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A model is proposed for the crystalline-to-amorphous transformation (amorphization) of Zr(Cr, Fe), precipitates in
Zircaloy under neutron irradiation. The model is based on the observations that a “duplex” structure forms upon neutron
irradiation: an amorphous layer starts at the precipitate—matrix interface that moves into the precipitate until the precipitate
is completely amorphous. A depletion of Fe from the amorphous layer is observed, and the thickness of the amorphous layer
is directly proportional to fluence. This last feature cannot be accounted for by models in which the rate controlling step for

amorphization is diffusion-controlled.

The rate-controlling step for amorphization is a departure from stoichiometry induced by ballistic mixing across the
crystallineamorphous interface. This explains the fact that amorphization starts at the interface and gives the correct linear
dependence of amorphous layer thickness with fluence. It is shown that the amorphization front velocity observed

experimentally can be reproduced with the present model.

1. Introduction

The size and distribution of the intermetallic precip-
itates Zr(Cr, Fe), usually found in Zircaloy-4, have
been found to influence in-reactor waterside corrosion
rates [1,2]. In that context, dissolution and reprecipita-
tion of those precipitates could be of importance in
determining Zircaloy corrosion behavior under irradia-
tion.

Zr(Cr, Fe), precipitates undergo a crystalline-to-
amorphous transformation (amorphization) and even-
tually dissolve under neutron irradiation [3,4], after a
dose of 1-10 dpa. Partially amorphized precipitates
exhibit an amorphous layer at the precipitate—matrix
interface that gradually moves into the precipitate,
until the whole precipitate is amorphous. A decrease in
iron concentration is associated with the transforma-
tion. A qualitative model has been proposed by Yang
[5] for the crystalline-to-amorphous transformation of
those precipitates based on exchanges of vacancies
with iron atoms at the precipitate-matrix interface.
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Some of the shortcomings of this model have been
discussed by Griffiths [6], who proposes instead that
the Fe interstitials created by irradiation in the inter-
metallic precipitate are less stable than the ones in the
Zr matrix, so they tend to leave the precipitate to go
into the matrix, leading to the observed iron depletion.
The iron depletion reduces the Fe /Cr ratio in the thin
layer of Zr(Cr, Fe), closest to the matrix making it less
stable against amorphization than the core of the
Z1(Cr, Fe), precipitate with the normal Fe /Cr ratio of
1.5. In other words, the free encrgy difference between
the crystalline and the amorphous phases of Zr(Cr, Fe),
decreases with decreasing Fe /Cr ratio.

Besides making no quantitative predictions, these
models fail to predict some of the qualitative character-
istics of the transformation, notably the fact that diffu-
sion-controlled processes are incompatible with the
linear dependence of the amorphous layer thickness on
fluence, as will be discussed below. It is the purpose of
this article to present a model for amorphization of
Zr(Cr, Fe), precipitates in Zircaloy under high tem-
perature neutron irradiation that can calculate the
velocity of advancement of the amorphous front, while
giving the correct dependence on fluence and explain-
ing the amorphization morphology.
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2. Brief review of experimental results

The intermetallic precipitates Zr(Cr, Fe), in
Zircaloy have been made amorphous both by charged
particle and by neutron irradiation [7]. The results for
amorphization under neutron irradiation used in this
article have been presented elsewhere in full {8-10],
and only a brief review is given here to orient the
choice of a theoretical model.

Amorphization is observed in Zr(Cr, Fe), precipi-
tates in neutron irradiated Zircaloy-2 and -4. Fig. 1
shows the dose to amorphization of Zr(Cr, Fe), precip-
itates in Zircaloy-4 plotted against temperature. Those
results are for a fixed precipitate size since the dose to
amorphization depends on the size of the precipitate.
At low temperature (around 330 K), the dose to amor-
phization is < 1 dpa. It increases between 520 and 580
K, up to values of about 10 dpa. Above a critical
temperature between 580 and 600 K, no amorphization
is observed for practical irradiation conditions. Since
the melting temperature of ZrCr, is 1900 K, the criti-
cal temperature corresponds to approximately 0.37,,
[11], where T, is the melting temperature.

