II 

463 2.4x10 II 160 II 

660 3.0xH)22 • II 260 
. 15 

. l.Ox10 304 13 

370 22 . 15 
80 15 304L · 14 0.8x1o22 1.4x1o15 1.4x1o15 398 1 .2x1022 2.1x1015 100 1.3x1o

15
· 

430 1.4x1o22 2.5x1o15 130 1.3x1o15 460 1.3x1o22 2.3x1o15 140 0.9x1o15 472 0.9x10 1 .6x1 0 160 0.4x10 

370 3.0x1o21 (a) 85 2.4x1o15 304 15 

(a) not reported. 

14 
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in Figure 7. At low irradiation temperatures, a very narrow range of void 
\ 

diameters exists with an essentially 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 ir.radiation tempera­

ture is increased, the normal distribution becomes skewed to larger 

diameters and at sufficiently high temperatures develops more than one 

maximum. The data are not sufficiently tomplete to all6w the fluence and 

.temperature dependence of the maxima to be well described. 

FRANK !,..OOPS 

The size and density of the Frank loops appear to have a fluence and 

temperature dependence similar to voids (Figure 8). The loop number 

density, at irradiation temperatures where unfaulted loops were not 

observed, is estimated to be an order of magn.itude greater than the void 

density, while the average loop diameter varies from two to five times 

the void size. At low irradiation temperatures (370~380°C) and low 

fluences [4 x 1021 nlcm2 (E > 0.1 MeV)], the mi~rostructure consists of 

small faulted loops. Irradiation to high.neutron fluences [6 x 1022 

n/cm2 (E > 0.1 MeV)] at low temperatures produces a high concentration 

of loops similar. in ·size to those in samples ·irradiated to lower ·fluences. 
. . . 

The structure 1s very cpmplex; resulting in considerable image overlap. 

Loop development trends can normally only be studied at combinations of 

fluence and temperature where overlap is not excessive. 

Under this restriction, the following trends are indicated. Loop 

density increases with neutron fl uence and decreases wfth increas.i ng 

temperature. The average loop size does not change appr~ciably with 

fluence but increases with irradiation temperature. The shape of the 
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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 loops, 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 

above 1 x 1022 n/cm2 {E > 0.1 MeV) often cont~in high concentrations of 
0 

small (50 to 300 A) coherent cuboidal M23c6 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 preci~itates, 

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 
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Irrad. 
Materia 1 Temp. 

T,Y~e (oc) 

304 460 

316 565 

304 595 

316 600 

TABLE 4 

INTERSTITIAL CLUSTER STRUCTURE IN 
FAST REACTOR IRRADIATED 

TYPES 304 AND 316 STAINLESS STEEL 

Fast Neutron Faulted Loo~s 
Fluence,n/cm2 
(E>O.l MeV) (cm-3) Diameter 

0.4 X 1022 2 X 1015 0 

750 A 

2.7 X 1022 5 X 1014 0 

· 650 A 

3.0 X 1022 6 X 1014 0 

350 A 

2.7 X 1022 < 1019 
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Dislocations and 
Unfaulted Loops 

(cm/cm3} 

< 109 

7 X 1010 

4.5 X 1010 

3 X 1010 
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flux and time path, but their product (~t). While data from the present 

study are not sufficient to establish ~ath independence, results from other 

EBR-II investigations and.ion bombardment experiments can be used to 

clarify the situation. 

Recently, Stiegler and Bloom('l 4) reported void size and number density 

results on annealed Type 304 stainless steel after EBR-IJ irradiation to 

a fluence of 0.8 x 1022 n/cm2 at a neutron flux of 1.1 ·x 1015 n/cm2-sec. 

These data compare favorably with the results obtained in the present study 

at a much lower flux of 0.16 to 0.34 x 1015 n/cm2-sec. This agreement· 

supports the path independence assumption of neutron fluence, but, because· 

of the large scatter in data, a significant flux effect could easily. 

be obscured. 

Nelson and Mazey(l 6) and Mazey(l7) have examined Type 316 stainless 

steel which contained various concentrations of helium and was bombarded 

with 20 MeV carbon ions at temperatures between 450 to 600°C. For 550°C, 

at damage levels reported to be similar to those obta:ined in fast reactor 

experiment, Mazey(ll) reports Frank loop and void formation with sizes 

and .concentrations similar to those found in fast reactor experiments. In 

this case, the·loops and voids were c~eated.in.a few·hours compared to 

about 104 hours in reactor. This suggests that a factor g~eater. i~an 1~ 3 

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(lB). bombarded solution treated Type 316· stainless steel, which 

did not contain helium, with 5 MeV Ni++ ions. The Ni++ ion bombardment 

22 

·• 

( 



I· 

WHAN-FR-16 

caused displacement damage in the steel calculated to be equivalent to 

. 22 2 19 2 
about 3 x 10 n/cm at a rate equivalent to a neutron flux of 10 n/cm -

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 found for samples 

bombarded at 500°C or lower. 

