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I. ABSTRACT

Ultrasonic velocity
measurement techniques were used to
evaluate the effects of oxidation
and reduction on the elastic
properties, global microstructure
and oxygen content of the YBa2Cu307_X
ceramic superconductor for samples
ranging from 70 to 90 percent of
theoretical density. Bulk density,
velocity and elastic modulus
generally increased with increasing
oxygen content upon oxidation, and
this behavior was reversible.
Velocity image patterns were similar
after oxidation and reduction
treatments for a 90 percent dense
sample, although the velocity value
at any given point on the sample was
changed following the treatments.
The unchanging pattern correlated
with destructive measurements
showing that the spatial pore
distribution (fraction and size)
was not measureably altered after
the treatments. Changes in
superconducting behavior, crystal

structure, and grain
structure were observed consistent
with changes in oxygen content.

II. INTRODUCTION

The last several years have
seen the remarkable development of a
new class of ceramics exhibiting
superconductivity to unprecedentedly
high temperatures. 1,2,3,4 The
subject of this study is the
YBa2Cu30 7 _ X (YBCO) superconductor.
Oxidation is the final and arguably
the most important processing step
in the manufacture of YBCO .5,6,7

This step results in an increase in
oxygen content from the sintered
state, making the material
superconducting. Loss of oxygen
(reduction) can cause diminishment
or loss of superconductivity.8

In this study, we consider
several aspects concerning the
effects of oxidation and reduction
on YBCO. First, elastic modulus
change resulting from oxidation and



reduction is investigated. Changes
in the mechanical (as well as the
superconductor) behavior of YBCO
with oxygen content changes are of
concern for applications such as
high field magnets which experience
large loads. 9 Second, global
microstructural change upon
oxidation and reduction is studied.
Global microstructural evolution is
of interest as microstructure plays
a large role in YBCO superconducting
behavior. 10 Finally, the use of
ultrasonic velocity techniques to
noninvasively monitor oxidation and
reduction processes is evaluated.
The use of noninvasive techniques
for process control are desirable
for their potential time and cost
savings.11

III. BACKGROUND

A. Ultrasonic Velocity,
Elastic Modulus, and
Material Change

When there are no boundary
effects present, the velocity (V) of
a longitudinal elastic wave in a
bulk solid is determined from the
elastic modulus (E), density (p),
and Poisson's ratio (v) of the solid
according to12

V= [	 E(1 -0 	] 1/2	 (1)
p (l+v) (1-2v)

In theory, any (compositional and/or
structural) change that affects the
E, p, or v of the crystals composing
the solid should affect the
ultrasonic velocity of high-
frequency stress waves, i.e.,
velocity is sensitive to changes in
density and elastic strain state
(dynamic or static) of
crystals. 13, " Additionally, if
the material is porous, any change
in the amount of porosity that
causes changes in bulk density and

(apparent) elastic properties 15 of
the material will strongly affect
velocity. 16 In practice,
ultrasonic velocity is an extremely
sensitive measure of material
change; it is estimated that
velocity differences on the order of
0.00001 % can be detected under the
best experimental conditions.13
Equation (1) can be rearranged to
show that E is proportional to pV2.

Ultrasonic studies have been
used previously to nondestructively
determine oxygen content changes in
metal alloys, 17,18 evaluate the
effect of oxygen content on elastic
properties of metal alloys, 17 and
examine spatial variations in
microstructure, 10,19,20,21,22,23

It was reported that longitudinal
wave velocity increased with an
increase in oxygen content for
titanium-oxygen alloy 17 while
velocity decreased with increasing
oxygen content for titanium-6211
alloy. 18 In both of these studies,
a bulk density increase accompanied
the oxygen content increase. A
decrease in velocity with increasing
density as seen in reference 18 is
contrary to all of the empirical
data presented in reference 16, and
suggests that other effects of
oxidation besides density change
(such as accompanying compositional
changes and structural
transformations) may significantly
influence velocity. References 19,
20 and 21 examined spatial
variations in microstructure for
structural ceramics using ultrasonic
velocity measurements. Reference 10
determined that ultrasonic velocity
variations across a YBCO sample were
likely to be caused by spatial var-
iations in volume percent porosity.

B. Structural Changes in YBCO
With Changes in Oxygen
Content
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YBa2Cu30 7 _ X in its optimum
superconducting form (normal-to-
superconducting transition
temperature, T,, = 90 K) has an
orthorhombic crystal structure with
(7-x) = 6.8 to 7.0. 6, '	 If (7-x) -
6.0 to 6.4, YBCO is tetragonal with
semiconducting electrical
behavior. 24	 Additional YBCO
structures reported include the
orthorhombic II (0II) and tetragonal
T' phase. The 011 phase is
characterized by (7-x) z 6.5 -
6.8 25 and diminished T. (e.g.,
YBa2Cu306.56 with T, about 60 K6,26)

The tetragonal T' phase is
characterized by (7-x) > 7, and
semiconducting behavior. 27,28,29

Changes in YBa2Cu30 7 - X oxygen
content are accommodated primarily
by changes in the oxygen atom
occupancy on the basal planes.' As
oxygen content increases, the c-axis
and b-axis contract while the a-axis
of the unit cell expands, and oxygen
vacancy ordering takes place along
the a-axis. 30 The cell volume for
tetragonal YBa2Cu3 06 is 176.20 A3 and
its cell density is 6.125 g/cm3.
The cell volume for orthorhombic
YBa2Cu30 7 is 173.30 A3 and its cell
density is 6.381 g/cm 3 . Thus, the
tetragonal to orthorhombic structure
transformation where (7-x) increases
from 6.0 to 7.0 will result in a
1.6% volume decrease and a 4%
density increase. Twinning within
grains of polycrystalline YBCO
normally accompanies the structural
transformation from tetragonal to
orthorhombic to relieve the induced
shear stresses. 31 Thus, during the
oxidation and reduction of YBCO,
oxygen vacancy ordering, crystal
structure, grain structure
(twinning) and crystal density are
changed. These changes will likely
affect stress wave velocity in YBCO
crystals.

