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Enhancement of the critical current density
in HTSC ceramics by laser radiation

G.N. Mikhailova, A.V. Troitskii

Abstract. The experimental data on the application of laser
radiation to melting YBCO(123) and Bi(2223) high-tempera-
ture superconducting ceramics aimed at the improvement of
their structure and an increase in the critical current density
are systematised. The short-term melting of this ceramics by
CO, laser radiation and the subsequent annealing lead to the
formation of a dense fine-grained structure. As a result, the
critical current density significantly increases. The best
results are obtained for the Bi(2223) ceramics: the critical
current density increases by a factor of 40 and 8 at 7 = 20 K
and 77 K, respectively.

Keywords. laser technologies, CO, laser, melting, amorphisation,
critical current density, high-temperature superconducting cera-
mics.

1. Introduction

Laser technologies are currently widely used in solid-state
physics and chemistry for producing new substances with
unique properties. Lasers are used in technologies for
manufacturing chemical products, growing single crystals,
sputtering multicomponent compounds, thermally process-
ing and doping metal surfaces, locally doping semi-
conductor materials, separating isotopes, initiating and
conducting photochemical reactions, etc. This scope of
applications is due to a great variety of the existing types of
lasers and advances achieved in the understanding of the
physics of the interaction of laser radiation with matter. As
a tool acting on a substance, lasers have exceptional
capabilities, such as tremendous heating rates, the locality
of the laser action, variable conditions, etc. These factors
make it possible to use lasers for synthesising materials
under nonequilibrium conditions and, therefore, to obtain
substances with unusual properties.

Thus, it is natural that the application of lasers in the
comparatively new field of producing thin films of high-
temperature superconductors (HTSCs) allowed films with a
critical current density characteristic of single crystals to be
obtained (e.g., [1]).

Note that laser radiation was used in the technology of
superconductors for the first time in 1973 [2], and the
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application of a laser helped to increase the temperature
of the superconducting transition in a Nb—Sn alloy.

The aim of this work is a systematisation of the
experimental studies on the application of laser radiation
to melting of the YBCO(123) and Bi(2223) HTSC ceramics
aimed at the improvement of their structure and an increase
in the critical current density. These studies were carried out
at the General Physics Institute (GPI), Russian Academy of
Sciences (RAS), in cooperation with researchers of the
A.A. Baikov Institute of Metallurgy and Material Science
and the Chemical Department of the Moscow State Uni-
versity and published in Refs [3—5]. We deal with a develop-
ment of laser technologies for massive ceramic samples.

The discovery of HTSC cuprates in 1986 gave rise to
great expectations of a wide use of these materials in
technology. However, it was soon revealed that some
fundamental properties of HTSC materials complicate their
application (especially when high-current devices are
designed). It is commonly agreed that HTSC cuprates
represent the most complex class of substances in solid-
state physics. Crystal—chemical features of these materials
manifest themselves in difficulties of their synthesis and
problems of their strength and stability, which must be
taken into account in all types of their treatment.

Consider briefly the physicochemical properties of
HTSC cuprates for an example of YBa,Cu;O;_,, since
their crystal structures are similar to a significant degree.
The temperature of the superconducting transition for
YBa,Cu3;0,_, is ~ 90 K. This substance has a layered
defect perovskite-like structure with oxygen vacancies. It
is precisely the layered character of this compound that
determines the high temperature of the superconducting
transition. The superconductivity in YBa,Cu;0,_,. strongly
depends on the oxygen parameter x and exists only for
0<x<03.

It turned out that, in contrast to conventional super-
conductors, HTSCs have a very short coherence length and
a strong crystallographic anisotropy. The coherence length
of HTSCs is 5—10 A along the ¢ axis and 20-35 A in the ab
plane [6], which is an order of magnitude smaller than the
corresponding value for conventional HTSCs. Such a small
coherence length determines a tendency of HTSCs to the
formation of weak Josephson links. Their presence leads to
a decrease in the transport critical current density j.. The
same result follows from the presence of incoherent
boundaries between grains. This decrease is especially
significant in magnetic fields.

