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Previous work has shown that the nucleation of a vacancy loop by collapse of a displacement cascade is
possible when the depleted zo(i®Z) can melt and crystallize during the thermal spike stage. In this paper
calculations based on molecular-dynami®4D) simulations of Cu, Ni, and Fe have been performed to
investigate the influence on the melting and loop formation of the average vacancy concef@atiamd
number of vacancie$, , in the DZ. It is demonstrated that collapse of the DZ is possible at a fixed value of
(C,) only for conditions wherél, exceeds a critical numb&t’'. Values ofN." have been estimated and found
to be in good agreement with ones obtained from fitting our previous theoretical calculations to the experi-
ments. The strong electron-phonon coupli&PCO in Ni influences the vacancy loop yield through the for-
mation of an amorphouslike core in the DZ. The influence of the size of the DZ@yjdon the amorphization
process has been investigated. The dependence of the amorphization temperature on the size of the DZ has
been obtained. It has been shown that a DZ with small diamss than 2,, wherea, is the lattice
parameter cannot become amorphous in Ni even {@,) more than 20-30 at. % and initial temperatures
above 5000 K. The DZ in iron does not melt and produce a vacancy loop if the EPC is taken to have the same
value as Ni. A reduction by a factor of 2 in the strength of the EPC leads to the formation of melted regions and
amorphous cores in the DZ in this metal. In reality, however, the EPC strength for Fe is believed to be higher
than for Ni, which means that the very low yield of vacancy loops in Fe compared to Ni can be explained by
the low probability for the DZ to melt in the thermal spike.

I. INTRODUCTION influence of strong electron-phonon coupliE&P0O, for in-
stance, in metals such as Ni and Fe, the melted zone cannot

It has been shown by molecular dynam{t4D) that the crystallize completely and solidifies to a solid with a struc-
core of a displacement cascade can pass through a vacandyre akin to an amorphous zone, which prevents collapse to a
rich liquidlike phase while the thermal spike develdgs. vacancy loop. The values &%, C3™, N, andN®" can
During crystallization of this melted core, vacancies arepe extracted from comparison of vacancy loop yield and cas-
swept to the center by the advance of the solid/liquidcade efficiency calculated from the model with trends in ex-
interface®* As a result, a zone is formed where the averageperimental data obtained from ion-irradiated foils.
concentration of vacancies is several times larger than that We use the word “amorphous” rather loosely here and do
before the onset of the thermal spike phase. Such zones afiet claim the material is amorphous in a strict sense. In fact,
unstable and may collapse to form vacancy clusters such age have made no attempt to analyze this structure in detail
dislocation loops. The physics of this effect has been théecause it is small and strongly affected by the surrounding
subject of many papers!! crystal. It will be seen that this region has a high concentra-

We have recently developed a modehat is an extension tion of vacancies dispersed within it and a large fraction of
of that described in Refs. 8 and 12. It simulates the proceste remaining atoms are far from lattice sites. We use the
of heat propagation in the cascade damage region, includingrm amorphous to distinguish this structure from that of a
absorption and creation of latent heat, melting, and the redistcollapsed” core, where the atoms occupy sites associated
tribution of density within the melt under the influence of the with the strain field of extended defects such as dislocation
temperature gradient. We refer to this model as “hybrid” loops and stacking fault tetrahedra in a lattice.
because the continuum approximation, based on the solution |t was demonstrated in Ref. 11 that in Cu about half of the
of the partial differential equation of heat conduction, is usectascades having an average concentration of vacancies in the
to describe the thermal spike stage, after the initial defect andepleted zonéDZ) at the end of the thermal stage of more
temperature distributions are calculated by the MARLOWEthan 3—4 at. % can produce experimentally visible vacancy
code™® According to this model, a vacancy loop is producedioops if the average number of vacancies in such collapsed
in such a zone when both the average concentration of varones is more than about 60. For Ni, on the other hand, the
cancies,(C,), and their total numbe(N,) exceed critical ~strong EPC reduces the lifetime of the molten zone and can
valuesC;" andN;', respectively. However, C,) and(N,)  produce depleted zones wi@,) of more than 20 at. %. The
exceed some valug2™ andN:2™ during the cooling under the rapid cooling of the melt freezes the disordered structure
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within the solidified DZ. Comparison of the calculations with for T, in order to estimate the spatial temperature distribu-
experiments has demonstratethat the best agreement be- tion in the central cylinder region<0r <Rp :*°

tween calculated and experimental yields in Ni can be
achieved forC5"=21-22 at. % andN3"= 25.

