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Amorphization of Zr;Fe under electron irradiation
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Abstract

The intermetallic compound Zr;Fe has been made amorphous by 0.9 MeV electron irradiation. By performing this
irradiation in situ, it was possible to conduct a systematic study of the influence of temperature, dose rate, electron
energy and specimen orientation on the amorphization process. The critical temperature and the critical dose for
amorphization were determined, and shown to depend on dose rate. By varying the electron energy, we determined the
displacement energies for the Zr and Fe atoms in Zr;Fe, and showed that, at low electron energy, the amorphization
rate is dependent on specimen orientation. We analyze these results in terms of a model based on amorphization oc-
curring at a damage level where the modified free energy of the irradiated crystal exceeds the free energy of the
amorphous phase. This model is shown to predict the amorphization kinetics, i.e. the critical temperature and critical
dose for amorphization. We also compare amorphization induced by electron and ion irradiation. © 1999 Published

by Elsevier Science B.V. All rights reserved.

1. Introduction

The creation of amorphous phases from intermetallic
compounds when submitted to electron irradiation has
aroused great interest in the scientific community over the
last decade [1-12]. This is because, in contrast with ion
irradiation, amorphization under electron irradiation
occurs in the absence of displacement cascades, and
therefore, occurs by gradual accumulation of damage in
the lattice in the form of point defects [13] or chemical
disorder [14]. It was previously thought that the annealing
mechanisms present in intermetallic compounds (lacking
the annealing constraints present in ceramics and semi-
conductors) would overwhelm damage production and
thus preclude amorphization by electron irradiation.

Research in the field evolved from survey studies
where compounds were submitted to standard irradia-
tion conditions (typically 1 MeV irradiation, below
room temperature, at dose rates of 2 x 10%-3 x 10%
e m?2 s7') to determine which compounds were
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susceptible to amorphization [15,16], to more mecha-
nistic studies which endeavor to find the conditions for
amorphization from the kinetics of damage accumula-
tion [17] and which investigate the nature of the trans-
formation [4,18-20].

This study is part of a concerted effort to investigate
amorphization phenomena by studying a given com-
pound in depth, while submitting it to a range of irra-
diation conditions. In this way, we hope to glean a more
complete picture of the amorphization process in this
compound and thus derive conclusions that can be
generalized to other compounds. This compound was
chosen because previous studies have investigated its
amorphization behavior under ion irradiation [21,22], its
crystal structure is well known, and it fits well with our
study of other compounds in the Zr-Fe-M system
[17,23-25]. The results presented here for Zr;Fe show
that the irradiation kinetics are paramount in deter-
mining amorphization behavior. The critical dose and
the critical temperature behavior can be explained by
simple arguments on how damage accumulates and an-
neals under irradiation. The significance of the results is
also discussed in terms of current amorphization models
and shown to support a model of amorphization by a
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lattice collapse induced by gradual accumulation of
damage beyond a critical level, beyond which it becomes
favorable to relax the long-range topological order so
that short-range chemical order can be maintained.

2. Experimental methods

Samples of Zr;Fe were prepared at Chalk River
Laboratories (CRL) by arc-melting the pure metals (Zr
99.95 at.% and Fe 99.9985 at.%) under an Ar atmo-
sphere into an alloy with the overall composition
ZrogFep,. The samples were then heat-treated in a high
vacuum (1.3 x 10~° Pa or 10~!"! Torr) furnace at 1073 K
for 96 h, 1023 K for 72 h, and 1000 K for 48 h. This heat
treatment produced the equilibrium mixture of ortho-
rhombic Zr;Fe and hexagonal o-Zr, with minor
amounts of tetragonal Zr,Fe still present. Thin disks
suitable for electropolishing were prepared by slicing the
arc-melted button using a diamond wafering blade,
followed by mechanically polishing the slices to a
thickness of 100-125 pum, and spark cutting. Electron-
thin samples were prepared by electropolishing in a so-
lution of 10% perchloric acid in methanol kept at 223 K.

Prior to irradiation, the samples were examined at
CRL in a Philips CM-30 transmission electron micro-
scope (TEM) at 295 keV with an energy-dispersive X-ray
(EDX) attachment. These analyses confirmed the exis-
tence of the three phases — Zr;Fe, o-Zr and trace
amounts of Zr,Fe. Each phase was positively identified
by diffraction analysis in the TEM. In particular, the
Zr;Fe phase was shown to be identical to that reported
by Aubertin et al. [26], that is, an orthorhombic BRe;-
type structure with lattice parameters ¢=0.33 nm,
b=1.1 nm, ¢=0.88 nm. Compositional analysis of this
phase by EDX yielded a composition close to Zr 75
at.%, Fe 25 at.%. Specific grains in the sample identified
by EDX and diffraction prior to irradiation were later
used for the irradiations, so that we were always sure to
irradiate the correct phase.

