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A systematic study of radiation-induced Zn precipitation in undersaturated Al-Zn solid solu-
tions is presented. Zn solubility in Al may be drastically decreased by high-flux 1-MeV electron
irradiation (e.g., by a factor greater than 10 at 235°C under 2.5 x 102 ¢ cm™257!). The shape
and location of the Zn solvus in the AlZn phase diagram is flux dependent. The precipitate
volume fraction does not obey the lever rule when applied to the solvus under irradiation. The
above features are well accounted for by the model for radiation-induced solid-solution metasta-
bility presented in I. According to this model, the irreversible vacancy-interstitial mutual
recombination is at the root of the destabilization of the solid solution by irradiation. We there-
fore suggest that radiation-induced precipitation in this system is an example of a nonequilibri-

um phase transition.

I. INTRODUCTION

Several studies are now available in which irradia-
tion by energetic particles is shown to induce
second-phase precipitation in solid solutions which
are undersatirated outside irradiation. The main ex-
amples of such radiation-induced (as opposed to ac-
celerated) precipitation are listed in paper I of the
present work.!

In the AlZn system, radiation-induced precipitation
(RIP) was reported to exhibit several interesting
features which were not expected on the basis of the
existing theories.? In Al-1.9 at.% Zn, under high-
flux 1-MeV electron irradiation, Zn precipitation was
observed: (i) to be homogeneous, i.e., not associated
with point-defect sinks, contrary to what is observed
in NiBe,? NiSi,*® and NiGe’; (ii) to be coherent [in
the form of Guinier-Preston (GP) zones] as well as
incoherent (hcp Zn precipitates) contrary to what was
predicted by the available model of homogeneous
precipitation which predicts RIP for incoherent pre-
cipitates only®; (iii) with a precipitate atomic volume
smaller than that of the matrix, contrary to what was
expected from the latter model®; and (iv) to occur at
temperatures below a flux-dependent temperature
threshold.

Together with the above experimental evidence, we
had shown on a simple model that the irreversible
vacancy-interstitial mutual recombination reaction
may be at the origin of the amplification of solute
concentration fluctuations in solid solutions under ir-
radiation. AlZn was a good candidate for such a
phenomenon since Zn is known to attract vacancies
as well as interstitials and the coupling coefficients
between Zn flux and vacancy (respectively, intersti-
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tial) flux are known (respectively, predicted) to be
positive which is one of the cases where radiation-
induced amplification of solute concentration fluctua-
tions is expected to occur according to the proposed
model.2 Due to the extreme simplicity of the latter
model, no quantitative check could be made.

The purpose of this paper is twofold: We first
present a systematic study of the irradiation condi-
tions which induce precipitation in undersaturated
AlZn solid solutions, over a wide range of solute con-
centrations. As a result of this study, the solvus of
Zn in Al is determined as a function of the irradia-
tion flux. Moreover an estimate of the precipitate
volume fraction yields the interesting result that pre-
cipitation saturates despite the fact that the solute
content of the matrix between the precipitates is
greater than the solubility limit under irradiation.
The experimental results are presented in Sec. I1.

In Sec. III, we briefly report attempts to interpret
the results of Sec. II by existing models. We first
show that the results cannot be interpreted on a
strictly thermodynamical basis. Then we show that
the extension which we had suggested? for the in-
coherent RIP model of Maydet and Russell® to apply
to undersized precipitates does not account for our
results. On the other hand, we show that the experi-
mental results are well interpreted by the model of
radiation-induced metastability presented in Paper I.!
The quantitative assessment of the model requires
first an estimate of the point-defect supersaturation
in the alloy under irradiation. We then proceed with
the computation of the solvus under irradiation and
of the departure from the lever rule for the precipi-
tate volume fraction. The sensitivity of the results to
the values of the experimental parameters is checked.

3333 ©1981 The American Physical Society



3334 R. CAUVIN AND G. MARTIN 23

Finally we discuss the refinements to be brought to
our model of metastability (Paper I) in order to im-
prove the quantitative agreement with our results.

II. EXPERIMENTAL STUDY OF RIP IN AlZn
A. Experimental procedure

Al-Zn solid solutions with nominal composition of
0.2, 0.6, 0.8, 1.9, and 4.4 at. % Zn were studied. The
three more dilute solutions were produced from
high-purity Al and Zn using a levitation technique
under argon atmosphere. The two more concentrated
alloys were kindly provided by PUK company and
contained less than 300 wt. ppm overall impurity ac-
cording to the manufacturer’s analysis. The alloys
are cold rolled to 150-um-thick sheets. Further treat-
ments are described elsewhere.?

Irradiations were performed with 1-MeV electrons
in a high-voltage electron microscope (HVEM), ei-
ther at CNRS-ONERA, Paris, or at MPI-Stuttgart
where the better resolution of the AEI microscope al-
lows for an in situ observation of the precipitation
process. (We are indebted to Dr. K. Urban for giving
access to the microscope of MPI Stuttgart.)

Prior to irradiation, the specimens were given an in
situ annealing treatment, in the hot stage of the mi-
croscope at temperatures well above the solvus tem-
perature. According to Hansen,’ the solvus tempera-
ture is, respectively, 45°, 110°, and 175 °C for alloy
composition of 0.8, 1.9, and 4.4 at.% Zn. These
latter alloys were preannealed for half an hour at 235
or 250°C. For the more dilute alloys (0.2 and 0.6
at.% Zn) the solvus temperature is below room tem-
perature; moreover, these alloys degrade rapidly at
high temperature in the microscope. Therefore the
preannealing treatment was performed at the irradia-
tion temperature only. Control experiments per-
formed on 0.8 at.% Zn alloys convinced us that the
effects of irradiation which we are interested in, were
not affected by the type of preannealing treatment
used. Nevertheless, performing observations on 0.2
and 0.6 at.% Zn alloys was always more difficult than
on more concentrated alloys.

B. Irradiation conditions leading to Zn precipitation

The type of radiation damage observed was
described previously.? For appropriate temperatures
and irradiation fluxes, Zn precipitates appeared.
These were either coherent spherical GP zones or in-
coherent hcp Zn platelets.

As previously, we checked, whenever it was possi-
ble, that the precipitates were well inside the foil and
not a surface effect, and would redissolve during a
post irradiation anneal at the irradiation temperature.

