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INTRODUCT ION

The importance of metals %o our present day world is undeniable. It
follows then that the recovery of metals from the minercl deposits of the
earth is of primery neeessiity to modern civilization., There i3 thus noth-
ing unreasonable ir the statemsnt that the mineral and metal industries
constitute one of the fundsmentel building stones of our econamic mm.g

That system of knowledge %o which the present status of the metal ine
dustry is due, ani %0 which it must look for future develomments and econo-
mies is the science of metallurgy, This science deals with the solution of
economic problems in the treatment of ores and the production of metals,
Although metallurgical science frequently employs such terms as atoms, en-
tropies, isothemms, anl the like, - its ultimate aim is %o economically ex-
tract metals from their ores and to prepare the exiracted metal for use in
eammercial purposes,

It is true that while Nature is abundart, little or no exact knowledge
is required, HRich ores mined and smelted in days past did not require ex-
tremely refined methods. But Nature cammot and does not remain externslly
lavish, Rich ore bodies are rapidly being exhausted; moreover, the economie
situation has changed, so that now it is imperative that every available
particle of metal be taken from the ore, IXach amall detail of the processes
mst be worked out, All of the tricks that Nature exercises ia tucking away
the smaller fractions of valuable eonstituents must be thoroughly understood,
80 tha® these smaller froctions ean be routed from their hiding places and
turned out into the world as useful metal,

And thus it is that metallurgy has been forced to grow from a erude ars,



. Page 2
in ancient times moking use of lcosely vbuilt stone furnsces andi invoecs-
tions $o sundry gods, to its present state of efficient production, where
invocations are addressed to chemists, mineraloglsts, microscopists, and
all bronches of engineeringe.

As pointed out by R, B, }Iead(:) the metallursists job now is to tear
down cheaply and in = few hours what has taken Hoture countless centuries
%o proluca, And Bhis cannot be done blindly and without msome degree of
uwderatanding of the materials being warked upon. Consequently we find
sn ever increasing need for a constantly improving teshnique and refine-
nment of methods in both the laboratory and the plant. There was a time
when rough qualitative tests sufficed for all operations, Then came ex-
aot quantitative chemical analyses which determined how mech of the various
metals were present, But the treatment of low grade ores necessitated
eoncentration of the mineréls th@elves, and it became a mtm of extreme
importance as to not only what metals wexre present, but how were they pres-
ent - in what! minersls and how were these minerals distributed throughe
ou‘é the ore. it this point we fﬁnﬂ ﬁe introduction of the microscope as
a metallurgieal tool directly applicable to the solution of problems in
the econamies of are dressinge Head(,'?') Head and Crawford(,’) and various
otherg)have shown repeatedly the almost indispensable value of miero-
scopic investigstions in ore dressing operationse
. As ores besome leaner, uetallurgicel kmowledge must confine itself
to smaller and smaller Aimensions of matter. In other wards, fundae
mental infomation must be obtained for direct application in presont
day and future metallurgical operctions, Thus we £ind such work es that

(57
on Flotation Fundamentals as done at the Utah Enginearing Experiment

(¢) (7)
Station, and other papers on flotation, and such work as Ralston's
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~on Iroa Oxide Reduction Equillibria, am khier'f) om the Thermsd yna-
mies of Zine, beginning to appear,

Since 1912, a new branch of knowledge has developed which should
prove to be of imense value to metallurgy, nsmely, the study of the
structure of crystals, In the field of fadrisation metallurgy, remarkn-
ble progress has already been obtained, Some general discussions of this
branch of erystal stulies are included in the attashed Mblicgraphy.(g)

At the present time, however, very 1little has been done in the realm of
process metallurgy - that is, the recovery of metals from their ores,

But that such studles can be expected to bdring farth fundamental informoe
tion on problems met with in the recovery of metals is certainly not very
far from a high probability. In view of this situation, work om the pro-
blam entitled, "The Crystal Structure of liinerals and Intermediate Metalw
lurgical Products as a Guide to the Improvement of Ore Dressing and Metale
Jurgical Processes” has been started in the Department of Mining and
Metallurgical Resemreh of the University of Utah,
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Purpose, Scope, and Division of the Problem

A1l metallurgical processes involve the treatment of matter in the
solid state, The mode of treatment and the results obtained depend upon
the physical and ehemical properties of the solids under consideratiom
Just as much as they depend on those properties of the other substances

employed in the operationss

How the behavior of a solid undesr any conditions, whether in the fur-
noee, leaching heap, or flotation cell is intimtely ftied up with its
structure, Caleulations made on the basis of the electrostatie forces

between atomes in a erystal lattice have led to the ewvaluation of physieal
(70) o)
eonstants in good agreement with experimental wvalues, Born snd Iande

(12)
have shown how %o determine these forces, Xoassel has been able to account

for many propertles of chemical compounds on the basis of similar cone

(75
eeptions, Iuecken remarks: "=~ on the whole, evidence has been produced

for at least the heteropolar substances that the so-called chemiesl forees

are identioe?. with the forces which determine the coherence of the erys-
)
tal," Bragg has shomn that the only properties which are not directly re-

lated to the corystal structure are tiose few which depend upon the atomie
forees alems., Anmother viewpoint of fundamental interest to metallurgy,

especially to the theory of flotation, has been expressed by Bragg as

(s5)
follows:

"We mist becr in mind also that there is something even more im-
portant than the solid itself, HNamely the boundary between solid and 1i-
quid or gas. It is here that ¢ vast number of changes continuslly take
place which are essential %o the mrocesses of Nature, animate end inanimate,
A%t the surfzee the free disorder of the liquid ccmes into contaet with the
80l1id and its constrained regularity. The two phases meet, interchange
existences and exert mutual influences just as land ard sea mutunlly en-
ercach and affect each other, That is why the study of surface actions,



of catalysis, and of colloidal phenomens are of such intense interest and
importance, Now this surface action is greatly influenced by the orient-
ation of the molecules of the solid; one fuce of a erystal for szample

has not the same properties as another, We cannot expeet %o understand

the behavior of the surface unless we know what is at the back of it in
the solid, and whether the regularity of the solid is continued to the

surface absolutely or is modified as it approaches the open, and how the
molecule presents itself to the liquid or gas outside, and what are the
special properties of the portions so presented.”

A moments thought will convince ome that the variety of solids
encountered in metallurgy is exceedingly great, Consequently the scope
of the present problem is indeed very wide, and it cannot be hoped %o
more than give a few general indications of possible results snd %o ine-
troduce the problem in its more gencrasl aspects,

‘n immediate division into two mein branches is apparent from the

title of this paper:

1. The erystal structure of minerals,
2, The erystal structure of intermediate metellurgical products,

The present discussion shall toke up the following subjests in the
order nomed: V

1. The erystalline state, in which a brief deseription of the
general ideas of erystal structure will be attempted,

2. Crystal structure studies and mineralogy,

Se Crystal structure studies and intermediate metellurgical
productse

& The present experimental work,
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THE CHYSTALLING STATE
(v

That state of matter characterized by a definite and repented
arrangenent of atoms, ious, or molecules, vibrating about fixed posie
tions in a spatial latiliee, s ealled the crystalline state. Such 2
definition might perhaps include the liquid erystels, but they shell
not be considered at thls time, It is to be nctised that the iso-
tropic materials, the glasses, found so frequently in metsllurgiesl
slags, cannot ¢ome under the avove classification, These latier are
oocasionally nors appreprialtely called under-cooled ;1qp1da.

¥ith the exceptions of glasses, practically all 3611&3 are OTySe
talline. The o0ld distinction between amorphous and erystalline |
matsrial has slmost compleiely disappeared, Thus amryhm carbon
has beem proven to bo distinetly erystalline, The term amphous now
is syronomous with isotropic and applies only to the glasses and perhaps
%0 various tmnsit;m states betwesn randcm moleoular arrangement and
the ﬁsgular armngénen% charasteristiec of orystals,

Colloidal suspensoids have been found to be dispersions of minute
erystals, characteristic x-ray égﬂaction patterns having been cb-
tained for sols of ABp0z  Aum, Ag, ete.(/ ﬂGels, rubber, resins, etae;
occasionally show diffraction offects which CIark§7)suggssts are inﬂimw;
tive of Inecipient crystal form, Hence it is to be expected thot the col-
loidsl minerais generally wiil be crystalline in noture. /ith very
. few exceptions then, most of the solids found in mineralogy ami metal-
lurgy are sure to be mnde of eryntalline mterial, And mattes, m‘&als.

ores, fume, drosses, sinters, refractories, ete., are generally crystal-
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line snd should be amenable to the methods of crystsl analysis.

In 1982 the original principle of crystallography was stated by
Abbe Hemuy to be that "-- every single substance, dsefinitely chemically
constituted, possesses its own crystallins rom.“(/g) Through the work
of smny man the sclence of crystallography was developed wmtil it be-
cams &n indispensables tool in the study of minersls, The science of
the extarnal geometrical complexss of crystals had conceived of some
regular intermal arrsagement of atoms a3 an explanation of the constane
ey of crystel form, Ressouing from this conception, together with the
ideas as t0 the number of atoms in 8 unit volume of substance, ¥ Lnna,(/9}
in 1912, predicted that, if x-reys were short alectromegnetie waves
similer to light, they should de diffrecied by the reguler arrey of
atome in a orystal, Priedrich and Knippinsm})parformd the experi-~
ment of passing a heam of x=-rays through a crystal plaeed {n front of
a photographic plate and discovered, im addition to the image omaed by
the main undeviated beam, a series of diffraction spots. This result
proved both the nature of x-rays and that crystals were composed of a
regular arrangement of atoms. Two enormous fields of inveatigation were
thus opered: the intimate stiructure of erysials, and x-ray spsetroscopy.
In the hands of the Englistmen, W. H, end ¥, L. Brags, the former repidly
beczne sn exmet science. It thus becams possible to detesmine the exact
distance between the atoms and their relative nositions in a crystal,

It is not the purrose of this paper o diacuss the methods of crys-
tal analysis. For a general account of ths entire theory of methods smd
results, mtm:h&ldhm to the very readable book by Sir Wm,

\ Gr)
Bregg, - "Introduction ta Orystal Analysis.” For deteils of the
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various methods, Wyekoff's m.& ) and various other books and yqnu(fj)
should be consulted.

