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Chemical reactions between YBa,Cu;0¢. s and
potential hot-forging die materials

B. R. POWELL, R. L. BLOINK

Metallurgy Department, General Motors Research Laboratories, Warren, Michigan 48090, USA

R. A. WALDO

Analytical Chemistry Department, General Motors Research Laboratories, Warren,

Michigan 48090, USA

A survey of the reactivity of YBa,Cu,;0¢ , ; with several oxide and non-oxide materials was
conducted to identify die materials for use in hot-forging studies of YBa,Cu;0g . ;. Reactivity
was determined at 850 and 950 °C. The nature and extent of chemical reactions were assessed
by electron probe microanalysis. Barium zirconate and silicon carbide showed negligible
chemical reaction with YBa,Cu;04 . 5. Magnesium oxide and zirconium dioxide did react, but
the products appear to have inhibited further reactions. Other materials such as aluminium
nitride, zirconium diboride, and boron carbide, showed extensive chemical reactions with

1. Introduction

The discovery of YBa,Cu;O¢, 5 [1] resulted in a
worldwide effort to understand superconductivity in
this new class of materials and to develop these mater-
ials into superconducting devices. Unfortunately, suc-
cess in applying these materials to new devices has
been very limited, in part because of the detrimental
effect of grain boundaries in both thin film and bulk
ceramic superconductors. The grain boundaries lower
the electrical current that the material can carry while
in the superconducting state [2]. Consequently, at-
tempts have been made to eliminate the grain bound-
aries in ceramic superconductors.

Whereas grain boundaries can be eliminated in
thin-film superconductors by growing YBa,Cu;O4 | 5
epitaxially on suitable substrates, this method is not
feasible for bulk YBa,Cu,Og, 5. Instead, one ap-
proach has been the use of forming processes which
are known to cause crystallite alignment during dens-
tfication [3, 4]. Among these processes are hot press-
ing and hot forging in which powder compacts are
heated to the densification temperature, and then
subjected to external pressure. In hot pressing, the
pressure promotes densification of the material, which
already fills the die cavity. In hot forging, the material
flows and fills the die cavity. In each case, the degree of
crystallite alignment is increased, although the degree
of alignment is higher in hot-forged materials than in
hot-pressed materials.

Unfortunately, YBa,Cu;Og , 5 reacts readily with
many of the materials that are used as hot-forging
dies. For this reason, a study was undertaken to
identify suitable die materials for hot forging of
YBa,Cu;0¢ 4 5.

2. Experimental procedure
Eleven ceramic materials were tested for chemical
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compatibility with YBa,Cu;O¢ ;5. The following
ceramics were obtained from suppliers: aluminium
nitride, aluminium oxide, boron carbide, boron ni-
tride, boron nitride-titanium diboride, magnesium ox-
ide, silicon carbide, zirconium diboride, and yttrium
oxide-stabilized zirconium dioxide. Barium zirconate
was synthesized in this laboratory and magnesium
oxide-stabilized zirconium dioxide was cut from a
hot-pressing die insert.

YBa,Cu;0¢ , 5 powder was prepared from a spray-
dried aqueous solution of yttrium acetate, barium
acetate, and copper nitrate [5]. Yttrium acetate was
dissolved in distilled water by adding concentrated
nitric acid. To this solution were added appropriate
amounts of barium acetate and copper nitrate stock
solutions to yield a Y:Ba:Cu atom ratio of 1:2:3.
Spray drying consisted of atomizing the solution in a
chamber of hot, swirling air. The dried and partially
decomposed salts were carried in the air stream
through the outlet of the chamber and collected in a
cyclone filter. The inlet and outlet temperatures dur-
ing spray drying were 180 and 90°C, respectively.
Spray drying yielded a solid product that was then
calcined at 850°C for 12 h in flowing hydrocarbon-
free air. Chemical analysis of the calcined powder
showed that the Y:Ba:Cu atom ratio was still
1.0:2.0:3.0. X-ray diffraction (XRD) analysis showed
the powder to be single-phase YBa,Cu;Oq 5.