The numerical estimation of the critical cascade param-
eters using the hybrid model is not based on direct atomic-
scale simulations of cascades, however. To investigate theii? which the interaction between the electron and ion sys-
physical basis further and assess the estimates of their valudéms is described by using the average electron temperature
it is important to use the alternative approach based purel§Te)- Ti(r,t) is the ion temperature at the distancieom the
on the MD method. In this paper, therefore, the basic mechahermal spike center, andp, is the Debye temperature. To
nism of DZ collapse in metals with different strength of EPC calculate the ion temperature distribution, the region
has been investigated using the MD method. The emphas{®<r<Rp;) was divided into coaxial hollow cylinders with
has been to investigate the physical nature of the model criti@nnular thicknes®, and the average ion temperature was
cal parameter€® andN®" in Cu andC®™andN2™in Ni. Fe  calculated in each cylinder by MD at each time step. The
also has been considered as an example of a metal with veAyerage electron temperatut@,) in the cylinder region
strong EPC. All calculations have been conducted by em0<r <Rpz was calculated by the expression
ploying a simplified version of the two-dimensionéD)

V2T ot o T OLT (D) —(To)] =0 1
s i(HOITi(r, ) —(Te)1=0, D

thermal spike model based on the MD code. 2 JRDZ
Te)= .
(Te) el rTe(r)dr %)
Il. MODEL The initial condition isT¢(r,0)=T,, whereT, is the ambient

For this work we have considered f¢€u,Ni) and bce temperature, and the boundary conditions are written as

(Fe) metals. We have used the many-body interatomic poten-

tials for these metals derived in Ref. 14, but modified as Te(r)=Te, r=Roz ©
described in Ref. 15 to reproduce the pressure-volume relamng
tionships of single crystals and to provide better treatment of
interactions inside the normal nearest-neighbor distance. T,
The energy relaxation process was simulated in a rectan- > =0 (4)

gular calculation cell extended along tkeandy axes with (o

dimensions 68,%x60a,X2a, and consisting of 44 65%cc . . .
lattice) and 22 326bcc lattice movable atoms. The cell had The solution of(1) can be written in the form
rigid boundary conditions along andy and a periodic one Rozdy (X
along thez axis. Some atoms were randomly removed from a Te(r,t)=| T+ f _f §F(§,t)d§}

cylinder coaxial with thez axis so that the vacancy distribu- o XJo

tion was uniform over the cylinder volume and the average rdy x

vacancy concentration corresponded to a specified quantity — f X f EF(&1)dE

(C,). A two-dimensional thermal spike was introduced at oXJo

time t=0 with a uniform temperature in the cylinder vol-

ume. In the calculations the initial radius of the thermal (0=r<Rpz), 5
spike, Rrg, was equal to the radius of the depleted zone,
Rpz. The initial temperatur@,, was a variable parameter of Whe
the model and varied from 1500 to 8000 K. To analyze the 90
collapse process in the depleted zone,zlpeojection of all F(&1)= 02 T(ED(Ti(ED)—(Te)). (6)

re

movable atoms was constructed at a time when the tempera- werTO

ture in the center of the thermal spike had reduced almost to

the ambient temperature, which was chosen to be 300 K. In To solve the system of equatioif)—(6), we used a nu-

this way the role of the initial parameters of the thermalmerical method. The steps of the solution inclu@g the

spike (Ty,) and depleted zonéRp, ,(C,)) in the collapse of definition of the ion temperature distributidi(r,t,) within

the DZ was investigated. the central cylinder region of the calculation cell,
The EPC was included in the simulations according to theéd<r <Ry, at the time step, by the MD calculation(b) the

methods proposed in Refs. 10 and 16. The volume of thealculation of the electron temperature distribution in the

calculation cell is divided into two regions by the surface ofcylinder region(0<r<Rp;) by the formulag5) and (6) for

a cylinder coaxial withz and with radiusR=Ry;. The dif- some test value ofT.); (c) the calculation of the average

fusional approach was used to calculate the spatial temperatectron temperature by2) using the solution ofT(r,t)

ture distribution of the electrons. This approach is valid onlyfrom Egs.(5) and(6) obtained for the test value ¢T,); (d)

when the mean free path of an electramr,T,/T;, satisfies if the test value ofT,) differs from the calculated average

the condition\<Rp,, wherer is the radius of the Wigner- temperature, then another value is selected and the calcula-