This latter check could be performed down to 135 °C.
As far as Zn precipitation is concerned, Table 1
summarizes the experimental data for the alloys with
0.2, 0.6, 0.8, 4.4 at.% Zn. The results concerning the
1.9 at.% Zn composition were reported previously.2
As can be seen, the irradiation temperatures range
from 100 to 250 °C and the irradiation fluxes from
1.01 to 25.2 x 10" e cm~2s~! which corresponds to
defect production rates ranging from 6.3 x 107 to
1.5 x 1072 dpas~! using the same conversion factors
as previously (dpa is the displacement per atom).
The above results permitted the construction of the
Al rich side of the AlZn phase diagram under e irra-
diation (Fig. 1). The points on Fig. 1 either
correspond to actual observations or to conclusions
reached by interpolation of existing data. The solvus
under irradiation is rather precisely defined by the
data points for high-flux irradiation. For lower flux
irradiations, the data are less abundant; when neces-
sary, we made the assumption that no precipitates
would form at low flux if none did form at high flux.
As shown by Fig. 1, large decrease of the Zn solu-
bility is observed between 150 and 235°C. For the
higher temperatures, the location of the Zn solvus is
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FIG. 1. Experimental Zn solvus in Al under 1-MeV elec-
tron irradiation. —— High-flux (2.5 x 1020 e cm~2571);
—+—+ Low-flux irradiation (2.5 x10!% ¢ cm~2s~!). Precipita-
tion: » observed, D not observed under @ low-flux, ¢
high-flux irradiation.
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TABLE I. Experimental observations: fo is the direction of the electron beam during irradia-
tion.
[Zn] T 109 104G Gt Precipitation
(at. %) (°C) (e cm™2s7!) (dpas™") (dpa) [ observed

0.2 100 10.5 64.1 34.6 [110] No
100 35 213 7.69 s No
150 7.6 46.4 16.7 No
200 5.0 30.5 11.0 No

0.6 100 19.5 119 42.8 No
150 19.0 116 41.7 [100] No
200 18.5 113 30.5 [110] No

0.8 150 21.3 130 70.2 ce Yes
200 24.1 147 8.82 Yes
200 8.06 49.2 4.43 Yes
200 2.56 15.6 2.81 Yes
235 244 149 8.93 Yes
235 8.43 51.4 9.26 No
250 24.7 151 27.1 No

4.4 200 21.9 134 60.1 Yes
200 4.26 26.0 9.36 Yes
200 1.01 6.26 0.55 Yes
215 21.3 130 234 Yes
235 252 154 46.1 s Yes
235 8.43 514 18.5 [100] No
250 24.8 151 54.5 e No

strongly flux dependent: the solvus temperature is
increased by roughly 35 °C for one order of magni-
tude increase of the irradiation flux.

C. Precipitate volume fraction

In the course of /n situ observations of the precipi-
tation process, and for large total dose experiments,
we were struck by the fact that the precipitate volume
fraction appeared to saturate in the range of 1073,
whatever the sample composition and despite the fact
that the irradiation was continued approximately
twice as long as was necessary to reach the apparent
saturation. To make this observation more precise,
we performed a quantitative determination of the 8-
Zn precipitate volume fraction in samples with 0.8
at.% Zn irradiated at 200 and 235 °C under high-flux
conditions (2.4 x102° e cm™2s7!) and in samples with
4.4 at.% Zn irradiated at 200, 215, and 235 °C under,
respectively, 2.19, 2.13, and 2.5 x 102 e cm™2s7.
The foil thickness was determined by stereomicros-
copy;, the precipitate sizes were measured on front
views and edge on pictures. The precision of the

measurement of the precipitate volume fraction is
low (+25%) but sufficient to confirm our first im-
pression as shown in Fig. 2: in the Al-0.8 at.% Zn,
the precipitation proceeds until the solute content of
the matrix between the precipitates reaches the solu-
bility limit (0.7 at.%). This is not the case on the 4.4
at.% Zn solid solution: the precipitation saturates
while the matrix composition is still larger than the
Zn solubility limit under irradiation.

Therefore the solvus under irradiation which is
depicted on Fig. 1 is simply the boundary between
the single-phase and the two-phase field in the tem-
perature versus composition diagram. It does not in-
dicate what the concentration of the matrix is in the
presence of precipitates.

This observation, which seems at first surprising, is
well accounted for by the model proposed in the first
part of this work.! In a general way, one should keep
in mind that a system under irradiation is an open
system for point defects, sustained in a dynamical
state by the irradiation flux. It is a rather general
feature of such systems that the state which they
reach depends on the boundary conditions which pre-
vail: the system must be treated as a whole and can-
not be divided into subsystems without care.
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FIG. 2. Precipitate volume fraction after high dose irradiation. The irradiation conditions are specified in Table I (larger dose

irradiations).

III. INTERPRETATION OF THE DATA

As discussed previously,'? radiation-induced precip-
itation may be given either a static or a kinetic in-
terpretation. In the static interpretation one simply
claims that the radiation-induced point-defect super-
saturation contributes sufficiently to the free energy
of the solid solution to render it unstable as com-
pared to the two-phase alloy. In the kinetic interpre-
tations, the nonconservative nature of point defects is
taken fully into account. In this section we show that
unlike other interpretations, the kinetic model
presented in Paper I' accounts well for the above
results.

A. Failure of a static interpretation

The various attempts to account for radiation-
induced precipitation by a strictly thermodynamical
argument have been listed in the first part of this
work. Here we restrict ourselves to the semiempirical
approach of Gittus and Miodownik, which allows for
a quantitative check of the approach.!! According to
these authors, a lower bound of the free-energy in-
crease (AG) of the solid solution which is necessary
to account for the occurrence of second-phase precip-
itation may be obtained by the construction depicted
in Fig. 3. When applied to available AlZn thermo-
dynamical data!2!3 the latter construction yields a
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FIG. 3. Graphical estimation on the free energy alteration of the AlZn solid solution necessary to trigger Zn precipitation out

of Al-0.7 at.% Zn at 235°C.
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value of AG > 1.1 x 1073 eV per atom at 235 °C, to
account for a solubility limit of 0.7 at.% Zn under
high-flux irradiation. Under such irradiation condi-
tions, the point-defect concentrations are estimated
(cf. Sec. III B) to be 10~ vacancy and 1078 interstitial
per atom for a displacement rate of 2 x 102 dpas™'.
The above concentrations include free and trapped
defects. Since the vacancy (respectively, interstitial)
formation energy is known (respectively, estimated)
to be 0.66 eV (Ref. 14) [respectively 3.2 eV (Ref.
15)], it is obvious that the strictly static approach just
described fails by two orders of magnitude to ac-
count for the data.