Samples of each material tested for compatibility
were set in  aluminium oxide crucibles and
YBa,Cu;04 ;5 powder was placed on top of each.
The crucibles were heated in a tube furnace with a
fused silica muffle. Treatments at 850 °C for 4 h were
to simulate hot-forging experiments. Treatments at
950 °Cfor 6 or 19 h were conducted to represent worst
case scenarios for hot forging, and to screen materials
for possible melt-processing experiments. After
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cooling, the specimens (reaction couples) were re-
moved from the furnace and sectioned with a diamond
wheel using oleum as a coolant. Samples were moun-
ted in bakelite and polished in preparation for electron
probe microanalysis (EPMA). EPMA was used to
acquire distribution maps for elements of interest. In
some cases, EPMA was also used to determine the
quantitative chemical composition of selected areas.

3. Results and discussion

The nature and extent of chemical reaction between
YBa,Cu;0q , 5 and each of the candidate materials is
described below. In each case where EPMA results are
shown, the figures are oriented so that YBa,Cu;04 , 5
side of the reaction couple is in the upper portion of
the figure.

3.1. Barium zirconate
Barium zirconate has been identified as a product of
the reaction between YBa,Cu;0g¢ , 5 and zirconium
dioxide [6, 7]. The compound was prepared for this
study by reacting barium carbonate and zirconium
dioxide powders at 1540°C for 1 h in air. The barium
zirconate powder was then pressed and sintered into a
disc.

The reaction couple was treated at 950 °C for 19 h.
EPMA results, shown in Fig. 1, indicate that no

BaZr(]3 ' Y832cu306+6

reaction interface forms and there is no wetting of the
barium zirconate by YBa,Cu;Og , 5. Neither yttrium
nor zirconium diffuse across the reaction couple, al-
though trace amounts of copper are observed in the
barium zirconate side of the reaction couple. Yttrium
appears to be segregated in the YBa,Cu;Oq . 5. Prior
experience suggests that the yttrium-rich regions are
Y,BaCuOyg, but XRD analysis of the powder did not
detect this or any other phases. Thus, barium zirconate
shows significant promise for use in YBa,Cu;06 . 5
processing.

3.2. Silicon carbide

Silicon carbide shows considerable promise as a pro-
cessing material for YBa,Cu;O4, 5. The reaction
couple, following treatment at 850 °C for 4 h, is shown
in Fig. 2. There is essentially no chemical reaction
between silicon carbide and YBa,Cu;0q , 5, based on
the silicon, yttrium, and barium maps. The carbon
map, not shown, is inconclusive. There does not
appear to be any wetting between the two materials.
Furthermore, no segregation has occurred in the
YBa,Cu,;0g , 5; the copper map, which is not shown,
is nearly identical to the barium map, which is shown
in Fig. 2. The silicon map gives some indication of
silicon presence in the YBa,Cu,Og , 5, but this may be
an artefact due to the different background intensity
for silicon in YBa,Cu;Og,5, relative to its

Figure | EPMA of the barium zirconate-YBa,Cu;Os , ; reaction couple treated at 950 °C for 19 h. (a) Backscattered electron image, and
elemental maps for (b) zirconium, (c) yttrium, (d) barium, and (e) copper.
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Figure 2 EPMA of the silicon carbide-YBa,Cu;0q . s reaction
couple treated at 850°C for 4 h. (a) Backscattered electron image,
and elemental maps for (b) silicon, (c) yttrium, and (d) barium.

background in silicon carbide or the mounting mater-
ial. The results for the reaction couple treated at
950°C for 19 h are the same.

3.3. Magnesium oxide

Magnesium oxide single crystals have been used as
substrates for superconducting thin films (6, 8,9]. Asa
single crystal, the only reported reaction is the forma-
tion of copper-rich precipitates at the interface. The
polycrystalline specimen used in this work shows
extensive reaction, essentially all of it occurring at the
grain boundaries, see Fig. 3. In this sample, which was
reacted at 950 °C for 19 h, copper oxide has diffused
along, and effectively decorated, the magnesium oxide
grain boundaries. Concerning the mechanism of this
process, yttrium, barium, silicon, and calcium, were
not detected in the grain boundaries. It is possible that
magnesium oxide, pretreated with copper oxide, might
be a suitable material for superconductor processing.

