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Sintering studies on submicrometre-sized 
Y-Ba-Cu-oxide powder 
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The isothermal sintering behaviour of submicrometre-sized ( < 50 nm) powders of single- 
phase YBa2Cu30x (123) and unreacted stoichiometric mixture of submicrometre-sized 
( < 50 nm) powders of BaC03, Y203 and CuO (which on calcination at 1173 K gives 
YBa2Cu3Ox) was investigated through dilatometry under different sintering atmospheres. The 
sintering rate of the powder compacts was impeded by the presence of oxygen. The activation 
energies, Q, of sintering were determined to be 1218 kJ mol-1 in argon, 1593 kJ mo1-1 in air 
and 2142 kJ mo1-1 in oxygen. A decrease in the apparent sintered density with increasing 
oxygen partial pressure was also observed. X-ray diffraction and thermal analyses 
(thermogravimetry and differential thermal analysis) showed no reaction during sintering of 
the single-phase product. Pellets fabricated from uncalcined powder exhibit two stages of 
sintering, one between 1073 and 1173 K having an activation energy Q=627 kJ mo1-1, and a 
second one above 1173 K with Q= 383.7 kJ mol- 1. A.c. susceptibility, resistivity and critical 
current density were determined as a function of the temperature of the sintered samples. 

1. Introduction 
There have been few reports on the study of the 
sintering characteristics of YBazCu3Ox powders [1]. 
A study of sintering kinetics and shrinkage behaviour 
of the powder compacts is essential for fabrication of 
single-phase high-density crack-free sintered bodies 
with good superconducting properties. Evaporation 
loss of barium and copper during sintering of pellets 
and films, which leads to non-stoichiometry, have 
been reported [2, 3]. Further, in this system, the 
nature of the grain boundary has a large effect on the 
superconducting properties of the sample (weak-link 
behaviour of the grain boundary) owing to its inherent 
non-stoichiometry I-4]. Hence optimization of 
sintering parameters/conditions is important for re- 
duction of processing time and attainment of 
optimum properties. 

The sintering behaviour of homogeneous 
YBa2Cu3Ox powders in an ambient atmosphere is 
reported here. The influence of the presence of un- 
reacted phases was also investigated. 

2. Experimental procedure 
Y-Ba-Cu-oxide powder with nominal composition 
YBa2Cu3Ox was prepared through the pyrophoric 
route [5] using Y203 (99.99% pure from Indian Rare 
Earth Limited), Ba(NO3) 2 and Cu(NO3)2.3HzO 
(both 99% pure from Merck, India) powders. The 
particle size of ultrasonically dispersed powders 
(calcined at 1203 K) was found to be less than 50 nm 
(Fig. 1) by TEM (Phillips CM 12). The powders being 

very fine, are highly reactive with CO 2 and water 
vapour present in air and, as a result, if left in the open 
atmosphere, hydroxides and carbonates of the consti- 
tuent cations are formed. The pyrophorically gener- 
ated powders, if processed immediately after synthesis, 
yield YBazCu30 x at calcination temperatures as low 
as 1023 K. In this work, two types of powder were 
used: pyrophorically generated powder (A) which has 
been calcined at 1023 K, to obtain a homogeneous 
mass of YBazCu30 x as evidenced by X-ray diffraction 
analysis, and pyrophorically generated powder (B) 
which had been left open to the atmosphere to allow 
formation of hydroxides and carbonates of y3 +, Ba / + 
and Cu 2 § on the surface of the grains. Equal amounts 
of the powders ( ~ 6.7 g) A and B were pressed uni- 
axially, without any binder, into cylindrical pellets 
(diameter = 2.45 cm) under a pressure of 12.4 MPa. 
The green densities of the pellets were 3.75 and 
3.50 g cm-3 for pellets A (from powder A) and pellets 
B (from powder B), respectively. The green pellets 
were cut into rectangular pieces ( ~ 7.5 x 5 x 3.8 mm 3 
for A and ~ 7 . 5 •  3 for B) for thermo- 
mechanical analysis (TMA) and stored in a vacuum 
desiccator to avoid atmospheric degradation. Detailed 
thermal (differential thermal analysis, thermogravime- 
try and TMA)structural and microstructural analysis 
of the pellets were performed to determine the 
sintering behaviour. 