Seitz cell andT, is the value of ion temperatui® at which  tions(b) and(c) are repeated until the correct value(®t) is

the electron mean free path is reduced joTo simplify the  found. After finishing these steps, the average electron tem-

solution of the system of equations for(r,t) and the elec- perature so obtained is used to calculate the ion temperature

tron temperaturd o(r,t),'° we used a steady-state equationat the next time step of the MD simulation.



53 EFFECT OF MELTING AND ELECTRON-PHONON COUPLIN . .. 8289

All ionic velocities, defined by a standard iteration
scheme, are scaled at time stejpy an appropriate amount
depending on the local ion and electron temperatures:

Un+1:Un\/E- (7)

Cu, Tth = 4000 K, RDZ= 6a,, <C,>=4at.%

where
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) exp(— a’e<Te> nto), (8)
(a)
whereT,=T;(r,t,) is the average ion temperature in the cyl-
inder layer between andr +a, at the time stem, (T}, is
the average electron temperature in the regiefr €Rp;
calculated at time,, by the method described above, agd
is the time step increment. Outside the cylinder region
r=Rp;, the average electron temperature is equal to the am-
bient temperatureT), =T .

The parameter, characterizing the strength of the EPC
can be estimated by the formifa

]
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where y, is the coefficient of the electron heat capacity per 88888888888888888883888888§§8§88
. . . . . . (o]
unit volume,v is the Fermi velocityp is the density, an@ 820300000600300006000005886000000
. T . i p 00000000000000000360 700000000000
is the specific heat capacity. For Cu and Ni the valueg0of 000000000000000000606009090900000
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From the estimates obtained with the hybrid mddehe 86685360568556055383388288383838
initial values of the parametefC,) were selected in the
range 3—7 at. % and the radiRg, was varied in the interval FIG. 1.[001] projection of positions of atoms of the central part
(2-6a,. For these parameters the number of vacandlgs, of the MD cell at the(a) beginning (t=100,) and (b) end
in the DZ changed from 4 to 129. (t=200G,) of the thermal spike. The initial concentration and tem-

A typical atomic projection along of the calculation cell ~ perature of the DZ were 4 at. % and 4000 K, respectively, and its
containing the melted region at tinte= 10Qt, is shown in  diameter was &.
Fig. 1(&. The final structure of the cell at the time 2090
when the temperature in the center of the DZ had fallen tdl,,=5000 K and found that the zones havif@,)=1 at. %
300 K is plotted in Fig. (b). The results shown in Fig. 1 were melted, but the final structure did not consist of a col-
were obtained foll,,=4000 K,Rp,=6a, and(C,)=4 at. %. lapsed vacancy cluster.
It is seen that the calculation cell contains a vacancy loop on The dependence oRp, of the initial temperaturely,
the (010 plane (horizontal in the figurewith lattice defor-  from which collapsed structures are formed is shown in Fig.
mation typical of the strain field of an unfaulted loop in a 2 for two different values of the parametét,). (For the
crystalline solid. In the following, all structures of the cell stake of clarity, we have not included all the calculated data
will be referred to as “collapsed” if they include any type of in the figure) The number of vacanciedy,, for different
vacancy dislocation loop or similar extended defect containvalues of(C,) is indicated by the figures below the curves.
ing stacking faults. The symmetry of the cell restricts theThe behavior of the curves in Fig. 2 demonstrates the strong
collapsed defect geometry in comparison with full 3D relax-sensitivity of the collapse process to the radius of the DZ and
ation, and so in this work the type of vacancy cluster is notnumber of vacancies in it. Reducing the valug@f) shifts
identified precisely and only the conditions for the formationthe curve separating the “collapse” and “no-collapse” re-
of collapsed structure have been analyzed. gions to higher temperatures. FBy,>(5-6)a, there is a

