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The influence of electron energy on the amorphization of ZrCr2 at 25 K was measured.
Amorphization was observed at electron energies from 900 to 330 keV. The dose-to-amorphization
increases with decreasing electron energy with two steps, one at 700 keV corresponding to the
decrease in the Zr displacement cross section due to the approaching displacement threshold of Zr
and one at 500 keV corresponding to an appreciable decrease in the displacement cross section of
Cr due to the approaching displacement threshold for Cr. At lower electron energies, it is believed
that amorphization occurs principally through a secondary displacement mechanism, where light
impurity atoms~mainly O! are displaced by electrons and displace in turn the heavier atoms. By
fitting the results using electron displacement cross sections, we find the displacement energies in
each sublattice to beEd

Zr 5 22 eV,Ed
Cr 5 23 eV,Ed

O 5 4 eV. © 1996 American Institute of Physics.
@S0021-8979~96!02914-3#
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I. INTRODUCTION

Since amorphization of intermetallic compounds w
shown to occur under electron irradiation1,2 there has been
great interest in trying to elucidate the mechanisms of
transformation. This is because displacement cascades
absent under electron irradiation and amorphization mec
nisms prevalent in ion and neutron irradiation~such as direct
amorphization upon cascade cooling3 or amorphization by
cascade superposition4! do not occur. Consequently, amo
phization has to result from the slow buildup of accumulat
point defects and chemical disorder and is, therefore, dire
related to the mobility and characteristics of the individu
defects.

In a binary intermetallic compound, there are at least
types of point defects: interstitials of either type of atom
vacancies in either sublattice and antisite defects in eit
sublattice. Those defects have different migration and form
tion energies and different interaction energies with sin
and other point defects. Recognizing this, the annea
stages observed in the dose-to-amorphization versus
perature curve of various intermetallic compounds have b
attributed to the thermal activation of different defects
various temperatures.5 However, what is not often consid
ered is that the rate of defect creation in the individual su
lattices is different~due to the different masses of the atom
and to the different bonding in each crystallographic sit!.
This causes the displacement energy for the two atoms in
compound to be different, in principle, as demonstrated
Zr3Fe,

5,6 ZrCr2,
7 and Zr2Fe.

7

The object of this article is to further investigate th
hypothesis in the compound ZrCr2 by using the dose-to-
amorphization at low temperature to measure the displa
ment energies in the Cr and Zr sublattices. Particular emp
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sis is placed on developing a method of analysis~including a
detailed estimation of errors involved! that is generally ap-
plicable in determining the displacement energies of the c
stituent atoms in intermetallic compounds.

II. EXPERIMENTAL METHODS

The samples used in this study were prepared at Ch
River Laboratories. Arc melting of elemental Zr~99.8%! and
Cr ~99.99%! with an overall atomic ratio of 1.22~55% Zr
and 45% Cr!, produced a button of the alloy. The alloy wa
heat-treated for 2 h at1173 K followed by 48 h at 1073 K.
Thin disks, 3 mm diam and 0.1 mm thick, were prepared
cutting a slice from the annealed button, grinding it dow
mechanically and cutting with a spark-cutter. The disks w
then electropolished in a twin jet electropolisher using a
lution of 10% perchloric acid and methanol, kept at 223
Preirradiation examination conducted in a Philips CM-30
Chalk River Laboratories, found the resulting microstructu
to be a mixture ofa-Zr and a Zr–Cr phase. Electron diffrac
tion patterns obtained for the Zr–Cr phase were consis
with a MgCu2-type C15a ZrCr2 phase.

8 Chemical analysis by
energy dispersive x-ray~EDX! confirmed the approximate
composition of ZrCr2.

The irradiations were conducted in the Kratos HVEM
the Center for Electron Microscopy at Argonne Nation
Laboratory. At 25 K, the experiments consisted of select
an area with a low index bend contour, condensing the be
and recording the progress of the transformation by tak
both bright field or dark field pictures and diffraction patter
at regular intervals. The sample was judged to be amorph
when the bend contour contrast exhibited a milky appeara
and the spots in the diffraction pattern were replaced by d
fuse rings. The size of the smallest diffraction aperture w
7299/5/$10.00 © 1996 American Institute of Physics
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about 0.3mm, so the electron doses reported are the do
necessary to attain an amorphous spot of that size.

