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Bulk porous samples of YBa2Cu3OT_x were made from powders by selective laser sintering, a 
near-net-shape forming technology requiring no part-specific tooling. The porous parts were 
densified by infiltrating silver into the pores, resulting in a dense, dual-phase superconducting 
composite. The laser-processing parameters were varied to obtain the optimum microstructure. 
The laser-sintered parts required oxygen annealing after infiltration to restore the orthorhom- 
bic, superconducting structure. X-ray diffraction (XRD) and T O measurements indicated that 
some impurity phases were present in samples processed under aggressive laser conditions. 

1. I n t r o d u c t i o n  
Since the discovery of high Tc ceramic superconductors 
[l, 2] much work has been devoted to their develop- 
ment for practical applications. Considerable success 
has been achieved in the area of thin films [3]. How- 
ever, prototype applications in bulk form are still 
being investigated. The major obstacles to making 
practical bulk shapes from these materials are their 
inferior current-carrying capacity in the bulk form and 
their poor mechanical properties. These two factors 
have been investigated widely, but with limited suc- 
cess. High-critical-current-density parts have been 
made by melt texturing [43, which results in the 
oriented grained structures which are necessary for 
high critical current densities. However, bulk samples 
prepared by such techniques have poor mechanical 
and fracture properties. Attempts at improving the 
mechanical properties have been made by incorpora- 
ting a ductile phase such as silver in the 
YBa2Cu3OT_ x matrix [5-7]. This has been done in 
fabrication techniques such as cold pressing and 
sintering [5], tape casting [5] and powder-in-tube 
rolling [8]. But these fabrication techniques do not 
result in the oriented-grained structure that is neces- 
sary for high critical current density. 

In this study we report on a technique for making 
rapid prototype bulk parts of Ag-YBa2Cu3OT_~ 
which have the potential of carrying high current 
densities. In this study porous preforms of 
YBa/CU3OT-x were formed in the required shape and 
then infiltrated with silver to create a dense, dual- 
phase, composite part. Selective laser sintering (SLS) 
offers the possibility of forming such net-shaped por- 
ous preforms of ceramics. 

SLS is a solid-freeform fabrication (SFF) technique 
by which near-net-shaped parts can be made without 
part-specific tooling [9]. SLS has been used success- 
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fully to fabricate prototype parts and preforms with 
polymers, ceramics and metals [10, 11]. In this process 
a computer-controlled laser beam is used to sinter 
selected areas of a powder bed. An additional layer of 
powder is spread on the previously selectively laser- 
sintered layer, and the process is then repeated by 
scanning the laser beam across the fresh powder layer. 
This process continues until a three-dimensional sin- 
tered part is built up layer by layer. At the end of the 
process, the sintered part is removed from the sur- 
rounding loose powder. 

SLS is a pressureless sintering process which usually 
involves a liquid phase [12]. Atomic diffusion in the 
liquid phase is faster than in solid-state processes. The 
liquid phase can also assist in particle rearrangement 
due to reduced interparticle friction. A partial liquid 
phase is formed and solidified as the laser beam is 
scanned across the powder bed in a directional fash- 
ion. Such directional formation and solidification of 
the liquid phase can result in an orienl~ed, grained 
structure. Since YBazCu3OT_ ~ melts incongruently 
[13, 14], it is possible to form a partial liquid phase by 
careful control of the laser power density to induce 
interphase melting. Other laser-processing parameters 
which affect the microstructure and hence the proper- 
ties include the laser scan speed, the scan spacing and 
the layer thickness. These laser-processing parameters 
have been studied extensively for various ceramic, 
metals and polymer systems [11, 12]. By careful mani- 
pulation of these parameters, and of the powder charac- 
teristics such as the particle size, a desirable micro- 
structure with optimum properties can be ol~tained. 