As indicated in fig. 1, close to the critical tempera-
ture, amorphization starts at the precipitate-matrix in-
terface and gradually moves inwards, until the whole
precipitate is amorphous. An intermediary stage is
shown in fig. 2. The core of the precipitate is crys-
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Fig. 1. Dose to amorphization under neutron irradiation of
Zr(Cr, Fe), precipitates in Zircaloy-4 against temperature.
The amorphization process is shown schematically for the
points at 580 K: the thickness of the amorphous layer in-
creases with fluence until complete amorphization of the
precipitates.

Fig. 2. Zr(Cr, Fe), precipitate after irradiation to fluence of
4x10% n m~2, in the BR3 reactor. The amorphous layer (A)
formed at the precipitate—-matrix interface gradually moves
into the crystalline core (C) until the whole precipitate is
amorphous. (Courtesy of C. Regnard, CENG-SECC).

talline as evidenced by the stacking faults visible in
bright field as well as by the presence of a spot diffrac-
tion pattern. The outer layer is amorphous, as shown
by the presence of a ring diffraction pattern, and by
the fact that the diffraction contrast in bright field does
not change as the precipitate is tilted to different
orientations. It is found [9] that the increase of amor-
phous layer thickness in Zr(Cr, Fe), precipitates in
Zircaloy-4 is linear with fluence throughout the irradia-
tion time before complete amorphization. This is shown
in fig. 3 where the amorphous thickness is plotted
against fluence. The slope is constant from beginning
to end of irradiation time and there is no sign of an
incubation period for the formation of the amorphous
layer. The slope measured from fig. 3 is equal to 10 nm
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Fig. 3. Amorphous layer thickness in Zr(Cr, Fe), precipitate

under neutron irradiation at temperatures between 520 and

580 K. The slope of the straight line is about 10 nm/lO25 n
m~2[9,10].

per 10 n m~2 in the range of temperature from 523

to 580 K. Some of the fluence data in fig. 3 come from
irradiations done at different neutron fluxes for the
same time [12], therefore different fluxes give different
rates of amorphous layer advancement.

Chemical analysis shows that iron is substantially
depleted in the amorphous layer compared to the
crystalline precipitate. This can be verified in fig. 4
reproduced from ref. {4]. While the chromium concen-
tration remains constant inside the precipitate, the iron
concentration falls steeply across the -crystalline/
amorphous interface, remains at a lower level in the
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Fig. 4. Iron and chromium concentrations against distance in

partially amorphized Zr(Cr, Fe), precipitate similar to the

one shown in fig. 2, from ref. [4]. The iron content of the

amorphous layer is substantially reduced compared to the

crystalline core, but is larger than that of the zirconium
matrix.

amorphous layer and falls again abruptly at the precip-
itate—matrix interface. The iron concentration is 40
at% in the precipitate, and approximately 10 at% in
the amorphous layer, falling to close to 0 in the zirco-
nium matrix.

3. Model for neutron-irradiation-induced amorphiza-
tion

3.1. General observations

The exponential increase of the dose-to-amorphiza-
tion with temperature indicates that amorphization
induced by neutron irradiation close to the critical
temperature, T,, can be interpreted as a competition
between irradiation damage and thermal annealing, as
observed for other types of irradiation [13-17]. At low
temperatures, irradiation damage accumulates in the
lattice, unopposed by thermal annealing, until the en-
ergy stored is high enough to permit amorphization.
This happens between 0.5 and 1 dpa. At higher tem-
peratures thermal annealing processes are activated
that reduce the rate of accumulation of irradiation
damage, thereby raising the dose to amorphization.
Finally, at the critical temperature, the annealing rate
becomes faster than the irradiation damage rate and
amorphization does not happen. As stated above, the
amorphization condition is

A(;irr > AGca’ (1)

where AG,, is the increase in free energy brought
about by irradiation and AG_, is the difference in free
energy between the crystalline and amorphous phases.
AG;,, is the sum of the different forms of energy stored
by irradiation in the lattice. In addition to the forms of
energy storage usually considered, i.e. increase in point
defect concentration [13] and chemical disordering [18],
the free energy increase from the departure from stoi-
chiometry should also be considered in this case as
pointed out in ref. [9].

