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1. Introducion

In any attempt to relate the lundamental atruc-
ture of a solid material to its useful mechanical and
Ehysical properties, one is foreed to nize three

asic levels of organization. At the amallest lovel,
beginting st about 107% cin, atomsz are organized
into eryetals of varying regularity and order, which
may of may not contain molecwlar entitiea, and which
ususlly incorporate imperfections such as vacancies,
dislocations, and varions larcer defects. The propoer-
ties of such individual crysials can be quantitatively
determined by numerous mmeasurementa in  the
realm of physies, but frequenily besr little direet
refatzon to the grosa properties of vsein] aggregntes,

At the opposite end of the size acale. the properties
of a uzseful piace of matarial are again quantitatively
measured by the well standardized instruments of
the enpineer, ahd to some exterdt correlatod with the
pross chemical analysis and with semiguantitative
parametors classed as the “material history.” On
the basis of such engineering properties, the material
iz incorporated into a structure or mschine, within
which it usually functions na expected,

Between these axtrame levels of onganization
there falla the level ol organization on the micro
ecale, in which dimensions will vsually [all betwesn
107%and 107 em. At this level, individual particles,
veuaily erystals, of one chemical identity or “phase,”
are orientated and joined fo other aimilar particlea
or, more frequently, dispersed between particles of
other pheses. In the resulting aggregnte, the physi-
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X ‘The coraparstive Importanes of the several types of Interruptions
Tt i3 determnined that amall voids are the moat jmportant single cause of the
ath, and deduced that these volds appear te have fobtned malnly feom the

ecal and mechaiieal Edpmpartieﬁ of the individual
particles are combined in & very nonlinear manneg
io produce the enginsering properties of the whaole.
A conmmon analogy can ba found in the fact that the
strength of & masoncy wall depende more on the
skill with which the stones are cemenied together
than on the actual strength of sither the stones or
the cement. For inoﬁanif. matarials, studiea at thia
level Inll into the closely parallal specialifiea of
metallography end pe aphy, which uge many
tachniquas Cilﬂﬁl}' related to those of biologicel
TLICEOSCOpY.

The traditional tool of the metallographer is the
light microscope, which has in recent years been
supplemented by the clectron microscope for uea
on motre minute structures, and the X.ray micro-
scope for three dimensional studies.  Elegant apeeiai-
i::et}3 methads have been developed lor messuring
some properties of individual partictes; for example
microspot spectrochemical opalvsie, microspolb dif-
fraction of XE-rays or electrons, and micro-scele
testing arrangements. Awver crystal orientation
date are obtamed by X-ray diffraction and expreesed
i gquantitative maps called '‘pole figures,'”

he use of the optical microscope for analysis of
the phase =ystens in metallic materials offers
certain spectfic advantages over the newer and more
specialized methods. First, information is obtained
on the shape and size distribution of the “grains'
or plase particles, whick information is very diffienlt
to obtain by any other method. Second, optical
cxamioation iocludes & larper area than other
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methods, snd thus more truly studies the whole
material, as evidenced in part by the fact that the
pariicles examined by sapecialized methods are
usually firat selected opticalll]ﬁ

A sardinal rule of metallography requires that
any recorded micrograph (photomicrograph) must
ba B true repregentation of the structural constituents
of the whcgz materiel vniess specifically astatad to
represent & specinl case.  This assurance of validity
can be achieved only by the critical examination
of large areas of the apecimen, or of spveral specimens,
during which the metalloprapher accumulates a
rmental picture of an “average aren,” follewed by the
recording of ene or several areas statistically repre-
sentative of this average. An experienced metal-
lographer, when examining a [amilisr strgetuyre or
one in which the identity and nature of the phases
iz known, can deduce 5 good qualitative estimate of
the properties of the materinl. With the aid of
carefully preparsd comparisen standerds, semi-
quantitative values can be obtained, but, unless
numerous actual messurements are made on each
micrograph, it is pot feasible to obiasin numerical
data of a quslity comparable with that of the spe-
cialized measurements on specific areas.

In most cases, the effort n to obtain a
quantitative or mathematical description of the
information displayed in a micrograph has heen
considered hibitive., Thus whila “there iz ne
substitute tor seeing” (Luces), the information
supplied by wvisual examination is under the best
of circumstances only semiquantitative, and may
sometines prove to be mi ing. The metallyrgist
has of necezsity bheen forced to be satisfied with
information not much hetier thar a gualitative
opinion based on sccumulated experience or on
wvisual comparison with a few laboriously measured
standard” micrographs.

Many aspecta of the problems sod methods of
quantitetive interpretation of micrographic informa-
tion will be found reviewed in detail in the book
“Ouantitative Metallography” [1].! The basic
tathetnatical principles have long been kmown; for
example, the eleese Principla (1852 which states
that the ratic of areas of phases on a random sliced
surface 15 equal to the ralio of volumees ol phases
in the maess, and the methods of Rosiwal (1808)
and Glagoleff (1933} which equate these volume
ratios to the raticos of line imtercept lengtha and of
point counts respectively.

The laws of the bingrmal distribution may be used
to =et mirimum requirements for the amount of
information to he processed to attain any desired
potential de%:ea of aceursey [1,11]. If ome wishes
to obinin n phese anelyeiz with an acouracy compa-
rable to the usval chemical analysis, one must process,
irrespective of method wsed, nearly one million
“binery bite” of information. Treating black and
white micrographs with » useful resclution of 100
linee per inch or 40 lines per centimeter (=10,000
bite per in.? or 1600 hits per em?), an 8 % 10 in.

! Figmrea in brackéds Indignla the liteegluie reirmnees 81 the and of this paper.

for 20 X 25 em} print, totelly analyzed, approxa-
mately filla the purely statistical reguirement. A
separate determoination will be necessary to decide
whather one such prmi, ¢r an egual area of smalier

rinta, 12 in fact representative of the material.
E'Frhen an § atep or 16 step grey acale can be uvsefully
treatrd, the required ares sy be reduced by u factor
of 3 ar 4; or alternately, u full scale print may yield
u}) te twice tha accuracy of ablack and white priot
of the wame size,

Hand measurements gt this level of detail imply
an expenditure of time of the order of hundreds of
hewra ppecitnen. Mueh propresa has heen made
in devising mechanical gids of eeveral vareties which
considerably reduce the labor requirement, but it
has now bocoma abundantly clear that the only
practical tool for making high aceuracy quantitative
metallography an avoryday process must be a digital
computer systemn which directly aecepts auitable
photomicrographs, either in photographic or elec-
trically recorded form, and prinis out the desired
atatistical infermation. Such a am has heen
shown io be lesaible, and hes been described in
detnil in the chapier mentioned [1).

2. Development of Computer Methods

A number of laboratorics have experimented with
systema in which a computer “looks at™ paper
meterial eriginally designed for visuad dnferpretodion
by the duman eye [2], produeing therefrom some
numerical result, Some of these experiments have
been closely relaied to metallographic measurement,
bt no general program suitable for mierographic
analysiz has been disclozed. It is believed thak
others are working aleng somewhat analogous Jines.

Experiments penerally vamg the same class of
viewing and compuling *hardware’” fall in two
distinct classes.

(&) Character recognition in which tha computer is
asked to “ses” & hand-drawn or printed character
and recognize the cheracter by recording the eqiliva-
lent code character, Such problems range from tha
recognition of numbers on bank chaeks to the
translation of Russian acript or Chinese ideographs

into Enplish.

(B f-;”idwg interprefation; in which the visual
material might be

1. Aerial or satellite photographs of the nature of

o map or wanther patiern.

&, Astropomical photographs. . )

3. Drawings, 82 for example, organic chemistry

struclure diagrame.

4. Photomicrographs, mainly

{n) Matallographic,
(b} Biological,
{¢} Pelrographic.

In all of these cazes, the computer may be asked
Lo state the frec}uency, gize, location, or total oceur-
rence {area) of one or more classes of obijects
(“blobs™) which can be recognized by some topo-
logical rule.  In general, program systems developed
tor any problem in Class B have some application
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to all of the problems in this group, but programs
are not interchanweable with the 4 problems.

