
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  

 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 

   

 

Downloaded from orbit.dtu.dk on: Dec 20, 2017

A computer simulation of the low temperature neutron irradiation, high temperature
annealing mode of void formation in molybdenum

Forskningscenter Risø, Roskilde

Publication date:
1974

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Evans, J. H. (1974). A computer simulation of the low temperature neutron irradiation, high temperature
annealing mode of void formation in molybdenum.  (Risø-M; No. 1706).

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Online Research Database In Technology

https://core.ac.uk/display/13793031?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://orbit.dtu.dk/en/publications/a-computer-simulation-of-the-low-temperature-neutron-irradiation-high-temperature-annealing-mode-of-void-formation-in-molybdenum(9e063a52-b7a8-4789-aa92-24cd14237c3f).html


A.E. K.Risø Risø-M-QiL 
Title and author(s) 

A Computer Simulation of the Low Tempera ture Neutron 

Irradiat ion, High Temperature Annealing Mode of Void 

Format ion in Molybdenum 

by 

J . HL Evans K ) 

j»9*s + tables -f- tliustratrons 

Date 
April I 974 

DeDartment or group 

M e t a l l u r g y 

Group's own registration 
number(s) 

Abstract 

A computer model has been developed to simulate the 

p rocesses leading to void growth during the pos t - i r rad i ­

ation annealing of low-temperature neutron i rradiated 

molybdenum. The resul ts appear to confirm that the 

mode? of void formation previously proposed could lead 

to the experimentally determined high efficiency of 

vacancy retention and give swelling ra tes one or two 

o r d e r s grea te r than that possible in high temperature 

void formation. Some of the important pa ramete r s a r e 

identified and discussed. There appeared to be no reason 

why the irradiation/annealing mode of void formation 

should not apply to metals other than molybdenum. 

« ) Permanent address : Metallurgy Division, A. E, R. E . , 

Harwell , England 

Available on request from the Library of the Danish 
Atomic Energy Commission (Atomenergikommissionens 
Bibliotek), Rise, Roskilde, Denmark, 
Telephone; (03) 35 51 01, est. 334, telex: 5072. 

Copies to 

Library (100) 

A. R. Mackintosh 

N.W. Holm 

C F . Jacobsen 

F . Juul 

Metallurgy (50) 

Abstract to 



1. Introduction 

During an investigation in 1912 of the substructure of molybdenum neu-
o 19 2 

tron irradiated at SO C to a dose of 5 x 10 a /cm and subsequently an­

nealed to 900 C ( it was found by using electron microscopy that in certain 

circumstances voids could be formed '. The fact that in a ten year history 

of similar experiments toids bad not previously been seen made the result 

a surprising one. The authors suggested that only in certain cases in­

volving the presence of gas atoms could voids nucleate; the unpredictability 

of their own results - s o n e specimens producing no voids - emphasised 
2) this point. In a subsequent note the present author ' concentrated on the 

swelling produced by the voids and came to the unexpected conclusion that 

the efficiency of the void formation (in terms of the ratio of vacancies re­

tained in voids to the number created in the irradiation) was some fifty 

times larger than even tl e maximum possible in the high temperature 

'preference* mechanism )f void formation. It was therefore necessary to 

put forward a different mechanism. This postulated that during the low 

temperature irradiation the vacancies in the displacement cascades either 

collapsed as vacancy loot s or, if the nucleation conditions were right, as 

voids while a considerable fraction of the interstitials were essentially re­

moved from the system b;1 being trapped at interstitial loops. On annealing 

it was suggested that the vacancy loops shrank by thermal evaporation and 

fed vacancies into the voles thus enabling the voids to grow. 

The model was based to a considerable extent on the results of a posi­

tron annihl'ation study ' of the processes taking place during the post i r ­

radiation annealing of molybdenum which, as in the microscopy work, had 

been neutron Irradiated at >0°C. 

Although further experimental studies have been Initiated, particu­

larly to clarify the nucleation mechanism, it was felt that something could 

be gained by carrying out a computer simulation of the neutron irradiation 

and post-irradiation annealing processes on the basis of the proposed void 

growth mechanism. In this way it was hoped to identify the important 

parameters and check whether the model could give results of the same 

order as those obtained experimentally ' where a void swelling of 0.36% 

indicated a value of 14% for the efficiency of vacancy retention. 

