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ABSTRACT: The crystalline-amorphous transformation of Zr,(Ni,Fe) precipitates in Zircaloy
by electron irradiation has been studied in the high voltage eleciron microscope at temperatures
ranging from 92 to 283 K and dose rates between 107 and 4 x 1072 dpa/s. The dose-to-
amorphization was found to increase exponentially with temperature and to decrease with
increasing dose rate. The occurrence of the transformation was modeled by calculating the
increase in free energy because of irradiation effects: accumulation of point defects and lattice
disordering. The time-dependent diffusion equation with recombination was solved to find the
interstitial and vacancy concentrations as functions of dose, dose rate, and temperature. Ran-
dom recombination was the assumed disordering mechanism. The transformation was assumed
to occur when the free energy increase of the crystalline phase became equal to the difference
in free energy between the amorphous state and the unirradiated crystal. The dose-to-amor-
phization predicted by the model agreed well with experimental results for reasonable values
of the fitting parameters.
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Zircaloy is widely used in the nuclear industry as a fuel cladding material because of its
good mechanical, thermal, and nuclear properties. Its microstructure includes the inter-
metallic precipitates Zr,(Ni,Fe) and Zr(Cr,Fe),. Changes in the density, size, and compo-
sition of the precipitates alter the matrix concentrations of the minor alloying elements. In
addition, the precipitates undergo a crystalline to amorphous (C-A) transformation under
irradiation. These morphological changes may affect the mechanical and corrosion properties
of the alloy.

Neutron irradiation-induced changes in these precipitates have been reported, including
dissolution and amorphization [/,2]. The amorphization occurs at doses between 1 and 10
dpa at reactor operating temperatures and dose rates. The present study was conducted to
investigate the effects of temperature and dose rate on the C-A transformation using electron
irradiation. An attempt was also made to determine whether the C-A transformation occurs
suddenly at a critical dose or whether the process is gradual. The results obtained are
explained in terms of a model that relates the dose to amorphization with the temperature
and the dose rate.

! University of California at Berkeley, Berkeley, CA.
2 Electric Power Research Institute, Palo Alto, CA.
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Experimental Procedure

Thin foils for transmission electron microscopy (TEM) were prepared from Zircaloy-2
rods furnished by Teledyne Wah-Chang of Albany, OR. Disks 3 mm in diameter and
approximately 0.05-mm thick were obtained by mechanical polishing and punching. The
specimens were then polished using a standard Fischione unit with a solution of 10% per-
chloric acid (HCIO,) in methanol at 25 V and 223 K.

The irradiations were performed at temperatures ranging from 92 to 283 K in the Kratos
1.5 MeV high voltage electron microscope (HVEM) at the National Center for Electron
Microscopy (NCEM) at Lawrence Berkeley Laboratory. The vacuum was better than 1077
torr. The electron flux density was calculated by measuring the beam current and the beam
spot size. Diffraction patterns were taken at regular intervals to ascertain the occurrence of
the transformation. The irradiated specimens were further examined for composition vari-
ations (solute segregation, precipitate dissolution) in a Philips EM400 with an EDX attach-
ment.

To investigate the kinetics of the transformation, a series of diffraction patterns taken
during irradiation was digitized and the images thus obtained further processed using the
SEMPER software package at the NCEM. The fluence in dpa was calculated according to

dpa(t) = ot 1)

where ¢ is the irradiation time (s), @ is the flux density (e/cm’s) and o, is the displacement
cross section for electrons given by Oen [3], assuming a displacement energy of 40 eV as
recommended in the ASTM Standard Recommended Practice for Neutron Radiation Sim-
ulation by Charged-Particle Irradiation (E 521-83).

The dose rate k(dpa/s) = o,& was corrected for the radial dependence of beam shape
by multiplying the measured current density by the ratio R

current density in central 0.3 W spot

R = (2)

current density in whole spot

Beam heating was taken into account by performing a heat transfer calculation for a
simplified foil geometry. The temperature corrections thus obtained were of the order of
10 K, which agrees well with the literature [4].

Resuits

Figure 1 shows a cluster of Z1,(Ni,Fe) and Zr(Cr,Fe), precipitates before and after amor-
phization as evidenced by the inset diffraction patterns. The experimental results for
Zr,(Fe,Ni) are summarized in Fig. 2. The dose to amorphization is plotted against temper-
ature for several values of the dose rate. The dose to amorphization at 92 K (not shown in
Fig. 2) was found to be comparable to the result previously obtained by Morita et al. 4]
with bulk zirconium nitrite (Zr,Ni). The general form of the curve agrees qualitatively with
results from the literature [5,6] in that the dose to amorphization rises exponentially at a
definite temperature. There is also a tendency for the dose to amorphization is smaller for
higher dose rates.