_The National Bureau of Standards experiments on
picture interpretation problems were initiated in
1956 by Kirach, Cahn, Ray, and Urban [2], nsing the
SEAC (Standards Electronic Automatic Computer)
and translating black and white pictures into bina
machine data by means of the scanner SADI
(Beanning Analowue to Digitul Tnput Equipment)
shown in figure 1. A cathode ray tube lEﬁ:&ipl-.w of
tha picture in the SEAC memory was added in
1957. The first axperiments were directed toward
diagrem rec%ﬁti-:m problems related ti tha Patent
Office “HAYSTAQ™ literature searching program,
but experiments have aleo been condocted with star
photographs and in the muﬁpiﬂg field. A fow
typical metallurgice] mierographs were processed for
erag at this time.

During 1858, K. B. Thomase, with G. H. Trbun
and L. . Ray, compiled = “]’ihrm"y” of routines,
STRIP-2 {8tandard Taped Routinea for Im
Frocessing) gencrally ul for all problems in the
pieture interpretation clasa, Theze routines are
supplied to the computer from a magnetic sound
tape, and ara commanded in sny desired combina-

tion h{] typing in seven-letter code words in ghort-
hand ish, This “library” has recently been
augmented by the addition of two routines specifi-

c compoeed for metallographic purposes. Addi-
tienal programs are being com GEE(F to complete the
statistica] analysis of metallographic grain size
distributions.

The present asize lumitation of “SADIE” (17.64
em? or swpproximately 3 in®) and the spead and
mamory limitations of 3SEAC limit present experi-
ments to an aceuracy much lower than that eventu-
ally desired. A= a comscquence of this, the present
cxperiments serve primenly to develop logic which
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will shorily be translated for vse on the new NBES
computer, PILOT, where s combination of pwore
powerful logical operations, much fester operation,
snd greatly expanded memory is expected to parmit
procesging 80 in.® (500 cm®) picture in less time
than s now required for the small sectiona on SEAQC.
Input equipment giving resolulions up to 80 lines
per centimeter, aress np to 500 em® and an eight
ste Q'ﬁ‘l‘E}T gcale j2 under comstruction for use with
PLIED , or alteroately with & cormmmereisl eomputor
when appropriate. ) .

A future version of the system ia anticipated to
inelude a direetly connected reader, composed of
matrices of solid stete photoluminescent and photo-
sensitive cloments, whereby & transparency (as a
micrographic negative) will serve directly as the pri-
mary inage memory and further reduce the machine
time required for picture proceseing. Alternaiely,
encoded picture tepes can bs prapared on a slow
mechanicel seanner, or on & scanning microscope
and the tape supplied to the computer in place of
the original picturs.

3. Elements of Computer Procesasing
Programs

SEAC i3 s three address computer operating at s
bit-rate of ome megacycls, 1n senal processing mode,
with & memory capacity of 2,048 words, The aver-
a%'a computation rate 18 somewhat over 1,000 com-
plate operations per second. The SEAC word
consists of & string of 48 binary bits, of which the first
3 are dummics for machine control and the last is
the sign: thus leaving 44 bits of actual information.
Thzs word may be interpreted in § ways:

1. A binary number of 44 placea,

2. 44 independeant Boolean statements.

8. A hexadecimal number {0, 1—9, A—F}, of 11
places, each using 4 bits, )

g. An alpha-numeric word of 7 lotters, each using
& bita.

5. Ao order, normally entered in hexadecimal, but
actuslly interpreted a= five independent hin
numbars. Since the word interprataiion is optional,
ab order can be trested as any other number, and
thus incremented by addition to operate in suvees-
sion on 6ll, or on a sclected portion, of the words in
sm% specified block of the memory.

he logieal ability is limited to 16 basie orders, viz:
Four operational—Read, Wnte (or “Dump’},
Rewind =zource, and “Fila,”
Six basie arithmetie—Add, Sabtract, Multiply
rg,ﬂ,ja}r aod winor portions of prodoct) and
VIO

Thres Jogical choices of program route by compar-

ing or equating specified numbers,

Oosa bovlean operation—"And.”

{}l}e peendg-boolesn  operation—"Logical trans-

er.”

Ome lateral displacernent of word—"Shift.”

The ability of SEAC to perform picture inter-

retation lies in the existence of the last threo orders
izted. Through the “Boolean And,” 44 bLit sections
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of two different images can be compared to produce
a woril showing ony those spots where the images
match or agres. & Logical Transfer order is &
ceoline but powerful operation which may be
ikened to silk screen printing, or to the simultaneous
printing of two negatives on to a single sheet of
photographic paper. The information (1's and s}
m Boolcan worch: 1z projected through the 1's m
Boolean word £ to be copied inte Boolean word 4,
which at the pame time is uncheanged where the
musk word, 8, shows zeroz.  The equivalent Boolean
funection is: ¥'={f and &) or (not 8 end v). Thus,
pmjecting an « of 44 zeros throuph a word § which
1= part of & picture, into a v, which is originally 44
ones, produces the complement {phﬂtof;mphic re-
versal} of the image . In snether a,pg ication, an
a word from the otiginal picture may be projected
through a g word which somes from a copy image,
eontaining goma small portion of a zingle %ra,in, tor
mske & new copy. 1T 8 masks ate obtained hy shift-
ing operations, vaing suceessively the eight adjacent
image pointa of = squarc array, the copy will be
enlarged by one ring of image points, but cennot
acquire points abaent from the criginal, and cannot
grow through a boundéry line of zeros. By many
repetitions of thiz controlled copying, the imaga of
gome single “blob”—for axample, a metallurgical
graion—ocan be separately eopied out—or transfarred
t b second image storage which is otherwise blank,
and there magsurcd in any desirad manmer.

By appropriste combinations of these elementary
orders into routines varying ih length from a few
dozen to a fow hundred order words, including
inatructions to apply the saries in turn te each word
of the entire pieture, nearly sny rigorously defined
alteration or analysis of the picture can be ncrom-
plished.

4. Present Operational Program

To allow convenient use of computer operations
for such purpeses as quantitative metallography, it
iz Arst necessary to devise a aeries of specific routines,
each of which will accomplish some specific and
useful operation on & picture.  Second, it 13 necess
to arrange that the operator can, in some simple
manner, command the performance of apecific
selected routines whenever these are nseful to the
problem in hand.

This is accomplishad by first feeding & “master
routine” into s amsll part of the conputer mamory,
The funetion of the master routine i= to cayse the
muchine to ask for a hst of mstructions, (whicl are
in the form of English words); to store these, and
then to them out in the listed zequence. To
perform an mstroction, the computer first searches
along the order tape until it finds the matehing title,
then reads in the routine of detailed ordevs, and
finally executes this set of orders. Thus, by typin
in & fow words in “English," the oporator wi
cause the machine to read in and to ezecute some
theuzands of specific orders in the machine language.
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For routino use, the sclected list of instructions can
itself ba prepared in advence—as on punched paper
taps—and simply fad into & reading unit of the
COInILes. . . .

The present cxperimenis aro being perforined with
& gpecific “library” of routines, “STRIP-2B.”
As originally put into serviee in Janpary 1950
(superseding less complote libraries} STRIP-2 had
the capabilitiea shown in table 1. Ths original
capabilitiez include all the necessary manipulations
to put a picture into the comnputer, scleck 2 portion
{as ona phasa) of the picture, perform minor repaira
or corrections, determine the ares of the phase and
count the number oi particles shown. Thia list i=
adequate to perform elamentary forms of guanti-
tative metallugraﬁhy, such as to treat cases where
the particles can be considered spherical.

In mddition to the (unetions originally nvailable
the fellowing new analytical funetions ware cumpnaed
during 1961,

(50% LINE—This operation performns s coinplate
lineal nnalysis for both imsge and background sepa-
rately; treating the image as il it were wrapped into
a cylinder. Histograms of line lengths, by 2 class
inerements, are generated together with statistical
sumimaries of the histogrames.