The voltage was varied between 900 and 330 keV.
attempted to maintain the same current density at the ce
of the beam throughout the experiment, but the chang
microscope conditions with voltage made that impossib
The electron current and, therefore the displacement r
decreased by 32% as the electron energy went from 90
330 keV. It was previously determined for Zr3Fe ~Ref. 9!
that at 25 K such a change in the displacement rate does
have major impact on the dose to amorphization. This is a
expected to be the situation for ZrCr2.

10 The shape of the
electron beam was determined by measuring the peak cu
density and the overall current using two separate Fara
cages. Beam heating was estimated to be of the order
couple of degrees K. The vacuum was 1–231027 Torr. Post
irradiation examination was conducted in a Philips 420 TE
at the Materials Characterization Laboratory at Pennsylva
State University and in a JEOL 100 CX at Argonne Nation
Laboratory.

III. RESULTS

The dose-to-amorphization versus electron energy
ZrCr2 is shown in Fig. 1. As the electron energy decrea
from 900 to 750 keV, there is not much change in the do
to-amorphization. As the electron energy decreases from
to 650 keV, there is a step increase in the dose
amorphization which then remains constant until an elect
energy of about 550 keV. Below 550 K the dose-t
amorphization increases abruptly. Amorphization becom
increasingly difficult to achieve below 440 keV during pra
tical irradiation times. Similar steps in the variation of th
dose to amorphization with electron energy were observe
other compounds.6,7

In all the irradiations conducted, amorphization follow
a similar pattern, exhibiting ‘‘transformation stages’’ tha
although subjective, proved to be quantifiable. By analyz

FIG. 1. Measured dose-to-amorphization of ZrCr2 as a function of electron
energy.
730 J. Appl. Phys., Vol. 80, No. 2, 15 July 1996
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numerous experiments, it became clear that the point in
irradiation at which an amorphous ring was first conside
to be visible in the microscope was very reproducible, a
occurred at 15% of the total irradiation time. At about 85
of the irradiation time, the outer spots on the diffraction p
tern have disappeared and only those with a spacing clos
that of the ring remain. We used this fact to complete o
data set because two of our lowest energy experiments w
not taken to completion due to the fact that diffraction sp
not visible in the microscope at the end of the irradiati
were visible on the film. In both cases, however, they h
been taken to the 85% stage and we extrapolated those
ues to obtain the final dose. We checked this by running
same extrapolation from the 15% dose, and obtained
same result for the extrapolation to 100% dose, within a
error.

IV. ANALYSIS

The experimental results are analyzed assuming
amorphization occurs at a critical electron dose. This criti
dose is dependent on temperature and is specific to the c
pound, but is independent of electron energy. The appa
variation of the dose-to-amorphization with electron ene
shown in Fig. 1 is just an indication of the variation of th
damage production rate with electron energy. The dose
amorphizationD(E) at energyE, is given by

D~E!5FFe(
i
xisd

i ~E,Ed
i !n i~E!G t~E!, ~1!

whereFe is the electron flux,t(E) is the measured time to
amorphization under an electron flux of energyE, xi is the
concentration of elementi in the compound,Ed

i is the dis-
placement energy of atomi in the compound,n i(E) is the
average number of secondary displacements caused by
recoils of atomi when produced by electrons of energyE,
andsd

i is the displacement cross section of elementi in the
compound. In the present study, we fixedn i(E)51, which is
justified since the primary and cascade cross sections in
case are nearly equal.11

According to the model above, for all electron energ
amorphization occurs at a constant level of displaceme
per atomDcrit , so the amorphization condition is

D~E!5Dcrit ~2!

Two main points should be noticed from the data.~1!
Amorphization occurs even at very low electron energi
This suggests that a secondary displacement mechanism12,13

might be in operation, where light impurity atoms~O in par-
ticular! are displaced by electrons and these light impur
atoms then displace the heavier constituent atoms in
intermetallic compound.~2! There are two breaks in th
curve indicating two shifts in regime.