The outline of the model i s given in more detail in section 2, the results 

in section 3 while aspects of both are considered in the discussion section. 



2. Computer Model 

The model of the irradiation and annealing processes can be split into 
five main sections as follows, the first two for the irradiation and the re ­
maining three for the annealing. 

(1) The distribution of defects in the collision cascade. 

(ii) The migration and trapping or annihilation of the mobile interstitial« 
produced in the cascade event. 

(tii) The migration of vacancies at the start of the post-irradiation annealing 
and their distribution to sinks in the system. 

(iv) The thermal evaporation of vacancies from vacancy loops during an­
nealing and their distribution to sinks in the system, i. e. voids and 
loops. 

(v) The coalescence of interstitial loops by glide and climb processes. 

These five main stages are indicated in the overall simplified flow 
diagram in figure 1 and we shall discass each of them in turn. Some 
smaller considerations are discussed in section (vi). 

(i) The complexity of the collision cascade is self-evident and it is necess­

ary at this stage to introduce fairly severe approximations. The overall 

picture of an average cascade i s one in which a central spherical vacancy-

rich zone i s surrounded by a shell of interstitiala while single interstitial* 

and vacancies are also created away from this 'spike' region. We have 

chosen to represent the initial stage of cascade formation as one (see inset) 

in which the central core contains 250 
vacancies surrounded by 250 inter-
stitlals while an additional 250 vacancies 
and interstitials are created rradomly 
in the lattice. In the second stage of 
cascade formation the mobile inter-
stittals must cause considerable re­
combination within the cascade; this 
was taken into account by assuming 
that half the interstitials migrate in­

wards and half outwards. The overall result can be seen in the inset with 
a core of 125 vacancies in the cascade and 250 vacancies and 375 intereititiale 
in the lattice. In the final stage of the collision cascade we consider what 

C 

v 

250? 

2501 

J 
2507 

3751 

happens to the core of vacancies. Although for irradiations below stage 3 

(0.15 Tm) the vacancies are immobile it i s thought that there is easily suf­

ficient thermal energy in the cascade region for the vacancies there to 

migrate and collapse either to vacancy loops or, if aucleation conditions 

aUow, to voids. 

In order to study the effect of different amounts of void nucleation an 

adjustable parameter was included to control the fraction of cascades col-

lopsing as voids. 

(ii) The next event in the irradiation sequence was the migration of the free 

interstitials to the sinks in the system, i. e. to the voids or vacancy loops 

created in the cascades and to the free immobile vacancies, where the 

interstitials are annihilated, and to other sinks where the interstitials are 

trapped. Initially in the real case these latter sinks are impurity atoms 

which then by the acquisition of interstitials become interstitial loops. In 

the program we start with a given adjustable concentration of interstitial 

loops of one Burgers vector radius. 

The fraction of interstitials going to each of the sinks was determined 

by the cross-section (see (vi)) of the sink. Clearly the sum of cross - sec ­

tions for the voids, vacancy loops and vacancies could be termed the an­

nihilation cross-section while the total cross-section of the interstitial 

loops could be called the trapping cross-section. The value of these indi­

vidual cross-sections (determined by the number of defects each contained) 

was continuously calculated by the computer as each sink component lost 

or gained a defect. 

As shown in figure 1 the irradiation consisted of a repetition of (i) and 

(ii), one cascade per million atoms being put in on each cycle. During the 

irradiation therefore, as successive cascades were created an array of 

voids and vacancy loops was built up together with a population of free 

vacancies. Although these voids/loops and vacancies are continually 

eroded by the interstitials - for example the voids/loops formed early in 

the irradiation will eventually shrink completely by this process - provided 

interstitials continue to be trapped or interstitial loops then the overall 

number of vacancies must continually increase during the irradiation. 

Because of the trapping of Interstitial« the concentration of interstitial loop 

nuclei becomes an extremely important parameter in the model. 