The high crystallographic anisotropy of superconducting
cuprates leads to an anisotropy of all properties of these
materials, including j, [7]. The anisotropy and small
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coherence length result in a situation in which it is
impossible to obtain a high critical current density in
structurally imperfect HTSC samples. It is precisely such
properties that are inherent in the HTSC ceramics produced
according to a standard sintering process. The critical
current density for the best HTSC ceramic samples at
T=77K is seldom higher than 1000 A cm™2. At the
same time, the critical current density achieved in film
and single-crystal samples at 77 K is as high as 10® A cm™2.
Note that, several applications, such as levitating platforms,
magnetic shields, etc., require massive superconductors.

HTSCs refer to type-II superconductors. In an external
magnetic field H for H; < H < H,, where H, and H, are the
first and second critical magnetic fields, a type-II super-
conductor is in a mixed state, when the magnetic field
partially penetrates into it in the form of Abrikosov vortices.
Superconductivity disappears in the central part of a vortex,
and a closed superconducting current flows over its peri-
phery. To minimise the dissipated energy in a super-
conductor in a magnetic field, it is necessary to fix the
vortex lattice by introducing special pinning centres, which
are structural defects with a size of the order of the
coherence length.

Thus, the difference of the density of the transport
critical current for epitaxial-film and single-crystal HTSCs
from j. for polycrystalline and ceramic samples, which is
3—5 orders of magnitude, is associated with a disorientation
of grains and the presence of incoherent boundaries and
weak Josephson links.

Therefore, to improve the current-carrying and mechani-
cal properties of HTSCs and the chemical stability of
the ceramics, it is necessary to provide the material
compaction, texturing, and the formation of efficient
pinning centres.

Bulk HTSC samples with a high critical current density
were obtained using melting technologies (see review [8] and
references therein). This method was proposed in Ref. [9] for
YBCO(123) and is now known as the MTG method (melt-
textured growth). A ceramic workpiece obtained as a result
of long sintering was used as the initial sample. After rapid
heating up to ~ 1100 °C and a short-term exposure at this
temperature, the sample was slowly (for ~ 600 h) cooled to
room temperature (Fig. 1). The slowest cooling with a rate
of ~1°C h™' must take place in a temperature range of
1030-900 °C. Subsequently, this method was applied to
other compounds, and the maximum temperature and
cooling regimes differed in various versions of this techni-
que. Moreover, to enhance an oriented growth of grains, a
temperature gradient of up to 50°C cm™' is used at the
crystallisation stage of melting technologies. YBa,Cu;0,_,
samples with j,=75x10*Aecm™? in H=0 and
3.7x 10" Aem™2in H=0.6 T (at T = 77 K) were obtained
by this method [10]. A further increase in j, was attained by
irradiating samples by a flow of fast neutrons in order to
produce efficient pinning centres. This resulted in
Jje~10°Acem™ in H= 102 T and 2.0x10° A cm™2 in
H=1T at T=T7IK[I1].

Thus, the j, values attained in record HTSC ceramic
samples using melting technologies and a subsequent
irradiation of samples with a neutron flow are comparable
with the values characteristic of epitaxial HTSC films.

However, despite significant advances in melting techni-
ques, these methods for processing HTSC ceramics have
certain limitations.
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Figure 1. The regime of temperature —time thermal treatment during the
production of a HTSC material of the YBCO(123) composition by the
MTG method [10]. The duration of the process is ~ 600 h; L is the liquid
phase; 2—1—1" is the Y,BaCuO, phase; and ‘1 —2-3" is the
YBa,Cu;0;_, phase.

(1) Only small samples (with a size of a few centimetres)
can actually be obtained using melting technologies. (Theo-
retically, large samples can be obtained using the zone
melting method, but the speed of the sample movement
during melting is ~ 1 mm h~!, which makes the obtainment
of large samples impracticable). This is caused by a decrease
in the mechanical strength of a sample with an increase in its
length, which is a consequence of an anisotropy of thermal
expansion of HTSC compounds, the localisation of impurity
phases at the grain boundaries, and the appearance of
stresses resulting from the tetra—ortho structural transition.

(2) The results are characterised by a low reproducibility,
which is caused by the complexity of physicochemical
processes forming the basis of melting technologies.