Changes in the bulk YBCO

material also may result from
oxidation and reduction. Depending
on the oxidation/reduction peak
temperature, the material may sinter
resulting in pore distribution
(fraction and size) changes.
Furthermore, cracking in YBCO can
result from residual stresses
induced by 1) differential
contraction of the c-axis relative
to the a- and b-axes during
structural transformation from
tetragonal to orthorhombic, 2) axial
thermal contraction anisotropy of
YBCO grains upon cooling and/or 3)
contraction anisotropy (simple
and/or thermal) between an
oxygenated surface and incompletely-
oxygenated bulk upon cooling.' The
latter cause of macrocracking is
especially prevalent in higher (>
90%) density YBCO samples. Such
changes in the bulk during oxidation
and reduction are also likely to
affect velocity, and possibly result
in velocity changes from region to
region within the bulk if
microstructural changes are not
uniform.

IV. EXPERIMENTAL

A. Specimens

Five YBCO disk-shaped samples
(labeled 1, 2, 3, 4 and 5) were
manufactured from one batch of
starting powder. YBCO powder for
the samples was made by first
dissolving the appropriate amount of
metal nitrates in water, and then
coprecipitating a hydroxy-carbonate
by mixing aqueous
tetramethylammonium carbonate with
the aqueous nitrate solution. The
precipitate was then filtered and
dried. The dried solids were
precalcined in air at 540 °C for 5
hours to remove organic matter, and
then calcined in flowing air at 880
°C for 50 hours followed by cooling
to 300 °C over 16 hours. At 600 °C,
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flowing air was shut off and
replaced by flowing oxygen.

The YBCO powder was ball-milled
for 1.5 hours in a
polyurethane-lined jar mill with
highly wear-resistant
yttria-stabilized zirconia balls.
The powder and balls were separated
by shaking them in a stainless-steel
100-mesh sieve. Jar loading and
unloading, and sieving were done in
a low-0O 2/low-H20 glovebox. This
procedure produced a powder with a
broad size distribution; average
particle size was about 1.5 am with
no particles greater than 45 µm.

Disks approximately 25.4 mm
diameter by 6.3 mm thick were made
by die-pressing at 5000 psi followed
by cold isostatic-pressing at 20,000
psi for 5 minutes. The sample disks
were sintered and cooled while
sitting on 20-mesh MgO single
crystals in a 7 cm diameter tube
furnace in flowing gas (ultra-high
purity oxygen or argon (flow rate =
200 - 240 cm 3/min)). Disks 2, 3 and
4 first experienced the
sintering/cooling oxidation schedule
of table I(a) (page 5) while samples
1 and 5 first experienced the
sintering/cooling nonoxidation of
schedule of table I(b).

The peak sintering temperature
(in the schedules of tables I(a) and
I(b)) for sample disks 1 - 5 was
changed to obtain a range of bulk
densities.	 Samples 1, 2, 3, 4 and 5
had peak sintering temperatures of
937, 947, 954, 966, and 976 °C (+ 2
°C), resulting in bulk densities of
4.37, 4.99, 5.06, 5.78 and 5.74 ( +
0.03) g/cm 3 , respectively, spanning
a range of approximately 68 to 92 %
of theoretical density. Bulk
density was determined from sample
mass and dimensions.	 The samples
were dry cut into two thinner disks
3 mm thick using a slitting saw with

a 180 grit diamond-impregnated steel
blade. In preparation for
ultrasonic measurements, one of the
3 mm thick disks from each sample
(except sample 5) was cut into two
semicircular halves. In preparation
for a.c. susceptibility
measurements, a bar of approximate
dimensions 10 mm by 3 mm by 2 mm was
dry cut from both edge and center
regions of the 3 mm thick circular
disk from samples 1 - 4. For sample
5, one bar was cut from one of the 3
mm thick circular disks. The bars,
semi-circular sections, and intact
sample 5 circular disk were dry
machined on a surface grinder using
150 and 320 grit diamond wheels
while removing a minimum of
material. Resulting parallel
surfaces of the bars and semi-
circular sections were flat and
parallel to + 0.010 mm. The sample
5 machined circular disk had top and
bottom surfaces flat and parallel to
+ 0.002 mm.

To study the effects of
oxidation and reduction on elastic
properties and microstructure, the
pieces cut from initially-oxidized
samples (2, 3, and 4) were reduced
in argon (table I(c)), the pieces
cut from initially-unoxidized
samples (1 and 5) were oxidized
(table I(d)), and the pieces cut
from sample 5 were oxidized again
for an extended time (table I(e)),
and finally reduced in argon (table
I(c)).

B. Ultrasonics

1. Pulse-echo Velocity
Measurement

The pulse-echo contact
technique (figures 1(a) and (b))
(page 7) was used to obtain
ultrasonic waveform data. 32,33

In this technique, an ultrasonic
pulse generated by a piezoelectric
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Tables I(a)-(e). Heating/Sintering/Cooling Schedules for
YBCO Samples

Table I(a). Sinter and Cool in Oxygen for Samples 2, 3, and 4

Segment Heat to:
(temp,°C)

Cool to:
(temp,°C)

Ramp period:
(time,hrs.)

Atmosphere

1 100 0.167 oxygen
2 peak' 4.5 oxygen
3 peak hold 1.5 oxygen
4 600 2 oxygen
5 300 13 oxygen
6 200 1 oxygen
7 25 9 oxygen

'peak sintering temperature for samples 2, 3 and 4
= 947, 954 and 966 °C, ±2 °C, respectively

Table I(b). Sinter in Oxygen and Then Cool in Argon for Samples 1 and 5

Segment Heat to
(temp, °C)

Cool to:
(temp, °C)

Ramp period:
(time, hrs.)

Atmosphere

1 100 0.167 oxygen
2 peak' 4.5 oxygen
3 peak hold 1.5 oxygen
4 825 0.75 oxygen
5 hold at 825 2 oxygen - argon
6 600 1.25 Argon
7 300 13 Argon
8 200 1 Argon
9 25 9 Argon

'peak sintering temperature for samples 1 and 5
= 937 and 976 °C, ±2 °C, respectively

Table I(c). Reduction For YBCO samples 2, 3, 4, and 5

Segment Heat to:
(temp, °C)

Cool to:
(temp, °C)

Ramp period:
(time, hrs.)