Electron irradiations were conducted in the HVEM-
Tandem Facility at Argonne National Laboratory,
using 250-900 keV electrons, at temperatures ranging
from 25 to 220 K. The temperature in the cold stage
holder was known to within 1 K of the desired value. At
the dose rates utilized, we estimate that the beam heating
was less that 10 K. The vacuum in the microscope was
better than 8 x 107 Pa (6 x 1077 Torr) during the ir-
radiations.

The electron dose was monitored using two Faraday
cups: the first placed just above the specimen captures
the total electron current; the second placed at the level
of the screen gives an estimate of the peak value of the
electron flux profile, Jy. The electron flux is given by
J(r)=Jy exp [—(rlry)*] where J(r) is the electron flux
(e m™2 s7!), r is the distance from the center of the

Gaussian, Jj is the electron flux at r =0 and r is equal to
0v/2 where ¢ is the standard deviation of the Gaussian
curve.

Individual grains identified as Zr;Fe during pre-ir-
radiation TEM examination were irradiated with the
electron beam until amorphous. Bright-field electron
micrographs and diffraction patterns were taken at
regular intervals. Amorphization was verified both by
the disappearance of the bend contours in bright field
and by the disappearance of the crystalline diffraction
spots in diffraction mode. The bend contours were
substituted by the standard milky appearance of amor-
phous zones, which are also insensitive to specimen
tilting. The crystalline diffraction spot pattern was sub-
stituted by a halo characteristic of the amorphous phase.
The corresponding distance of 0.25 nm calculated from
the measured ring size in the negatives agrees well with
the first nearest-neighbor distance of 0.26 nm deter-
mined for Zr—Fe glasses [27].

Since the smallest diffraction aperture in the HVEM
comprises a region of 0.3 um diameter, setting the dose-
to-amorphization as the dose at which the diffraction
spots  disappear corresponds to stating that
amorphization occurs at the dose necessary to create an
amorphous zone of 0.3 pm in diameter. Series of irra-
diations were usually conducted within the same grain to
avoid possible grain-to-grain variations. Considerable
care was exercised to find and use markers that allowed
for a constant repositioning of the beam, after defo-
cusing to take pictures. In spite of these precautions, the
random motion of the beam due to specimen drift and
bending during irradiation, as well as minor errors in
repositioning the beam and small variations in electron
current contribute to somewhat ‘blur’ the contours of
the beam, setting limits to the precision with which the
dose can be determined.

After irradiation, the irradiated areas were examined
at CRL for a detailed study of the amorphous zones and
to use EDX to ascertain whether there were any com-
positional variations attendant on the transformation.
The amorphous radius was measured from the negatives
of the pictures taken during irradiation as a function of
dose, for all the irradiation conditions examined.

3. Results
3.1. General remarks

There are a few observations that can be generalized
to all the irradiation conditions we observed.
Amorphization occurred in a spatially homogeneous
manner throughout the whole area under the electron
beam. No variation in chemical composition, or segre-
gation of alloying elements was observed. We found that
regardless of irradiation conditions, the amorphization
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of Zr;Fe under electron irradiation follows a well-es-
tablished sequence, as explained in the following.

The amorphization sequence observed in situ con-
sisted of the following stages: (1) the samples start
crystalline with a spot diffraction pattern (Fig. 1(a)); (2)
at approximately 15% of the total irradiation time to
amorphization, a faint ring starts to be visible in dif-
fraction; at the same time, in bright field the background
contrast becomes grayish and the higher order bend
contours start to disappear (Fig. 1(b)); this trend con-
tinues throughout the irradiation until (3) at approxi-
mately 85% of the total irradiation time higher order
reflections have disappeared, (usually only those spots
that have a spacing similar to that of the amorphous
ring remain). At that time, only the lower order bend
contour remains, usually thinner and weakened
(Fig. 1(c)). 4) Finally, at 100% of the amorphization
time, all spots disappear and no bend contours are vis-
ible in imaging mode, be it bright field or dark field
(Fig. 1(d)). This sequence occurs for short and for long
irradiations and is common to other types of alloys we
studied [25]. Although the criteria to judge the occur-
rence of stages are somewhat subjective, (e.g. when the
amorphous ring is first visible) it was determined em-
pirically that they were quite reproducible under the
experimental conditions used. That is, we consistently
found that the stages occurred at reproducible fractions
of the total irradiation time.

