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Abstract

A Fully Dynamic Rate Theory (FDRT), based on the Brailsford and Bullough
rate theory, is utilized to analyze in detail the dynamics of point defects as
well as voids, interstitial lToops and vacancy loops. Information on
point defects, voids, rate processes and other microstructures are studied
as a function of irradiation dose and temperature. The effect of collision
cascade collapse and displacement rate on the growth aspect of void swelling
in metals is investigated. For 316 SS, cascade collapse efficiencies greater
than 7.5% are found to completely inhibit growth of voids at any temperature
and dose rate. To relate ion simulation experiments to actual reactor
irradiations, appropriate nucleation conditions of the microstructure are found

to be important.
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I. Introduction

The phenomenon of void growth in metals is known to be a strong function
of both the intrinsic materials properties and the irradiation environment.
Two of the most common parameters studied are the temperature and fluence
dependence of the swelling. However, there are many more parameters which
influence the production, migration and agglomeration of point defects
and in the Brailsford and Bullough rate theory mode1(] ) and the Fully
Dynamic Rate Theory (FDRT)(2 ) there are at least 16 materials and 5
irradiation parameters which need to be considered.

The object of this report is to use the FDRT to examine the significance
of two of the more important irradiation parameters, the displacement rate
and cascade collapse efficiency, on the swelling of 316 stainless steel
over a range of temperatures and fluences. Future reports will concentrate
on the effect of the different materials parameters.

There is a great deal of experimental evidence on the effect of dis-
placement rate on the swelling in metals(3 ). In general, the higher the
displacement rate, the higher the supersaturation level of both vacancies and
interstitials. These higher defect concentrations can affect both the
nucleation (which is assumed to have ceased in the rate theory approach)
and the growth of clustered defects. Aside from the obvious interest in
void growth it is important to know what effect changing displacement rate
has on the other sink removal rates and recombination rates. We will examine

6

displacement rates from 10" dpa s'] typical of fast reactor conditions to

1073 dpa 57 typical of heavy ion simulation experiments.
The concept of cascade collapse efficiency (e) was first introduced
into the void growth theories by Straa]sund(4 ) and Bullough, Eyre and

5)

Krishan( The value of ¢ is defined as the fraction of vacancies that



are produced directly into vacancy loops. This factor (e) has two effects
on the growth of voids.
1.) A certain fraction of the vacancies is tied up in vacancy
loops, thus reducing the total number of vacancies going
to voids.
2.) The vacancy loops represent a new sink in the matrix
which now must be considered in the dynamics of the point
defect behaviour (sink removal and recombination rates).
Qualitatively one expects the value of e to be zero for electron irradiation
and it has been assumed to be . 0.044 for heavy ion irradiation of 316 SS.( °)
We will investigate values of e from 0.001 to 0.1 in this study.
The organization of this report is as follows. First a brief description
is given about the calculational procedure and assumptions used in this
work. The next chapter describes the results of the calculation on a
variation of ¢ from 0.001 to 0.1 at P = 10_3dpa s_] and a variation of P from

6

107" to 0.1 dpa 5] at € = 0.044 (see Figure 1). We have chosen to be

very explicit about the data from one calculation, € = 0.01 and P = 10'3
dpa s'] and display the results in great detail. However, only the most
interesting points and trends will be quoted from the other e-P combinations.

Following a discussion of the results we make some concluding remarks

about this work and suggestions for future work.

IT. Calculational Procedure and Assumptions

A11 calculations were made with the TRANSWELL computer program(6 ) in
conjunction with a recently developed plotting routine, PL3(7 ). This
latter code allows the information to be plotted in three dimensional

form or as contour plots as will be discussed later.
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Tabie 1

Summary of Materiais Constants For 3i6 SS Void Growth Caicuiations

Surface Energy, vy

Vacancy formation Energy, E¥

Vacancy migration Energy, E%

Interstitiai formation Energy, E

——e T e =k

Interstitiai migration Energy, E

Vacancy diffusivity, DS

recombination coefficient

interstitial diffusion coefficient’ D

stacking fauit energy, Yof

deformation produced disiocation density,

Burgers vector, b

disiocation bias for vacancies, ZV

disiocation bias for interstitiais, Zi

Effective moduius, p' =
i-v

0]
Py

It

.25 x 101°

1.6 ev
1.3 ev
4.0 ev
0.2 ev
0.6 cm2

9.4 x i

012
-2
m

4 x 0

ev cm

ev cm

-2

-2

dyne cm?



Following the notations of reference (6 ), the physical parameters of
Table 1 were adopted. Also, the following assumptions were made:

(1) There is only one average void size at a given temperature
that starts to grow under irradiation. At high temperatures, nucleated
voids must start growing from a bigger size to withstand surface emission
of vacancies. In the present computations, we determined the size at which
a void could survive at the highest temperature. Also we determined
another size at the lowest temperature of interest and linearly inter-
polated PVO(T) in between.

(2) The initial dislocation density is set at pg = 108 cm/cm3. This
value is not changed with dose and is appropriate for solution treated steels.
(3) No gas generation during irradiation was allowed.

(4) A temperature dependent interstitial Toop density as:

N~ 1.3 x 107% expl{2.8 eV/kT}, cm™3

(5) A temperature dependent void density as:

N =3.15 x 10" 3

c exp{0.625 eV/kT}, cm_

(6) The previous two nucleation functional dependencies, which were

determined at P = 10'3 dpa s'], were not changed with dose rate or collapse
efficiency to keep the effects of nucleation separate from those of growth.
(7) Finally a total dose of 40 dpa was studied in all cases and
represents the total dose beyond the end of the nucleation phase.
Cases studied in this paper may be conveniently divided into two
broad categories:
(A) Reactor conditions in which the production rate of point defects
is 107° dpa/sec.
(B) Simulation conditions (accelerator or HVEM) in which the production

rate of point defects is in the range 1073 to 107 dpa/sec.



Studies of the phenomenon of vacancy condensation in vacancy loops are

developed in each category. Stainless steel rate theory-defined metallurgical

processes are presented both in 3-dimensional plots and as contour plots.

A combination of the two Computer Codes TRANSWELL and PL3 is capabie of

presenting the following information in both 3-dimensional and contour plot

forms:

(any one of the following parameters can be plotted in the z direction

as a function of two independent variables in the x and y directions).

1.
2.

10.
1.
12.
13.
14.

16.
17.

Average void radius, cm.

Average non-aligned interstitial loop radius, cm.
Number density of non-aligned vacancy loops, cm'3.
Fraction of vacancies in non-aligned vacancy loops, at./at.
Vacancy concentration, at./at. (space averaged).
Interstitial concentration, at./at. (space averaged).
Average aligned interstitial loop radius, cm.

