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Abstract. The irradiation effects induced by swift heavy ions are now widely described in ‘bulk’ materials.
It is shown here that the behaviour of matter under irradiation depends on its crystalline state in the
sense that a given material is all the more sensitive to swift heavy ion irradiations as the mean crystallite
size L is small. The present paper relates the experimental results obtained in yttrium oxide from ‘in situ’
X-ray diffraction measurements. Three kinds of sample have been irradiated: sintered samples (L = 1 pm),
non-ground powders (L = 45 nm) and ground powders (L = 28 nm). A cubic to monoclinic phase trans-
formation appears if the electronic energy loss of the incident particle is higher than a threshold. The
comparison between the different kinds of samples reveals that this phase transformation is all the easier

as the mean crystallite size of the target is weak.

PACS. 61.50.-f Crystalline state — 61.80.-x Physical radiation effects, radiation damage — 64.70.-p Specific

phase transitions

Introduction

Since two decades, the effects of irradiation of matter with
swift heavy ions have been extensively studied. Only re-
cently, the growing interest of low dimensional materials
(such as thin films or polycrystalline materials) led the
scientific community to focus its attention on such tar-
gets [1-3]. Swift heavy ions such as those produced by
GANIL (Grand Accélérateur d’Tons Lourds, Caen-France)
have an energy of several MeV/u. Passing through the
matter, they deposit the most part of their energy through
inelastic collisions with the target electrons inducing for
example amorphisation [4—6], recrystallisation [7] or phase
change [8-11]. The spatial distribution of this energy de-
position strongly depends on the ion velocity and has
been theoretically studied: the energy density deposited
near the ion path is all the higher as the ion velocity
is weak [12]. The velocity effect has been experimentally
demonstrated in ‘bulk’ materials whether they are metal-
lic [13] or insulating [14]. Among insulators, yttrium oxide
has been studied because several phases may exist accord-
ing to temperature and pressure conditions: the normal
phase is cubic whereas a monoclinic phase appears at high
temperature and pressure. It has been previously demon-
strated that this phase change occurs under irradiation
with swift heavy ions [11,15].
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The aim of this paper is to investigate the effect of the
mean crystallite size of the target on the material response
to irradiation. For this purpose, three kinds of yttrium ox-
ide targets have been irradiated: i) sintered samples, ii)
non ground powders and iii) ground powders. The mean
crystallite size decreases from type i) to iii). The irradi-
ation effect has been identified through X-ray diffraction
measurements.

1 Experimental setup

The samples of yttrium oxide were irradiated with swift
heavy ions at GANIL in Caen, France. The following ions
were used: sulfur, molybdenum, cadmium, tantalum, and
lead. Their energy varied between 3.1 and 11.1 MeV/u
and their electronic stopping power S, between 3 and
39 keV nm~!. The irradiation features are given in Table 1.

The sintered samples were obtained from an yttrium
oxide powder by Hot Isostating Pressing without any ad-
dition, at a temperature of 1400 °C and under a pressure
of 150 MPa. The samples were irradiated with lead ions
with two fluences: 2 x 102 Pb cm™2 and 8 x 10'2 Pb cm ™2
and were then analyzed by powder X-ray diffraction before
and after irradiation.

Yttrium oxide powders provided by Sigma Aldrich
(Saint-Quentin Fallavier, France) have also been studied.
The as-received powders are called in the following the
non-ground powders. A series of samples are obtained by
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Table 1. Features of the different irradiations.

