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Abstract — The quantity, size and distribution of pinning Il. EXPERIMENTAL PROCEDURE
centers are key factors in determining the J of Nb-Ti-based
superconductors. In Artificial Pinning Center, APC composites The conventional material chosen was a Nb-47.8 wt.%Ti
large strains must be applied between the assembly of the pinning  \onofilament which was given three precipitation heat
structure and the final strand, which can result in large changes treatments of 420C for 288Ks (80h) to give 20 volume %
and variations in pinning center size and shape. In order to precipitate. This high critical current strand €13700 A/mmi

correctly interpret the properties of artificial pinning structures, . . .
we need an accurate description of their geometry. In this paper 5T, 4.2K) has been extensively reported on in previous

we discuss the various techniques available for quantifying near Publications [9],[2]. Transmission electron microscope images
optimum size microstructures and compare the results. We also Of transverse cross-sections were combined to create high atomic

contrast the distributions found in APC style microstructureswith ~ number contrast 1024x1024 pixel composite images [10]

those produced by conventional processing. using a Megavision 1024XM image processor. In all cases
manual interpretation of the images was required in order to
|. INTRODUCTION separate the superconducting and pinning phases accurately into

binary images. These monofilaments were fabricated without
By quantifying the microstructure of superconductors wan external diffusion barrier and Cu diffusion into the Nb-Ti
obtain important information that can be used to explain angroduced a region of smaller precipitates at the outside edge
improve performance. Previously, microstructural studies haw# the foil. For the aggressive heat treatment in this study
shown how cold drawing of conventional Nb-Ti super-measurable levels of Cu extend ~10% into the diameter of the
conductors to peak critical current density produces pinninjaments [11]. The analyzed areas were taken from the
array dimensions of the order of the coherence length [Henter of the filaments. The binary images used for the
and how this affects the physical properties of theonventional composite are shown in Fig. 1.
superconductor [2]. They have also shown the direct The APC strand was fabricated by powder processing and
correlation between volume percent of pinning material andlarm hydrostatic extrusion [12], [13] using 20 volume
critical current [3] and the pin dimensions and the criticab of Nb pinning material in a 55 wt.% matrix. Micrographs
current density versus field slope [4]. In terms of processingf transverse cross-sections, at strains of 3.22 to 7.23 from
we have shown how prestrain influences the precipitatssembly, were obtained by Backscatter Electron Spectroscopy
morphology [5],[6] and dimensions [7]. In Nb-Ti- onaJEOL 35C Scanning Electron Microscope. Binary images
based APC superconductors plane strain deformation of tderived from those micrographs are shown in Fig. 2.
BCC superconductor matrix results in distortion of the In these highly cold drawn superconductors the
idealized APC arrays towards folded sheet type microstructuresicrostructures extend uniformly over the sampling depth of
that are similar to conventionally processed materials [8both imaging technigues, allowing the use of random transverse
The deformation of the pinning microstructure is suspected asoss-sections to represent the microstructural distribution.
one of the major contributors to the sometimes disappointing The binary images were quantified using both the Megavision
performance of APC superconductors, and yet there is system and a Microsoft Windows based analysis program,
surprising lack of direct microstructural measurements. Thidlocha by Jandel Software.
primary reason is the difficulty in preparing transverse cross-
sections of the superconducting filaments of high enough lll. RESULTS
quality to provide good contrast between the superconducting
and normal phases. However, even when good images a&ePrecipitate Thickness by Direct Measurement
obtained there is still the additional problem of how to
quantitatively describe the critical microstructural dimensions. 1) Minimum distance at intercept: In this technique
This paper compares a variety of quantification techniques byeasurement points are selected on a feature in a random [1]
applying them to conventional and APC microstructures. or ordered [14] manner and the minimum thickness of the
feature measured at that point. Here we use concentric circles
similar to those used in ASTM grain size measurements in order
Manuscript received October 18, 1994. to select feature positions. This technique produces a
‘Frz also Dﬁpartmer:t gfbl\/lft:l;eriglss I§cien‘tze antd ]I(EEgineering- ion of Hich measurement which is close to what we intuitively think of as
esearch supported by the epartment of Energy, Division ot High 3 thickness and, provided enough measurements are made,
Energy Physics, Grant number DE-FG02-91 ER40643. provides an estimgte of the variability in thickness within a
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TABLE |
THICKNESS BY CIRCLE SELECTED MINIMUM (TANGENTIAL) METHOD