3.4. Zirconium dioxide
The reaction of zirconium dioxide with YBa,Cu;Os , 5
has been described previously [6, 7]. The reaction

YBap Cu30¢ +§

Figure 3 EPMA of the magnesium oxide-YBa,Cu,0q , ; reaction
couple treated at 950°C for 19 h. (a) Backscattered electron image,
and (b) the elemental map for copper.

results in the formation of barium zirconate, copper
oxide, and Y,BaCuOs. Two types of zirconium di-
oxide were evaluated in this study: partially stabilized
(using yttrium oxide) and fully stabilized (using mag-
nesium oxide). Both samples were reacted at 950°C
for 6 h instead of 19 h. It is not expected that reaction
results were significantly altered by this change in
time. The yttrium oxide-stabilized zirconia is shown in
Fig. 4. It appears that barium has diffused into the
zirconium dioxide leaving a barium-poor region in
what was originally stoichiometric YBa,Cu;04; 5.
This region is also somewhat yttrium-poor. Sintering
YBa,Cu;06 ; 5 on discs of yttrium oxide-stabilized
zirconia usually leaves the surface of the disc black-
ened indicating some diffusion of copper into it. The
magnesium oxide-stabilized zirconium dioxide be-
haved similarly, see Fig. 5. In this sample, the barium
zirconate layer has no magnesium in it, which suggests
that the compound formed in the YBa,Cu;Og , 5 side
of the reaction couple. A region of stoichiometric
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Figure 4 EPMA of the yttrium oxide-stabilized zirconium dioxide-YBa,Cu,0¢,5 reaction couple treated at 950°C for 6h.
(a) Backscattered electron image, and elemental maps for (b) zirconium, (c) yttrium, (d) barium, and (¢) copper.

z
r02 I YBaQCU306+6

Figure 5 EPMA of the magnesium oxide-stabilized zirconium dioxide-YBa,Cu;O¢ .5 reaction couple, treated at 950°C for
6 h.(a) Backscattered electron image, and elemental maps for (b) zirconium, (c) magnesium, (d) yttrium, (¢} barium, and (f) copper.
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YBa,Cu,04, 5 is not visible in the figure. Presum-
ably, it was removed during sectioning,

A die made of magnesium oxide-stabilized zirconium
dioxide was used successfully to hot forge
YBa,Cu;04 , 5 samples. Discolouration of the die
surfaces occurred, but the YBa,Cu;0Og , 5 samples did
not adhere to the die surface. Possibly the surfaces of
the die components had been converted, over time, to
barium zirconate which effectively prevents future
reactions and adhesion. Given these considerations,
magnesium oxide-stabilized zirconium dioxide should
be a good die material for hot forging YBa,Cu;O ; 5.

3.5. Boron carbide

Thermal treatment of the boron carbide—YBa,Cu;05 5
couple at 950 °C for 19 h, caused extensive reaction as
well as excessive grain growth in the YBa,Cu;04 . 5.
Whereas boron did not diffuse extensively into the
YBa,Cu;0¢, 5, barium did diffuse into the boron
carbide, see Fig. 6. Furthermore, metallic copper se-
gregated at the reaction interface. The layer of copper
was obvious, even to the naked eye. EPMA confirmed
this and revealed a copper-poor region in the
YBa,Cu;04, 5 next to the copper-rich layer. The
reaction couple treated at 850 °C for 4 h showed the

B,C l YBa,Cu 0 5

same results, although the extent of grain growth and
the degree of segregation of copper was less. Boron
carbide is not suitable for die materials.