For the conditions where voids have been found, the ion bombardment 

studies indicate that the flux rate effect on void formation is small, 

particularly over the range of neutron fluxes encountered in fast reactors. 

However, the fluence and trradiation temperature threshold for void 

formation may be rate sensitive. 

Recently, Laidler, (lg) in the temperature range below void formatio!J, 

indicated the existence of a rate effect in an ion bombarded steel. 

Solution treated Type 316 stainless steel was bombarded with heavy ions· 

to the same fluence but at two orders of magnitude 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 on void formation. · While no apparent flux effect has been 

found in the EBR-II experiments, accelerator studies fail to·unambiguously 

confirm the absence of a flux effect. Maze/ 17 ) found loop formation only 

at low 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 experimentally 

23 



WHAN-FR-16 

determined void nucleation rates if it is assumed that: 

Voids grow monotonically with fluence, that is, they do 

not undergo any shrinkage during the growth process, 

All voids nucleated at a given fluence will follow approximately 

the same kinetics as all other voids nucleated at that fluence, 

All voids which are above the resolvable size of transmission 

electron microscopy are observed and only a small fraction of 

voids exist below the resolution. level. 

The exp~rimental void growth kinetics can be determined as illustrated 

schematically in Figures 10 and 11. A void size probability distribution 

function~ Figure lOA, is generated from an experimentally determined void 

size histogram of a specimen irradiated to a specific fluence ~. Typical· 

void size histograms were previouslY shown in Fjgure 7. The·void size 

probability function is a plot of the fraction of voids which are larger 

than voids having the diameter D .. 

The fraction of voids nucleated, which is taken as the normalized 

experimental void number density, as a function of neutron fluence is 

shown in Figure lOB. This curve is simply the ,density of voids calculated 

from Equation (2) for any.fluence ~Jll, <P2, -·~~ ~ma·x divi:ded by the void 

density ca 1 cul a ted for a fl uence of <I>max. . A tie 1 i ne from any fl uence 

level, say <t> 1 ~ drawn vertically to the nucleation curve; then horizontally 

to the diameter curve, identifies the measured diameter (D1) associated 

with a void which is nucleated at a fluence <t>1 and grown during irradiation 

until a final fluence level of <I> is accumulated. This is equivalent to 

saying that the biggest void ·is nucleated first, the next biggest one 

second, and so on. Figure lOC is then constructed by plotting the 
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diameter (D) as a function of nucleation fluence (~). 

Plots similar to Figure lOC are then constructed for various specimens 

irradiated to different fluences (i.e., various~). Figure llA. ·A void 

growth curve may then be determined by drawing a vertical line at the 

nucleation fluence of interest and reading the appropriate values of 

diameter (D) and irradiation fluence (~).and then plotting ·the diameter (D) 

versus the irradiation fluence (~) as shown in Figure llB. 

Void growth curves are presented based on the results 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 n/cm2 (E > 0.1 MeV), Figure 12. The void diameter 
0 

is shown to increase rapidly to about 100 A, after which the growth rate 

decreases with fluence. The growth rate also appears to 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 precludes unfolding the growth kinetics at higher tempera-

tures. The multiple peaks in the size distributions found at elevat~d 

temperatures, however, suggest that growth may proceed by somewhat 

different kinetics than at lower temperatures. 

VOID FO~MATION MECHANISMS 

·The importance of void formation to fast reactor technology has 

spurred the development of physically realistit models for void and loop 

nucleation and growth during irradiation. The approaches taken by Claudson 

ct al, (20) Harkness ~nd Li, (21 •22 ) Bullough and Perrin, (23 ) and Shivley( 24 ) 

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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vacancy flow to voids exceeds the net flow rate for interstitials. Frank 

loops grow when the net rate of flow of interstitials exceeds the vacancy 

flow rate. 

While general agreement exists on growth concepts, nucleation poses a 

difficult problem in current theory. Harkness, Li, and Tesk( 22 ) consider 

nucleation behavior of voids and loops to be similar to the features of 

classical homogeneous nucleation. Bloom( 2S) demonstrated tha4at low 

fluences, voids nucleated on dislocations and he s~ggested that. consider­

able heterogeneous nucleation occurs at all fluences. Bloom and Stiegler(lS) 

also showed that preirradiation injection of helium into stainless steel 

increased the number density of both voids and Frank loops. This re~ult 

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 

spike and heterogeneous nucleation on second phase particles. 