Hauy's original prineiple still stands as correct., Eseh chemieal
entity has its own peculiar erystal form, or better, arrangement of atoms,
The erystallographers have shown that there are only 32 possible symsiry
operations, thet is, any more than this results in a repetition. These
32 operations repeated on 14 possible space lattices result in sau possible
space groups. A space group may be defined as & spatial distribution of
atoms, which, as a whole, possesses crystal symmetry, and in which each
like atom is situated in exactly the same way in relation to its sur-
roundings as every other atom of the same kind. An indefinite but unifom
repetition of these space groups results in the maeroscopie erystal as we
ordinarily think of it. The space group always contains some small whole
number of moclecules, but sisce they are indefinitely repsated, the term
molecules loses much of its ususl significance from the standpoint of
erystal structure. The 230 space groups have been deduced by a Schoen-

(79) (25) (26) (z7) ,
flies, TFedorov, Barlow, Hilton, and the theory has beemn discussed vy

8) (29) (50) (2)
Kreutz, Schoenflies, Iiggli, and Wyckeff, Wyckoff has developed
the analytieal geometry of the spase groups and has tabulated the re-

G
sulte an seendinates of spuivelent petate. . Asthary saé Vrlley have

G»
prepared diegrams of all of the groups. A knowledge of space groups is
essential $o a complete understanding of crystel structure but finds its

chief spplication in the sctusl determinations from x-ray data,

LATTICE TYPES
The phrase, "arrengement of atoms," used so repeatedly in the pre-
ceding discussion must be modified in accordance with the following ideas:
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Crystals may be either ionic, homopolar, molecular, or metallie,

In the first type, characterized by moat of the inorganiec salts, the
positive atom has given up mobé more electrons $o the negative atom se
that there results a positive ion and 8 negative ion. These ions are then
held together in the crystal by electrostatic forces. Lence, with certain
resexrvations, the fonic erystals, as they are calied, may be thought of as
an sssemblage of incompreasible spheres, This concepiion leads to many
interesting conclusions, some of which shall be triefly discussed in s
later paresgraphe.

Homopolar erystsls ave thome in which the various valence electrons
of the constitunent atoms are shared by both positive aund negative atoms,
And the forces whieh hold the crystal together are in this ease, similer
to the forces between matoms in & chemical molecule., Homopolar orystals
are inelined to be mecharically weaker than the ionie.

Moleeular latilces are made up of an arrangsuent of molecules in a
spece latiice. The orystal bonds are then similar to residual valencies,
and the crystals of this class are usually soft and possessed of low
melting points,

The metailic laitice is cuncuived as a "negative field of free
elactrons in which mye irbedded the atamic kemels.“/m Such a concept-
ion permits of ready explanation of the electrical properties of uetal-
lic substauces. Bermnl[”)m given a aridical discussion of tiae metal-
1ic state in which he 183 inclimed to subdivide metallic lattices inte
"metallie ifonic, metallic homopolar," and truly metallic types.

There are, of gowrse, verious intermediate conditions betwcen any of

the above lattice types. But it can be seen that such a division allows

many of the properties of the ecrystal to be explained, The lonic
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1attices sre gamarally capable of mmch wmere sirple interpretation them
any of the others. Mstallurgiesl crystals are usually of the lonic or
metallic tyves.

CHENEAL TYPRES

It is beooming genarel %0 identify srystals more sonwvmiently dy
referring them %o oartain types, the types being mamed afSer scme typical
representative. PFigare I shows & few of the metallic types while Figure II
shows @ few of the more sommd hetercpolar or ionic types, A deseriptiom
dw&mmmatypamthnmwmf%)

As a result of the mmerous investigations on the orystal strue-
tares of & gree$ muber of compounds, generelizstions csn alrsady be mede.
0f sxtrems interest and importance is the work of Ooldselmids and his 00~
workers on the relations betwesn crywtal strusture sand chemisal oonwtitu-
tiom. Wﬁlﬁ)smeMMermmm
- MMMGramuhmbyﬁuutﬁdm,m
Patio of sizes, and the propertiss of polarization of its Building stones,
As the building stones of erystals we visualize atoms ( or lons ) o
growpes of atons.” Nmerous investigaticas have beem meds en the sizes of
atome and {ome within erymiale. The results are pletted in Figwre IIX
from date of Coldsolmidt brought to this lsboratory by r. E. ¥. Taylor.
The actual order of magnitude of tlwse redii are of course depmméent wom
the strucsture of the atoms thessalwes. It will be noticed that %e
¥adii ars periodic functions of the elememts. Alse, it is interesting to
shaerve that ths sime of the positive ions is loss than the size of the
sorresponding stom, anl that the negative ions are eonsidewebly larger
Yo their parent atams, This is to be expected when it is resmbeved

that a positive iom has lost one or more slectrums, and a negntiwe iom



& -4--
[ TE==

o

UMIT (F(L OF X Fe
(G 7ver)

——

o Cu@ Fe o
CHALOPYRITE
(7S "Tree ')

wmr CELL oF Cu
(Fpce Cenrrpep ConE)

o S

.:Fe e:-S
PYRITE
rrim: TYPE)
Hexqeomgr  osest Pacwrp
I CELL oF /7] Co, ele.
QP o5
GALENA

(Me? 7vP") /7604’[:' Z



anes
PN

}

F ﬁ?ﬂ%ﬂwmw

 _“4Wumwﬂmmmm

“8F ON 4 W 0D wImm Wt
K~

—

-y

EY X ELTLYX

7"0#77#”:1”

iwﬂwgmmuw

i'*ﬁﬂﬂw

Fl16. 117




Fiore ¥



Page 11

gained electrons. However, the real significance of these data to
erystal structure is more pertinent to the present discussion,

If we consider only truly iomie erystals, we can, for the present,
think of them as being cowposed of rigid spherical ions in contact with
sach other. The sketches then in Figures I and II are not exactly cor-
rect, The blaék balls represent only the centers of the stoms or ions,
Their shells or "spheres of influemce"” can be conslidered to extend until
they are in contact with eech other, Kow, on this basis, a geometrical
analogy to the structure of crystals can be set up which spproaches the
actual eonditim{ﬁ) If we confine our attentions to two dimensions, it
can be seen that cireles of two different sizes can be arrenged so that
one circle of radius X iz in conteet with as many cireles of radius B as is
possible. ( See Pigure IV ) With a certain ratio between the two sizes,
taree B, circles can be arranged around one X circle, This ratio is X:B
groator than 0,15, However, if this ratio exceeds 0.22, four B, eireles
ean be arranged around oms X oirecle. Considerations of this sort extended
to three dimensions c¢an be applied to ifoniec crystals. 4 systematic rela-
$ionship has thus been found in many cases between structure and redii
ratios in crystals, This leads to 2 posaidility of prsdicting crystal
structures for compounds which have not yet been determined, at least it
gives a hint toward ithe type of structure they may be expected to have, ind
we come to an understand ing of isomorphism in going from one compound te
another. TFurthermore, it ie readily parceived that some few atoms withim
some orystal may be very easily replaced by other atoms of the same size
without altering the structure other than by stretching or contracting the
d4istance betwsen centers in case the atoms or ioms are not exactly the same

sizae. Such ia what herpens in the case of solid solutions, For an extended
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treatment of this very fruitful phese of t}xe gtudy of crystals, refersnce
should be made to the work of Goldsohmidt( ’g)and othars{;@)

This haaty presertation has been given only to show a most general
idea of the possibilities of such a2 science, as dbut a slight amount of
thought will erable one to see many appliceticpns in the realm of minerals,
particularly with regard to impurities and associastion. Thus, camot it
be possible thet the individuals in the 1m-¢opp&-m1fnr saﬂea of
minerals are not exsct chemical entities? The literature shows two and
sonetines more different formulse for bo;'nitc. Crystal n‘tructmrc‘ mlyae:
o two samples.” ome with the composition CugPes, and the other
CugFeSg, showed exactly the same type of structure with but a slight
dceree;ma in the sdge of the unit cell in the case of the former, Refer-
snce t0 the curves of radii will show that divalent Cu and divz;lant iron
have very nearly the same ionic sizss. I% would seem that a rather wide
range of solid sclubility of iren or copper in bornite might be possible,
Chalcopyrite likowise appears in several different colors. This may have
a similar explansticn, If this idea of solid soclution is true, we might
expect variations in the properties and hence metallurgical behavior in
minerals from different localities., Further, whiteneyite has been shown
to be a mixture of a solid solution of Cu and As and a.lgodonito./y/)

