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Abstract—Single-domain melt-processed YBazCu30X/Y2BaCu05 and conventional

polycrystalline sintered YBa2Cu30X pellets were prepared. Elastic modulus, hardness, and

fracture strength were measured on selected sections cut from the pellets. Strength in the melt-

processed pellets ranged from 32 to 94 MPa and was highest in the center. Variations in

strength were related to microstructural features, especially Y2BaCu05 distribution. To
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improve strength, we attempted to minimize rnicrocracking by manipulating cooling rates,

annealing times, and oxygen partial pressure. Extent of cracking was evaluated by electron

microscopy and change in elastic modulus and strength. We found that control of annealing

reduced microcracking of the polycrystalline sintered pellets, but had little effect on the single–

domain melt–processed pelIets.

Bulk melt-processed

I. INTRODUCTION

YBa2Cu30X/Y2BaCu05 (Y123/Y21 1) superconductors are being

developed for many applications [1]-[3]. In most applications, magnetic fields will be high,

and resultant mechanical stresses can be sufilciently large to induce gross fracturing of the

superconductor [4]. It may well be that mechanical considerations surpass superconducting

ones in designing components.

The microstructure of melt–processed Y123/Y211 materials, including the so+alled

single-domain materials, are complex. Subgrain boundaries, Y211 gradients, and retained

phases from the melt are common [1]-[9]. Although much has been written about the basic

mechanical properties of sintered and melt-processed Y123 [10]-[20], little emphasis has been

placed on mechanical properties with respect to variations in local microstructure or processing.

We undertook this work with two goals in mind (a) to relate strength with microstructure and

position in melt-processedY123/Y211 compacts and (b) to determine whether strength could

be improved through heat treatment. We used a combination of elastic modulus, hardness, and

strength measurements to evaluate local mechanical properties, but found that not all

measurements yielded meaningful data for all samples.

II. EXPERIMENTAL DETAILS

For the Y123/Y211 compacts, a mixture of composition =74 wt.%Y123,25wt.%Y211,

and 1 wt.% Pt02 was prepared by ball-milling. Hexagonal pellets were cold-pressed in a 29-

mm-wide die and melt-processed in air by conventional means. A NdBaCuO single-crystal
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seed was placed on the center of the top surface of each pellet to promote single-domain

growth [2]. To compare microstructure and properties, unalloyed Y123 pellets that were =10

mm in diameter and 3 mm thick were prepared by cold-pressing and sintering in Oz at 980”C

for 6 h [21]. These pellets were =94% dense.

Specimens for mechanical studies were generally cooled in Nz. (we used air and 02, but

found that initial cooling in N2 proved to be better for optimizing mechanical properties.) The

specimens were annealed by one of two schedules: either heated in 02 to =450”C and held for

an extended period or heated in N2 to =720”C, and then annealed stepwise in Oz (Fig. 1). It

has been shown that the time required to anneal Y123 can be reduced by using such stages,

because chemical diffusion of oxygen increases with the oxygen content of Y123 [22]-[24].

The steps shown in Fig. 1 were designed to take advantage of the more-rapid oxygenation

kinetics and to minimize microcracking in the specimens. We thought that by increasing the

oxygen content slowly, and thus changing the lattice parameters of the Y123 gradually,

cracking might be minimized. We were careful to cool the specimens slowly through the

tetragonal-to-orthorhombic phase transformation because the transformation induces large

displacements [25].

Fig. 1. Basic annealing schedules for sintered Y123 pellets. Melt-processed compacts were

processed similarly, except that the total time at temperature was as long as =120 h, depending

on specimen thickness.

Microstructure were examined by optical microscopy and scanning electron microscopy

(SEM). Young’s modulus (E) was obtained ultrasonically with a Panametrics Model 5600

Ultrasonic Analyzer (Waltham, MA). Vickers hardness was measured with a 5-N load on a

Leco Hardness Tester (St. Joseph, MI). Strengths of small bars that were cut from the melt-

processed compacts with a slow-speed diamond saw were measured in four-point bending on

an Instron Model 4505 Universal Tester (Canton, MA). Each bar was =3 x 3 x 20 mm. For

half of the bars, the tensile surface was parallel to the c-axis of the compact; for the other half,

the tensile surface was perpendicular to the c-axis.

—.- - . -..—, “—. .
. . . . .=. . . . . . . . . .

-. .-. — —.. —

. . . . ..— -.

..-



HI. RESULTS AND DISCUSSION

A. Microstructure

Although the melt-processed Y123/Y211 compacts were nominally single domain, they

exhibited subgrain boundaries caused by growth along two types of fronts: c–axis growth

below the single+xystal seed and a–axis growth from the four sides of the seed (Figs. 2a and

b). More important, the distribution ofY211 particles in the compacts was not homogeneous.

The three types of inhomogeneities that were observed have been discussed in detail previously

[8]. We will briefly summarize theY211 observations.

The most prominent inhomogeneity was an increase inY211 density along the c-growth

direction. This inhomogeneity has been quantified as the dependenceofY211 volume ikaction

on the radial distance from the boundary with the central domain [8]. Results are shown

schematically in Fig. 2c. The second Y211 inhomogeneity developed at 90° subgrain

boundaries between a- and c-axis growth fronts. Bands of higherY211 concentration ran

across both sides of the boundaries (Fig. 3). The third observed inhomogeneity was an

oscillation of Y211 concentration perpendicular to the c-direction of the compact. This

inhomogeneity was the least significant of the threq it has been related to slight fluctuations in

growth rate [8].

