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ABSTRACT

Thin-films of Zr(Fe) and Cu(Fe) were ion-irradiated in situ in a transmission electron microscope to study
the influence of alloying elements on grain-growth. These two systems are different in that Zr-Fe has a
negative heat of mixing and Cu-Fe a positive heat of mixing. Irradiations conducted at temperatures of
20-573 K showed precipitation in Zr(Fe) but not in Cu(Fe). The grain sizes increased monotonically with
fluence and in both cases the pure metal exhibited more grain-growth than the alloy. A more drastic
reduction of grain-growth rate was observed in Zr(Fe) (where precipitate drag occurred) than in Cu-Fe
(where only solute drag was available). Zr(Fe) samples were also subjected to 1 MeV electron irradiation
but no grain-growth was observed. The results are discussed in terms of the mechanisms of grain-growth

under irradiation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Two processes of microstructure evolution of polycrystalline
materials under irradiation which have received considerable
attention [1-9] are irradiation induced phase transformation and
grain-growth. One of the problems in studying these processes is
that the kinetics is not usually accessible to the experimentalist,
and thus the mechanisms are difficult to determine. In this work
we examine the microstructure evolution of supersaturated Zr(Fe)
and Cu(Fe) solid-solutions under in situ ion-beam irradiation in the
intermediate voltage electron microscope (IVEM) at Argonne Na-
tional Laboratory [10]. The advantage of an in situ study is the pos-
sibility of directly observing the phenomenon and its kinetics so
that the mechanism and driving force can be understood in detail.

The binary Zr-Fe alloy system has been the focus of a number of
studies because of its technological importance especially in the
nuclear industry where Fe-containing Zr alloys are used as fuel
cladding material. Preliminary results of the study of irradiation in-
duced phase transformation in thin-foils of Zr(Fe) irradiated with
500 keV Kr ions were presented in [11]; they are complemented
here by 1 MeV electron irradiations. The Zr(Fe) system (negative
heat of mixing) is compared to the Cu(Fe) system (positive heat
of mixing), under similar ion-irradiation conditions. Irradiation in-
duced grain-growth occurs concomitantly with irradiation induced
phase transformations. In this paper, we report on the effect of
alloying elements on ion-irradiation induced grain-growth. Also,
the 1 MeV electron irradiations provide important information on
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the role of the damage structure (cascades vs. isolated defects)
on the microstructure evolution under irradiation.

2. Experimental methods
2.1. Sample preparation

Supersaturated solid-solutions of Cu(Fe) and Zr(Fe) were co-
sputter deposited onto NaCl substrates and onto Si wafers (for
Rutherford backscattering spectroscopy (RBS) characterization)
using a dual gun system at a base pressure of the order of 10~7 Torr
at room temperature at the Materials Research Laboratory (MRL,
Penn State University). The as-deposited thin-films were 80-
90 nm thick. The specimens on NaCl substrates were floated on a
de-ionized water—ethanol solution onto TEM copper grids, cleaned
and dried before they were irradiated.

2.2. Characterization of the as-deposited thin-films

In both types of as-deposited films the only diffraction pattern
seen corresponds to the structure of the matrix (Cu and o-Zr,
respectively). Because of the rapidity of the effective quench during
thin-film deposition, no second-phase is formed, although Ruther-
ford backscattering (RBS) and energy dispersive spectroscopy
(EDS) analysis confirms an iron content in the Zr-Fe and Cu-Fe
films well beyond the solubility limit of Fe both in Zr and Cu. In
fact, the solubility of Fe in Zr at room temperature is just a few
ppm [12] and in the case of Cu-Fe, the two elements are reportedly
immiscible in solid state. Thus, the thin-films were processed as
supersaturated solid-solutions of Fe in a-Zr and Cu, respectively.
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Because Cu and Fe have practically the same atomic size
(~1.179 x 10723 cm?) the solid-solution of Fe in Cu is most likely
substitutional whereas in the case of Zr-Fe, the Fe solute atoms
are twice as small as the Zr matrix atoms and occupy interstitial
sites [13]. The measured lattice parameter for the Cu-Fe solid solu-
tion was close to the measured lattice parameter for the pure Cu
thin-films, and to the value of the lattice parameter obtained from
the powder diffraction file for pure fcc Cu. This is consistent with
the idea that the Cu-Fe solid-solutions processed were of the sub-
stitutional type as suggested above. On the other hand the lattice
parameters for the hcp Zr(Fe) thin-films are slightly bigger than
the powder diffraction file values for pure o-Zr, although the c/a ra-
tio is the same. This suggests that interstitial Fe atoms cause the in-
crease in lattice parameter.