Atmosphere

1 100 0.167 oxygen
2 800 4 oxygen
3 hold at 800 7 oxygen - argon
4 600 1.25 argon
5 300 13 argon
6 200 1 argon
7 25 9 argon



Table I(d). Oxidation For YBCO samples 1 and 5

Segment Heat to:
(temp, °C)

Cool to:
(temp, °C)

Ramp period:
(time, hrs.)

Atmospherea

1 100 0.167 argon
2 825 4.5 argon
3 hold at 825 2 argon -a oxygen
4 600 1.25 oxygen
5 300 13 oxygen
6 200 1 oxygen
7 25 9 oxygen

aArgon was flushed through the furnace for 2 hours prior to the run

Table I(e). Extended Oxidation For YBCO sample 5

Segment Heat to:
(temp, °C)

Cool to:
(temp, °C)

Ramp period:
(time, hrs.)

Atmosphere

1 100 0.167 oxygen
2 825 4.5 oxygen
3 600 1.25 oxygen
4 hold at 600 53a oxygen
5 300 13 oxygen
6 200 1 oxygen
7 25 9 oxygen

aPower outage occurred 45 hours into 48 hour hold; the schedule was
started over and another 8 hour hold took place

crystal is propagated into a buffer
rod-couplant-sample
(BCS)configuration. The ultrasound
reflects off the front and
back surfaces of the sample and
travels back to the crystal. A
pulser-receiver was used to
electrically pulse the crystal and
receive the pulses reflected from
the sample. The received pulses
were digitized into 512 point arrays
at a sampling rate of 0.512 - 1.024
GHz. Each pulse was acquired 64
times and an average was obtained.
The time delay (T) between the back-
surface-reflected pulses B 1 and B2
was obtained using a cross-
correlation method, 33 and velocity
(V) was obtained from T and the
sample thickness (X) according to

V=2 X	 (2)
T

Velocity determined from
cross-correlation is essentially a
group velocity as the entire wave
train (containing a broad band of
frequencies) is considered in the
calculation. It was estimated that
the uncertainty in the accuracy of
the velocity measurement for the
samples in this experiment was G
0.4% with the major sources of error
being sample and couplant thickness
variation, and sample thickness
measurement inaccuracy. However,
the precision (reproducibility) of
the measurement was shown to be on
the order of 0.1% or better at a
single location on any sample.
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Fig. 1. — Ultrasonic measurement method.

2. Point Measurement

Point measurements (i.e.,
measurements at a single location)
were made at room temperature on the
semicircular sections of samples 1 -
4 using a broadband 5-MHz (center
frequency) longitudinal wave
transducer connected to a
pulser-receiver of 0.01 - 10 MHz
bandwidth. The transducer consisted
of a critically-damped lead
metaniobate element with an active
diameter of 1.2 cm bonded to a
polystyrene buffer rod 1.6 cm in
diameter. A thin (0.04 cm) pliable
polymer material attached to the
buffer rod allowed ultrasound to be
transmitted into the specimen
without the need for liquid
coupling.	 Dry coupling avoids
contamination and possibly
inaccurate results when porous
materials absorb a liquid couplant.
(However, a 90 percent dense YBCO
sample absorbed a negligible amount
of couplant. 10 ) The sample to be
measured for ultrasonic velocity was
lightly clamped to the transducer
using a small mechanical clamp. The
clamp was tightened until stable B1
and BZ waveforms of highest
signal-to-noise ratio were obtained.
25 measurements were made at the
same point without removing the
transducer from the sample and an
average velocity was obtained.
Apparent elastic modulus was
calculated from the velocities and
bulk densities prior to and after
oxidation and reduction assuming v =
0.27 34 (equation (1)).	 (For all
YBCO samples in this study, it was
assumed that v = 0.27. This
assumption is not unrealistic for a
material undergoing moderate change.
Concerning the relationship between
v and pore fraction, for example,
most of the limited studies of v
show it decreasing with increasing
pore fraction less rapidly than does
E.15)
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3. Scanning of Sample 5 Disk

Velocity measurements were
obtained at room temperature over an
ordered array of points across the
surface of the sample 5 machined
circular disk by means of an
automated scanning technique (figure
l(c)). 10,19 A broadband 10-MHz
(center frequency) longitudinal wave
transducer (Panametrics, Waltham, MA
02254) connected to the
pulser-receiver of 0.01 - 10 MHz
bandwidth was used. The transducer
had a lead metaniobate crystal with
an active diameter of 0.6 cm. The
crystal was bonded to a silica glass
buffer rod approximately 1.75 cm in
diameter. Liquid couplant was
necessary between the transducer and
sample to allow transmission of
ultrasound into the sample and to
lubricate the transducer-sample
interface so that continuous contact
scanning could be performed. A
non-aqueous liquid couplant (Dow
Corning [Midland, MI 48640] 704
diffusion pump fluid) was used.
Contamination from the couplant was
assumed minimal due to the high (>
90%) density of sample 5.10

In preparation for contact
scanning, the disk was mounted in a
Lucite holder.	 Before oxidation
(table I(b)), after extended
oxidation (table I(e)), and after
subsequent reduction (table I(c)), a
scan was run over the identical 3 mm
by 5 mm area near the center of
sample 5 with measurements made
every 0.5 mm. The contact force on
the transducer was maintained at 12
+ 0.1 lbs. After a set of waveforms
was acquired at one point, the x-
and or y- positioner table was
automatically moved the specified
increment to the next point. A
vibrator (made from a modified
electric scribing tool) was used
during this movement to aid in
repositioning of transducer and

couplant, and to prevent the
transducer from jamming on the
sample. Additionally, point
measurements with this same
experimental configuration were made
at the scan origin to focus on the
change at a single location, similar
to the point measurements on samples
1 - 4. Before each scan, the disk
was machined so that top and bottom
surfaces were flat and parallel (±
0.002 mm) while removing a minimum
of material (approximately 0.05 -
0.1 mm), and the thickness was
measured. The sample was
ultrasonically cleaned in anhydrous
ethanol for 5 - 10 minutes after
each scan to minimize contamination
effects during subsequent oxidation
/ reduction treatments. Typical scan
and analysis time for scans
consisting of 77 measurements was
about 0.5 - 1 hours. Scans were run
at least twice to determine
reproducibility.

An ultrasonic image was
constructed from the velocity values
obtained at each scan point. A
continuous scale consisting of 256
shades of gray (or color) and linear
interpolation between points allowed
the display of subtle velocity
changes across the sample. 19 The
image can be thought of as a
two-dimensional projection
representing averaged
microstructural information for the
volume of sample scanned.

