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High-energy mechanical deformations have been used to induce order-disorder transitions in the
YBa,Cu;0,_, orthorhombic structure and to synthesize metastable phases. During the milling process,
a disorder is produced on the oxygen sublattice and on the Y- and Ba-cationic sites. A metastable simple
cubic (Yq 33Bag ¢7)CuO;_, structure is formed. This cubic phase can also be synthesized by mechanical
alloying a mixture of the elemental oxides. Discussions on the mechanism of formation, the thermal sta-
bility of the metastable structure, and the superconducting properties are presented.

Several methods have been used in the past few years
to synthesize the YBa,Cu;0,_, (1:2:3) superconducting
phase. Among them are the standard sintering tech-
nique, the melt-growth processes, coevaporation or
sputtering, and many others. In most of these tech-
niques, a thermally activated process is responsible for
the diffusion of the chemical species and the crystal
growth.

None of the above techniques use mechanical energy to
assist or convey the chemical reaction. Recently, howev-
er, shock-wave-induced chemical synthesis of the 1:2:3-
related compounds was reported.! The shock wave was
applied to a mixture of the elemental oxides and the
product was identified as the orthorhombic or the tetrag-
onal phase together with some unidentified second
phases. In a shock-wave compaction experiment con-
ducted on YBa,Cu;0,_, (1:2:3) powders, Wier et al.?
found an increase in the flux pinning energy after shock
compaction. Among the pinning sites proposed to ex-
plain the superconducting properties of the consolidated
solid, Murr et al.3 proposed a configurational disorder on
the cationic or the oxygen sites. The same type of defects
has also been proposed to explain the increase in J, ob-
served in bulk-irradiated 1:2:3 superconductors.*>

Mechanical alloying, also a high-energy collision pro-
cess, is a simple and well-recognized method to syn-
thesize metastable phases such as amorphous,® nanocrys-
talline,” quasicrystalline,® or stable intermetallic com-
pounds.” In most cases, the final state of the system has a
higher configurational disorder than the initial state.
Thus, the process of milling has the potential of introduc-
ing atomic disorder which may be helpful for improving
the pinning properties of superconductors.

Two types of powder have been subjected to high-
energy ball milling. The first contained a mixture of
Y,0;, BaO,, and CuO in the ratio [Y]:[Ba]:[Cu]=1:2:3
and the second one was a presynthesized YBa,Cu;0;_,
(1:2:3) powder. The elemental oxides had a purity of
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99% or better and the size of the particles ranged from 1
pm (Y,0;) to 175 uM (BaO,). The powders, along with
the three steel balls having diameters of 1.43, 1.11, and
0.95 cm, were introduced in a steel container and sealed
under argon. For the oxide mixture, a ball to powder
weight ratio of 6 was kept constant throughout the mil-
ling process. For the 1:2:3 powder, the starting ball to
powder weight ratio was 5 and sampling was done at reg-
ular intervals for analysis. As a result, the weight ratio
increased towards 6 at the end of the experiment. The
milling was performed in a SPEX 8000 Mixer Mill.

The x-ray measurements were taken on a Siemens D-
500 diffractometer with Cu Ka radiation. The sample
holder was covered with a thin foil of Kapton to avoid re-
action with the atmosphere. Analytical transmission
electron microscopy was carried out on a Jeol 2000 FX
equipped with an ultrathin windowed energy dispersive
x-ray (EDX) detector for chemical analysis. High-
resolution TEM was performed on a Hitachi H-9000
NAR. The oxygen content was measured by carbo-
thermal reduction on a LECO TC-136 apparatus. Trace
analysis of the contaminants was carried out on a Jarell-
Ash ICAP 9000 atomic emission spectrometer. Thermal
analysis was done using a Perkin-Elmer differential scan-
ning calorimeter.

