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Abstract: The infiltration-growth process was used as an alternative to conventional melt processing techniques for the preparation
of bulk YBa,Cu;0,_(Y123) with finely dispersed small size Y,BaCuOs(Y211) particles. Bulk YBCO superconductors with
uniformly distributed particles of micron-sized Y211 were prepared by the directional infiltration and growth(DIG). The
microstructure changes of the Y211 particles at various stages of processing were studied. About 70% of Y211 particles are under
1 pum in the final sample. The different stopped growth mechanism of this material along the ¢ axis and ab plane was discussed.
Undercooling and viscosity lead to tanglesome thick boundary layer. So the Y123 growth along ¢ axis is stopped. Yttrium lack in
front of the ab plane is the main reason why the growth stops at this direction.
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1 Introduction

YBCO bulk high temperature superconductor has
significant potential for magnetic levitation device and
superconductive permanent magnets due to its high
levitation force and high trapped magnetic field[1-2].
The levitation force and trapped magnetic field are
proportional to the radius, R, of the supercurrent loop
flowing within the bulk and the critical current density,
J., of the superconductor. Now, infiltration and growth
(refer to as IG) process has attracted many researchers’
attention due to net-shape, homogeneous distribution of
fine Y,BaCuOs(Y211) and free from crack and pore and
so on[3-5]. In conventional melt processing,
YBa,Cu307-(Y123) is decomposed to form Y211 phase
and Ba- and Cu-rich liquid phase above its peritectic
decomposition temperature according to the following
equation[6]:

YB 3.2(31.13077,C - YzBaCu05+Liquid+02

Due to O, releasing, a mass of the macroscopical

and microcosmic defects also appear in the final product
and the performance of the bulk is deteriorated.
However, in infiltration and growth process, above the
peritectic temperature, the barium and copper rich liquid
phase infiltrates into Y211 precursor bulk and reacts with
Y211 to generate Y123 phase[7—8]. Y123 decomposition
is not undergone in this processing. The important
advantages of this process are the near net-shape
fabrication and the refinement of the Y211 particles with
a uniform distribution in the final microstructure[9—11].
Although IG process has evident advantages, it is also
difficult to fabricate larger high quality Y123 bulk. So, it
is necessary to understand the reason why Y123 domain
doesn’t always enlarge.

In this work, a directional infiltration-growth(DIG)
is adopted to fabricate YBCO bulk superconductors. The
microstructure changes of the Y211 particles at various
stages of processing are studied. The restrictive factors of
Y123 domain growth on the solidification behavior and
the microstructures are investigated. The details of
stopped growth mechanism of Y123 bulk are discussed.
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2 Experimental

The precursor Y211 bulk (green) and Ba-Cu-O
liquid phase (a mixture of Ba;CusO, and Y123 powders
in a molar ratio of 2:1) bulk (black) of 15 mm in
diameter were pressed in a mould, respectively. The mass
of Y211 bulk was 2.5 g; and the mass of liquid phase was
5.4 g. The Y123 domain was fabricated by directional
infiltration-growth. Fig.1 shows the temperature
distribution of the furnace along the central axial
direction and sketch map of the experimental setup and
the sample. Fig.2 shows the time—temperature profile of
this process. The equation, R,=v/G, was used to connect
R, with v. The central axial temperature gradient G was
4.3 "C/mm and the imposed cooling rate v was 0.5 ‘C/h,
so the processing rate R, was 0.12 mm/h. Moreover, the
samples were quenched at different stages to study the
infiltration and growth of the samples.
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Fig.1 Temperature distribution of furnace along central axial
direction and sketch map of experimental setup and sample

Temperature

Quenching
furnace cooling

700°C
quenching

Time

Fig.2 Time—temperature profile of process used for fabrication
of Y123 bulk

The microstructures and morphology of the sample
were observed by SEM and OM. The sizes of Y211
powders were analyzed using the laser particle size
analyzer. The grain sizes were measured directly from

the micrographs by the Image-Pro Plus 5.0 image
processing software. Based on the observation and
analysis of the growth front, the phenomenon of the
stopped growth was interpreted and some suggestions
were provided in maintaining the continuous growth of
YBCO grain.