D. Microstructural and
Compositional Analysis

Pieces of samples 1 - 5 were
examined for microstructural and
compositional differences prior to
and after the oxidation and
reduction treatments. Observations
of surface macrocracking were made
on as-received and treated samples.
Bright field optical microscopy was
used to obtain porosity and grain
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(polarized light) distribution
micrographs. Mean grain size was
obtained from the optical
micrographs of grain distribution
using the Heyn-intercept method
(ASTM E112-85). Grain size was
determined for four orientations
(separated by 45 0 ) of the
micrograph. Estimated uncertainty
in mean grain size was about 20 %.
The presence or lack of twinning was
noted. Weight percents of Y, Ba,
and Cu were measured using
inductively-coupled plasma atomic
emission spectroscopy (ICP-AES) for
which the estimated uncertainty was
about 3 to 5 % of the weight percent
reading. Estimates of volume
percent CuO, a common impurity found
in YBCO, were made from the white
regions (confirmed by energy-
dispersive spectroscopy and electron
diffraction to be CUO) in porosity
distribution micrographs.

X-ray diffraction (using CuK(a)
radiation with a scan rate of
2°/minute) was performed on top,
subsurface and bottom surfaces of
samples with a computer-controlled
diffractometer to determine whether
the material was orthorhombic or
tetragonal, and whether impurity
phases were present in significant
quantity. (The YBCO tetragonal and
orthorhombic structures can be
differentiated in x-ray diffraction
by the relative intensities of the
peaks at 20 = 32.5° - 33° as well as
by least-squares refinement of the
x-ray data to obtain the lattice
parameters. 26,35 For the
orthorhombic structure, the higher
angle peak (103/110) has about twice
the intensity of the lower angle
peak (013/103) whereas for the
tetragonal structure, the (013) peak
has about twice the intensity of the
(110) peak.)	 A least-squares
refinement procedure was used to
determine the unit cell axis
lengths. The starting powder was

examined for impurities with x-ray
diffraction.

Two methods were used to
determine oxygen content. The
oxygen atom value (7-x) (for
YBa2CU307-X) was determined from the
c-axis length using an empirical
relationship

(7-x) =76.40-5.95 (c-axis) 	 (3)

for which the estimated uncertainty
in (7-x) was 0.05. 36 Weight
percent oxygen was determined on two
50 - 100 mg pieces for each sample
using inert gas fusion for which the
estimated uncertainty was about 1 %
of the weight percent reading.

Since reference 10 determined
that ultrasonic velocity variations
across a YBCO sample were likely to
be caused by spatial variations in
volume percent porosity, optical
image analysis techniques (described
in detail elsewhere 10 ) were used in
conjuction with ultrasonic scans to
determine whether changes in spatial
pore distribution (volume percent
and size) occurred after oxidation
and reduction for sample 5.
Measurements were made on 10
randomly-located fields of 0.01 -
0.02 mm  area each. The uncertainty
in these measurements was around
10%.

E. A.C. Susceptibility

A.c. susceptibility37 was
measured with the Lakeshore
Cryotronics (Westerville, OH 43081)
Model 7000 susceptometer to examine
the normal-to-superconducting
transition of the bars cut from
samples 1 - 5 prior to and after
oxidation and reduction treatments.
The normal-to-superconducting
transition temperature (T,) was
taken as the onset temperature where
the sharp break from 0 m 3/kg in the
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real component of susceptibility
(X') occurred. The transition width
(AT,,) was obtained from temperatures
at which 10 and 90 percent of the X'
transition was completed. Average
Tr and AT r were obtained from the
measurements on the edge- and
center-cut bars for each of samples
1 - 4 and from one bar from sample
5. The bars were lightly ground to
remove possible contaminants and
then ultrasonically cleaned in
anhydrous ethanol (and air-dried)
before measurements. The specimens,
placed into a small nonmagnetic
plastic container, were cooled to
4.2 K in zero field. The a.c. field
(frequency=100 Hz, magnitude=0.02
Oe) was applied (parallel to the
specimen long axis), and the
assembly was heated to 100 K through
the superconducting-to-normal
transition at a rate of 0.7 K
minute. No d.c. field was applied.
Approximately one null measurement
per degree Kelvin was obtained.lo
Measurements were made prior to and
after the oxidation and reduction
treatments.

The susceptibilities were
external, i.e. demagnetization
corrections were not made. (The
demagnetization factor is estimated
at 0.05 for rectangular bars of the
dimensions used in this study- 38
Susceptibility was calculated taking
sample volume to be the bulk volume
(material + pores). Mass
susceptibility was obtained by
dividing X' by bulk density (p).
The uncertainty in the accuracy of
the susceptibility measurement was
estimated at 4 % for the bars cut
from samples 1 - 5 (due to the
uncertainties in the bar dimensions
and the accuracy with which voltage
is read by the phase sensitive
detector). The uncertainty in the
accuracy of the temperature
measurement was conservatively
estimated at 0.5 K.

V. RESULTS AND DISCUSSION

Table II shows the values of
properties, compositional
characteristics, and structural
characteristics of YBCO samples 1 -
5 prior to and after oxidation and
reduction. Table III summarizes the
changes in properties and lists the
structural characteristics after the
treatments. Tables II and III first
present results for initially-
oxidized samples 2, 3, and 4
followed by results for initially-
unoxidized samples 1 and 5.