Final Normal, nm Log-Normal, nm
Strain
&

Mean o, Mean Mean Mean Mean Mean Coeff. of
-20,, -On, +0,, +20,, Var. %*

a-Ti Thickness for the Conventionally Processed Monofilament
0 147.6 53.3 29.0 59.7 1229 253.1 66.1 106
1.11 553 529 10.2 21.0 434 898 185.8 107
250 18.7 11.9 3.3 70 149 313 66.1 111
398 102 104 09 24 64 173 46.7 170
Nb Thickness for the Powder Processed APC

3.22 4209 4497 194 666 2288 7864 27027 244
4.47 2247 2438 157 465 1371 4047 11943 195
5.08 1528 1939 130 349 936 2507 6714 168
7.23 388 471 26 76 223 651 1902 192

* Calculated from the Mean value minus the Mean+tvalue

Fig. 1. Details from the binary Fig. 2. Details from the binary N DOth cases the average values of thickness derived from log-
images of the conventionally pro- images of the powder processed Normal statistics are much smaller than from normal statistics.
cessed Nb-Ti series-Tiinblack, ~APC composite at strains of a)  T1he distribution of particle thicknesses in the APC composite
(a) after final heat treatmerg,=0, ~ 3.22, b) 4.47, ¢) 5.08 and d) 7.23  are typically twice as broad as for the conventional strand.
(b) &=1.11, (c)&=2.50, and (d) after initial assembly. Scale bar =

€=3.98. Scale bar = 200nm. 20pm. 2) Minor Axis: An automated technique for the direct
gg\u{easurement of particle width is Minor Axis measurement.

given cross-section. It does, however, become increasin istly the Major Axis is determined from the two points on

arbitrary as the measured objects become more irregular. An
approach which is more applicable to irregular shaped objecg%

is to measurethe length through the particle of a line ,_. . : : ! h
. . . Axis being a straight line connecting those two points). The
perpendicular to a tangent fitted to the intersected surf&os Minor Axi% thickngss is defined as tghe length ofpthe Io)ngest

parallel ribbons this produces a similar result to the *minimury | perpendicular to the Major Axis that can be drawn through
distance” approach providing compatibility with older reporte4he particle
measurements. It is this definition we use in this study. The results of these analyses are shown in Table II. The

Arlfahs%%gt,r\}vg ;?g%?cgg tpc))odszglr?ntigeafﬁggiﬁggéia;izgnr;?:r?ﬁ sults are similar to the tangential thickness measurements for
P q simpler shapes of the low strain conventional material but

Frequency graphs for the conventional material at a fin?
I

particle’s edge that are furthermost apart. The distance
tween these points is called the Major Axis Length (the Major

strain of 2.50 are shown in Fig. 3. (a) using linear bin interva Ive increasingly exaggerated values as the shapes become more

and (b) logarithmic intervals. Clearly the logarithmic omplex, as in the high strain conventional - ribbon
distribution is a better model than the linear. We find this to
be the case foall our measurements in this study. However,
we will give analyses based on both normal and log-normal
statistics. The results for both the conventionally processethal Normal, nm  Log-Normal, nm
monofilament and the APC composite are shown in Table $train Ve

TABLE Il
MINOR AXES

g On1 Mean Mean Mean Mean Mean Coeff. of
-20,, -On, +0,, +20,, Var. %*
o — 20 — a-Ti Thickness for the Conventionally Processed Monofilament
‘o g15 0 1511 1104 221 500 1134 2569 5820 126
5’40 ? 1.11 595 40.0 6.7 171 439 1125 288.2 156
§30 ?;;10 250 312 381 14 48 167 57.6  199.1 245
20 —— * 5 3.98 20.8 235 0.8 2.9 10.9 40.4 149.4 271
10 — Nb Thickness for the Powder Processed APC
0 127 m 009 1o 43 96 214 476 3.22 10611 9577 542 1861 6395 21974 75501 244
a) t:ngemia|;-3T-i7Thickneiz;7nm b) Ol'6I'anlgl:mi:Ij—TiG‘Il'A:ﬂcﬁjs:lr;:w " 447 6431 7428 100 520 2689 13909 71947 417