B. Failure of available kinetic models

As was suggested by Maydet and Russell® and
Saiedfar and Russell,!® the elimination of point de-
fects at a precipitate-matrix interface may promote
precipitation by relaxing the misfit energy which
develops whenever matrix atoms are replaced by pre-
cipitate atoms with different atomic volume. The ef-
fect of the point-defect supersaturation may be split
into two terms: a first-order one which shows that
oversized precipitates may form in undersaturated
solid solutions under irradiation while undersized
precipitates would dissolve in supersaturated solid
solutions under irradiation, and a second-order term
which might account for radiation-induced precipita-
tion of undersized precipitates.? !

We per‘ormed a quantitative assessment of the
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FIG. 4. Zn solvus under irradiation as estimated from the
available incoherent precipitation model (Ref. 8): the bias
for point-defect capture at dislocations is taken equal to 0.1.

latter effect using the same parameters as in Sec.
III C for the evaluation of the point-defects supersa-
turation and mobilities. The results are given in Fig.
4. As can be seen, in the region of interest, the
first-order effect of the vacancy supersaturation dom-
inates, therefore increasing the solubility of Zn in Al.
The second-order effect only shows up at low tem-
perature for very high defect concentrations. As is
clear from Fig. 4 the model just discussed does not
account for the results presented in Sec. II.

C. Quantitative assessment of the model of recombination-
induced solid-solution metastability

As discussed in the first part of this work,' under
appropriate conditions, the solubility limit under irra-
diation € may be deduced from the thermodynamical
solubility limit C by

C=CB . 1

B is the parameter defined a:

Y
D |'

. , 2)
Dy
where Dy and D, are the solute diffusion coeffi-
cients, respectively, by vacancy and interstitial
mechanisms, and X =—1 if the occupation probabili-
ty of an interface site by a point defect is larger for
an interstitial than for a vacancy and +1 when the
reverse is true. X =+1 in the present experiment as

will be seen in Sec. IIIC 3. In the limit of weak trap-
ping energies, the latter probabilities are given by

pi=cexp(—gB/kT) , (3a)
p,=c,exp(—g8/kT) , (3b)

1+

where ¢; and c, are the free interstitial and free va-
cancy concentrations and g? and g2 the binding free
energies of interstitials and vacancies at the precipi-
tate matrix interface (g2 <0 for an attraction).

In order to evaluate the solubility limit under irra-
diation [C in Eq. (1)], we need an evaluation of the
point-defect concentrations and of the solute diffu-
sion coefficients for various irradiation conditions and
solute content of the solid solution. In the following
we briefly describe the method used, and the quanti-
tative results. The details are given in the Appen-
dixes.

1. Solute diffusion coefficients under irradiation

Following Howard and Lidiard'? it is simple to
show that the solute diffusion coefficient by vacancy
mechanism in a dilute alloy is directly proportional to
the free vacancy concentration [cf. Appendix A Egs.
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(A8) to (A20)].

Assuming that the five vacancy jump frequencies
which enter Howard and Lidiard’s model are not af-
fected by irradiation yields the simple result that the
solute diffusion coefficients by vacancy mechanism
under irradiation Dy’(¢,T) and without irradiation
Dr(0,7T) are scaled by the free vacancy supersatura-
tion

Dy (¢, T) =Dr(0,7)S,(¢,T) , 4)
where
S,(¢,7)=C,($,7)/C,(0,T) . ©)]
19,20

D>(0,7) has been determined experimentally.
According to Eq. (5) we simply need the vacancy su-
persaturation in order to estimate Dy’(¢,T), from the
experimental value of Dy’(0,7).

An expression similar to Eq. (4) has been proposed
recently?! for the impurity diffusion coefficient by in-
terstitial mechanism, D/, where the interstitial is as-
sumed to be of the (100) dumbbell type. The main
difference between the expression of D/ and Dy’ is
that more numerous jump frequencies are necessary
for describing the migration of a solute atom by an
interstitial mechanism. Moreover, no experimental
data is available for D! without irradiation. We must
therefore rely, on numerical evaluations not only for
p; (as in the vacancy case for p,) but also for the
various jump frequencies involved in D{. The latter
jump frequencies are evaluated following the model
of Dederichs and co-workers.?? The advantage of
this model is to scale all relevant jump frequencies
with the aid of the solute misfit parameter. We are
aware that it may be a very crude approximation.?>2*
It is nevertheless the only available guide in the ab-
sence of experimental data. Here again, we are left
with the problem of evaluating p;, i.e., the interstitial
concentration.

We now turn to the evaluation of the vacancy and
interstitial concentrations as a function of the irradia-
tion flux and temperature, of the solute content and
of the density of traps in the solid solution.

2. Evaluating the point-defect concentration in the solid
solution under irradiation: method

In order to account for the various aspects of
radiation-induced precipitation reported in Sec. II we
need a careful description of point-defect production
and elimination in the solid solution under irradia-
tion. Once created, the point defects migrate as free
defects, or as solute-defect complexes; they may an-
nihilate by mutual recombination or at point-defect
sinks (free surfaces, dislocation lines, etc.); they may
also get trapped at immobile trapping centers, at the
periphery of the solute clusters. All the above events

must be included in the balance equations for point
defects, since they enter the model of radiation-
induced metastability. The balance equations must
be treated with the same level of detail as the model
they enter.

To our knowledge the problem so defined has not
yet been treated. Two partial problems have been,
however, treated in detail separately: the point-defect
population in the presence of mobile solutes but in
the absence of saturable traps,?’ and the complemen-
tary problem, saturable traps but no mobile solute.?
In order to couple the two problems we propose the
following scheme.