In this study, an attempt was made to produce bulk 
parts of YBa2CusO 7 -x by selectively laser sintering a 
preform and then infiltrating it with a ductile silver 
phase to obtain a dense, dual-phase, superconducting 
composite. 
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2. Experimental procedure 
YBa2Cu307 x precursor powders were prepared us- 
ing the citrate sol-gel technique [15]. The precursor 
powders were calcined at 900 ~ in oxygen for 10 h. 
FoIlowing calcination, the powders were oxygen an- 
nealed at 600 ~ for 6 h resulting in powders with an 
average l)article size of 100 rim. An SLS workstation 
system developed by Birmingham et  al. [16] (shown 
schematically in Fig, 1) was used to carry out the 
sintering. The basic system operation procedure is 
outlined here. 

1. The system starts with the traversing roller to the 
far left, with the powder-feed piston fully retracted 
with its chamber loaded with powder, and with the 
powder-accept piston in the fully extended position. 

2. The system is evacuated and then filled with the 
desired gas(es). 

3. Powder is made available to the roller by raising 
the powder-feed piston by an incremental amount. 

4. The powder-spreading roller is traversed across 
the stage and then back, spreading the powder into a 
thin layer on the stage. 

5. The laser is then scanned, selectively sintering an 
area of the powder above the powder-accept piston. 

6. The powder-accept piston is lowered by an in- 
cremental amount which is dictated by the desired 
layer thickness. 

7. Powder is again made available to the roller by 
raising the powder-feed piston. 

8. The powder-spreading roller is traversed across 
the stage, spreading the powder over the powder- 
accept piston and across the previously sintered area. 

9. The laser is then scanned, sintering the second 
layer. 

10. Steps 3 to 9 are repeated, building up the three- 
dimensional part layer by layer. 

Environmental chamber - ~  

e feedthrouah k 

Powder-supply piston 

Servo drive______~n x - y - z  platform 

~ "  ~ Mechanical vacuum pump 

Figure l An SLS workstation. 
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All SLS processing was carried out in air at room 
temperature. A 25 W CO2 laser was used with a beam 
diameter of 700 gm.  Three-dimensional square parts 
with 8 mm long sides were made layer by layer to 
final thicknesses ranging from 1 to 3 mm. The laser 
power density was varied from 500W cm -2 to 
1300 W cm -2. Laser scan speeds of 1 to 3 mm s-1 
were employed. The scan spacing was kept constant at 
100 gm for all runs. The layer thickness was varied 
from 250 to 150 gm. The initial layers were thicker 
(200-250 lain), to avoid displacement of the previously 
sintered layers by the roller action during the spread- 
ing of powder to lay fresh layers for sintering. As more 
layers are sintered, the overall thickness of the sample 
increases, making the displacement of the structure, by 
roller action, difficult. This makes it possible to reduce 
the layer thickness. Therefore, the layer thickness was 
gradually reduced to 150 lam. The final thickness of 
the sample was thus controlled by the layer thickness 
and by the number of layers. 

The porous parts obtained by SLS were infiltrated 
with silver to fill up the pores and to provide a 
reinforcing ductile phase. Silver infiltration was ac- 
complished by placing the samples in an alumina boat 
with sufficient silver powder (0.7-1.3 gm) on top of the 
samples [17]. The boat with the sample and the 
infilterant was heated in a vertical tube furnace at 
970 ~ in air for 10 to 30 min. The process was con- 
tinuously monitored visually to allow melting of silver 
and its infiltration, by a capillary effect, into the 
porous YBa/Cu3OT_ x samples while avoiding any 
significant melting of the YBa2Cu3Ov_ ~ sample, 
which would have resulted in a loss of shape. Table I 
lists the various laser parameters used for samples 
with and without silver infiltration. 