The increase in free energy under irradiation is
then written as

AG;, = AG, + AGy;, + AGy,, (2)

where AG,,, AGy, and AG,, are the changes in
free energy due to departure from stoichiometry,
chemical disordering and point defect increase, respec-
tively. The change in free energy due to the increase in
point defect concentration under irradiation can be
neglected here because the steady state point defect
concentration under neutron irradiation is very small
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at reactor operating temperatures (C; < C, < 1079,
where C; and C, are the interstitial and vacancy con-
centrations, respectively) [19].

In the next sections it is shown that the observed
amorphization morphology and kinetics can be ex-
plained if the departure from stoichiometry controls
the amorphization process.

3.2. Model

The fact that amorphization starts at the precipi-
tate—matrix interface indicates that the matrix plays
some role in the amorphization process. That role is
probably linked to the iron depletion associated with
amorphization. The linear dependence of the amor-
phous thickness with fluence suggests that the rate-
controlling step for advancement of the amorphous
front into the crystalline core is not diffusional as
proposed elsewhere [5,6], since for a thermal diffusion
controlled process, the thickness should be propor-
tional to the square root .of the irradiation time, ¢!/2,
where it is in fact proportional to ¢¢. Furthermore, in
the present case, a process controlled by thermal diffu-
sion would imply that all precipitates plotted in fig. 3
would have roughly the same amorphous layer thick-
ness, since they were irradiated for the same amount of
time, and at the same temperature, albeit at different
dose rates. Since the thickness is actually proportional
to the fluence ¢¢, it is likely that diffusional processes
do not control amorphization. The absence of marked
gradients in the iron concentration either in the amor-
phous layer or in the zirconium matrix and the absence
of an incubation period, further argue for a process
that is not controlled by diffusion.

The linear dependence of the amorphous thickness
on fluence can be explained if amorphization happens
at a critical departure from stoichiometry caused by
mixing across the interface originating from atomic
collisions (ballistic mixing). This is because the amount
of ballistic mixing across an interface is proportional to
the fluence [20,21].

The model proposed in this work is illustrated in
fig. 5. The zone in the precipitate close to the matrix
has its iron and chromium sputtered away into the
matrix by collisions with neutrons or with knock-on
ions produced in neutron-induced cascades. Since in-
termetallic compounds exist only in a narrow composi-
tional range, their free energy rises steeply with small
departures from stoichiometry [16], as illustrated quali-
tatively in fig. 6. As soon as a critical departure from
stoichiometry 8¢, and thus AG, is attained in a given
layer, the free energy of the depleted intermetallic
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Fig. 5. Model for neutron irradiation induced amorphization:
ballistic collisions induce a net flux of iron Jg, across the
crystalline /amorphous interface which causes a departure
from stoichiometry 8¢ in the thin region w. This locally raises
the free energy and makes that region amorphize preferen-
tially. Once the amorphous transformation occurs, a larger
quantity of iron is released from the precipitate into the
matrix (J;;,), due to a new chemical equilibrium.

layer becomes larger than that of the amorphous phase.
When that happens, that layer is unstable with respect
to the amorphous phase and amorphization can occur.
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Fig. 6. Schematic free energy curves for the phases present
under irradiation. Amorphization changes the equilibrium
between matrix and precipitate from the solid to the dotted
line. As a consequence, the concentration of iron in the
precipitate changes, from C; to C,. A slight increase in iron
solubility from C to C’, due to the higher point defect
concentration under irradiation, can aiso contribute to Fe
depletion.



A.T. Motta, C. Lemaignan / Ballistic mixing model for amorphization of precipitates 281

Once the transformation takes place, a much larger
variation in concentration happens as the amorphous
phase discharges its iron into the zirconium matrix in
order to attain the new equilibrium concentration C,.