ion energy electronic Range irradiated sample maximal reached
(MeV/u) stopping power  (um) fluence
(keV nm™1) (ions cm™?)
S 11.1 3 95 non ground powder 3.6 x 10'3
Mo 8.6 16 50 non ground powder 4.5 x 10*3
ground powder 4.5 x 103
Cd 9.5 19 55 non ground powder 8.0 x 10'?
ground powder 8.0 x 10'2
Ta 5.6 34 39 non ground powder 2.6 x 10*3
ground powder 2.6 x 10*3
Pb 3.8 38 29 single crystal 8.0 x 102
sintered sample 8.0 x 10'?
non ground powder 4.2 x 1012
ball-milling of the powder in a steel vial with seven steel
balls (13 mm in diameter during 15 minutes [16]). In the . R
following, these samples are called the ground powders. i Coa b)8 107 Pb.om - ]
Several samples of non ground powder have been irradi- i
ated with sulfur, molybdenum, cadmium, tantalum and i / \ E I
lead ions while samples of ground powder were irradiated i Jg%
with molybdenum, cadmium and tantalum ions (Tab. 1). A - A . Amat,
The powders were pressed into pellets before irradiation. = §
The samples were put into a 1079 Torr vacuum cham- ; - @22 -
ber. They were submitted to several fluences at the end £ a) before irradiation
of which they were analyzed in situ with a powder X-ray £ L -
diffractometer, using the INEL Curved Position Sensitive .
detector with the quartz-monochromated Cu Ka radia- g L - i
tion. The sample are placed so that the surface normal is = .
parallel to the ion beam while the X-ray beam is at 5°— L b e 0, |
10° incidence with respect to the sample surface. These
conditions ensure that the penetration depth of the X-ray | (00, |
beam (estimated to 20 um from the absorption coefficient
p =442 cm™!) is lower than the ion range (35 um in the
worst case of a 5 MeV/u Pb ion). Along the ion path, i | @i, @3y B30, i{ |
the electroinc stopping power varies .from 38 keV nm_-1 to ,;% b B é A bk
32 keVnm™!. After each predetermined fluence, the ions
are stopped. The sample holders are activated and ex- 20 30 40 50 60
hibit a huge fluorescence so that no measurement is made 20 )

before a 30 minutes pause is respected. Then the X-ray
diffraction spectrum is recorded during 45 minutes. All
the experiments have been performed at room tempera-
ture.

2 The samples before irradiation
2.1 The sintered samples

The diffraction patterns observed in the virgin samples
are displayed in Figure la. The samples later irradiated
with lead ions exhibit diffraction spectra that show a small
proportion of monoclinic Y203 — revealed by a ‘shoulder’
(29° < 260 < 33°) — within a mainly cubic phase.

The peak widths are close to those of the micromet-
ric silicon powder (provided by INEL) which is used to

Fig. 1. Experimental (squares) and calculated (line) X-ray
diffraction spectra of the sintered sample (a) before irradia-
tion and (b) after the fluence 8 x 102 Pbem™2. The insets
correspond to a zoom in the range (29° < 20 < 33°).

calibrate the detector. The mean crystallite size of the
sintered samples is thus assumed to be around 1 microm-
eter.

2.2 The non ground powder

The X-ray diffraction spectrum before irradiation is given
in Figure 2a and corresponds to that of a 100% cubic phase
yttrium oxide powder. A Gaussian profile is assumed for
each peak: the experimental width B, is linked to the
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Fig. 2. Experimental (squares) and calculated (line) X-ray
diffraction spectra of the non ground powder (a) before irra-
diation and after the fluences (b) 2.4 x 102 Pbem™2 and (c)
4.2 x 10" Pbem ™2,

width B due to the sole sample, and to the width B; due
to the instrument, by the relation: B2 = B? + B?. Our
apparatus has an instrumental width B; equal to 0.12°
determined with the aid of the calibrating silicon powder.
The experimental one B, deduced from the cubic-(400)
peak at 20 = 33.9° is equal to 0.270°. Consequently, B is
equal to 0.242° (i.e. 4.22x 1073 rad). The Scherrer formula
gives the apparent size L of the crystallites using the rela-
tion ship B = K\/(L cos ) where K is a constant close to
the unity, A the wavelength of the X-ray beam and 6 the
diffraction angle. L is found equal to 38 nm that is close to
the size (45 nm) deduced from TEM observation (Fig. 3).

2.3 The ground powder

The ground powder is observed before irradiation by X-
ray diffraction (Fig. 4a). The spectrum is that of a partly
cubic powder but the shoulder between 29° and 33° proves
the presence of the monoclinic phase before irradiation.
The peaks of the cubic phase are wider than the ones of
the non-ground powder. The experimental width is equal
to B = 0.355°, so B = 0.34° = 5.83 x 1073 rad. The
mean size of the crystallites, deduced from the Scherrer
formula, is 28 nm. The main effect of grinding is to reduce
the crystallite size.
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Fig. 3. Transmission Electron Microscopy picture of a non-
ground Y203 powder.
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Fig. 4. Experimental (squares) and calculated (line) X-ray
diffraction spectra of the ground powder (a) before irradi-
ation and after the fluences (b) 0.5 x 10'* Tacm™? and
(c) 2.0 x 10" Tacm™2.

3 Irradiation experiments

3.1 Qualitative description of the X-ray diffraction
spectra

3.1.1 Sintered samples

After irradiation with Pb ions, the height of each peak de-
creases with increasing fluence (Fig. 1). The experimental
peak widths B, seem to remain constant. This observa-
tion is due to the fact that the width B due to the sample
is much lower than the instrumental one B; (B; = 0.12°).
Hence the variation of B cannot be observed as long as
B < B; (the relationship between B, B, and B; has been
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explained in Sect. 2.2). The value of 0.01° is expected for B
in the case of micrometric crystallites.