Fig. 1 shows a bright-field image and associated diffraction pat-
tern for Zr-(4.4 at.%)Fe and Cu-3%Fe in the as-deposited state.
These films were laterally homogeneous, and nanocrystalline, with
an initial mean grain size between 10 and 15 nm. Similar micro-
structure was seen for the other Zr(Fe) compositions. The as-
deposited films have an approximately equiaxed grain microstruc-
ture. Many Moiré fringes were visible, indicating the presence of
more than one layer of grains. In the case of the as-deposited Zr-
Fe films, the grains were preferentially oriented with the basal
plane perpendicular to the foil surface, as indicated by the high
002 intensity in Fig. 1 (bottom right). This preferential grain orien-
tation differs from that observed in previous experiments [14]. For
the Cu-Fe films, the relative intensity of the diffracted rings was as
expected for powder patterns of coarse-grained Cu with no prefer-
ential orientation. Overall, the intensity of the diffracted rings is
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Fig. 1. Bright-fields and associated diffraction patterns of Cu-3%Fe and Zr-4.4%Fe
films as deposited. The films are nanocrystalline with diffraction patterns charac-
teristic of the pure metal: the rings of the Cu-Fe films were all indexed as fcc Cu
rings and the rings of the Zr-Fe films were all indexed as hcp o-Zr rings.

Table 1

even around their circumference, indicating no in-plane texture
for either system.

3. Experiment

The thin-films were irradiated at the intermediate voltage elec-
tron microscope (IVEM)-TANDEM facility at Argonne National Lab-
oratory, where an ion accelerator is attached to an electron
microscope operated at 300 keV [10]. Samples were irradiated
with 500 keV and 600 keV Kr* ions at fluxes typically around
2.50 x 10" jons/cm? s to a fluence in excess of 10'® jons/cm? s, at
temperatures ranging from 20 K to 573 K. The beam heating was
calculated to be less than 10 K. This was verified by looking at
the temperature rise upon turning on the beam (measured on a
thermocouple placed at the specimen cup); this was typically only
2-3 K. The ion-beam energy was chosen on the basis of computer
simulations using the Monte Carlo program SRIM2003 [15] so that
ion-implantation is minimized in the films (ion ranges were 1700-
2100 A). The evolution of the microstructure was followed by
sequentially taking bright-field images and diffraction patterns
(DP) of the films while they were being irradiated, which made it
possible to follow the kinetics of the phenomena. Table 1 summa-
rizes the experiments performed and the associated relevant
irradiation-damage parameters obtained from SRIM2003. Grain-
growth was studied by direct measurement of all the visible grains
in bright-field micrographs, using an average of the long and small
dimensions. The numbers of grains included varied from 30-40 per
micrograph to 10-15 as the grain size increased.

The high voltage electron microscope at the Commissariat a
I’Energie Atomique (CEA), (Saclay, France) was used to carry out
1-MeV-electron irradiations of Zr-Fe thin-films. The electron en-
ergy was 1 MeV, at a flux of ~2.3 x 10%° electron cm™2 s~ Using
a displacement energy of 24 eV [16] we obtain 33 barn for the dis-
placement cross section and a displacement a rate of
~8.9 x 1072 dpa/s to and total doses up to 124 dpa.

It should be noted that in situ ion-irradiation of thin-foils brings
some concerns, such as high dose rate, the possibility of the free
surfaces of the foil acting as defect sinks, and sputtering. The first
two simply indicate that the specific nature of the in situ ion-irra-
diation needs to be taken into account in the interpretation of the
results [17] and the third was calculated using SRIM and appeared
not to be significant for our irradiation conditions.