The atomic structure of the cell was analyzed early in thesaturation in the behavior of the curves and the level of the
thermal spike cooling in all cases, and it was established thatritical temperature is a function ¢€,). For (C,)=7 at. %
there is a connection between creation of a final collapsednd Rpz>4a,, small 3D vacancy clustersoids) were ob-
structure and melting of the DZ. It was noticed that meltedserved in the cell for initial temperatures of about 1500—
zones can produce the collapsed structure¢Ggp=3 at. %. 1700 K, and increasing the temperature up to 2000 K was
However, melting is not the only requirement for collapse.found to lead to the formation of the collapsed structure. For
We performed a few calculations foRp,=6a, and (C,)=3 at. % andRp,=6a,, the formation of collapsed
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FIG. 2. Results showing the outcome at the end of the thermal 1000 2000 3000 4000 5000
spike as a function of initial spike temperature, zone size, and initial
average concentration of vacancies in the DZ. Open symbols are the <T>(K)

conditions where collapsed vacancy clusters are not produced.
Small 3D vacancy cluster&roids) may be sometimes detected in
the temperature interval between the open and solid marks. Ti\f;
. ) . . Va
solid symbols and line show the temperature region above whic
the DZ melts and then collapses on solidification into a vacanc
loop or stacking fault defect.

FIG. 3. The dependence of the average concentration of the
cancies{C,), on the average temperatuf® in the melted re-

ion of 50 cascades generated by 30-keV Gans as simulated in

a copper foil by the hybrid modelRef. 11). Each sequence of
points represents the change (@,) and (T) with time for one

) ) o melted subzone. For the sake of clarity, the parts of curve§Gpy
structure is possible only for initial temperatures above 350Qass than 1 at. % are not plotted. Two horizontal lines show the

K and this temperature is seen to increase when the radius @fgion of concentration which the hybrid model demonstrates has to
the DZ decreases. be achieved to initiate cascade collapse.

We considered different values ¢€,) starting from 3
at. %, but in a real cascade the formation of a DZ with suchyt o5 The temperature interval 1500—3000 K, which is iden-
a high level of average concentration in the melt is possiblgified in Fig. 4 as being associated with the dominant popu-
only at the final stage of the thermal spike. In a real cascadgtion of zones, is indicated in this figure also. Thus, for most
there is a connection between the average temperéfire zones of the population to achieve the concentration 3—4

and the average concentration of vacanci€s), in the melt. ¢ o4 it is necessary for them to have more than 50—60
To establish this connection we used the hybrid mddel  \acancies fokC,)=4 at. % or 70—80 vacancies f¢€,)=3

simulate 50 cascades in a foil of Cu irradiated by 30-keVat 0. Zones with this number of vacancies can collapse

Cu" ions. After melting, a cascade region was found to havgyhen the average concentration of vacancies in the melt
a complicated structure containing spatially distinct meltedachieves the level 3—4 at. %. The zones in this temperature

zones: We shall refer to these as “subzones.” The values dfterval with fewer vacancies crystallize without collapse.
(T) and(C,) were monitored at each time step in each melted

subzone, and the results are presented in Fig. 3 as series of
curves, each curve representing one molten subzone. Two Cu foil irradiated by 30 keV Cu*
horizontal lines in Fig. 3 show the region of concentration 50 e
which the hybrid model showed has to be achieved to initiate
collapse. The distribution of the population of molten zones
that achieve a concentration 3 at. % is shown as a function of
the average temperature in Fig. 4. It is seen that there is a
small percentage of zones that attains an average temperature
in the interval 3000—6000 K, but the main part of the popu-
lation is located between the melting temperature and 3000
K.

To plot this histogram all melted zones were included,

Number of depleted zones

independent of their size and number vacancies, whereas ac- 0 1 —
cording to the calculations presented in Fig. 2, the smaller 500 1500 2500 3500 4500 5500 6000
the zone size, the higher the temperature that has to be intro- Temperature (K)

duced to initiate collapse. The functions in Fig. 2 can be used

to predict the behavior of the melted zones during cooling in  FIG. 4. Distribution of the population of molten subzones that
the thermal spike. Figure 5 is the data in Fig. 2 replotted taachieve a vacancy concentration of 3 at. % is shown as a function of
show the initial spike temperature in the melt as a function othe average temperature in the melt using the data presented in Fig.
the average number of vacancies in the DZ(foy)=3 and 4 3.