The justification for the iron discharge after amor-
phization is that the equilibrium iron concentration
between the amorphous precipitate and the irradiated
zirconium matrix is different from that between the
crystalline precipitate and the unirradiated zirconium
matrix. That there can be a change in the equilibrium
iron concentration is shown schematically in fig. 6. The
equilibrium between the intermetallic precipitate and
the zirconium matrix that exists before irradiation is
represented by the full line. After amorphization a new
metastable equilibrium exists between the amorphous
phase and the irradiated zirconium matrix (dotted line).
At this new “pseudoequilibrium”, the iron concentra-
tion in the amorphous precipitate C, is lower than
C, — &c, the composition at which the amorphous phase
is formed, so in order to attain the new equilibrium,
iron is depleted into the matrix. This is helped by the
effective increase in iron solubility in the matrix caused
by the supersaturation of point defects present under
irradiation. This is shown qualitatively in fig. 6: irradia-
tion shifts the minimum in the zirconium matrix free
energy curve from C to the higher C’. Both of these
factors can lead to iron depletion from the amorphous
phase into the matrix. If the thermal diffusion steps are
fast compared to the ballistic jump across the crys-
talline—amorphous interface, then the iron concentra-
tion profiles in the amorphous layer and in the matrix
should be flat as observed in fig. 4.

Indeed there is some evidence that most of the
observed variation in iron concentration happens after
amorphization and not vice versa. Intermetallic precip-
itates in Zircaloy made amorphous by low temperature
ion irradiation do not change their composition upon
amorphization [24]. However, there are preliminary
indications that they discharge some of their iron into
the matrix upon postamorphization heat treatment be-
low the recrystallization temperature [25]. Heat treat-
ment at 675 K for three days decreases the Fe /Cr ratio
at the precipitate edges from 1.7 to 1.5, while heat
treatment at 775 K for three days decreases the overall
Fe /Cr ratio in the precipitate from 1.7 to between 1.4
and 1.0. Those results indicate that, after amorphiza-
tion, iron spontancously leaves the precipitate, not
even necessitating the higher effective solubility under
irradiation.

Fig. 4 shows that there is little variation in the
chromium concentration from the crystalline precipi-
tate to the amorphous layer. The reason why chromium

atoms are not discharged into the matrix along with the
iron atoms is probably kinetic: the chromium diffusion
coefficient in pure alpha-zirconium is much smaller
than the corresponding diffusion coefficient of iron: at
600 K D5¢ is about 10~ 2 m? s~ !, while DS is of the
order of 10718 m? s~ 1 [22].

The process is summarized as follows: first an amor-
phous layer is formed at the precipitate—matrix inter-
face because of a small variation in the (Fe + Cr)
concentration in the precipitate, caused by ballistic
sputtering of those atoms into the Zr matrix. Once the
amorphous phase is formed, there is a discharge of
iron from the amorphous phase into the matrix, until
an “equilibrium” concentration C, is reached. The
layer continues to advance, by a ballistically-induced
depletion of iron atoms from the crystalline to the
amorphous part of the precipitate followed by a fast
discharge into the matrix after amorphization. Since
there is no thermally-induced discharge of chromium
to the amorphous layer and then to the zirconium
matrix, the amount of chromium on both sides of the
crystalline—amorphous interface is approximately
equal, so mixing across the boundary has a smaller
effect. The actual depletion of chromium in the thin
layer is then small compared with that for iron.

