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Microstructural evolution of Y123/Ag
composites during sintering
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The grain-growth kinetics of YBa,Cu;0, ., {(Y123) and the coarsening kinetics of silver
inclusions in Y123/Ag composites during sintering were investigated. The sintering was
carried out in the temperature range 900-950°C. The addition of silver lowered the formation
of a liquid phase and the grain growth of Y123 in Y123/Ag composites was thus enhanced at
the beginning of sintering. However, as the effective silver content was increased, more silver
inclusions became interconnected, and the grain growth kinetics and coarsening kinetics
slowed down significantly. This may be due to the mass transportation paths progressively
changing from the grain boundaries to interfacial boundaries as the amount of interconnected
silver networks is increased. The grain growth kinetic constant was calculated and compared

with other published data. Because the inclusion was ripened with the growth of matrix
grains, the coarsening of silver inclusions was deduced to be a coalescence process.

1. Introduction

The recent discovery of high-7, ceramic super-
conductors [1, 2] has led to world-wide research to
develop superconducting material for useful appli-
cations. The YBa,Cu;0,_, compound, commonly
known as “Y123”, has received much attention be-
cause of its high critical temperature. For most prac-
tical applications, superb mechanical properties are
essential. However, previous researchers have ob-
served that the mechanical properties of Y123 com-
pounds are generally poor, especially the unaccept-
ably low fracture toughness [3-5]. To improve the
fracture toughness of Y123 is therefore a major re-
search directive.

The approach of adding silver inclusions, which
interact with the propagation of cracks, has been
much studied [6-9]. This approach has successfully
enhanced the fracture toughness of Y123 by two-
three-fold. The presence of silver inclusions can affect
the grain-growth kinetics of Y123 [10]. However, no
detail investigation has yet been carried out on the
grain-growth kinetics of Y123 in Y123/Ag composites.

Silver inclusions can also grow during sintering.
The second-phase particles in ceramic compacts can
ripen by two distinct processes: Ostwald ripening or
coalescence. During Ostwald ripening, small particles
disappear while large ones grow because of the vari-
ation of solubility with particle size. Alternatively,
particles can grow by a coalescence process, if they are
dragged by migrating matrix grain boundaries. In this
process, grain growth and the disappearance of small
matrix grains causes particles to meet, coalesce and
thus form larger particles.

Because grain boundaries of Y123 not only act as
possible sources for mechanical failure but are also
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responsible for its low critical current [11], micro-
structural control during sintering is very important.
In the present study, the grain-growth kinetics of Y123
containing silver inclusions, together with the coarsen-
ing kinetics of the silver inclusion, were investigated.

2. Experimental procedure

The Y123 powder was prepared by the solid-state
reaction of the constituent oxides Y,0;, CuO and
BaO. Powdered Y,0;, CuO and BaCO; were mixed
in appropriate proportions and were ball milled in
ethyl alcohol for 24 h using zirconia balls as the
grinding medium. The slurry was dried with a rotary
evaporator. The powder mixtures were then calcined
at 950°C for 12 h, and annealed at 480°Cfor8 hin a
flowing oxygen atmosphere. The calcined powder
mixtures were ball milled in ethyl alcohol for 24 h. The
slurry was settled for 10 min to remove hard agglo-
merates. The suspension was collected and dried, and
after crushing they were passed through a plastic sieve
with aperture size 0.074 mm. The average particle size
of the resulting Y123 powder was 0.92 pm.

The Y123/Ag composites were prepared by ball
milling various amounts of Ag,O (Johnson Matthey
Material Tech., UK) with the Y123 powder for 24 h.
The resulting compositions contained 5-20 vol % Ag
after sintering. The powder mixtures were dried and
sieved. Specimens, 1 cm diameter and 0.3-0.4 cm
high, were prepared by uniaxial pressing at 200 MPa
in a stecl mould. The samples were sintered in a
flowing oxygen atmosphere in the temperature range
900-950 °C and then annealed at 480 °C. To avoid any
detrimental effect which might be generated by the
decomposition of silver oxide to silver and oxygen, the
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samples were heated slowly to 350 °C at a heating rate
of 0.5°C min !, and held at that temperature for 3 h.
The heating rate between 350°C and the sintering
temperature was 5°C min~!. The cooling rates
between the sintering temperature and 480°C, and
480 °C and room temperature were 3 and 2 °C min ~ !,
respectively.