(3) The process of producing samples is very long
(hundreds of hours), consumes much energy, and is con-
ducted using expensive gradient furnaces.

Therefore, it becomes necessary to develop new highly
efficient methods of processing HTSC ceramics for enhanc-
ing their current-carrying ability. One of them is the laser
melting technique. Apart from lasers, IR radiation, pulsed
thermal heating, and electric-current heating were also used.
These methods have the following advantages: a high rate of
the process; the possibility of being applied to producing
long articles (wires, ribbons); the possibility of obtaining
thick HTSC films on various substrates, including single
crystals; the possibility of doping HTSCs in the liquid phase;
and the formation of amorphous intermediate products with
their subsequent crystallisation.

Let us consider some works in which these methods were
used [12—-14]. To increase the critical current density, pulsed
laser processing of YBa,Cu3;O,_, ceramics was used in
Ref. [12]. The initial samples were manufactured using the
standard solid-phase synthesis technology. They were
shaped as rings with an outer diameter of 10 mm and
different thicknesses that varied from 1.5 to 4.0 mm. The
HTSC ceramic samples were irradiated by 50-ns single
pulses of a 1.06-um laser. The diameter of the laser spot
was 10 mm, and the selected pulse energy density was 1.7—
2.1 J em 2. The action of the laser pulse resulted in a melted
layer ~ 2 pum thick, whose critical current density was much
higher than j, in the initial material. In the best sample,
Je=16.5%10* A cm ™ was obtained (in a thin layer). In the



Enhancement of the critical current density in HTSC ceramics

623

initial samples, j. did not exceed 60 A cm 2. It is important
that, after such processing, no subsequent annealing for
restoring the super-conducting properties of the ceramics is
necessary. This shows that the superconductor does not lose
oxygen or this loss is insignificant.

The effect of laser processing by short pulses at a
wavelength of 1.06 um on the properties of the
Bi; 4Pbj 4Ca,Sr,Cu;0, ceramics was studied in Ref. [13].
The processing conditions were similar to those in Ref. [12].
The pulse energy density was 0.6—3.0J cm 2. Similarly to
the data of Ref. [12], pulsed laser processing results in a
melted layer ~ 2 pm thick with an appreciably higher j. than
in the initial material. In the melted ceramic layers,
Je=(1.72-334)x10° Aecm™? at T=77 K, which is
approximately three orders of magnitude higher than in
the initial bulk samples. The annealing of the melted layer
was unnecessary.

Two-dimensional surface superconducting structures
with j, significantly higher than j, of the initial material
were produced by laser melting on YBa,Cu;0O,_, ceramics
[14]. The initial ceramic samples were plates with dimensions
of 50x10x 1 mm with 7,=81—-89.5K and j, =1-
10 A cm™2. The samples placed in a hermetically sealed
chamber with a controlled content of the atmosphere were
processed by a continuous 1.06-um LTI-501 laser. The
diameter of the spot on the sample surface was 0.2—
1 mm. The sample could be displaced normally to the
direction of the laser beam at a velocity of 0.1 to
10 mm min~'. A unit for controlling the radiation power
stabilised the temperature at the samples’ surfaces with an
accuracy of no worse than £2.5°C. Both superconducting
samples and samples transformed into a nonsuperconduct-
ing phase by baking were processed. In the first case, the
irradiation was performed to improve the characteristics of
samples and, in the second case, to create regions of the
superconducting phase on the nonsuperconducting cera-
mics. The critical current density of the two-dimensional
structures obtained depended on the processing conditions
and amounted to 2 x 10° — 2.5 x 10* A cm™2. In addition
to an increase in j,, laser processing of samples stabilises the
sample’s characteristics, since, as a result of a compaction of
the surface layer, the penetration of CO, and H,O into
ceramics decreases. The interaction with these substances
results in a degradation of the properties of HTSC ceramics.