The conditions for the above scheme to be valid are

Zr am bal pt
DFe’DFe >>DFe >>DFe’ (3)

where DZ! is the iron diffusion coefficient in the
zirconium matrix, D%7 is the iron diffusion coefficient
in the amorphous Zr-Cr~Fe phase, D% is the ballistic
diffusion coefficient and DB is the iron diffusion
coefficient in the crystalline intermetallic precipitate
Zx(Cr, Fe),. When the conditions in eq. (3) are satis-
fied, the rate controlling step of the process is ballistic
rather than thermal diffusion.
D%, can be estimated from

D = 41, @
where the ballistic jump frequency I' is equal to the
displacement rate ¢oy, (with o, the displacement cross
section), and (x) is the average distance travelled by
an atom in a collision. The displacement cross section
used here is the classical value that does not take into
account the production of free defects. Taking a dis-
placement rate ¢oy of 5X 1077 dpa s~!, typical of
neutron irradiation, and an {x) of 5 nm as an upper
limit of the average distance travelled by an atom in a
neutron collision cascade, we obtain D% =2 x 10~
m? s~ . The thermal diffusion of iron is dependent of
alloy composition: in pure zirconium it is of the order
of 5x 10713 m? s~ at 560 K [22], while in alloys like
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Zircaloy and Zr-Nb by extrapolation of the high tem-
perature data it would be in the range of 107 m? s~ !
at 580 K [26].

Even though not much is known about DE, it is
reasonable to suppose that it is smaller than DZ'. This
is because iron has been shown to be a very fast
interstitial diffuser in zirconium [22], while in the or-
dered intermetallic compound it is likely that the iron
interstitial configuration is a complicated one involving
several atoms in order to minimize local disorder,
analogously to what is observed in molecular dynamics
simulations of other intermetallic compounds [27,28].
This leads to a high interstitial migration energy [27].
Taking the preexponential factor for iron diffusion in
the intermetallic to be Dy, =10"° m? s, the migra-
tion energy of iron in the intermetallic needs to be
higher than 2 eV, a condition expected to be fullfilled,
in order for the condition expressed in eq. (3) (D% >
DEY) to be satisfied at the irradiation temperature of
580 K.

The diffusion of Fe in amorphous Fe,,Zr,s alloy
has been observed to be high [29] and the values
reported for D, and the activation energy outside of
irradiation corresponds to DM =62x 10" m? !
at 580 K, again fullfiling condition (3).

The model is now used to calculate the velocity of
advancement of the amorphous front.

3.3. Calculation of the amorphous front velocity

Assuming the planar geometry shown in fig. 5 the
flux of atoms sputtered across the interface from the
crystalline to the amorphous part of the precipitate is
[30]

1= [fc(x)po (1 —x/m) dx, (5)
0

where p is the average range of the sputtered atoms,
and C(x) is the iron concentration profile in the inter-
metallic precipitate as a function of the distance from
the crystalline—amorphous interface, x. Since the sput-
tering probability decreases linearly with x, and using
the boundary conditions C(u)=C, and C(0)=C, -
3¢, where C, is the concentration of iron in the origi-
nal intermetallic precipitate particle, then

C(x)=Cy— (1 ~x/p) dec. (6)

Substituting eq. (6) into eq. (5) and performing the
integration yields

I = %I-‘«‘ba'd(co -3 8c). (N

This is the flux from the crystalline core to the
amorphous layer. The reverse flux is

‘,~= _%I'L¢(Tdca' (8)

Then the total flux across the crystalline—-amorphous
interface is

JFe=J++]—=%P~¢0'd(C0_Ca”%50)' (9)

Since, according to the model, the flux Jg, is re-
sponsible for the iron depletion leading to amorphiza-
tion, the total amount of iron sputtered per unit area
of precipitate—matrix interface after time ¢ is equal to
the thickness of the amorphous layer multiplied by the
critical change in concentration dc¢, or

Jret = X (1) 3¢, (10)

where X (¢) is the thickness at time ¢ of the layer that
has amorphized due to having reached the critical
departure from stoichiometry for amorphization. Sub-
stituting eq. (9) into eq. (10) and solving for X, we
obtain
Xc(t)=%/“L(b0-dt[%(c()_ca)/8(;_1]' (11)
It can be seen from eq. (11) that X is proportional
to the fluence ¢t as observed experimentally. Using
dog=5X% 107 dpas™, Cy,=0.4 and C, = 0.1, we find
that 8¢ needs to be 3 at% for the calculated value of

the amorphous layer advancement X to correspond to
the experimental value of 10 nm/10% n m~2.