4. Results
4.1. Irradiation-enhanced phase transformation

4.1.1. The Zr-Fe system

4.1.1.1. Ion-irradiation. A previous study [11] revealed the forma-
tion of second-phase particles which were identified as body-cen-
tered tetragonal Zr,Fe precipitates evenly distributed in the thin
foil, at all irradiating temperatures above room temperature. Sim-
ilar results were obtained in this study at all Fe compositions from
1.2% to 4.4%. According to the Zr-Fe equilibrium phase diagram

Summary of the ion-irradiation conditions: melting points, ion type and energy, collisional properties, and irradiation temperature

Element Melting Ion type/ Average deposited Average number of Average displacement Irradiation

point (K) energy (keV) damage-energy Fp, (eV/ion A) displacements/ion A rate (dpa/s) temperature Ti, (K)
Cu-3%Fe ~1358 Kr 500 323 7.91 0.023 298, 473
Zr-1.2%Fe ~2128 Kr 500 194 3.25 0.019 298, 423, 573

The average deposited damage-energy Fp, displacements/ion/A and displacement rate (dpa/s) were obtained from the SRIM2003 [13] Monte Carlo code using a displacement
energy of 25 eV. For Cu(Fe) irradiated with 500 keV ions and Zr(Fe) irradiated with 500 keV Kr ions the collisional values for Cu and Zr were used.
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[18], a mixture of this phase with o-Zr is thermodynamically meta-
stable relative to the orthorhombic ZrsFe intermetallic phase in the
range of temperatures and Fe content investigated. However the
formation of ZryFe still constitutes a net free energy decrease in
the system relative to a solid solution of Fe in Zr. In fact, Zr,Fe is
often observed in melts of compositions where normally the ortho-
rhombic ZrsFe phase (the most stable phase thermodynamically) is
expected to be observed [19]. Also, studies of the crystallization of
Zr-Fe glasses showed that the immediate products of crystalliza-
tion are often metastable phases which would not have been pre-
dicted from the Zr-Fe phase diagram [20]. In situ annealing heat
treatment in the absence of irradiation also caused precipitation
of the Zr,Fe intermetallic phase, but only above 673 K. An analo-
gous process can occur in the inner regions of displacements cas-
cades, where a sudden heating takes the material much above a
nominal melting temperature. The maximum recoil energies in
these experiments are greater than 100 keV, thus creating the pos-
sibility of dense cascades. The cooling of a dense cascade may be
analogous then to a fast cooling from a melt, and Zr,Fe again fa-
vored over ZrsFe.

Fig. 2 shows the bright-field micrographs of a Zr-1.2%Fe thin-
film irradiated with 600 keV Kr ion-irradiation at 300 K and the
corresponding diffraction patterns. The right-hand-side region
was shadowed from the beam by a specimen grid and is therefore
unirradiated, and the left-hand-side region was irradiated to a flu-
ence of 10'®ion/cm? Kr ions. The diffraction pattern associated
with the unirradiated area shows only the lines associated with
the hcp phase present at the start of irradiation, while the diffrac-
tion pattern from the irradiated region shows new lines associated
with the irradiation induced precipitates.

For all temperatures below 673 K, the precipitate formation
occured solely within the irradiated area where displacement cas-
cades occur. The kinetics of the irradiation-enhanced second-phase
precipitation was followed by recording the diffraction patterns at
regular intervals. The dose necessary for precipitation was found to
decrease with increasing irradiation temperature indicating that
the precipitation process is not a purely collisional process [11].

During ion-irradiation of Zr-Fe at 50 K, there is second-phase
formation but the new phase was not identified. The pattern of
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Fig. 2. Bright-field micrographs and corresponding diffraction patterns Zr-1.2%Fe
sample irradiated at 300 K with 500 keV Kr ions (fluence of 10'® ions/cm?), showing
both the area hit by the beam (left) and the area shadowed by the grid.

rings formed (i.e. their ratio of d-spacings) suggests an fcc phase.
Interestingly, at low temperature some amorphous intensity is vis-
ible, in parallel with the appearance of the crystalline rings corre-
sponding to the new phase. The appearance of amorphous rings
may indicate that at low temperature the mobility of the Fe atoms
is not enough to make some of the amorphous intermetallic
compound nuclei formed in cascades to grow into crystalline
precipitates.

4.1.1.2. Electron irradiation. Electron irradiation was conducted in
order to help answer the question of whether the second-phase
formation observed depends on the details of the damage structure
or whether the transformation depends simply on the level of dis-
placements per atom (dpa). Zr-Fe thin-foils were irradiated at
room temperature to 124 dpa and at 573 K to 74 dpa.

