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K doped YBa2Cu3Ox powders have been obtained by incorporating K2CO 3 to previously 
coprecipitated amorphous hydroxide mixtures. Synthesis was performed at 900 ~ and an 
orthorhombic 1 23 phase was the final product. Sintering of isopressed bars was carried out 
from 920 to 940~ K doping up to 5 at% led to the development of dense bodies with good 
superconducting behaviour. Oxygen pick-up during the cooling step following sintering was 
well accomplished despite the high density of the samples. Transition temperatures /> 90 K 
were measured. Doping above that percentage led to samples with lower density values. The 
presence of non-superconducting phases, such as CuO and a green phase, was very 
significant, and suppressed the superconducting transition. 

1. I n t r o d u c t i o n  
High temperature superconductor ceramics are one of 
the most exciting materials that became a reality in the 
last few years. The Y-Ba C u - O  system has been 
extensively studied and will be a powerful technolo- 
gical material when some of the problems, which exist 
at the moment, are addressed. 

Superconductivity phenomena depend critically on 
the oxygen content of sintered ceramics. High density 
materials are the basis for improvement of both mech- 
anical properties and the critical current. Both high 
densities and high oxygen contents can be reached 
only by carefully controlled processes, which some- 
times require annealing treatment in oxygen-rich 
atmospheres. These treatments represent high produc- 
tion costs, and hinder the reliability of final products. 
In that sense, processes which reduce the steps in- 
volved and increase their effectiveness are the way to 
improve high temperature superconducting ceramic 
applications. 

Doping YBazCu3OT_ x with alkaline metals, spe- 
cially with K + cations, favours the formation of an 
orthorhombic phase in a low oxidating atmosphere 
[1 5]. The substitution of Ba 2§ cations by K + is 
made possible by its ,.similar ionic radius [3]. Potas- 
sium doped YBa2Cu3OT_ x ceramics showed a tend- 
ency to present or thorhombic/ -symmetry  and lower 
room temperature resistivity values than the undoped 
ones under similar oxygen treatment [2]. No influence 
of K + cation doping on the critical temperature, To, 
was observed. The effect of alkaline cations was re- 
lated to an improvement of the synthesis process 
originated by a lowering of the melting point which 
drives to a higher reactivity and, as a consequence, to 
better densification. 

The high electropositive nature of alkaline metals 
favours oxygen pick-up from the atmosphere. The high 
oxidation state increases the valency of copper, and 
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drives to more oxygen cations with higher Coulo- 
mbian interaction and a more packaged unit cell 
lattice. 

The orthorhombic-tetragonal  transition takes 
place at higher temperatures when K § is substituted 
for Ba 2 + cations [4]. An increase of 100 ~ is reached 
at 10 at % substitution, and the transition takes place 
at 800 ~ whereas for 20 at %, the transition temper- 
ature increases to 825 ~ This increase of the trans- 
ition temperature allows possible annealing o f  
superconducting ceramics at higher temperatures; 
which allows better oxygen capture and requires less 
time. However, no influence of doping levels on the 
microstructure was reported [4]. 

From the point of view of the reliability of ceramic 
processes, it is necessary to understand the influence of 
doping on both the microstructure and the super- 
conducting properties. The aim of this work is to 
study the influence of doping YBazCu30 7.x with K + 
cations on its sintering behaviour. The relationships 
between microstructural development and supercon- 
ductivity properties will also be studied. 

2. Experimental procedure 
YBa2 -yKyCusOv_x (y = 0.5, 2.5 and 4 at % K +) was 
prepared by ceramic powder hydroxide coprecipita- 
tion route previously reported [6]. The coprecipitated 
powders were carefully washed prior to chemical ana- 
lysis by inductively coupled plasma atomic emission 
spectrometry (ICP-AES), and did not show any traces 
( < 50 ppm) of precipitant agent, KOH. Then, pot- 
assium was added as KzCO 3 and mixed by ball 
milling in an isopropyl alcohol medium in a planetary 
zirconia jar, with posterior drying. The same treat- 
ment was performed with the undoped coprecipitated 
powder, which was taken as a reference material [6]. 
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Synthesis treatment, at different temperatures and 
times, were performed in alumina crucibles on an 
electric furnace. The optimum synthesis treatment was 
900 ~ for 4 h, with a heating rate of 3 ~ min-  1, and 
cooling rate of 1 ~ min -1. This low cooling rate 
favours oxygen pick-up and, therefore, the ortho- 
rhombic/-symmetry can be reached. 