3.4. Evaluation of AG,,

One possible check to the model is to indepen-
dently evaluate AG,, and verify that the value of 8¢
calculated above provides the correct order of magni-
tude of free energy variation to induce amorphization,
that is, to check that AG, originating from a 3%
variation in stoichiometry is comparable to AG,,. It is
necessary then, to estimate by how much the free
energy varies when there is a departure from stoi-
chiometry. This depends mainly on the type of defect
formed, point defect or anti-site. Only the anti-site
defects are considered here, that is, it is assumed that
the mixing occurs by the reaction

Zr™ + FeP = ZrP + Fe™, (12)
where Zr™ is a zirconium atom in the matrix, FeP is an

iron atom in the precipitate and the others are similar.
Then a zeroth order approximation is to take

AG, = AH, — T AS,
=70 dc + RT[3c In 3¢ + (1 —dc) In(1 - dc)],
(13)
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where Z is the number of iron nearest neighbors to a
zirconium-type site and (2 is the ordering energy. The
departure from stoichiometry 3¢ is equal to the con-
centration of iron in the zirconium sites of the inter-
metallic compound. When the departure from stoi-
chiometry is small enough that the entropic contribu-
tion is not important, the form of AG,, given by eq.
(13) is of a linear variation with the departure from
stoichiometry. More realistically, AG,, should increase
as (3¢)?, so the approximation above underestimates
AG,,.

Using Z =28, 2=0.03 to 0.01 ¢V [31] and a varia-
tion in iron concentration of 3%, we obtain a value of
AG,, = 0.004 to 0.013 eV per atom, which represents 20
to 65% of the difference in free energy between the
crystalline and amorphous phases, about 0.02 eV per
atom [32].

Therefore according to the preceding calculation, a
departure from stoichiometry in line compounds can
store enough energy in the lattice to cause an amor-
phous front to form preferentially at the crystalline—
amorphous interface and to drive it into the crystalline
core at the velocity observed experimentally.

4, Discussion

The model presented in the preceding section ratio-
nalizes the linear dependence of the amorphous thick-
ness on fluence, the absence of an incubation period
and the preferential amorphization at the precipitate
boundaries. The proposition of amorphization by de-
parture from stoichiometry is analogous to the situa-
tions of amorphization at metallic layer interfaces by
diffusion couples [33] or by ion mixing {34]. In both of
those cases the off-stoichiometric mixing of two metal-
lic layers (in one case by collisional mixing in the other
by a fast diffuser), creates an amorphous layer, due to
the difficulty in forming the more energeticaily favor-
able intermetallic phase [35,36]. The difference here is
that the energetically most favorable configuration (a
two-phase mixture of Zr matrix and Zr(Cr, Fe), pre-
cipitates) already exists from the beginning and is
destabilized by a departure from stoichiometry caused
by irradiation. This creates the conditions for the
amorphous layer to appear at the interface.

Several works in the literature have indicated that
chemical disordering is a major driving force for amor-
phization of intermetallic compounds under irradia-
tion, both in experiments [18,29] and in molecular
dynamic (MD) simulations [37], although there is evi-

dence that point defects also play an important role
[38,39]. In the present work, a contribution by homoge-
neous chemical disordering in the precipitate to the
general free energy increase of the intermetallic phase
during irradiation has been ruled out because of the
twin considerations of linear kinetics and the absence
of buildup time, as explained in the following.

Chemical disordering by statistical processes gives
not a linear but an exponential dependence of the long
range order parameter S on fluence [40]. The depen-
dence of AGy, on S is given by the Bragg-Williams
model, in the absence of thermal reordering as (1 — $2)
=(1~e"2%) [17], Since the thermal reordering term
is a complex function of S, the ordering energy, and of
the temperature, but completely independent of flu-
ence, this means that linear kinetics would not be
observed if bulk chemical disordering were the control-
ling mechanism. In addition, since there is no incuba-
tion time, the amount of homogeneous chemical disor-
dering that is compatible with linear kinetics is a steady
state of very low disorder that is quickly attained,
leading to a small contribution from bulk disordering
to the free energy rise under irradiation. It is possible
that chemical disordering brought about by cascades
contributes locally to the increase in free energy. How-
ever, because amorphization starts at the precipitate~
matrix interface, the rate-controlling mechanism for
amorphization is thought to be a departure from stoi-
chiometry.