53 EFFECT OF MELTING AND ELECTRON-PHONON COUPLIN . .. 8291

fluences the final structure of the DZ after its melting and
solidification. For(C,)<20 at. % the melted zones with a
size=3a, crytsallize and form 3D vacancy clusters having a
—8—<C,>=4at% | structure similar to the SFT. Increasing the initial concentra-
tion to up to 25 at. % or more leads to the formation of the
irregular amorphouslike structure. Decreasing the size of the
DZ (to less than 8,) increases the value ¢C,) at which
Region of melting and . the amorphization takes place. For a very small diak
loop formation for <C , > = 3 at% about 1.3,), the concentration has to be more than 40 at. %
to produce the disordered structure. According to our
calculationst! such concentrations are not achievable in a
real cascade in Ni, which means that in spite of the fast
cooling there is a critical size of the DZ, represented by
Na™, for production of the amorphous core. FRg,=1.5a,
N, and(C,)=25 at. %, this critical size is equal to 25 vacancies.
To examine the influence of the initial parameters on the
FIG. 5. Initial average temperature in the melted subzone as fPrmation of an amorphous core in the DZ in Ni, we have
function of average number of vacancies in the depleted zone fofonsidered different values of initial spike temperatilite
(C,)=3 and 4 at. % in copper. It is seen that zones in the shade@nd EPC parametet,, and curves similar to that in Fig. 7

10000 7 T T T T T T T T 7

——<C,>=3at.% |

9000

8000

7000 -

6000
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4000 -

3000 -

Initial temperature (K)

- 2000

1000 1 1 1 1 1 1 1 1 1 L
10 20 30 40 50 60 70 80 90 100110120

region can collapse fofC,)=3 at. %. were obtained fofl, in the range 3000—5000 K. Decreasing
the power of EPC by decreasing the valueagfby a factor
B. Nickel of 2 did not influence the formation of the amorphous region

jnce melting occurred in all the zones and the cooling was

The strong EPC in Ni decreases the average size of th hto f he disordered liaui
melted region and increases the initial temperature gradie gst enough to freeze the disordere liquid structure. How-
ver, increasing the value of, by 2 was found to lead to a

in the melt, and depleted zones with a high level of vacancf . h h ted and h
concentration are formed under these conditions. It has beeituation when the DZ was not melted and an amorphous

showr! that, in Ni,(C,) can achieve values of more than 20 core was not formed. This situation is similar to the results

at. % at the end of the thermal spike stage. This high condiscussed below for Cu with artificially strong EPC and Fe.
For comparison, a simulation of Cu, but with parameters

centration of vacancies is accompanied by a reduction of thg ~ o v B o 0o
molten zone lifetime. The rapid decrease of the temperatur 9f>_,%5 at. %, Tn=5000 K, Rpz=63,, anda,=3.3x1

in the melt influences the final structure of the DZ, which, as> K __» appropriate for Ni, was undertaken. We found that
we have indicated earliéf, can transform into a vacancy- th_e Dz did not melt and the final structure was obtained
rich solid with an irregular structure. In this paper an in-WIthOUt formation of an amorphous core. Usually the DZ