The synthesis powders were milled again, and were 
isostatically pressed at 200 MPa. Sintering treatments 
were performed in an air atmosphere at 920, 930 and 
940~ with similar schedule rates previously de- 
scribed. The following analyses were performed for 
characterization of the ceramic materials [6]. 

X-ray diffraction (XRD) measurement for crystal- 
line phase composition and cell lattice parameters; 
geometrical determination and Archimedes method 
for densities; scanning electron microscopy (SEM) 
with energy dispersive spectroscopy (EDX), and light 
reflecting optical microscopy (LROM) for microstruc- 
tural analysis; resistivity measurements versus temper- 
ature for T~ determinations have been carried out. 

T A B L E  I Lattice parameters of the unit cell of YBa2_y 
KyCu3OT_ x synthesis powders with different K 2 0  amounts  (nm 
+ 0.0005) 

a b c 7 -x  

0 at % K 2 0  0.3825 0.3891 1.1670 6.96 
0.5 at % KzO 0.3819 0.3884 1.1676 6.93 
2.5 at % KzO 0.3826 0.3890 1.1670 6.96 
4.0 at % KzO 0.3830 0.3890 1.1668 6.97 

stituted of small particles, ~ 2 gm, with sintered necks 
between them, which denotes the start of the sintering 
process. 

Fig. 3 shows densification versus temperature cur- 
ves. The presence of K20  up to 2.5 at % improves the 
sintering process, and high densities were reached. 
Higher K20 amounts decreased the final density. 

At the first stage of sintering density values near 
90% Dth w e r e  reached, and K 2 0  solid solution in the 

3. Results and discussion 
Fig. 1 shows the XRD patterns of both the copreci- 
pitated powder of YBal.gvsKo.o2sCu3Ov_ x and the 
calcined one. The coprecipitated powder pattern cor- 
responded to a mixture of amorphous phases, hydro- 
xides of Cu 2+ and y3+ cations. The presence of 
BaCO a �9 K2CO 3 was not high enough to be detectable 
by this technique. After calcining, only one crystalline 
phase was observed, the 1 2 3 orthorhombic I crystal- 
line phase, which showed a relation 1oo6/12oo ~ 2. 
The lattice parameters of the unit cell were determin- 
ated in each case (Table I), and corresponded to a well 
oxygenated YBa2_yKyCu3OT_x (7-x ~ 6.95). 

Fig. 2 shows the morphology of the synthesis pow- 
ders; this consisted of agglomerates of 10 20 gm, con- 
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Figure ] XRD patterns of (a) coprecipitated powder, and (b) syn- 
thesized powder: ( 0 )  YBa 2 yKyCuaO7_ x, (l~) BaCO 3. 
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Figure 2 SEM of porous calcined powder. 
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Figure 3 Densification versus sintering temperature for different 
doped levels. 



perovskite lattice can be produced according to the 
following equations [2] 

C u  2 +  -~- Ba 2+ ~ K  + + C u  3 +  (1) 

Ba 2+ + �89 2- ~ K  + + Vo (2) 

The first equation requires a change in the valency of 
copper cations, and implies no variation in the oxygen 
content of the crystalline lattice. In contrast, Equation 
[2] produces oxygen vacancies and maintains the 
valency of copper. The second process implies that 
oxygen is stripped from basal planes (0 1 positions); 
which is not energetically favourable because of its 
previous deficiency in oxygen and high positive 
charge. 

At 930~ the density reached a maximum value 
97% Dth, for 2.5 at % K20.  Higher temperatures 

led to lower densities, probably due to a recrystalliza- 
tion process with rapid grain growth. The presence of 
4 at % K20 in the YBa 2_yKyCu30 7-x doped samples 
also showed lower densities. Besides a continuous in- 
creasing in density, as a function of temperature, could 
be observed. For this doping level, the solid solution 
limit was probably exceeded. This means that the 
appearance of secondary phases retards the sintering 
process. 

Figs 4 and 5 show XRD patterns of the sintered 
ceramics with 4 and 2.5 at % K20,  respectively. In the 
case of the highest doping content, reaction between 
YBa2CuaOv_ x and KzO takes place at the lowest 
sintering temperature, and then secondary phases ap- 
pear. Thus, at 920 ~ the symmetry was orthorhombic 
and copper oxide and green phase, 2 1 1, were present. 
The quantity of secondary phases seems to increase 
with both time and sintering temperature. CuO also 
appears and was associated with the lowering of 
crystalline symmetry. 