The thermal behaviour of the powder mixtures was
investigated by differential thermal analysis (DTA,
DTA1600, DuPont Co., USA) in an oxygen atmo-
sphere. The heating rate applied was 10°C min~'.
Bulk density was determined by measuring the weight
and dimensions of the samples. By assuming that the
reaction between Y123 and silver was limited, the
relative densities of the composites were estimated by
the rule of mixtures (ROM) to have a theoretical
density of 6.38 g em 3 for Y123 and 10.5 g cm ~* for
silver. Phase identification was performed by X-ray
diffractometry (Phillips PW1729, Phillips Co., The
Netherlands).

The polished surfaces were prepared by polishing
with 6 and 1 pm diamond particles and 0.05 um
alumina paste. The microstructure of the composites
was observed by reflected polarized light microscopy.
The grain size of Y123 and the silver inclusion size
were determined by the linear intercept technique on
colour micrographs taken from the polished sections.
The interconnectivity of the silver inclusions was
determined by measuring resistivity at room temper-
ature [971.

3. Results

The DTA curves in Fig. 1 reveal one and four endo-
thermic peaks for the Y123 and the mixtures of Y123
and silver oxide, respectively. The X-ray diffraction
patterns of the sintered Y123/Ag composites were
compared to the published patterns [12] and identi-
fied as mixtures of orthorhombic Y123 and cubic
silver. The relative density of the composites contain-
ing various amounts of silver inclusions were shown to
be function of sintering temperature (Fig. 2). The
grain size of Y123 and the silver inclusion size in the
composites in Fig. 2 are shown as a function of
sintering temperature in Figs 3 and 4, respectively.
The relative density of the composites containing
various amounts of silver inclusions is shown in Fig. 5
as a function of sintering time at 930 °C. The grain size
of Y123 and the inclusion size of silver in the com-
posites in Fig, 5 are shown as a function of sintering
time in Figs 6 and 7, respectively, and typical micro-
structures for the composites are shown in Fig. 8.
From the resistivity measurement, the results indicate
that the interconnected silver inclusions are increased
with increasing effective silver content [9] which is the
product of the expected silver content for fully dense
composite and the relative density.

4. Discussion

The DTA curve in Fig. 1 indicates that the endo-
thermic peak for Y123 is at 952°C. This small endo-
thermic peak is believed to be due to the generation of
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Figure | DTA curves for Y123 powder and powder mixtures of
Y123 and silver oxide in an oxygen atmosphere.
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Figure 2 The relative density of the composites as a function of
sintering temperature with the samples sintered at the indicated
temperatures for 360 min. (C) 0% Ag, () 5% Ag, (©) 10% Ag,
(A)15% Ag, (H) 20% Ag.
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Figure 3 The grain size of Y123 in the composites as a function of
sintering temperature with samples sintered at the indicated temper-
atures for 360 min. (O) 0% Ag, ((0) 5% Ag, (<¢) 10% Ag, (A) 15%
Ag, () 20% Ag.

a liquid phase, possibly a Ba-Cu-O melt [11]. Such a
liquid phase is commonly observed by DTA in Y123
samples whose composition is slightly rich in barium
and copper. For the powder mixtures of Y123 and
silver oxide, peaks were observed at 350, 921, 947 and
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Figure 4 The size of silver inclusions in the composites as a function
of sintering temperature with samples sintered at the indicated
temperatures for 360 min. (O) 5% Ag, ((0) 10% Ag, (<) 15% Ag,
(L) 20% Ag.
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Figure 5 The relative density of the composites as a function of
sintering time at 930°C. (0) 0% Ag, (1) 5% Ag, () 10% Ag, (L)
15% Ag, (H) 20% Ag.
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Figure 6 The grain size of Y123 in the composites as a function of
sintering time at 930 °C. (O) 0% Ag, (1) 5% Ag, (O) 10% Ag, (A1)
15% Ag, () 20% Ag,

1004°C. The first peak reveals the decomposition
reaction of silver oxide to silver and oxygen. The
second peak results from the liquid-phase formation
of Y123. This indicates that the addition of silver
accelerates the formation of the liquid phase by about
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Figure 7 The size of silver inclusions in the composites as a function
of sintering time at 930°C. (O) 5% Ag, {1) 10% Ag, () 15% Ag,
(A)20% Ag.