{5d) "BLTR”—Blob Transfer and Record: This
operation ahstrarts ane blob (or grain} at a time from
the image, measures it, snumerates it, sod states its
area, location in the image and dimensiona,  ‘This is
a faster and more complete form of the BLOB opera-
tion, primarily designed for determining grain size
distributions. Graias cut by the border are identifisd
by the location paremeters.

Originel functonal cepaliiitier of “STRIP-2'

(1) Tnpui— _gu!fumim:

fa) mCAN—Operates the device SATHME and
suppiies the computer with one picture 44 mm?
recorded as 704 worda., Thie 19 stored in either of 2
Image Spaces, “A’ or “B" in the memory. Bfack
picture objects are recorded as computer 's, which
will ba displayed white on the cutput scope. A
blank border, I mm (4 bits) wide is masked onto the
picture. The grosa picture aree is 30976 hite and
the net usable ares maide the border iz 28224 bitls
(17.64 em? or approximately 2.82 in *).

{b) READ—A previoualy scanned and electrically
recorded gicture 13 read hack into the machine.

fc] DISPLAY—One imape is exhibited on the
cathode ray (TV} tube.

{d) DUMP—An imgge in the machine iz eleg-
trically recorded on wire or tape.

{e}) PUNCE—An imape is recorded as coded
charactets on & paper tape {can be vsed to transfer
tho image to s different computer),

{2} Program s?uancing funclions: )

{s} ITERATION (Eepeat series of operations).

{h) TRAC (Transfer to different operation on
HNene 0 aignal Feoem Console),

(¢} TRAZ (Transfer Operation if Area="Zerg).

{d} TRA (Transfer Opearation, I'nconditional).
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These OE-erntions permit recycling the machine
through selected porticns of the listed orders, or
repeating the entire list on suceessive pictures
without retyping the liat of ordars,

(3) Picture = ’%ﬂiﬂg nofione.

{a) ROTATE—Piciure is turnad 90 or 180 deg,
g2 may b neceasary for a directional interpretation.

(hy COPY—Omne image is duplicated in the 2d
imaga space, permitt further transformation
without loss of the original.
fe) SWAPF—Two images ara interchanged,

(4} F modification funclions:

{a} COMPLEMENT-—Fhotographic Reversal.

(b} AND—Shows image fenturez {ones) common
to each of 2 images. o

{¢) OR—Combines features {onea) existing in
either of 2 imapes.

(d) M25—Modulo2 Superposition: Shows fea-
tures {ones) existing in either one of 2 images but
nod in both.

(e} ERASE—Destroys one image. _

{f} NOISE—Jnserts & specified proportion of
“duet” gimilar to “enow” in a television program.
This permits experiments on how to cdean a dirty

image.

[%e CUSTER—Thia operation wipes out tha
internal ares of each bnage spot {(or blob) saving
only the outline, One application is t¢ use this
information to estimaie the grain boundary ares of
the phase represented in the imaga,

fh) BITOP—This is a general Boolean operation
on one entire imege, producing s new image in
which the nature of new Imaga point £ &
specified by any desired Boolean function of the
original point valus C, and of the valuea of the eight
neerest neighbors A, .é, D.E endl, 23, 4.

1 A 2
B c PE
] E 4
Foint array for BITOP

Boolean functions are written: AR (A and B);
A+ R (4 or B); A—E (A and not B} ete.

Some of the veeful BITOFP functions which may
bha writhan are:

“Eteh': (" =A807N1234 which will discard tho
bordet line {custer) and save the solid center of each
blob. Ii hos been used (ref, 1} to separate and cor-
rectly count powder perticles which were clustered
ina micmgracyh.

“Plate”; ("=A+B+ 0+ D+ E+14-24-34+4 wil
restore the original imega after etching, except that
blobs originally less than § hits in area, or lines less
thar 3 bits thick will have vanished.

“Clenn': ¥=C+ABCTN234 will eliminate ail
gingle blank points existing within an imags.

More complex BITOF functions could be used to
erase scratehes which might appear in & micrograph
of & poorly polished jtpecimen, or to repair small
defacts in the etching of grain boundaries.

(5) Anahdical funcions:

() AREA—This operation counts the number of
Image points in the image, Division of area by the
appropriate total (30976 or 28224) gives the percent~
age of tha phase represented by the image. o

c?]:l BLCES—Thiﬂ operation enumerates the indi-
vidual separate areas, or blobe, {which in the metal-
lographic case would usually be the grains) and statee
the ares of sach. Tabulation of these dats will give
a grain size distribution,

5. Experimental Ilustrations

fln the praviously mantioned re [fl], ﬂlﬁnrs;:atiuns
of computer interpretation are given for ¢ types
of cases. The central section of one of the Ag’ﬁ\-’[
rrain gize charts was measured, with results in close
agreement with the stated value. A proup of pow-
der particles, containing a few clusters, was separated
by use of the “Etch” Bitop Funetion, and the parti-
ea counted and measured. A three-phage dendritic
structure was analyzed for the ares of the three
, using scang at two lovels of grey sensitivity,
and the M25 function to obtain an image of the gray
phasa alone.

Racently, analyses have been made of the numbers
and sizes of ecarbide particles found in aging gage
block steels. 'Thesa will be veported on a future acca-
siom when they can he related to the changes which
aceur in such blocks, Analyses have also heen made
of a number of gr&ghitio type stroctures of mierest
in establishing atandards for cast iron. [14]

There is carrently very widespread interest and
activity concerned with the auperconductor material
NbsSn.  Since the current knowledge of the physical
metallurgy of this material can be increased by quan-
titative metallographie determinations within the
accuracy range obtainsble from the present smal

icture formai, experiments are at ent being con-

ucied with microgrephs of this material. The
stricture of this meaterial is typically s0 complex that
simple relationships beiween warnous geometrical
paramaters are not applicabls, hence each desived
parameter must be measured divectly.

&, Niohium-Tin Supercenductor

Magnetic fields more powerful than can in practice
be obtained in any other manner can he created by
the uze of selenoids of superconducting wire operated
at liqud heliun temperature [3, 4). Suoch fields
have many potential applications, including nuclear
fusion deviees (5],

Niobium snd tin are both elemental supercon-
ductors, and this property occurs in st least two
of the intermediate phases of the alloy system.
Within the peat few wyears, coneiderahble intorest
has been shown in the compound NbhSn for its
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possible application to the febrication of aupercon-
dueting eolencids. Unfortunately, Xby8n is vf:f,'
brittle and can not be processed by normal nmeetal-
lurgical methods, If, however, » stoichiometric
mixture of Nk and Sn powders is compressed within
a niobivm tube, the duplex tube containing the
moderately ductila mixture enn he cold worked to
wire, wound into coila, and finally tha core converted
te the Nbh;3n phase by a,Fpru rate heat treatment.

However, it hus been lound that wires prepared
in this maomer may have propertiss which differ
significantly from specimen to spacimen, Harl;icula,rl:,r
with rezpect to the relention of superconductivity in
high magnetic felds or with high edrrent densities.
It i3 presently thought that the differences in the
hehavior of rarious specimens may reflect diffarences
ir the form and distribution of the i phage which
is produced by the hent treatment accorded the
mechanical mixture of Nb and 5n pewders in the
ntobium shaath,

7. Suparconductor “'Quality”

In the absence of an apreed upon quantitative
maegaure of the mnceEt. of superconductor quslity,
it is ]]GCBBSN'F to estahlish some working bypothesis
covering the factors which meay be involved. Given
s superconducting material, the supercondueting
stete can be destroyed ait.flar by an increasa in
temperature, & high magnoeiic field, or by axcessive
currenit. ‘These three influences cooperzte in a
complex manner, and a hich test valee lor one
factor doea not necessarily guarantee nn equally

igh value for the other two.

ue, in tice, & hizh qualiiy superconductor
1z one which, st the intended service ternperature,
successfully resistg & high magnetic field and pimnl-
t.ﬂjneuﬁusl g carries & current sufficient to establish
thia .