(iii) The migration of free vacancies will not occur during the irradiation 

provided the temperature is sufficiently low. However on annealing there 

i i fairly substantial evidence that the vacancies in molybdenum migrate in 
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the so-called stage 3 region occurring at around 2O0°C. The simulation of 

this is exactly along the lines of the interstitial migration during irradiation, 

that is the vacancies are distributed to the various sinks in the system ac­

cording to their cross-section, either adding to the voids and vacancy loops 

or shrinking the interstitial loops. 

The possibility that voids could nucleate at this point, by the capture of 

vacancies or gas atoms, i s discussed in section (4). It was simple to in­

clude this in the program. 

(iv) An important part of the model of void growth during annealing i s the 

fact that vacancy loops will shrink by thermal evaporation of vacancies and 

thus cause vacancies to be transferred to the voids. The basic equation for 

vacancy loop shrinkage i s 

2 
£ « ADoexp<-Q/kT)[JL - e x p f ^ , , ) ] (I) 

Where A i s a geometrical factor equal to (2L|) where a is the lattice 

parameter; Do, Q, k and T have their usual meanings; Co i s the equilib­

rium vacancy concentration appropriate to temperature T; c i s the actual 

vacancy concentration; T i s the line tension of the loop, b its Burgers 

vector and r its radius. 

The second term represents the evaporation of vacancies while the 

c/co term represents the condensation of vacancies onto the loop. To 

overcome the difficulties in calculating the actual value of c the following 

procedure was used: first, by considering only the evaporation term in 

equation (I), (dr/dt) was calculated for each vacancy loop in the system 

and the total number of vacancies released to the lattice computed. The 

condensation of these vacancies was then carried out by distributing them 

to the sinks in the system according to the cross-section of each sink. In 

this way some vacancies returned to the vacancy loops (in accordance with 

the c/co term) while others were acquired by voids or annihilated at 

interstitial loops. As expected from the 1 / r term in the exponential the 

small vacancy loops shrank faster than the large ones and in fact the larger 

loop* grew until the temperature increased sufficiently for the evaporation/ 

shrinkage term to dominate. All the vacancy loops eventually shrank and 

released their vacancies to the system where they either fed the voids 

present or were annihilated at the interstitial loops. 

- S -

(v) There are many experiments demonstrating that the annealing of i r ­

radiated structures causes a rearrangement of the dislocation structures, 

a considerable coarsening taking place as the annealing temperature i s 

raised in the range - 400 to 700°C4*5 > . From the interstitial loop point 

of view there are two mechanisms involved; firstly tue loops can coalesce 

by glide processes, or secondly they can climb by the short circuit diffusion 

of vacancies around the loop periphery. The mechanisms have been dis ­

cussed in detail by, for example. Eyre and Matter ' and by Brinhall and 

MasteU5) . 

The importance of coalescence in the present model l ies in the fact 

that for a given number of interstitials in the system their effectiveness as 

sinks for vacancies is a maximum when they are distributed in the form of 

many small loops rather than a few large ones. Conversely then, when 

coalescence takes place their sink cross-section drops and the net effect 

i s that the vacancies released from vacancy loops have a far greater chance 

of ultimately being trapped at voids rather than being annihilated at inter­

stitial loops. 

The main problem, however, is how to take the coalescence into account 

in an adequate fashion since the real situation with its variety of loop s izes 

and orientations i s a highly complex one. We have used an approach based 

on that developed by Eyre and Matter '. They demonstrated that their 

experimental results on the annealing of loops in molybdenum were consistent 

with their treatment of the glide and climb mechanisms. The centre of their 

approach i s the derivation of two critical spacing values for glide and climb 

respectively which are then combined to define a critical volume. If the 

average volume per loop i s l e s s than the critical volume (i. e. the loop 

density i s larger than the critical loop density • 1 /critical volume) then 

coalescence takes place so as to increase the volume of crystal available 

to each loop, i. e. to increase the interloop spacing. 