In contrast with ion-irradiation, electron irradiation at room
temperature and at 573 K did not enhance the Zr,Fe precipitation.
Towards the end of the irradiation time, some electron irradiation
enhanced formation of zirconium oxide was observed in the 573 K
irradiation. The EDS spectra clearly showed oxygen content in the
irradiated area in larger proportion than in the non-irradiated area,
likely caused by enhanced breakdown of carbohydrates and other
molecules present in the vacuum of the TEM, occurring under
the electron beam, as observed previously [21].

4.1.2. The Cu-Fe system

Solid-solutions of Cu supersaturated with 3 at.% Fe were irradi-
ated with 500 keV Kr ions at 300 K and at 473 K. The irradiations at
both temperatures showed no visible second-phase precipitation.
Fig. 4 shows the bright-field image and diffraction pattern of the
as-fabricated Cu-Fe thin-film (left) and the irradiated region at a
final fluence of 10'®ions/cm?, at 298 K (center), and 473 K (right),
respectively. The diffraction patterns of the irradiated samples
showed no extra ring when compared to the initial diffraction pat-
tern but were spottier, revealing that grain-growth had occurred
during irradiation, which was verified in the bright-field images.

In fact, the iron-copper system does not form intermetallic
compounds and has negligible mutual solid solubility at tempera-
tures below 973 K because of the large positive enthalpy of mixing
AHpmix = +13 k] mol~! for an Fe-Cu system of 50 at.% Fe-50 at.% Cu
[22], and therefore precipitation of Fe was expected. The fact that
this did not occur in the Cu-Fe thin-films could be a result of the
nature of the ion-irradiation induced damage. Indeed, it is consid-
ered that within the thermal spikes induced by ion-irradiation the
local temperature can exceed the melting temperature so that the
local regions are liquid-like. Although Cu and Fe are immiscible in
solid state, they are miscible in the liquid state whereas Zr and Fe
are miscible in both solid and liquid states). Thus, in Cu-Fe, the
thermal-spike regions may actually enhance the mixing of Cu
and Fe and prevent segregation of the Fe species. This thermal-
spike effect was highlighted in ion-beam mixing experiments
involving Cu/Fe and Ag/Fe bilayers [23]. Both systems are immisci-
ble in solid state but contrary to Cu/Fe, Ag/Fe is still immiscible in
liquid state. When irradiated with 2.5 MeV Au ions and 2 MeV Cu
ions, ion-beam mixing was actually observed in the Cu/Fe system
(and was larger than predicted by purely ballistic models), while
no mixing was reported in the Ag/Fe system. The authors argued
that ballistic atomic-mixing may occur in both cases during the
collisional phase of the defect cascade formation. However, during
the thermal-spike phase following the collisional phase in the cas-
cade formation, Cu/Fe mixes further (in accordance with the ther-
modynamically miscibility of the system in the liquid state) while
in the case of Ag/Fe, de-mixing occurs. The authors concluded that
the experimental results, which resemble thermodynamically the
liquid state, were in agreement with the assumption of atomic
motion inside the thermal-spike in a liquid-like manner, which
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supported the importance of atomic motion within the thermal-
spike phase over both the early collisional phase of the cascade
and over motion of radiation induced defects after the thermal-
spike phase.

4.2. Irradiation induced grain-growth

In both Zr-Fe and Cu-Fe thin-films, direct observation of the
films under ion-irradiation revealed a gradual increase of the aver-
age grain size (i.e. average grain diameter), at all irradiating tem-
peratures, even at 20K where thermal effects are negligible
(grain-growth in these samples was studied under purely thermal
conditions i.e., outside irradiation, and only found to occur above
873 K). The increase of grain size is apparent on the bright-field
micrographs (Figs. 2 and 4 (top)) and on the diffraction patterns

c¢) Diffraction pattern of the non-irradiated
region at the end of the experiment

which became spottier as the fluence increased, indicating grain
size increase.