The surface of the shoulder in the region 29° < 26 <
33° increases with the fluence which proves that the pro-
portion of the monoclinic phase increases with the fluence.

3.1.2 The non ground powder

Under sulfur ion irradiation (S = 3 keVnm™!), the
recorded X-ray spectra (not shown here) remain un-
changed: no phase transition occurs.

For electronic stopping powers higher than
16 keVnm™!, all the spectra show the same general
features: a decrease of the height and an increase of
the width of the cubic phase peaks are simultaneously
observed when the fluence increases. This is the case
of Mo (Se = 16 keVnm™!), Cd (S, = 19 keVnm™1!),
Ta (Se = 34 keVnm™!) and Pb (S, = 38 keVnm™1)
irradiations. The typical spectra obtained at two different
fluences after the lead irradiation are shown in Figure 2.
In addition to the general features, a shoulder appears
in the region 29° < 26 < 33° and grows with increasing
fluence. This “shoulder” corresponds to the (111), (401)
and (402) peaks of the monoclinic phase. The cubic
to monoclinic phase transition is obtained under ion
irradiation. Concerning the lighter ions (Mo and Cd),
a more detailed analysis of the spectra is required to
evidence this phase transition (see Sect. 3.3).

3.1.3 The ground powder

As written in Section 2.4, the virgin samples are composed
of yttrium oxide with a mainly cubic structure in which a
small fraction of the monoclinic phase is present as shown
by the ‘shoulder’ in the 29° < 20 < 33° region of the
spectra (Fig. 4).

After irradiation of such powders in the range of S, be-
tween 16 and 39 keV nm ™!, the intensity of the cubic phase
peaks decreases whereas the intensity of the ‘shoulder’ in-
creases with increasing fluence, pointing out the growth of
the monoclinic phase.

3.2 Analysis by Rietveld method
3.2.1 Principles of the method

The X-ray diffraction spectra are recorded as a function
of the diffraction angle 20 and analyzed by the Rietveld
method improved in the Fullprof program [17]. The least
mean square procedure has been used to fit the theoreti-
cal spectra to the experimental ones taking into account:
i) the number of phases of the studied sample, ii) the back-
ground signal, which is a function of § and iii) the temper-
ature factors linked to the thermal motion of each kind of
atom.

Each peak of the diffraction spectra is fitted by a
pseudo-Voigt function (P) that is the weighted sum of a
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Lorentzian (L) and a Gaussian (G), according the relation:
P(20) = nL(20) + (1 — n)G(20), where 7 is a parameter
that may be varied.

The goodness of fit is given by the usual x? value from
which we evaluate the error bars. Nevertheless, we must be
careful about the physical sense of the calculated param-
eters which may be numerous. For example, the lattice
parameters must be found close (within a few percent)
to the ones found in the literature [18,19] otherwise the
results cannot be taken into account.

An important point arises concerning the ‘background
intensity’ of the XRD spectra. In our experiments, the
irradiation induces the fluorescence of yttrium oxide which
leads to an increase of the background intensity depending
on the time elapsed between the end of each irradiation
cycle and the beginning of the X-ray spectra recording.
That is the reason why no physical information can be
extracted from the background signal.

The Rietveld analysis — used here — is based on the as-
sumption that the cubic phase transforms into the mono-
clinic phase only. The self-consistency of this assumption
will be shown in Section 4.2. Each phase present in the
sample is characterized by the scale factor linked to its
volume fraction, the lattice parameters a, b, ¢ and the
associated angles «, 3, v

The Rietveld analysis gives for each sample and each
fluence the volume fraction f. of the cubic phase. The vo-
lumic proportion f}, of the monoclinic phase will be taken
equal to [1 — f.].

3.2.2 Evolution of the volume fraction of the cubic phase
under irradiation

We did not attempt to fit the monoclinic phase parame-
ters because i) the diffraction angles of the main lines of
both phases (i.e. (222) cubic and (111) (401) (402) mon-
oclinic) are almost the same and ii) the structure factors
of the monoclinic phase are much lower than those of the
cubic phase. The monoclinic phase parameters have been
taken from reference [20]: a = 14.009 A, b = 3.500 A,
¢=28.791 A and 8 = 95.7. We have also fixed the temper-
ature factors of each phase.

The parameters that have been varied in order to ob-
tain the best fits are the scaling factor, the lattice param-
eters of the cubic phase and the parameters describing the
background intensity.