The derived value for the critical volume Vc i s given by the expression 

Vc • 2 s s i n »2° K g - R e 2 

where Rg and Re, the critical spacings for glide and climb respectively 

are given by 

„„2 „2 1/4 

*«• n.«Hh) • k1 

Rc ' I 5 ItTtvT ' *' °5 3CT « * - V k T > •3 ]1 
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where p - bulk shear modulus. 1.23 • 1 0 1 2 d ines /cm 2 ; b • Barters vector; 
2 . t« A; t - annealing time; a • lattice parameter, J.MS A ; » 0 • frequency 
factor. 10 ; r - loop radius; Q^ • activation energy for pipe diffusion, 
t . K e V ; s g • tensile yield s tress . j . ! 0 7 dynes/cm2; v - Poissons ratio. 
• . 3 * 5 . 

These values lead to the following expression for Vc 

Vc - 1.15 • lO 1 0 {exp(- 2.0 104/T> • t / T j 2 / 5 • r 0 9 (A)3 

and we have used this equation in the computer model. The main charac­
teristic of the equation ia that Vc increases with temperature and aimiraMnt 
tone so that during an isochronal anneal where the specimen i s subject to 
linear heating a temperature will eventually be reached where, for a given 
interstitial loop density and loop radius, Vc will exceed the actual average 
volume per loop. Coalescence will then take place. In the program where 
all the interstitial loops are the same s i ze this i s carried out by lowering 
the loop density and increasing their radius so as to leave the total number 
of Merstitiala in the loops unchanged. 

(vi) We include here some smaller considerations. 

fa) Cross-sections. The importance of the sink cross-sections in the 

present model i s self-evident, the relative valne of the cross-section of 

•ny particular sink determining the fraction it will capture of those defects 

mobile at mat tune. The cross-section of the voids and loops (vacancy and 

interstitial) were taken as 4«. radios and 2s • radius respectively** '* while 

the single vacancies were assumed to be equtvllant to voids of diameter 

•anal to the Burgers vector. 

(b) Annealing. Starting at 300°C the temperature was increased by 
degree intervals, each temperature being held constant for a given tone. 
At each temperature the vacancy loop shrinkage was calculated and tte 
coalescence of interstitial loops considered. The program stopped when 

all the vacancy loops had shrunk though if required the -—•—"rg of the voids 
could also have been considered. 

(c) Irradiation Dose, m the model the doses are expressed in d is ­
placements per atom, 500 displacements per million atom •—<fg introduced 
on each cycle. For convenience however w« have converted a « m u l l s in 
section $ to neutrons/cm2 on the basis of 1 o " n /cm 2 being equal to 0. MS 
displacements per atom. 

3 . Results 

We first examine the retention of defects during the irradiation. The 

parameter of interest here i s the amount of interstitial loop nucleation which 

has been varied from 0.1 to 100 parts per million (p .p .nu) . The large 

effect of this parameter ia illustrated in figure 2 where the efficiency of 

defect retention ia plotted against dose. Since the efficiency i s the percent­

age of the created defects that are retained in the lattice it i s worm recalling 

that in the model considered. 25% of the created defect« are annihilated 

immediately s o that the theoretical maximum ia only 75% and not 100%. An 

alternative method of preseattng the data ia figure 2 is to plot the efficiency 

against interstitial loop concentration; we show this ia figure 3. In addition 
19 2 

the dotted line gives the efficiency for the 5 x 10 n/cm*' dose after stage 3 

annTa1"C i. e . after the free vacancies Lave been distributed to sinks. 

Since the amount of defect retention during irradiation i s controlled 

basically by the probability of the migrating interstittals being annihilated 

rather than Keing trapped, it i s of interest to examine the variation of mis 

probability with dose and interstitial loop concentration as shown in figure 4. 

Again m« large effect of interstitial loop nucleation U illustrated. One 

point to note i s that during the migration of vacancies in stage 3, the ratio 

in figure 4 i s inversed and becomes the ratio of trapping to annihilation. 

An effect of this i s that the loss of defects in stage 3 increases with inter­

stitial loop concentration in contrast with the reverse situation during ir -
19 radiation. The amount of drop in figure 3 from the 5 x 10 line to the 

dotted line illustrates this effect. 