The disappearance of most of the crystalline intensity
occurs towards the end of the irradiation as seen before

in other compounds [28]. Amorphization occurs, there-
fore, not as a nucleation and growth phenomenon (at
least not on a scale of tenths of microns), but as a
general collapse of the crystalline structure after a crit-
ical dose is delivered. It is possible that at the atomic
level, there are heterophase fluctuations in the degree of
order (or the degree of amorphization) but these are not
individual amorphous/crystalline interfaces. The con-
clusion that amorphization is a second-order continuous
transformation is also bolstered by molecular dynamics
calculations performed by Devanathan and coworkers
[11,29]. These calculations showed that at a time when
diffuse rings are first visible in the diffraction pattern, on
close examination it is virtually impossible to distinguish
a well-defined interface separating amorphous and
crystalline regions. In that sense, this is not a first-order
transformation since there is no coexistence of amor-
phous and crystalline phase in regions where the critical
dose has been delivered. Given the fact that systems
under irradiation are open to an external energy and
mass input, it is doubtful whether these classical ther-
modynamic descriptions of phase transitions as first or
second order are useful or even applicable descriptions
of irradiation phenomena [30].

3.2. Influence of irradiation temperature and dose rate on
amorphization

The interface between the amorphous and the crys-
talline material at the edge of the beam is fairly sharp, as

Fig. 1. Bright-field micrographs, and corresponding diffraction patterns of the stages of the in situ amorphization process of Zr;Fe by
electron irradiation at 180 K for different times. (a) unirradiated specimen; (b) at 15% of the total time to amorphization, an amor-
phous ring is visible; (c) at 85% of the total time to amorphization, only the spots with spacing close to the amorphous ring remain; (d)
completely amorphous sample, (with an amorphous spot bigger than the diffraction aperture), showing only an amorphous halo.
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can be seen in Fig. 2(a) and (b). Thus, we can measure
the amorphous radius as a function of dose with good
precision. Fig. 3 shows the amorphous radius plotted
against electron dose-to-amorphization for several irra-
diation temperatures. This graph was obtained by
measuring the size of the amorphous spot from the
negatives and using the fact that at the boundary of the
crystalline and amorphous zones the dose received must,
by definition, be the critical dose. The beam size shown
in the figure corresponds to the beam inprint on the
negative after a short exposure. We find that this choice
is in good agreement with the final amorphous size in
amorphization experiments performed at 17 K. Because
the amorphous radius extends from the center to the
edge of the beam, we are in fact irradiating the specimen
within a range of dose rates. If an accurate dosimetry is
performed, we can use this fact to study the influence of
dose rate on amorphization.

Since several of the following results depend on an
accurate evaluation of the electron flux, and measure-
ment of the amorphous radii, it is useful to describe the
data analysis in somewhat greater detail. As mentioned
above, radial dependence of the beam intensity has been
previously measured by Argonne National Laboratory
as part of their beam characterization procedures and
found to be gaussian in shape. Since the electron beam
was oval rather than round, there were two major axes,
for which the results have to agree. Thus, the amorphous
radii in two perpendicular directions were used for the
fitting. We used a short exposure bright-field image of
the condensed electron beam to measure the size of the
beam, rueam, and the ratio between the two axes of the

oval. This measured ratio can then be used in verifying
the beam parameters.

We note that at any given time, the dose rate at the
edge of the small and large axes of the amorphous oval
has to be the same. Fig. 4 shows the electron flux (or the
dose rates), at the final measured radii (when irradiation
was stopped), as a function of temperature. The dose
rates for the two axes agree very well, when the beam
sizes from the negative are used.

Performing a horizontal cut on Fig. 3 (thus, at con-
stant dose rate) and plotting the intercept of each curve
against temperature, the classical exponential depen-
dence of dose-to-amorphization on irradiation temper-
ature is obtained [3]. The critical dose-to-amorphization
is dependent on enough accumulation of defects to de-
stabilize the crystalline solid with respect to the amor-
phous structure.

By performing several cuts, and using the electron
flux determined by the two independent Faraday cup
measurements, it was possible to obtain the dependence
of the dose-to-amorphization on the dose rate. For
different radii, the dose rate varies following the
Gaussian shape of the beam. Then if the dose-to-
amorphization were the same for all dose rates, a
vertical line would be obtained, indicating that the dose-
to-amorphization at » =0 is the same as that at r = rpeam.
As shown in Fig. 3, this is indeed the case for the ex-
periments conducted at low temperature (28 K): the
amorphous spot spreads from the center and eventually
reaches the size of the electron beam, with the trans-
formation occurring at a constant dose. As the temper-
ature is increased to 100 K, there is a slight deviation

Fig. 2. (a) Low magnification dark-field micrograph and (b) high magnification bright-field micrograph of the amorphous/crystalline
interface. The interface is sharp enough that there is little error in measuring the size of the amorphous spot.
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amorphous oval.

g. 3. Amorphous radius versus dose for several irradiation temperatures during amorphization of Zr;Fe by electron irradiation.

from this behavior at r/ryeam =0.9. The final size of the
amorphous spot, however, is still equal to the beam size.
As the temperature is further increased to 180 K, the
deviation from the dose rate-independent behavior oc-
curs at #/rpe;m = 0.3 — 0.4 and now the final amorphous
zone size is smaller than the beam size: the final amor-
phous spot size is equal to 0.75 X rpeum. These trends
continue as the temperature is further increased to 220
K: at that temperature the final size of the amorphous
zone is only 0.35 X rpeam-