As was mentioned above, these studies were initiated at
the GPI RAS in 1996. The effect of continuous 10.6-pm
CO, laser radiation on YBa,Cu;0,_, and Bi,Sr,Ca,Cu;0,
ceramic samples was studied. In the latter case, samples
doped with finely divided Al,O; and ZrO, powders were
also used. The objective of these investigations was to select
the irradiation sources and irradiation parameters: the
wavelength, intensity, scanning regimes, and the conditions
for the subsequent annealing for the laser methods of
processing and modifying ceramic HTSCs aimed at the
obtainment of a dense superconducting phase with
improved current-carrying characteristics. This work
included detailed studies of superconducting properties,
morphology, and phase composition of samples at all of
the stages of the technological process.

The optical properties of epitaxial thin HTSC films in
the IR region at room temperature (reflection, absorption,
complex permittivity, and complex conductivity) were
studied in detail in Ref. [15]. In the normal state at
room temperature, all optimally doped superconductors

have metallic properties; therefore, their fundamental reg-
ularities of laser heating and cooling are similar to the
behaviour of metals.

Let us analyse the case realised in our experiment. The
light flux incident onto the surface of a material is partially
reflected, and its remaining fraction penetrates into the body
and is absorbed by it. As was shown in Ref. [15], the
reflection coefficient of HTSC films of different composi-
tions at a wavelength of 10.6 pm and room temperature lies
between 0.58 and 0.9; therefore, only a part of the incident
laser energy is absorbed and, due to a high absorption
coefficient, it can be considered that the absorption occurs
at the surface. The heated surface layer transfers the heat
into the depth of the material through the heat conduction
mechanism; therefore, the maximum heating temperature
and the temperature distribution in the sample’s depth are
found from the heat conduction equation. To find more or
less accurate solution to this equation, one should take into
account the temperature dependences of the physical
parameters of the material. Such data are absent for HTSCs,
and laser-processing regimes are usually found experimen-
tally and the heating temperature is measured with a
pyrometer directly during the experiment.

2. Samples

Laser melting of HTSC samples of the YBa,Cu;0,_, and
(BiPb),Sr,Ca,Cu;0,, [Bi(2223)] compositions was investi-
gated. The initial Bi(2223) samples were synthesised by two
different methods: the deposition from a solution of
oxalates (at GIREDMET) and a standard ceramic tech-
nology (at the NPO Monokristall— Reaktiv). The data of an
X-ray phase analysis (XPA) of the initial samples showed
that the concentration of the (2223) phase in them was
93 % —95% and 60 % —65 %, respectively.

Numerous papers point out that the superconducting
properties of HTSCs improve when doping impurities,
which are efficient pinning centres, are introduced into
samples. We studied in detail the properties of the
Bi(2223) ceramics doped with Al,O; and ZrO, [16] and
established the possibility of obtaining a sharper super-
conducting transition by doping samples with a small
amount (1% mass fraction) of finely dispersed Al,Os
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Figure 2. The effect of Al,O; dopants on the shape of the super-
conducting transition of the Bi(2223) ceramics: () the initial sample; the
samples in which the mass fraction of Al,O3 is (0) 1 %, (A) 2%, and
(x) 5% [16]; and y is the magnetic susceptibility.
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(Fig. 2). Therefore, experiments on laser melting of doped
samples were expected to be interesting. Al,O; and ZrO,
dopants (with mass fractions of 1, 2, and 5 %) were added to
the Bi(2223) phase as ultrafine-grained powders (1 -2 um).

Ceramic samples were pressed into pellets 7—15 mm in
diameter and ~ 1 mm thick and were then sintered for 10 h
at T=840°C. The critical temperature 7, in the initial
(undoped) material was 107 K, and the critical current
density was j. ~ 10° A em™ (at T = 77 K).

3. Experimental

The surfaces of HTSC ceramic samples were melted by a
beam of a 10.6-um cw CO, laser with a maximum power of
100 W. The beam was focused at the sample’s surface into a
spot with a diameter of ~ 2 mm. The beam scanning at a
speed of 20—50 mm min~' was provided by a mechanical
movement of the sample. The irradiation was performed in
air without an additional heater. The temperature in the
zone of laser-beam focusing was monitored by an optical
pyrometer. Specific conditions for laser processing were
individually selected for each sample depending on the
composition and state of the surface with an allowance for
the phase diagram and parameters of the phase transitions.
As a result of this laser action, smooth grooves 2—2.5 mm
wide with an almost pore-free structure appeared on the
samples’ surfaces.