Number density of aligned vacancy loops, em 3.

Fraction of vacancies in aligned vacancy loops, at./at,

Network creep strain, cm/cm.

Rate of change of average void radius, cm/sec.

Rate of change of average non-aligned interstitial loop radius, cm/sec.
Rate of change of the number density of non-aligned vacancy loops, cm'3

Rate of change of fraction of vacancies in non-aligned vacancy loops,
at./at./sec.

Rate of change of vacancy concentration, at./at./sec.
Rate of change of interstitial concentration, at./at./sec.

Rate of change of average aligned interstitial loop radius, cm/sec.

sec



18.
19.

20.
21.
22.

24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

34.

35.

36.

37.

Rate of change of number density of aligned vacancy loops, em 3sec !,

Rate of change of fraction of vacancies in aligned vacancy Toops,

at./at./sec.
Network creep strain rate, cm/cm/sec.
Total interstitial time constant, sec” .

Total vacancy time constant, sec'].

Total vacancy thermal emission rate from the surfaces of voids and

disTocations, at./at./sec.
Vacancy flux (DVCV), cm2/sec.

Interstitial flux (D1C1)= cm2/sec.

Line dislocation density of non-aligned dislocation loops, cm/cm3.

Line dislocation density of aligned dislocation loops, cm/cm3.

Line dislocation density of non-aligned vacancy Toops, cm/cm3.

Line dislocation density of aligned vacancy loops,
Total line dislocation density, cm/cm3.
Vacancy thermal emission rate from the surfaces of

Vacancy thermal emission rate from the surfaces of
dislocations, at./at./sec.

Vacancy thermal emission rate from the surfaces of
dislocations, at./at./sec.

Vacancy thermal emission rate from the surfaces of
(sum of 32 and 33), at./at./sec.

Vacancy thermal emission rate from the surfaces of
loops, at./at./sec.

Vacancy of thermal emission rate from the surfaces
interstitial loops, at./at./sec.

Vacancy thermal emission rate from the surfaces of
(sum of 35 and 36), at./at./sec.

cm/cm3.

voids, at./at./sec.
aligned edge
non-aligned edge

all edge dislocations
aligned interstitial
of non-aligned

interstitial loops



38.

39.

40.

41.
42.
43.
44.
45,
46.
47.
48.
49.
50.

(e8]

Vacancy thermal emission rate from the surfaces of aligned vacancy

loops, at./at./sec.

Vacancy thermal emission rate from the surfaces of non-aligned vacancy

loops, at./at./sec.

Vacancy thermal emission rate from the surfaces of all vacancy loops,

(sum of 38 and 39), at./at./sec.

Vacancy time constant due to the presence of voids on

Interstitial time constant due to the presence of voids only, sec .
Vacancy time constant due to the presence of dislocations only, sec '.

Interstitial time constant due to the presence of dislocations only, sec .

Interstitial total sink removal rate, at./at./sec.
Vacancy total sink removal rate, at./at./sec.
Point defect recombination rate, at./at./sec.

Percent swelling.

Change of average void radius, RC-R0 (for pulsed irradiation), cm.

Change of average interstitial loop radius, Rm-Rm0
irradiation), cm.

Strain due to interstitial loops, cm/cm.

Strain due to vacancy loops, cm/cm.

Equivalent void sink density (defined as 4WRCNC), cn C.

1y, sec” !,

(for pulsed

2

1

1

1



Any one of the 53 variables can be plotted in the Z-direction as a function of

two independent variables:

a. The x-axis that is chosen from one of the following:
1. the irradiation dose measured after incubation.
2. the irradiation time after incubation.

b. The y-axis that is chosen from one of the following:
1. Temperature, °K
2. logarithm to the base 10 of dose rate; dpa/sec.
3. Logarithm to base 10 of gas generation rate; at./at./sec.
4. Initial gas content of voids; atoms/void.

5. Applied stress; psi.

Although the analysis can be extended to most of the 53 variables listed
before, we will concentrate only on a few. Interrelationships between different
metallurgical processes will be emphasized.

ITI. Results
IIT.A. Theory

The basic rate equations used in this computation are given by:

dCV o
g0 = (1 - e +p®- Py = P (1)
dCi
aE = P- Pei - Pr (2)
dR
_c . - - pce 2y _ 2
g = (0,C, - D;C; - b cE exp (Rl - Py(Realg) ¥rh)/R (3)



dN

vl _

T T (4)
dq

Ve _

L R o (5)
dR; g
dt =[(D121C1 - DvaCv * DvaCv(Riz)]/b (6)

Relations defining different terms in the previous six rate equations

are described in reference (6), but a brief description of those terms is

given here.

Average vacancy concentration; at./at.

Average interstitial concentration; at./at.
Fraction of vacancies produced in vacancy loops (Cascade collapse
efficiency).

Point defect production rate at./at./sec.

Total vacancy thermal emission rate; at./at./sec.
Total vacancy sink removal rate; at./at./sec.
Point defect recombination rate; at./at./sec.
Total interstitial sink removal rate; at./at./sec.
Vacancy diffusion coefficient (cmz/sec)
Interstitial diffusion coefficient (cmZ/sec)
Thermal equilibrium vacancy concentration; at./at.
Average void radius; cm.

Average interstitial loop radius; cm.

Void surface energy, eV/cmZ.

Void internal cas pressure, eV/cm3.
Atomic volume, cm3,

Bolzmann's constant; eV/°K



-—
—_—

N,, = Number density of vacancy loops, cm 3,

9yq = Fraction of vacancies tied up in vacancy loops; at./at.

Ky = Production rate of vacancy Toops; cm_3 sec°].

Ay = Decay rate of vacancy loops; a3 sec™!,

Ky = Production rate of vacancy fraction tied up in vacancy loops; at./at./sec.

A2 = Decay rate of vacancy fraction tied up in vacancy loops; at./at./sec.

it

Vacancy concentration at the edge of an average interstitial loop;
at./at./sec.
b = Burger's vector, cm.
Z = Dislocation-vacancy bias factor.
Z. = Dislocation-interstitial bias factor.
The set of equations described above (1-6) is nonlinear and simultaneous.
There is an interdependence of all the constituents of these equations.
The results presented here are classified into four different groups:
1. Point defect concentrations and fluxes.
2. Resultant average void size and percent swelling.
3. Rate processes:
a. Vacancy thermal emission rates.
b. Sink removal rates.
c. Point defect recombination rate.
4. Microstructural information:
a. Vacancy loop 1ine dislocation density.
b. Interstitial loop line dislocation density.
c. Total dislocation density.

d. Effective void sink strength (4wRCNC),



ITT.B. Accelerator Conditions

1. (e=0.01 and P = 1073 dpa s'])

a. Point Defect Concentrations and Fluxes

i. Vacancy and Interstitial Concentrations

The vacancy concentration in at/at is shown in Figures (2) and (3).
It can be seen that, at any given temperature, the vacancy concentration
is decreased as the damage level increases. The reason for this behavior
is primarily due to (as we shall see later) the rapid buildup of vacancy
loops in the matrix in the first few dpa's (see Fig. 32). This effect is more
pronounced at Tower temperatures where the vacancy loop lifetime is the longest

The vacancy concentration behavior with respect to temperature is
more complex. At any given dose, the vacancy concentration exhibits a peak
at the intermediate temperatures. Physically, this behavior is attributed
to the following.