Thus the fommula CugAs is practically meaningleas,

In & recext p&pel'?/f) Head, Crewford, end Thackwell have shown the
case of an ore eontaining 7.5% mangarese which had resisted all attempts
at esconomical concentration. Careful microscopic examination revealsd
no mangauese minersls execept traces of manganese oxlide minerals. Reason-
ing from a ¥mowledge of the composition amd variations in minerals, these

men deeided that the manganese was eontained in aiderite, the predominating
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mineral in the ore. Selection of siderite grains under the microscope
followed by chemical analyais, proved their contention and accounted for
praetieallyall of thnmw R-fmtotheumeratmicrwi
(rig. I ) will show the close umuu-ﬁy between the sizes of the 41-
valent iron atom and the divalent manganece atome It 18 readily conw
eatvnbh bhow a certain smeunt of manganese could replace iron atoms in
the siderite lattiee. ‘l‘!wse mles will suffice for the present.
Doubtlesz Kature is replete with e£imiler obscurities, and x-ray resultis,
soupled with the microscope and other tools, are already on the road toward

en explanation of these occurencss,

CRYSTAL IMPERFECTIONS

The picture of a crystal we have obtained from x-rsy data is one in-
volving a perfect contirumm from the single unit cell or space group, to
the large crystal. 4nd now seierce, who seens st iimes i¢c be acmewhat
of a practical Joker, informe us that if a crystsil were as we have ple-
tured it, we would not be able %o know anything about its strueture from
x-ray effects, Theoretical cmsiderations, substantizted by =xperiment,
have shown that diffraction phenomsnpa would be dirfficuit to obtain if the
:limt of atma were gecwmetrically parfect.(ﬂ) 2ragg has shown that a
frnhly cleaved roe& nﬁ lmrfm gives 8 great deal less xz-ray roflect-
ion than one which has beer ground, that is, subjected to distortioniﬁ)
m and atm ideas have led to the conceptions of perfect and Lumper-
fect crystala. The purfoet ropramt. @pu-ently, a practical impossibili-
$y. 411 kpown erystels thus fall into the ilmperfect claas.

Hence we £ind a new picture for z crystal, The complete crystal is
believed to be bullt from small blocks, eaeh of which possesses in iteelf

the exact structure as reveslad by the x-ray methods, but each block
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{ assumed to be of %the order of 1 micron in size ) is soparated from its
neighbors by a small space, IEwald and Smekal in Germany, snd Zwicky,
Goetz, and othere in {this eountry have accordingly developed the idea of
a mosaice erystal siructurs. Zwieky(ﬂ)gives thermodynamie reasons for a
regular series of deviations from the ideal crystiel state, and points out
several experimental indieations of such conceptiona. Goetz(%—)stndicd
eleavage faces and etch figures on single erystals of 3immuth and came o
the conclusion that the crystals were built of "blocks of a definite sizs,
which size 1s independent of the perfeetion of the crystai; so long as
the cryatal is not plaaticaily deforrmed,” Joffe(//ﬁattributes all
#disturbing phenomena” in the mechanical propertiss of crystels to
irregularities of structure of heterogenaéns bodies, &ucka}.[//?)is PO~
bably the most snthusisstic worker on crystal imperfections. e has
shown the relation betmn mny phytieal and cmxcal prcportias of erys~
tals to their discontimous atmotm-o, am! diﬁ&n proaertias into those
dependent entirely on the lattices and tiose dependent upon the spaces
between the unit blocks.

There is not at present very mich experimental evidence as to the
existence of the umnit blocks, Tensile stirength ealculated from the fore
ces between atoms in a erystal by the method of Born are always many

(48) (19)
times grester than obtained by experiment. Traube and co-workers have
observed that a erystal, upon going into solution, first disintegrates
into a large number of particles of colloidel dimensions which ere identi-
fied with the unit blocks of Smekal, Wood({)haa obaerved Bragg re-
flections of visible light from K('}I.O3 crystals which Indicates the exia-
tence of a regulsr superstructure within the material, ‘The density of

erystals calculated from x-ray data is generally higher than the density

detsrmined by the usual methods, which signifies that there must de some
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free spaces within the erystels., Dean has shown that the smount of hy-
drogen sulfids sdsorbed on 80 mesh galena een be accounted for by assuming
e monouoleeular layer to be adsarbed ou usis blocks sontaining 4:10"13
molecules per block. |

Dean  has discussed the possible metallurgical consejuences of such
& discontinucus structure. Thus 1t night be expected that $he "work of
érushing a mineral t¢ a giver size will depend on the sice o:!‘ .t"he unit
bloecks in it.” Leaching rsactions will depend upnn the size cf the wmit
blocks, or better, upon the amount surfaece exnosed to the actior of the
solvent which will in turn be & function of the size of the blocks, Flo-
tation phenocmens wiil be influenced by the fact that ths interstitial -
faces are probably already covered by £ film of adsorbed gas before any
troatment whatever is given the mineral in the mill. Dean further points
out that the indejsondence of the rate of leaching of clmlcocits?;n the
particles may be explained by the concepiion of unit bloeks, That is,
the solution can possibly penetrate into the largs lumps by means of the
spaces beiweon the Dlocks with the result that the agiuml surface of con~

tact dbetween 30lild and solvent is the same for eearn‘m"t'erial as Tor fine,
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CRYSTAL STRUCTURE ALD LINARALOGY
ey

There is no camplete listing, in Inglish, of the crystal structures
elready kuown. Lwald and Hermann<i£>have published & comprehenzive
eagpllation of structure data and are ading to it continually., Wyekeff
lists about three or four hundred incrganic compounds in the "Iﬁteﬂ%;ation-
al... Critlcal Tables.” Wiyckoff alsc hus a rather copleie bibliogrsphy
on erystal atructure studies for the years up to and including 1923 in
his book, "The Structure of Crysiais.” Morségygrecently pudblished a
bibliography of crystal structure studies,.

Ksrr(gy)has descrived equipment and metlhiods of using x-rays as a tool
in determinative mineralogy. iach mineral, if it 1s z definite chemical
entity, produces its own pecullar x-ray yattern. Xerr suggested that
standard filmm could be prepared from pure known materials, Unknown
uamplg;:eéﬁid thus be photegraphed ﬁnﬂer the same conditions arnd iﬁ;ir
patterns compared with the standards, th{?gihose method Kerr was using,
says that & crystsl present in proportions under 107 in 2 mixture of
erystals will not satisfactorily nroduce its pattserz cn top of the nat-
tern of the preponderating crystal. Thus amall amounts of a some one
nineral cannot be definitely loested in mixtures by the x-rsy method,
Even if over 10%, of various minersls are present in a mixture, the
x-ray oxamination usually gives only qualitative data. However, x-rays

should prove of adventage in identifying very finely dispersed minerals

which are too small)l or too stubborn to be influenced by miecroseonic etch
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or stain reagents. Thus R. E., Head, at these laboraforas, has come upon
some leached chaleocite grains which show a rather large amount of some
mineral phase distributed in bands which are just beyond the resolving
power of the microscope and consequently not able to be identified by the
usual methods. X-ray analysis of these grains should show at once if
another phase 18 actually present and should permit of its definite de~
termination., It is in such work that the x-ray study of crystals should
prove to be an aid to the microscope.

Appliecations of erystal structure studies to the relations between
the varicus individual minerals in a "Group™ has been shown in a prece-
ding paragraph, ( See page /Z) 1in which possibilities of solid solu-
tions were discussed, The ococurence of s0lid solutions in minersls is
not rare. Thus in the plagioclase feldspars a continuous series of solid
golutions exists between albite and anorthite, Here one sodium and one
silicon in equivalent amounts replace one calcium and one aluminum, with
no change in the iype of structure. Kriege;;;is studied the series
ealcite, rhodochrosite, on this besis, The tennanite- tetrshedrite
relations are undoubtedly explainasble on the same basis. Molybdenum is
found to replace some of the tumgsten in scheelite, The radii of Mo and W
ions are practically the same. Ca is known to be present in Wulfenite,
more than likely, according to the ionic radii, taking the place of some Pb
jons. Teallite, Franckeite, and cylindrite are in the same category.
There is no necessity of listing all of the possibilities. The direct
metallurgical significance of such phenomena is that erystal structure
studies either by the microscope or by x-rays, will permit determining
the best method of concentration or separation of the valuable constit-
uents of an are. That 1a, chemical analysis will show that certain metals

are present. And knowledge of the structure in which the metal
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ia oonfined will detemnine if physiesl or chemical means of separastion
‘are necessary.

In ths Ilctetion of minersls we find a great wealth of eonflicting
theory. In spite of the tremendous achievements in the floating of
mirerals in the last twenty ycars, there is yet no satisfactory explana-
tion of the genersl phemomena and each mine end mill has its own indivi-
dual problems, the exper!emce gained at one mill serving only to indi-
cate the general node of progedure st another mill, That the crystal
structures of the minerals are involved in the causes governing flo-
tation cannot, it is believed, be dlaproved. But as to what part they
play, there is, at present, no information awailsable,

That phenomencn or group of phenomena which are cleassifie d under
the name of adsorption, play as 18 well known, an exceedingly important
role in all flotation processes. The forces at the surfaces of crystals
have ecnsiderable influence on at least some tyres of adsorption as was

: (58) (59)
shown by Langmuir. Folenyi  has considered adsorpticn from a similar

{(¢0) (&)
standpoint, 1Jukherjse and Fajans lhave studied the double layer at

the bourndery of erystalline naterisls., Yruyt and Ven der

(6z)
Willigen found that silver iodide sols were stabilized only by salts

IWiuh were 1sdmbrphnﬁs witﬁlié I. Their sxperimpntslinciné;d the pre-~
paration o7 the 50l in the presencs of sach of the following salts:

K1, Kbr, KCL, KON, KONS, K Fe(aN), ¥NO_ , SO, , K,00, , ELHPO, ,

K Cr,0 All of the suspensoids flocoulated rapidly excent those pre-

22"
vared in the presence of the first six sslts given sbove, This 4s taken

a8 an indieation of the influence of isomorphism on the stability of sols.
That 1s, those ions are adsorbed wiich tend to form isomorphous salts with