A quantitative model for void and Joop formation has been advanced 

by Harkness and Li. (22 ) This model, however, appears to be in conflict 

with the experimental d~ta in terms of fluence dependency of nucleation 

' and growth. Harkness and L1 •s model predict!) a rapid decrease in 

nucleation rate with fluence. After nucleation essentially stops, voids 

continue to grow and dominate the volume change process. The experimental 

data presented here and that given by Bloom and Stiegler(S) suggest 

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

irradiation temperature range where voids were observed. Recently, 

Wolf/ 2
7) found. only large voids .(d . . > 200 A) in annealed Type 304 m1 mmum 
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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 M~V}. The lack of small voids suggests 

that at this high irradiation temperature,the nucleation rate has signifi­

cantly decreased or ceased during irradiation possibly due to the low 

vacancy supersaturation. This effect was predicted by Harkness and Li's 

model. 

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

very sensitive to damage rate (flux}. Their model predicts .that accelerator 

experiments should produce a much higher density of sma.ll er voids than 

reactor experiments, but experimentally the structures obtained by the 

two techniques are nearly equivalent. 

Empirically determined nucleation rates may be used to compare the 

general features of void growth with simple growth models. Greenwood, 

Foreman, and Rirnmer( 26 } and others( 20-23} have consfdered the growth of a 

spherical pore in the presence of irradiation induced point defects. The 
t 

defect concentrations produced during high flux neutron irradiation may 

be expected to be much greater than the thermal equilibrium concentrations. 

If it is assumed that a void has no preferential attraction for vacancies 

or interstitials and that.internal gas pressur~ effects are neglected, the 

void growth rat~ may be calculated: 

d(r2}/dt = 2 n (V-I} (4} 

wher~ r = void radius 

n = atomic volume 
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Cv,CI = average vacancy and interstitial concentration in matrix 

0~,0 1 = average vacancy and interstitial mobilities. 

Following the treatment of Damask and Dienes,{ 2B) point defect 

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 migration of these defects to other 

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

dC 
dtv = o = G~ - RVI - s~v - s~v {5) 

{6) 

where G~ is the production rate of iriterstitials and vacancies (the 

productio~ rates have been assumed equal), S~ is a geometric term de~cribing 

the sink efficiency of voids for vacancies, S~ is the geometrical term for 

the sink efficiency of voids for interstitials, and the S0 terms represent 

other ~inks such as dislocations, lobps, precipitates, and grain boundaries. 

The term RVI represents the recombination of interstiti.als and vacancies. 

Equations· {5) and {6) may be solved simultaneously to yield V and I, which 

may in turri be substituted into Equation {4) to obtain the growth rate· 

for a void: 

d{r
2

} 
= 2n{s;Rs) [{l + ~~~<1>)1/2 - 1] 

dt 

where S = sv + so 
v v 

and s• = c-V 
"'I 

+ cO ... I. 
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If recombination is small compared to the.rate of diffusion to sinks, 

Equation {7) may be approximated as: 

{4RGp. l) 
SS' << 

However, if recombination predominates: 

d{r2). , G l/2 1/2 
dt ~ 2n{s -s){Rs•s) ~ 

·{4R~p ). 
s s » 1 . 

{8) 

{9) 

The predominant contributions to the sink terms S and S' ar~ dislocation 

loops and voids produced during irradiation and dislocations initially 

present in the material. The experimental data suggest that the size and 

concentration of the loops.and voids depend upon fluence {~t) rather than 

some other combination of flux {~) and time {t). It therefore follows that 

SandS' are also functions of fluence. Thus·if recombination is small 
. . 

compared to the rate of diffusion to sinks, integration of Equation {8) will 

yield a void radius which depends only upon fluence, in agreement with the 

experimental results. However, i.f recombination is significant,Equation 

{7) or {9) should be used, and it is evident that integration would yield a 

void radius dependent upon flu~ and time rather than the single fluence 

variable~ It will be assumed, because. of the ~p~arent lack of. rate 

dependency, that the defect concentrations are controlled predominantly by 

diffusion to sinks and that Equation {8) applies. 

Inspection ~f Equation {7) shows that if all sinks have equal affinities 

for vacancies and interstitials {S=S') no void growth is predicted. This 

has been discussed in more detail by others.{l 7,l 9,23,2S) Since equal 

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 condense at voids must be balanced by an excess of inter­

stitials condensing on other sinks such as dislocations and interstitial 

loops. Within this framework, there are two requirements that must be met 

to have void growth: 1) sinks other than voids take up the excess 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 sinks. A possible 

driving force, or bias,( 22 •26 •29 ) is a higher sink efficiency of disloca-

tions and loops for interstitials compared to vacancies, due to stress 

assisted 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 larger elastic interaction between interstitials and 

dislocations than between vacancies and dislocations. Ham•s analysi's 

showed that the effect of the elastic interaction on diffusion to disloca-

tion sinks could be represented by an increased 11effectivecapture radius 11
• 

Thus if S~ represents the sink term for vacancies diffusing to dislocations 

and dislocation loops, the term for interstitials may be approximated by:. 

s~ = s~ (1 + E) 

where E represents the increased efficiency for interstitials. E depends 

strongly upon the interaction energies which are very poorly known, but 

use of approximate interaction energies given by Damask and Dienes and the 

expression for capture radius given by Ham suggest that reasonable values 

for E lie between 0.01 and 0.2. 