1.) The increase in CV up to .750°%K is due to the drop in the density of
both interstitial and vacancy loops which then drastically reduces the loop
Tine density (Figs. 29 and 35). The matrix is then much "cleaner" and both
the vacancy and interstitial concentrations can build up to higher values.

2.) The decrease in the point defect concentrations is due to the
increased mobility of vacancies above 750%K which in turn promotes more

recombination (Figs. 27 and 28) and migration to different sinks.
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The interstitial concentration also decreases with dose at any given
temperature because of the buildup in the Toop sink density which causes more
interstitials to be removed from the matrix. However, in contrast to the
vacancy concentration, the interstitial concentration does not reach a maximum
with temperature and then decreases. This is due to the Tow activation energy
for migration and the fact that an interstitial is only twice as mobile at
1000°K as it is at 750°K. 1In contrast, the vacancy at 1000°K is over 200

times more mobile than at 750°K.



ii. Defect Fluxes

Although vacancy concentration is orders of magnitude greater than
interstitial concentration, their fluxes arriving at surfaces of voids and
dislocations are only slightly different due to the much higher mobility of
interstitials. A vacancy flux is defined as (DVCV) while an interstitial
flux is defined as (Dici)’ The slightly larger vacancy flux to voids is the
driving force causing them to grow.* This small difference in fluxes is also
the reason for the sensitivity of the void growth problem to slight changes in
material and irradiation variables.

Figures (6) and (7) show the vacancy flux as a function of dose and
temperature. As the dose increases, the flux decreases slowly due to a
higher probability of vacancy absorption by the sink density which is building
up. At higher temperatures, vacancies are more mobile causing the flux to
increase with temperature even though the concentration of vacancies is de-
creasing. In Figures (8) and (9) the same behavior of interstitial flux is
displayed and from the values on the contour plots one can see the very small
difference from vacancy flux.

Fraction of Vacancies in Loops:

The fraction of vacancies in vacancy loops is shown in Figures (10) and (11)
and is a balance between the production rate (which is constant) and the removal
rate (which depends on the number and size of loops). This fraction increases slowly

with dose but decreases sharply as the temperature is increased. The decrease
is due to the emission of vacancies at high temperature. The effect of this
fraction of vacancies tied up in vacancy Toops is to decrease the free vacancy

concentration thus decreasing the vacancy flux.

*The reason interstitial loops grow despite the fact that the interstitial flux

in the matrix is less than the vacancy flux can be attributed to the bias factor

Zj.
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b.  Resultant Average Void Size and Percent Swelling

Figure (12) shows the temperature and dose dependence of the average void
radius. Due to the excess flux of vacancies arriving at the voids (DVCV >
Dici)’ they start to grow immediately upon irradiation. Figure (13) shows
the contours of constant void radius. At low temperatures the growth rate is
not as pronounced as at intermediate temperatures (between 500 and 650°C)
due to the Tower vacancy flux. At 500 to 650°C the vacancy flux is sufficiently
high and the vacancy emission rate sufficiently low that the growth rates are
very high. At high temperatures vacancies are more readily emitted from voids
(see Figures (19) and (20)), and this has the effect of slowing down the growth
of voids since the difference between the vacancy flux (DVCV) and the sum of

Q .
g) ETJ) is

very small. At still higher temperatures the vacancy flux falls farther and

interstitial flux and emitted vacancy flux (Dici + Dvcs exp {(%I-- P
C

eventually the vacancy emission rate in conjunction with the interstitial
absorption rate exceeds the vacancy flux and the voids will shrink.

The percent swelling is shown in Figures (14) and (15) in a 3-dimensional
form while it is displayed as constant swelling contours in Figures (16).
It is interesting to note that swelling goes "almost" linear as a function
of dose. This is the consequence of a fixed void density and an increasing
void size (Figure 13). On the other hand, there is a slightly dose dependent
temperature peak for swelling. There are two reasons for this temperature de-

pendence which can be understood by examining the simple swelling expression:

N . (7)

_ 4
S = §ﬂR c

O w

i - The void number density goes down exponentially with temperature
(nucleation).

11 - The mean void radius goes up with temperature to ~ 800-850°K and then
drops very slowly at high temperatures.
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The obvious result would be a "bell shaped" swelling curve as frequently
observed experimentally.

A Targe peak swelling value is obtained here (. 50% at 40 dpa) compared
to the smaller swelling value for the same steel (. 12% at 40 dpa) reported
in reference (5). The only difference between the two cases is the cascade
collapse efficiency (e) being 1% in this case versus 4.4% in the case studied
in reference (5).

c. Rate Processes

i. Vacancy Thermal Emission Rate

Figures (17) and (18) show the thermal vacancy emission from only edge
dislocations. It was assumed that the initial deformation produced dislocation
density is held at a constant Tow value (- 108 11nes/cm2) commensurate
with soTution treated steels. The quantity plotted is equal to (Di pg) where
Di is the self diffusion coefficient of vacancies and pg is the deformation
produced dislocation density. It is then clear why the temperature dependence
of this term is exponential while it is constant as a function of dose.

Figure (17) reveals that thermal emission of vacancies from edge dis-
Tocations does not become significant until - 900°K and even then the absolute
value of - 10'7 at/at/sec is much smaller than the production rate of 10'3
at/at/sec.

The emission rate of vacancies from the surfaces of voids, that is,

s
v g
can be seen from the figures, the temperature dependence of this function

{D (4WRCNC) (exp [(%X-— P ) %TO]}, is shown in Figures (19) and (20). As
c
is mainly controlled by the self diffusion coefficient Dé with small contribution

from the total void surface and the driving force to emit vacancies.
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The emission term does not become important until . 900°K and it is only
slightly dose dependent through the RC term. Note that the absolute value of
a few times 10'5 at/at/sec is much larger than the emission from edge dis-
locations.

The total vacancy emission rate is plotted in Figures (21) and (22).
Comparisons with Figures (17), (18), (19) and (20) reveals that vacancy
emission in this particular system is mainly controlled by voids alone.