We divide the problem into two parts and consider
(a) the solvent together with the single solute atoms
(which form with point-defects mobile complexes)
and (b) the solute clusters (which act as traps for the
mobile species). Solvent plus single solute atoms are
treated as an average medium according to a homo-
genization procedure described in Appendix A. In
the frame of this mean-field approximation, we de-
fine average diffusion coefficients for the point de-
fects (D, and D;, respectively, for vacancies and in-
terstitials). The coefficients are of course functions
of the temperature and of the single solute concen-
tration [Eqs. (A15) and (A21)]. In the average
medium so defined, rate constants for defect mutual
recombination, elimination at sinks, and trapping at
trapping centers may be defined as functions of D,
andD;. We are left with the problem of evaluating
point-defect populations in the presence of immobile
trapping centers. As already discussed? this problem
involves four balance equations, for trapped and un-
trapped vacancies and interstitials. More precisely, if
c, ¢C,,eC,;, C,C, are, respectively, the concentra-
tions of untrapped and trapped vacancies and intersti-
tials and of trapping centers, the following relation-
ships hold at steady state:

aaefv =G +K,:ev,—R,-,,e,-e.,“Rneuen
-K,)/e e -¢e,-¢)—-K,(e,-€)=0 ,
(6a)
% =G +K/’ell - R,-,,G,-G., - Ruleleul
- Ki“ei(e/ - e’vl “eit) —K,(‘!, =0 » (6b)
9C,, ' /
_af =Ku eu(e/_em—eil)—Kueul—Ru!eievl=0 ’
(6¢)
éaeT” =Ki”el(el _evl ~eil) _Ki/eil - R”e"e” =0 ‘

(6d)

G is the point-defect production rate, K, and K’ the
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detrapping and trapping coefficients of vacancies
(equivalently K, and K, for interstitials), R;, the
mutual recombination coefficient for untrapped va-
cancies and interstitials, R, the coefficient of the
recombination reaction of a trapped interstitial with a
vacancy, R, that for a trapped vacancy with an inter-
stitial, K, and K, the elimination constant of vacan-
cies and interstitials at point-defect sinks, and Clis
the thermal equilibrium vacancy concentration. As
can be seen from Eq. (6), the trapping centers are as-
sumed to be saturated once a single defect is trapped.
With the not too restrictive assumption that the cap-
ture radii for a vacancy or interstitial of a free or sa-
turated trap are equal, it is simple to show (cf. Ap-
pendix B) that

K@ =K, (C,—e?) )

and that @, is the solution of

(‘33+a‘(93 +(12(‘33 +a3(‘31,+a4=0 . (8)

The expressions of a; to a4 are given in the Appen-
dix B.

Equations (8) and (7) yield the steady-state overall
concentrations of untrapped defects in the average
medium (solvent plus single solute atoms).

As discussed .in Sec. IIIC, what we are looking
for in order to make the connection with paper I of
this work, is the concentration of free interstitial c;,
and free vacancies ¢, in the solid solution, i.e., the
concentration of those defects which are trapped nei-
ther on fixed trapping centers, nor on mobile single
solute atoms. These latter concentrations are readily

obtained from C; and C, since

cy=0C,/(1+kycp) , (9a)

¢;=C,;/(1+kicg) , (9b)
where cp is the concentration of single solute atoms
and k; and k, are defined in Appendix A [Egs. (A4)
and (A32)]. In Egs. (9a) and (9b), cg is assumed to
be much larger than the number density of solute-
defect complexes.

The computation proceeds in two steps. We first
deal with the precipitate free solid solution, for which
we assume that the solute is mainly in the form of
single solute atoms. We set therefore ¢z equal to the
nominal solute content of the solid solution and
@, =0 in Egs. (6a) to (6d). From c, and ¢; deduced
by solving Egs. (8), (7), (9a), and (9b), we obtain p;
and p, [Egs. (3a) and (3b)], D, and therefore the
solubility limit € according to Egs. (2) and (1). We
must use an iterative procedure in order to evaluate
D; and D/’ precisely for that solute content C which
yields a solubility limit equal to C.

In the next step we assume that some precipitation
occurred. Therefore cp is slightly less than the
overall solute content of the system, but most impor-
tant, C, is now finite. The existence of fixed traps
(@,) reduces the free-defect concentration: a modifi-
cation of D/ and D’ results. As a consequence the
solubility limit ¢’ in the matrix in presence of precip-
itates is found to be larger than that without the pre-
cipitates. We therefore get an explanation for the
violation of the lever rule for the precipitate volume
fraction, which was reported in Sec. IIC. As shown
next, the above computation scheme yields a good
quantitative interpretation of the data reported in
Secs. IIB and IIC.

TABLE II. Input parameters of the model. For vacancy diffusion data analysis, see Appendix A Sec. 2.

Vacancy Formation energy
entropy
Migration energy
Attempt frequency
Solute binding energy
entropy

Interstitial migration energy
Attempt frequency

Solute binding energy
Linear misfit of Zn in Al
Dislocation density

Zinc diffusion data by vacancy mechanism
in pure Al
Idem in Al-Zn alloys
Interstitial-vacancy mutual
recombination radius

Young’s modulus of Al

0.66 eV
3.12kp Ref. 14
0.65 eV
5.6 x1013 ¢! From Debye frequency v
0.02 eV
40k, } Ref. 27
0.115 Ref. 28
7x1012 571 %VD according to Ref. 22
See text From Ref. 22
-0.02 Ref. 29 .
10" em—2 Equivalent to 1000-A foil
thickness
Ref. 19
Ref. 20
Sa
pom 20 Ref. 32
PN
E=7.06x100Jm3 Refs. 30,31
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The input parameters of the computation are the
control parameters of the system (temperature,
point-defect production rate, solute content), and
materials characteristics: formation and migration
energies of interstitials and vacancies, solute-defect
binding energies, various defect jump frequencies.
The values used and their sources are given in Table
II. For the sink and trap densities the experimentally
observed values are taken although they should be
determined by a complete theory of the microstruc-
tural evolution of the solid solution under irradiation.

For the sake of simplicity we used the free solute-
defect binding energy as a binding energy of defects
to immobile traps. As a result, under the irradiation
conditions used, we find, that the trapping centers
are more probably occupied by vacancies than by in-
terstitials [x =+1 in Eq. (2)]1. This occurs because
of the low free interstitial concentration in spite of the

2

larger binding energy of interstitials than that of va-

cancies to

traps.

The main results of the numerical study are depict-
ed in Figs. 5(a)—5(e).