Fig. 2 Schematic diagram of (a) and (b) crystal growt$ directions, and (c)Y211 distributions

insingle<omainY123/Y211 compacts.

Fig. 3. Optical photomicrographs showing Y211 concentrations within melt-processed

compact: (a) region beneath the seed, (b) c-growth region near compact perimeter, and (c)

bands of higher Y211 concentration along inner side

oscillations parallel to a-b plane can also be observed).

of a-c subgrain boundaries (Y211
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The microstructure of the sintered Y123 pellets consisted of randomly oriented grains.

The largest grains were =10 pm in maximum dimension and exhibited aspect ratios of =3.

When viewed optically in polarized light, twin structures were uniform and fiie in both the

melt–processed compacts and the sintered pellets that were annealed with the ramped cooling

schedule. Larger twin features were evident for specimens annealed at 450”C only (Fig. 4).

Fig. 4. Optical photomicrograph in polarized light of sintered Y123 pellets annealed (a) in

stages and (b) isothermally at 450”C; a coarser twin structure is apparent in (b).

B. Mechanicalproperh”es I

We attempted three types of measurements, ranging from more to less intrinsic. Elastic

modulus and hardness are relatively insensitive to small concentrations of second phases or

microcracks, whereas fracture strength is highly sensitive to flaw population.

Good ultrasonic signals were obtained for the sintered Y123 pellets, but not for the melt-

processed Y123/Y211 compacts. Scattering from second phases and cracks was too severe in

the latter. We found that the annealing schedule profoundly affected the value of E for the

sintered Y123. Pellets annerded in stages from 720 to 450°C exhibited an E of 101 & 4 GPx

pellets annealed at 450°C exhibited an E of81 & 3 GPa. Thus, our supposition that slow

cooling may improve mechanical properties may be correct, at least for some specimens. This

improvement was correlated with the more-uniform twin structures, and probably reduced

microcracking, in the Y123 pellets that were annealed in stages. It is well known that stress

affects twin structures [12]-[27]. (Tc values were independent of annealing; transitions were

sharp at 91-92 K for all specimens.)

We did not measure the strengths of the Y123 pellets because we believed that such

measurements would reflect specimen preparation rather than inherent properties. For the melt-

processed compacts, however, hardness and strength were the only properties that could be

measured reliably. Hardness depended on whether the indentation was parallel or perpendicular
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to the c-axis of the compact. Hardness also exhibited a pattern with respect to location, but not

with respect to annealing schedule. The Vickers hardness results are summrixized below:

1. Hardness was generally =20% higher when measured perpendicular to the c–axis rather

than parallel to the c-axis.

2. The minimum hardness of 3.3-3.7 GPa was found beneath the seed.

3. The maximum hardness of 5.4-6.1 GPa was found a few millimeters from the rim,

near the top of the compact.

4. In the bottom halves of the compacts, the hardness was 4.2-5.3 GP~ regardless of

position.

Thus, low Vickers harnesses correlated with low concentrations of the Y211 phase. We

attempted to estimate ilacture toughness from cracks that emanated from the corners of the

hardness impressions [14]-[18]; however, the cracks tended to follow crystallographic planes

and were strongly influenced by defects. No reliable fracture-toughness data could be

obtained.

Iden~ing the strength distribution and improving overall strength were the primary goals

of this work. Half of these goals were met. Strength was not significantly affected by whether

the tensile surface of the bend bars was parallel or perpendicular to the c–axis or whether the

specimens were annealed in stages or isothermally. Average strength values with position are

shown in Fig. 5; three to five bars were measured per location and radial symmetry was

assumed.

Fig. 5. Schematic diagram of positions of bending bars, and corresponding flexural strengths

in Mpa for Y123/Y211 compacts.

The strength values are similar to those reported for melt–processed Y123, including

compacts that contain Ag for strength improvement [28]. In general, highest strengths were in

the center, in regions of relatively lessY211, and the tops of compacts were stronger than the

bottoms. The fact that strength could not be improved through annealing is perhaps not

surprising. Cracks tend to form at Y211 particles during cooling because of differences in

thermal expansion between Y123 andY211 [7]-[9]. AlthoughY211 within a Y123 matrix can
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lead to improved fracture toughness [11],[13], strength does not follow suit because of the

introduction of a new population of significant flaws.

Y211 within Y123 grains is necessary for optimal

our results agree with those of others [6]-[9] for the

superconducting properties. However,

adverse effects of Y211 on strength.

Furthermore, the strength of melt–processedY123/Y211 compacts is rather low, irrespective

of position. We conclude that a composite scheme maybe needed to increase the strength of

melt-processed compacts to that needed for a given high-field application. Oxygen content

influences levitation properties and strength [21],[29]-[3 1], but for large-grained melt–

processed compacts, the rate at which oxygen is introduced has little effect on mechanical

strength.

Iv. SUMMARY

SingldomainY123/Y211 compacts exhibited a complex microstructure that featured

significant gradients ofY211. These compacts were hardest where the Y211 concentrations

tended to be high, but were strongest in flexure where the Y21 1 concentration was low. The

strength range was 32-94 MPa, which may be Iow with respect to requirements of many

applications. Oxygen annerding in stages leads to reduced total anneaIing times, and for

sintered Y123 specimens, it led to increases in stiffness, probably because of reduced

microcracking. However, annealing in stages had no appreciable effect on strength of the

Y123/Y211 compacts, probably because microcracking was dominated by the Y211 particles.
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