depth examination of this mechanism has been undertakéFPnSformEd into a 3D s_tac_king fault def?“ under the influ-
using the simplified two-dimensional model of the thermal€Nce _of the thermal agitation _of the lattice. Only after de-
spike and MD code. creasing the value of, by 2 did the DZ melt and change
The structure of the cell at the beginning of the cooling!Nt¢ the amorphous structure.
stage {=100Q) is shown in Fig. €a) for the initial values of
T4 and Rpz equal to 5000 K and &,, respectively. The
positions of atoms in th€001) cross section at the time
200G, are shown in Figs. ®)—6(e) for different values of As another example of a system with strong EPC, bcc
(C,) in the range 15-25 at. %. The vacancy concentratioriron has been investigated. It is known that iron has stronger
for this cylindrical region is defined as the ratio of the num-EPC than NP® but an accurate value of, is not available at
ber of atoms removed to the number of atoms in the samthe moment. For this reason we used the same valug a$
region for a perfect crystal. It is seen that {@,)<22 at. %  for Ni, but note that in reality the cooling rate of the thermal
the final structure of the calculation cell may consist of eitherspike in iron is expected to be faster. The main result of our
a 3D cluster with ordered structure insidgRig. 6(c)] or a  calculation demonstrated that, for any reasonable values of
vacancy loogFigs. Gb)—6(d)]. The cluster in Fig. &) in-  the main input parameters of the thermal spiKg,, Rpy)
cludes a surface of stacking faults with irregular shape, andnd «, as for Ni, melting does not occur. This is similar to
the mechanism of its formation is possibly analogous to thathe situation described above for Cu with artificially high.
of the stacking fault tetrahedrd®FT). The final structure of The MD simulations revealed that the DZ in Fe does not
the melted zone fofC,)=25 at. %[Fig. 6(e)] has not crys- melt, but can transform to a vacancy loop under the influence
tallized completely and has an amorphous core of almost thef the thermal agitation of the lattice if the initial concentra-
same size as the initial melted regiffig. 6(a)]. tion of vacancies is more than 20 at. %. It is probable that in
Calculations of this sort were conducted fi;=5000 K  reality cascades in Fe can collapse without DZ melting only
and different sizes of the DZ in the range @.5-5.5a,. when the irradiation conditions produce DZs with a high
About five events were simulated for each size, and variabilenough concentration of vacancies, for instance, under heavy
ity was introduced by different initial velocity distributions ion irradiation, as found experimentaliyWhen the value of
in the heated region. The results are summarized in Fig. 7z, in the MD model of iron was halved, the DZ melted in the
The figure demonstrates that for a system with strong EP@ermal spike and an amorphous structure was obtained for
the combination of the initial parametes,, and(C,) in-  (C,)>20 at. %(Fig. 8).

C. bcc iron
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FIG. 6. [001] projections of atoms of the central part of the calculation cell a{@h&eginning andb)—(e) end of the thermal spike in

Ni. The initial average concentration of vacancies Wasl5 at. %,(c) 20 at. %,(d), 22 at. %, ande) 25 at. %.

IV. DISCUSSION

values of loop size and yield with experimental data. The

we proposed a model for the nucleation of model was used to predict the yield and mean size of va-

Earliert %!
collapsed vacancy clusters in irradiated metals. According teancy loops in ion-irradiated Cu, Ni, and their alloys. We

concentration of vacancie€,”. The model included param- if the average concentration of vacancies in that zone is more

this, a vacancy loop is nucleated in the region of a cascadelemonstrated that in Cu irradiated by 30-keV*Cons the
which, after melting and recrystallization, reaches the criticaimelted DZ collapses into a vacancy loop after crystallization
eters which can be defined from comparison of calculatedhan 3—4 at. %. Experimentally, there is a saturation in the
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FIG. 7. Curve represents the boundary between the crystalline o°o°o°o°o°@°@%°o°o‘°o@o°o°o°o°o°
and amorphouslike regions which are formed in Ni after the thermal 6%6%6%6%6%%0%6%6°0%0%6%0%0°%6°c°
spike in a DZ withT,,=5000 K. Similar results are obtained for all ©©000000000000000
initial temperatures in the range 3000—-5000 K. t=2000t
. . . . . P oOoZozozoZoooooZOooZoooooo 20202
loop yield with increasing ion energy, but if it is supposed 0%0%6%6%6%6%6% 020%0%0%°0%0%
that all zones with C,)=3—4 at. % can collapse to vacancy 0%0%0%6%%:%"% °o°°°°@ 0%0%6%

. [e] o O Q O O
loops, the calculated yield saturates at a level of 0.8—-0.85, °§°§°Z@Z°§°<°;°Z°o°o°o°o°§°§°o°o°o
which is higher than the observed value of 0.5. To achieve 0000000000000000200900oooo:ooooo
better agreement between calculation and experiment, we in- Z°Z°§°§°§°§°Z°Z°@°Z°Z°Z°§%°§°Z°
cluded in the model the additional parameléf by assum- o°o°o°o°o°o°@°@°@°8@@§@%°o°o°oz (b)
ing that only zones containing an average number of vacan- o°o°o°©°@°o°o°@@©g§§o °.%6%°%0

. .. ®

cies of more thanN® can produce a visible loop. By oioZoZozogo:o:@@(@Q)?)J%?@zogo;ozoz