(i) In Fig. 5(a), the computed solvus is compared to
the experimental one. As can be seen, the effect of
irradiation as calculated is larger than the experimen-
tally observed effect. But the model yields the right
shape for the solvus, and the right order of magni-
tude. The agreement with experimental data can be
improved significantly, simply by reducing the solute
misfit » by a factor 2, when computing the various
interstitial jump frequencies according to the Deder-
ichs er al. model?? as was suggested in Ref. 33. To be
fair one must recognize that the solute-interstitial
binding energy which results is rather low compared
to the 0.45 eV usually accepted®® and recently found
using pseudopotential calculations?* whereas the right
order of magnitude is obtained with n=—2 x 1072,

(i) As shown by Fig. 5(a), one order of magnitude
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FIG. 5. Quantitative assessment of the model. For all figures: —— 2 x 1072 dpas™!, —— 2x1073 dpas™!, — — —no

irradiation. (a) Computed solvus for two values of the solute linear misfit, compared to experimental solvus, (b) sensitivity of
the solvus to the vacancy formation energy E-,’,, (c) sensitivity of the solvus to the vacancy migration energy £, (d) sensitivity
of the solvus to the vacancy formation entropy S/ (k is the Boltzmann constant), (e) effect of the precipitate volume fraction

(X) on the Zn solvus in the matrix between the precipitates.
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drop of the irradiation flux depresses the upper
solvus temperature by 25 °C, in fair agreement with
the experiment (35°C).

(iii) In the low concentration range (<1 at.% Zn),
the computed solubility limit is too low as compared
to experimental data.

(iv) The sensitivity of the results to the values of
the parameters is depicted in Figs. 5(b)—=5(d). As
can be seen, the most sensitive parameter is the va-
cancy formation energy, aside from the solute inter-
stitial binding energy, the effect of which already ap-
pears in Fig. 5(a) (compare n=—2x107% and
—1x1072). Vacancy migration energy and formation
entropy are not very sensitive parameters [Figs. 5(c)
and 5(d)]. In any case, the largest range of vacancy
formation energies one can reasonably accept pro-
duces a change of the high-temperature threshold
for radiation-induced precipitation equivalent to an
uncertainty on the defect production rate by a factor
20 [Fig. 5(b)]. No sensitivity to the dislocation den-
sity was detected. The reason for this is the low va-
cancy formation energy in Al; the interstitial elimina-
tion is mainly by recombination with thermal vacan-
cies in the temperature range where radiation-induced
precipitation ceases.

(v) Finally Fig. 5(e) depicts the effect of the pre-
cipitate volume fraction on the residual solute con-
tent of the matrix. More precisely, assuming a pre-
cipitate volume fraction of 2 X 10~ and a precipitate
size such that the number of trapping centers at the
periphery of the precipitate equals the number of
solute atoms in the precipitate, the solvus depicted in
Fig. 5(e) is obtained by the same procedure as be-
fore. As can be seen, a solid solution with 4.4 at. %
Zn may be supersaturated in the absence of precipi-
tates, and undersaturated with a 2 x 1073 precipitate
volume fraction, despite the fact that the residual
solute content of the matrix is larger than the solubil-
ity limit in the absence of precipitation. As shown by
Fig. 5(e), a precipitate volume fraction of 2 x 1073
shifts the solubility limit by roughly the same amount
as decreasing the irradiation flux by a factor of 8, in
fair agreement with the data reported in Figs. 1 and
2: indeed, precipitation stops in a 4.4 at. % Zn solid
solution, at 200 °C, under high-flux irradiation, when
the precipitate volume fraction is a few times 1073
(Fig. 2). As shown by Fig. 1, a decrease of the irra-
diation flux by a factor of 8 has the same effect, on a
precipitate free 4.4 at. % Zn solid solution, as just
computed.

IV. DISCUSSION

As just shown, the model of recombination-
induced metastability proposed in Paper I, together
with the computation scheme for the steady-state
point-defect concentrations under irradiation accounts

qualitatively and with the right order of magnitude
for the two main observations reported in Sec. II,
namely (i) the solid solubility of Zn in Al is de-
creased under high-flux 1-MeV e irradiation: the
shape and location of the Zn solvus in the phase di-
agram is flux dependent; (ii) the ‘‘lever rule”’ for
precipitate volume fraction is not obeyed under irra-
diation. Previously proposed models fail to account
for these results. Nevertheless, our model overesti-
mates the effect of irradiation as shown in Fig. 5(a).
In this section we discuss the implication of this suc-
cess and the origin of the remaining departure of the
computed effect from experimental data.

A. Why does the model overestimate the
effect of irradiation

As discussed in Paper I, the basic simplifying as-
sumption of the model is that, when introduced in
the solid solution, the point defects are trapped at
preexisting solute clusters, without changing their
equilibrium distribution, in the absence of inter-
stitial-vacancy recombination. Moreover we assumed
that defect clustering may be ignored. Finally the
vacancy-interstitial recombination at the cluster is as-
sumed to occur instantaneously.

The three above hypotheses certainly enhance the
effect of irradiation. Indeed, if, e.g., interstitial-
solute interaction is very large it may be energetically
favorable for the solid solution to dissociate some
large solute clusters in favor of solute-interstitial
complexes: dissociating large solute clusters means
improving the solid solution stability. Similarily, if
defect clustering occurs, less defects (and therefore
defect-solute complexes) reach the solute clusters:
the driving force for solute clustering is decreased.
Finally, if vacancy-interstitial recombination at solute
clusters is not instantaneous, new reactions occur
which were ignored in Paper I. For instance a finite
probability exists that a solute cluster having one
trapped interstitial reemits a solute after the impinge-
ment of a solute vacancy pair. This is not the case
after vacancy-interstitial recombination. Here again
the effect of the irreversibility of the vacancy-
interstitial recombination is weakened.

It is therefore encouraging that the model as it was
used, overestimates the effect of irradiation. Some
difficulties indeed occur at lower irradiation tempera-
ture (7 < 100°C) where defect clustering is much
more abundant as shown by some observations, the
discussion of which is left for a future work. Work is
in progress to include defect clustering in the model
of Paper I.

B. What does the success of the model imply

The first point we can make is that the AlZn sys-
tem in the temperature range depicted here does ful-
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fill the simplifying assumptions of the model. More-
over, due to the failulre of other theoretical ap-
proaches to account for the result, we may claim that
the irreversibility of the vacancy-interstitial recombi-
nation is at the root of the destabilization of the AlZn
solid solution. Radiation-induced precipitation in this
system therefore offers one new example of so-called
nonequilibrium phase transition in solid systems (cf.
Ref. 22 in paper I).

From a more metallurgical view point, it might
look surprising that the model proposed which dealt,
strictly speaking, with coherent solute clusters does
account for noncoherent precipitate stability under ir-
radiation. First of all, in many cases where the pre-
cipitation process was slow enough, coherent GP
zones form prior to Zn precipitates as already report-
ed.? Nevertheless we think that the success of the
model suggests the following remarks.