A Shimadzu DT 30 thermal analyser system with 
quartz dilatometer (TMA-30) was used for the 
sintering study. The change in length could be meas- 
ured with an accuracy of + 5 ~tm and temperature of 
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Figure ! Transmission electron micrograph of pyrophorically gen- 
erated YBazCu30= powder calcined at 1173 K. 

the sample could be controlled within + 1 K. 
Platinum plates, 0.05 mm thick, were used as a barrier 
between the sample and quartz sensor rod on top and 
the sample holder at the bottom to avoid interaction 
between the quartz and YBCO. Isothermal sintering 
was carried out for all the samples for 1 h at a heating 
rate of 10 Kmin-1 .  The samples had a smaller height 
compared to the base dimensions. The push rod rested 
gently on the sample with a load of 138 Pa in order to 
discount the possibility of any Creep deformation. 
Pellets prepared from powder A were sintered at 
isothermal temperatures ranging from 1173-1271 K 
for 1 h in static air, flowing argon and oxygen 
(50 cm 3 min-  1). Argon and oxygen were of commer- 
cial grade purity. Pellets prepared from powder B 
were sintered for 1 h at temperatures varying from 
1073-1273 K in static air. The apparent densities of all 
the samples studied were measured using Archimedes' 
principle. Differential thermal analysis (DTA) and 
thermogravimetry (TG) measurements were also per- 
formed on both the powders A and B. 

X-ray diffraction (XRD), SEM and optical micro- 
scopy of the samples at various stages of sintering 
were performed. A Phillips PW 1840 system with 
nickel-filtered CuK~ radiation was used for XRD 
analysis. Gold-coated fractured surfaces of the 
samples were analysed by SEM (CAM SCAN). Sin- 
tered samples were oxygenated at  773 K for 20 h and 
cooled at the rate of 60 K h -  1 to room temperature. 
A.c. susceptibility of the samples was measured at a 
field of 1 0 e  and frequency of 80 Hz from 100-15 K. 
The resistivity and critical current density of the sam- 
ples were also measured. 

3. Resul ts  and d i s c u s s i o n  
The densification parameter, = (SL/Lo),  is time de- 
pendent because of the systematic decrease of the 
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porosity of the compact with sintering time. Experi- 
mentally, it is convenient to measure the ~L/Lo  
continuously with time using dilatometry. ~ can be 
expressed as a function of sintering variables [-6, 7]. 

ot 1/" = K '  e-Q/(~'r~t (1) 

where Q is the activation energy for the rate-governing 
step in sintering, n the sintering kinetic parameter, R 
the gas constant, t the time, T the temperature (K), and 
K' is a constant. From Equation 1 we have 

(1/n)ln~ = InK' - Q / ( R T )  + lnt (2) 

The values of n, obtained from the slopes of straight 
lines obtained by plotting lna versus l'nt at various 
temperatures could be subsequently used for the cal- 
culation of Q from Equation 2. 

Fig. 2 shows typical sintering curves where change of 
length,  8L, and temperature are plotted as a function 
of time. The sintering curve can be divided into three 
regions, heating zone (AB), isothermal region (BC) and 
cooling zone (CD). The samples showed no change 
other than thermal expansion and contraction during 
heating or cooling and showed a time-dependent 
shrinkage during isothermal holding. At higher tem- 
peratures, however, the shrinkage began even before 
the final temperature could be reached. The error in 
calculations due to shrinkage (while heating) of the 
specimen prior to the isothermal sintering could be 
eliminated by converting the time required for the 
total shrinkage before achieving the isothermal state, 
to the time required at that isothermal temperature 
using Equation 2. An iterative method was used for 
the final estimation of n and Q. 

Figs 3-5 show the variation of the sintering para- 
meter, ~, with iterated time (rain), for compacts made 
from powder A under different atmospheres. The log- 
arithmic time dependence of the isothermal shrinkage 
has been plotted in Figs 6-8. The slopes of these 
curves yield a value of n between 0.45 and 0.5. The 
logarithmic rate of change of length under different 
ambient atmospheres has been plotted as a function of 
the inverse of absolute temperature in Fig. 9. The 
activation energy for sintering, calculated from the 
slopes has been found to be 1218 kJmol  -a in argon, 
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Figure 2 Variation of the change of (- . . . .  , ---) length, 5L, and 
(--, --) temperature of a sample as a function of time for (- --, --) 
pellet A and (--.--, - )  pellet B. 
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Figure 3 Variation of shrinkage with sintering time for pellet A 
sintered in flowing oxygen (50 cm a rain 1) at (a) 1225 K, (b) 1233 K, 
(c) 1243 K, (d) 1255 K and (e) 1261 K. 
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Figure 4 Variation of shrinkage with sintering time for pellet A 
sintered in static air at (a) 1203 K, (b) 1220 K, (c) 1240 K, (d) 1247 K 
and (e) 1251 K. 
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Figure 5 Variation of shrinkage with sintering time for pellet A 
sintered in flowing argon (50 cm 3 rain- 1) at (a) 1196 K, (b) 1207 K, 
(c) 1211 K, (d) 1218 K, (e) 1223 K and (f) 1238 K. 