The contribution to vacancy emission from voids seems to be roughly 80% and
that from the rest of the microstructure (i.e., i-loops, v. loops and edge

dislocations) is dominated by the vacancy loops. A final feature of note is
that the total vacancy emission rate can approach 5% of the gross production

rate.
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ii. Point Defect Sink Removal Rates

Sink removal rates are defined as the rates at which different types of
sinks (i.e., i-loops, edge dislocations, v-Toops, voids, ... , etc.) remove
point defects from the matrix. Point defect concentrations are determined by
the balance between their production (via irradiation or thermal emission)
and their removal (via different sinks or recombination).

We will concentrate here on the total rate at which various sinks remove

point defects. The quantity displayed in Figures (23) and (24) is given by:
Vacancy Removal Rate = Dva {4'rrNcRC + pd} (7)

where o4 is the total dislocation density.

The results of the present work show that the vacancy removal rate is
not a strong function of temperature or dose except for a transient at
~ 650 - 750°K and up to a few dpa. This transient occurs because of the rapid
buildup of vacancy loops in the first few hundredths of a dpa followed by rapid
vacancy emission which add vacancies to those already being produced by
irradiation. The time steps between the updating of defect concentrations
needs to be very small to detect the initial buildup and then the longer decay
of the defect concentrations.*

The slight decrease of this removal rate with temperature is due to the
dominance of the temperature dependence of the sink term in Equation (7) over
the vacancy flux (DVCV). The increase of the removal rate with increasing dose
is due to growth of voids and loops with irradiation dose. This feature is
seen more clearly at high temperatures in Fig. (24).

Total interstitial sink removal rate is given by:

*In Figures (23-26), (51-52) and (74-76) the dose axis starts at ~0.5 dpa to
remove the artificial peaks due to the integration process.
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. _ 2
Interstitial Removal Rate = Dici {41TNCRC + Zipd} . (8)

The behavior of the interstitial sink removal rate is similar to that of
the vacancies, the only difference being the thermal vacancy population. See
Fig. 25 and 26.

It will be shown Tater (Figures (37) and (38)) that void equivalent
sink strength (4ﬂNCRC) is about 2 orders of magnitude Tower than the dis-
Tocation sink strength (ijd) and, therefore, anything that influences the
number and size of dislocation Toops (i.e. € or nucleation agents) will
greatly effect the vacancy and interstitial sink strengths.

iii. Point Defects Recombination Rate

The recombination rate for point defects, as shown in Figures (27) and
(28) reveal the following behavior: There is a sharp recombination rate
transient at Tow temperature and this transient is less pronounced at high

temperatures. Quantitatively, this behavior is described in Table 2.

Table 2

Effectiveness of Recombination as a Means of Removing Point Defects

% Point Defect Removal
Temperature °C by Recombination

0 dpa 2.5 dpa 40 dpa
400 50 2 ;0
700 40 30 8
The fraction of defects removed by recombination is about equal to that
of the total sink removal rate at the start of the irradiation, but it

drops rapidly after that at low temperatures. Basically, the introduction



43

| “10°0 SL AdusLoL}4d 9pedSed ay3l pue 23s/ed
10 uoL ww:mpm; wmom wch. *19931S SSaule)s IS pajeLpeddl uoL J40} m;:pm;maamp\ucw mWw%
_uoLjdouny e se (°29s/°3e/°3e) 93@J [RAOWRJ JULS |BLILISABJUL JO j01d |euoLsuauip-¢ (Gz) B4

0°0€ =H13H! 0°021=1Hd
0°=8d3)°8°6 40 CB¥¥l NOI




“10°0 SL AdusLoL}}d opeased o ue
uwwmwgv m-o_ SL 9]eJd 9SOp SYJ| °|992S SSI|ULLIS |G PIIRLPLUUAL UOL 40} m;:pm;wasmw w:m
SOp 0 uoLjouny e se (-09Ss/°3e/°3R) 93BA [RAOWSA JULS [PLILISAd3UL 4O 30|d J4nojuo) (9z) -bi4

. .

(M)dW3L

*(0Ss01 *0001 * 056 * 006 * 088 * 008 *05L *00L * 059
B 5 e e T N L B B L L LB L B T 7
| a % 2 2332232933 % -0
\ J
—Q1
- | -
< _
i o
&
--02 &
1 o
=
. D
—i- Q€
o P -0

(SE/4)318Y YNIS-I




45

[Ne) < [\ o -t
\\\\\\\\\‘\\\\\\\\\\

N
DO

Q

Q
SN

0
XN
el

A o“o”'m )
RRRRRRATR
0‘:’0’0‘0’ SOOOANNE
RN
RGN
SRR
KRR
SRR

’ '

SO

The

0.01)
20.0

-45.0 THETA

IBN IRRAD SS(EPS

PHI
Fig. (27) 3-dimensional plot of point defect recombination rate (at./at./sec.) as a

function of dose_and temperature for ion irradiated ST stainless steel.

dose rate is 10-3 dpa/sec and the cascade efficiency is 0.01.




46

"10°0 st Adusioy
"19931s ssajulels |g pa
B se (°08s/°3p/*30

449 9pedsed syy pue 29s/edp e-0L St 93ed asop ayj
IeLpedul uoL Joy sungedsdusy pue 9S0p }O uoLjouny
) 93e4 uoLzeuLquodau 10943p 3jutod jo 30(d unojuoy (82) *bB14

*0sSe * 006

(%)dW3al

0S8

‘008 ‘08 *00L ‘0SS

*0S0!1 *0007
T T T T 7T

LI N I A B B s ey |

.
LI DR

LI L I e e o B ‘01-

£0-523°

So-pot.

ro-08L*
r0-009°

r0-092°*

—°01

—4'02

(54013800

-1'0¢€

-0

3168 N

08§

dILENISWHA23Y




47

of a high density of vacancy loops makes it more Tikely that vacancies and
interstitials will find the Toops before they find each other. At higher
temperatures the drop off in recombination rate with dose also occurs, but it is
much less pronounced. This behavior is due to the Tower loop line density at
the higher temperatures and the higher mobility of the defects.

d. Microstructural Information:

i. Vacancy Loop Line Dislocation Density

The production rates of vacancy loop number density and vacancy fraction
in vacancy loops are constant with irradiation (K] and KZ) while the decay rates
(A1 and Az) are acutely temperature dependent. Once vacancy loops are born,
they tend always to shrink because of the preferential attraction of interstitials
and vacancy emission (evaporation of vacancies from their surfaces). Vacancy
emission is also very sensitive to temperature as was pointed out in the section
on rate processes (Figure 17). The net result is that the vacancy loop line
density is only important at low temperatures (Figures 29 and 30). Another
important point is that it takes a long irradiation time for the vacancy dis-
location density to saturate at Tow temperatures while it saturates quickly
at high temperatures due to increased shrinkage rates.