5.08 4349 5285 127 516 2093 8487 34413 305

Fig. 3. Frequency histograms for tangentialli thickness measurements 723 703 1248 11 48.8 224 1027 4706 358

for the conventionally processed monofilamept3.98, using a) linear
and b) logarithmic bin intervals. * Calculated from the Mean value minus the Mean#+value
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microstructures and the APC composites. TABLE IV
INDIRECT THICKNESS MEASUREMENTS

3) Random straight line intercept distancé/e introduce —
this automated measurement as having a useful application
superconducting microstructures. This is a measure of tHa2"
distance traversed across an object by a random straight line.
In a truly random microstructure (as these transverse cross-
sections tend to be) parallel lines can be chosen. Consequerﬁ’ﬂ?‘ Thickness for the Conventionally Processed Monofilament
it can be used to interpret the behavior with respect to a rigiel ~ Feret Diameter, d*179.1 112.6 70.0 143.4 293.6 104.8
fluxon lattice. For aligned microstructures, lines can be used  Rectangle Quadratit03.7 615 41.5 841 170.6 102.9
that are perpendicular to the alignment axis. For thesg random Modified Rectangle93.0 537 39.6 77.0 1495 94.2
microstructures, we use a large number of vertical and
horizontal lines to maximize the pixel resolution of the digital ~ Skeletal 872 700 261 623 1485 1384
technique. Using this technique, a large amount of data can bé1 Feret Diameter, d*100.3 59.2 41.1 821 163.9 99.6
obtained from the microstructure without user interaction. The  Rectangle Quadrat#0.9 22.8 17.6 34.1 66.0 93.6
res_ults of this approach are shown in Taple I, where; yalues Modified Rectangle38.2 211 169 321 610 90.0
typically 30% greater than those obtained by minimum

Bal Model Normal, nm  Log Normal, nm

Mean o, Mean Mean Mean Coeff. of
-0 +0,., Var. %*

(tangential) intercept are reported. Skeletal 466 292 19.1 380 754 984
2.50 Feret Diameter, d*56.3 38.2 21.4 44.4 922 107.7

B. Indirect Methods Rectangle Quadratt3.8 7.7 59 115 223 939
. o Modified Rectanglel3.4 7.5 57 111 216 946

These methods calculate the average thickness of individual Skeletal 158 125 58 122 258 1115

particles from other measured dimensions. They require
complete features for accuracy and give frequency rather thaf8 Feret Diameter, d*32.3 ~ 23.7 118 25.0 528 1112
volume weighted statistics. In general volume weighted  Rectangle Quadratie.6 87 27 56 11.6 107.1
statistics, i.e., random line intercepts, are more useful in  Modified Rectangle?.3 79 27 55 112 103.6
explaining the physical properties, whereas frequency weighted ¢, o1 106 165 24 61 155 1541
data are more useful for interpreting composite deformation——
behavior. A comparison of the data generated by thed¥ Thickness for the Powder Processed APC

techniques is given in Table IV. 3.22 Feret Diameter, d*9946 6947 3118 7350 17324 135.6
. o ] o Rectangle Quadratit908 1329 612 1423 3306 132.4
1) Feret Diameter: This is the simplest of the indirect Modified Rectangle1880 1304 605 1403 3255 132.1

measurements, the “diameter,” d*, being calculated from th&? Feret Diameter d*6192 5084 1265 3886 11935 206.7
cross-sectional area of the particle, A, as 4l reret iameter, '

Rectangle Quadratit053 687 304 768 1938 152.3
d = 2{(A /o, (1) Modified Rectangle1040 681 299 757 1918 153.4

. . . - - i *
by assuming the particle to be circular. Although this is really-08 Feret Diameter, d*4332 4027 1212 2980 7330 146.3
a diameter rather than a thickness measurement, it is included Rectangle Quadratic21 390 328 610 1133 857
here for comparison as it is often used to describe the initial  Modified Rectangle717 385 329 608 1124 84.9

7.23 Feret Diameter, d*805 979 166 465 1300 179.6
Rectangle Quadratit50 115 52 113 243 1151
Modified Rectangle147 114 51 110 237 1155

TABLE IlI
STRAIGHT LINE INTERCEPTTHICKNESS

Final Normal Statistics, nmLog Normal Statistics, nm N -
Strain Calculated from the Mean value minus the Mean+value
g ean On1 Mean Mean Mean Coeff. of