The precipitate dissolution and iron depletion that are present in neutron irradiation [1,2]
were not observed in this study.

The occurrence of the amorphous transformation was followed by observing the transition
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FIG. 2—The figure shows dpa to amorphization versus temperature. The k values (in dpals x 107)
are indicated for each data point. The solid curves are the fits obtained from Eq 5 and 37.

from a spot pattern to a ring pattern. A sequence of diffraction patterns and their intensity
maps is shown in Fig. 3. At first there is only the spot pattern (a), but as the fluence rises,
the intensity of the spot pattern diminishes, and a ring pattern characteristic of the amorphous
phase appears and grows stronger (b),(c), until only the ring pattern is left (d).

From the intensity maps shown in Fig. 3, one can obtain the parameter §, which is an
experimental measure of the degree of crystallinity as a function of fluence. For a given
beam current, the diffracted intensity and therefore i, is proportional to the amount of

crystalline material present
Iy
(-—"f‘—) att =t
Itrans

o= ©)
(—ld—m->att=0

trans,

¢ ranges from one to zero as the material changes from crystalline to amorphous. As
shown in Fig. 4, ¥ remains close to one throughout the irradiation, decreasing sharply at
the end. This behavior suggests that the C-A transformation occurs relatively quickly
throughout the entire precipitate near the end of irradiation time. This occurrence implies
that the kinetics of amorphization are fast compared to the irradiation time and that the
thermodynamic driving force controls the observed behavior.

What causes the small variation in before amorphization is unclear, but could be due
to the nucleation and growth of small regions of amorphous material. Alternatively, the
cause could be an artifact of the experiment caused by the Gaussian shape of the beam that
deposits a higher dose at the center than at the outer edges. There is some evidence for the
latter mechanism since in some cases an amorphous region was first observed at the center
of the beam, then slowly spread outward.

The model presented below emphasizes the development of the thermodynamic driving
force for amorphization.
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FIG. 4—Crystalline volume fraction s versus dpa.

Theory

The C-A transformation is assumed to occur because an increase in the free energy of
the crystalline phase due to irradiation renders it unstable with respect to the amorphous
phase. The irradiation-induced free energy change is

A(;irr = Gcin - Gc = AGdef + AGdis (4)
where the subscript ¢ stands for crystalline, G, is the free energy of the irradiated crystalline
phase, and AGa and AG,, are the increases in free energy due to the accumulation of point
defects and to irradiation-induced disorder, respectively. The amorphization condition is
then

AGirr = AGnc (5)

where G, is the difference in free energy between the amorphous and crystalline states
AGac = AHac - TirrASac (6)

where AH, is the heat of crystallization for Z1,Ni [7]. AS, is estimated by the entropy change
at melting. This approximation is based on the close similarity of the structure, or lack
thereof, of an amorphous solid and a liquid

AH melt

ASuc = ASmelt = T
melt

™

Eq 6 is then

AG, = AH, — AHme“<§"> ®)
melt
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Calculation of Free Energy Change due to Point Defect Accumulation

The change in free energy due to point defect accumulation can be written as

// Gy = AHur — TulSur = 3 G + RT(CInG + (1 = G)in(1 =€) (9)

j=iv

where C; is the concentration of defect species j and (), is the energy associated with its
formation.

To find the concentration of point defects as a function of time the transient point defect
balances must be solved. Other studies have solved the point defect balances for thin foils
but they either considered a steady state case [8] or did not allow for diffusion to surface
sinks [9]. Another paper in this conference [10] uses rate theory to calculate the point defect
balances and arrives at conclusions similar to the ones presented below.

The thickness L is assumed to be much smaller than the beam diameter so that the defect
concentrations are dependent only on x, the distance from the foil midplane. As mentioned
above, the dpa to produce amorphization is comparable for both bulk and precipitate
Zr,(Ni,Fe). This lends credence to this approximation, which ignores the zirconium matrix
surrounding the precipitate. The problem can then be modeled by the slab geometry as
shown in Fig. 5.