The vacancy loop number density is shown in Figures (31) and (32) as a
function of dose and temperature (note the log scale). The rapid dropoff in
vacancy number density with temperature and the rapid saturation with dose is
understandable from our previous discussion.

ii. Interstitial Loop Dislocation Density

The temperature dependence of interstitial loop line density is

essentially exponential due to the previously chosen nucleation condition
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for the number density. Interstitial loops always grow by either receiving

an excess flux of interstitials (biased growth) or by thermally emitting
vacancies. They exhibit no shrinkage behavior (except at very high temperatures
due to abundance of thermal vacancies) because thermal emission of interstitials
has a diminishingly small rate due to the large interstitial formation energy.
As a consequence of the described physical behavior, interstitial loop dis-
Tocation density goes up with increasing dose. The behavior is illustrated in

Figures (33) and (34).
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iii. Total Dislocation Density

The total dislocation density (Figures 35 and 36) is the algebraic sum of
three components: (1) Initial deformation produced dislocations (108 11nes/cm2
in this case), (2) vacancy loop line dislocation density (Figures 29 and 30),
and (3) interstitial loop line dislocation density (Figures 33 and 34).

A comparison of Figures (29) and (35) shows that the major contribution to the
total dislocation density is from vacancy loops. Obviously, it is extremely

important as to what value of e is used for the growth calculation.

iiii. Effective Void Sink Strength (4WRCNC)

This quantity is of special importance in the analysis of metal swelling
under irradiation:

(1) It represents the total non-biased sink through which vacancies and
interstitials are lost.

(2) It competes with biased surfaces in the matrix (mainly dislocations)
to remove point defects.

If this quantity is large compared to the total dislocation density,
the swelling rate will be small. This is intuitively understandable since
"almost" equal numbers of point defects are dumped into voids and the effect
of bias is small. From Figures (37) and (38) one can see that the void equiv-
alent sink is not a sharp function of temperature. If one compares Figures
(35) and (37) it is clear that at low temperatures total dislocation line
density is 2 orders of magnitude greater than void equivalent sink causing
a high growth rate. However, at high temperatures, the dislocation density drops

much faster than void equivalent sink.
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2. Accelerator Conditions With Low Cascade Production Efficiency
3

(¢ = 0.001 and P = 107" dpa/sec).

Reducing the cascade collapse efficiency Teads to releasing more free
vacancies. As a consequence, void swelling is enhanced. Figures (39) and (40)
for the mean void radius as a function of dose and temperature show that the
general behavior is the same as in the previous case (Figures (12) and (13)),

but the mean void radius is large for € = 0.001.
The swelling behavior is the same as before as a function of temperature

and dose. However, there is an enhancement of swelling with an increase
of about 15% at the peak over the € = 0.01 value as shown in Figures (41) and
(42).

In Figures (43) and (44) interstitial lToop dislocation density is shown
to be larger than the e = 0.01 case (Fig. (33) and (34)). This is expected
because interstitial loops receive the flux of interstitials, which would
have normally gone to the vacancy loops. For the same reason, there are now
more vacancies in the matrix and these cause more swelling.

Although we have reduced the cascade collapse efficiency by only an
order of magnitude, the vacancy loop line density is found to go down by
a factor of ~ 30 as shown in Figures (45) and (46). Besides the reduction
in the vacancy loop generation rate, their chance of destruction is increased
with the presence of a higher interstitial flux in the matrix.

The total vacancy emission rate as shown in Figures (47) and (48) is
reduced by 10-20% from the value associated with ¢ = 0.01 displayed in Figures
(21) and (22). This slight reduction is due to a smaller number of vacancy
loops that thermally emit vacancies.

3. Accelerator Conditions With High Cascade Efficiency
3

(¢ = 0.044 and P = 10 ~ dpa/sec).

Comparison of Figures (49) and (50) with Figures (27) and (28) shows
that increasing the cascade collapse efficiency by a factor of 4.4 from the
reference case of ¢ = 0.01 reduces the recombination coefficient by about a

factor of 2-3. The use of a higher cascade efficiency tends to remove more
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defects from the matrix, thus lowering the vacancy concentration. The
increased absorption of vacnacies and interstitials by dislocation loops
(especially vacancy loops), as illustrated in Figures (51) and (52),
completely dominates the defect removal process and one can safely neglect

the recombination rates.



76

The mean void radius shown in Figures (53) and (54) and also the subsequent
swelling in Figures (55) and (56) are lower than the previously studied cases.
This is mainly due to the lower vacancy flux because of smaller Cv. Swelling
is inhibited roughly by a factor of 4-5 from the € = 0.01 case to a maximum
of ~ 12% at 40 dpa and 600°C.

Comparison of Figures (57) and (58) with Figures (29) and (30) readily
shows that the vacancy loop line dislocation density has increased at all
temperatures and doses by increasing e, but the temperature dependence is much
Tess pronounced. Evidently the increased loop production rate is more important
than the increased shrinkage rate.

The equivalent void sink (4nRCNC) is displayed in Figures (59) and (60).

It shows the same general characteristics as before but its absolute level is
reduced in this case by the presence of a large biased sink (mainly vacancy

loops).
ITI.C. Reactor Conditions

1. Reactor Conditions with Low Cascade Efficiency
1. (e = 0.001 and P = 107° dpa/sec).

Under reactor conditions a major item of concern is the vacancy thermal
emission rate because it is in the same order of magnitude as the vacancy
production by irradiation. This behavior is highly sensitive to temperature
and at high temperatures (above > 550°C) irradiation at 10'6 dpa s1 s
comparable to the thermal generation of vacancies.

In Figures (61) and (62) the mean void radius as a function of dose and
temperature is shown. One can readily see that voids have a much more difficult

time growing at high temperatures than when the displacement rate was 10'3 dpa s'].
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As a result, swelling as shown in Figures (63), (64) and (65) shows a sharp

drop in magnitude at high temperature. It is worthwhile to notice that no

gas generation was assumed in this particular set of calculations. The presence
of a Targe amount of gas atoms in voids would Tead to gas driven swelling

at high temperatures under reactor conditions.
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The equivalent void sink strength is compared to the total dislocation
density in Figures (66-69). Total dislocation density is about an order of

magnitude larger than void surface area per cm3

at low temperatures, then it
drops faster at high temperature. This is another factor in slowing down
void growth at high temperatures since point defects migrate more to the non-biased
sink (voids) than the biased sink (dislocations).