The sintered samples:

Concerning the lead irradiation experiment, the volume
fraction can be estimated to 7% in the unirradiated
samples and reaches 15% and 46% after the fluences of
2.0 x 10'2 Pb cm™2 and 8.0 x 10'2 Pbcm ™2, respectively.
The large errors bars (derived from high y? values) can
be explained by the fact that the Rietveld analysis is nor-
mally used for ‘ideal’ powders containing large and ran-
domly orientated crystallites so that line breadths are very
small. In the sintered samples, the crystallites are proba-
bly not randomly orientated. In fact, a preferred orienta-
tion is detected when the relative intensities in the mea-
sured spectrum do not follow the corresponding ones in
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Fig. 5. Evolution of the volume fraction of the cubic phase of
non ground Y203 versus the fluence for the irradiations with
S (%), Mo (a), Cd (o), Ta (m), Pb(e). The lines correspond to
the exponential fit.

the recorded JCPDS file: that is the case of the sintered
samples.

The non-ground powders

All the samples are totally crystallized in the cubic phase
before irradiation (i.e. foo = 1). Figure 2 shows that the
calculated spectra well fit the experimental ones in the
case of lead irradiation. The goodness of fit is noticed
for all the irradiations. Each irradiation (Mo, Cd, Ta and
Pb) gives the same feature shown in Figure 5: the vol-
ume fraction f. of the cubic phase decreases with increas-
ing fluence. A cubic to monoclinic phase transformation
occurs under irradiation. The ions with the highest elec-
tronic stopping powers (S. > 34 keVnm~! for Ta and
Pb) are more efficient than the ones with low S, values
(Se < 20 keVnm™! for Mo and Cd).

Within each irradiation experiment, the relative vari-
ation of the cubic phase lattice parameter given by the
Rietveld refinements is of the order of 0.3%. It must be no-
ticed that the instrumental breadth is 0.12° (for 260 = 29°)
so that the minimum measurable variation of the lattice
parameter a is % = 0.8%. Hence, we can consider that
the lattice parameter a of the cubic phase does not change
under irradiation.

The ground powders

Figure 4 shows a good agreement between calculated and
experimental spectra in the case of the tantalum irradi-
ation. As in the case of non-ground powders, the same
goodness of fit is confirmed in all the irradiations.

On contrary to the other samples, the Rietveld analysis
confirms the presence of the monoclinic phase before irra-
diation: the initial volumic proportion of monoclinic phase
is about 20% so that f.o = 0.8. The volume fraction f. of
the cubic phase decreases with increasing fluence. The cu-
bic to monoclinic phase transformation is also evidenced
and is made easier than in the non-ground powders.
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Fig. 6. Track radii in the sintered samples (diamonds), in the
non ground powder (open squares) and in the ground powder
(black squares) of Y203 versus the electronic stopping power
Se of the ions.

3.2.3 Track radii

In order to interpret the evolution of f. wversus the flu-
ence ¢t, it is considered that, in a cylindrical zone of sec-
tion ¢ along the ion path, the initial cubic phase is trans-
formed into the monoclinic one. This section o depends on
the mean crystallite size L and on the presence of mono-
clinic nuclei as will be seen in Section 4. For a given type
of sample (i.e. a given value of L and a given monoclinic
nuclei concentration) Poisson’s statistics is applied and it
is found that the volume fraction f. of the cubic phase
after the passage of @t ions per cm? is described by the
relation: f. = feoexp(—o®t). feo is the initial value of f,
before irradiation (@t = 0). feo is lower than the unity
when monoclinic nuclei are present which is the case of
the ground powders. Each type of sample will exhibit a
specific section o.

Figure 5 shows the fit to this exponential law for each
irradiation in the case of non- ground powders. The track
radius 7 is linked to o wvia the relation o = mr? The same
analysis is made for the sintered samples and the ground
powders. Figure 6 shows the track radii variation versus
the electronic stopping power for each kind of sample.
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4 Discussion
4.1 Comparison of the results

In the case of the powders (either they are ground or not)
three comments can be made:

a) the phase transformation occurs above of a S,
threshold between 5 and 15 keV nm™!

b) the track radii increase with S.

c¢) the track radii observed in the ground powders are
higher than those in the non-ground powders.

The results of the Rietveld analysis must be carefully
interpreted in the case of the sintered samples since this
method has been developed for powders in which the crys-
tallites are randomly orientated. However, it appears that
the deduced track radii are lower than those of powders.

