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I. Introduction

One of essential results of reactor irradiation of pure Aluminum
and Aluminum alloys to high neutron doses is Silicon precipitates
formation [1-3]. Silicon is produced by means of reactions *’Al(n, y)
— A1 — Si + B. The cross section for Silicon formation is so
large, that the amount of transmutation Silicon by far exceeds its
solubility in Aluminum. Thus, it is clear that Silicon must precipitate
and may be observed as visible particles. In vicinity of grain bounda-
ries and other imperfections of crystal lattice Silicon dissolves better
and these regions become supersaturated with Silicon, which precipi-
tates into the large flakes [4].

In the processes of formation of Silicon precipitates there are,
however, features, which need a special discussion and explanation.

First, Silicon starts precipitate only after a certain incubation pe-
riod, which corresponds to thermal neutron dose about 2:10*' n/sm’
[3]. It is easily to see that not all Si atoms participate in creation of
precipitates. If to take into consideration the average precipitate size
and the lowest density of precipitates that allows to fix them by elec-
tron microscopy it is possible to estimate the threshold dose of ther-
mal neutrons when precipitates may be discovered. Such estimation
gives for threshold neutron dose ~ 10" n/sm’.

Another problem is to explain a small size dispersion of precipi-
tates. The most part of precipitates is characterized by sizes in the
narrow interval 40-50 nm [3]. In the case of diffusion-controlling
formation of colloidal particles there is a typical Gauss distribution,
which is observed, for example, for voids formation [5].

At last, the formation of diamond-like Silicon cluster in Alumi-
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num matrix [4] is also a problem, which is necessary to clarify. Sili-
con cluster has hard covalent bonds with tetrahedral space orienta-
tion. Formation of such diamond like structure inside of Aluminum
lattice demands an additional energy source.

In some cases Silicon precipitates are the only type of defect ac-
cumulations, which are created by reactor irradiation in Aluminum
[3]. So it is very important to know the mechanism of formation of
Silicon precipitates for prediction of changes of mechanical parame-
ters [6].

Transmutation reactions are the unique way to get a large con-
centration of Silicon atoms in Aluminum lattice, and just in substitu-
tional positions. Appearing Silicon atoms in Aluminum lattice instead
of Aluminum atoms leads to arising of mechanical stresses [7, 8].
This factor is the keystone of the model, which allows to explain the
main peculiarities of Si precipitate creation in Aluminum irradiated
by thermal neutrons.

First, we shall describe the qualitative peculiarities of the model.
Then we shall perform some quantitative estimates. At last the model
will be discussed and compared with experimental data.

II. Description of the model

As a result of nuclear reactions Silicon atom appears in the sub-
stitutional position of Aluminum lattice. It is known that in analogous
situations (for example, C in Fe [7], C in Copper [8]) an impurity
atom gives rise to mechanical stresses which widen the atom lattice.
In [9] it is shown that these mechanical stresses create an additional
equilibrium concentration of point defects (PD):

U830, T,

&= & (T)exp ezt (1)
where &y(7) is an equilibrium concentration of PD in the crystal with-
out stresses, u is the shear modulus, Sy, is the elastic constant tensor,
Q,; is the volume change, 7, is the stress tensor.

It is shown in [9] that the power of exponent is of the order
~Qo/kT. On the other hand it was estimated that 6~10° u/r. So for the
power of exponent (1) one can get 5-10 at the distance » = 20-40 nm
from the dilatation center.

Let us surround Silicon substitutional atom with a sphere of ra-
dius 7y, and volume V; for which &/&y(T). Here &, is the initial concen-
tration of PD and ¢ is the average concentration of PD inside the Vj,
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volume on the time interval which corresponds to the time of the ex-
periment conducting. An equilibrium concentration of PD in the vol-
ume Vj is putting during a certain time. The final PD distribution is
determined by the ratio of diffusion coefficients for interstitials and
vacancies (Dy/Dy). Because of (D/Dy) = 10> — 10° (see, for example,
[10]) interstitial Al atoms go away from the ¥, volume, and a concen-
tration of vacancies in this volume becomes larger than in the crystal
on the whole.

Thus the local solubility for Silicon in the 7, volume becomes
larger than in the whole crystal, and each ¥, volume turns into poten-
tial pit for Silicon atom. Silicon atom creates a potential pit for itself
by analogy with creation of polaron pit by electrons and holes in ionic
crystals [11].