The SLS porous parts and the silver-infiltrated 
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T A B L E  I The SLS processing parameters and post-SLS processes 

Sample ]Laser power Speed Silver infiltration 02 annealing temperature 
(W cm-  2) (mm s - i) (970 ~ (930 ~ 

A 600 1.0 No Yes 
B 750 1.0 No Yes 
C 1000 1.0 No Yes 
D 1300 1.0 No Yes 
E 750 1.5 No Yes 
F 750 2.0 No Yes 
G 600 1.0 Yes Yes 
H 750 1.0 Yes Yes 
I 1000 1.0 Yes Yes 

dense parts were annealed at 930~ for 8-10 h in 
flowing oxygen and then they were slowly cooled in 
flowing oxygen. Structural phases of the samples were 
investigated at each stage of processing by X-ray 
diffraction (XRD). Critical transition temperatures 
were measured by a superconducting-quantum-inter- 
ference-device (SQUID) magnetometer. The samples 
were weighed before and after the silver infiltration to 
determine the volume fraction of the porosity at each 
stage and to find the degree of silver infiltration. A Mi- 
cromeritics Accupyc 1330 pycnometer was used to deter- 
mine the degree of open versus closed porosity. The 
sample microstructures and the distribution of silver 
were studied by scanning electron microscopy (SEM). 

3. Results and discussion 
The XRD pattern of the starting superconducting 
powder, prepared by a citrate sol-gel technique was 
identified as a single-phase composition of orthor- 
hombic YBazCuaO7_ ~. Signals of any impurity 
phases were not detectable (Fig. 2a). 

The partial liquid phase, which is necessary for SLS, 
was created by using a sufficiently high laser power 
density to produce a temperature above the peritectic 
decomposition temperature of YBazCuaO 7_x, produ- 
cing Y2BaCuO5 and a liquid phase, L, according to 
the reaction [13, 18] 

YBa/Cu3OT_~ ~ Y/BaCuO 5 + L 

The amount of the liquid phase, L, which formed 
depended on the degree of peritectic superheating. 

As shown in Fig. 2b, the XRD patterns of SLS parts 
did not exhibit significant crystallinity, for any of the 
laser processing parameters; but these patterns did 
indicate a breakdown in the YBa/Cu30 v_~ structural 
phase into various phases, such as YzBaCuOs, 
BaCuO2_x and B a C u z O  2. The existence of metast- 
able, noncrystalline phases is expected after SLS, be- 
cause of the rapid melting and solidification of the 
ceramic YBazCu3OT_ x in the process. However, fol- 
lowing SLS, the crystallinity and the superconducting 
phase, YBa2Cu3OT_x were restored in the SLS parts 
by oxygen annealing and slow, controlled cooling (see 
Fig. 2c and d). Small amounts of the impurity phases 
of YzBaCuOs, BaCu20 2 and BaCuOz_ ~ were still 
found in the samples. As shown in Fig. 2c and 2d, the 
samples processed at high laser power densities 
( >  1000Wcm -1) contained higher degrees of non 

superconducting phases even after oxygen annealing. 
Higher laser power densities raise the powder temper- 
ature sufficiently to form large amounts of the liquid 
phase, L, and very small amounts, or none of the solid 
phase, Y2BaCuOs. Such large amounts of the liquid 
phase leads to significant chemical segregation and 
complete breakdown of the YBazCUaOT_ x structure. 
Such severe breakdown in the structure makes it more 
difficult for the stoichiometric, orthorhombic struc- 
ture to be regained completely during oxygen an- 
nealing at 930~ for 8-10 h, thus leaving residual 
impurity phases. Lower laser power densities 
( < 1000 Wcm -2) result in partial melting of the pow- 
ders, according to the above mentioned peritectic 
reaction, leading to partial breakdown of the 
YBa2Cu307_ x structure and to less chemical segre- 
gation. Therefore a nearly pure phase of 
YBa2Cu3OT_ x is easily regained by simple oxygen 
annealing, when the laser power density produces only 
a partial melting of the YBa2Cu30 7-x powders. 