The amorphised melted layers were recrystallised by
their thermal annealing in air. The temperature and
duration of the annealing were selected experimentally
for each superconducting material. The microstructure
and the chemical and phase compositions of the samples’
surfaces and their cross sections were investigated using a
Jeol JSM-35 scanning electron microscope (SEM) with a
LINK EDX spectrometer. The evolution of the super-
conducting phase exposed to annealing was studied by
the XRD analysis of the melted and nonmelted sides of
samples. The critical temperature and the critical-current
density of HTSC were determined from measurements of
the complex magnetic susceptibility.

4. Experimental results

The action of 10.6-um laser radiation on HTSC ceramic
samples leads to the partial melting of a sample and
subsequent amorphisation during cooling. Investigations
have shown that the amorphisation is accompanied by
changes in the phase composition of the material. There-
fore, the samples were subsequently exposed to a thermal
treatment (annealing) under isothermal conditions in air.
Similarly to experiments on thermal melting, the temper-
ature range to which a superconductor can be heated is very
narrow, only 5-10°C. If the maximum temperature is
exceeded, the process of laser ablation of the material is
initiated and the superconducting properties are irreversibly
lost.

The results of studying the surface microstructure of
Bi(2223) ceramic samples with the SEM are shown in Fig. 3.
An appreciable compaction of the surface is observed in the
zone irradiated with the laser beam (Fig. 3a). A transition
zone with sharply pronounced dendrites and a pore-free
zone, which occupies a width of ~ 1.0 — 1.5 mm, are clearly
seen on the side of nonmelted ceramic region. An appro-
priate selection of laser-melting regimes allows the

Figure 3. The surface microstructure of a laser-processed Bi(2223)
sample: (a) an undoped sample, the boundary layer between the laser-
melted region and the nonmelted zone (the scale is 100 pm per division);
and (b) a ZrO,-doped sample (the mass fraction is 2 %) (10 um per
division).

obtainment of rather long equally wide melted grooves
with a dense amorphised layer. Specified structures (circuits,
rings, etc.) can be obtained with a laser beam scanned
according to a preset program.

When Al,O3 and ZrO, dopants are introduced into the
initial Bi(2223) phase, the structure of the resulting surface
after the laser irradiation undergoes certain changes
(Fig. 3b). The transition zone becomes wider, and the
size of the dendrites contained in it increases. Moreover,
some groups of inclusions of additional phases in the
amorphised zone become noticeable. As the mass fraction
of ZrO, increases to 5 %, the number of precipitations also
increases. Their size is ~ 1 -2 um.

After the structure is recrystallised by annealing at
T = 840°C for 4 h, a process of precipitation of crystallites
begins (Fig. 4). For comparison, Fig. 5 shows a micro-
photograph of the initial ceramics with a typical grain size of
5—10 pm. The structure acquires a plate-shaped structure
(Fig. 4a) in undoped Bi(2223) samples produced by the
oxalate method. However, the structure of the samples
synthesised at the NPO Monokristall - Reaktiv is essentially
different: the grains are smaller and shaped in the form of
extended lenses with a cross size of ~ 1.0 — 1.5 um, and the
structure as a whole is denser (Fig. 4b).

In contrast to undoped samples, the recrystallisation
process of the amorphised zone of samples doped with
Al,05 requires a longer time. During the four first hours of
annealing, the amorphised zone preserves a highly dense
structure and only initial indications of the formation of
crystal grains can be observed. In ZrO,-doped samples, the
recrystallisation process is almost independent of the con-
centration of the introduced additives.

Hence, the investigations performed show that, due to
the laser-induced amorphisation and introduction of various
dopants (Al,O;3, etc.), different types of structures, including
those with a stable fine-grained and virtually single-phase
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Figure 4. The microstructure of the surface of undoped Bi(2223) samples
after laser melting and thermal treatment for 4 h: (a) a sample syn-
thesised at the GIREDMET by the oxalate method and (b) a sample
synthesised at the NPO Monokristall— Reaktiv by the ceramic method
(the scale is1 pm per division).