20°C. The third peak is thought to result from the
melting of silver. This suggests that for the materials
used in the present study, Y123 and silver have limited
mutual solubility.

From Fig. 3, for the composites sintered at the
indicated temperatures for 360 min, the matrix grains
grow in the presence of silver. At 950°C the matrix
grains become much larger, suggesting that the pres-
ence of the liquid phase enhances the grain growth of
Y123, and the presence of silver melt further increases
the grain-growth rate. From Fig. 6, for the com-
posites, the matrix grains are seen to grow faster at the
beginning of sintering at 930 °C; however, the grain-
growth rate slows down as sintering time is increased.

The grain-growth kinetics depicted in Fig. 6 are
analysed in terms of the relation

Kt — 1o) (1)

where G is the grain size at time t, # the grain-growth
kinetic exponent, G, the grain size after a short
sintering time (in the present study, 100 min is taken
as t,), and K the grain-growth constant. The values of
n for Y123 have been suggested by Shin et al. [13] to
be 4.8 from 950-990 °C, and by Chu and Dunn [14] to
be 5 from 925-950°C and 3 at 975°C. By applying
the linear regression technique to the data in Fig. 6,
integer values for n ranging from 2-6 can result with
nearly the same correlation factor. With this in mind,
a value of n = 3 was chosen to provide a basis for
comparison of the values of K with other data [13,
147, Table I. K for Y123 at 930°C is very close to that
reported by Chu and Dunn [14]. However, the value
is about one order larger than that reported by Shin et
al. [13]. From the study of the grain-growth kinetics
of alumina, the presence of a small amount additive,
e.g. 250 p.p.m. magnesia, may decrease the grain-
growth constant [15] by more than one order of
magnitude. This may also be the case for Y123.

The values of K are shown as a function of silver
content in Fig. 9. Owing to the presence of the liquid
phase, K for 5% composites is larger than that of
Y123. However, except for the composites containing
5 vol % Ag, K decreases drastically with increasing

G" — G} =
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Figure 8 Typical microstructures of Y123/Ag composites. The composites contain 20 vol % silver and were sintered at 930 °C for (a) 100, (b)

360, (c) 1000 and (d) 5000 min.

TABLE I Comparison of grain-growth constants, K (cubic
growth kinetics), for grain growth of Y123 in Y123 and in Y123/Ag
composites

Temperature Ag content K Reference
O (%) (1071% m?
min ~ 1)
925 0 0.22 Chu and Dunn [14]
950 0 232
975 0 5.44
950 0 0.018 Shin et al. [13]
965 0 0.020
975 0 0.020
990 0 0.046
930 0 0.21 Present work
930 5 027
930 10 0.12
930 15 0.021
930 20 0.0041

silver content. Note that the grain-growth rate ex-
hibits a 50-fold reduction as 20 vol % silver inclusion
is added, Table I. The dependence of grain-growth
kinetics on sintering temperature is shown in Fig. 10;
the activation energy is decreased with increasing
silver content.