Lower potassium contents led to the development 
of pure orthorhombic crystalline phases. In the case of 
2.5 at % K20,  high density ceramics ( ~ 97% D~h) at 
930 ~ (2 h) drive a low oxygen content phase, ortho- 
rhombic type II. Higher sintering temperatures and 
times, 940 ~ 4 and 8 h, gave rise to an enlargement of 
the [005]  and [ -020] / [006]  peaks and the oxygen 
content reached the highest value, 6.97, after 8 h treat- 
ment. None of the previously proposed equations for 
the incorporation of K + in the perovskite lattice cell 
explain the improvement of the densification process. 
In this case, the following process could ap- 
proximately explain such a behaviour: K + cations 
substituted for Ba 2 + cations, and the appearance of an 
oxygen vacancy takes place according to the following 
equation in the Kroger-Vink notation 

KzO(BaO)~ZK~a + O~ + V o (3) 

where Kha are K + cations in Ba 2+ cation positions, 
O5 are intersticial oxygens and Vo is a double ionized 
oxygen vacancy. These oxygen vacancies could favour 
the densification process if they are removed towards 
the grain boundaries, and therefore shrinkage would 
take place. In that case, posterior incorporation oxy- 
gen must be necessary to achieve the correct oxygen 
content. 
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Figure 4 XRD patterns of 4 at % doped sintered samples: (�9 
YBaz_yKyCu307_ ~ orthorhombic, (D) Y2BaCuOs, (lI) CuO. 

According to the high oxygen content determined in 
sintered ceramics, this oxygenation takes place, and 
the oxygen is responsible for the migration of the 
oxygen vacancies to the grain boundaries where they 
are eliminated. The process of oxygenation and anni- 
hilation of oxygen vacancies can be described as 

V o + { 0  2 ~ 0 ~ )  + 2 h  (4) 

which implies a valence change of some copper ca- 
tions, i.e. Cu 2+ to Cu 3+. 

Correlation between the lattice parameters of sam- 
ples with different K 2 0  doping levels is not possible 
due to the different symmetries. However, the sim- 
ilarity of K + ionic radii, 0.133nm, with Ba 2§ 
0.135 nm, must not produce considerable variation in 
that parameter. On the other hand, representing the 
"a" parameter and the orthorhombic distortion as a 
function of To (Fig. 6) a correlation is developed. Both 
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Figure5 XRD patterns of 2.5at% doped sintered samples: (�9 
YBa2 _yKrCt1307_x orthorhombic, (Q) YBaz yKyCu3Ov -x tetrag- 
onal. 

the lowest parameter  and the highest orthorhombic 
distortion leads to the highest critical temperature, 
and at the same time the transition width is narrowed. 

Fig. 7 establishes the relationship between the unit 
cell volume of the orthorhombic lattice and To. The 
volume of a sample with T c = 89 K was 17.390 nm 3 
and that with Tc = 92 K was 17.327 nm 3, that is, there 
is a decrease of 0.4%. In the same way, the ratio 
between 0 0 6 and 2 0 0 peaks showed higher values for 
higher To. Extrapolating both lines, the volume will 
be 17.34 nm 3, the ratio Ioo6/I2oo, will be 3.2 and the 
temperature, 92.8 K; which represents one of the high- 
est temperatures measured in YBazCu30 7_x ceramics 
or, in other words, the most perfect lattice gives the 
highest T c. 

At this point, it is necessary to remark that the 
sample which showed a critical temperature at 92 K 
and a superconducting transition width of 3 K 
(YBa2Cu307 x doped with 2.5 at % and sintered at 
940 ~ for 4 h) had the lowest oxygen content, 6.89, in 
comparison with others which ranged between 6.97 
and 6.99. Understanding such behaviour requires a 
decrease of the cationic charge, K + cations for Ba 2 + 
cations, which allows the development of ceramic 
superconductors with a lower oxygen content than the 
theoretical one of the orthorhombic cell. If the posi- 
tion of Ba 2 + and K + cations and the high orthorhom- 
bic distortion are taken into account, this implies that 
movement  of oxygen from 02 or 03 positions in 
planes to chains in 04 positions could take place. 
In this case, a higher amount  of Cu 3+ could be 
generated�9 

The level of doping for the studied sample, did not 
reveal a clear influence with the exception of samples 
doped with 4 at % K 2 0  , in which the limit of solid 
solution was exceeded. As a consequence, the influ- 
ence of potassium doping must be related to micro- 
structural effects which modified the system in a wider 
manner than the lattice variation could reveal. 