A. General Sample
Characterization

1. Composition and
Microstructure

ICP-AES results yielded the
proper atomic ratio of 1:2:3 for
Y:Ba:Cu indicating that elemental
stoichiometry for YBa2Cu307-X
remained constant for all samples
before and after all oxidations and
reductions. CuO impurity volume
percent was small (< 1% in most
cases) and was not measurably
changed after oxidation or
reduction. As expected, oxygen
content decreased upon reduction and
increased upon oxidation for samples
1 - 5 (figure 2). Figure 3 shows
weight percent oxygen determined
from inert gas fusion versus oxygen
atom value (7-x) determined from
equation (3) for samples 1 - 5 prior
to and after oxidation and
reduction. A weaker than expected
linear correlation is evident.
Equation (3) yielded mean oxygen
atom values (7-x) close to those
expected for YBCO samples undergoing
oxidation / reduction (although
standard deviations from the least-
squares refinement of the c-axis
length (equation (3)) were large in
some cases). In most cases, larger
mean oxygen weight percents than

10
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expected were obtained either
Initially-oxidized samples	 Initially-unoxidized samples 	 confirming the presence of oxide

Sample	 Sample 	impurity phases or indicating a
systematic error in the inert gas

10 2 - Oxidized	 ® 1 - Unoxidized
® 2 -Reduced	 1 -Oxidized fusion technique. The direction and® 
M 3 - Oxidized	 © 5 - Unoxidized 	 magnitude of mean change appeared
E3 3- Reduced	 0 5 - Oxidized	 reasonable for both oxygen content

® 4 - Oxidized	 IZI 5 - Extended oxidation	 determination methods.
p 4- Reduced	 © 5- Reduced

	

X 7.0	 X 7.0	 From x-ray diffraction results,

	

6.8	 m^ 6.8	 the structure transformed from
	6.6	 6.6°	 0

	

0 6.4	 0 6.4	 orthorhombic to tetragonal upon
'	 'co	 m ° E 6	 ° E 62	 reduction and tetragonal to

	

0, E 
.2	 o

6.0 (a) 6.0 orthorhombic upon oxidation. The
two peaks at 20 = 32.5° - 33° were
seen to reverse in relative

_80	

19
18	 0	 18	 intensity (as shown for sample 5 in

	QS 17	 3 0, 17 figure 4) and the unit cell

	

CU X 16	 `m X 16	 :.s	 parameters changed as expected upon
0

	

° 15	 15	 structure transformation. 2s,35 No

	

1414	 additional large peaks indicating(b) 

significant impurity content were
(a)Change in mean oxygen atom value (7-x) (from	 apparent in the x - ray diffraction
equation (3)).	 patterns. Twinning, not observed(b) Change in mean wt. % oxygen (from inert gas
fusion).	 before oxidation and after

Fig. 2. - Effect of oxidation and reduction on oxygen	 reduction, was apparent after

	

content for YBCO samples 1 - 5. 	 oxidation (as shown for sample 5 in
figure 5).

5x103 (a)
2.45

.80

- - - - Linear regression of data (r = .76) 	 .05
18.5 -- Expected for YBCO	 2

with no oxide impurities 	 5x10 (b)

	

18.0	 3.5

	

17.5	 2.0

.05
	o, 17.0	 ^	 -

2.5x103

	

o 16.5	 (c)
 10	 1.75

	

16.0	 i i^i^	 1.00

	

15.5	 .25	 _	 --	 -

	

15.0	 3x103
(d)

	14.5	 2.1
6.2	 6.4	 6.6	 6.8	 7.0	 1.2

Oxygen atom value (7-x) 	 3

Fig. 3. - Wt. % oxygen versus oxygen atom value 	 20 25 30 35 40 45 50 55 60 65 70
(7-x) for YBa2 Cu3 07-x samples 1 - 5 prior to	 (a) Unoxidized (table I (b)).
and after oxidation and reduction. Wt. % oxygen 	 (b) Oxidation (table I (d)).
determined from inert gas fusion (mean t standard 	 (c) Extended oxidation (table I (e)).
deviation for 2 trials). Oxygen atom value determin- 	 (d) Reduction (table I (c)).
ed from equation (3) (mean ± standard deviation; 	 Fig. 4. - X-ray diffraction patterns for sample 5 after
standard deviation propagated through from stand- 	 oxidation and reduction treatments. Note relative
and deviation in c-axis). 	 intensities of two peaks at 28 - 32.5° - 33°.
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(a) Unoxidized (table I (b)).
(b) Oxidation (table I (d)).

Fig. 5. —Optical micrographs showing
grain distribution for sample 5 after oxi-
dation and reduction treatments. Polar-
ized light. Note strong twinning in (c).

Within the uncertainty (+20 %)
of the measurement, mean grain size
and grain orientation (random) were
unchanged after the various
treatments. Based on expected unit
cell lattice parameter changes, a
1.6 % increase in grain volume
(giving < l% increase in linear
dimension) is expected upon
reduction for the case where (7-x)
decreases from 7 to 6 (excluding any
grain growth from further
densification). Surface
macrocracking (figure 6) was
apparent on as-recieved samples 4
and 5, the highest density samples,
and was also present after reduction
(samples 4 and 5) and oxidations
(sample 5). Macrocracks, not
apparent on as-received oxidized
samples 2 and 3, were seen on the
surfaces of the reduced material.
Causes of cracking were discussed in
the BACKGROUND section. Some
macrocracking may also have resulted

(c) Extended oxidation (table I (e)).
(d) Reduction (table I (c)).

Fig. 5. — Concluded.

(a) No surface macrocracking for oxidized
sample 2.

(b) Surface macrocracking for oxidized
sample 5.

Fig. 6. — Photomicrographs of YBCO
sample surfaces. Diagonal marks indi-

15	
cate machining grooves.
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from machining.	
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2. Superconductor Behavior

From a.c. susceptibility
measurements, the
normal-to-superconducting transition
was 1) observed for the oxidized
samples for which T c was between 78
and 90 K and 2) not observed for the
reduced and unoxidized samples (as
shown for sample 5 in figure 7).
The increase in oxygen content and
appearance of the transition
indicate that oxidation times were
sufficient to oxygenate the samples
to their superconducting
(orthorhombic) state regardless of
density.

One exception to expected
results occurred for sample 3 which
had a T c of about 40 K upon
reduction. For this case, it is
likely that the orthorhombic
material was not fully reduced and
the 011 phase characterized by 6.5 <
(7-x) < 6.8 and poorer
superconducting properties
resulted. 6,25,26 The reason why
sample 3 was not fully reduced to
tetragonal YBCO but samples 2, 4 and
5 appeared to be when undergoing the
identical reduction is unknown.