1 5 9 3 k J m o 1 - 1  in air  and  2 1 4 2 k J m o 1 - 1  in a pure  
oxygen a tmosphere .  

The var ia t ion  of ~ with the s inter ing t ime (Figs 3-5)  
indicates  that  the ra te  of  shr inkage  is env i ronmenta l ly  
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Figure 6 Logarithmic time dependence of shrinkage for pellet A 
sintered in flowing oxygen (50 cm 3 rain - 1) at (a) 1214 K, (b) 1233 K, 
(c) 1243 K, (d) 1255 K and (e) 1261 K. 
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Figure 7 Logarithmic time dependence of shrinkage for pellet A 
sintered in static air at (a) 1203 K, (b) 1220 K, (c) 1240 K, (d) 1247 K 
and (e) 1251 K. 

dependent .  As the pa r t i a l  pressure  of  oxygen in the 
s inter ing a tmosphere  is increased,  the s inter ing 
parameter ,  ~, decreases.  The  rate  of  densif icat ion with 
t empera tu re  also shows a s imilar  behav iou r  (Fig. 10). 
The  repor ted  lat t ice self-diffusion ac t iva t ion  ener-  
gies for diffusion of metal  ions in Y - B a - C u -  
oxide c o m p o u n d  are y3+  = 433.5 k J m o l - 1 ,  Ba 2+ 
= 3 3 8 . 6 k J m o 1 - 1  and Cu  2+ = 250.8 k J m o 1 - 1  [8]  

and  that  of  oxygen = 250.8 kJ  m o l - 1  [9]  are  much 
lower  than  the a p p a r e n t  ac t iva t ion  energies observed  
for s intering which indicates  tha t  the s inter ing phe-  
n o m e n o n  in this system m a y  not  be due to a single 
diffusion-step cont ro l led  process.  

The  enhanced  sintering under  low par t i a l  pressure  
of oxygen (0.004 ba r  in argon,  and  air) a tmosphe re  
m a y  be due to the fol lowing reasons:  (a) c rea t ion  of  
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Figure 10 Variation of the apparent density with temperature for a 
soaking time of 1 h for pellet A sintered in (+) oxygen, (�9 air and 
(A) argon, and (0) for pellet B sintered in air. 

Figure 8 Logarithmic time dependence of shrinkage for pellet A 
sintered in flowing argon (50 cm 3 min-  1) at (a) 1196 K, (b) 1207 K, 
(c) 1211, K, (d) 1218 K and (e) 1223 K. 
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Figure 9 Plots for the estimate of activation energies for pellet A 
sintered in (a) flowing oxygen (50 cm 3 rain-l), (b) static air and 
(c) flowing argon (50 cm 3 min-  1). 

oxygen vacancies which lead to enhanced diffusion 
and hence sintering, and (b) formation of small 
amounts of liquid phase at the grain boundaries where 
the grains are pressed against each other [10]. How- 
ever, the liquid phase, if formed, is very small because 
the polarized light optical micrographs of the polished 
sections do not show the presence of any optically 
active phase other than the 123 phase in significant 
amounts. Scanning electron micrographs (Fig. 1 la-d)  
of the fractured surface show the grain growth as- 
sociated with densification under the three ambient 
atmospheres. No phase separation was observed for 
samples sintered under argon but platelet-type grain 

growth was easily observed. The porosity also can be 
seen to decrease with increasing grain growth. 

Thermogravimetric analysis of powder A did not 
indicate any weight loss in the temperature range 
1073-1253 K. Differential thermal analysis shows one 
endothermic peak at 1050 K which is due to phase 
transformation of 123. Although XRD of the samples 
sintered under different atmospheres shows some 
change in the diffraction pattern (Fig. 12), the diffrac- 
tion peaks are due to the 123 phase only, which 
suggests the absence of any peritectic reaction in the 
sample. 

A.c. susceptibility measurements on sintered samples 
which had been subsequently oxygenated at 773 K 
under flowing oxygen for 20 h, show that the trans- 
ition width is sharper for the samples sintered in argon 
compared to those sintered in air or oxygen (Fig. 13). 
It was observed from the resistivity and critical cur- 
rent density (near T = To) measurement that there are 
more weak links in oxygen-sintered samples com- 
pared to the samples sintered in an argon atmosphere. 
The variation of critical current density with temper- 
ature indicates that the nature of the weak links 
changes from S-I -S  type to S-N-S  type as the partial 
pressure of oxygen increases during sintering. 