3 Results and discussion

3.1 Size change of Y211 particles

Fig.3 shows the size distribution of Y211 powders.
After prolonging milling by facility and manpower,
particles with nearly spherical shape and size distribution
(0.5—4 pum) can be obtained. The average size of particles
is about 1.95 pum. It is believed[12] that the fine Y211
particles will increase the Y123/Y211 interfacial area and
induce many micro-defects around Y211 particles, which
enhances the flux pinning ability and results in a high J.
value. So it is important to control the size of the starting
Y211 powders for the microstructure of final samples.
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Fig.3 Size distribution of Y211 powders

Fig.4(a) shows a polished surface of the Y211
precursor bulk corresponding to stage [ . At this stage
the porosity of the precursor bulk is estimated to be
approximately 5% and the Y211 particle morphology is
spherical with an average size of 2 um. It does not
change significantly comparing with the average
diameter of starting Y211 powders. Moreover, it can be
seen that the liquid phase has infiltrated into Y211
precursor, but it is not even. So Y211 particles should
dissolve partially. At the same time, there are also some
Y211 particles sintered and this leads to Y211 particles
enlarging compared with the starting powders. At stage I,
the size of Y211 particles should be redistributed.

Fig.4(b) shows a polished surface of the Y211
precursor bulk corresponding to stage II, i.e. prior to
texturing, but after the infiltration of liquid phases. The
sample was quenched just after holding for 2 h above T},
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Fig.4 SEM images of samples at different stages of quenching:
(a) Polished surface of sample at stage [ ; (b) Stage II;
(c) Stage III

to observe the infiltration of the liquid phases into the
Y211 precursor bulk. The white particles are the Y211
phase acted as source of Y-ions by dissolving in the
liquid, and the black background is the liquid phase. The
SEM image shows that the liquid phases completely fill
the vacant regions among the Y211 particles. The size of
the Y211 particles in the liquid is smaller than that of the
Y211 particles in stage I , but the coarsening of partial
Y211 particles in the liquid can also be observed as
compared with the particles at the precursor bulk stage I
(Fig.4(a)). Since a time of 2 h is allowed for infiltration
of the liquid phases and dissolution of Y211 particles
above the peritectic temperature, coarsening of Y211
particles has taken place at the expense of dissolution of
other smaller Y211 particles in the liquid. Fewer number
of Y211 particles at this stage as compared with the stage
I supports this view.

Fig.4(c) shows the microstructure of the sample

after texturing stage III. The microstructure reveals
oriented domains of Y123 parallel platelets with finely
dispersed Y211 particles. The domains like this one
range from 4 mm X3 mm to 7 mm X5 mm in area. The
micrograph also shows a uniform distribution of the
Y211 particles. The uniformity of the distribution is an
advantage of the process. Also, the sample has less
porosity or fewer voids, for the reasons mentioned by
BABU et al[13]. In this work, as the cooling rate is 0.5
‘C/h  through peritectic temperature, the domain
boundaries are clean and free from any liquid phase
segregation. This indicates that the liquid phase reacts
with Y211 particles completely. In fact, even the cooling
rate achieves 4 ‘C/h through the peritectic temperature,
well Y123 texture microstructure can also be obtained
[14]. It is different from the GABCO, because the higher
cooling rate will lead to the segregation of the residual
liquid phases to the domain boundaries[15]. This
indicates that Y211 particles distribute uniformly and
react enough with liquid phase.

Fig.5 shows a comparison of the Y211 particle size
in starting powders and in samples at stages I ,II and
[I. From Fig.5 it can be seen that the starting powders
are mainly 1-3 pm in size. At stage | the particles in size
of 1-3 pm decrease, and the particles in size of 0—1 pm
increase gradually. Partial liquid phase infiltrates into
Y211 precursor bulk, and the mass of Y211 particles
dissolve, so they are refined. At stage Il the particles in
size of 0—1 pm decrease, however the particles in size of
1-2 pum increase. Particles dissolve enough owing to the
sufficient contact between liquid phase and Y211
particles. At the same time, due to holding for 2 h at
1 030 °C, partial Y211 particles enlarge when the liquid
phase is saturated in yttrium. At stage Il the amount of
particles with 0—1 pm in size increases and more than
70% of the Y211 particles are less than 1 um in size. But
the particles in size of 1-2 pm decrease and Y211
particles are refined again. According to the Gibbs-
Thompson undercooling in which the dissolution of
Y211 in the liquid is driven by their radii of
curvature[13], smaller size particles dissolve more
rapidly. At the same time, the particles in size of 3—5 pm
increase. This can be explained by Oswald ripening[16].
Oswald ripening appears because the sample is held for a
long time at high temperature, as a result partial particles
enlarge again.