Figure 1 shows the x-ray diffraction patterns of the
powder mixture after various milling times. The
BaO,(w) and CuO (M) react rapidly. During the first 10
h of milling, the x-ray peaks associated with these oxides
become very large, the intensities decreased, and a broad
halo located around 29° is formed. The peaks of Y,0,
(@) remain almost unaffected. Only a slight increase in
the width of the x-ray lines is observable, indicating a
reduction in the Y,0; crystal size. There is no significant
shift of the peak positions during this period of time.
After 10 h, only the broad halo and the Y,0; peaks are
practically visible. A detailed study!® using x-ray
diffraction and high-resolution TEM has revealed that
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the broad halo in this specimen, as well as in mixtures of
BaO, and CuO in a [Ba]:[Cu]=2:3 proportion milled for
an equivalent amount of time, is in fact a mixture of
amorphous phase and nanocrystalline BaCuO,. Some Ba-
CuO, s has also been detected.!® The amount of yttrium
in solution in these phases is small.

Also, after this period of time, a small peak (V) located
around 32.5° appears. Upon further milling, its intensity
increases and six other lines become visible. They all
coincide with the most intense reflections of
YBa,Cu;0,_, (1:2:3) but several lines belonging to the
1:2:3 orthorhombic structure are missing. The absence of
these reflections, which should have been detectable if the
structure was orthorhombic, suggests that this additional
phase may be a disordered state associated with the 1:2:3
structure. The growth of this phase coincides with a
reduction in the x-ray intensity of the Y,0; and quasi-
amorphous Ba-Cu-O phases. The additional crystalline
structure is thus formed by a reaction between the Ba-
Cu-O quasiamorphous phase and the Y,O; crystallites.

Figure 2(a) shows a TEM lattice image of the new crys-
talline phase taken on the 65 h milled specimen. None of
the lattice fringes have spacings larger than 0.4 nm. This
is consistent with the x-ray diffraction patterns in which
no reflections were observed below 22°. The largest d
spacing calculated from the diffraction patterns is 0.387
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nm. Typical electron diffraction patterns of the amor-
phous and the disordered crystalline structures are shown
in Figs. 2(b) and (c), respectively.

The EDX chemical analysis of the disordered phase is
shown in Table I together with the measured concentra-
tion of an orthorhombic 1:2:3 standard. The results indi-
cate that this phase has a cationic ratio identical to the
YBa,Cu;0,_, (1:2:3) superconducting structure. During
the first hour of milling, the oxygen content of the
powder mixture, measured by the LECO detector, de-
creases from 19.7 to 18.2 wt.%. After this period of
time, the average oxygen content does not change
significantly. The iron contamination from the milling
tools is about 0.48 wt. % after 65 h.

The x-ray diffraction patterns obtained by milling the
1:2:3 orthorhombic structure are shown in Fig. 3. After
less than an hour of milling (not shown), the structure
cannot be identified as orthorhombic or tetragonal be-
cause of peak broadening. An order-disorder transition
on the oxygen sublattice may therefore occur during this
initial period of time. This mechanically induced ortho-
rhombic to tetragonal transition which is associated with
the loss of superconductivity will be discussed in more
detail elsewhere.!! After 20 h of milling, the structure is
identical to the one obtained after milling YBa,Cu;0,_,
the oxide mixture for 65 h [Fig. 1(b)]. High-resolution
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FIG. 1. X-ray diffraction patterns of a mixture of (®) Y,0;. (W) BaO,, and (H) CuO in the ratio [Y]:[Ba]:[Cu]=1:2:3 as a function
of milling time; (V) (Y, 33Bag ¢6)CuO;_, metastable cubic perovskite structure.
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FIG. 2. (a) High-resolution TEM micrograph of the metastable crystalline structure taken on the oxide mixture milled for 65 h.
Typical diffraction patterns of (b) the amorphous phase and (c) the disordered crystalline structure.
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FIG. 3. X-ray diffraction patterns of the YBa,Cu;0;_,

powder after various milling times: (V) (Y, 33Bag ¢¢)CuO;_, cu-
bic structure and (A) Y,BaCuOs.

TEM reveals a similar microstructure in both cases.!!

Further milling produces the equilibrium Y,BaCuOs (A)
(Fig. 3).