The interstitial and vacancy concentrations in the foil are governed by

2
% _p %y k- ke (10)
at ax?
. 2.
9G _ p, %% Lk~ kicc, (11)
at ax?

where D, and D, are the respective point defect diffusion coefficients, k is the defect pro-
duction rate, and K,, is the recombination coefficient. Eqs 10 and 11 are solved with the
following initial and boundary conditions

Ci=C, =0att=0forallx (12)
C,=C,=0atx = Lforall¢ (13)
E3=§9=Oatx=0forallt (14)
0x 0x
&(—5-)
cm-y
y=L C;=C=0
x A
=0 aC; dC, 2L
R R e
Zr,(Ni ,Fe) v

FIG. 5—Geometry for solving point defect balances.
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where L is the foil half-thickness. This system of equations can be non-dimensionalized as

LT TN
== e * 1= % (15)
19y, a%y;
— e 1~y
T o €8)(2 iy (16)

with the initial and boundary conditions

yi=y.,=0att=0 a7
yi=y =0atx=1 (18)
ayv 3)’:

= =0atyxy =0

s B at x (19)

The dimensionless variables are defined as follows

B. K.
= 4= 0, 0, = 2 G 2
y=\5 @ 0= \PC (20)

i B, K.
i = A= 0, 0, = = C, 21
pd y B, k ( )
D D, B;
B, = - B, = 7 I'=1\|= 22
L*VK, L*VK, B, ®)

(23)

The system of Eqs 15 through 19 was solved numerically. The vacancy concentrations
were found to be several orders of magnitude bigger than the interstitial concentrations.
The explanation is that the larger mobility of the interstitials allows them to escape to the
surface while the vacancies are eliminated only through recombination. In Fig. 6 the con-
centration of vacancies is plotted as a function of distance from the foil midplane for several
times 7 and a fixed I'. One can see that the spatial gradients are not very large; the con-
centrations never vary by more than a factor of 2 across the foil thickness except for the
expected drop at the surface. These results mean that the whole foil reaches comparable
concentrations of defects simultaneously, which agrees with the shape of Fig. 4.

In Fig. 7@, at x = 0is plotted against time for several values of £ The curves for different
[ differ only in their final steady state. For the experimental cases of interest, a steady state
is not reached before amorphization. For 7 > 10, all curves follow a common straight line
on a log-log plot 4

®, = 3.9712 (24)
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FIG. 6—Dimensionless vacancy concentration as a function of distance from midplane of foil, for
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or, using dimensional variables

k 1/4
C, =39 (75) Vkt (25)

iv

Eq 25 shows that C, has, in addition to a square root dependence on the fluence, a one-
fourth power dependence on k and K,,. For high dose rates, the precipitates are therefore
predicted to amorphize more quickly, since C, will be higher for a given fluence, compared
to a low dose rate case. Since K, is dependent on the temperature through the diffusion
«coefficient, C, drops exponentially with temperature, and therefore causes the dose to
amorphization to rise exponentially, as observed experimentally.

This calculation predicts C, =~ 10-* at the end of the irradiation time. That the lattice can
hold as many vacancies is due to the fact that the vacancies are immobile while the mobile
interstitials are annihilated at the surface sink. The vacancy concentration should therefore
rise until there are so many vacancies that every newly created interstitial falls within the
recombination volume of a vacancy. Recombinatory numbers are usually taken to be =50
[11] which would give a maximum C, of 0.02.

Calculation of the Free Energy Change due to Disordering

In order to calculate the disordering contribution on Eq 4, AGy, must be specified in
terms of the degree of order in the system as a function of dose. The long-range order
parameter S will be assumed to be the sole determinant of the state of order. S is defined
by

Faa - Xa

S = 1 - x,

(26)

where F,, is the probability of finding a Type 4 atom on a Type A lattice site and x, is the
atom fraction of A. For a binary alloy, we can analogously write the following quantities
in terms of S

Fy = x, + S(1 = x) 27
Fp =x(1-9) (28)
Fp = x,(1 = S) (29)

where F,,, F,, and F,, are the probabilities of finding a B atom on a B site, an A atom on
a B site, and a B atom on an A site, respectively. If there is no short-range ordering, the
number of AB bonds is

Cpab = Fu(l(Zbanb + Zaanu) + Fub(bebe + Zabea) » (30)

where the Z,,, are the number of n type nearest neighbor sites around m type sites. C,p can
be written in terms of S by substituting Eqs 26 to 29 into Eq 30. For an ordering material
C,.» will decrease as S decreases. Assuming § = 1 (perfect order) at the beginning of
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irradiation, the variation in the number of AB bonds is given by
Acpab = Cpab(S) - Cpab(l) = ‘AZ(1 - SZ) + Al(l - S) (31)

where A, and A, are constants that depend on the crystal structure and stoichiometry of the
alloy. The mixing enthalpy is then

AHy, = NVAC,, (32)

where N is the total number of lattice sites per mol and V is the ordering energy.