3.6. Aluminium nitride

The aluminium nitride-YBa,Cu;Qg, 5 couple was
treated at 950°C for 19 h. The aluminium nitride
acquired a copper colour as though copper had depos-
ited on its surface. In arcas where discrete particles of
YBa,Cu;0y . 5 had rested during the heat treatment a
copper-coloured ring appeared and the YBa,Cu;O¢ ;5
particles turned green, indicating a reduced copper
oxide content in the YBa,Cu;0q . 5 and decomposi-
tion to Y,BaCuOs. EPMA indicated approximately
0.5% aluminium .n the YBa,Cu,04, 5 side of the
reaction couple. Nitrogen also appears to have dif-
fused throughout the superconductor although the
intensity of the nitrogen signal in the nitrogen map, see
Fig. 7, may be due to a high background intensity. The
reaction zone containing elements from both reactants
extends nearly to the top of the superconductor layer.
The original YBa,Cu, Oy .. 5 regions were deficient in
barium. Yttrium segregation at the free surface of the
YBa,Cu;0q . 5is also apparent, and is consistent with
the visual observation of Y,BaCuOj;. The extent of

Figure 6 EPMA of the boron carbide-YBa,Cu,0s, ; reaction couple treated at 950°C for 19 h. (a) Backscattered electron image, and
elemental maps for (b) boron, (¢) carbon, (d) yttrium, (e) barium, and (f) copper.
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Figure 7 EPMA of the aluminium nitride-YBa,Cu;Og , 5 reaction couple treated at 950 °C for 19 h. (a) Backscattered electron image, and
elemental maps for (b) aluminium, (c) nitrogen, (d) yttrium, (¢} barium, and (f) copper.

reaction and the width of the reaction zone eliminate
aluminium nitride from further consideration in pro-
cessing YBa,Cu;04 5.

3.7. Boron nitride

The boron nitride-YBa,Cu;0g ;5 reaction couple
fragmented during the heat treatment, 950 C® for 19 h.
This was probably due to water adsorbed in the boron
nitride. However, as analysis of fragments of the reac-
tion couple showed metallic copper, no further work
was done with this material.
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3.8. Boron nitride—titanium diboride
composite

When boron nitride was combined with titanium
diboride, the reaction couple survived the thermal
treatments at both 850 and 950 °C. After 4 h at 850 °C,
titanium has diffused into the YBa,Cu;Og +5, see
Fig. 8, and there is indication of copper segregation at
the interface. Yttrium is clustered unevenly in the
YBa,Cu;0¢ ., 5 phase, possibly as Y,BaCuOs. The
width of the reaction interface is evident in Fig. 9,
which contains the elemental maps of the reaction
couple treated at 950 °C for 19 h. Copper has clearly
penetrated into the composite leaving a nearly copper-



BN/TiB, l YBa,Cug0

Figure 8 EPMA of the boron nitride-titanium diboride composite-YBa,Cu;QO¢, s reaction couple treated at 850°C for 4h.
(a) Backscattered electron image, and elemental maps for (b) titanium, (c) yttrium, and (d) copper.

free zone in the YBa,Cu;Oq¢, 5. Titanium has pene-
trated throughout the YBa,Cu;0q , 5 which, in turn,
has undergone grain growth. Acicular grains evident
in the yttrium and copper maps, are yttrium-rich and
copper-poor. This material is also not suitable for die
materials.

BN/TiB, | YBa,Cu 0, ,

Figure 9 EPMA of th

3.9. Zirconium diboride

There was no wetting between the two components
of the zirconium diboride-YBa,Cu;04 , § reaction
couple when reacted at 850 °C for 4 h. However, some
segregation of yttrium, and to a lesser extent, copper,
occurred, see Fig. 10. The surface of the zirconium

(a) Backscattered electron image, and elemental maps for (b) titanium, (¢) boron, (d) yttrium, (¢) barium, and (f) copper.
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Figure 9 Continued.

Figure 10 EPMA of the zirconium diboride-YBa,Cu; Oy , 5 reaction couple treated at 850 °C for 4 h. (a) Backscattered electron image, and
elemental maps for (b) zirconium, (c} boron, (d) yttrium, (e) barium, and (f) copper.

diboride also changed. A boron-poor region formed,
possibly due to the formation of a zirconium dioxide
phase.