Another exception to expected
results occurred for sample 5 upon
extended oxidation. Sample 5 after
the first oxidation had a T c of
about 89 K; however, further
oxidation for an additional 53 hours
lowered the transition by about 10 K
and increased the transition width
(AT E ) by about 3 K. This may have
resulted from the transformation of
some orthorhombic material to the
overoxygenated, semiconducting
tetragonal T' phase 27,28,29 or from
sample contamination in between
trials. The large AT E for sample 3
after reduction (AT E = 28 K), and
sample 5 after oxidation (AT, = 7 K)

ZI
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000 0 O
000

NCO	
0	

O O 3 00 0

=3 	

O O^3HOO OHN ^

	

—.005	 0 d 0	 0

—.010 (a) 8
0	 20	 40	 60	 80	 100

Temperature, K

5

0

—.5

—1.0

—1.5

—2.0

—2.5
0
	

20	 40	 60	 80	 100

Temperature, K

5

0

—.5

—1.0

—1.5

—2.0

—2.5
0
	

20	 40	 60	 80	 100

Temperature, K

.010

i .005 0

Q '^	 OD OO O 00	 ®^	
^bE	 0

av	 00 00 0 0® 0 0	 0
No
m X —.005

—.010 1 (d)	 I	 I	 I	 I
0	 20	 40	 60	 80	 100

Temperature, K

(a) Unoxidized (table I (b)).
(b) Oxidation (table I (d)).

(c) Extended oxidation (table I (e)).
(d) Reduction (table I (c)).

Fig. 7. — A.c. susceptibility versus temper-
ature for sample 5 after oxidation and
reduction treatments. H ac = 0.02 Oe.
Frequency = 100 Hz.

C
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and extended oxidation (AT,, = 10 K),
suggests sample inhomogeneity (i.e.,
the sample may be composed of
several YBCO phases having a range
of T,'s).7

B. Density, Velocity and
Elastic Modulus Changes

1. Trends

Figure 8(a) shows the effect of
oxidation and reduction on the bulk
density of YBa 2Cu 30 7 _x samples 1 - 5.
In 6 out of 7 cases, bulk density
increased (increase in mass and
decrease in volume) upon oxidation
or decreased (decrease in mass and
increase in volume) upon reduction.
A density increase is expected upon
oxidation; lattice paramater
calculations indicate a 4 % increase
in crystal density occurs when (7-x)
increases from 6 to 7. Sample 1
(the lowest density sample) showed
the greatest increase in density
(6.1`x) upon oxidation, and this
magnitude change was beyond that
expected for the tetragonal-to-
orthorhombic transformation. This
was likely due to some sintering
resulting in reductions in volume
percent porosity because of sample
1's very low initial density.

Figure 8(b) shows the effect of
oxidation and reduction on the
ultrasonic velocity of YBCO samples
1 - 5. In 6 out of 7 cases,
velocity increased upon oxidation
and decreased upon reduction.
Velocity changes generally showed
the same trend as density changes
upon the treatments. Sample 1 (the
lowest density sample) showed the
greatest increase in velocity
(11.6%) (accompanying the greatest
increase in density (6.1%)) upon
oxidation. It is likely that the
velocity changes upon oxidation and
reduction were influenced most
strongly by the density changes 16

Initially-oxidized samples Initially-Unoxidized samples

Sam0e Saml2le

p 2 - Oxidized m 1 - Unoxidized
0 2- Reduced ® 1 - Oxidized
M 3 - Oxidized p 5 - Unoxidized
O 3- Reduced p 5 - Oxidized
® 4 - Oxidized 0 5 - Extended oxidation
p 4- Reduced © 5- Reduced

	

6.0	 6.0

	

N^ 5.5	 ^^ 5.5	 y

	

5.0	 E5.0
Y 0	 Y

	

4.5	 D	 4.5
m	 (b	 J

	

4.0	 ( a)	 4.0

	

.55	 .55

	

.50	 .50

	

o^ .45	 0^ .45

	

5E .40	 ^E .40

	

.35	 >	 .35

	

.30	 .30
(b)

	

00 20	 2 0 20

	

^.N 16	 ^.N 16	 .

a	 n

cD	 12	 m	 12

ro	 ro=

	

n^ 8	 a- 8
Q o	 Q o

	

E 4	 E 4
(c)

(a) Change in bulk density.
(b) Change in ultrasonic velocity.

(c) Change in apparent elastic modulus.
Fig. 8. - Effect of oxidation and reduction on bulk
density, ultrasonic velocity, and apparent elastic
modulus for YBCO samples 1 - 5.

accompanying the changes in oxygen
content. Therefore, oxygen content
changes may be interpreted, at least
qualitatively, in terms of density
and velocity changes and ultrasonic
velocity showed potential for
monitoring the oxidation process.

Attempts to quantify the
relationship between oxygen content
and velocity changes are shown in
figure 9. No correlation
(correlation coefficient, r = 0.08)
is obtained between change in oxygen

17
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Fig. 9. — Change in oxygen content versus %
change in velocity for YBa 2Cu 307_x samples
1 - 5 upon oxidation or reduction. Line drawn is
from linear regression of data.

oxidation and reduction on the
apparent elastic modulus of YBCO
samples 1 - 5. Modulus values
ranged from 4.94 x 10 6 psi for
unoxidized sample 1 (lowest density
sample) to 17.4 x 10 6 psi for sample
5 after extended oxidation. In 7
out of 7 cases for samples 1 - 5,
modulus increased upon oxidation and
decreased upon reduction, indicating
that the structure stiffens with the
addition of oxygen. The magnitude
of increase ranged from 1.5 to 11.1
percent. Sample 1 (the lowest
density sample) showed the greatest
increase in modulus upon oxidation.
Figure 10 shows the pV 2 dependence
of apparent elastic modulus.

20
^? O

m x 16

N

N Na
12

`m
80n

Q E

4.3 7	 4.77	 5.17	
31 .35 G^^`l.v

4.57	 4.97	
5.57 5.87 Je^o

5.37	 5.77
Bulk density, g/cm3

atom value (7-x) and percent change
in velocity (figure 9(a)) but a weak
linear correlation (r = 0.52) is
seen between change in weight
percent oxygen and percent change in
velocity (figure 9(b)). The lack of
good quantitative correlation is
likely due to 1) changes in crystal
structure, grain structure
(twinning), oxygen vacancy ordering
and crack density affecting velocity
in a competing manner to bulk
density and 2) insufficient accuracy
and precision of the oxygen content
determination methods employed (as
indicated by the large standard
deviations in figure 3).