Since the irradiations were stopped at a time when
the amorphous radius expansion had slowed down ap-
preciably, the fluxes in Fig. 4 are close to the critical
dose rate for amorphization, below which no
amorphization is possible at a given temperature. A
better estimate of this critical dose rate can be achieved
by calculating the dose rate at the saturation amorphous
radius. Fig. 5 shows the critical dose rate versus tem-
perature determined by this method. For dose rates less
than the critical dose rate, the annealing rate is higher
than the damage rate and no damage can accumulate.
The upper and lower dose rate limits available in the
beam we used are also shown. The critical dose rate
increases with temperature, until at 220 K the critical
dose rate is also the highest dose rate available within
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Fig. 5. Critical dose rate for amorphization from the extrapo-
lated saturation values of the amorphous oval as a function of
temperature.

the beam. This means that conceivably for a higher in-
tensity beam, amorphization would be achievable at
temperatures above 220 K. Thus the critical temperature
for amorphization under electron irradiation is depen-
dent on the dose rate. However, since the annealing rate
increases exponentially with temperature, the dose rate
would also have to increase exponentially to still allow
amorphization. For the dose rates achievable in practi-
cal irradiation conditions, the change in critical tem-
perature due to increased dose rate is of the order of tens
of degrees K.

Fig. 6 shows the dose-to-amorphization as a function
of dose rate for various temperatures. The dose-to-
amorphization decreases as the dose rate increases. This
effect becomes more pronounced as the temperature is
increased to 180-220 K.

3.3. Influence of electron energy

The influence of electron energy was investigated by
irradiating the material at electron energies ranging from
200 to 900 at 25 K. [23]. At this low temperature the
defect mobility is assumed to be low enough that we can
neglect thermal annealing. Fig. 7 shows the dose-to-
amorphization as a function of electron energy at 25 K;
the actual dose-to-amorphization could be up to 10%
lower than the dose measured here, because of the dis-
crete time steps taken during irradiation. In the region
between 900 and 700 keV as the electron energy de-
creases, the dose-to-amorphization remains constant.
Between 700 and 600 keV there is a sudden increase in
the dose-to-amorphization, which then remains constant
between 600 and 450 keV. Below 400 keV, the dose-to-
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Fig. 6. Dose to amorphization versus electron flux for several
irradiation temperatures.

amorphization increases quickly, and amorphization is
not achieved below 250 keV. At 250 keV, amorphization
was achieved only with great difficulty. Similar type of
behavior was observed for other compounds such as
ZrCr, [31] and Zr,Fe [32]. By fitting the measured dose-
to-amorphization with the method described in Sec-
tion 4.4 we estimated the displacement energies for the
Fe and Zr atoms in the Zr;Fe compound. The values are
E%" =26 ¢V and Ef* = 18 eV [32].

8
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Fig. 7. Electron dose to amorphization versus electron energy
for amorphization of Zr;Fe performed at 25 K. The different
curves are for two different samples, having different impurity
concentrations.
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Fig. 8. (a) Triple point junction in Zr;Fe showing preferential
amorphization in one of the grains during electron irradiation
at 250 keV, at 28 K (the beam was located at the triple junction
and the three grains irradiated simultaneously); (b) amorphous
spot formed during electron irradiation at 300 keV, showing
amorphous wisps along bend contours.

3.4. Influence of specimen orientation relative to electron
beam

Because the displacement energy varies with crystal-
lographic orientation, when the electron energy is low
enough, the electrons can displace the atoms along cer-
tain crystallographic orientations, but not along others.
Fig. 8 shows the irradiation of a triple point at 250 keV
performed such that three Zr;Fe grains were irradiated
at the same time. The experiment showed that only one
of the three grains underwent amorphization during ir-
radiation [22] as shown in Fig. 8. We interpret this result
as evidence of an orientation dependence of the dis-
placement energy, and consequently of amorphization.
An orientation dependence of amorphization in Zr;Al
has also been observed by Mori et al. [33].

In this work, we observed evidence of an orientation
dependence of amorphization for irradiations at energies

up to 350 keV. Fig. 8 also shows the amorphous spot
from an irradiation conducted at 300 keV. Along the
bend contours amorphization was easier, as can be seen
from the amorphous ‘wisps’, arrowed in the picture. In
these regions, the amorphous zone extends beyond the
central oval, along bend contours. This is seen in more
detail in Fig. 9. The likely reason for this is that at 250—
350 keV, the transferred energy can exceed the dis-
placement energy along certain directions, but not along
others. Above 400 keV, lattice displacements can occur
in any crystallographic direction.