Localized heating of the powder bed results in a 
temperature gradient along the scan line during SLS. 
If the temperature gradient is large, residual stresses 
appear in the sample which can lead to macrocracks 
and debonding of the layers. As shown in Fig. 3a and 
b, the surface and the cross-section of a laser-sintered 
YBa2Cu307_ x part showed some macrocracks but 
there was no significant debonding of layers. High 
laser power densities and low scan speeds, which tend 
to aggravate this problem, also produced no signific- 
ant debonding of the layers in YBa/Cu30 7-x. 

The bulk density of various SLS metal and ceramic 
parts has been found to be affected by the laser 
processing parameters. In this study, the bulk density 
of laser-sintered YBa2Cu3OT_ x parts varied from 55 
to 75% of the theoretical density as the laser power 
density increased from 500 W cm- 2 to 1300 W cm- 2 
at a constant scan speed of 1 mm s- 1 (Fig. 4). The bulk 
density also varied from 55 to 65% as the scan speed 
decreased from 2 to 1 rams-1 at a constant power 
density of 700 W cm- 2 (Fig. 5). Reduced layer thick- 
nesses were found to improve the bulk density signific- 
antly. However, thick layers had to be used in the 
initial building up of the structure to prevent "displace- 
ment of the layers by the traversing roller. The density 
of the YBa2Cu307_ x samples was also measured 
using a helium-gas pycnometer. Using the theoretical 
density of YBazCu30 7_~ and the densities determined 
by the pycnometer, it was concluded that the porous, 
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SLS parts had predominantly open, interconnected 
porosities with a closed porosity of only 1-2%. 

Oxygen annealing of the SLS parts at 930~ 
for 8 - 1 0 h  restored the desired orthorhombic 
YBa/Cu3OT_ x structural phase, but it did not im- 
prove the bulk density of the samples significantly. 
Higher annealing temperatures ( > 940 ~ for similar 
time periods, increased the bulk densities moderately 
but not significantly; this had a cost of a partial or a 
complete loss of shape. Partial liquid-phase formation 
can occur in YBa/Cu3Ov -x above 900 ~ by a eutectic 
reaction arising from CuO and/or BaO enrichment in 
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Figure 2 XRD patterns of: (a) as prepared YBa2Cu3OT_~; (b) SLS 
YBaaCu307 -x; (c) SLS and 02 annealed YBazCu307-x, Sample B, 
(d) SLS and 02 annealed YBa2Cu307_~, sample D; and (e) SLS, 
silver infiltrated and O z annealed YBazCu3OT_~, sample H. (O) 
YBa2Cu307_:, , (x) Ag, (A) YzBaCuOs, (�9 BaCu202, and ( + ) 
BaCuOa_x. 

the stoichiometry. The temperature at which this eu- 
tectic occurs and the amount of the liquid phase which 
is formed depend on the deviation from stoichiometry. 
Therefore, prior to oxygen annealing, densification of 
the porous SLS parts was achieved by infiltrating silver 
into the open interconnected pores. Infiltration was 
carried out at 970~ to ensure melting of the silver 
(melting point at 960~ for efficient infiltration). 
Higher infiltration temperatures lead to shape loss 
because of excessive melting of the YBaaCu3OT_ x. 
For  the same reason, the infiltration process at 970 ~ 
was continuously monitored, and the process was 
stopped in 10-30 rain when all the silver on top of the 
YBa2Cu3OT_ ~ samples had melted and infiltrated 
into the pores. Keeping the time periods for the 
infiltration short prevented any loss of shape, even 
though the infiltration temperature (970~ was 
above the eutectic temperature. This is probably be- 
cause of the relatively small amount of the liquid 
phase which formed. However, such short infiltration 
time periods did not result in restoration of the 
YBaaCu3OT-x phase in the parts. Therefore, follow- 
ing SLS and silver infiltration, the samples were oxy- 
gen annealed at 930~ for 8-10h.  



Figure 3 SEM micrographs of an SLS YBa2Cu307 x sample: (a) the surface, and (b) the cross-section. 
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Figure 4 The bulk density of SLS parts as a function of the laser 
power density. 
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Figure 5 The bulk density as a function of the laser scan speed. 