Figure 8(c) shows the effect of

Fig. 10. — Apparent elastic modulus as a
function of bulk density and ultrasonic
velocity for YBCO samples 1 - 5. Modulus
calculated from equation 1 assuming v =
0.27 (ref. 34). Sample number indicated
above symbol.

2. Unexpected Results

Several exceptions to expected
velocity and density results
occurred. First, upon the first
oxidation of sample 5, velocity
remained essentially constant even
though oxygen atom value (7-x)
increased substantially (0.41 ±
0.18) and density increased
moderately (2.0%).	 Then, upon
extended oxidation of sample 5,
velocity increased (1.4%) but
density remained unchanged or

18



decreased slightly. As previously
noted, the relatively large AT, for
sample 5 after oxidation (AT, = 7 K)
and extended oxidation (AT, = 10 K)
suggest sample inhomogeneity (the
presence of multiple phases) which
might have contributed in some
manner to the unexpected results.?
Additionally, the microstructural
changes upon oxidation may have
affected velocity, perhaps in a
competing manner to density and
oxygen content changes.

Further unexpected results
involved the relationship between
velocity and bulk density for
samples 2 and 3. Samples 2 and 3 in
their initial oxidized state had
very similar densities but largely
different velocities (about 8%
difference, normalized to the
velocity of 0.560 cm/µsec for fully-
dense YBCO) indicating some
structural and/or compositional
difference between the samples.
However, no significant differences
in Y:Ba:Cu atomic ratio, oxygen
content, Cu0 impurity volume
percent, grain diameter, pore
morphology, twinning, unit cell
dimensions, or surface macrocracking
were noted for the two samples. It
is possible that differences in the
amount of internal microcracking or
amounts of other impurity phases
caused the velocity difference
between the samples.

C. Elastic Modulus of Fully-
Dense Materials

Figure 11(a) shows a scatter
plot of longitudinal wave velocity
versus percent porosity for
orthorhombic YBCO obtained from the
velocity and density data of all
oxidized samples. (To calculate
percent porosity, fully-dense
orthorhombic YBa 2Cu 30 7 - X was assumed

to have (7-x) = 7, a unit cell
volume of 173.30 A3 , and a molecular

.60

C	 \\
.50

U	 \\^ \\

0 .40	 \

(	 ^
.30

a)

0	 5	 10	 15	 20	 25	 30

Porosity

.bU

U
NN
E .50
U

o .40
0

30
0
	

5	 10	 15	 20	 25
	

30

% Porosity

(a)Orthorhombic YBa 2Cu 3O7_x samples. Velocity
(cm/µsec) _ --0.008 x % porosity + 0.566; correlation
coefficient = -0.977; assume theoretical density of
6.381 g/cm 3 ((7 - x) = 7) for % porosity calculation.

(b)Tetragonal YB 2 Cu 3O7-x samples. Velocity
(cm/µsec) _ -0.009 x % porosity + 0.561; correlation
coefficient = -0.996; assume theoretical density of
6.188 g/cm3 ((7 - x) = 6.4) for % porosity calculation.

Fig. 11. - Longitudinal velocity versus % porosity for
orthorhombic and tetragonal YBCO samples. Dash-
ed lines show 95% confidence interval for mean
predicted velocity values.

weight of 666 g yielding a
theoretical density of 6.381 g/cm3
for YBa2Cu30 7 . 26 ) Figure 11(b) shows
a scatter plot of longitudinal wave
velocity versus percent porosity for
tetragonal YBCO obtained from the
velocity and density data of reduced
samples 2, 4 and 5 and unoxidized
samples 1 and 5. (To calculate
percent porosity, fully-dense
tetragonal YBa2Cu30 7 -,, was assumed to
have (7-x) = 6.4, a unit cell volume
of 176.20 A 3 , and a molecular weight
of 656.4 g yielding a theoretical
density of 6.188 g/cm 3 for
YBa2Cu3 064 . 35 ) Linear regression
analyis 16 yielded similar intercepts
(which represent the velocities for

19



fully-dense material) of 0.566
cm/fcsec for orthorhombic YBCO and
0.561 cm/µsec for tetragonal YBCO.
Elastic modulus calculated from
equation (1) for fully-dense
materials yielded similar values of
22.6 x 10 6 psi for tetragonal YBCO
and 23.6 x 10 6 psi for orthorhombic
YBCO. The latter value for
orthorhombic YBCO agrees within 10%
of that predicted from extrapolation
of mechanical test data (26.1 x 106
psi) 39

D. Global Microstructure of
Sample 5

1. Ultrasonic Velocity
Images

Figure 12 shows the ultrasonic
velocity images obtained over the 3
mm by 5 mm region near the center of
sample 5 prior to and after
oxidation and reduction treatments.
Total velocity variation over the
scan region was less than 1% for
each case. A similar pattern of
velocity variation was evident with
the highest (lower portion of image)
and lowest (upper portion of image)
velocity regions remaining intact
after the treatments. The most
significant change in velocity
magnitude occurred upon reduction
where the total velocity variation
doubled from 0.4% to 0.8%. The
mean, minimum, and maximum velocity
values for the 77 measurements used
to form each image changed after
oxidation and reduction in an almost
identical fashion to that for the
point measurements made at the scan
origin (tables II and III). The
fact that the velocity changed at
each measurement location upon
treatment, and yet the velocity
variation pattern remained nearly
constant, indicated that the
material changed upon oxidation and
reduction but in a uniform manner
from point to point within the scan

region.	 Higher (> 90 % of
theoretical) density YBCO samples
such as sample 5 are thought to be
subject to oxygen content
nonuniformity due to pore closure
and subsequent oxidation by slow
bulk diffusion. 40	 The unchanging
velocity pattern suggests that the
extended oxidation time of 53 hours
at 600 °C is sufficient for uniform
oxygenation of such high density
samples, and that as a result,
spatial variations in superconductor
properties may not exist as they did
for 90 % dense YBCO samples
undergoing post-sintering oxidations
of around 16 hours at 300 - 600
°C. 41 The unchanging velocity
pattern also may indicate that
changes in surface and bulk crack
density occurring upon oxidation and
reduction across this sample
location were insignificant or, in
any case, had a negligible effect on
velocity.