As discussed by several authors,’* % whenever the
precipitate- and matrix-atomic volumes are different,
the number of matrix lattice sites in the volume oc-
cupied by the precipitate must differ from the
number of solute atoms in the precipitate, in order to
cancel the strain in the system. Notice that the con-
dition of zero strain energy is strictly fulfilled for
some very precise cluster compositions defined ac-
cording to the notation of paper I by

d=—55 (10)

where s is the number of solute atoms in the precipi-
tate, d° the number of constitutive defects, and & the
atomic volume misfit between the precipitate and the
matrix.

In Fig. 6 we represent a cluster space similar to
that of paper I Fig. 1, where the locus of those clus-
ters with zero associated strain energy is represented.
(A very large atomic volume misfit has been as-
sumed.) What we suggest is that the incoherency of
the precipitate matrix interface simply introduces a
particular s dependence of the defect-solute cluster
binding energy. Such a dependence was ignored in
paper L.

d. Ainterstitials

Vacancies

FIG. 6. Cluster space for incoherent clusters; ——- clus-
ters with zero associated strain energy.

C. Further comments on cluster trajectories

Despite its success, the model depicted in paper I is
very crude indeed. If it yields the right criterion for
solid solution metastability it does not give any de-
tails on the actual trajectories of the clusters in the
(d,s) plane. In other words we know why a critical
cluster size exists, but we ignore the mechanism by
which a cluster reaches the critical size. Since in an
undersaturated solid solution, large solute clusters are
rare, and since the incubation time for radiation-
induced precipitation is rather short (cf. Table I) it
might be that interstitial clusters form very frequently
and are destroyed by frequent arrival of vacancy
solute complexes: the vacancy-interstitial recombina-
tion would leave in place solute clusters close enough
to the critical size to have a good chance of getting
supercritical. [One of us (G.M.) is indebted to Dr.
M. Baron for enlightening discussion on this point.]

D. Homogeneous versus heterogeneous
radiation-induced precipitation

As a summary, homogeneous radiation-induced
precipitation is accounted for by the irreversibility of
the vacancy-interstitial mutual recombination reaction
at solute clusters. On the other hand heterogeneous
radiation-induced precipitation, (heterogeneous
means here ‘‘at point-defect sinks’’) was successfully
accounted for by the elimination of point defects at
point-defect sinks.>%%* Do the above two modes of
precipitation compete in a given system? In the NiSi
system only heterogeneous ' precipitation was report-
ed,’” except at low temperature and high flux where
the precipitation was so dense that it was not possible
to recognize dislocation loops by strain contrast of the
transmission electron micrographs.® but the oc-
currence of ' precipitate-dislocation loop association
could not be ruled out. Similarly, in the NiGe sys-
tem, v’ radiation-induced precipitation is reported to
be always heterogeneous.” In the AlZn system just
discussed, Zn precipitation was observed to be only
homogeneous. It must be recognized, however, that
dislocation loops are rare and that very few grain
boundaries have been observed. We cannot com-
pletely rule out the occurrence of heterogeneous pre-
cipitation in this system but if there is any, it is not
the dominant feature.

Can we specify under what conditions homogene-
ous rather than heterogeneous induced precipitation
is expected to prevail? In a qualitative way, one may
suggest that homogeneous radiation-induced precipi-
tation is triggered in a regime where the elimination
of point defects occurs mainly by mutual recombina-
tion, while heterogeneous radiation-induced precipita-
tion develops when the elimination of point defects
occurs mainly at fixed sinks. Indeed, as shown by
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the Johnson-Lam model® no solute segregation to
point-defect sinks occurs under irradiation conditions
such that vacancy-interstitial mutual recombination is
very prominent. On the other hand, the homogene-
ous precipitation model presented in paper I operates
when recombination is prominent (mainly at solute
clusters).

We are aware of the crude level of the above argu-
ment. In particular we do not explain the reason why
no homogeneous radiation-induced vy’ precipitation is
observed in NiSi at low temperature where hetero-
geneous precipitation does not occur. Radiation-
induced disordering and dissolution have not been in-
cluded in the model and might be necessary, as dis-
cussed elsewhere.®

V. SUMMARY AND CONCLUSIONS

AlZn dilute solid solutions containing from 0.2 to
4.4 at.% Zn have been irradiated with high-flux 1-
MeV electrons at temperatures well within the solid
solubility of Zn in Al. GP zones or Zn precipitates
are observed to form under appropriate irradiation
conditions (flux and temperature), yielding the defin-
ition of a flux-dependent solvus of Zn in Al. When
radiation-induced precipitation occurs, the precipitate
volume fraction saturates before the matrix composi-
tion has reached the solubility limit under irradiation
just defined. The existing models of radiation-
induced precipitation fail to account for the above ob-
servations.

The model of vacancy-interstitial recombination in-
duced solid-solution metastability presented in paper
I does account for the results, both qualitatively and
with the right order of magnitude, although with a
slight overestimation of the effect of irradiation. For
assessing the latter model, a new computation
scheme of the point-defect population in a solid solu-
tion under irradiation has been developed, where the
single-phase solid solution is treated as an average
medium.

The reasons why the model overestimates the ef-
fect of irradiation have been discussed in a qualitative
way. Improvements are suggested. More accurate
values of solute-interstitial complex migration ener-
gies are needed. Despite these weaknesses, the suc-
cess of the model suggests that the dominant
mechanism for radiation-induced homogeneous pre-
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cipitation is the irreversible recombination of mixed
interstitials with vacancy-solute complexes, and that
the coherency or noncoherency at the precipitate ma-
trix interface plays only a minor role in this problem.