Figure 6 SEM micrographs of SLS and silver infiltrated YBa2Cu307_x samples. 

As shown in Fig. 6, infiltration occurred throughout 
the cross-section of the sample. Large, continuous 
pores were infiltrated completely by the silver, where 2 
as the infiltration into the micropores was limited. 
This is probably because of the relatively high vis- 
cosity resulting from the small superheating of the 
molten silver, which  hindered infiltration into the 
micropores. The bulk density of the samples after the 
silver infiltration was 85 90%. The volume fraction of 

the silver in the samples varied from 30 to 45%, 
depending on the volume fraction of the pores before 
infiltration and depending on the time of infiltration. 

SQUID magnetometer Tc measurements for differ- 
ent samples are shown in Fig. 7. The value of T~ 
(onset), under field-cooled conditions for all the sam- 
ples, was approximately 88-90K. There is a slight 
broadening of the transition width for samples pro- 
cessed under aggressive laser conditions and for the 
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Figure 7 Field-cooled (20 gauss) magnetization data as a function 
of temperature for r as prepared YBazCu30 7 _ x powders; ([]) low- 
laser power-SLS and Oz-annealed YBazCu3OT_~; sample B; (�9 
high-laser power-SLS and Oz-annealed YBazCu30 7_x, sample D; 
(A) low-laser power-SLS, silver infiltrated and Oz-annealed 
YBazCu3Ov_ ~, sample H; and (A) the data for the previous curve 
divided by (1 minus the weight fraction of Ag). 

silver-infiltrated parts. Transition-width broadening is 
usually associated with the presence of bulk second 
phases. Parts processed under aggressive laser condi- 
tions have some impurity second phase, as evidenced 
from XRD, which results in transition-width broaden- 
ing. Silver-infiltrated parts have continuous networks 
of silver as a second phase which causes the broaden- 
ing. However, in all cases, T~ er~ occurs well above the 
liquid-nitrogen temperature of 77 K. Comparison of 
diamagnetic signals of samples processed by SLS and 
oxygen annealing (See Fig. 7: [], �9 with that of as 
prepared YBazCu3OT_ x powders (Fig. 7:r reveals 
that SLS followed by oxygen annealing does not result 
in any significant reduction in the fraction of the 
superconducting phase. This is in good agreement 
with the XRD data, which show very small quantities 
of non-superconducting phases after SLS and oxygen 
annealing. Similarly, a comparison of the as received 
data and weight-fraction-compensated silver infiltra- 
ted data, ( � 9  in Fig. 7 shows that silver infiltration in 
conjunction with SLS does not result in any significant 
fraction of non-superconducting phases. This is also in 
good agreement with the XRD data, and it indicates 
that during silver infiltration, no chemical reaction 
occurs which would result in any non-superconduc- 
ting phases. This has also been observed in other 
composite studies for Ag-YBazCu30~_x [8, 19]. 

4. Conclusions 
Fine powders of superconducting YBa/Cu30 7 -x were 
successfully fabricated into bulk, porous shapes by 
SLS, and they were subsequently densified by silver 
infiltration at 970~ The relationships between the 
laser-processing parameters and the resulting physical 
and superconducting properties can be summarized as 
follows. 

1. The bulk density of SLS YBazCu3OT-x parts im- 
proves with increased laser power densities, with re- 
duced scan speeds and with reduced layer thicknesses. 

2. Oxygen annealing restored a nearly phase pure 
orthorhombic YBazCu3OT_ x structure in parts pro- 
cessed under lower laser power densities 
( < 1000 W cm- 2). 

3. Silver was found to infiltrate successfully into 
large, continuous pores, improving the bulk density, 
whereas micropores were only partially infiltrated. 

4. Tc onset for SLS parts and silver-infiltrated parts 
was 88-90 K. 

5. Broad transition widths were observed for parts 
processed under high laser powers and for those in- 
filtrated with silver. 
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