The further development of situation depends on thermal and fast
neutron fluxes and their ratio. If the probability of repeated hitting the
volume ¥ for thermal neutrons is by far larger than for fast neutrons
then a Silicon cluster in the ¥, volume may form. In this case the first
Silicon atom in the given ¥, volume is in fact the nucleus for Silicon
cluster formation. Because of large local concentration of vacancies
Si cluster is easily forms when new Silicon atoms arise in this vol-
ume. The density of Aluminum atoms in the ¥, volume lowers, and
the formation of Silicon cluster occurs by the way of occupation of
free space in V; volume. In some cases Aluminum atoms may be dis-
posed in nodes of Silicon cluster. However, if a fast neutron hits the
volume ¥} Silicon atom may be knocked out and migrates in the crys-
tal according to the mechanism of radiation-stimulated diffusion [12].
Such processes lead to Silicon precipitates formation by the way of
diffusion controlling reactions. In this case Silicon precipitates are
formed in vicinity of grain boundaries and other imperfections, which
arc natural sinks for diffusion atoms.

III. Quantitative estimate of the model

Let us consider processes when Silicon precipitates grow as a re-
sult of thermal neutrons pitting Aluminum atoms in the ¥, volumes.
So far as Aluminum atoms go away from these volumes the probabil-
ity for thermal neutrons to pit Aluminum atoms, which create precipi-
tates, decreases. Thus there are two competing processes, which de-
termine the rate of Silicon clusters growth. One of them is an accu-
mulation of ¥ volumes. Another one is the diffusion-controlling go-
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ing away of Aluminum atoms from ¥} volumes.

The total number of Aluminum atoms in ¥, volumes at the mo-
ment ¢ if do not take into consideration the diffusion processes may
be written as

n =1Io, Ny, 3)
where [ is the intensity of thermal neutron flow, o, is the cross section
of Al — Si reaction, ng is the initial amount of Aluminum atoms in
one ¥, volume, N, is the atom density of Aluminum crystal.

The probability of Silicon precipitates formation (w) is propor-
tional to the total number (n) of Aluminum atoms in ¥, volumes at
the moment #:

n=n—n,, 4)
ny, is given by (3), n, is the total number of Aluminum in ¥, volumes
which went away from V; volumes to the moment ¢ as result of diffu-
sion.

The equation for diffusion from a ball is

oc, _ (¢, 20C,) )
ot o’ r or
The initial and boundary conditions arc following:
t=0 Cy(r,0)=n (5)

t>0 C](I'(),O) =0
n'y is the initial amount of interstitial Aluminum atoms in the V; vol-
ume. The general solution of (5) is [13]:

' 0 2 2 (6)
C,(r,t)= 2’;‘;}") > (=1)""sin e *exp[— mr -t Dt}

2
m=1 0 o

Then

dc 2n |
i=—-D—=(r,)=D=—2) (-1)"" ex
j=-DU )= F ()
For the case when Dt >> ry” it is possible to take only one term in
(7) and to neglect terms above the first order. According to this sug-
gestion:

2
0

[ mzﬂth} (7)
pl———— |

!

2 (8)
=D 2n, exp{— Vs Dt}

2
" N

For n,, at the moment #,, it may be written:
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- ©)
n, =a, J. tdtj it =t)ar',
0 t

where j is given by (8). Then we obtain

L %Py (i_ie—m _t_1+LJ (10)
2 2 2 P
y \(2 7y /4
where
1 2D (11)
050:IO',,NO;ﬁO:2D&;7/:”2 .
N )

If to put down the subscripts we may write down the final ex-
pression for the value (4):

2 (12)
n =(a+i2jt—a°—’8°(i—%e”‘ —t—l+%}
v /4

For real intervals of time (i = 10® s) which are typical for nuclear
reactor experiments it is possible to simplify the expression (12) be-
cause of ¢ >> e¢”'/y*, 1/y* and besides a = 1/y°.

Thus we have

n= ao(not —&12} (9
2y
The extreme point of (13)
. 7[_2@ (14)
25, ny

shows that the time which is necessary for getting the maximum
value of n ~ w depend on the ratio n'/ny and therefore on the value of
mechanical stresses around the Silicon atom .We have that 7, ~ 10° -
10°s.