4. Discussion
4.1. General remarks

Amorphization is the loss of long-range topological
order, as evidenced by the disappearance of crystalline
spots in the electron diffraction pattern, and the appear-
ance of an amorphous halo. Such a transformation in-
volves an increase in free energy relative to that of the
unirradiated solid. This increase in free energy is
brought about by the damage caused by the interaction
of the energetic particles (in this case electrons) which
impart energy to the atoms in the solid and displaces
them from their lattice positions or from their preferred
sites. Damage accumulates in the material in the form of
isolated point defects and anti-site defects. As the free
energy of the irradiated solid increases and surpasses
that of the amorphous alloy of the equivalent compo-
sition, a driving force is created for the transformation
of the damaged crystalline compound into an amor-
phous compound.

Alternatively, one could describe the amorphization
condition in terms of the modified Lindemann criterion

00 7

Fig. 9. Bright-field micrograph showing amorphous wisps formed during irradiation of Zr;Fe at 300 keV. The wisps follow bend
contours that were present during irradiation showing further evidence that the displacement energy depends on the crystalline ori-

entation.
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[11], which states that amorphization occurs whenever a
critical mean-square static displacement {x?) is achieved
in the crystal, as a result of all defect accumulation
processes. Molecular dynamics computer simulations
show that amorphization always occurs at a fixed value
of (x?) whether the origin of the increase in mean square
displacements is point defects, antisite defects or thermal
motion [7].

From a thermodynamic point of view there is no
difference between the two criteria. Both approaches to
describe amorphization assume that amorphization oc-
curs when the amount of disorder of the defected crystal
becomes equal to that of the amorphous phase. The only
significant difference is that the two approaches use
different disorder parameters to characterize the ther-
modynamics of the transformation. The free energy
approach used in the present paper explicitly focuses on
the contributions of the radiation-produced changes in
chemical disorder and the non-equilibrium vacancy (Cy)
and interstitial (C;) concentrations to the excess free
energy, AG;,, in driving amorphization. Hence, the free
energy approach uses the Bragg—Williams LRO pa-
rameter, S, C, and C; to characterize its disorder pa-
rameter, AGj,.

The Lindemann criterion also uses a single disorder
parameter, the magnitude of the mean square static
displacement, as a generic measure of the total disorder
of the material, and assumes that thermodynamic
melting in the solid state (i.e. amorphization) occurs
when the sum of the static and dynamic mean square
displacement reaches a critical value equal to that for
melting of the defect free crystal. As shown in Refs.
[7,11], this generalized version of the Lindemann hy-
pothesis can be formally expressed in the form of a
scaling relationship for the reduced quantities 74 79, 03,
0;, and 14, 10, i.e.

2
Tl?l 90 To

Lo _ 0i _ {1—@} M

where Trﬂ, 04 and 14 are, respectively, the thermodynamic
melting temperature, the Debye temperature and av-
erage shear modulus of the defected crystal, and T, 0,
and 1, are the corresponding values for the defect-free
crystal.

It is possible in principle to relate the point defects
and chemical disorder created by irradiation to a mean
square displacement. If this were done it would be
possible to compare the damage caused by irradiation to
a critical mean square displacement and thus predict
amorphization using the modified Lindeman criterion.
However no simple general expressions exist to relate the
defect concentration to a mean square displacement, so
we use the free energy description of amorphization in
this work.

4.2. Model for amorphization in intermetallic compounds

Once the driving force for the transformation exists,
kinetics determine when amorphization occurs. Because
amorphization is easier at low temperature, it does not
depend on long range diffusion and atomic rearrange-
ments and is likely effected by local rotations and small
displacements within the unit cell. Also, since electron
irradiation creates damage homogeneously throughout
the material, the transformation takes place simulta-
neously all over the material. Since only local atomic
rearrangements are involved, the transformation can
take place immediately once the driving force has de-
veloped. The electron dose necessary for amorphization
(the dose-to-amorphization) is then determined by the
kinetics of damage accumulation and simultaneous an-
nealing. The condition for amorphization can be written
as

AGirr = AGcm (2)

where AG,, is the difference in free energy between the
crystalline and amorphous phases

AG,, = G, — G, (3)

and where AGj,is the increase in free energy from irra-
diation due to all the possible mechanisms of energy
storage in the solid such as the creation of point defects,
increase in chemical disorder, presence of dislocations,
stacking faults, etc:

AGirr = AGdcf + AGdis = Girr - Gunirr = ZAG:" (4)
Both AGgr and AGy; are a function of the concentration
of point defects and of anti-site defects under irradia-
tion. These can be evaluated using rate theory [34]. As-
suming that the different processes of defect
accumulation are independent of each other and making
approximations such as using the Bragg-Williams de-
scription of long-range-order (LRO) to calculate the free
energy change to disorder, it is possible to evaluate AG;,,
and compare it to AG,, [13]. The change in free energy
with irradiation is written as