Matallurgical reasoning toward improving =super-
eonduetor quality may emphasize the current carry-
ing factor as appearing to be somewhat less obscure
than the others. Subject to certain limitations,
thase metullurgicsl changes which would increase
the normael conductivity of a specific materis] may
ba expected to be of at least some benefit to its
superconducting quality. However, at least two
distinct types of seperconductor materials are ree-
ognized. In the “idesl” or “soft” superconductor
{viz, pure tin) the supercenduciive current appears
to be largely confined to the surface. In & ‘hard”
supercondustor, such as niobinn-tin, the critical
current appenrs to be approximately proportionsl
to croszsectional area, hence the superconductive
current appears to flow in the volume. A possibla

1 I1 plbnating eormemt o puleed appHoslint wea pladsed |5,
meY¥ b lmvolred in l-hm.(ﬂt-ﬂ' Eu.‘liw, Thus itmlha
superamtdurtior tietarin] bkt et o]

intermediate condition is one in which the current
follows “internal svrlaces™ whose neture has ot
vet heen definitely apecified.

The most obvious metallurgical factors which
may bear on the performance of verious NbySn
wires fabricated as previously indicated are (1) the
mean, or the minimum, sflective area of super-
eonducting phase in a cross section perpendicular to
the current flow, and {2} continnity of =upercon-
ducting phase along the length of the wire? An
additional factor which might bs invoived in Jeter-
mining the overall perforinanca of 5 wire is the
anisotropy of grain shape. In particular, long or
fibrous grains alined along the wire axis might be
8 degirable structure.

Orther factors relsting to the =toichiometry and
lattice perfectiom within individual grains are prob-
shiy also quite important. Howaver, these factors
are best Investagated by difftsction methods and
will not be further considered at this time.  Factors
1 and 2 and the question of grain shape and orienta-
tion are matters which can be evaluated by quanti-
tative metallo aphf;.

Methods will ba illuatrated for obtaining measura-
ments of the volume fraction of the superconducting
phaze and of its continuity, of the mechanical mean
free path, and of the sizes and shapes of the particles
of the various phezes presant,

8. Nicbium-Tin Alloy System

The specimens presently under investizalion by
vantitative metellography are part of a series of
iffugion specimens and reacted powder mixtures
which have been under investigation by a number of
methads in an effort to establish the phase diagram
of the Nb—Sn system and to determine the most
offective mathod of preparing the NhgSn phaze [5].

Sgecimens are polished normally and are then
anodized, without etching, by the methad of M. L.
Picklesimer 9] to develop characteristic eolors on
each of the phasea.

The colore produced on different metallographic
gomstituents vary somewhat with the degrea of
anodization, and can be deliberately varied to aid
in distinpuishing phase areas. On the basis of
microppot spectrochemical analyses of characteriztic
arens, tha constitiente in the migrostructures have
been tentatively identified [B] as shown in table 2.

TabLk Z—Tenalive identification of me'allegraphic consiify-
tnle in Niobium-Tin alioys

{I) Nighium metsl, which may cootain up to
about 10 percent tin in solid solution, The charac-

tha el a8 kh e eommonly compated feam omm-
and mey ran feom the order of 1 A sl coom 1o the

ductivity
netors many absalata zere, Tha

order of 8




teristic color iz in the light blue range, via: “Light
Beryl Blye” in the Mserz Dictionary of Color [101.

(2) Phase, nominally Nb,5n, with a composition
range of around B atomic percent. This phase is
believed to melt congruently not far helow the
melting point of Nb metal. The solor is consist-
ently a more brilhant blue then Nb; “Calamine
Blue.” This phage has been reported to be a super-
conductor of moderately pood quality.

{3) Phase of nominal composition NbySn, prob-
ahly of fixed composition. This phase ia generally
believed to be one of the best supercondustors now
known, Tha characteriziic color is derker than the
Nb.5n, and more reddish, ranging from “Orient”
(blue) to mapents {process re:]iﬁmaﬂmrdjng to b=
dizing trentiment. ie phase is prezently thowghi
to decompoze by a peritectoid reaction {(to NbSn
+ NbSn,) around 730 *C,

{4} Fhass of nominal composition NbySn, which
is characteristically more red than NhySn, wiz;
“Purple Aster’” when NbsSn ia “Onent.” The
phasa haa been tentatively equated with areas which
are greenish when NbySn is anodized to magents,
This phese iz presently bolieved t0 decompose by a
E;ltp&é‘tmd reaction (to NbySo+ NbSn;) arcund

f5) Phase of noming] composition Nb.Sn,, which
i3 very dense and brittle. e color rangs is in the
brownish yellows, viz, “Bumt Sienna' to yellow.
This phase a to decompose by Perit&ctie
resction to WhSn and ligquid at sbout 263 *C, The
formation of this structure hes been azsociated with
the formatien of porosity.

{B) Sn or quenched su aturated solution of Kb
in 80, The tin side of the system appears o be oc-
cupied by & low melting eutectic mixture. The
high tin material is more yellow tharn any of the other
constituents, viz: "Chrome Yellow' or golden.

. f_?‘i [méamtwa The impuyrity most often recog-
nized iz Salmon Fink in eolor and may perhaps be
niobium nitride.

{8) Porosity: Reacted powder mixtures character-
isticnlly show coneiderable porosity, even when
the powders were fully compacted. The amount
of this porosity generally increasss with the amount
of tin incorporated, and js high for mixtures of the
NhiBo, ratic. The blackness of the pores ia partly
ohscursd by reflections of yellow or green light from
high tin material coati their nner surfaces.
Pores deliberatel ¥ filled with serylic plaatie are white
under polarized light.

9. Low Quality NbSn Wire

If high quality superconduvecting devices are to be
manuwfactured oo & reliabla basis, it will be peces-
sary to relate the supersonducting quality of Nb.Sn
meteriais to the detsils of the complex phase strue-
tures which may be formed under vsrious fabri-
cating trestments.  To this and, the balencs of this
Teport is devoted to a detailed quantitative analysis
of & microstructure which s beleved to represent

» quality somewhat below an acceptable level, and
thus should illustrate the types of defeets which
should be eliminated.

An origmal color micrograph, of which s genersl

int iz shown in figure 2, was supplied by Dr.

1. L. Picklesimer of the Oak Ridee National Lab-
oratory. This comes from a section of commercial
rore wire which waz given only & mimimum heat
treatment of 2 hours at 1,000 °C, and was selected
&8 a low guality ares by virtus of hipher-than-nzual
electrical resistence a¢ room temperatuyre, Other
rections, more completely hest-treated, had normal
quality for the period {July 1961}.

The color transparency was copied in the photo-
graphie lahoratory to produce 4 color-acparation
negetives similar ke ones which would normally be
made for ink reproduction. From thess, high-
contrast, black-and-white prints were made for the
computer input.  These prints wera then cut in sets
of matching arens to produce thres separate series
for computer analysis, aa shown in fizure 3. By
comparizon with specimens made for the disgram
study, and with other transparencies sup li:grbjr
Dr. Picklegimer, the separations are judeed to con-
tain the Following materials:

Black—holes or voids

Blua {aciuallyr cyan or blue-grean)—Nichium
with rome tin in eolid eolution, together with a lesger
amount of Nby 5n not clearly seen in this purticular
micrograph.

Tallow—NbySn,

iﬂ[&eﬂta {purple or “Process Red")—Tha pre-
su superconducting phase Nb.So. )

The magenta aras of the original contsined
numerous “dota’” of various colors, not all of which
ware suceezsfully raproduced in the black and yellow
separations. It 13 belisved that w amall amount of
extraneous material, mainly Nh.So, has been in-
cluded in the mapenta separation.