The total vacancy emission rate (at/at/sec) as shown in Figures (70) and
(71) is found to contribute largely to the vacancy population in the matrix.
It reaches the high value of . 40% of irradiation produced vacancies at a
temperature of 600%C. As demonstrated in all the previously studied cases, void
vacancy emission rate (Figures (72) and (73)) constitute the largest portion of
total vacancy emission rate. Almost all irradiation produced point defects get
absorbed by sinks (voids as well as dislocation loops), as in Figures (74) and
(75). Recombination is negligible in this particular case as shown in Figures

(76) and (77).

2. Reactor Conditions With High Cascade Efficiency

(e = 0.044 and P = 107° dpa/sec).

As established previously, swelling is reduced by increasing the cascade

1 (Figures 78 and 79). Comparing

efficiency and this is also true at 10'6 dpa s~
the swelling curves in Figures (78) and (79) with Figures (55) and (56) we

find a temperature shift for the peak swelling of about 50°¢. (Tmax is Tower

at the lower displacement rate). Another feature to be noticed is the

higher peak swelling value in a reactor condition compared to the corresponding
accelerator condition. These differences are attributed to the greater im-
portance of point defect mutual recombination under accelerator conditions due

to their higher concentrations.



92

0°S1 =HL13HL 0°SZ2Z=IHd
Z ONITI3MS

{
"0y . o\w@ 05%&

.D¢N®@D . oObL
"~
S s
<
o
=
[ -QN m
B c
=
. =
Sr o
- o
[~ ®)
~ =
g ¥
%
10z
~ 'S
010y

*100°0 St Adus1dl 445 BpeISEd Byl pue J3s/edp
9-0L SL ®3®d 3sop 8yl *[293S SSILULEIS S P3leLpeddl UOUINBU 40J BJNnedaduwdl ‘
pue 3sop- Jo uoLjouny e se AmEo\Eov uts qus|eaLnba pLoa jo 30(d leuotsusuLp-¢ (99) “6i4

o S : - 2 e B e g P




93

: *100°0 SL AouaLdoLjjd apedsed ayj pue 23s/edp 4.0l SL 97ed
9SOp 9yl °|993S SSOLULEIS |S PIIRLPBJLL UOUINSU U0} -Banjedaduwdl pue
9sop 4O uoLjduny e se AmEU\Euv julLs jusjearnbs pLoA jo 3o0ld 4nojuo) (/9) ‘64

(M)dW3L
‘006 *SL8 °"088 °828 008 *SLL *DSL  *S2L Q0L  *SLS .omwn
________..__.__________...__44____‘.____d..___-r___z_~____u
: $ g z g g -
V ¢ 2 3 ? ? .. dep
11403° .\ — ””.w” ]
ztevte
d-q
T .
uu.a-.m.oﬂ
«:cu.,ln.mﬁ
, - o
. Q
N?«N.I.I.ON %
_ J-9z 3
1oz ] =
] - 0¢
| —* 8¢
\N:S. -
PO A X A A A L % % b R =
:F F ¥ % : kY z : z : 3 -
gy

(2-%*x{3)06Y “AINB3 AQIBA




94

0°S1 =HI3HI 0°822=IHd
(100°=843)88 40 .oammm&z
. m%nmhmmwu
MWQOQ Mwﬂl'ﬂom.oo.omr
(4d0) S SiiSS oot
07 > =TSRSS SONNS TN ,
onmmmmmmmmmmmmnmmnwwwwwa%f ,
I SSNNNAASAN ,
AN A‘mmzzmm—, L. =
\ L 73
. w o
()
14‘&.2" mm
- =
B 2
X
.
ﬁﬁrﬁ/rﬁﬁz 4 HVQ Ix

*100°0 st AdusLoLiyd apeosed ay3 pue 28s/edp

dws3 pue
L 93eJd @sop @ "1991S ssajulels S pajelpeJddl UOUINBU JO4 duNIeud .
m-owmwv %w co_uum:m:w mm_ﬁmEU\EUv A3Lsusp uoL3ed0|sip |e303 4o 30[d leuolsuaulp-¢ (89) *6L4.

b,

———



95

9

*L00°0 St AousLoLjss apedsed syz pue 23s/edp
-0l St 3jed 3sop 3yl -|29]s SSDULLIS |S PIJRLPRAAL UOJINBU 404 Sdneuadusy pue
9S0p fo uolgouny e se mmEu\Euv A31susp uoljedo|sip |e303 40 30|d unojuo) (g9) °HL4

(M)dW3L

"006 °SL8 °0S8  *S28 008 *SLL  *08L "SZL ‘00L *SL8 ‘O

9:-

LINLUR I N I I N A I 0 O o

—— * o =
s
gle0gt*
g1eaLi®
£1+002"
g1eazz o
§1+007° —
s1+aL3" -
§14008°
g1egzgr |
sle0ae®
slesLs’ |
1+00r° —
/ -
. . sieszys
. 1 814099 __|

«260+12

-500+12

+7650+12

+100+13

-100+13
1

144

- - . . . 4 4 4 s s ses e s N

n o ~3 ” - [l el B M WS S T Y S

o o o o R SNONSI’D./UPJWWMWWVJ% -
m w m w * w0m¢m90000*§0

”- " - B hh e e b Gs bl h e ek s ptpes

~ N ~N “w 0 W W W W W DWIWUWRND -

*01

*0¢

"0€

‘0¥

(S-*x]J)SN3Q T8I0 THlel

*0S§

(6dd3y3saed




96

0°0€ =U1l3Hl 0°0E€ =IHd
(100°=84318S 48 *0BY¥I N

*100°0 SI AdualdL44d 8pedsed ayjz pue d23s/edp 4.0l St
91ed 9SOp 9yl *[833S SSd|ULRIS |S PIJPLPRAAL UOUINBU U0} dunjedadusy] pue mmon 40
uotiouny e se (2as/ie/3e) 93B4 UOLSSLWS [BlWJdy3 AouedeA [e303 40 301d |euoLsuswLp-¢ (oL) 614




97

934 9s0p 3y

“100°0 Sl AdUs1d144a opedsed ayj pue 99s/edp 9-0L SL

"[993S ssa[uie}s [S pajeLpeddl UOUINBU U0} dJNjedadwel pue 3sop 4O

- uoLidounjy e se (99s/3e/3e) 934 UOLSSLWS |BWABYF AJURORA 2303 JO 30|d 4NOIUO) (L) -6L4
(M)IdW3L
*SL8

*006
i

Wm|wmu.

- FN.