We now go on to examine the vacancy retention after thermally annealing 

out al l the vacancy loops and redistributing the released vacancies to the 

other sinks in the system, i . e . voids and interstitial loops (taking into ac­

count their coalescence). An important parameter now i s tfae percentage 

of the original cascades that have collapsed as voids rather than vacancy 

loops, Tne effect of this can be seen in figure S where, after an irradiation 

dose of 5 X10* * a / e m 2 , and attar stage 3 and vacancy loop annealing, the 

efficiency i s plotted as a function of original interstitial loop concentration 

and the void nucleation percentage. The important result, relevant the 

experimental value of 14% vacancy retention after the same irradiation 

dose, i s the fact that efficiencies of this order can be comfortably attained 

for values of interstitial tooop nacloatton greater than 10 p .p .m. and even 

with only 10% of the cascades nucleating at voids. 
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At this stage it is worth recalling the fact that for the high temperature 

mode of void formation the maximum possible efficiency is one-quarter the 

preference ', i. e. between 1 / 4 and ! /2% for preference values between 1 

and 2%. Thus the swelling figures in figure 5 for a dose of 5 x 10*9 neutron/ 

cm (or . 025 dpa) could be compared to the maximum swelling on the 

preference mechanism of between .006 and .012%. Although the two mech­

anisms apply in different circumstances the comparison is still of some 

interest. 

One point emerges from the results concerning the amount of void 

nucleation; this is simply that the final efficiency is far from being linearly 

proportional to the nucleation. In other words variations in void nucleatlon 

will not grossly affect the final efficiency values. The real reason for this 

ties in the interstitial loop coalescence since once the interstitial loop cross -

section becomes small compared to the void and vacancy loop cross-sections 

then the fraction of vacancies lost in the system by annihilation also becomes 

small and the dependence of the efficiency on the number of void nuclei Is 

clearly diminished. The processes occuring during annealing can be fol­

lowed in figures 6 and 7, where various parameters are plotted against 

annealing temperature after a dose of 5 x 10 n/cm 2 and for a represen­

tative case of 10 p. p. m. interstitial loop nucleation and 50% void nucleation 

in ttie cascades (giving an equal number of vacancy loops and voids). Figure 

6 snows the capture cross-sections for the vacancy loops, voids and inter­

stitial loops as a function of temperature and illustrates several important 

points: (1) the drop in vacancy loop cross-section as the vacancy loops 

shrink; (2) the rise in void cross-section as the voids act as sinks for the 

vacancies released from vacancy loops; (3) the sharp drop in interstitial 

loop cross-section as the loops coalesce. The importance of this coalescence 

Is emphasised by the plot in figure 7 of the ratio of trapping to annihilation 

cross-sections, for the vacancy, as a function of temperature. One« co­

alescence begins - in this case at 600°C - there i s a continuous r ise in the 

r robabllity that a vacancy evaporated from a vacancy loop I« either recap-

tared at a vacancy loop or reaches a void rather than being annihilated at 

an interstitial loop. The final predominant process i s then the simple 

transfer of vacancies irom the vacancy loops to the voids. The plot of 

actual defect numbers in figure 7 illustrates this point. 

In computer programs where interstitial coalescence was not included 

the computed efflciences were of the order of one-quarter of the vain«* 

shown in figure 5, 

- 9 -

The temperature. Tf. at which the vacancy loops completely disappear 

i s worth discussing briefly in terms of the variable parameters. The inter­

stitial loop concentration has a relatively amaU effect, the value of Tf in­

creasing by about 50°C as the concentration changes from I p. p.m. to 100 

p. p. m. The amount of void nucleation has a far greater effect; relative to 

50% nucleation, 10% void nucleation increases Tf by 150°C and reflects the 

fact that because only a few voids are present a larger fraction of vacancies 

released from the vacancy loops are recaptured. The overall shrinkage 

rate of the loops i s then very much reduced and they survive to higher tem­

peratures. One other parameter i s worth notice, that of the isochronal 

heating rate, )T/3t . The rate used in all the calculations has normally 

been 1°C/second ( l . e . 300°C to 900°C in 10 minutes) but in figure 6 the 

dotted lines refer to the far slower rate of 1 °C/minute. This has a marked 

effect both on the temperature of interstitial loop coalescence and on the 

vacancy loop shrinkage. The final Tf now in fact comes in the range of that 

found by Petersen et al. 3 ) in their positron annihilation study where such a 

slow heating rate was used. However it must be stated that there are too 

many unknown parameters - such as the vacancy diffusivity, the self-dif­

fusion energy and the line tension to predict Tf accurately. 