In sclecting the three areas to be shown to the
eomputer, aections 1 and 2 were logical cuts of the
left and right portions of the original, while saction 3
wis deliberately closen to try to make the material
look as good as possible. This allowed & statistical
avaluation of the possible effect on the computer
regults of nonobjectivity on the part of the metallog-
rapher. It may be seen, in the results to follow,
that this abtempt to deceive the compuater was
gtatistically nneuccessful; hence the resulte from the
three cuts havs been comhined in the total enalysea,

The prints shown were snalyzed on a number of
occasions during the perfection of the LINE and
BLTR routines with results in overall apgresment
with each other. However, results sare reported
only for analyees obtained after the routines were
fully rorrec The total (SEAC) computer time
used in obtaining the reported date for 12 pictures
wae 120 min,

10. Area and Matarial Balance

The area values obtained by the AREA order, and
duplicated axnctly in the LINE anulyses are shown
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Ficure 3. Micrographs used for compuler enayeis,
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in table 3. Due to the tendency of high contrast
printz t6 show slight cnlargement of black areas,
together with a photocaell setting which probably
slighlly favered image detection, the four prints of a
get add up to sliphtly more than the theoretical area
of 28224 units. The actusl totels, rather than tha
theoretical values, ara therefore used to obtain tha
nereentage by volome of the constituents, on the
gsaumption tia,t. the reading etror may be propor-
tional to the ares actuslly read. As the micrograph
is at 2250, and 1 computer unit=>0.25 mm on the
rint, one computer vt i 0.000 mim {1g) ie ectual
angt.il and 10~* mm? in actual area.

Tapk 3. Areas and malericl balanes in low guoiily NbaSn
T SPECi

L gt s 000001 ool
Ttom Cutl Cot f[l Ouk 3 Tokal
12 055 L1082 21950 BABS
L — AT N
BOEE .|
Yellow area .- 206 300 200 o
TotE] B0 ae s bk i) 20647 BT
Tdeal XAl .o un_- oo o T BAATE
b2 1= 0 - I [F -] n g 128
An pércentage of Loial Tend gy
Serepdlog B % i H %3.39‘ % A 58 * 4. B
Hides {Blmck).vur o= 1k A8 if. B 14T 11. 83
Fhatra sy pocest by of Lidal solid
ok ared. oo i 33588 243p7 ZARTT 72043
Mdagenta . %H. i ] %Eﬂ.il %Bﬁ.ﬁ %SE.H
Plae. . 1 1. 06 L2, B 1500 14, 13
T S i 128 1,28 LIE { 1. 28
Material balance, ezruming Nisfo misture o original
Nb &n Hh in 2l En | MNb | dn

Originsl IHH%}.--.. VR0 | AE QD [ TEOQ | My | 7600 | ZEO0 [ 0| 00
FRlua Bt m%la LTI P R O I O I (O - O -
Whefng, (peblow), | Lo | 133 [ QDR ) Lowh | Qfd | 742 [ 0B | 148
A pﬂ.n!thi mpgente | GE 35 | B2 M | R E [ 2099 | e | o 4Ry | 2n
n‘ﬁﬁm _______ 7255 |96 M p 7R85 | BOLLS | TReS | W32 ] TAAR | W31

Assuming the statistics of the binomial distribution
to be applicable to the measuring process used, ona
may expoct [11] for 2 sample size of 28224 umis, a
atandard deviation of about 74 wnits (=0.26%, of
the pross) in estimating a value of about 21000
1{mil.a, ;h.iﬂ}l ]:ruuld ?Enrﬁﬂae to about 5 units

=0.02G of the gross) when measuring 1 percent
of the ares; thet 13 & maximum error {3¢) of lesa
than 1 percent on soy ares messurement. The
discrepancies between the three cuts in table 3 are
somewhat Jlarger than predicted in this manper,
axcept for the yellow phase which conforme exectly.
The (RMS) average deviation of the 12 area readings
from thenr respective averages is 388 units, or 1.30
percent, Thus the notrepresgntative nature of tha
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small micrographa appears te introduce errors about
four timea as great a8 those inherent in the sample
size itsell. However, the table shows that cut 3
daes not axhibit the greatest deviation from the
mean in any of the four measuremenis, henes tha
attempt to deliberately ssleet s statiatically invalid
arca was unsuccessful.

It may be noted from the srea values that the
magenta areq, presumahly the desired supercondune-
tot, accounts for only about 70 percent of the totel
core area. O the romainder, almoest 60 percent is
oceupied by veids, with the balance being oceupied
by unreacted niobiure {with some NbSn) except
f:_'ﬁ- I}:Lé:-:n,lt,i 1 percent occupied by high tin material
{Nb=5ny).

Ii it may ba assumed that the original powder mix-
ture was actually 75 atomic percent niobiom and 25
percent tin, these materials may bae allocated to the
phasea found, although the simple balanes rule of a
two phase syatem is not applicable here. To mini-
mize the effect of errors, it 1 appropriate to assign
the material first to the minor phazes, and determina
the apparent content of the major phase hy differ-
ence. 'The densities of the phases are needed for an
pocurete evaluation.  All mtermediste phases a
parantly are denser than the mixed elemnenta.
specimens consisting mainly of Nh;8n, show around
50 percent voids, the relotive density of WNbh.Sn, is
assumad to be 2. The density of the blue material is
assumad not to be significantly different from that of
NbySn, for the prasent p\ﬁu&a. Ap the blue particles
appear to nclode some NbySn, they are azaumed to
avernge somewhat higher in tin than the saturated
niobium and assigned an arbitrary composition of 10
percent S

On these nssmupﬁﬂqsz the m te material ap-
peara to hava o comoposition slightly above 26 atomic
pereant tin, and must be primarily NbySn. The dats
certainly do not justily assuming that thi= phase
departs from the stoichiometric ratio, and the accu-
racy of the estimate probably does not demand an
explanation of the discrepancy. Nevertheless, the
magents area is thought to contain a Little NElSn,
which could rise the average tin content by a fraction
of 1 percent, and it appears entirely reasonghble that
the pescting mixture may have dissolved around 3
percent of niobium from the sheath material.

11. Lineal Analysis

The Lineal Analysis routine (LINE) makea a
toted lineal analysis of one unmllluter image in one
specific (Horizontal) direction which, in the present
examplee, is made the axis of the wira, Tha picture
is treated as if wrapped into & vertical eylinder; that
iz, the edpes are jumped ao that a totally black image
would be seen a2 obe continwcus helical line 23224

L Rrptly Eebonp of Whfo. Edelisn aoad Haldwin [12] teport thet tha eoclle
deltEdwwdﬁ mt-aJlut:yﬂm;ﬂwﬂ Inlls o rap a5 A functlon of the
Laknl v raciion of holeg Lt Tmtilcles, Jovipoctive of the naturs of
=] bl mﬂmﬁﬂimﬁm th lo tha copper., Mﬂ;:jhnn'm
peirednt o O ‘wolakimel El’ml- THMOH YT, Doatly
all &b 3 voldogs perovant.  As the dwsillty of piore M b 18 gf the iame ordar we that
of DET, A toit whikh eontaing | L MNbyFn rolght ba bt
g?m Al w vt of it Wnterywpded sthecture, wilhoatt tecetdar 1y reqabcog that
30 wWedld Be melible b pairs Borma.




units long, Each wointerrupted traverse m black
{15 or white (0's) i measured, added into the total
[uroi), looked up in w elass distribution table, s
tillied ns one oceurrence of o line of the appropriate
clias,

A typical omputer print-out is shown in table 4,
whieh gives the analysis [or the megenta phase of oot
L of the wire I!I'I-lt'.I"n;I?.."t'ﬂj!ll. In this print, the theee
lines following “LIST" are the instructions insertod
by the ppeestor, with oll other printine doge by the
maching, The “CLEAR O instructions from he
machine fo the operator represent aptions Lo record
the tahle m either of the two number systems.  Frae-
tions of & computer unit wre deopped i the mean free
path (M.F.P.) values and the two stondard devia-
tions, but ean be retrieved from the total Hnes, aren,
andl varanee values,