Waligorski et al. [21] performed Monte Carlo calcula-
tions describing the radial dependence of the energy den-
sity D(r) deposited by a swift ion on the electrons of a
target.

The D(r) law was confirmed several years later by
Gervais et al. [22]. The mean energy density (D(R)) de-
posited within a cylinder of radius R is given by (D(R)) =
—1> f:io D(r)2nrdr. (D(R)) is plotted in Figure 7 for two
ion energies (3 MeV/u and 11 MeV/u) corresponding to
the energy range of the ions used in the present study and
for an electronic stopping power of 30 keVnm™!.

In the large crystallites of the sintered samples (R =
1 pm), (D(R)) is lower than 107* keVnm~! whereas in
the smaller grains of the powders (R = 30 nm) (D(R)) =
1072 keVnm~!. It is therefore likely that the smaller
grains are more sensitive than the larger ones to the pas-
sage of the same ion. A clear size effect is evidenced
through the study of the three kinds of samples.

Consequently, the phase transition induced in the ma-
terial by the passage of the ion is easier in the non-ground
powder than in the sintered sample.

We compare now the results between the two kinds of
powders. Whatever the electronic stopping power of the
ion, the track radius is higher in the ground powders than
in the non ground ones. Two reasons may be found for
explaining this behavior. First, the mean size of the crys-
tallites has decreased by grinding the powder. So, for the
reason explained above, the phase transition is easier in
the ground powder than in the non ground powder. Sec-
ond, the monoclinic phase is present before irradiation in
the ground powder. The cubic to monoclinic phase tran-
sition occurs all the more easily, as some monoclinic seeds
are present.

4.2 Does some amorphous phase appear
under irradiation in the samples?

In principle, the Rietveld method cannot account for the
presence of an amorphous phase. The input files contain
the characteristics of both cubic and monoclinic phases so
that the volume fractions f. and fy, of each phase can be
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Fig. 7. Mean energy density (keVnm™*) deposited on the
electron of a grain of radius r (nm) in the case of two incident
ion energies (3 MeV /u (crosses) and 11 MeV /u (black circles)).
The calculation is performed for an electronic stopping power
of 30 keVnm™".

obtained. Let V4, and V; be the volumes of the monoclinic
and cubic phases respectively. Therefore the volume frac-
tions f, and f. are given by: fi, = T and f. = #
The problem of the presence of an amorphous phase may
be solved by comparing the Rietveld method to the inten-
sity method described hereafter, under the following as-
sumptions: i) the sample of volume V, is initially wholly
cubic and ii) the total volume remains constant under ir-
radiation. The intensity method consists in determining
the ratio I /Iy as a function of the fluence ¢t. I is the sum
of the intensities (i.e. the net areas) of the (222), (440)
and (400) cubic phase peaks at the fluence ¢t and Iy is
the corresponding value before irradiation. Figure 8 shows
the evolution of I/Iy (open symbols, intensity method)
and f. (full symbols, Rietveld method) as a function the
fluence ¢t in the case of three irradiations (Cd (squares),
Ta (triangles) and Pb (circles)). In any case the ratio I /I
is equal to the volume fraction f. = V;/V¢, of the cubic
phase. It is then proved that no amorphous phase appears
within the experimental errors.

Conclusion

The damage induced by swift heavy ions in yttrium oxide
is characterized by a cubic to monoclinic phase transition.
We have irradiated three kinds of samples of yttrium ox-
ide: sintered samples, ground and non ground powders.
We have evidenced an effect of the size of the crystallites
of the sample: i) the sintered samples are not sensitive or
weakly sensitive to the electronic stopping power; ii) the
non ground powders transform easier than the sintered
samples into the monoclinic phase; iii) this transition ap-
pears more clearly in the ground powder. Furthermore,
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Fig. 8. Evolution of the cubic phase volume fraction as a
function the fluence ¢t in the case of three irradiations (Cd
(squares), Ta (triangles) and Pb (circles)). Comparison be-
tween the intensity method I/Iy (open symbols) and the
Rietveld method f. (full symbols).

we have also proved that the initial volumic proportion
of cubic phase is important: when the monoclinic phase
is present before irradiation, the phase transition is eas-
ier. Finally, the phase transition that appears above a S,
threshold, is all the more important as the electronic stop-
ping power of the ions increases: for the powders, this
threshold has been found between 5 and 15 keVnm™~!.

The authors are grateful to F. Levesque (Centre Interdis-
ciplinaire de Recherches Ions-Laser, Caen, France) for hav-
ing provided technical support concerning the X-Ray powder
diffractometer (CHEXPIR device).
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