2. Spatial Pore Distribution

Figure 13 shows representative
pore size distribution
photomicrographs of polished
sections of sample 5 after oxidation
and reduction treatments. Mean
percent porosity and mean pore
length from optical image analysis
of random areas within cross-
sections yielded similar values
(about 9 - 10 percent porosity and
1.6 - 1.9 ym mean pore length)
within the uncertainty of the
measurement after oxidation and
reduction. This supports the
velocity image results indicating
that no significant global changes
in microstructure occurred during
the treatments. Had spatial pore
distribution been significantly
altered, it is believed that the
velocity image would have changed
much more drastically as was shown
previously by reference 42 for
step-sintered SiC samples. Density
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(a) Unoxidized (table I (b)).
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Fig. 12. - Ultrasonic velocity images of sample 5 after oxidation and reduction treatments. Ultrasonic broadband transducer
center frequency = 10 MHz. Scan was run over 3 mm by 5 mm region of sample with measurements made every 0.5 mm
Mean, minimum and maximum values change but global pattern stays approximately the same after treatments.
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Fig. 13. — Optical micrographs of porosity
distribution for sample 5 after oxidation
and reduction treatments. Pore distrib-
ution (size and fraction) appears un-
affected by treatments.
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(c) Extended oxidation (table I (e)). Mean
% porosity = 8.7 %; mean pore length =
1.69 µm.

(d) Reduction (table I (c)). Mean % poros-
ity = 9.6 %; mean pore length = 1.73 µm.

Fig. 13. — Concluded.

and thus velocity changes were
likely to occur as a result of the
mass and volume changes taking place
during the tetragonal-to-
orthorhombic transformation in YBCO,
rather than from sintering
densification since little sintering
is likely to occur at the
oxidation/reduction peak temperature
(around 800 °C). (However, sample 1
did experience an increase in
density beyond that expected for the
tetragonal-to-orthorhombic
transformation possibly due to its
low initial density.)

F. Further Discussion

1. Elastic Modulus
Calculation

In theory, elastic moduli are
most accurately calculated from
phase velocities, i.e., velocity at
one specific frequency, since the
elasticity of a material may depend
on the loading rate. 11 As
previously mentioned, velocity
determined from cross-correlation is
essentially a group velocity as the
entire wave train (containing a
broad band of frequencies) is
considered in the calculation.
Group and phase velocity will be
essentially equal over the frequency
bandwidth investigated if dispersion
(velocity varying with frequency)
due to the material itself and
sample geometry are
negligible. 11,12.32 Phase velocity
was determined for YBCO samples 1 -
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5 using the method of reference 19
and was seen to be essentially
constant over the frequency
bandwidth of the fourier-transformed
B 1 and B2 waveforms (measured
between points at 0.707 times the
maximum amplitude) and similar in
magnitude (within about 1 percent)
to cross-correlation velocity values
(figure 14). Thus, the modulus
values obtained from cross-
correlation velocity measurements
were deemed to be sufficiently
accurate.

(a)Frequency spectrum of first back-surface reflected
pulse (B 1 ) in sample 1 before oxidation. Broadband
transducer of nominal center frequency = 5 MHz. Arrow
indicates bandwidth (-4-7 MHz).

(b)(Phase velocity/cross-correlation velocity) for sample 1
before oxidation.

(c)Frequency spectrum of first back-surface reflected
pulse (B 1) in sample 5 after reduction. Broadband
transducer of nominal center frequency - 10 MHz. Arrow
indicates bandwidth (-6-15 MHz).

(d)(Phase velocity/cross-correlation velocity) for sample 5
after reduction.
Fig. 14. - Comparison of cross-correlation and phase
velocities over valid frequency bandwidth for 2 repre-
sentative YBCO samples.

2. Further Experiments

For more exact correlations
relating velocity with oxygen
content in YBCO, it would be
desirable to examine single crystals
with precisely-controlled amounts of
oxygen (possibly covering a range of
6 < (7-x) < 7 with Ax = 0.1). In

conjuntion with experiments on
polycrystalline YBCO, this would
also allow the determination of bulk
solid effects as well. However,
ultrasonic experiments on YBCO
single crystals are extremely
difficult due to the small size of
the crystals (0.2 mm by 0.2 mm x 0.1
mm) 43

In this study, a small (3 mm by
5 mm) region of a YBCO sample was
ultrasonically scanned to examine
global microstructural change. A
future experiment might be desirable
which incorporates a scan over an
entire YBCO disk surface (eg. 25 mm
diameter) to determine if oxidation
and reduction processes result in
uniform material change over an
entire sample.

VI. CONCLUSIONS

Ultrasonic velocity measurement
techniques were used to evaluate the
effects of oxidation and reduction
on the elastic properties, global
microstructure and oxygen content of
the YBa2Cu30 7 _X (YBCO) ceramic
superconductor for samples ranging
from 70 to 90 percent of theoretical
density. Bulk density, velocity,
and elastic modulus generally
increased with increasing oxygen
content upon oxidation, and this
behavior was reversible. It is
likely that the velocity changes
upon oxidation and reduction were
influenced most strongly by the
density changes accompanying the
changes in oxygen content. Thus
oxygen content changes may be
interpreted, at least qualitatively,
in terms of density and velocity
changes, and ultrasonic velocity
showed potential for monitoring the
oxidation process. Quantitative
correlations between velocity and
oxygen content changes were weak
probably due to 1) changes in
crystal structure, grain structure
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(twinning), oxygen vacancy ordering,
and crack density affecting velocity
in a competing manner to bulk
density and 2) insufficient accuracy
and precision of the oxygen content
determination methods employed.
Elastic modulus predicted from
velocity and density values for
fully-dense materials yielded
similar values of 22.6 x 10 6 psi for
tetragonal YBCO and 23.6 x 10 6 psi
for orthorhombic YBCO.

Velocity images over a 3 mm by
5 mm area of a 25 mm diameter 90%
dense YBCO sample were similar after
oxidation and reduction treatments,
although the velocity value at any
given point on the sample was
changed following the treatments.
The unchanging velocity pattern 1)
correlated with destructive
measurements showing that the
spatial pore distribution (fraction
and size) was not measurably altered
after the treatments and 2)
suggested that the extended
oxidation time of 53 hours was
sufficient for uniform oxygenation
of such high (> 90 % of theoretical)
density samples.

Changes in superconducting
behavior, grain structure and
crystal structure were observed to
be consistent with oxidation and
reduction treatments.
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