4. Discussion 

Although it is clear that a simulation of the processes as complex as 

that of neutron irradiation and annealing must involve numerous simplifi­

cation* and assumptions, together with the use of many adjustable variables, 

i t i s felt that the computer simulation has demonsti ated that the model put 

forward for the irradiation mode of void formation could explain the high 

efficiency of vacancy retention - and the associated high void swelling rate -

found in the experimental results ' . Furthermore the important parameters 

and processes have been identified. Among these are (i) the interstitial 

loop nucleation during irradiation, (ii) the amount of void nucleation and 

(ill) the interstitial loop coalescence: 

(i) The effect of the interstitial loop concentration on the trapping of the 

lnterstitials created during irradiation, and therefore on the fraction of 

defeat« retained, i s clearly shown in the remits section. One problem 

however i s to know what values of loop concentration might be expected in 

practical circumstance« but fortunately som« idea can be obtained from 

electron irradiation studies. In these the accepted model to explain damage 

rat« curves between stages I and III involve« the trapping of mobile inter-
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stitials at impurity sinks and this is clearly the basis of the model put for­
ward in the present paper for the neutron irradiation case. The advantage 
of electron irradiation studies are their relative simplicity which make it 
possible to extract information about the parameters involved. In such a 

91 
study ' of resistivity increment as a function of electron dose the present 
author found on two specimens of zone refined molybdenum - of resistivity 
ratios 5000 and 2000 - that the interstitial sink concentration was 3.5 and 
9. S p. p. m. respectively. For commercial purity molybdenum, as used in 
the experimental study, interstitial nuclei concentrations well above tO 
p. p. m. might then easily be expected. Figure S in the results section 
shows that for this range there is no difficulty in reproducing the exper­
imental result with the theoretical model. 

(ii) One of the experimental facts regarding the annealing of neutron ir­
radiated molybdenum is the rarity Of void formation. This must point to 
some particular difficulty concerning void nucleation. In the model outlined 
only one nucleation situation has been considered, that of nucleation in the 
cascade, but it is not impossible that nucleatloo could take place at a later 
stage - during the migration of the free vacancies for example or during 
the release of vacancies from vacancy loops. Computer runs for the situ­
ation where nucleation took place in stage 3 in fact gave comparable results 
(for the same void concentrations) as for nucleation in the cascade. 

Leaving this possibility aside for the moment, it is worth briefly ex­
amining the probability of void nucleation in the cascade. Assuming that 
gas atoms within an uncollapsed cascade are a prerequisite for the cascade 
to collapse as a void, and taking the extreme case that only one gas atom is 
required, then, if the thermal spike covers 1000 atomic columes the con­
centration of gas atoms for 100% void nucleation must be f in 1000; for 10% 
void micleation it must 1 e J /t 0 of this, i. e, 100 p. p. m. If, as is likely, 
more than one gas atom is needed men it can be seen Out the required con­
centration of gas atoms quickly becomes comparatively large. 

One interating point arises from mis simple consideration of void 
nucleation in the cascade; this is, that if more than one gas atom is necess­
ary for nucleation then it is better for the required atoms to be clustered 
together rather than be randomly placed individually in the lattice. Consider 
the situation where say T 0 gas atoms are required; if the gas atoms are at 
random then 100ft void nucleation will take place if there ar« 10 gas atoi 
per cascade volume, i, e. 10 p. p. n>. However for I t/f, nucleatfon out 
cannot say that a gas atom concentration of 10 p. p. at. wiU suffice - it 
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clearly will not ii the gas atoms are at random for the chances of any 1000 
atoms having 10 gas atoms is remote. However if the gas atoms are al­
ready clustered in groups of 10 then the proportionality will hold as for the 
single atom case. It might therefore be far better from the point of view 
of void nucleation to have small clusters of gas atoms. 