AGirr = AGdcf + A(;dis
= [CiE; — TAS] + ACpsNQ — TASgs (5)
J

where AGy is the increase in free energy due to the
accumulation of point defects and AGy; is the increase in
free energy due to increase in chemical disorder, C; is the
concentration of defect j, E; its formation energy, Q is
the ordering energy, AS; the configurational entropy
change from introducing point defects and ASg; is the
configurational entropy change due to the introduction
of anti-site defects [35]. The change in the number of A—
B pairs per mol as a result of changes in the Bragg—
Williams long-range order parameter, S, for Zr;Fe is,
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ACPab:N[A(l _Sz)+B(1_S)L (6)

where N is the number of lattice sites per mol. For Zr;Fe
the constants 4 and B are 3/4 and 1/4, respectively. It is
important to note that the configurational entropy as
calculated here is only defined in the crystalline phase.
The concentration of defects and the order parameter
can be calculated using chemical rate theory as explained
in Ref. [28] and the several order—disorder kinetics ex-
pressions available [36,37].

The concentration of defects is given by the rate
equations:

oC,

— k- K,GCy — S7S.D, C,, 7
< s )
oG;

- =k - K,GC — iDi Ci,
== k- K,GC Ej SiD; G (8)

where C, and C; are the concentrations of vacancies and
interstitials, k is the dose rate (dpa s™'), K, is the re-
combination coefficient, D; and D, are the diffusion
coefficients of interstitials and vacancies, and the S;, and
S;i are the sink strengths for vacancies and interstitials
for all the individual sinks present in the material, in-
cluding the foil surface. Calculations have shown that
for electron irradiation of thin-foils the foil surface is
usually the dominant defect sink [24].

These equations have been used to predict irradiation
phenomena in alloys, and have been applied to the
amorphization problem [13,34,38]. For example, under
irradiation conditions used during electron irradiation in
a TEM, steady state is not reached, and a recombina-
tion-dominated regime exists for the whole irradiation
time [28]. When one type of defect is much faster than
the other, the foil surfaces dominate defect annihilation
creating a supersaturation of the slow defect in the
material [13], which makes amorphization possible.

We should note that although Eq. (7) and Eq. (8)
have been used to predict defect accumulation in inter-
metallic compounds in the examples above, this has been
done only in an approximate manner. The rigorous
application of rate theory to ordered intermetallic
compounds (which has not yet been achieved) would
involve writing separate equations for the many different
defects (vacancies and interstitials in either sublattice,
and anti-site defects). This introduces many new pa-
rameters (defect migration and formation energies, re-
combination reaction volumes, etc.) which have to be
supplied for the system of equations to be solved. Fur-
ther, new terms would appear in these equations for the
reactions among these defects. The solutions below can
be considered to be a simplified case in which only two
defect (a fast and a slow defect) are present, and mi-
gration is spatially isotropic. In particular the normal
relationship of migration energies found in metals (i.e.
interstitials are fast diffusers and vacancies slow) can be

reversed in intermetallic compounds [39]. If however,
one of the defects is much faster than the other at the
irradiation temperature (by a factor greater than 10%),
then the solution shown in Egs. (9) and (10) is valid.

Using this approach, and with the above caveats, it is
possible to model the whole dose-to-amorphization
versus temperature curve, as well as the kinetics of
amorphization. Both the critical temperature and the
critical dose are derived naturally from the model. One
problem with this approach is that although the
amorphization process is clearly cooperative, no inter-
action between defects is explicitly assumed.

4.3. Application of the model to Zr;Fe

When the model above is applied to amorphization
under electron irradiation at low temperature, under
normal irradiation conditions, and when one defect is
much faster than the other, we find that during the time
required to render the sample amorphous, the point
defect accumulation and annihilation do not reach a
steady state. We also find that electron irradiations
leading to amorphization are usually performed in the
low temperature recombination-dominated regime. As-
suming that interstitials are the fast defect and vacancy
the slow defect (the conclusions would not change if the
mobilities were reversed), then within the approach to
steady state (within the recombination dominated re-
gime), the concentration of defects is given by

k 1/4
CV:AI(K_W) \/]97 (9)

NV 1
C=4(—) —, 10
(K) = (10)

where A, and A, are constants. The dose rate k is given
by

k= xFekFe + erer = (pe [xFeO-ge (E,Ege) + ero_er(E7 Edzr)]v
(1)

where @, is the electron flux (e m=2 s'), xg. and xz, are
the atomic fractions of Zr and Fe in the compound, and
the E4’s are the displacement energies of the individual
atoms in the compound. The displacement cross sections
can be obtained from Oen’s tables for an electron energy
of 900 keV, and for the displacement energies measured
in Section 3 as ¢5° = 60.4 barns and ¢4 = 20.1 barns.
Thus

k (dpa/s) = 45.3 x 10 X a,, (12)

where the flux is given in electron m=2 s7!.