In contrast, no grain-growth was observed during the 1 MeV
electron irradiation of Zr-Fe thin-films. A bright-field image of
the Zr-Fe foil irradiated at room temperature to 64 dpa is shown
in Fig. 3 (top left). The grain size in the beam spot is the same as
outside. This result indicates that isolated displacements such as
created during electron irradiation do not induce grain-growth,
at least in the low temperature regime where the irradiations were
carried out. In other words, at low temperatures, grain-growth oc-
curs only when irradiation induced cascades are involved. A model
has been proposed to explain the kinetics of grain-growth under
ion-irradiation where both the number of atomic jumps created
within thermal spikes and the size of these thermal spikes play a
crucial role on grain-growth [24].

o .

b) Initial diffraction pattern (before irradiation)

d) Diffraction pattern of the irradiated region
(64 dpa). (Arrowed rings indicate sample

(unchanged compared to the initial diffraction oxidation in the TEM)

pattern)

Fig. 3. Microstructure of the Zr-2%Fe thin-film irradiated at room temperature with 1 MeV electrons (post mortem analysis).
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Fig. 4. Bright-field images and diffraction patterns of Cu(Fe) thin-films in the as-fabricated state (left), after 500 keV Kr irradiation to a final fluence of 10'® jons/cm?, at 298 K

(center), and 473 K (right), respectively.
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Fig. 5. (a) Average grain size in Zr, Zr-1.2%Fe, and Zr-4.4%Fe films irradiated in situ with 500 keV Kr ions plotted versus the dose in dpa. (b) Average grain size in Cu and Cu-
3%Fe films irradiated in situ at room temperature with 500 keV Kr ions plotted versus the dose in dpa.

The effect of temperature on ion-irradiation induced grain-
growth has been investigated in Zr-Fe [25] and Pt, Au, Cu thin-
films [26] irradiated at temperatures varying from 20K to 773 K.
The studies demonstrated the existence of a low temperature re-
gime where the kinetics of ion-irradiation induced grain-growth
do not depend on the irradiation temperature indicating that the
migration of the grain-boundary is controlled by intra-cascade bal-
listic processes in this regime (all the irradiations reported here are
in the recombination dominated regime [24]). On the other hand,
in the higher temperature range (above 0.14-0.22 Tpy), the
dependence on irradiation temperature suggested that the expres-
sions of the grain-boundary mobility and the grain-growth rate
should include a temperature-dependent term.

The present study highlights the effect of alloying element on
ion-beam induced grain-growth. The presence of Fe decreases
the kinetics of grain-growth with respect to pure Zr and Cu thin-
films, respectively. Fig. 5(a) shows the average grain size measured
as a function of dose for pure Zr, for Zr-1.2%Fe and Zr-4.4%Fe foils
irradiated with 500 keV Kr ions in the low temperature regime
where grain-growth kinetics do not depend on the irradiating tem-
perature. The supersaturated solid-solutions showed less ion-beam
induced grain-growth than did pure Zr. Indeed the presence of the
Fe alloying element slows down the initial grain-growth rate (slope

of the curve at the origin) and results in smaller final average size.
Solute drag and/or precipitate formation could be responsible. For
the compositions studied, (1.2-4.4%Fe), no dependence of grain-
growth with increasing Fe content was seen, suggesting that the
lowest Fe contents used were enough to slow down grain-growth.
Fig. 5(b) shows the average grain size for pure Cu and for Cu-3%Fe
irradiated in the same conditions (at 300 K, with 500 keV Kr ions).
The Fe-containing films showed slower grain-growth than seen in
pure Cu films. However, since no second-phase precipitate could
be detected in the diffraction patterns, it is likely that solute drag
is the mechanism for slowing down the ion-irradiation induced
grain-growth in the Cu-3%Fe thin-films. The fact that grain-growth
is decreased by the addition of solute is most likely a result of sol-
ute drag or precipitate drag (when precipitation occurs as a result
of irradiation). Also, it is possible that the presence of different
atomic species within the thermal spikes may impact the spike size
(focuson effect).

5. Conclusions

A study was performed of irradiation induced grain-growth in
Zr, Cu and solid-solutions of Zr(Fe) and Cu(Fe) by exposing



D. Kaoumi et al./Journal of Nuclear Materials 382 (2008) 184-189 189

free-standing thin-film samples to an ion-beam while observing
grain-growth in a transmission electron microscope. The main con-
clusions are:

1. In both the Zr-Fe and Cu-Fe thin-films, grain-growth was
decreased with respect to that observed in the pure Zr and Cu
thin-films, respectively, likely a result of solute drag and precip-
itate drag (when precipitation occurs as a result of irradiation).

2. No grain-growth or second-phase precipitation occurred in the
case of Zr-Fe irradiated with 1 MeV electrons at room temper-
ature and 573 K, indicating that both processes require thermal
spikes (as opposed to isolated defects).
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