Radiation-induced homogeneous precipitation is
therefore thought to be an example of so-called
nonequilibrium phase transition.
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APPENDIX A

1. Diffusion in a dilute binary alloy in the
presence of vacancies only

As is well known!®3® the currents of 4 and B
atoms under isothermal conditions are written

Ji=Ly(Xs=X))+Ly(Xg—X))

(A1)
Jp=Lg (X4 —Xy) +Lgg(Xp—Xy) ,
and the vacancy current is
Jy=—(JA +JB) (AZ)

L;; are phenomenological coefficients and X, the ther-
modynamical driving forces, the expression of which
is given in Refs. 18 and 38. However for the sake of
clarity, we rewrite these expressions using variables
of interest in the irradiation problem, namely, the
concentration of free vacancies and of free solute
atoms which we call, respectively, cy and cz. If we
call a the lattice parameter, using the standard indices
for the five basic vacancy jump frequencies in a fcc
dilute solution and noting that the concentration of
solute-vacancy complexes ¢, is given by

kT 1+CB

QWL W (3/2— W/ Ws)
Lin=Ln, = N9 2 W4 1/ W
AB = B = Y T WL, 12 W,
Lo_at o WaW (W W3 +17/2)
BT Wi wy+12w,

W, 40( W, + W3) +4 W, (W /W3 +17/2)
W, Wi+ W,+1/2W, ’

Cp =kVCyCB (A3)
with
Wy
ky= 12—W—3— , (A4)
we obtain
(ASa)
(A5b)
(A5c)
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where N is the number of lattice sites per unit
volume. The thermodynamic driving forces are given

by
Xi=—Vu,; . (A6)

The expressions of uy, wg, us as a function of the
concentrations of free vacancies and free solute are

uy=und+kTIncy +kT(Zcy +c,) (A7a)
pe=upd+kTincg +kT(Zcy +c¢,) , (A7b)
pa=pl—kT(cy+cg+c,) . (A7c)

According to Eq. (A3), we know that

Eq. (A1) as

J,
L= (Lyg+ LBB)
kT cy

Ve,
+1(1+2)eglap— (1 — Zeg) Lggl—= , (A9a)
Cp
J Ve
k—;"=_(LM+LBB) 4 o
_[(1+Z)CBLAA+LAB_(1—ZCB)LBB] ‘s
Cs
(A9b)

where we have neglected ¢y -and ¢, when compared to
¢g, and cp when compared to 1 but not Zcz com-
pared to 1 (Z is the number of nearest neighbors: 12
in fcc crystals).

The solute and vacancy fluxes Jz and J, can also
be expressed in terms of the gradients of the total va-
cancy and solute concentrations, respectively, @, and

Ve, /e,=Veyley+Veglep . (A8) Cs defined by
Cy=cy+c, , (A10a)
With the aid of Egs. (A6) to (A8) we may rewrite Cp=cp+c, , (A10b)
Jg  Lup+Lps 1 ky
Sl R ea | e - +|(1+Z) - —-— +|Z-— - (¢ All
“T ey Vey ( ) 1+kyeg LAB eg 1+k e LBB v B > ( )
Jy Ly +2L4p+ Lgg ky 1 ky
VST G, (142) - —— L+ |z - -
kT e, v )-T7 U iy sl LT
1422) — = ——¥ .
+{(14+22) eB ] +kves ]LAB]V(‘?B (A12)
Following Ref. 18 we define a vacancy diffusion coefficient in the dilute solid solution, D such that
JV——S)VVNQV (A13)
in the absence of solute concentration gradient (V @z =0). From Eq. (A12), we have
D =£ LAA +2LAB+LBB
4 N eV ’ (A14)
or according to Eq. (AS)
Dy W, 40( W+ W3) + W,(TW,/W3+9/2)
= 114 A2
Dy(Cp) 1+4,G, [1 (‘33[7 W, W\ W, 41 W , (A15)

where D, =a?W, is the vacancy diffusion coefficient in the pure solvent, and since €z ~ ¢z, we have used

eV=CV(1 +kyeg) .

(Al6)

Similarly, the diffusion coefficient of the solute B by the vacancy mechanism D¢ is deduced from Eq. (A9a),

setting V¢, =0

'IB = —BSVV(‘ZB .

(A17)
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Again assuming Cz ~ cp, we get

Dsy(eg) =kT[(1 '—ZGB)L—IM“ "'(1 +Z)LAB] .

Cs
(A18)
With the aid of expressions (AS5), we get
Cy
DI(Cp) =c_,9DB*(0)
3/2 - Wl/ W3
x |1- +2(1+2) X3
[1 €|z +201+2) 3=t
(A19)

where DB*(O) is the solute diffusion coefficient in

the pure metal, and ¢ the vacancy thermal equilibri-
um concentration. The discrepancy between Eq.
(A19) and the original formula!® results from the fact
that the terms in ZCpz were not neglected compared
to 1. In Eq. (A19), we have

o WaWo (W, +1/2W3)

_ 2
DB*(O) a“Cy W3 W1+ W2+7/2 W3 (A20)
The useful result for Sec. III is that
DH(€s) =Dye(€a) 5 . (A21)
vV

2. Numerical values for the effective
vacancy diffusion coefficient

In order to evaluate the effective vacancy diffusion
coefficient D, (€p) in the AlZn solid solution [Eq.
(A15)] we can rely on four experimental determina-
tions: (i) the vacancy diffusion coefficient in pure Al
(Dy) as deduced from self-diffusion data and vacan-
cy concentration data in pure Al (Ref. 14); (ii) the
sign of the solute drift by vacancy flow®?; (iii) the
dependence of the Al self-diffusion coefficient on Zn
content!®; (iv) the Zn diffusion data in pure AL'?

In the next section, we show that D, (@p)
< Dy/(1+ky@p).

a. Solute drift by vacancy flow is known
to be positive in AlZn (Ref. 31)

According to Eq. (A11), in the absence of solute
concentration gradient (V@z =0), the solute flux is

Jg=kT(Lyz+Lgz)VeCy/@y (A22)
Wl'—'l'iW v
=— kT : P Ve (A23)
W] +7 W3 ey

We therefore deduce that

Wi 13
W, (A24)

b. Variation of the Al diffusion coefficient
with the Zn content

The tracer diffusion coefficient of the solvent in a
dilute solid solution is*!

D (@) =D +(0)(1+6C,) . (A25)

If we neglect the Cz dependance of the correlation
factor for self-diffusion, b is given by

Wy 4W,+14 W,
-1 — 7
b=-18 - - (A26)

From published data* one may deduce®
b=-375 . (A27)
Equation (A24) together with Eq. (A27) yields

W,
W, <0.36 . (A28)

¢. Zn tracer diffusion data in pure Al

The best available data!® show that W, and W,
have nearly the same activation energy. Introducing
Egs. (A24) and (A27) into Eq. (A15) shows that in
the two limiting cases W, << W, and W;, or
W, >> W, and W3, the following relation holds

Dy

Dy(€Cp) <

In the following, we take D, (@) equal to the right-
hand side of Eq. (A29).