Because of the difference in mobility of the defects
one defect can reach the surface, and the other defect
accumulates in the lattice. Thus, according to Egs. (9)
and (10) for a given electron dose, at a higher dose rate

2
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we should expect a slightly higher defect concentration
and thus a lower critical dose for amorphization. In the
high temperature region, near the critical temperature
for amorphization, we can use the following equation,
which relates the dose-to-amorphization (dpagy,) to the
dose rate and the mobility of the fast defect [13]

dpa’ﬁna\lkl/2 = Be(iEim [2KsT) ’ ( 1 3)

where Elis the interstitial migration energy, Kp is
Boltzmann’s constant, and B is a constant. Using the
model above, we can plot dpagn..k'/> against inverse
temperature in an Arrhenius plot, as shown in Fig. 10.
The lines are just included to guide the eye. We note that
there is an athermal regime below 150 K and an acti-
vated regime above 200 K, for which the activation
energy is 0.12 eV. This means that according to the
model expressed in Eq. (13), the migration energy of the
fast defect is 0.24 eV. Using Eq. (13), we can find the
ratio Thieh/Tlov  where Theh and TV are the critical
temperatures for high dose rate (kg ) and low dose rate
(kiow) irradiation. Manipulating Eq. (13), we obtain

E [ -1 1 Kiow \ '/
—m — | =1 . 14
2Kp < Tlov * T ) " |:<khigh ) (1)

For El =0.24 eV [13], kioy=1.1 x 1073 dpa s™! and
knigh =1.6 x 1073 dpa s7!, we find that 7, changes by
about 10 K, in good agreement with observations.

Dose Rate
(em2s-1x1023)
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Fig. 10. Dose to amorphization times the square root of dose
rate versus inverse temperature. The lines are fits to data and
indicate that there are two regimes, an athermal regime at low
temperature and a thermally activated regime at higher tem-
perature, with an activation energy of 0.12 eV.

4.4. Analysis of energy dependence of amorphization

The results of the energy dependence experiments
shown in Section 3.3 can be analyzed in terms of a
composite displacement cross section dominated at high
energies by displacements of Zr and Fe, by displace-
ments of Fe at intermediate energies (400-600 keV) and
by secondary displacements of lattice atoms by recoil
impurity atoms (principally O) at low energies (below
400 keV), similarly to the observations of displacements
by subthreshold irradiations [40-43].

As mentioned above, amorphization occurs when the
dose received is equal to the critical dose for
amorphization, i.e., at a constant dose in dpa, which is
specific for each intermetallic compound. Consequently
for each electron energy E at amorphization

D(E) = (¢t)ym(E)0a(E) = (<i>f)am(E)foGL(EidvE)

- Dcrit7 (15)

where D is the dose-to-amorphization, (¢?).y, is the
electron fluence at amorphization, x; is the concentra-
tion of element i in the compound, ¢\ (E}, E) is the dis-
placement cross section, E}, is the displacement threshold
energy. Eq. (15) states that when we multiply the values
of the dose-to-amorphization as a function of energy (as
given for example in Fig. 7), by the weighted dis-
placement cross section (obtained by the tabulations of
Oen [44], the result should be independent of energy.
Since the values from Oen’s tables are dependent upon
the displacement energy, it is possible to find the set of
displacement energies that best fits the experimen-
tal data. For more detailed information, see Ref.
[23,31,32].

As mentioned above, the specific values of the dis-
placement energies obtained for Zr;Fe which has an
orthorhombic structure were E5*=26 ¢V and Ef* =18
eV [32]. By comparison, values obtained for ZrCr, [31]
and Zr,Fe [32] using the same analysis procedure were
as follows:

(i) ZrCr, (a cubic Laves phase): E5"=22 eV and

Efe=23eV.

(ii) Zr,Fe (body centered tetragonal) E5* =25 eV

and Ef* =27 eV.
Taking the displacements produced by a secondary
displacement mechanism into account, yields values for
Eg’ of 12, 8 and 4 eV for ZrsFe, Zr,Fe and ZrCr,, re-
spectively [31,32]. The method used above for deter-
mining the displacement threshold energies for the
constituent atoms in Zr;Fe, ZrCr,, and ZrFe, is gener-
ally applicable to any intermetallic compound that un-
dergoes a transition from the crystalline to amorphous
state during low temperature electron irradiation. It is,
therefore, complementary to other experimental meth-
ods employed for determining threshold displacement
energies in intermetallic compounds, such as the mea-
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surement of irradiation induced changes in electrical
resistivity [45,46] and in the critical temperature for
transition from the superconducting to the normal state
in A15 compounds like Nb3;Ge or V;Si [46]. Molecular-
dynamics calculations have also been used for deter-
mining threshold displacment energies along specific
directions in intermetallic compounds such as Ni;Al [47]
and CuTi [48].