€3
the adsorbent., HLowever, Frsundlich points ocut that this rule, which had
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desn formlated before by Harc, doee mot "relate to truly isomerphous sed-
stances but to ‘homolomorphous’ dmese These have very similar orystallines
forns and henoe can erystallisge together in parallel overgrowthe, while
they san scaroely form solid solutions with ome another, snd do not mutually
act as nuclel in canes of supersaturation.” However, in genersl the litera~
ture on the relstions between crystal structure and sdsorption phencsena
is most scarce. 4nd it is this type of knowledge wi.ieh should be had te
aid in ilding a complete picture of flotation mechanisws. an attempt
was nade to discover some relationships between astructure and flotation
resulta by tubulating the inf.uecnces of wverifous fons on certain minerals
along with the crystal structures of the mineral snd the sdsorbed material,
the data being taken frox the literatqgg. Ho oigrificant dependences eould
be noticed, slthoush this 1s wot necesearily discourazim becsuse most
flotation tests huve been made with a view Soward dctmining the effect of
reagents rather than of the ninerals thenselves,

liot alone do lattice properties eome into plzay in adsorption phenomens.
If crystals are built of unit blooks, the blocks are prouably scesessed of
a conting of adsorbed mmterial which might influence even more strongly than
the lattice energies, the abiiity of the mineral to further adsord the flo-
tation reagenta. It is well known that erystals foming in the presence of
impuriti s have a temdency 0 sdsard a certain azount of the fmpurities.
In fact this tendoncy is so promounced in soxe cases as to prevent certain
fages from groving. Zhus & swell amownt of uwrea in UaCl solutions will
oaxss the salt to crystallize in _the form of octshedra rather than the nor-
mal cubss. In the presence of diamine sky blue, potassium alum crystal-
lizes in perfect cubea{[y)h can preswably happen that ihe adserbed material
1s 1somorphous or hoswivmorphous with the orystsllising substamse and henoe

alternate layers of corystal and adsorbed subsiance can be formed.
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I% is in this menner that we might expect minerals to form from magma-
$ic waters; crystallizing not as & perfect eenti/;u but as a series of
blocks separated by thin layers of adsorbed materisl., ind this adsorbed
material might be either another mineral or some gas, depending upom con-
ditions, If this substence which is adsorbed is taken into the lattice
‘of the erystal, in contradistinction to the pleture of unit blocks emd
their coatings, we would expeet to find & change of the lattice constants
as shown by x-rey aunalysis. Foote, Blake, and Framf y)s'mﬂze& the in-
fluence of dimmine sky blue on the lattice comstants of potassium elum
and found no change due to the sdsorbed dye. This led them to feel
justified (with reservations as to the outcome of future experiments) in
assuming that the dye is adsorbed imterstitially rather than by replace-
ment of the fons in the unit cell,

Galena is knowmn to contain ecnsiderable quantities of 538. Its
odor can frequently be detected wpon freshly broken specimens. m(éf)
in studying PbS contact detectors found that a large quantity of hydrogen
sulphide was given off by ertificial galena when under s vacumm and heated
‘30 500° C. On the basis of the essumption of unit blocks, this gas might
be expected to be contained on their surfaces. Vork is now being done
by Gross and St. Clair on the adsorption of this gas on natural galena

at the Utah Engineering Experimsnt Station im cooperstion with the U, S,
Bureau of Mines. One phase of the problsm will be fo determine if the
lattice constants of a degassed and a satureted sample of galena are the
same, If so, es in the case of the potassium alum, it car perhaps be
assumed that the gos is present in the interstices between the unit
bloecks. Hence, upaiﬂﬁmwnmfg)mmermmwh’
2 given sample should serve as s msasure of the size of the unit bloecks,
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It ts doubtful if x-ray methods will pernit of eny otuly of the sctual
surface layvers of minersl ssmples. Clerk Pragren, and zfm[ﬁ)m
Peer able to study alloy swrfanes dy reflecting zwraye fron them et veyy
srall angles of incidemee, Yut in swuch gubstances, the swiace effects
locked for are sany atomie layers desp. !incrsl swrfaces cannct be exe
poctad to hove mich more thmn a monomoloculsr fiiw end any 4iffractiom
effects from this MMip night well be ovarshadowed Ly the gf'fects from the
main pert of the crystal. One tool which way urove of soEe sarvice in

_ (¢8)
such work ia the sleotron beem. Fupp in Cerpsmy, and Devisson, snd

Gmr(w) ir this ecountry heve obtoinod diffreetion pheromens by & bean
of slectrons reflected from metel swineces, Devisson and Germer give
evidencs, from this wethod, of & regnm arrangessnt of oxypgen atoms ade-
sorbed won clean niekel surfaces,

A@sorbed subsiances noesibly hove some influence on the solubility of
the adporbent,~ an efi’sct rhich would slay n part in the lesching of ores,

ﬁa}m:cm thet twe or three layers of mica molecules ars rendored

smpersoluble by cloavegre, This may be attributed to the fact that the
moleailos on u fregh cleavegs surface roy rot heve tine 4o adiust thems
selves to o oondition of minimum energy befure solution tekes plece,
However, such adjustment might conzist in the adscrbtion of fons of the
solvent until 2ll bonde or exeesa lattice forces at the surface of the
#0lid are satisfiod. In general, an aggregete of unit blocks with ad~
sorbed somtings would not be expected to hove the same solubillity cherso-
teristios 23 the ssme meterizl without the ooatings. But, eny hindrnnce
offered to solution frem this stardvoint is probably scmpletely hiddem
by the incrense in the rete of solution to be expzcted from the encimously
incrsossd azurface due $o the blocks.

™he actual lattice structure of a minersl unnuestionsbly has some
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7
bearing on 1ts bshavior in leaching operstions, DelJong has worked out

the atructure of bornite and found it to contain 32 cuprous and 8 eupriec
ions in the unit cell, Surely these two kinds of lone will not go into
golution with the same esne, Covellite, crystallizing in the hexagonal
Krown 72> .
system, isﬂto contalin six CuS in the unit cell. Davey states «= " ~=3
of the 6 Cu 'etoms® oceupy isolated positions in the lattice. Such strus-
ture invites speculation as to the ionic state of Cu and S., for instence:
Are the two 1solated Cu rezlly neutrsl atoms z2nd not ions; must 4 of the
8 sulfura carry only + of the normal nogative charge in order to keep the
erystal as a ibole neutral?® Suliivaé?j) has éhown that whan chaleocite
dissolves, one half of the Cu 1s rapidly liberated, no free sulphur being
released, but that the Cu:S ratio does not them stay at 1:1 and the re-
mainder disaolve as Cu3S, The actuai hapnening 48 that more Cu iz libver-
ated alone until the ratio Cu:3 is less then 1:1 resching the value of
0.81:1 at tines, If there 1s any bmsis to Daver's "invitation to specu~
lation” it mizsht €4rd come backing in this effect uoted by Sullivaen,
That iz, perhaps some of the Cu atoms are different than the others in
CuS; the two "isocleted" copners dissolving more readily and independently
of the sulfurs,

The mechanical strength of minsral crystals is s function of their
structure, ilot much more than this can be sald at the present time in
relstion to the effect of crysisl structure on grinding. Crinding may
ecsuse allotropie changes in a mineral, however. Jchlecde and GCantzekow

found that wurtzite was converted intc zinc blende by the mere sct of

pulverizinge
S~ T



CRYSTAL STRUCTURE AND INTERMEDIATE
NETALLURCICAL PRODUCTS
(3)

In intermediate metallurgical products we come upon physical-
chemical systems of pronounced complexity. MNattes, slags, sinters,
drosses, speiss are all composed of many components and the pheses pre-
sent range from maeterial in the metallic state, through intermetallie
compounds, to nommetallic elements and compounds, distinet or in solid
solution with each other. A complete understanding of these materials
will probably require the working out of all the possible binary sys-
tems, then the ternary, quaternmary, and so on, indeed 2 Herculean task,
X-ray crystal analysis would serve to distinguish each phase in the
solids. The structures of a great meny of the individual substances
likely to be present are already known as can be seen by reference to any
of the structure data compilations previously mentioned ( See page /¢ ).
And from the laws of crystsl chemistry and other physical chemical data
a great many predictions can possibly be made., This field of metallur-
gical investigation is truly enormous and it is not surprising that it

has not been touched.

The entire preceding discussion has been given in an attespt to show
the possible lmportance of crystel structure studies to minerslogy and
process metallurgy. In spite of the faet that the structures of a great
mumber of crystalline solids are already known and tabulated, very little
has been done in the interpretation of such data from the standpoint of

their metallurgical spplication. And the coneeptions of erystal imper-



ftetim are still in the controversial stage with practically no
direct bearing on minerals or metallurgical products.

The words, "erystal structure studies” as used in the paper mean
not only the mere determination of the atomic positions within the ecrys-
tals nor only the discovery of the presence or absence of crystal im-
perfections, but the development of fundamental information concerning
the behavior of all metallurgical solids under any conditions., Naturally
then, it is a matter of primery importance to know just what the utnn
of the solids can be, what forces hold them together, what forces must
be overcome to take them apart, and what forces do they exert on their
surroundings.

It is obvious that the field is relatively new, Hence it has been
possible only %o draw inferences and suggestions from work done on other
products with no connection to metallurgy and to attempt to show how
similar woark, carried out om materials of metallurgical importance,
Mﬂpmuﬁboﬁmt value in the furtherance of metallurgical

m‘w.

PRESENT EXPERIMENTAL WORK

The present work has been done in relation to the ideas of crystal
imperfections, It is believed thet these ideas have been sufficiently
discussed in preceding parasgraphs and require no further general treat-
ment in this section.