In any case it seems clear that the required concentrations of gas atoms 
mentioned above must make the possibility of void nucleation very remote 
in normal cases and this explains the rarity of void production by the ir­
radiation/annealing method. In the only two sets of work where voids were 
found it is suggested that the pre-irradiation anneals could have led to 
gaseous contamination sufficient to allow void nucleation. 

Returning to the case of void nucleation during the post-irradiation 
annealing an experiment was designed to try to test this possibility. The 
efficacy of helium as a nucleating agent is well substantiated so some of 
the neutron irradiated samples from previous work ' were injected with a 
concentration of 10" helium ions and then annealed up to 900°C. In spite 
of a very thorough examination no voids were seen; in fact the dislocation 
substructure consisted of a high density of small loops characteristic of the 
non-void case. It is difficult to ascertain exactly why the helium failed to 
nucleate voids but the result can be taken to substantiate the idea of nucle­
ation in the cascade rather than after the irradiation. In any case the 
result again illustrates the difficulty of getting the correct conditions for 
void nucleation. 

(iii) The addition of interstitial loop coalescence to the annealing processes 
has a marked effect on the computed efficiency values. Although the 
coalescence part of the program contains the greatest simplification be­
tween the real and the computer cases, it is not felt that this simplification 
is of too much consequence. The exact temperature and speed of coalescence 
is not vitally important to the computed result provided that the coalescence 
starts before the large scale vacancy evaporation from the vacancy loops. 
This is an aspect that can only be determined experimentally but the sparse 
evidence is that this condition is met. 

One interesting experimental result, which is explained by the model, 
is the different behaviour of the interstitial component in the presence or 
absence of voids, If voids ars present the interstitial substructure develops 
into a coarse dislocation network by 90O°C, but in the absence of voids the 
development is markedly slower giving a substructure of a high density of 
interstitial loops '. The reason for the difference is that if no voids are in 
the system then the interstitial loops are the only sinks for the vacancies 
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released by the vacancy loops. The interstitial loops therefore shrink and 
can keep the average loop volume above the critical volume for coalescence. 
On the other hand if voids are present and also collect vacancies, the inter­
stitial loop shrinkage will be smaller and the critical volume conditions 
more easily met. Furthermore once coalescence does start, the fraction of 
further vacancies acquired drops, hence making further coalescence - as 
the temperature is raised - more easy and eventually a dislocation network 
is formed. 

Finally there are two further short but important points which might 
point the way to future experimental work. Firstly there appears to be no 
reason why the irradiation/ annealing mechanism of void formation should 
not be found on metals other than molybdenum. Secondly in the present 

study no reasons were found to disagree with the suggestion put forward 
21 previously ' that the mechanism could operate for irradiation temperatures 

up to the vacancy loop shrinkage regime ("0.3 Tm). Future computer 
work will examine this aspect and particularly test the suggestion that 
thermal cycling about 0. 3 Tm might cause void swelling at a rate consider­
ably in excess of that predicted by the high temperature preference model. 
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Figure 1. 

Simplified flow diagram of the computer program showing the 

processes occuring during irradiation and subsequent annealing. 



EFFICIENCY OP DEFECT RETSHTION (<) 

Figure a. 

Variation of efficiency of defect retention with dose as 

function of interstitial loop concentration. 

EFFICIENCY CF DEFECT 8ETESTICBI (*) 

FigLre 3. 

Variation of efficiency of defect retention with interstitial 

loop concentration as function cf irradiation dose. Dotted line 

shows efficiency for dos« of S.lo19 n/cm after stage 3 vacancy 

«in«aling. 



RATIO OF OaOSS-SECTICNS: ANNIHILATION/TRAPPING 

Figure 4. 

RaBio of annihilation to trapping cross-section of intersti-

tials migrating during irradiation as function of irradiation 

dose and interstitial loop concentration. 
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Figure 6. 

Variations of sink cross-sections CA per million atoms) for interstitial 

loops, vacancy loops and voids during post-irradiation annealinp. 
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Figure 7. 

Variations of defect numbers in interstitial loops, vacancy loops and void during annealing. Also 

plotted ia the ratio of trapping to annihilation cross-section for vacancies. 
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