TASLE & FHOTRQCOPY QF LIME PRIMT-0OUT
FOR OY4qER =) - MAGENTA

=
CLEANH & TO DUME TABLE T0 TArE 00 (hosx)
~ENOTH OBET cEROA
1 32 bl
2 ia Is
£ E kB
b L Rl
5=4& &3 Lt
7-8 Gi L}
B=11 T4 iy
12=1& 332 a9y
11-22 A6 oy
1i=32 gi 45
B 3= k5 3 h
WE=hl l‘s 1
BS=50 s -]
=136 e i
IO e li 3
To. I%h 1] [+]
T 360 J s [
LOWOER i) n
ELINED 839 8318
AHER ro0n5s f)as
MiF.Fa 1k 9
VAR GE3 L
BYE. TV Ik =
BD.MES n a )
CLEAR 0 70 DUHP TABLE TN TEPME ) (fdm=d
LIEE B

While particle area distributions can be deduaeed
from lineal analvaes, such operations require assum -
thons which would be nvalid o the present ense,
Area  distributions  see  obtaimed  divestly o the
BLTR routine,

The significange of lineal analysis in the present
ense lies i the determination of a valoe Tor the me-
chanieal mesn free path in the supercondueting
phase in the axial direction. “T'his 'lF'H{IIf", of | ponres,
takers no cognizanee of possible disturbances of regu-
lnrity on the atemic seale, bul s previously noted
{footnote 33, thie meelinnionl and sloctrical values of
the poean free path iy be expected to be similar for
sufficiently pure nuterials ot very low temperntures,

The line length eliss distributiong for the three
cuts of the magentn (NbySu) ]?ip:urm are plotted in
figrire 4. The burs of this histogram have been

0% WFPTEAN
500 5

il

250 A

2

FREGIIENGY

INTERGEPT LENGTH SLEECLASS, Loman * 021" 1 0000 s wnits

.,.fl'l‘llwu-"ﬂ.'ll lrll|l line fl'ﬂufh Wiatrateeitiion in the lirsigid Wlee
phae | NbeSn),

Frayam A,

divided to slow the contributions from enel of tha
thiree cuts, which will he obzerved to be of stmilar
magnitude in each ense, The clase size interval
for all distributions hes been obtoined by multi-
plying the next lower size interval by 42. For
convecienes in labeling, plots are shown s frequeney
of veourrence versus s clags sige number “8” such
thal L max=(2"% Thus the maximum length
included 1 “Class 10" 5 L max=(yE)"=2% which
1% 42 unitsin decimnl nolation, or 20 m the hssadesi-
mal notation of the computer.  Lamite which would
linve [roctionn] values see rounded to the nexi
higher integer,  Class 0 (L=1) netunlly start= with o
it value of 051 unite, the lowest volue seen
by the compuler (eead ws 1), Clase 1, for which £
would be the unmensurable value of 14, i non-
existent in the present data, Thus classes “0" and
H21 will contuin some tallies which should properly
belong in the nonecistent closses —1 and <=1, and
should appesr somewhat more populous than they
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would appear in o distribution obtained at higher

resolution. The limits of all classes ara given In

lf:‘tﬂ] the decimal and hexadecimael notation in
e b.

TaeLe 5. Seze Hmits for clase dietributions

Decimel waluas Hexderims] values
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Ne. (B}

Mlin Mas Min l Maz
0 {0.513 1 a1 1
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L] 7 ] T .3
T b 11 o n
H 1T 14 L 1
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m | E 17 0
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[F} 13 al 41 BA
14 1 -3 &8 Bl
15 1 141 El HE
14 1=t 2668 BA 0n
17 ¢ i 1 184
13 i Bl 15E 200
ik bla kel 1 T
i Tab j 1] ibs i
a1 o] 148 4 EAE
el (L] Hag bAY BN}
a ) Ee ] =L B
H i At Ba TEnME
as AT fip- 1] Ll | 1R
il ML B nF FELT]
Fii o1 F ] 11E3E a0t ba
Fo| 1LETE 1EX3 D L
26 LR35 o 1 111 ] L] Badl
k1] = L1 BA A3 [LiT]

MNote: Hemadscimol Integers are: 3, 1, i, T8,
A K G, 1, E F,I0L ok A4

Te interpret the line histogram in figure 4, it 8
first neceazary to recognize that the line intercepts
of regular aveas have & hroader distribution than the
sizes of the iclea. For example, the intercepts
of a circle whose caliper diameter is at the top of a
slze class are o disttibuted that only 76.5 percent
are in the same size class a2 the diameter, while 20.5

ercent are distributed among smaller size classes,
he intercept distribution for a group of circles, all
having diameters within one size class, is somewhat
flatter. Such a distribution, obtainad by the com-
uter for circles in dismeter class 10, is ifiuatrated in
gure 5.

In this Jight, it may be seen thet the distribation
of path Jength in the Nb,Sn phase (fig. 4) results
from intercepting a wide range of NbSn icle
sizes. 'The ocenrrence of the 50 percentile point and
of the average at positions close to the modal value
indicater an ementially random nature for the
distribytion,

The summary statistica for the path lengths in
Nb3n are shown in table . The significont finding
is that the mechanical mean free path averages only
28.5 p, corresponding to 377 interruptions per senti-
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meter. This value indicates a very large number of
poteniial disturbances of orderly electron flow in a
useful length of wire {(fvotnote 3, p. 132). Aiso
significant 18 the fact that the standard deviation of
lengths is somewhai greater than the average length,
which is to say that the distribution is very broad
a3 comparad with the ususl chance distribution {such
a8 Poieson and Binomisl eases). Thiz would i:ﬂﬁ]}r
thet thers it a gzood probability that the smaller

article =izes, or shorter paths, could be eliminated
]li::j' more affective metallurgical treatment.
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12. Nature of the Interruptions

The additional lineal data obtained from the 12
inages may be examined primarily with tha objective
of evalusting the nature of the 2358 interruptions
tailllied along a line length of 62.5 tom in the NbgSn
phasc.



A hine distribution for sll nonmagenta materinl (in-
eluding holes) 1= shown i figure 6, 16y beo seen
that this distribution & more populous in the short
lemgth clusses than that Tor the NbSo (fie. 4) and
that the whole background histogram lies about 3
tlnsses to the lefl of the histograi for the magenti
mmge; that s, that background  intercepis are

enerally only about 4 the length of NhgSn intercepts,
ha line intercept histograims for the Blue (bigh iﬂh‘;
particles and for the Black boles are shown i fizures

Tound 8. Ttouay be seen thst the holes necount for n
mnjﬂrh‘..y of the interruptions.  The suminary sta-
tisties {or these distoibutions are given o table 7.
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In only 2 of the 12 eazes did the netual differences
betwesn the & determinations slightly exceed the
3o limit determined from the internal vanance values,
hence the elightly nonrepresentative naturs of the 3
G!ii:ts iﬁ ignored end only the tota]l of 3 runs con-
gidered.

TaeL® ¥, Summary sfalislice for linenl anelyeis of background,
and of arear mo! AbSn
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It may be noted in tabla 7 that there were 625
cases (2080-2355) when the line trace passed from
ane nonmagentsa areq to & different nonmugents area
without first retvrning to the Nbesn., The (463)
exeess In the area resdinge of the 4 seta of pictures
now is found distributed among the minor constitu-
ents, with the comljenmtiug effect that the averngo
line length is nearly the swme in the direct back-
ground determinrtion and ip the sum of the lhree
ndividual determinations,

It may be concloded from table 7 that the most
important cavee of interruptions of the NbySn con-
tinuity is the voids. As many of these are small,
they are rmore mnportant than their share of the area
would indicate. This disproportionate effect also is
shared by the yellow NhoSny particles; however, these
meke only & minor eontribution to the tota] effect.
The hlue Nb particles being on the average large,
cause ?mPnrtmuaﬂy le=za interripticn than their
ghare of the area, and would presumably be regarded
ae less objectionable than the holes and Nhb.Sng
particles,

13. Area Analysis

The term “Blob,” is used in our computer lermi-
nology 1o designate any coherent object, no matier
how complicated its shape, provided thal some Igﬂ,lh,
at least one computer unit wide, can be found from
any one point in the blob to any other point in the
game blob. No hmit is placed on the eomplexity
ot length of the coonecting path. 5o far as can be
determined, no complieation of the shape wili
ilself reeult in A [ales identification. Although the
computer may take & long time (o find and transier
all of a complex shape, 1t will not report the bloh
until no additional eonneetiva area can be found.