With this model, it is interesting to consider what
annealing mechanism precludes amorphization from
occurring when the material is irradiated above the
critical temperature 7.

On the one hand, it is possible that at the critical
temperature the condition DE. < D%' expressed in
eq. (3) ceases to be valid. In that last case, any small
departure from stoichiometry is quickly evened out
through the whole intermetallic compound, and the
critical departure from stoichiometry is not reached.
Alternatively, it is possible that at T=T,, AGy; is
substantially reduced due to a cascade annealing proc-
ess being activated.

The temperature of 0.3, has been shown [20] to
be the temperature at which the thermally assisted
regime becomes important with respect to ballistic
processes during cascade annealing, both for direct
amorphization and for cascade mixing. The fact that
the critical temperature corresponds very nearly to
0.3T,, supports the second explanation. In that case,
depletion would still occur, but the level of damage
necessary for amorphization would not be reached due
to the absence of cascade damage. Some precipitate
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dissolution under irradiation above T, has been ob-
served [9], supporting the scheme above.

It is important to note that the amorphization model
described here is not applicable to low temperature
irradiation, where the iron diffusion coefficients in the
zirconium matrix and in the amorphous layer are too
low. There are indications that the neutron irradiation
induced amorphization process at low temperature (330
K) is qualitatively different from that at high tempera-
ture (550 K): one, it happens without any change in
stoichiometry and, two, the crystallization tempera-
tures upon postirradiation annealing are different for
precipitates amorphized at low and high temperature
[9]. This is another example of a system where the
amorphization mechanisms at high and low tempera-
ture are different, analogously to those mentioned in
ref. [31].

The importance on the zirconium matrix to the
current process indicates that the amorphization pro-
cess induced by irradiation depends not only on the
behavior of the precipitate itself but on that of the
whole system. Amorphization also depends on the na-
ture of the irradiating particle [7]. It is recalled here
that under 1.5 MeV electron irradiation, amorphiza-
tion of Zr(Cr, Fe), precipitates takes place only below
300 K, without changes in precipitate stoichiometry
and in a spatially homogeneous fashion [41]. In that
case, it is believed that both the contributions of point
defect supersaturation and chemical disordering con-
tribute to amorphization.

Under ion irradiation, the transformation also takes
place without change in stoichiometry [23}. This trans-
formation was tentatively attributed to chemical disor-
dering caused by cascades [7,17].

The dynamic role played by ballistic mixing in this
case indicates the importance of taking into account
not only thermodynamical considerations of phase sta-
bility, but the competing kinetics of thermal and ballis-
tic processes as well when modelling the crystailine—
amorphous transformation under irradiation.

5. Conclusions

The model presented here explains some of the
characteristics of the crystalline to amorphous transfor-
mation of Zr(Cr, Fe), precipitates in Zircaloy under
neutron irradiation at power reactor temperatures.

According to this model, amorphization happens by
a departure from stoichiometry due to a ballistic inter-
change of iron and zirconium atoms across the precipi-
tate—matrix interface. This explains the observation

that amorphization starts at the precipitate matrix in-
terface forming a front that gradually moves into the
precipitate. It also agrees with the observed kinetics of
amorphization, predicting an amorphous thickness pro-
portional to fluence and the absence of an incubation
period for the transformation to start.

This model is valid at high temperatures and has
specific requirements of relative magnitudes of diffu-
sion coefficients to work. Using the model, the velocity
of the amorphous front is calculated, and it is found
that a depletion of about 3% in the iron concentration
reproduces the observed velocity.
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