The reactions occurring at the more severe thermal
treatment, 950°C for 19 h, are interesting. A low
magnification, backscattered electron image, Fig. 11,
shows the reaction zone and the two reaction couple
materials on either side. The texture of the zirconium
diboride in the reaction zone has become more granu-
lar and a needle-like phase has formed that grows into
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the YBa,Cu,Og , ;5 phase. The needles are yttrium-
rich and copper-poor, see Fig. 12. The barium
distribution is uniform. Boron has diffused into
YBa,Cu;0q , 5 and barium has diffused into zircon-
ium diboride. This material is not promising for
YBa,Cu,0g , 5 processing applications.

3.10. Aluminium oxide
Prior experience with this material in our laboratory
has shown that extensive wetting and reaction occur
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Figure 11 EPMA of the zirconium diboride-YBa,Cu,O; , 5 reac-
tion couple treated at 950 °C for 19 h. Backscattered electron image.

when YBa,Cu;Os , 5 precursors are reacted in alumi-
nium oxide crucibles. Usually CuO and Y,BaCuOgq
are detected in the product. The aluminium
oxide-YBa,Cu,04 , 5 reaction couple was treated at
950°C for 19 h. As expected, aluminium oxide was
wetted by reaction products and a green layer,
Y,BaCuOs;, was observed along the interface.
EPMA maps of the aluminium oxide-YBa,Cu3O . 5
reaction couple are shown in Fig. 13. The interface is

2r8, ' YBa,Cu, 0

sharp with little penetration of barium or copper into
the bulk of the aluminium oxide. The level of alumi-
nium ion diffusion ‘into the YBa,Cu;0¢ 5 is very
slight, probably less than 2% concentration based on
EPMA results. Aluminium is known to substitute for
copper in the YBa,Cu;Og , 5 lattice, but has a negli-
gible effect on its critical temperature at this level [10].
The effect of aluminium substitution on critical cur-
rent has not been determined. Whereas aluminium
oxide may continue to be used as a substrate for
sintering, provided powders of YBa,Cu,O¢, 5 are
used between the aluminium oxide and the
YBa,Cu;0 , 5 specimen, the degree of wetting ob-
served does not encourage its use as a hot-pressing or
hot-forging material.

4. Conclusion
Eleven ceramic materials were tested for chemical
compatibility with YBa,Cu;Og , 5. The objective was
to identify materials that would not react with
YBa,Cu;04 , 5 and therefore would be suitable to
contain YBa,Cu;0y , 5 in hot-forging experiments. Of
interest was the degree of wetting between the com-
ponents of the reaction couple (the ceramic material
and YBa,Cu,Oq . 5), the nature and extent of chem-
ical reaction, and its effect on residual YBa,Cu;Og , 5.
Four compounds show promise for use as die ma-
terials for studies of hot forging of YBa,Cu;0q4 , 5:
barium zirconate, silicon carbide, magnesium oxide,
and zirconium dioxide. Barium zirconate and silicon
carbide show essentially no wetting or chemical reac-

Figure 12 EPMA of the zirconium diboride-YBa,Cu,;Qy . ; reaction couple treated at 950 °C for 19 h. (a) Backscattered electron image and
elemental maps for (b) zironium, (c) boron, (d) yttrium, (¢} barium, and (f) copper.
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Figure 13 EPMA of the aluminium oxide-YBa,Cu;O , ; reaction couple treated at 950 °C for 19 h. (a) Backscattered electron image, and

elemental maps for (b) aluminium, (c) barium, and (d) copper.

tion with YBa,Cu;0¢ ; 5. Magnesium oxide and zir-
conium dioxide react with YBa,Cu;O¢ 5, but it
appears that each reaction is limited to a very narrow
interface. Though not described in detail in this work,
it was later shown by the authors that YBa,Cu,Og . 5
could, in fact, be hot forged using a zirconium dioxide
die and die inserts without adhesion occurring be-
tween YBa,Cu;0q , 5 and zirconium dioxide.

The remaining compounds studied undergo various
reactions with YBa,Cu;O¢ 5. The nitrides and
boron carbide reduce YBa,Cu,Oq , 5 resulting in the
segregation of metallic copper to the carbide or nitride
side of the reaction interface. The reaction of
YBa,Cu;0g , 5 with zirconium diboride results in the
formation of yttrium-rich needles that grow into the
YBa,Cu;0¢, 5 phase from the original reaction
interface.
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