The crystalline phase obtained after milling
YBa,Cu;0,_, for 20 h or the oxide mixture for 65 h has
a chemical composition identical to 1:2:3 and its struc-
ture is also closely related to the 1:2:3 structure [Fig.
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FIG. 4. (a) Atomic structure of the YBa,Cu;0, (1:2:3) ortho-
rhombic phase, (b) atomic structure of the metastable cubic
(Yo.33Bag 67)CuO; perovskite, and (c) atomic structure of bcc
Y203-



12 006

TABLE 1. EDX chemical analysis (thin regions) of the meta-
stable cubic phase and a standard 1:2:3 orthorhombic structure.

Y, Ba, Cug
Intensity ratio (%)
1:2:3 standard 66.0+3 100 46.5+3
Metastable cubic phase 65.6+3 100 44.6+3

chemical and topological disorder. A disorder on the
cationic or oxygen sites has been proposed to explain the
superconducting properties of shock-wave compacted
1:2:3 compound.> A similar explanation has been pro-
posed in the case of GdBa,Cu;0,_, (1:2:3) thin films ir-
radiated with x rays!? and YBa,Cu;0,_, (1:2:3) irradiat-
ed by He™, O*,* or neutrons.” Thermal-induced disor-
der on the Ba?" and Y*7 sites has also been reported.!?
These results suggest, as a natural choice for the model of
this crystalline phase, a simple structure with complete
disorder on the Y and Ba sites as well as a complete dis-
order on the oxygen sites. The structure, shown in Fig.
4(b), is a simple cubic perovskite (Yq33Bag¢;)CuO;_,
with a lattice parameter of 0.386 nm. The calculated d
spacings and relative intensities of the various hkl
reflections are shown in Table II for y =0 and y =1. The
best results are obtained for the oxygen-deficient
perovskite. The agreement between the observed and cal-
culated d spacings is very good.

During the mechanical alloying of the oxide mixture,
the formation of the metastable simple cubic structure
occurs, most likely, by a nucleation and growth mecha-
nism. In ductile systems, the milling usually produces a
lamellar microstructure formed by the juxtaposition of
the elemental components.'* The phases produced by the
process, whether amorphous or crystalline, usually form
by heterogeneous nucleation at the interface between
these components.15 Since, as mentioned before, the
disordered crystalline phase is formed by a reaction be-
tween the Y,0; crystallites and the quasiamorphous Ba-
Cu-O phase, the former particles may act as heterogene-
ous nucleation sites for the reaction. Y,0; has a very
large unit cell. Its structure is bce and the lattice param-
eter is 1.06 nm [Fig. 4(c)]. Although quite different from
the metastable perovskite or the orthorhombic 1:2:3,
these structures all have one crystallographic plane in
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common [Figs. 4(a) and 4(c)]. Indeed the (002) plane of
the tetragonal 1:2:3 structure forms a two-dimensional yt-
trium square lattice with a parameter of 0.3866 nm; the
(040) plane of the Y,0; structure [shown in Fig. 4(c)] also
forms an yttrium square lattice with a parameter of about
0.375 nm and so does the (002) plane of the metastable
pervoskite structure (a =0.386 nm) without taking into
account the oxygen atoms. The lattice mismatch is about
3% and therefore the (002)/(040) interface is almost
coherent. It is also interesting to note that the local
chemical composition of the regions on each side of the
yttrium (002) plane in the 1:2:3 tetragonal structure is
BaCuO,, and so is the case of the quasiamorphous phase
which reacts with the Y,0; crystallites. In such a model,
the formation of the metastable perovskite structure is
limited by the total surface area of Y,0; and therefore
the rate of formation increases by lowering the size of the
Y,0; particles.

The mechanism of formation of the metastable cubic
phase is simpler in the case of the milling of the 1:2:3
powder. The repeated collisions produce a large amount
of structural defects such as grain boundaries, disloca-
tions, and vacancies on the oxygen and cationic sites. As
a result, atomic diffusion proceeds until a completely ran-
dom state is achieved. The transformation is similar to
an order-disorder transition.

The metastable cubic structure is not superconducting
since a complete disorder on the oxygen sublattice (ortho-
rhombic to tetragonal transition) in the 1:2:3 structure is
sufficient to destroy superconductivity.!! Disorder be-
tween Ba and Y is known to suppress 7T, as shown in
Y,;,Ba, ,Cu;0,_,."° Matijasevic et al. have also dis-
cussed, recently, the effects of cation disorder on the su-
perconducting properties of the Y-Ba-Cu-O compound.'’