R. S, Dean has prepared a program of investigations on imperfect-
ions in mineral erystals in which it is hoped to determine a number of
physical properties on each of many different mineral ssmples., The pro-
perties to be investigated ave those which might be directly influenced
by the presence of the assumed superstructure of erystal discontinuities



Page 25

or imperfections, For instance: Pycnometer density, x-ray density,
microscopic characteristics, electrical conductivity, temperature
coeffiecient of electrical eonductivity, ability to adsord gases, critical
si?es for floatation, grinding, and leaching, etec. are to be determined
on the same sawmples, Ip this way it is expected that information as to
number, size, and effect of the unit blocks in crystalline minerals can
be obtained, L

This report im confined to the electrical conductivity and ita
temperature coeftic;ent; the work on the othe: phases of the problem is

being done by other investigators at these laboratories.

Mosaic or "Unit Block™ Structure and Electrical
Conductivity. :

75) 9,
Koenigsberger, and Rasch and Hinrichsen, obaerved that the
electrical conductivity of 30113 salts at different temperatures could

be represented by an equation such as:

in g=2
, by
_ .. E
Eq (). or K=47%

Where X is the specific conductivity, A, B and E ar; constants and T is
the temperature. That is, the relation between the logarithm of the
specific conductivity and the reeciprocal of the temperature proved téf ‘
be linear, However, thls relation holds only between certain temperastwre
limits., It also holds only for ioniec conductors. Above some minimm
temperature a break occurs in the curve logk vs. 1/T.

Smakal(b) has pointed out that this break in the curve can be ex-
plained on the basis of the assumpition that erystals are built of small
blocks separated from each other by interstices or "Lockerstellen."

Ionic conductors then, at the lower temperatures, conduct electrieity by
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wvirtue of mobile ifcns within the interstices, but above some eritical
‘tempera’mre jong from the latiices of the unit bloeks themselves take

a part in the conduction, with the result that both types of ions are

involved, and the slope of the tonperature~ conductivity curve is

¢changed. The conductivity can be better repressuted by the equation:

; -2 -E;
£p. (D) E=ase T + aset

Where the first term on the right hand sids refers to that part of the
eonduction dus to the "Lockerionen” and the second term to that due to
the lattice ions, This view has besn challenged by Joat(jgiho sta’sei
that eleectrolytic conductance of good conducting Agl orystals is not
influenced by limiting surfaces, and that the conductivity of such

salts does not depend on internal boundsries, Thipps and Leslie(ﬁ)
perforned transference experimenis on Hall over a wide range of tempora-
ture and ma!ntaiu that the break in the curve ocewrs at a soint where
the Cl1 ions begin to carry & part of the current, the Cl ions not have
ing taken any appreciable part in the conduction up %o that point. Their
data £it Bquation (2) above. But they are inclined to interpet the
equation in such a way that the first term represents the conduction due
%0 ove kind of lattice ions, and the second due to the other kind of
Iattieo kiﬂfonsb,a thua nogleéting the influence of "Lockeriomem" if
presant,

Regler,(go) in eccordance with the idess of Smekal conecerning unit
blocks, considers that a great nart of the resistance of high resistance
bodiea, and 20lid insulstors exists in the transition regions between
the bloeks, The actual conductivity of the lattice material iz believed
to be considerably higher thsn measurements on gross crystals ghow. He

points out that deviations from Ohm's law can be explained on the basis of
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a discontinucus structure. In faet it ias postulated that a discontin-
uous structure will not permit Ohm's law to be obeyed by metallie con-
ductors., Salligegzb)haa ramarked that derviations from Ohm's law are
only apparent and arise from polarizatior phenomens. Jorfégz)holda
& similar view and has shown that conduetivity in poorly conducting
salts do;s follow Chm's lav,

hegler also, in a paper on the electrical properties of galena
crystals{y') roported experiments vhich wcro intended to show that
galena crystals, possessed piezo-eloetric propertiea. The unit blocks
are supposed to expand under the influence of a potential applied in
one direction, and tojcontract with opposite polarity. This expansion
}13 then thought to §ecasion & deerease in the transition resistance
between the unit blocks while the contraetion under opposite polarity
causes an increase in the transition resistance, with the combined result
that current will be carried with more ease in one direction than in
another, and recification of an alternating current is thus made possi-
ble. In the same paper were reported experiments which showed that the
amount of current carried by a crystal of galena was dependent upon the
applied pressure., This waa attributed to a squeezing together of the
unit blocks resulting in a better eontact betwesn them and a conse-
quent lower resistance of the crystal ss a whole. The offect of pres-
sure on deviations from Ohm's law was also studied by Regler. According
to these studies, conductivity in galena does not follow Ohm's law until
a certain minimus pressure is reached, presumably that pressure at which
the unit blocks come into intimate contact or at least as close as possi-
ble,

These papsrs and others show that both the mechanism of elasctrie
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eonduction arnd the coneept of unit blocks are still matters of contro-
versy. However, as Smekal has pointed out(,m) any disturbance of the
lattice structure will produce a hindrance %o the migration of elee-
trons in electronic conductors. Consequently a study of the uhatr;c
conduetivity of metallic minerals should give an indieation of the

presence or absence of a mosaic structure.
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Tilg ELECIRICAL CURDUCTIVITY OF

CALERA

Galena has been chosen as the first muteriel te be investigated,
ehiefly because of the simplicity of its erystal atructure.

The eledirical eonductivity of galena and crystallized lead m,zlﬁde

(89) D) (8¢ (87
has been studied by Hittdorf, Braun, Doelter, duiioncel ,

(88 ED (o0 (91) (92)
Weigel, Bernfeld, 3el jermick, Buf?, Koenigsberger,

(92 (900 ' (957 (9>
Streintz, Streintz and Yesley, OStreintz and “ellick, Wesley,

(97) (98) (o9 (e0) Ve 1) oz)
Huizinga, Beedeker, Reicherhein, Pados, Collet, Guinchant,

; S (703 (70%) I :
Eoenigsherser and Schilling, van Aubel, James, Gehlhoff and

(7€) (707) (708 (/69)
ir, Plares, = Goddard, Coursey, Koenizsberger and

(ro) o) ) 0r3) ) D
Relchenheinm, Wakasaburo, Regler, Tubendt, Frey, Vrede,

re)
Lapinski, and others.

Figure 7V shows some of the results of these investizators. van
A.nbol(/oﬁzm that thers is a minimmm in the temperature~ resistance
eurve at -189°C, Landolt and Bormstein and also the International
Critical Tebles, in reporting the measurements of Koenigsberger and
Reichenheim siow & minimum in the curve between +20° and ——1800.
J’amaa(/&ﬂshows @ pronounced break in the curve at + 150° and attri-
butes it tu a tramsiiion from A Pbs to B PbS. Streintz(g})noticed that
the eounductivity was higher alter heating and couviing and assumes the
pressuce of & metastable form. 1‘..apinski(//0also suys that heating and
eooling lowers the resistance, The moat significant statausnt is pro-
bably that of Pmrvay(//7)tho, in working with ccmparative resistances
of different minerals, found a weriation of over 300,000% in the figures

far seventeen differeni samples of galena.
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(93>
Streintz slowed that the passape of B.u. tnrough galene ia m«-—-
paried by the oleci:-olﬂic formation of mh(l thmds. partieularly 1 4
/03
AgS is present. Tovenigsberger and Zchilling said that sonduction is

3
certeinly elsciranic. Tubandt bas shown that the latter is correct

from the standpoint of mm upmtu. Hcapg/g)has found &
‘pronouncsd Hall effect in Calens crystals. .nd the metallie luster of
galene orystals lends more substantiatiorn toc the iden that gelens con~
ducts electronically,

(%)
Coblentz found thet one spacimer of galena was rot phactoelac-

trically sensitive. Gug/@)tound that galena was sensitive to lighs,
Workers on galena {rom the atandpoint of its ability to rectify

- AsCe Toport various experimentsl reszults whioch sre in disegreemert with

sach other,

‘In view of all of theae rasulis, 1t can be scen that, in general,
voery l1ittle definite inforzatiom has been obtained on the slectrical proe-
perties of galena or lead sulfide,

The ain of the present work was to determine the tu@eraiura,
resintance relations for different samplies of galeuns, 'The diseussion
of the work of others on this subject points o but ome siguiticani fact,
pemely: The independent determineation of auy of the electrioal proper~
$ies of ganlena iz practically meaningless unless supplesented by mea-
surements on other physical and ehenlcal properties of ‘tha sume ample.
Aogordingly this work bas been done on sacplos fraz specimens which are
now haing investigated from the standpoint of their othexr properitiss, as
mantioned before,

METTOD _
The method chosen for the measurerents is that in which the po-

tanticl drop 1s messured scross a prism of galena when cerrying a known

surrent,
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That is, the sample is comnected in series with a knmown standard
resistance and the potential drop determined across both by means of
a Leeds and Northrup type K potentiometer. This method eliminates the
usual effects of contacts, It was believed that varisble contact
resistance had been the cause of many of the variations in the work
of other investigators. muthm.gmmum
to conduct differently in different directioms, mmuespomm‘
developed at one elecirode would thus not necessarily be exactly bal-
anced by the contact potential at the opposite electrode.

EFFECT OF VARIOUS TYPES OF
CUNTACTS

Even though & potentiometric method was employed, slectrical
contacts proved to be the greatest source of trouble. It was dis-
covered that the location of both current and potential contacts was
a matter of fundamental importance to the particular value of resis-
tance obtained. The ordinery method of clamping the specimen between
the two current electrodes and them determining the potential drop
across two needles at a fixed distance apart cannot be employed. Read-
mmmm:mzammuuﬁmammu
merely shifting the needles, or even by lifting the nesdles from the
surface and then replacing them in exactly the seme position im so far
as could be determined by microscopic observaetion. And also, concor-
dant reedings could not be obtained if the same specimen were removed
from the clemp and then immediately replaced. Mercury, lead amalgem,
silver foil, Pt foil, graphitizing, gold leaf pads, electrolyte solu-
tions, were all tried with indefinite results.