Figure 5. The surface microstructure of the initial undoped sample
synthesised at the GIREDMET (the scale is 1 pm per division).

composition, can be formed in Bi-containing HTSC com-
pounds.

Conducting an additional annealing for 10 h results in a
further modification of the sample structure. As the anneal-
ing duration increases, larger crystallites form in both
undoped and ZrO,-doped samples produced by the oxalate
method. In this case, the previously dense amorphised
ceramic zone loosens and swells, which is an undesirable
process.

There is a difference in the structures of the undoped and
doped (the mass fraction of Al,Oj5 is 2 %) samples produced
by the ceramic method and exposed to the same thermal
treatment. A structure with grains that are ~ 10 times
smaller than the grains in the undoped initial sample forms
in the doped sample. The latter has a denser structure, and
firmly joined grains and their preferential orientation
(texture) in local regions can be observed. A texture was
not found in samples synthesised by the oxalate method.

The evolution of the phase composition of HTSC
ceramic samples at all stages of the sample processing
was studied by the X-ray spectrum analysis (using the
LINK EDX spectrometer). Fig. 6a shows the data on
the elemental content (atomic concentration) of Bi, Sr,
Ca, Cu, and Pb at the surface of a Bi(2223) sample.
Comparing the contents of elements in the initial sample,
after the laser melting and amorphisation, and after the
recrystallising thermal treatment shows that, at the first
stage, the phase composition corresponds to the ratio of
2:2:2:3, but, after the laser melting and amorphisation,
this ratio is modified: the concentrations of Bi and Sr remain
almost equal to those in the initial compound (22 % —24 %),
the concentration of Cu increases by ~ 5%, and the
concentration of Ca decreases by 5% —7%. After the
annealing at 7' = 840 °C for 14 h, the chemical composition
of the amorphised melted zone begins to recover and
approaches the initial composition, implying that the
ceramics recrystallises. Introducing Al,O; and ZrO, dop-
ants has an insignificant effect on the ratio of elements in the
surface layers of nonmelted and melted samples. In both
cases, the annealing of the amorphised zone promotes the
recovery of the initial chemical composition.

B (%) | " Cu cu
30 | I
Bi ST Bi Sr Bi Sr
0FT [ - Ca a
10r Pb Pb Pb
ol T L [T I

Initial After laser melting  After thermal
sample and amorphisation treatment
%) |
B ) Bi(2223) + 1 %ALO,
40 | ]
Cu
- B U
30 S T b
Bi Sr Sr '
20 [Ca Bi
Ca Ca
10 + Pb
Pb Pb
Al Al
[ I Tz
Initial After laser melting After thermal
sample and amorphisation treatment

Figure 6. The elemental composition measured using the LINK micro-
analyser at different stages of laser processing and thermal treatment for
(a) Bi(2223) sample and (b) Bi(2223) sample doped with Al,O5 (the mass
fraction is 1 %).

Fig. 6b shows similar data for a Bi(2223) sample doped
with Al,O5 (the mass fraction is 1 %). As we see, the phase
composition of the initial material completely recovers after
a thermal annealing.

An increase in the duration of the laser action up to 20—
30 s (for rings 2 mm thick with outer and inner diameters of
7 and 3 mm) leads to a complete and irreversible decom-
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position of the initial Bi(2223) phase. Microstructure studies
have revealed a phase with an increased content of Bi
(37.63 % Bi, 25.43 % Sr, 8.627 % Ca, 20.53 % Cu, 6.8 % Pb,
and 0.9 % Al). In its turn, the basic matrix is significantly
depleted of Bi (1.8 % Bi, 17.829 % Sr, 16.26 % Ca, 0.113 %
Pb, and 0.921 % Al).

Laser  melting of the YBa,Cu3;O,_, and
(BiPb),Sr,Ca;Cu30yy_, superconducting ceramics was
also investigated. The radiation power density of the
CO, laser could be varied within a wide range up to
127 W em ™2 by focusing the beam. The sample surface
was scanned once or twice at a speed of 45 mm min~'. After
laser melting, YBCO(123) and Bi(2223) samples were
annealed under isothermal conditions at 920°C for 50 h
and 840°C for 100 h, respectively.