4.5. Comparison with ion irradiation

Fig. 11 shows the temperature dependence of the
dose-to-amorphization of Zr;Fe for ion and electron
irradiation. It is clear from the figure that amorphization
by ion irradiation occurs in a considerably wider range
of temperatures than amorphization by electron irradi-
ation. For ion irradiation the critical temperature for
amorphization of Zr;Fe is approximately 580 K [22].
This difference can be qualitatively understood in terms
of the model described in Sections 4.2 and 4.3. Under
ion irradiation large amounts of energy can be trans-
ferred by the incident ion to the atoms in the target.

These energetic atoms in turn transfer their energy to
other atoms in a localized region nearby the original
impact, causing a displacement cascade. In these cas-
cades, the effective displacement rate is very high, and
the annealing mechanisms do not have time to recrys-
tallize the material before the cascade region cools down
and creates an amorphous region. A variation of this
model is to have multiple cascade hits necessary to form
an amorphous zone. In particular, cascades of different
densities are produced by ions of different masses and
energies [22], which is the likely reason why the critical
temperature for amorphization under ion irradiation is a
function of the ion type [19].

It is also interesting to note that the dose-to-
amorphization for Zr;Fe under ion irradiation increases
by more than a factor of four at the critical temperature
for amorphization of Zr;Fe by electron irradiation. This
agrees with the hypothesis that an annealing stage is
activated at that temperature which makes ion-irradia-
tion-induced amorphization difficult, but not impossible.

Once the amorphous region is formed, the activation
energy for recrystallization is higher than that for an-
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Fig. 11. Dose to amorphization for Zr;Fe under electron and Ar ion irradiation.
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nealing dispersed damage. Thus the annealing mecha-
nisms that are effective at eliminating the dispersed
damage caused by electron irradiation are ineffective in
eliminating ion damage. At a much higher temperature,
the amorphous zones formed by single or multiple cas-
cade impacts become unstable and are recrystallized
continuously during irradiation, so that the achievable
amorphous volume fraction is very small. It is interesting
to note that once a phase is made completely amorphous
at low temperature, heating it above the critical temper-
ature for amorphization does not necessarily cause crys-
tallization to occur. To cause recrystallization, it is often
necessary to heat the material to 200-300 K above 7. (less
for ZrsFe). This is likely the difference between homo-
geneous nucleation of the crystal from the amorphous
phase and the advancement of a crystalline front into the
amorphous region. The latter process likely requires a
lower activation energy than the former.

We also note that amorphization under ion irradiation
is affected by dose rate [21,49]. For a given temperature, it
has been observed that the critical dose for amorphization
of Zr;Fe decreases as the dose rate increases. No detailed
studies have yet been performed on the influence of dose
rate on the critical temperature for ion induced
amorphization of Zr;Fe, but it is likely that an effect
similar to that observed under electron irradiation would
exist. On the basis of TEM observations of amorphous
regions produced by individual collision cascades in
Zr,Fe, Zr;Fe and ZrFe, during heavy ion bombardments,
Howe et al. [21,49,50] propose that during ion bombard-
ment amorphization can occur directly in the heavily
damaged regions of the cascade or by the gradual accu-
mulation of defects in the areas of cascade overlap. This is
in agreement with the mechanisms proposed by Howe et
al. [51-53] and Rualt [54,55] for the amorphization of Si
and Ge during heavy ion bombardment.

5. Conclusions

1. A systematic study has been conducted of the
amorphization behavior of Zr;Fe under electron irra-
diation. By performing the irradiation in situ, it was
possible to obtain detailed information on the kinetics of
the process.

2. The critical dose-to-amorphization of Zr;Fe in-
creases exponentially with temperature, so that above a
critical temperature it is not possible to amorphize the
material with electron irradiation. The critical temper-
ature for amorphization of Zr;Fe under electron irra-
diation is about 220 K, which corresponds well to an
annealing stage observed during amorphization by Ar
ion irradiation.

3. The critical temperature for amorphization in-
creases with increasing dose rate. A variation of about
10 K is achieved by doubling the dose rate.

4. The dose-to-amorphization increases with de-
creasing electron energy, in a manner consistent with
displacements being possible in both sublattices at high
energy, in one sublattice at intermediate energies, and
not possible at low energies.

5. The dose-to-amorphization vs. electron energy
curve was used to determine the displacement energies in
the individual sublattices in the Zr;Fe intermetallic
compound; they were EZ* = 26 eV and Ef* = 18 eV.

6. At low electron energies (<400 keV) the
amorphization rate depends on the crystalline orienta-
tion relative to the electron beam.

7. These results can be well understood using a
chemical rate theory model that predicts the dose-to-
amorphization by the slow accumulation of point de-
fects, under a recombination-dominated regime domi-
nated by the surface sink. Amorphization occurs when
the free energy of the defected crystal exceeds that of the
amorphous phase.
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