80-008*

90-92¢"° -

A -

BlobRaR NG S & o~ o o 0
ANOVIT N O M Q «a (=] on -
ooV TOoO T o vt o Q Q o
Tt 1 0Ly oy ot 1 [) ] 1 [}
oD O 00O O (=3 Q o (=]
PRRRAEDBOD® R B o -~ -3 o~

«226~08
#200-08
«175-08
«150-08
«125-08

LML DL T N O O Ot

«100-08
«750-07
«600-07
«250~07

(S/4/41318Y SIWI " 101

"058 °S28 008 *SLL  *0SL *8ZL "00L °8LS .omﬂﬁl
I

‘01

4

*0€E

‘0¥

08§

(6dd)3s8d

o



98

0°0€ =HL3HL 0°0€ =1IHd
(100*=843)8S 40 *QHYYI N

o \.v\
S N
. 008
‘ .Om@

oQV | m
—
(o
" <
N, m:
N/ —
N —
L w

/O
S
/ l
S,
N, D
rﬂ&) W
SAV IR
[ %

*l00°0 st AdusLoLtys speoses ayj pue 23s/edp 9-0l st
93Rd 3SOp 8Yy| * 893S sSa|ulels |S P9lelpeddl UO4INBU 404 3unjeuadwsl pue 3sop Jo
uotiouns e se Aomm\pm\pmv 938Jd UOLSSLW® |ewudy3 AduedeA pLoA 4o 30|d Leuolsusuwip-g (

2L) "BLd




) *100°0 SL AouaLdLj4o 9peISed dy3 pue 23s/edp 9-0L st
dled 9sSOp |yl °[933S SSI|ULLYS IS PIIRLPEUAL UOUNBU U0} dJ4njeJadwal pue 3sOp 40
uolgouni e se (29s/3e/3e) 93eJd UOLSSLWA |ewdayj AouedeA pLOA 40 30|d Jnojuo) (e£) 614

99

(MIdH3L
‘006 *8.L8 088 *628 008 *SLL  *08L *S82L Q0L *GLS .Dm&
____ﬂ____«__—__._.m_.________—q__________—___-___ ﬁl
mmummww”..‘.x.....nn 2 & 40
80-~aLz* T
90-008" l“
—-*01
] o
. )
~oz 2
, I =
. 2
] D
/ —'0¢
hefakeiohs b Mv Y & 2 —1'0v
' 08§
(8S/8/81318Y *SIW3-A QIQA




100

WA

QOOA
Sl
'of’}"‘o‘o’o”o’o

A

o -
X
P O
o
e
.09,,
o M~
, T
LSCASY (N A By A A N By B Y i G e
© O [7s] Q [ 2a] o
o Y I v ? =
;N — — -~

(S/8/8)31HY MNIS-I

The dose

(at/at/sec) as a function

iniess steei.

15.0

225.0 THETA

N IRRAD BF SS(.001)
PHI
rate is 1076 dpa/sec and the cascade efficiency is 0.007.

3-dimensionai piot of interstitiai sink removai rate
of dose and temperature for neutron irradiated ST sta

Fig. (74)




"100°0 st AduaLdL}jo opedsed ayj pue 23s/edp g-Ql SL @led
9SOp 8yl *1933S SSalULle]IS S P3jeLpeddl UOAINBU U0} danjedadilsl pue asop
40 uoLlduny e se (23s/3e/3e) 93ed [RAOWSL NUlS [RLILISUdIUL jo Fo0id anojuo)d (G/) 6L

101

. ¢
{M)JU3L
‘006 *SL8 088 *S28 008 *SLL t0SL *S2L *00L °SLS ° 0SS
I I I O 1 D S N A T O O S O O O B B O
A T
T —— " -0
||\\.I|\\ mwum“n 1
30-01*
80-01 90-01* |
—'01
s0-01° g
{0z @
- o
2 .
- o]
—*0€&
—'0%

(S/4/H)318Y MUNIS-I




102

._oo.Om_au:mwo_mmmmnwummum:pncmummman-_mP
91BJd 9SOP Syl 19935 SSBLULR]S 1S pajeLpeddl UOAINBU U404 m;:pm;oahmp Ummommov
40 uoL3duny e se (98s/3e/qe) 9led UOLIRULGUODIDU 10948p 3utod Jo 30]1d |euoLsuswLp-¢ (9z) *br4

0°0€ =H13HL 0°0€ =IHd
(100°)SS 40 OQBY¥dI N

(S/"/89)318Y "WB33y 907




*100°0 sl AousloLjio apedssed ayz pue 23s/edp 9-0l sL ®led
9S0P 8yl *1993s sSsajulels |S pajelpeddl UOUINBU 40} Suhjedadilisy pue ssop
40 UoL3duny e se (93Ss/3e/1e) 91BJ UOLIRULQUWOIDJ 29843p 3ulod jo 201d Jnojuo) (£7) *B14

{(MIdW3l
*006 °6.L8 '088 °828 ‘008 ‘SLL *08L °*S2L °00L °SL9 ‘0S89
T rrT T T T UrTd Py vrrriprid _‘— LI LI 11 — FET
3 P% 3 3 3 s 3353 g
oo H
so- |
M, oe- 8ot~ J
_“ —°01
ﬁ ot~ T
e 7 o
2 40z 2
E TN m.Ua
2
se - D .
—°0¢
\Q-w-l ||._nOAv
IR T A S A

(S/4/41314y *UOJ3Y 901




i04

0*S1 =H13HI 0°822=1Hd
(Y#0°=d3)88 40 Qy¥yI N

(
Ll %ﬁﬁ@%mm

0Q
(9.d0)35 0 95% oL
92 I ——F
QQN “‘I\A ”
cQ N a\!\\(\( ”.m
/ﬁmﬂﬂ 8&\\\\ X

B

)\ “...
Jza’, oy
..i'.'::
A_M'r

L
Z ONIT13MS

//1137 ‘7 ~
4
Q

‘mN

.Qm

T TT T T T T T T T 7 177777

"$$0°0 SL AdusLoLi4s speosed

8Y3 pue 33s/edp ¢.0| S a3ed asop ay|
8dnjedadwsl”pue asop 4o uoLzouny e

"19331s ssajulels [S pajelpeddl uougnasu 404
se buL||sMs jusduad Jo 101d |euoLrsuawLp-¢ (82) B4




A b i

. *p#0°0 SL AJU9LDOL4}S SpeIsSed ayz pue
295 /edp g-0L SL 93BJd 8SOp 8yl °[99]S SSO|ULLIS |S POIBLPRAAL UOJINAU 404
aJdnjedadwal pue 3sop 40 uoLjouny e se bBuL||ams Jusduad 1o 30[d unojuo) (6£) °bL4