A typical variation of cz with time for the pellets B 
which start sintering from 1073 K, is given in Fig. 14. 
The plot of Ins versus ln t shows two stages of 
sintering (Fig. 15), one between 1073 and 1173K 
(n = 0.5) and the other between 1173 and 1273K 
(n = 0.22) with corresponding activation energies of 
627 and 383.7kJmo1-1 (Fig. 16). The densification 
curve (Fig. 10) shows that a maximum of 85 % theoret- 
ical density is achieved. Phase formation starts at 
1173 K with the decomposition of BaCO3 as con- 
firmed from TG and DTA (Fig. 17) and XRD 
(Fig. 18). DTA analysis of the powder B shows two 
endothermic peaks, one at 1073 K due to phase trans- 
formation of BaCO3 [11] and another peak with 
onset at 1173 K due to decomposition of BaCO 3, as 
seen from TGA. However, there was no evidence for 
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Figure 12 XRD patterns of pellets from powder A: (a) green pellet, 
and pellets sintered at 1233 K for I h under (b) oxygen, (c) air and 
(d) argon atmospheres. 
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Figure 11 Scanning electron micrographs of pellets A: (a) green 
pellet, (b) sintered in oxygen at 1264 K for I h, (c) sintered in air at 
1263 K for 1 h, and (d) sintered in argon at 1223 K for 1 h. 

the existence of endothermic peak at 1233 K, which 
indicates the absence of BaCuO 2 in the reacting mass. 
The densification of the compacts, made from powder 
B, in the range I073--1173 K in air could be due to the 
coalescence of the grains through surface diffusion and 
vapour-phase transport to the neck without any 
chemical transformation. The enhanced rate of den- 

60 70 80 90  1 O0 
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Figure 13 Variation ofxa, with temperature of the pellet A sintered 
for 1 h at 1233 K in (0 )  oxygen, (~9) air and (�9 argon. 

sification observed above 1173 K is possibly due to 
the formation of 123 phase. The scanning electron 
micrographs (Fig. 19a-c) of samples B show that the 
grain growth is inhibited compared to samples A 
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Figure 14 Variation of shrinkage with sintering time for pellet B 
sintered in static air at (a) 1078 K, (b) t 104 K, (c) 1120 K, (d) 1158 K, 
(e) 1173 K, (f) 1208 K and (g) 1238 K. 
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Figure 15 Logarithmic time dependence of shrinkage of pellet B 
sintered in static air at (a) 1078 K, (b) 1093 K, (c) 1104 K, (d) 1120 K, 
(e) 1130 K, (f) 1158 K, (g) 1173 K, (h) 1208 K and (i) 1238 K. 
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Figure 16 Plots for the estimation of activation energies for pellet B 
sintered in static air at (a) 1073-1173 K and (b) 1173-1273 K. 
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Figure 17 TG and DTA of powder B in static air. 
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Figure 18 XRD patterns of pellet B sintered in static air for t h at 
(a) 1078 K, (b) 1132 K, (c) 1173 K and (d) 1233 K. (0) YBa2Cu3Ox, 
((3) BaCOa, (• CuO, (A) Ba(OH)2, ( + ) Y203 ' (| Y2BaCuO5 
and (A) CuYOz. 

(Fig. 11). The presence of inhomogeneity and pores 
inhibits the grain growth. 

In the present investigation, the presence of chem- 
ical inhomogeneity (sample B) has consistently given 
rise to lower activation energies for. sintering. While 



The presence of such phases may be responsible for 
the faster rate and defect-assisted sintering mechanism 
(lower activation energies). 

4. Conclusions 
1. A detailed study on the sintering behaviour and 

the concomitant structural and microstructural 
changes in the Y-Ba-Cu-oxide system has been car- 
ried out. 

2. The partial pressure of oxygen during sintering 
has been found to have a profound influence on the 
densification behaviour. Samples sinter several times 
faster and at lower temperatures under an argon 
atmosphere than under air or oxygen, leading to a 
large reduction of processing time and temperature. 

3. Pellets sintered under argon followed by oxy- 
genation at 773 K for 20 h have sharper superconduc- 
ting transition than those processed in air or oxygen. 

4. The presence of unreacted constituents causes a 
decrease in the sintering rates and restricts grain 
growth in sintered samples. 

Figure 19 Scanning electron micrographs of pellet B sintered for 
1 h in static air at (a) 1158 K, (b) 1173 K and (c) 1253 K. 

the complete phase diagram for the Y-Ba-Cu-oxide 
system has not yet been fully investigated, Roth et al. 
1-123 point out the existence of a series of low-melting 
phases in the system. Although thermal analysis of 
sample B could not reveal any such melting in the 
range of TMA investigation, the possibility of the 
existence of phases of high defect concentration (solid 
to liquid transition) in sample B cannot be ruled out. 
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