The Frenkel pairs formed by irradiation recombine almost randomly, since the defect
formation energies are much bigger than the ordering energy. The random recombination
mechanism above can be shown [12,13] to cause S to decrease according to

ds
<E>m = —kS (33)

The opposing thermal reordering term was evaluated by making a balance of the ordering
and disordering thermal jump rates for a vacancy mechanism. For the temperatures of
interest, vacancy thermal reordering was found to be negligible if the vacancy migration
energy is of the order of I'eV. § can then be calculated by integrating Eq 33

S(t) = See* (34)

AS,, is a configurational entropy given by [14]

ASg = ":"’R(Cm,lnCm + CulnC,, + CplnC,, + CpInCyy) (35)

W,

where C,,, Cy., Cy, and C,, are the concentrations of A atoms on B sites, B atoms on A
sites, B atoms on B sites, and A atoms on A sites, respectively. The disordering free energy

AGy, = AHy — T, ASg (36)

is a function of the ordering parameter S by Eqs 32 and 35.

Calculation of the Total Free Energy Change and Prediction of Amorphization

The total free energy change is

AG, = > (G + RT,(CdnC, + (1 — CYIn(1 = C)))
k=iv (37)
+ NV(4,(1 — $) + A (1 — §)) = RT,, 2. > C,InC;

i=a.bj=ab

To calculate AG,, from Eq 37, the migration energies of the point defects as well as the
ordering energy need to be specified. The parameters used in the calculation are summarized
in Table 1. E,, E,, and V were used as fitting parameters. None of these values is readily
available for Zr,(Ni,Fe), so a direct comparison is difficult. The values arrived at (Table 1)
are reasonable for intermetallic compounds [9,15]. The value arrived at for V compares
very well with the estimate of the ordering energy for Zr,Ni of 0.0265 eV given in Ref 16.
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TABLE 1—Values for intermetallic compounds.

=

interstitial formation energy = 4 eV

vacancy formation energy = 1eV

interstitial migration energy = 0.4 eV

vacancy migration energy = 1.4 eV

ordering energy = 0.025 eV

recombination coefficient = 3 x 10* (D, + D,)
pre-exponential factor = 10, cm?/s
pre-exponential factor = 146, cm*/s

<Hme

S

g

s

The increase in free energy with irradiation dose for a typical case is shown in Fig. 8. The
contributions due to the buildup of point defects and radiation-induced disordering are
equally important. Interestingly, note that AGy; rises sharply and subsequently levels off.
At that point S is close to zero, which means that the precipitate disorders completely before
amorphizing, as observed by Luzzi et al. [5].

The value of AG,, given by Eq 37 is'compared with AG,. from Eq 8; when the condition
expressed in Eq 5 is satisfied, the transformation occurs. This procedure yields a set of
curves of dose to amorphization versus temperature, for each &, that can be fitted to the
data. This theoretical model is shown in Fig. 2. The fit obtained, as is apparent, is quite
good for reasonable values of the fitting parameters E;, E, and V.

Conclusions

A model has been proposed to predict the occurrence of the C-A transformation. The
model is based on the kinetic evolution of the thermodynamic conditions for the transfor-
mation. A quantitative fit to the amorphization data has been achieved that includes the
effect of dose rate. The amorphization models proposed in the literature [17-19] are basically
thermodynamic in nature. They differ in the mechanism responsible for energy storage in
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FIG. 8— Precipitate total free energy as a function of irradiation time. The two free energy components,
due to disordering and to defects, are also indicated, as well as the amorphization level.
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the lattice (that is, point defect buildup or radiation-induced disordering). This work indicates
that, at least for the case of electron-irradiated thin foils, both mechanisms are equally
important.

The significant role played by the surface sink in the point defect balances indicates that
utmost care is necessary in simulating neutron and high energy proton irradiation with
electron irradiation. Surface effects are an inherent part of electron irradiation of thin foils
but are not present in bulk irradiation.
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