Thus & blob can he & single metsl g&in, provided
the grain boundary is completely etched; or # can
be & cluster of adhering grains of the same phase if
the material is unetched, or if the grain boundaries
are ingompletcly developed.  As the specimen under
study is anodized withows etching, the sscond blob
definition applies in the present case,

A t.;.rpicaf BLTR print-out, again for Magents
Cat 1, 1 shown 1in table 8 As in table 4, five lines
following “LIST’: are tha instructipns from the
operator fo the computer, whila all statements
ftﬁ]ﬂwin.g SENDY arg the computers statament: of
progress and inatructiona by the computer to the
0}{7:31’&’(01‘ concerning  options and {format. The
BLTR output represcots data in an intermediate
form, intended for further statistical treatment r]:ly
acdditional routines, hence is given in machine words
and in hexadecimal notatien. For econemy, 11
iketns of information are ncorporated nto 4 words
The positions of the hexedecimal point for each
item have been indicated.

TABLE 8 PHAITICOPY OF BLTR PRINT-CUT FOR CY 4948-1- MAGENTA
C¥-héd-1, .. .RED
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The first nta cub 15 feund to contwin F=13
“hiobs.!” Of these, blob numhber 1 has an area of
4DAD=1988%5 units, which is 99.15 percent of the
total magents area of 20055 unite. The mininum
and maximurn addresses in Y (vertical, down) and
X (horizontul, Lo right) are found to he the known
edga addresses, 004 and 0AC, respectively, hence
this blob extends over the entire height and width
of the imeage, bot surrounds other stosfl bloba to
whirh it is not connected in the plane of the micro-
graph. It may alzo be noted that blebs numbered
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2, K ond F also show one or two edge addresses, and
thus toueh some edge of the image. [t should
bo presumed that their area of 49 units would Lhave
been found connected to the main blob if the eut
had boon mude inoa different position.  The re-
maining 11 small blobs, containing 0.6 percent of
the NbSn area, eannot be proved to be connectd
1o the main ares, but very likely wre so connecied
some place in the unseen voliune.

The conneetivity data for the three nagent cils:

are sumnmarized in table 9, As the three cuts overlap
in the original micrograph, the these lange blobs wee
all parts of one lurgee hloh, which encompnsses 00,6
percent of the observed NbiSn area, aod ocenpies 70
pereent of the volume observed, Thus, ot least
ot convoluted but continuous path ean be traced
between two ponts wl fesst 1440 mum opart i the
mieture (500 0 speciioen),  Tlhere is every reason
to presumne hat at least one such continnons puth
woukd extend (in volume) through the length of the
wire even il the observable puth ghould be found to
terminate soewhere on the partiouloe plane px-
ninined.  Therefore, if the mugente phisge is o et
n good superconductor, wnd this maerograph repre-
sents a low quality superconductor, the cause of this
low quality must be presumed to lie in the short
finvar paths [or in restricted eross seotions), nol in
Inek of donnectivity in the ahsolute zese,
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14. Particle Size Distributions

A Turthee statistloal desceiption of the nalure of
i wress which mterpupl the NbiSn phase e e
oltained by constrocting  histograoms of the wddi-
tional parsmeters . given by the BLTR anelyvses
Sinee the anchine eoding for these operations hus
not been completed, the tallies were made mmunlly
from the BLTR print-out in the same monner os
performed by the tmehine i the LINE oportion.
These tallies thos may nlsp serve 1o determing the
utility which may be expected from the next phase
of the computer programininge,

The distrilutions of hlue, black, and vellow hilohs
tesarding o weon oliveses e 2hown in fgores 0501,
Sinee, on logurithmie clusses, o hlob having heighi
ielnas T and o width in elass & shoald bove an nres
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in eliss 12, 1the seals of the abscissa s now reducod
by a fnetor of two. Poeunks due to the same proups
of purticles will thus fall in the same physieal position
on the griphs in both srea and length plots.

The “raw” distrihutions are obtumed by llving
the bleb arens stuted by the computer, without
regaid 10 the (net that some Dlobs Lhave been eut by
the sdees of the pictures, and are therefore Joreer
thun stated. In tllm Yedpe coreected” distributions.
Bilohs whieh hind sdge ndidresses were tallivd ss lalf
blohe twies as lungee (lwo elisses lovger), and cormer
lobs us quarter blobs four classes lirger.  This
Letatonent s essentinlly the sume effect as the holl
gramn convention normolly used with the Jeffries
method ol prain siee determination!

Both forrps of the sees distributions show sssen-
tinlly  similar pattorns, the pverage aren  hoing
increased only o fraction of one cliss by edee corvec-
tion,  The dieplacenivnts belween the 50 percentile
pointa, mdes, and o veragpes show these distrbuotions
to be pbnormal.  This 8 due to the presence of
concentrations of very sioll wreas; the presénce of
which was not entirely obvious in the line distribu-
tiong,  In the epse of the black voids, s very high
coneon teition ol nnit areds (olnss 0 arp=10"" ¥
15 the most prominent fenture of the hstogemns.
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IT ot wzeribes all of the unit areas to spherieal voids
of unit volume (n erude approsumation) it mny be
estimoted that 1w of the vore material contains
05 10 sial volds of averyes volume = 10 oen®,
ns eompnred owith about 23000 voids of velum
Whss 16 (F mux=I81x107" nwan?), which are
muinly responsible Tor the mode at class & i the
lineul pnalysis.

Il nearly womillion voids per eabic millimeter were
ciused by improper packing —that is by Teiluee of
tin to Gl the spuees hetween the orieinal niobinm

articles, thun a majority of these porticles wonld |

wve hind bo be i disineter dlags 700 1o 11 ) Suel
nn asspmption s eontradicted by the presenoe of
blue residues in aren class 22 and height and widtl
plosses 12 and 13 (igs 19 and 14 TF wonld thias
seem apparent that the orgingl niohivm powder
wos of the common 200 mesh grade (dinmeter elass
12) und therefore consisted of only aedumd 5000
prains/mm®,  Sinee there are apparently more than
100 saaadl volds per origingl giobiun geain, it gius!
b assumidd that thiese gmall voids must love resulted
from the Nh=Sn, diffusion renction and not from
poor pucking,  Metalluggieally, this might vesult
¢ithet from decomposition of some compound of
niobivm and o gos, or from the Kivkendall effect in
e dilTusion,

15. Height, Width, and Length

The pammeter “height” in the BLTR routine
output = the ealliper divenzion of o particle in the
vertical dimension of the moage as seen by the
computer.  In the present pictures, heighl & per-
pendicular fo the axiz of the wire,  Histograms for
this parnmeter nee shown in ligures 12 and 13

*“E}ﬁt]l]a" i# the corresponding saliper dinrension
In e direetion paraliel to the wire pxis,  Histograms
nre shown in figores 14 nael 16 These (wo seta of
histograme shire sotme of the properties of the wreq
histoeraiis, in that the sbnornal abundones of saall
holes enn be more clearly detected than in the
lmenl analysis, where  the multiple traces  from
lurger particles overshadow the stnele fraces [rom
tho smallest, particles.