By fitting the curve in Fig. 1 to make Eq.~1! valid, we
can determine the variousEd

i corresponding to the displace
ment energies of the individual atoms in the compound. T
can be done because for a given electron energy, thesd

i are
only a function ofEd

i .11 By systematically varying theEd
i , it

is possible to optimize the fit, and to determine theEd’s.
Faldowski et al.
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There are three fitting parameters, so a systematic se
must be made for the best fit. We define the error of the fi

e~Ed
Cr ,Ed

Zr ,Ed
O!5(

j51

N FD~Ej !2D̄

D̄
G2, ~3!

whereEd
Cr , Ed

Zr , Ed
O, are the displacement energies for C

Zr, and impurity oxygen atoms in the compound ZrCr2 and
D(Ej ) is the dose to amorphization~in dpa! at electron en-
ergy Ej , calculated from Eq.~1! using the cross section
obtained from Ref. 11 by fixing theEd’s to specific values.
D̄ is the mean dose given by

D5(
i51

N
D~Ei !

N
. ~4!

The fitting procedure uses the displacement cross s
tions for electron irradiation as a function of electron ener
which were calculated by Oen11 for various displacemen
energies. The curves for Zr and Cr are shown in Fig. 2. T

FIG. 2. ~a! Zr displacement cross section vs electron energy for vario
displacement energies.~b! Displacement cross section vs electron energy
Cr for various displacement energies~see Ref. 11!.
J. Appl. Phys., Vol. 80, No. 2, 15 July 1996
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fitting procedure was as follows

~1! Choose a set (Ed
Zr ,Ed

Cr ,Ed
O). This determines the dis-

placement cross sectionssd
i as a function of electron

energy.
~2! For each measured electron energy, calculateD(E) by

multiplying sd
i by Fe(E)t(E).

~3! CalculateD̄ from Eq. ~4!.
~4! Calculatee from Eq. ~3!.
~5! Repeat until a minimum value ofe is obtained.

The change in the errore asEd
Cr andEd

Zr vary from 20 to
30 eV is shown in Fig. 3. It can be seen that there is
definite and unique minimum. The values that minimize t
error areEd

Cr 5 23 eV, Ed
Zr 5 22 eV, andEd

O 5 4 eV. The
mean dose at amorphization is 1.85 dpa, considerably hig
than that of either Zr3Fe or Zr2Fe.

6,7

In Fig. 1, the break in the curve at 700 keV correspon
to theEd of the heavier atom, in this case Zr. Above 700 kV
both atoms can be displaced directly. Below 700 keV, the
displacement cross section falls quickly with energy, so t
the majority of displacements are initiated in the Cr subl
tice. Below 500 keV, the Cr displacement cross section st
to decrease, until at 400 and 330 keV, the majority of t
displacements are secondary displacements caused by
trons displacing light-atom impurities. The light-atom impu
rity can then strike Cr or Zr atoms in the compound a
because of its much larger energy transfer parameter c
pared to electrons, transfer enough energy to either atom
cause secondary displacements in either sublattice. An o
gen concentration of 2 at. % was determined for the ZrC2
alloy using a forward elastic recoil detection technique.7

It can be seen from the above analysis that displa
ments are possible throughout the electron energy range
become more improbable as the energy decreases. Ab
700 keV, any struck atom can be displaced directly. Betwe
700 and 500 keV,sd

Zr decreases to zero so that only 2/3
the atoms can contribute effectively to the total displacem
rate. Below 500 keV, only 1% of the atoms have a significa
displacement cross section. The curve of the total displa
ment cross section versus electron energy is shown in Fig
Multiplying Fig. 1 by Fig. 4 for the optimized set ofEd’s

us
or

FIG. 3. Error of the fit@Eq. ~3!# as a function of the displacement energie
for both types of atoms.
731Faldowski et al.
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gives the curve in Fig. 5. Very good agreement is obtain
the calculated dose-to-amorphization in dpa not varying
more than 15%.

The breakdown of the relative contributions of each ty
of atom to the overall displacement rate is shown in Fig.
For the higher energies, both Cr and Zr displacements
dominant. In the intermediate region, the Cr contribution b
comes the most important, and at lower energies the co
bution of secondary displacements plays a key role. It sho
be emphasized that the stages in the dose-to-amorphiza
do not correspond directly to the threshold energies of
different atoms, but rather to points in the curve where
displacement cross sections taper off.

It is also worthy of note that the stages of thein situ
amorphization process were very reproducible, always

FIG. 4. Total displacement cross section for the optimized displacem
energies.

FIG. 5. Dose-to-amorphization vs electron energy for the optimized d
placement energies.
732 J. Appl. Phys., Vol. 80, No. 2, 15 July 1996
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curring at fixed percentages of the total amorphization tim
This suggests that the amorphization mechanism was
same, regardless of the electron energy, and regardless
which atoms contribute more to the overall displaceme
rate.