*0
1

08
T

(AIdW3L

*SLL *0SL

*SZL *00L *SLS

‘v

105

‘ot

*3t

°rt

*91
*8t
*02
vZ3

“¥3
*92
*83

*08

*3e

*2e

LI

I N N N N B O A I |

NENENENEEEER RN AR NE RN NN RN SRR REENINNEY

Z ONIT13M8

*01

"Gl

*0¢

*8¢

*0€

*GE

‘oY

*S¥

(Bdd)3sed




106

The void vacancy thermal emission rate is shown in Figures (80) and (81)
while the total vacancy thermal emission rate is shown in Figures (82) and (83).
Again, it should be noticed that the void vacancy thermal emission is over 2/3
of the total emission rate. The total thermal vacancy emission rate is also
considerable (30-40% of irradiation point.defect production rate, at high temper-
atures and high doses). At even higher temperatures, the voids will be emitting
more vacancies than produced and hence would shrink signifying the upper temperature

Timit on void swelling.
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IV. Fixed Microstructure Calculations

The previous analysis has considered the details of point defect source
and sink variations as a function of time and temperature. In this section
we will study the displacement rate effects on swelling with a fixed
microstructure that does not change as a function of temperature and
irradiation time. The parameters used in these calculations are those of
Brailsford and BuHough.(1 )

Figure (84) shows point defect average concentrations as a function
of temperature for different dose rates. As the temperature is increased,
vacancy mobility increases and more vacancies are absorbed by present sinks.
This causes a drop in vacancy concentration with temperature. Interstitial
concentration, on the other hand, shows an increase as a function of temperature.
This behavior is due to the dominance of recombination at lower temperatures
which couples point defect concentrations. Thus, when vacancies disappear
from the matrix, interstitials find a better chance to survive. At higher
temperatures, recombination is unimportant as depicted in figures (85) and
(86); and point defect concentrations vary independently as a function of
time: vacancy concentration decreases due to a higher mobility and interstitial
concentration saturates because of an almost constant mobility.

At even higher temperatures, the vacancy concentration becomes the
thermal equilibrium value and the interstitial concentration becomes constant
as a function of temperature. It is apparent that for smaller dpa rates the
vacancy concentration approaches the thermal equilibrium value at a lower
temperature giving rise to a precipitous decrease in swelling as shown in

figure (87).
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Figures (85) and (86) show that at low temperatures, point defects
recombine faster than their removal by existing sinks. At higher temperatures,
vacnacies are more mobile which give rise to a higher removal rate by sinks
and a lower recombination rate. At even higher'temperatures, the contribution
of thermally emitted vacancies from the microstructure becomes appreciable.

It is important to notice that as the point defect production rate goes up,
the temperature range over which recombination rate dominantes becomes iarger.

Eigure (87) shows the relative swelling under neutron and ion irradiations
for a fixed microstructure. The Brailsford and Bu]]ough( 1) model with a void
surface energy of 0 ergs/cm2 predicts a peak temperature shift of 190°C
for 316 SS. The computer code TRANSWELL was used to calculate relative
swelling for the same conditions of a fixed microstructure with a surface
energy of 1000 ergs/cmz. It predicts a peak temperature shift of 140°C and shows

the sensitivity of the calculations to changes in the surface energy.
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V. Conciusions

A fully dynamic rate theory approach has been utiiized to anaiyze in
detaii the dynamics of point defects as weii as voids, interstitiail and
vacancy ioops. The foliowing major features emerge from this study:

1. The vacancy concentration exhibits a peak vaiue at intermediate
temperatures due to the competition between a drop in sink density and a
vacancy mobiiity increase with temperature. This behavior has an appreciabie effect
on void nucieation rates caicuiated at intermediate temperatures since they
are sensitive to vacancy supersaturation ratios.

2. The fraction of vacancies retained in vacancy ioops has a great
infiuence on void growth kinetics. However, this fraction is very sensitive
to temperature and decreases sharpiy as the temperature increases.

3. Free point defect recombination rates are negiigibie compared to
sink removal rates for neutron or ion irradiated metais at iow temperature.
Recombination of point defects becomes more dominant at vacancy loops. At
high temperatures, the metal matrix becomes "cieaner" of sinks and free
recombination between point defects is effective in point defect dynamics.

4. Vacancy thermai emission from existing microstructure can be
negiected compared to point defect production rates for high dose rates
(’|O_3 dpa/sec), but it is very important for iow dose rates (10'6 dpa/s).

°. For ion or neutron irradiation vacancy ioop iine density is around
2 orders of magnitude higher than interstitiai ioop 1ine density for
temperatures approximateiy beiow the sweiling peak. Therefore, it is a
dominant sink of point defects that shouid be taken into consideration.

6. There exists a temperature and microstructure dependent free
growth void radius. This is defined as the minimum radius at which a

void can grow without the assistance of internai gas pressure. For
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simpiicity, we have taken a 10 R void radius to be the criticai size at
400 °C, determined the free growth void radius at the highest temperature,
and lineariy interpoiated in between.

7. Tabie (2) shows a comparison between different theoretical modeis
and experimentai findings for the peak temperature shift in reactor and
acceierator conditions. One can immediateiy see that:

(a) A fixed microstructure theoreticai modei is probabiy a crude
approximation to metal sweiiing under irradiation and does not predict the
correct shift for the peak temperature.

(b) A dynamic microstructure modei that considers dose rate independent
nucieation conditions predicts oniy 50°C for the peak temperature shift.

We conclude that dose rate affects nucieation as much as it infiuences
growth and it is responsibie for the rest of the temperature shift.

8. There is a deiicate baiance in a metai's matrix between the vacancy
fiux (DVCV) and the interstitiai fiux (Dici)' For void growth under irradiation
DVCV is greater than Dici' The formation of vacancy ioops infiuences this
bafance by reducing the free vacancy fiux and for high coiiapse efficiencies
the vacancy fiux can be less than the interstitial fiux. Shouid more
interstitiais than vacancies go to voids, void growth is inhibited and
voids shrink instead of grow. Figure (88) expiains this behavior and shows
that for coiiision cascade efficiencies greater than 5% to 7.5%, void
sweiiing is inhibited for steel over a wide range of dose rates and
temperatures. This casts some 1ight on metais of high coiiision cascade
efficiencies (Au, Ti and Zr) and expiains why they do not form voids and
form vacancy ioops instead. Aiioying metais to increase the coiiision
cascade efficiency can be a very useful potentiai to reduce or inhibit

sweiiing of metais under irradiation.
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EFFECT OF CASCADE COLLAPSE
EFFICIENCY ON VOID SWELLING IN 3I6 SS.

10-3-  VOID SWELLING

0-4|—

|0—5 [

PT. DEFECT PRODUCTION RATE (P), at./at.

10—6 | | I
0.0 2 4 6 8 10 12

e IRRADIATION ION & n IRRADIATION
Figure (88) CASCADE COLLAPSE EFFICIENCY (€),%
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