The maximum value of w is proportional to expression

7 agn (15)
max 4 ron(y]

and depends on the intensity / of thermal neutrons flow (see (11)).

In the Fig. 1 the kinetics of the number of Aluminum atoms in
the V, volumes is shown., The kinetic curves illustrate the behaviour
of n for different values of parameters. We see that #, < ¢y if n'y (1)
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>n'y(2)
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o %! t

Fig. 1 The kinetics of full number of Aluminum Atoms in the V, vol-
umes. ny'(1)>ny'(2). Curves 1 and I', and also 2 and 2' correspond I'</.

According to (15) n,. ~ I . The density of atoms in Aluminum is
larger than in Silicon. It is necessary 5-6 vacancies in Aluminum lat-
tice for one Silicon tetrahedron formation. So the optimum situation
for Si precipitates formation corresponds to the case when approxi-
mately 0,25 Aluminum atoms go away from V, volume and 0,75 of
them transmute to Silicon.

On the basis of these considerations the following correlation
may be written: n, / n = 0,3 (16). By substituting of (10) and (13) to
(16) we get an expression for estimate the corresponding time inter-

val:
17
f:L[ijmnoJ o
56,

If to take suitable values of parameters (y = 10 — 20, = 107, ne=

105) one can get ' ~ 0,5'109— 109, s = 15-30 years.
IV. Discussion

As it was mentioned in the Introduction experimental data allow
to estimate the threshold neutron dose @,,. If the average size of pre-
cipitates is 7o ~ 20 — 40 nm [1-4] and the average distance between
the nearest precipitates which allows to fix them in experiment is ~ 2-
10 nm [3] then the minimum number of silicon atoms in precipitates
is ~ 10" sm™. For o, = 10® sm? we obtain @,, =~ 2:10'® nsm™. The
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real value @y, ~ 10*' — 10* nsm™ [1-3]. It means that in a large part of
V, volumes precipitates are not created.

A comparison of values 7y and ¢' shows that they are close. So the
maximum value of # ~ @ corresponds to the time when the necessary
part of Aluminum atoms which corresponds to correlation (16) go
away from the V; volumes.

According to the model an effective formation of Silicon precipi-
tates in the regular sites of Aluminum lattice begins when the above
mentioned part of Aluminum atoms go away from the V, volumes
(see correlation (16)). Thus the time ¢’ determines the threshold neu-
tron dose @, which is observed in experiments. As it was mentioned

"~t, and it means that at ">, the probability @ of precipitates forma-
tion decreases. Formula (14) shows that if ny is larger (accordingly
the mechanical stresses are larger) #j, is smaller. It is known that in
more pure Aluminum the atom density (and accordingly the mechani-
cal stresses) are smaller. This case corresponds (see (14)) to the more
large values ¢/, t, and @,

It is interesting to note that ¢', ¢, and @, , which determines @,,
does not depend on the intensity / of thermal neutrons flow. Expres-
sion (15) shows that the maximum quantity of Aluminum displaced
in all V, volumes is proportional to / in the given interval of /. So in
our approach the maximum probability of Si precipitates formation is
also proportional to /. For large values of flow intensities of both
thermal and fast neutrons the processes of destruction of Silicon pre-
cipitates in ¥V, volumes begin. New Silicon precipitates arise from
previous precipitates and their sizes become smaller.

It may be suggested that for given ¢ = #, a maximum intensity of
thermal neutrons flow (Z,,,,) exists so that for /> I,,,, the overlap of V}
volumes takes place. We did not consider this case.

From the above results it is clear that for / < [,,,, the sizes of pre-
cipitates demand on mechanical characteristics of samples. The dis-
persion of precipitate sizes is small because they are determined by
mechanical stresses around the dilatation center which are in their
turn determined by n, in (15) and because 7y = ¢. For more pure Alu-
minum the average size of precipitates is smaller.

At last it may be noted that in conditions of experiments de-
scribed in [3] when formation of voids is not observed it is naturally
the decreasing of dislocation density. In spite of these experiments are
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conducted at low power reactor the concentration of vacancies cre-
ated by fast neutrons may be enough to cause the dislocation creeping
and their disappearance because the vacancies do not form voids.
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