. . . . o) o}
increasing the value dfi" from 30 to 60, it was possible to °°°°°°Z©§O;°Z°Z@%‘2 ;@;@zogozogo
reduce the calculated yield from 0.8 to 0.6, in reasonable ZozoZOOOOOO@ ooogo%@@ooooooooooo
agreement with experiment. _ . _ 0%6%6%%6%6%6%0%°6%6%0°0%0%0°0°
In the present work we have aimed to give a physical 020%6°6%6%6%0%626%6%6°6%020°6%°
0 0 0000 0C O 0O O©CQ OO0 0o o

explanation of the parametBi" by using MD simulations to
study the collapse processes in a DZ. The approach of Finnis FIG. 8. [001] projections of position of atoms of the central part

et al1® has been incorporated in the thermal spike model tf the MD cell at(a) the beginning angb) end of the thermal spike
take the EPC into account in a manageable way. These simii Fe. To melt the DZ in iron and produce the amorphous structure,
lations allow us to conclude that there is a direct connectiofihe strength of the EPC has been halved compared with that for Ni.
between the melting of depleted zones in Cu and their col- )

lapse to form vacancy loops f¢€,)=3 at. %. The vacancy Within the range from the melting temperatufg,, to 3000

loop production is sensitive to the size of the DZ at a given: [This ignores the small fraction of zones which can
fixed level of (C,). A decrease in the size of the DZ in- achieve this concentration for higher temperat(fey. 4).]
creases the value of the initial spike temperature required thhe crystallization of a DZ of small size may happen before
initiate collapse. Curves of the initial temperature of the(C,) achieves the valu€;'’, and the DZ would not then
zones that collapse has been derived as a functidRygf  collapse to a vacancy loop. We performed 50 simulations of
(C,), and Ty, for Cu (Fig. 2, and it provides a qualitative cascades in copper and obtained the dependence of average
understanding of the mechanism underlying the influence ofemperature or(C,) in the melt(Sec. Ill A). The results

DZ size on the collapse process in a real cascade. To explaltve been analyzed within the scope of our understanding of
this consider the mechanism of DZ formation based on théhe influence of DZ size on the collapse process. The com-
hybrid modef*! At the beginning of the thermal spike, the parison has shown that a DZ has to contain a minimum of
temperature is high enough to stimulate melting of part 0f560—60 vacancies fo€;=3 at. % and 70-80 foC;'=4

the DZ. During cooling, the size of the melted zone de-at. % to produce a loop. These values are in very good agree-
creases, but the density of the melt is decreased under timeent with the parameteM: extracted in our earlier wortk
influence of the “vacancy sweeping mechanisit®When  from the experiment data.

the size of the melt is decreased to some critical value, crys- In Ni the strong EPC increases the final valug @f) by
tallization takes place and a zone with an average concentraeveral times compared to the values achieved in copper. To
tion of vacancies(C,), is formed. It is reasonable to assume describe the behavior of the DZ with a high concentration of
that the initial temperature of a zone which can collapse is aacancies in Ni, we previously proposed the ifdhat the
function of DZ size or number of vacancies located withincore of a cascade with a high level of vacancy concentration
the melt,N, . We have demonstrated in Ref. 11 that the criti-is unlikely to recrystallize completely and will solidify in-

cal concentration for collaps€;', is achievable only at the stead to a semiamorphous zone that cannot collapse to form

end of the thermal spike, when the average temperature & loop. The additional paramete@5™ and N3™ were incor-
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porated into the hybrid model to simulate the behavior ofshort time(comparable with the atomic vibration perjoir
metals under the influence of strong EPC. By fitting thestrong EPC, the difference in vibration frequency may allow
model calculations to the experimental data, value€f  Ni to form the liquid state, whereas Fe requires more time to
=21-22 at. % andN2™=20-25 vacancies were derived.  disorder.

In this paper we have investigated the influence of strong
EPC on the final structure of a DZ in Ni using MD simula- V. CONCLUSIONS
tions with a cylindrical thermal spike and shown that a
melted DZ with an average concentration of vacancies Ofn
more than 20 at. % and size larger tH2r-3)a, solidifies to
a solid with a high concentration of vacancies and highl
disordered structure, i.e., a zone with some amorphous ch
acter. The final structure of a DZ with average concentrati
less than 25 at. % after solidification usually consists of
vacancy loop; i.e., collapse occurs. In the range 20—22 at. %
the DZ transforms into a configuration which consists of
3D cluster of irregular shape formed from the surfaces o
stacking fault defects or vacancy loops. For a DZ of very
small size(<2a,), the amorphization does not take place