The gross characteristics of the experimental void growth curves may 
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be shown to be consistent with diffusion controlied growth by using a 

simplified model which considers only voids, dislocation loops, and. 

dislocations as sinks. The sink term for voids may be taken as: 

Sv = Sv = 4TI N -r 
v I v v 

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

Similarly, the sink term for interstitial loops may be ·approximated by the 

.total line length associated with the loops: 

s ~ = s~ { 1 + e:) • 

The sink term for dislocations is taken as the total dislocation 

{other than loops) line length: 

s0 = s0 
{ 1 + e:) • 

I v 

The relative magni.tudes of S~ and S~ may be compared by assuming that 

the number of lattice sites tak~n up ~Y .. loops is equal to the. number of 
..• 

lattice sites taken up by voids. ·with this approximation,' it is possible 

to show that:· 

2 
R. 2 rv sv s 'V 

v 3 If rR. ao 
v 

Where a
0 

is the lattice parameter. At low fluences, both rR. and rv vary 

with fluence, but it appears reasonable to· approximate the rati6 S~/S: 
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0 0 

·as a constant. At 370°C, rv is about 50 A and r.Q. is about 175 A, which 

gives: 

If these approximations are put in Equation (8), one obtains: 

( l 0) 

In general, one may expect the term Nv rv to vary in a complex, non­

linear fashion with exposure. However, the experimental data suggest that, 

over a relatively wide range of fluence, the average void radius is 

approximately constant and the number density may be approximated as a 

linear function of fluence. Thus: 

· d(~ 2 ) = 2riG£ 
d<j>t Po + 8<j>t 

Integration of the above eq~ation yields 

(1 + ~ <J>t) 

r2 - 2r~G£ Ln ---=-P=-o __ 
- - 8- ( 1 + ~ <I> t ) 

P n· D 

where <t>tn 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;cm
2

, a 

value of about 1 x lo-21 (n/cm2)-l was obtained for the ratio 8/p
0

. The 

best fit of Equation (11) to the experimental growth curves was obtained 

by choosing a value of 0.1 (ncm)-l for the constant G£. Since reasonable 

values for £ appear to be between 0.01 and 0.2, this choice requires G, 
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the number of vacancies per cub~c centimeter per unit neutron fluence 

surviving recombination and clustering within spikes, to be between 0.5 

and 10 (ncm)-l. This value appears to be reasonable if one considers that 

only a fraction of the defects produced survive recombination with the 

spike. The experimental growth curves are compared with curves calculated 

from Equation (11) in Figure 13. The general features of the calculated 

and experimental curves are similar, the best fit bein~ obtained for voids 

nucleated early during irradiation. For voids nucleated later, the 
. 0 

calculated curves do not have the sharp knee at 75-100 A diameter. This 
.r 

knee may be due to an experimental resolution limit for observing voids 
0 

having diameters significantly below 75-100 A with the foil oriented 

for absorption contrast. 

The void growth equation may also be used t~ calculate the void 

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

2 
N(r) = f(~t) r e-Br /2nG£ 

for r < 
2 ~G£ Ln (1 + :D ~t) 

and 

N(r) = 0 

for ·r 2nG£-. Ln (1 + ~ ~t). 
> -B- Po 

I 

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 decreasing resolving ability for small voids. 
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The void growth model employing ~mpirical void nucleation rates and 

classical diffusion theory appears to closely describe the experimental 

void growth kinetics. However, the theory of void nuileation is not as 

we 11 unders toad. The agreement between c 1 ass i ca 1 void growth theory and 

experimental results emphasizes the need for further investigation of the 

mechanisms controlling void nucleation . 

. CONCLUSIONS 

It is concluded that: 

1. The void number density follows a power law relationship to 

fluence with the power increasing with increasing irradiation temperature 

and the mean value near unity. 

2. The mean void and loop size and the void size distribution are 

nearly independent of fluence but increase with increasing temperature. 

The upper limit irradiation temperature for void formation is about 

650 to 700°C. 

3. Void and loop formation is relatively independent of neutron 

flux or damage rate. 

4. Frank faulted loop formation follows similar trends as void 

formation to about 550°C where the microstructure 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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