V. DISCUSSION

The method employed here is similar to that used to fin
the displacement energy in pure metals, i.e., finding the el
tron energy below which the production of visible damage
the form of point defects or dislocation loops ceases. Fr
quently extended defects are not formed in intermetal
compounds under irradiation. The general irradiation r
sponse of intermetallic compounds is to undergo amorphiz
tion, so this is what we used to measure the displacem
energies in the two sublattices. Compared to similar analys
done in Zr3Fe

5,6 and Zr2Fe,
7 the dose-to-amorphization of

ZrCr2 is much higher~by factors of 7 and 45!. This is con-
sistent with the fact the dose-to-amorphization of ZrCr2 un-
der ion irradiation is higher than that of Zr3Fe.

14 It is also
consistent with the fact that Zr2Fe can be made amorphous
by electron irradiation over a wider temperature range
temperature than ZrCr2.

10 It would be interesting to perform
this experiment for the compound ZrFe2, which although it
has the same crystalline structure as ZrCr2, has a much lower
critical temperature~100 K vs 200 K!.10

A similar analysis of the data from experiments on th
electron energy dependence of amorphization of Zr2Fe and
Zr3Fe yielded the following values of the threshold displac
ment energies:

~1! orthorhombic Zr3Fe:Ed
Cr 5 26 eV,Ed

Zr 5 18 eV, andEd
O

5 12eV.
~2! tetragonal Zr2Fe:Ed

Zr 5 25 eV,Ed
Cr5 27, andEd

O5 8 eV.
~3! cubic Laves phase ZrCr2: Ed

Cr 5 23 eV,Ed
Zr 5 22 eV, and

Ed
O5 4 eV.

ent

is-

FIG. 6. Breakdown of individual contributions of the component atoms
initiating displacement damage, as a function of electron energy.
Faldowski et al.
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The results show that the differences between theEd
i values

on the sublattices~Zr, Fe or Cr! of the above intermetallics
are greatest for Zr3Fe and least for ZrCr2.

Having determined the specificEd
i for the constituent

atoms on the sublattices of Zr2Fe, Zr3Fe, and ZrCr2, it is now
possible to accurately compute doses~in dpa! during irradia-
tion of these compounds with electrons, neutrons, or io
i.e., it is no longer necessary to assume an effectiveEd value
for the compound. The present results also show the imp
tance of secondary displacement events produced by l
element impurities in these compounds. This is an import
effect to be aware of since most zirconium alloys are like
to contain relatively large concentrations of O and N.

The displacement energy for oxygen in the compou
Ed
O, was quite low~4–12 eV! for Zr3Fe, Zr2Fe, and ZrCr2.

Elements such as H, N, and O, which have small atomic r
~0.078, 0.088, and 0.089 nm, respectively! relative to Zr
~0.16 nm!, are expected to occupy interstitial positions in t
hcp lattice ofa-Zr.15 Most likely, these same elements wi
occupy interstitial positions in the lattice of Zr3Fe, Zr2Fe,
and ZrCr2. Consequently, the low values ofEd

O for these
compounds probably reflect the relative ease of displac
interstitial O atoms in these structures.

VI. CONCLUSIONS

The influence of electron energy on the amorphization
ZrCr2 at 25 K was measured at electron energies from 900
330 keV. The dose-to-amorphization increased with decre
ing electron energy, with two steps, one at 700 keV cor
sponding to the decrease in the Zr displacement cross se
due to the approaching displacement threshold of Zr and
at 500 keV corresponding to an appreciable decrease in
displacement cross section of Cr as its displacement thr
old is approached. At lower electron energies, it is believ
that amorphization occurs principally through a second
displacement mechanism, where light element impurit
~mainly O! are displaced by electrons and they in turn d
place the heavier atoms~Zr and Cr!. From a detailed analysis
of the data, the displacement energies in each sublattic
ZrCr2 were found to beEd

Cr 5 23 eV,Ed
Zr 5 22 eV, andEd

O

J. Appl. Phys., Vol. 80, No. 2, 15 July 1996
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5 4 eV. The experimental technique and method of analy
used here should prove to be a general method for deriv
displacement energies in intermetallic compounds that
amorphous under irradiation.
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