e;/ent for hr:gh |r;|r:|atl tLemperatu:e. AnaIyS|T t(')f th':?,[rr]'eatedlrcltion between the melting of a depleted zone and the forma-
structure shows that there IS a strong correlation of th€ posg, ) ¢ 5 loop as the zone crystallizes on solidification when

tion of atoms in a s_mall DZ. The atoms vibrate near thethe value of the average concentration of vacancies in the
crystal sites, and during the cooling, this overheated CryStalr'nelt is =3 at. %

like region returns to the crystal structure rat'her'than an (4) For copper the temperature at which a DZ collapses is
amorphous one. The critical number of vacancies in a ZONg function of zone size and number of vacancies inside it.

V\:h'Ch tcat?]not tl)ecorgte _am(;)rfphous IS 20._25' V;’T;]Ch ISI Vel'“”l'he function has been derived and used to obtain the critical
close fo the vajue oblained from companson ot the calculay,  mper of vacancies to nucleate loops in Cu irradiated by

tions using the hybrid model with experiméhtThe results 30-keV CU" ions. The result is in good agreement with the
of the MD simulations support our earlier conclusion that thenumber extracted from experiment in Ref. 11
_Stro_ng EPC in Ni has a powerful influence on the loop yield (5) The melting and solidification of a DZ in Ni under the

in displacement cascades through the formation of the amofz 4 1o \ce of strong electron-phonon coupling has been ana-
phouslike core in the melted DZ.

We h idered th le of ¢ lyzed. It has been found that melted zones with a high con-
_ Ve have considered iron as another example ot a SySteily i aiinn of vacancigsnore than 20 at. %can be achieved,
with strong electron-phonon coupling but different type of

. ; but they may solidify into an amorphouslike structure. How-
lNaittlicﬁal;Sl;dertlh(jees:(r)?wit\r/:':gg g;?&g';% Eg:}i@fﬁi Ezrironever, this process is possible only for zones with a size more
’ e . than (1.5-2.0ay, wherea, is the lattice parameter. These

The estimation of the true EPC for this métahows thatu, ( 03,, W 018 Ice p S

. . = . . ) findings explain the low vacancy loop yield in nickel.
is actually higher than in Ni. This means that in reality DZ (G)gDZ ch:oIing in bee iron hai begnysimulated using the
melting is a less likely process in Fe than in Ni and nucle-

same EPC as in Ni and similar zone parameters. It has been

atiqn of a vacancy IQOD is poss?ble only for special cases iI%hown that there is a low probability of zone melting. Loop
which the DZ has high fluctuations of temperature and V83ormation in an unmelted DZ is possible when the zone con-

cancy concentration. For instance, at a high initial vacanc ains an initially high concentration of vacancies. Such zones

) 0 . : .
p()tncentrzlsllt|on OJ <0atvaor qure tht? transfotr T(at'oln ofa Eh ay be formed at the dynamical stage of cascade evolution
into a collapsed vacancy configuration can take place wi during irradiation by heavy ions.

out melting. The formation of a DZ with such a high level of
vacancy concentration without melting in iron is possible
only in cascades generated, for instance, by heavy ions such

as W', a conclusion consistent with experimént. We would like to thank Dr. A. G. Mikhin for useful dis-

It is not clear why Ni melts but Fe does not. One possiblecussions and critical comments on the results of this re-
factor is the higher stiffness of the atomic bonds, as dissearch. V.G.K. acknowledges the hospitality of the Univer-
played in the elastic constant and phonon spectra. Since ttsity of Liverpool. The work was supported by INTAS Grant
high temperature of the thermal spike only exists for a veryNo. INTAS-93-3454.

(1) A model of vacancy cluster nucleation in a displace-
ent cascade has been proposed, based on the MD simula-
tions of the thermal stage of cascade development. The
yelectron-phonon coupling has been included in the model
a§Tmply by the procedure of scaling the ion velocities to imi-
ONate a viscous force acting on a moving atom in accordance

ith the approach of Finnist al®

' (2) The model has been used to analyze the influence on
acancy loop nucleation of the size and average vacancy
concentration of the depleted zone, the initial average tem-
perature in the thermal spike, and the strength of EPC.

(3) It has been demonstrated that there is a strong corre-
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