The heizht and width histogenms ean be compirod
to detect preferred  orientation or clomgation of
porticles. o theease of the Blee (niobiom) monberal,
thie s width, 14000 g, exceeds the menn height,
1069w, by alwost s Tactor of 2, which i a strong
indiention that tha niobiom particles were  sitided
in the soft tin matrix during the production of the
wire, However, if the mobium graane had them-
selves been njl}l}l'ﬂ:iuhl_ﬁ. cold-worked, they  would
then be expected to have been elongited to an extent
appronching the final length/dinmeter ratio nttaiped
by o hypothetival eube of metal from the original
miokiom sheatl; which ratio is computed ns 3515,
(for o Hometer reduction of 150 thines).  As
metun] width to beight mitios of af leass 100 can be
observed inoan etched micrograph of the sheath, it
ie npparent thit the niobiuim grins remsining in the
core wire not subject booony signifieant powonnd of
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coldwork, snd that tha anisotropy of ditmensions is
probehly only that existing in the eriginal nichium
powder,

The average ratio of width to Leight for voids is
080 to 816 or 1.20; hardly & significant departure
from symmetry. Voids which resulted from incom-

lete gacking of the original powders would have

een elonguted even tore eazily then the particles
Thus it again appears clear that the
ohaerved voids are not held over from tha packing
of the powders,

“Length” is an estimated velue token as Lhe
average of the longer of the two merzurad dimensions
and the meximum diagoual of the cireumseribed
rectangle. The approximation is adequate to place
the largest dimension of the section m the correct
gige clazs, with a maximnum error of ¥ class. Length
histograinz are shown in figurez 16 and 17. These
ara sonmewhat more raguler than the corresponding
height or width histrograms, but de not appear to
discioze any new information in the present case.
The incraase of average length over averare width is
only that inherent in the computation.

he divizion of blob area by estimated length
gives & value for the estimated menn thickness.
Tha ratio of the length to this thickuess pives a shape
factor whosze valuea lie from 13, to 2 {for equiaxed
particles. High wvalues indicate a complex shape,
and are muir]ﬁ_jr uscful o permit the computer to
recoflhmise blabs which are in fact clustered graing
which should be subdivided in computing a standard
grain size distribation. Histo%mm of this factor
show only that many of the blue grainz and holes
are not equiaxed. Such histograms are therefore
omitted from this report.

16. Summary

Methods have been developed whereby a metallur-
gical micrograph can be shown to the digital eom-

uter SEAC, which may then be instrocted to

etermine a numher of uzeful paramcters i the
field= of lineal anaiysia and of particle siza measure-
ments. The elementary computer processes which
make such messurements possible have been de-
seribed, together with an outline of the manoer in
which many elementary operations cen he combined
into practical working routines. HSueh working
routines can therenftar bo applied to prectical prob-
lems by operators who are not required to be familiar
with the detsils of the actual computer program.

To illustrate routines siready operating ot the
practical level, and to cxplore the posaible significance
of the data produced, the aypthorz have chosen to
ghow a detsiled anglyeis of a color micrograph of
what is believed to be & Jow quality specimen of the
superconductor Nhg8n, In sddition to its possible
mgnificance in the problem of producing higher
quality supercenducting deviees, this micrograph
presents anslytical problema considerably greater
than those which have normally been encountered
in micrographic gections of other, and usually less
complex, materials whicl Liave been quantitatively
anal by hand methods.
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The micrograph analyzed actually showed cvidence
of five solid constituents in addition to voids,
Inasmuch as two of these conslituents were in very
smell concentration, it was considercd sufficient to
make four color-aeparations, each ahowing onc of the
four major constituents. Three separate aress of
rach color were analyzed, with one being deliberately
chogen to look “better” then the others. This
“hest’ area proved, however, not to he significantly
different from the others on & etatistical basis.

The relative amounts of the four conztitnents were
determined within & precision of about 1 parcent, and
the composition of NbsSn phase was computed
with pood agreement among the three tests and an
nbeolute value within 1.3 percent of the atoichio-
metric value. Computations of varisnce indicate
that differences between the sections of the micro-
graph are reaponsible for errors approximately four
times ag great as those inherent in the point samplin

rovess Used (as computed from the binomi
igtribwtion).

Parameters of possible significance in defining &
high quslity superconductor wera measured, viz,
the mechamical mean free path in each constituent,
and the distributions of particle area, height, width,
and len in each. The poor material was found
to contain 70 percent by volume of the Nb;5n phase,
of which 054 peroent was interconnected by one
or more paths (often complex). T¢ does not appear
teasonable to expect that an additional increase m
sheolute connectivity by a [raction of 1 percent
would appreciably improve the superconducting
quality. :

The mechanical mean fres path in the Nb5n
phesa wis found to be only 26.5¢. This represents
an upper limit to the electronic mean fres path io
this phase, and & value low in the range which has
been reporied for good superconductors.

The interruptions of thie mean free peth are
assigned mainly to the voids in the structure, with
leszer portions dus te residual high-niobivm particles,
and & small part due to high-tin material. ‘The high-
niobium particles are found to have been rotated
during the working of the wire, but not to have
themnselyves been aiﬁuiﬁca,ntly alongated or cold
worked. The voids do not show evidence of elonga-
tion, and are found to exist in numbers of the order
of 100 timea the abundance which might reasonably
be assigned to inadequete packing of the ariﬁ—inal
mixture. The voids thoe may be presumed o have
oripginated ip the rorction between tin and niobium,
sither by the Kirkendall effect or perhaps by decom-
position of some compound of mobium and a gas.

It must however he emphasized that the actual
role of the observed defects in the superconducting
process must remain hypothetical until there are
available, for quantitative metallographic analysis,
mierographz of actusl sections from and bad
wiras, whose superconducting quelity has been
accutately measured. When numerical correlations
can be made between & numeries]l index of super-
vonducting guality and the various measurable
micrographie puratneters, it will he pessible to deter-
mine which of these parameters arve in fact significant.
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With the presently available computer methods,
date comparable to those llustrated in this report
are no longer prohibitive to obtain. The present
dute were obtamed in slightly over 2 hr of actnal
computer operation, at & nominal computer charge of
lees than $200. In this anslyeis, the ecomputer
performed around § millon indji'vidual arithmetical
and logical operations. As some of the necessary
date processing atepa had not yet been coded for the
eomputer, an astimated 20 thoueand squivalent
elamentary operations were performedsby hand, at
a cost of around 100 man bours, Based on these
sgtimates, the coat of acquiring qusntitative motal-
lographic inlormation by computer may be less than
1 percent of thae cost to petform the same processes
with equal accuracy by hand. )

Programming is in process for a “slice” analysis
to determine variatiohs in eross sections, and for a
morg gceurate measurement of grain cirewnferences,
ns well as for the computation of the histegrams
[or the particle size analysis. Mesns are available
for the direet machine plotting of the histoprams
from the computer output. When all steps of the
analytical process have hesn mechanized, 1t will be
entirely feasible to deliver completed diagrnms of
the distributions of the desired parameters within
minutes of the delivery to the computer of suitable
phutnmicmimphs. Onca all paris of this pro-
gramming have been worked out on the present
siza scale, the routines arc expected to be duplicated
for a larger compater (FILOT} whare work ean ba
done on the 8 ¥ 10 in. {20 ¥ 25 cm) acals with an
expected accuracy in the 0.1 percent range.

hila the presont illustration has been takon from
the field of optical metallography, the computer
processes are in no way dependent on the actual
nature of the original material, or on the megnifica-
tion or kind of mti;:rosm e &]&Ed t}‘hc aaume mmpu]tﬁ:r

ams may be -applied directly to petrographic
El:ﬂ?:utﬂ, and to ]]]&E}T similar "::-i-‘?::l-::rgi~-:§:l“aI pmh]e[?ms,
and, on sny size scale, to any similar counting or
measuring problem in which the original information
c&n be represented in & suitable photograph. Fur-
ther exploration may be expected to show man
ueeful applications for geometrical parameters whiec
have heratofore been neglacted bacause of the labor
requ];irﬁld for measuring such parsmeters by hand
methons.

Sincere thanks are extended to Dr, M. L. Pickle-
simer of the Oak Ridge National Laboratory for
supplyinp color micrographa of actual Nb-Sn euper-
conductor wires.

Mr. R. B. Thomas of the NBS Data Processing
Syateme Division compiled tha bagic Hbrary of
image processing routines used and has supplied
valugble ndvice and help in composing additional
analytical routines, ) ) ]

r. H. M. Josaph has assisted in the composition
of the new routines and in the operation of the
romputer during the present study,
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