. PRESSURE EFFECT

There was some indication that contact pressure was a factor of
pronounced importance, This ldea was strengthened by the reported ex-
periments of Regler (See p. 7/ ). Accordingly a c¢lamp was designed
which permitted smsll crystals of galema to be subjected to pressures
—of the seme order ( O. to 1 Kg. ) as smployed in Regler's experiments,
Measurements of current passed by the erystal for different pressures
confizmed Regler's observations, i.e.,, more current was passed at higher
pressures, However, 1t eould scarcely be maintained fram such experimemts
that the resistance of galera was a function of such asmall pressures. It
was believed that the change in the emount of ourrent carried was & function
of the gross econtact between the sntire crystal and the electrode material
rather than in the change in contact pressurs between the unit blocks,

( See p.77)e Attempts to measure the drop aeross the cryatal fera
fixed current were made by driving two P$-Ir needles, held securely in
place by means of set screws, into the side of the crystal. However,
eniy contradictory results were obteined, the resistance shoving at one
time a decrease with pressure and at another an incresse, It was decided
that euch discrepancies were dua to the imposaibility of securing fixed
eontacts. Vibrations of the building in which the iork was being done
were sufficlent to change any one reading tenfold or more. Consejuently
advantage was teken of & fact employed by Goblentz(//y) in making electrical
contact with galena crystals, namely: Thet a ecopper wire, heated to in-
candescence and touched to a galena surface will fuse into the meterial
and form e firm bond. This method made fixed potential contacts nossible,
It was lator found out that leads could be attached in this way by touching

a fine Cu wire (No, 30) to a plece of galena and short-ecirsuiting both acroes
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the house lighting circuit with a varisble resistance of a few ohms ine
terposed,

In order %o deteraine more definitely the effsct of preassure, an
apparatus was built ginilar %o that used by Hegler but permitting welded
potential contacta to be taken from the csnters of the ends of the speci-
mmm. It is shown diagramatieally in Figure XVY.

~ The current was ed justed for cach reading so that 1t was constant
for any one aset of cbservations. Hesults of determining the IR drop
across the welded potentisl leasds for two different samples of galena
ere shown in Tablee I axd II,

It can be resdily seen that the fesistanca of galena dces not change
with the order of preasures used, at least any variations are smaller than
the other variations aneéuntsrad. _ ' R

1%t wes further obssrved that Chm's law is followéd by galena at any
of tho prassures enployed, “hus thnro doss not aoam»to be eny indication
at unit blocks in galena frum the stan&point of praasurn—eenﬁunttvity
relations.

However, reproducible readings of specific resistance could not be
obtained on any one sarple wlth the spparatus employed above. A mers
resetting of the top bruss bloek sufficed to chauge the figures. Never-
theless, for any one sstting of the specimen in the holder, and with no
great vibraticns of the apparatus, consistent results were always found
in so far a3 pressure effects were concerned,

‘The 1nability to get reproducibls readings was finally traced to two
eainees, (1) Galena was found to posaess & blgh thermoelectric force

toward copper. (2) The location of the current contact proved to be as
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Showing the effect pf pressure on the resistance of Galena
Sample No. 1U.4 ( Joplin, Ko)

Current for all readings 10 milliamperes.

Potal Pressurs Resiatance in
in Grams. ohms .
90 0.012k
200 0,0120
hoo 0.0103
500 0.0110
700 0,0110
900 0.0110
700 00110
500 0.0105
200 0.009
90 040130
TABLE I1

Showing the effect of pressure on the resistance of (Jalena
Sample No. 89808-3 (U.S.H.k.)

Current for all resdings 10 milliamperes.

Potal Pressure Resistznce in
in Grams, Lo ohmlel . L
% 0,0371
200 ' 0.0357
400 0.0383
600 0.0365
800 0,0377
1000 0.0363
1300 0.0369

Note: 0,01 ohm corresponds to an IR drop of 0.1 millivolt with
a current of 10 milliamperes. Hence, all variations in the
above resistance readings amount to variations in measured
potential of some 0.01 millivolts,
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important as the location of the potential contacts,

THERMAL EFFECT

It has been observed by Regler(g?) that galena develops a thermal
EMF against brass of 2.4 x 10-4 volts per degree. In the present work,
while atterpting to plot equipotential lines on the surface of a large
specimen of galena by means of a series of 49 wires welded to the sur-
face, it was fourd that readings were inpossidble when the specimen was
merely allowed to 1lie on the laboratory teble. Immersion in an oil bath
was resorted to in order to prevent temperature sffects from interferring.
It was observed that when & balence was obtained on the poterntiometer, the
approcaeh of an electric lemp to one of the potential contacts caunsed a
galvanometer deflection, which could be reversed by bringing the lamp in
the neighboxrhood of the othar potenttal contact, No attemps were made to
measure the intensity of ‘t.his effect because the teﬂparaturo difference
between both ends of the specimen could not be determined. However, the

faet was evident that & constant temperature bath was necessary,

GEOMETRICAL EFFRECTS

Farther attempts %o plot equipotential lines with the block at
miform tempersture were abandoned due to the fact that the diffsrences
in potential between one point and another on the swrface were so amall
as not to be detectable. Currents of 10, 20, and 30 milliemperes were
euployed, Further increases in the amount of current passing would in-
duce heating effects which would only complicate the recults,

But, before reliable readings could be obtained on eny aspecimen at
even room tenperature, it was necessary to determine the influence of the

location of both current and potential contacts. The welded contact seemed



Page 35

%o be one of very great advantage in that it was rigidly fixed to one
definite point. Accordingly, small right prisms of various galena
sanples were ground. Current leads were welded to the ends and po-
tential leads to one side, The welding cwrrent, 3 tc & aups., was
passed into the erystal between the end and the potential lead on that
end so thet no chenge in the strueture could be occasioned within the
region whose resistance was to be measured. Such a set up gave, upon
measuring the IR drop between the potential leads, very constant and
reproducible results when immersed in a constant temperature bath,
However, it was believed that, if the current were passed through ano-
ther set of leads welded next %o those already present, a different read-
ing would be obtaimed,

To verify this, somewhat larger prisms of galena were ground, The
potential lesds were welded on omne side as before. DBui several wires
were welded on each end for current leads. The accompanying sketeh,
Figurcﬁ. shows the general asppearsnce of the specimen with the wires

welded as described.

Fr6, Xv!

Potential Leads

Current lLeads.
A1l wires were single cotton
covered enamelled FHo. 30,

%}ao
The ends of the crystal were labeled B and T, The location of

the current points can be understood by referring to Figure VI. The

distances shown on the diagram are in millimeters and represent the
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average of the measurements from both ends, using one side and the top

of the prism as reference lines, The sample used was from specimen

No. 81805 from the U, S, National luseum, The sample was mounted by suse
panding it, by means of the wires forming the various leads, in = cy-
lindrical copper can immersed in the heating or cooling medium, which

v was contained in a Dewer flask., Low temperatures were obtained with the
ddefﬁe:anﬂmm—-high temperatures by means of a resis-
tance furnace in which the can was placed., Both high end low temperatures
were measured with an iron - ecomstantan thermocouple.

- PFigure VI
b gy g
67
*Zf‘é“ 27‘3 43 3
o~ y |
q y ¢
fo
7 8 9

A sample of galena from S%. Joseph Lead Company was treated in a
simiiar fashion. Only five current points were employed as the sample
was counsiderably smaller, Iigure VII shows the location of the current

pointa for this sample,

Figure VII
e |
Vo A
44 e
Y
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How, Just as s matter of compariscm, & prism of a bismuth +in
alloy was fixed to copper leads in exzetly the same way. The copper
wire was welded to the alloy oy immersing the wire in a drop of zine
chloride solder flux apd short circuiting the wire and the alloy across
the power linss for a second or less. The location of the current

points in this cese can be secen by reference to Figure 8,

Figure VIII

[

K\ e

Figures IX, X, and XI show the potentiels obtained across the
potential leads for the various current leads at room temperature,
This gives some ides of the current distribution in the galena. If
will be observed that the Bi-3n alloy s:ows a sinilar distribution of
current.

Fgures XII, XITI, and X1V, are $ypical curves plotted from the

results of tevperature-resistance measureaments. The actual numerical
results are shown in Tables III, IV and V. It is interesiing to note
that none of the individual eurrent points show the same temperature
ecoefficient, This is true for the Bi-3n alloy as well as the gmlena
samples., The curves showing temperature-resistance relationships when

all of the current leads are used probably represent the closest



~ZABLE III_

Sample NO. 81805-8 (U.S.N.M.)
Contact COp—ether Ice Vater Hoom Temp. Hot Water Furnace - Furnace.
Combination Mixture.
Chms . Temp. Ohms . Temp. Ohms . Temp. Ohms , Temp, Ohms, Temp., Ohms, Temp.