Fig. 8 shows the microstructure of 2.5 at % K 2 0  
doped samples at different sintering temperatures and 
times. The samples sintered at the lowest temperature 
showed small grain size, and had some bigger grains, 
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Figure 8 Light polarized optical micrographs of YBa 2_yK r 
CusO v _= doped with 2.5 at % K20:  (a) 920 ~ 4 h; (b) 940 ~ 4 h; 
and (c) 940 ~ 8 h. 

Figure 9 Light polarized optical micrographs of YBa 2_yK~, 
Cu3OT-x doped with 4 at % K20:  (a) 920 ~ 4 h; (b) 940 ~ 4 h; 
and (c) 940 "C, 8 h. 

70 x 30 tam 2. The increasing of both the tempera- 
ture and the time of the sintering process enlarged 
both the small and large grains. In the latter case, the 
exaggerated grains seem to show a tendency to enlarge 
more in length than in width. The presence of porosity 
in the grains revealed that the sintering process rate is 
higher than the migration of porosity to the grain 
boundaries. Secondary phases have not been observed 
from this technique. 

On the other hand, 4 at % doped YBazCuaOT_ x 
showed a very different microstructural development 
(Fig. 9), without exaggerated grain growth and with 
the presence of liquid phases; both originated because 

solid solution was exceeded. The location of the liquid 
phase was heterogeneous, corresponding to micro- 
fluctuations in the potassium content. According to 
studies realized by Nae-Li Wu e t  al. [7], the regions 
with smaller grain size correspond with a higher pot- 
assium concentration. 

The sample doped with 2.5 a t %  K20  shows a 
microstructure very similar to the undoped one. The 
microstructure of such a sample was also examined by 
SEM (Fig. 10). In this case, all the superconducting 
YBazCu30 7_~, grain boundaries contain a thin layer 
which was analysed by EDX and contained mainly Ba 
and Cu [61. This eutectic liquid was formed from the 
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Figure 10 SEM of YBa 2 rKrCu307_x sintered samples (2.5 at % 
K20) showing grain boundary liquid thin layer. 

BaCO3-CuO system at low temperature. These re- 
sults are similar to those obtained for doped samples 
up to 2.5 at % K20. 

Fig. l l a  shows a liquid-rich region of sample doped 
with 4 at % K20. The EDX spectra of this liquid 
phase revealed that it mainly contains CuO (Fig. 1 lb). 

Excess potassium favours the appearance of a non- 
superconducting green phase, 211, and CuO. This 
reaction normally occurs at 1015~ in undoped 
YBazCu3OT-x 1-8]. During the cooling step the crys- 
tallization rate of the 123 phase from the melt, is 
higher than the rate of peritectic reaction between the 
211 phase and the liquid. This allows the presence of 
small amounts of 211 phase, and inclusion of CuO 
grains in 123 phase grains. 

4. Conclusions 
YBa2Cu307_ x superconducting ceramics have been 
doped with K + cations in the range 0-4 at %, and the 
solid solution limit was established at ~ 2.5 at %. 

The presence of excess K20 in YBaCuO materials 
causes the appearance of secondary phases, which are 
pernicious for superconducting features of such mater- 
ials, leading to the disappearance of the superconduct- 
ing transition. The secondary phases are YzBaCuO5 
(green phase) and CuO, which remain as vitreous 
phases according to the microstructural and micro- 
analytical measurements performed. Moreover, their 
densities are lower than those of the undoped samples. 
This feature allows better oxygen pick-up processes 
and, therefore, leads to the formation of an ortho- 
rhombic I crystalline symmetry. Nevertheless, the 
overall properties of overdoped samples are lower 
than those corresponding to the undoped ones. 

When the amount of KzO lies below the solid 
solution limit ( ~  2.5 at % with respect to the Ba 
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Figure 11 (a) SEM of YBa 2 yKyCu307_x sintered samples (4 at % 
K 2 0  ) showing liquid phase. (b) EDX spectra of this liquid phase, 

content), it is possible to obtain denser superconduc- 
ting materials. Formation of oxygen vacancies, ac- 
cording to the reaction KzO(BaO)~2K~a+O 6 
+ V o, and their subsequent annihilation following 

the sequence V o + 1/202~O~ + 2h. could be the 
cause of the density increases. At the same time, a 
small percentage of Cu 2+ changes to Cu 3+, which 
favours the superconducting features. This hypothesis 
is supported by the high T c values ( >7 90 K) shown by 
samples which have oxygen contents as low as 6.85. 
The higher electropositive character of K + with re- 
spect to Ba 2+ could also contribute to improved 
oxygenation of dense samples. 
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