-Opq +0,, Var. %*
a-Ti Thickness for the Conventionally Processed Monofilament non-deformed microstructures.
0 164.1  107.2 557  126.0 2850 126.2 )

2) Thickness By Rectangular and Rounded End Rectangle

111 760 617 238 559 1313 1349 Models:  The average thicknesses, T, of more complex shapes
250 283 26.6 8.7 203 474 1335 is better calculated from the area and perimeter, P, of the
398 143 14.2 3.7 9.5 241 1537 particle using the quadratic solution for a rectangle

Nb Thickness for the Powder Processed APC

3.22 4563 5049 646 2345 8518 262.9
4.47 2690 2713 548 1641 4911  199.1
5.08 1961 2225 446 1221 3346 174.0
7.23 494 524 107 304 860  182.9 T=1/7n(P — \f(P2 — 47A)) . 3)

* Calculated from the Mean value minus the Mean#+value

T=P/4 — 1,//(P? — 164) . @)

A more complex model adds semi-circular ends to the rectangle
to approach a more realistic shape:
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The results of the quadratic formulae are very similar for
the complex shapes found in these superconductors. The values
are slightly lower than minimum (tangential) intercept valueq.
because the undulations in the particle surfaces are not taken
into account. 2.

4) Skeletal thicknes§he particles are digitally eroded to 3.
pixel width to form a skeleton; the average thickness is
obtained by dividing the cross-sectional area by the length of
the skeleton.

For ribbon-like microstructures, the values generated by this
technique are very similar to those obtained by direct
measurement by the minimum (tangential) intercept approach.

IV. DISCUSSION 5.

A. The APC microstructure is quite different to the
conventionally processed material. The APC Nb pins deform
in a jagged irregular manner compared with the precipitated
a-Ti. Likely reasons are:

A.l. The impact of the plain strain deformation of tBe
Nb-Ti matrix on the HCRx-Ti is much less than the combined [1]
interaction of the two APC BCC phases.

A.ll.  The a-Ti precipitates are mono-crystalline and[z]
because they are precipitated BNb-Ti triple points are
neighbored on each surface by single BCC grains. This
contrasts with the polycrystalline pins of the APC where man?/
grains interact to distort the pins. 3]

B. The jagged deformation of the APC is reflected in the
broad distribution in pin dimensions shown in Tables I-lli
(direct measurements) which indicate a size range which is
50% to 100% larger than for the conventional composites.

C. The indirect measurements (Table 1V) on individuaf®!
features, however, give a similar width for the distribution Ofe]
individual pin sizes for both conventional and APC
microstructures. The range is fairly constant (in terms of
percentage) with strain. This indicates that the microstructure
of the APC is stable over this strain range. (7]

D. The largest change in dimensions with strain was found
when the conventionally processed material was cold dravyg)
from the relatively equiaxed heat treated condition to the
ribbon morphology. We have observed similar behavior in the
initial deformation of APC composites. Once the ribbort°)
microstructure is developed, the deformation is more uniform.

10
E. Recommended Measurements: 1ol
[11]

E.l.  The random straight line techniqué&his method
provides thicknesses that have a physical significance in terms
of flux pinning and proximity coupling behavior. It is fast and
easy to apply to pin separation as well as thickness. The valueg]
obtained for ribbon microstructure are slightly higher than
previously obtained by minimum value techniques. [13]

E.ll. The quadratic-rectangle modélhis provides an easy
to apply method of describing the average thickness of
individual particles and is useful in describing the deformatiof4]
of the pin lattice. It appears to slightly underestimate the
dimensions of complex pin shapes.

V. CONCLUSIONS

The method used to obtain particle thickness from the same
micrograph can influence the result substantially.
Extrapolations of microstructural dimensions are
guestionable unless backed up by measurements.

It is important to report a measurement that accurately
describes the microstructure. We recommend more than
one type of measurement: Firstly a direct volume
measurement such eendom linear intercept distande

aid in the interpretation of physical properties. Secondly
a shape model to describe individual particle deformation.
The correct statistical model (in these cases the log-normal
distribution function) must be used to describe the particle
size distribution.

Utilizing the appropriate measurements we can usefully
contrast the APC microstructures with those of
conventional superconductors.
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