The inclusion size for all the composites is shown as
a function of grain size in Fig. 11. The inclusion size
increases with increasing grain size. Note that
except at the beginning of the curve, the inclusion size
is proportional to the matrix grain size and the inclu-
sion size is smaller than the grain size. From micro-
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Figure 9 (O) The grain-growth constant, K, and (]} coarsening
constant, K’, as a function of silver content. The samples were
sintered at 930°C.

structural observation, Fig. 8, the inclusions remain at
the grain junctions throughout sintering, suggesting
that the coarsening of inclusions is controlled by the
migrating grain boundaries of Y123. The coarsening
of inclusions is, therefore, a coalescence process, for
which there is a £/ dependence [16]; this is observed
for composites sintered at 930°C. Therefore, the
relationship

R* — RS = K'(t — 1)) @)

can be used to describe the coarsening kinetics, where
R is the inclusion size at time ¢, R, the inclusion size at
t',, 1 min is taken as ¢, and K’ the inclusion-coarsen-
ing constant. The values of K’ are shown as a function
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Figure 10 The grain growth constant as a function of sintering
temperature. The samples were sintered at the indicated temper-
atures for 360 min. (O) 5% Ag, (3) 10% Ag, (<) 15% Ag, ( X)
20% Ag.

of silver content in Fig. 9; this indicates that the
coarsening rate of inclusions is dramatically decreased
with increasing silver content. For the 20 vol % Ag
composite, the coarsening constant is 1/40th that of
5 vol % Ag composite, Table I1.

The variation of coarsening of silver inclusions is
shown as a function of sintering temperature in
Fig. 12. K’ shows a strong dependence on the forma-
tion of the liquid phase and the melting of silver. It
further confirms the existence of a liquid phase above
910°C and of a silver melt above 940 °C in the present
system.,

The increase in interconnected silver inclusions with
increasing silver content [9], suggests that the grain-
growth rate is decreased with increasing interconnec-
tivity of silver inclusions. As two phases with limited
solubility form interpenetrating microstructures, the
dominant mass transporting paths are probably
shifted from grain-boundary diffusion to interfacial
diffusion. This can be visualized from the decrease in
activation energy of grain growth as the silver content
is increased, Fig. 10. A similar case can be found in the
Al/Al,O; system. The activation energy for silver
isotope diffusion along the Al/Al,O, interface,
177 kJ mol 71, is smaller than that of silver isotope
diffusion along the grain boundary of Al,O;,
392 kJ mol =" [17]. Because the grain-growth rate
slows down due to the presence of interconnected
silver inclusions, it may imply that the mass trans-
portation along the grain boundary of a matrix grain
~ is faster than that along the interface. The coarsening
resistance behaviour of interpenetrating microstruc-
tures has-also been observed in the system of alu-
mina/zirconia composites [18]. However, further
work is required to elucidate this point.

5. Conclusion

The grain growth of Y123 in Y123/Ag composites
shows a strong dependence on the amount of silver
inclusions and especially on their inter-connectivity.
The presence of silver lowers the formation temper-
ature of the liquid phase. Therefore, the grain size of
Y123 in the composites is larger than that in pure

TABLE II Coarsening constants, K', for coarsening of silver
inclusions in Y123/Ag composites

Temperature Ag content K’
C) (%) (107** m* min ™)
930 5 0.63
930 10 0.052
930 15 0.013
930 20 0016
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Figure 11 The grain size as a function of inclusion size for all the
composites studied in the present study. (O) 5% Ag, (1) 10% Ag,
(O) 15% Ag, (A) 20% Ag.
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Figure 12 The coarsening constant as a function of sintering tem-

perature. The samples were sintered at the indicated temperatures
for 360 min. (O) 5% Ag, () 10% Ag, () 15% Ag, (A) 20% Ag.

Y123 at the beginning of sintering. However, as the
silver inclusions form an interconnected network, the
mass transportation route changed from the grain
boundaries of Y123 to the Y123/Ag interfaces. The
grain-growth kinetics slowed down significantly.

The silver inclusions in the Y123/Ag composites
underwent coarsening during sintering. Because the
inclusion size ripened with the grain growth of Y123, it
is smaller than the grain size and the inclusions are
situated at the junctions of Y123 grains, indicating
that the silver inclusions are migrating with the grain
boundaries of Y123. The coarsening of silver is there-
fore a coalescence process. The coarsening rate de-
creased drastically with increasing silver content. The
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presence of Y123 liquid phase can enhance the coarse-
ning rate of silver inclusions. The formation of a silver
melt further increased the coarsening rate. The kinetic
relationships proposed in the present study may
potentially be applied as the principles in the micro-
structural design of Y123/Ag composites.
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