3. Extension to solute diffusion by
dumbbell mechanism

As established recently,?! the same type of
development as in Eq. (A1) can be performed for
diffusion by the dumbbell mechanism. The resulting
expressions are

D,(O)(l +B,(‘33) +kpa‘YpaeB

3),‘(83)= 1+keg s

(A30)

where D;(0) is the diffusion coefficient of interstitials
in the pure solvent, k; is an overall trapping coeffi-
cient of interstitials at solute atoms, B;, K,,, and yp,
only depend on the various jump frequencies of the
dumbbell in the vicinity of the solute atom, the ex-
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pression of which is not important here. Similarly
Di(€p) =il K, Dy (1 +kCp) +20,D,(0) k,@5]
(A31)

where D,, and o; are also given as functions of the
dumbbell jump frequencies.?! k; is given by

k,-=kpa +kp3'+kgl , (A32)

where k,,, ky8, and kg, are the equilibrium constants

of the following reactions:
Kp
self-interstitial +solute < type a complex ,
ki
type a complex <~ mixed dumbbell ,
kpB
self-interstitial +solute < type b complex .

Type a and b complexes are solute interstitials
nearest-neighbor configurations which, respectively,
may or may not transform into mixed dumbbell
within one jump of the interstitial.

APPENDIX B: POINT-DEFECT CONCENTRATIONS IN
SOLID SOLUTIONS UNDER IRRADIATION

1. Single-phase solid solution

We assume that in the single-phase solid solution,
the solute atoms are all isolated. Equations (A15)
and (A30) allow for the definition of effective vacan-
cy and interstitial diffusion coefficient in the solid
solution. By analogy with the point-defect balance
equations in pure metals, under irradiation, we write

9C,

o7 =G -®,CC,—-K,(c,—-Cl) , (B1)
-%%=G—Gl,.,e;€,,~1(ie,- » (BZ)

where @, and @, are the vacancy and interstitial (free
and associated with single solute atoms) concentra-
tions, G the production rate of defects, R;, an effec-
tive rate constant for interstitial-vacancy mutual
recombination

miv=47rr0(3)/+1)u)/n (B3)
(where rg is the recombination radius and Q the Al
atomic volume), and K, (respectively, K;) is the rate

constant for vacancy (respectively, interstitial) elimi-
nation at dislocations

K,=D,Z,p; , (B4a)
Ki=D;Zp, (B4b)

(where py is the dislocation density and Z, and Z; ef-
ficiency factors).
Note that for the thin foils used in the high voltage

electron microscope irradiations, the dominant sinks
are the foil surfaces, which are equivalent to a dislo-
cation density of p,=w?%/e? where e is the foil thick-
ness® with Z,=Z,=1. Finally €2 in Eq. (B1) is the
thermal equilibrium vacancy concentration. From
Egs. (B1) and (B2), we get at steady state

K
v —~ @O
X (e,-¢)) , (BS)

(‘3;==

which together with Eq. (B1) gives

1/2
=1leo _ 4G __i___
eu—zev[(l D+A+0) 1+KUGS 130! ] :
where (B6)
¢ K; . (B7)

As usual two regimes may be distinguished: (i)
the recombination regime where { << 1 and

4Z,G

1+ >
Z'}Rlve?

e, =5 el +|1+

1/2
] (8)

and (ii) the sink elimination regime where { >> 1
and

446G 1

-1+ 5
k,ey ¢

e, =2el¢

12
I . (B9)

2. Two-phase solid solution

In the model under consideration the only effect of
precipitates on the point-defect concentrations is to
introduce fixed traps (the sites at the precipitate-
matrix interface) in the defect balance equations.
These traps are saturable and independent in the
sense that the binding energy of a point-defect at a
trap does not depend on the occupation probability of
neighbor traps. The trapping centers can therefore be
treated as homogeneously distributed in the matrix.
The appropriate balance equations for vacancies, in-
terstitials in the matrix (€,,@;), and at traps
(e,,,C,) are given in the text [Eqs. (6a)—(6d)]. Ac-
cording to Sec. 1 of Appendix B, we give the new
rate constants of Egs. (6a) —(6d) the following ex-
pressions:

Ry =47r,D,/Q 810)
R, =47r,D/Q , (B11)
K, =4mr,D,/Q (B12)
K/ =4mr,D,/Q , (B13)
K, =(D,/a?) exp(+gs/kT) , (B14)
K/ =(D,/a®) exp(+gb/kT) . (B15)



23 SOLID SOLUTIONS UNDER IRRADIATION. 1L ... 3347

In the above equations r,, (respectively, r;) is the recombination radius for a trapped vacancy (respectively, in-
terstitial) with a mobile interstitial (respectively, vacancy); r,, (respectively, r;) is the capture radius of a trap for
vacancies (respectively, interstitials); and g% (respectively, g?) is the binding energy of a vacancy (respectively,
interstitial) at a trap. g? < 0 for an attractive interaction.

For the sake of simplicity we assume

’ ' 1
,.Ul = ril = ’.vl = "i/ = _2'r0 . (Bl6)

The factor % stems from the fact that trapping centers at a precipitate matrix interface can be reached from ap-
proximately one half space only.

At steady state Eqs. (6a) to (6d) can be rearranged by simple algebra to give Eq. (8) with the following expres-
sions of the coefficients:

+1) (K +k) —Ba?+2a+1 A
a,=C?° (a+1)( : )~ Ba’H2at )+ k”, (2"‘+1) —GL , (B17)
a*+ta+l a® (*+a+1) R
&R - Qa+ )k +k) +aBa+1) kK l(a+D) (K +k,)—(Ba?+2a+1)]
02=eg 2 + 2 '
a*+ta+l ala?+a+1)R
3 +k,,-—(2a+,1) G| (B18)
(a?+a+1)R a®
i 'Ky — Qa+ DK +k) +aBa+ D] &'k, —alk/ +k,) +o?
=5 | ala?+a+1)R’ a?+a+1
btk =€ [(a+ Dk +k,) —aQa+1)]P’ B19)
(a’+a+ 1R’ ala?+a+ 1R’ ’
G +k Kk —alk/ +k)) +a?
a4=e,‘,)4 B (G Dk Kk, —al ’ ) +a?] (B20)
ala?+a+1)R
The following notation is used
R, =2mryD,/QA=R, =K, , (B21)
R =2mreD/Q=R, =K/ , (B22)
k,=K,®R, k=K/®R, a=kik . (B23)
®R =R/ RR, , (B24)
e!=®,e , (B25)
G'=G/e?, ®'=k/e’, k' =k//e¥, k.=k./e? (B26)

@, is the density of trapping centers. The solution of Eq. (8) is known in analytical form.
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