Partial or complete recovery of the configurational or-
der is possible by heat treatment. The recrystallization
and ordering temperatures associated with the oxygen
and cationic sites are still unknown for this metastable
system. Nevertheless it should be possible to restore su-
perconductivity while still maintaining a level of disor-
der. Indeed, the increase in flux pinning energy observed
in shock-wave compacted 1:2:3 powders was attributed to
a configurational disorder of the Y, Ba, or oxygen sites.>
Irradiation-induced disorder in 1:2:3 thin films has also
been reported to increase the critical current density.’

TABLE II. Experimental and calculated d spacings and relative x-ray intensities of the metastable

(Yy.33Bag 67)CuO;_, cubic structure.

dmeas dcalc Imeas Icalc Icalc

hkl (nm) (nm) (%) y=0 y=1
100 0.387 0.386 9.2 4.3 5.7
110 0.273 0.273 100 100 100

111 0.224 0.223 8.0 12.9 8.4
200 0.193 0.193 25.2 35.7 29.2
210 0.173 0.173 4.0 2.3 2.8
211 0.158 0.158 34.7 41.5 41.0
220 0.137 0.137 7.7 22.5 18.7
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FIG. 5. Differential scanning calorimetry of (a)
YBa,Cu;0;_, powder milled for 20 h and (b) the oxide mixture
milled for 65 h. The inset shows the isothermal DSC trace mea-
sured at 340 °C on the milled oxide mixture.

More than a twofold increase in the flux pinning energy
has been measured in Gd,Ba,Cu;0,_, thin films follow-
ing x-ray irradiation.!?> The annealed metastable powder
has therefore a strong potential for flux pinning.

Figure 5(a) shows the DSC trace of the YBa,Cu;0,_,
powder milled for 20 h. The heating rate is 20° C/min.
A single exotherm with onset at about 510°C and peak
temperature at 547°C is observed. In the case of the
powder mixture milled for 65 h, two exotherms are mea-
sured [Fig. 5(b)]. The one with an onset at 505°C and
maximum at 539 °C is similar to the one shown previous-
ly. The other has an onset temperature at about 330°C
and a maximum at 400°C. Figure 6 shows the x-ray
scans of the oxide mixture milled for 65 h after each ex-
otherm. The first step is associated with the crystalliza-
tion or recrystallization of the quasiamorphous Ba-Cu-O
phase into BaCuO, () and a crystalline phase which
could be associated with BaCuO, 5 ()'® [Fig. 6(b)]. The
inset in Fig. 6 shows the isothermal trace measured on
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FIG. 6. X-ray diffraction scans of (a) the oxide mixture
milled for 65 h, (b) the same sample annealed after the first ex-
otherm, and (c) sample b annealed after the second exotherm.

the milled powder mixture at 340°C. The peak on a
monotonically decreasing signal indicates a mixed pro-
cess of nucleation and growth in an amorphous phase and
grain growth of a nanocrystalline microstructure.!” The
second exotherm at 540°C is associated with the growth
or the recrystallization of the metastable cubic perovskite
structure [Fig. 6(c)]. There is no indication of ordering of
the Y and Ba sites.

In summary, a metastable cubic perovskite structure
(Yg,33Bag ¢6)CuO;_, has been synthesized by high-energy
mechanical deformations. This phase is derived from the
1:2:3 structure by a complete disorder of the Y, Ba, and
oxygen sites. It can be formed by mechanical alloying
the elemental oxides or by grinding the orthorhombic
1:2:3 structure. The recrystallization or grain-growth
temperature of the metastable cubic structure is about
540°C. The disorder of the Y and Ba sites is stable up to
600°C. The annealed powder is expected to exhibit
strong flux pinning properties.
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FIG. 2. (a) High-resolution TEM micrograph of the metastable crystalline structure taken on the oxide mixture milled for 65 h.
Typical diffraction patterns of (b) the amorphous phase and (c) the disordered crystalline structure.