Ae Qpmeee=  =80°  0.0386 0.5° 0.0412  24,2° 0.0530 61.5° 0.1273 153° 0.1314 197.5°
¥. 0.01345 <80 0.02295 1. 0.0426 zz 0.0571 7645 Oue—ee 0.1120 198.9
B1. 0,011 <75 o.gags 0.5 o.0815 2h,2 o0,0672 73
B2, 0,025 -75 0.,0451 0.5 0.0550 24,2 0,07 70
. 0;0162 -77 0.0263 0.5 000330 2k,2 0.038 6955
. 040032 &7 = e 0.,0100 24,2 0.0163 68
32 0.0008 78 0.0055 0.5 0.008% 24,2 0,01 67.5
¢ 0.0018 78 9.0072 0.5 0.100 24,2  0.0147 22
&7 0.,0022 =79 0. 0+5 0.0071 - 24,2  0.0101 4.5
8. 0.0007 =79 o.oozo 0.5 0.0073 24.2  0.0091 64
9. 0.0037 =78 0.0063 0.5 0,0075 24,2 0.0082 62
As 0,0391 o0, 0,0807 24,2 0,0532 61.5 0.1417 153 0.1556 1
N 0.01375 =80 0.0%295 \121 0,0410 22 o.?s"r& 76,2 . o.oggo 133.3
) 18 0.,0150 =75 0.,0288 0,5 0,0400 24,2 0,0535 73
B2, 0,0278 <75 0.0442 0.5 0.,0515 24,2 0,0715 70.5
330 0.,0199 77 0.0259 0.5 0.0320 24,2 0.0390 69
. 0,0092 78 : AT 0.0110 24,2 0.0175 68.5
" 0,0018 =78 0.0063 0.5 0.,0083 24,2 0,0172 67
. 0.,0011 78 0.0055 0.5 0,0095 24,2 0.,0152 66
. 0.,0069 =79 0.0052 0.5 0.007! 24,2 0.,0122 64
B 0.0033 =78 0.0052 1.0 o.oo£ 2k.2 0,016 64
94 0. 3 O7’ 0.00 1.0 0'006‘ 2“02 000091 63.6
&, - L 0.0338 0.5 0.04095 24,2 0,0531 61.5 0.1345 153 0.1435 197
‘ . 0.0266 w75 0.0446 0.5 0.0552 .2 0.0720 70
8%, 0.0013 <78  0.0059 0.5 0 24,2 0.0158 g
A . 0,0020 <78  0.0051 1.0 0. 24.2  0.0102

A, refers to readings made by using all current contects and taking potential from the top side

F. refers to readings made by using current contacts, 1,2,3,4,6,7,8,and 9. Potential across center of ends,
i.e. contacts No. 5.
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Combination

T end
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B end
. Positive

£
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Averages for
Both

Polarities.

A
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: ther

Mizture
Mo M‘
0.0015 -6;°
0. -
v B
O =0
0.,0012 w71
0.0083 w76
0,0017 -Gg
0.0029 -
0,0013 .zg
0.0035 1-70
0.,0013 <71
0.0006 <76
0.0016 <69
0.002] =7
0.0016 -IG;'
0,0015. «76

Ice Water
0,0031
0.0053
00030

oy 4
_0.0032

0400

00047
00027
060051
040024
0.0022

0400

o.ooag
040029
0.0027

Sample No. 1447 (Joplin, Mo.)

!ﬂp.

[+

e T o L S e g
L

- T

.
i

m‘. :

Swl0ll
0.0058

R

L

LLHEBS t1pay 8

Hot Water

Oe 56 760
Oogs 7
qu g
0.0046 o5
0.0042 68
- 0.,0058 61.5
oot B
o:eo.gz g’s
0.0081 5
0.00423 68:5
0.0043 67.5
0.0061 76
- 0.0081 7h
0.008% 71
0.0051 67.5

Furnace Furnace,
Ohu Temp, Ohme, Temp.
0.,0084 218,30

0.0156 212.8

0.,0166 221,1
0.0186 214

0.0125 220
0.0171 213

refers to readings made by using all current contacts and taking potential from top side.
refers to readings made by using current contacts 1,2,3, and 4, Potential taken across the center -
of tne enis, i.e., contacts No. §.



7 end Positve

B oend Positve

;lgg:lm- Ice Water Room Temp.
cmhmnon M
Temp. Ohms. Temp. Ohms,”

r'™ 0.00023 =73° 0600031
F. 0.00021 =73 _ 0,00033
1. 0.00037 =73 0.00051
2e Qam37 "ﬂn 0000050

» Qe ‘n Qo@ﬂ’l
3. a.ooc_lz -73 0400017
Be 0.,00015 = =73 000017
Ao 0.,00025 «]3 G.00033
0.00015 w73 0400033
1. G.00037 =73 000051
2o 000&37 "73 Qom
ao 0.00020 =73 0.00031

. 0.00008 «73 0.00017
5e 0,00008 73 0.00015
'™
r.

~JABLE V
BleSn Alloy ( 1% Sn )

- BB33338 . B33 3

Hot Water Furnace

Obns o Temp. Ohms s Tempe.
0.00037 'éz“

0.00033

0.,00050 71

0.00050 70

0.00031 49

0.00020 68

0.00017 67

0.,00037 g

0.00033 505

0.00051

0.00050 70 i
0.00033 {
0.,00020 68 \
0.,00017 67

refers to readings made by vsing all current contacts tad taking potential from top side, \
refers to readings made by vsing current contacts 1,2,4, and 5. Potential taken scross the murx_,-_,

of the ends, i.e., contacts No. 3.
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approximation to the true copndition. Thus, these curves for tue Bi-3m
alloy are strictly straight lines. This ecnforms 1o the hehavior of
metallie conductors in the temperature rauge employed. But similar
eurves for gelena do not show this linear relationship. In gencral, they
are nore nearly horizontal at the loﬁer temperatures and the slope in-
oereases rapidly with ineressing temperature., This unquestionably shows
devisntions from straight metallie eonduction in the ease of galena, The
exant interpretation of the bend in the galena curve 1s diffieuls, It
is perhaps qualitatively important from the standpo;nt of the coneeption
of aggregate structure. DBut gquantitative interpretation is practically
impossible with this method of attaok.

Reference to any of the curves, or better to Figurea X, X, and
XI will show that the potentiasl reading is very delicaiely adjusted %o
the distances between the nearest cu rent leads and the line along
wiich the potential is measured. Now, unless all points; that is,
the entire surfaee of the sample ean be used for sending in the

current, it is impossible to ecalculate the specific resistance,

Figure IX
{

@ I o
0. 415 v, 0.5 mv.  033my

[ [ ] L/
g, foo 0.08+ a./00
¢ @ @
0.¢1/ 0073 g.07%

Sample 818085 U, S. K. Ue (-8
Diasgram showing the potential zeasured across the fixed potential
leads for the different pairs of current lsads. OCurrent in all cases

10 M. A, Teperature - 24.2°C,



Figure X
A4 ™
g.09 mY. 2.086m,
®
L) s M
0072 M. 0.097W.

Seple~ galena from St. Joe Lead Co, /0. /¥-7
Disgram showing the potential measured scross the fixed potential

leads for different pairs of current leads. Current in all cases

30 ¥, A, Terperaturs 1°,

Pigure X1
!

0.03/ W) 0. 030 MY

PRALR AL

L4 e
0:010 WV, 0.0/ M.

Sample Bi - Sn Alloy (approx. 1% Sn)
Diangram gshowing the potential measured across the fixed potential
leada for different pairs of current leads. Current in all cases 80

M, A, Temperature - 29°.
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Preliminary experiments had been made at the beginning of this
work in which right prises of galena were copper-plated, the Cu ground
from all but two ends, and soldered connections made to those ends,
This mads & plane contact over the entire arsa of esch end of the prism,
At that time the method was abandoned because of the extreme mechsnical
woaknoss of the joint, Also the welded contsct was not then kmown,
and both potential and current contacts had been taken from the same
drop of golder, which was not dssirsble aince the readings thus in-
cluded the drop shrough ¥he solder end ths Cu galens interfeaces,
Bowever, it was discovered that the Cu plate and asoldexr comnection eould
b made aatisfactorily if scall copper wire ware used. The small wire
was sufficiently pliable to take all of the strain emd transfer but
very little to the Cu -~ galena bond,

The copper-plated end offers a current contact which covers all
points of the end of & crystal‘a- the copper is deposited in all core
rers and irregularities of the surface. The expsriments on the
location of current contacts had proved that this is the desirsble
eondition,

A mection of galena, sawad frcu e large block and dround to s-uare
eross section by mounting with balsem on a piece of key stes), was
again sawed to give two samples from the same portion of the same
specimen. Both samples were copper-plated under identical conditions,
and leads soldered to the emds as previously described. Two poten~
tial lesds were welded into one side of esah yrism. The current was
passed through the copper-platad contacts and potential messurenents

mede with the following results:



m Ko. W.4. Spe. Res. Temp .
]
14-13 20.0 0.00182 24
0
14-14 20.0 0.00139 24

The specific resistance, calculated in accordance with the usual

formula, i
P = Rg

(Where P = Specifie a&um«, (Ohm-Cm), R = resistance of sample in
Ohms, 1 = distance between potential leads and a - area of eross section)
shows a difference of 0,00043 ohms or 31% of the higher value,

It was evident that sither the method was at fault or else the
conductivity of galena miu from point to point,

A new potential contact was welded into the sample 14-I5 at a point
on a line with and between the two original comntacts.

leasurement of the IR drop between the new contaet and one of the
o0ld ones gave, when calculated to specific resistance, 0,00221 ohms-em,
Likewise a new measurement on the two original contacts gave a figure of
0.00231 ohm-cm,

This proved conmelusively the imadequacy of the welded contact.
The change in resistivity is believed due to the ‘umsitian of the
new contact in the path of the current. Microscopiec abm‘sua of sev-
Gl of % valisl sunihis i saeus Seeties chenth Bt T SN Seee
trated into galena to different depths. This factor seems to be beyond
control. The cross section showed the wire pertially dissolved and ce-
mented into a sheath of dlack material, probably a mixture of copper
sulfide and metallic lead.