The results of experiments show an essential difference in
the changes in YBCO(123) and Bi(2223) HTSC ceramic
microstructures. Laser melting and annealing insignificantly
modify the YBCO(123) microstructure, but the Bi(2223)
microstructure changes significantly. As a result of laser
melting and annealing, a flat structure with local
(40 x 50 um) textured zones appears in it.

The results of the offered laser-melting technique
combined with a short-duration thermal annealing have
found an obvious representation in experiments on measure-
ments of the critical current density j.. Fig. 7 shows the
temperature dependences of j. for Bi(2223) samples for
various laser-irradiation regimes. One can see that for the
optimal processing conditions, j. at 7=20 and 77 K in-
creases by a factor of 40 and 8, respectively, compared to the
initial sample. In both cases, 7, remains constant.

Je/A cm 2
10° b

10* |

10°

10
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Figure 7. Temperature dependences of the critical current density before
and after laser melting and annealing: (A) the initial Bi(2223) ceramics
prepared by the compaction method; (O) a sample melted by 10.6-pm

CO, laser radiation with a power density ¢ = 57 W cm™2, the sample
2

surface is singly scanned at a speed of 45 mm min~'; ¢ =44 W cm 2,
the sample surface is scanned ([J) twice and (&) once at a speed of
45 mm min~'; and (x) ¢ = 127 W cm 2, the sample surface is scanned
once at a speed of 45 mm min~'. After laser melting, the samples were
annealed under isothermal conditions at 840 °C for 100 h.

Note that these data of j, measurements refer to the
entire sample with a thickness of ~ 1 mm but not only to
the surface layer, as was in Refs [12—14], where 1.06-pm
pulsed radiation was used.

No significant increase in j, was observed after laser
melting and subsequent annealing of yttrium-based

YBCO(123) ceramic samples. A reasonable explanation
for this effect is that the YBCO(123) ceramics must be
annealed in oxygen but not in air.

The results of the XRD analysis of Bi(2223) samples
show that the initial material consisted of the Bi(2223) phase
(67 %), Bi(2212) phase (23 %), and other impurities (10 %).
As a result of laser melting, the Bi(2223) phase decays and
the Bi(2201) phase forms. The subsequent annealing leads to
the formation of the Bi(2212) phase (in 50 h) and then to the
recovery of the Bi(2223) phase (>60 % in 100 h). These
results are confirmed by measurements of the magnetic
susceptibility y (Fig. 8). The curves y(7T) have three steps at
T > 115, 100, and 70 K, which may arise as a result of
superconducting transitions in the bulk and at the bounda-
ries of the Bi(2223) and Bi(2212) phase grains, respectively.
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Figure 8. Temperature dependences of the magnetic susceptibility before
and after laser melting and thermal annealing: (/) the initial Bi(2223)
ceramics prepared by the compaction method; (2) a sample melted by
10.6-um CO, laser radiation with a power density ¢ = 57 W cm 2, the
sample surface is scanned once at a speed of 45 mm min~'; ¢ =
44 W cm ™2 the sample surface is scanned (3) once and (4) twice at a
speed of 45 mm min~'; and (5) ¢ = 127 W cm™2, the sample surface is
scanned once at a speed of 45 mm min~'. After laser melting, the
samples were annealed under isothermal conditions at 840 °C for 100 h.

5. Conclusions

The presented data testify to a high efficiency of applying
lasers to the improvement of current-carrying properties of
HTSC ceramic samples. By varying the radiation wave-
length and lasing modes (cw or pulsed), the recrystallisation
depth can be varied from a few micrometers to millimetres,
depending on a particular problem.

Investigations of the microstructure and chemical com-
position of samples and the superconducting parameters
demonstrate that, using the techniques of laser melting of
HTSC ceramics combined with a short-duration thermal
annealing, it is possible to substantially increase the critical-
current density up to j, = 10* — 10> A em 2. In some cases,
annealing is unnecessary. An increase in j, is caused mainly
by a compaction of the ceramics and an improvement of the
contacts between grains. A textured structure can be
formed.

In further investigations, it is scheduled to improve the
described laser techniques.
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