Fig.6 shows the optical micrograph of the sample at
a low magnification after texturing. The uniform
distribution of spherical fine Y211 phase (in white)
within the Y123 matrix (in gray) can be observed. This is
unlike the conventional melt processed materials where
the Y211 distribution is not so uniform and Y211 free
regions or pools of liquid phases are observed[17]. Due
to the Y123 decomposition, the oxygen diffuses out to
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Fig.5 Size distribution of Y211 particles in starting powders (a) and samples at stage [ (b), stage Il (¢) and stage III (d)
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Fig.6 Microstructure of final sample at low magnification
form the pores; they are filled by a liquid phase and
spherical liquid pockets containing a few RE211
particles are produced. During the slow cooling in the
melt texturing process, the liquid pockets are
transformed into the RE123 phases, which do not contain
RE211 particles[17]. Since IG process does not involve
the decomposition of Y123 within the precursor bulk, a
uniform distribution of Y211 particles can be observed at
a low magnification (Fig.6).

3.2 Stopped growth mechanism of Y123

Although the small domain can be prepared easily,
it is difficult to fabricate large and high quality Y123
bulk. In order to fabricate high quality YBCO bulk
superconductors with larger size, it is very important to
understand the restrictive factors of YBCO bulk growth
with excessive Y211.

Fig.7 shows the microstructure at ¢ axis growth
front of Y123 platelets. From this image we can see the
evident tanglesome boundary layer with fine Y211
particles between Y123 platelets and liquid phase along ¢
axis direction. Also, a mass of Y211 phase (in white)
with large size can be observed in the liquid phase at the
bottom of the boundary layer. So this can be explained
by the following reason. Due to the pushing/trapping of
Y211 particles and Y211 particles dissolution, the
conditions at the interface of Y123/liquid phase, such as
undercooling and viscosity, will be changed continuously.
However, considering the intrinsic growth kinetics in
front of the interface of Y 123/liquid, this intrinsic factors
can easily be broken off by the exterior conditions. So,
the tanglesome thick boundary layer appears. The compo-
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Fig.7 SEM image of boundary layer at ¢ axis growth direction

sition gradient should be considered as the driving force
of the flux. The flux of yttrium ensures the Y123 growth.
The decrease of composition gradient with the boundary
layer thickness 0 increasing leads to the decrease of the
diffusion rate of yttrium. So the Y123 growth is stopped
when ¢ increases to some degree. In this work, ¢ is
60—70 um when Y123 growth is stopped.

Fig.8(a) shows the microstructure at ab plane
growth front of Y123 platelets and Fig.8(b) shows the
polarized optical micrograph with corresponding position
to Fig.8(a). From these figures, it can be seen that a clean
Y 123/liquid phase interface and a clear boundary layer
with few Y211 particles are observed. It can be explained
that the growth rate in ab plane is much higher than the
diffusion rate of yttrium. So, in front of the ab plane,
yttrium is quickly consumed by the Y123 formation. This
leads to yttrium lack. As a consequence, the growth of ab

(b) along ab plane at same position

plane stops. The clear boundary layer with few Y211
particles supports this view. The growth front of the ab
plane is not so straight as shown in Fig.8(a). This
indicates that the growth front of ab plane is a
complicated curve in microstructure.

The following ways may be able to improve these
situations: one is to adjust temperature gradient G by
stages in different direction during Y123 growth to
satisfy the intrinsic condition of Y123 growth; another is
to reduce the imposed cooling rate v to be close to the
different direction growth rate of Y123. These can result
in constant growth and better domain homogeneity.

4 Conclusions

1) The comparison of starting Y211 powders and
microstructures at different stages of processing reveals
that Y211 particles are refined at heating-up stage, and
then are coarsened at the heat preservation stages. Y211
particles are refined again after texturing.

2) The resulting samples are highly homogeneous
and are free from any liquid phase regions. In the final
material more than 70% of the Y211 particles are less
than 1 pm in size.

3) Moreover, undercooling and viscosity lead to
tanglesome thick boundary layer and the growth along ¢
axis is stopped when the boundary layer thickness
reaches some degree. Yttrium lack in front of the ab
plane is the main reason why the growth stops at this
direction.
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