These last experiments, together with those on the effect of contact

location, corfirmed the futility of attempting to measure the speeifie
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emductivitﬁ of salens. Only comparative measurementa can be made and

they can he but rough epproximstions.

RESISTANCE AND TELPIRATURE

1% wes believed that perhaps some constancy might be obtained in
the results of temperature coefficient measurements., In spite of the
fact that the welded leads penetrated toc different depths, they were
adopted as the most reliadle contact. The maximum observed discrepan-
¢les which were probably partly or entirely due to the welded contaet,
" amounted to only about 30%, Needle contacts had shown inconsistencies
of 1000% or more. The copper-plated current contacts were also re-
fained as the best, S5Six different samples were ground to the same
cross sectional area by mounting on key stesl as before. They were
eopper-plated, dried, snd leads anldered and welded all under the
same eonditions. Reasistance readings were made at Coz-ether, ice
?ater, and room temperatures, and at temperatures betwean 150°and
ﬁo“c. The samples were mounted in the same way as for the exe
periments on the location of contacts (See page 35 .) Readings were
made &8 ghown in Tables VI, VII, VIII, IX, X, and XI,

It will be obssrved that apparently an irreversible change tdkes
place upon both heating and eooling of some of the samples. The effsct
due to heating has been observed by others (See page 77 ), but has
usually been a decrsase in resistance. Perhaps the increase observed
in some of the present cases is due to oxidation, However, some samples

show & decrease, and it would seem unlikely that one specimen of galena



TABLE VI

Sample Ko. 98110-1 (U.S.H.H.)

Current 20 milliamperes.
Readings reported in the order taken.

Hesistance in ohme.

0.0884
08,0882
0.2070
0e2068
0.0899
0.0892
0.0832
0.0843

Pemperature %g,

19
19
205
205
21.5
215
0e7
0.6

TABLE VII

Galena sample NHo. 13.

Current 10 Millianperes.
BReadings reported In the order taken.

Resistance in ohms.

241598
241610
342745
33085
255638
245483
264613
244577
1.7177
1.7060
104063
1.3656

Temperature °

»

19
15645
158

2

B

s

3
«~70 {approx)
=70 "

- ]

TABLE VIII

‘Sample 17589-6 (U.S.N.Ma} .
Current 30 milliamperes

Readings reported in the order taken.

Resistance in ohms
0.0629
0.0655
0.0785
0.0774
0.,0832

0.0849

Pemperature °C
19
19
0.7
0.7
23

23

Polarity.

TeeyevYeY

Polarity

PYRYRYRYEY RV

Polarity

2111



TABLE IX

Sample 13208-2 (UsS.NeM.)
Current 10 milliamperes.
Readings reported in the order taken.

o

Resistance in ohms femperature C Polarity
l.1145 i Be
1.106 1 Te
1.864 166 Be
1929 174 P
1.410 Deb B
1.415 0.6 T
1,327 »n B
1,3287 24 P
244545 «70 {approx) Bew
243093 «70 " Tow
1,400 23 Be
l.382 - ' 0 P

TABLE X

Sample 8180549 (U.S.H.M.)
Carrent 10 milliamperese
Readings reported in the order taken,

Resistance in ohms. Temperature % Polarity
Ge2906 . 1] B
0.2908 19 T
063747 151 Be
0.3856 182 T
0.304 0.2 B
0,313 02 Te
0e326 24 B
0.328 M T



TABLE XI

Sample 14-10 {Joplin, Mo.)
Current 30 milliamperes.
Readings reported in the order taken.

Besists..ce in ohnms. Temperature.°C Polarity
0+ 0035 19 o
0.0035 19
0.,0094 164 j
0.,00846 165 b
0.00294 0.8 b
0,00300 0.8 |
0600333 23 p 7
0400360 23 =
0,0236 ~70 {approx) B~
0.0241 «70 " L ]
0,055 24 B
0.055 24 P
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should be :mch more resistant to oxidetion than enother. Furthermore,
all of the samples appeared bright and untarnished after the heating.
Lapinski (loe. cit.) has observed crystal growth in pressed PbS
powders st 2150-22506, and renarks that such growth takes nlace with-
out heating, although very slowly. But this phenomenon has always been
accompanied by a decresse in thefrisiifance. |

VWater vapor or other gases may be driven off from within the
interior of the crystal. ILapinski odbserved thia in the case of his
' preased jowders., And also the changes due to eocling may be due %o a
sondensation of the adsorbed gases within the crystal,

The sflfaect of minute impurities can he considerabls, and it is
not unreasonedbles that changes in phase relationships between galens and
its ixpurities should take plaee on heating. That is, some impurity,
naturally retained as a distinet phase, may enter the galensa lattice at
some higher teuperature snd exist thersafter as sclid solution,

Head (See page #7¥) has observed minute NaCl crystals on cleaved zalena
suwrfaces. Ferhaps with a stretch of the imaginastion, Jall might go

into solution in Pb3S., The structures of the two materisls sre of the
same type and the dimonsions of the reapestive lattlices are not far
different.

Streintz and James kad postulated two allotropic modifications of
gelens as cauge of the change on heating and cocling., It is not bde-
lieved thet there is at present any x-ray evidserce of sueh possibilities,
This question 13 to be studied by x-rays at a later date,

I% will be roticed that thers are great differences in the re-
sistances of the various semples, ZIver though we assume that any

particular meeasursment s accurate to only 30%, the values measured
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renge from 0,003 to 1 olm for the wrystals showing the usual cleavage
and up to 2 olms in the case of sample 13 which was eomposed of an
aggregation of swall ¢rystals., This correspoands to a range of varia-
bility of 100,000%.

Such variations cannot be dafinitely explained and are probably
due %o part or all of several causes, Impurities are perhaps one of the
greatest sowrces of variation. These may be present as: (1) Solid
solutions in the lattice. (2) Mechanical inelusions between planes
of weakness in the crystal. (3] Dispersions throughout the crystal,
or (4) Adsorbed material.

{1} The solution of any mstal in another is known to cause a
marked decrease in the conductivity of the original metal, Suech is
probably what may be expected in the case of solid solnﬂm::tm
material in galena.

(1)

. (2) Head has recently chkserved minute ¥aCl erystals on

cleavage faces of some of the minerals employed in this work. Leed
gcarbonate has also been found on freshly cleaved galena surfaces of
other gpecimens. Tuhmd‘i(w)m shown that the econduetivity of Mla
is increased 47 fold due to an admixture of 0.1% KCl, amd that the KC1
does not take part in the conduction. Siailer effects are certainly
not imposasible for electronic conduciors.

{3) Dispersed material in galema will obviously change its con=
duetivity, Metallic lead has been found in the form of mimute globules
in galena. The mixture of Pb and PbS should not conduet in the same
degree as pure PbS.

{4) 4s to adsorbed material, it is quite evident, assuming the

unit block idea, that the current will be conducted by either the ad-
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.
sorbed layers, the latiice proper, or both. In any case a change in the
resistivity will be oceasioned by a cggngp in size or shape of the blocks.
Vredse  has shown that eomplete removel of the gazes from crystallized
PbS by repeated sublimstions under a vecuum, prevents the rectifying effect
from being aobserved.

Groses crystal defects such as volds, cracks, snd large planes of
foreign inclusions will be expected to add their effect on oonguztivity
measurements. A sister ssmple of U.S.N.M, 13208, (Teble 1X. ) was found
tec be hollow although the natural crystal appeared to be a compact solid
cube., Hesd has found and described similar voids in some of ﬁhp samples
ubed”in this work. Fraequently upon eopper-nlating apéoimsn, he@iy.planea
of foreign meterial have been found, although msecroscopic observations of the
unplated erystal showed no such planes,

Head has also observed and described uniform striations end vein-1like
lines on clean, freshly cleaved surfaces. The striations are inter-
pretod by him tq be slip planea. Such slip planes are regions of distore
%ion and consequently will influerce conductivity measurements,

In genersl there are meny verlables to be tied down before an cxact
interpretation can be given to conductivity measurements of natural

galena crystalse.

DETECTOR ACTICHN
Gaiena, as is well known, posseases the ability to rectify small
alternating currents. The various theories regarding this phenomenon are
not pertinent to the present paper. However, it might be expected that
this setion should produce a pronounced effect on the resistance measure-
ments with direct current. Such was found to be the case in practically

all experimmmits wherein point contacts were used to send the current
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through the erystals. For instance, see Tebles III, IV and V. The
measured potential 1s generally different for opposite directions of tis
same current strength.

But referczrce to Tedbles VI, VII, VIII, IX, X, XI, show, that when
the current 1s supplied by copner-plated conteects of egual area, little
or no dstector smection is noticesble. The coprer-plated endas seem to
automotically 3liminate any discrepancies in resistsnce measurements
due to unipolsar eonduction. This sugzests thet the defactor action is

very closoly related to the well knowr poimt to plene effect,

SUSIARY

(1) The effact of small pressures on the conductivity of galena
has been studied by a potentiometric method, Within the limits of the
pressures employed no change in the resistsnce of galena can be detected
&% different pressures., Likewise conduction in galena obeys Ohm's law
for all pressures used in the experiments,

(2) Calena was found to possesz a high thermo-eleciriec force
againgt copper,

(3) The location of contacts on galena crystals has been found to be
of fundermental importance to the walues of resistance dstermined by
potentiometer messurementa,

{(4) Some evidence that irreverasible changes take place in galena
crystals upon efther heating and ccoling or cooling and heating is showm
by resistance meagsurements made at various temperztures,

(5) Resistance measurements have been fcund to be the same for either
direction of current flow when copper-plated current coniacts of equal area

are used,

(6) Possible causes of the many variations in the conductivities of



of natural golema evysials have been brisfly discussed.
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