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metal surfuces, propossd by the writer in 1821, will de disoussed
in detall and oertain sritical sxperiments te test this Uwory -




tion of mﬁ:&e by pmtninﬁng thet erystels were built from & rege
ular arrengesent of s}lipsoidel partioles. Over s hundred years
later, Abbs Nauy coneluded from his studies of elesvsge thet cryse
tals might be built from swall units but that ﬁus units were of
mmmwastMMimawM %i@mmﬁzmm
mammmwmmmu»mm
mxmummmwvmmmormmmm
Wmttm&mummmmmntytm»mnﬁ
structure, hmmr&ulm@rmymw,m,
a.a,mnwwraimmmm“m
to postulate orystal units contelining many steus. Hemld gave the
name of mossic erystsls to those so constituted, The individual
mumwwmmzmmawrwsm
MMWWWMMMimm%%&Wm
one ancther.

It i obvious that if sueh units exist in erystals there
sk Lo memmwmmm&mu acat,
if vot &ll, of the properties of & surfeve. The adsorption of
g8 on sueh an ivtermel surface in spparently single erystals kas
besn demonstreted by the writer in collsboration with Gross,
Brighton, and 8t, Claiwr, (1) s»d aleo by Rldmal. (2)



- i -

Smeinl (5) hes shown the effect of this internal surieee
on meny properties and divides orystel preoperties inte twe types,
those sepaitive to sush structure, which inelude elsstisc limit,
breeking etress, thermal end electrical conductivity, smgnetic pro-
perties, diffusion, etv., end those which are iz 4

thermal emergy combemb, latiice constent, and coefficient of ex-
with the so-called giructure sensitive preperties.

The entire sublect of internel surfesce in micerals snd
metels was discussed in & rosent paper by thw writer and J. Koster. (4)

¥o shall vow discuss in detail the various property changss
in metals by any of several means, including, especislly, cold work,
dispersion bardeanlng, snd aggregation of fiosly divided metallie
particles. In this latier camesticn, ¥w surfece of a mstallie
solid WWWimmsﬁ be congidered as similer in meny
respects to that formed by gliding im a more duotile material.



- -

The demelity of ssnmled mstals ix lowsred by a modermte
smount of oold werk. Wood (6) hes shown that the lattice distortien

in copper whioh has boen reduced in sross sestisn 80 perosut by oold
work is not uniform but is spproxtoately six times as grest im 1/16
of the mmss of the metel as in the remsining 15/16. Maler (&) has
shange in lstilce paremeter up to & redustion in oross seetion of

80 to 90 percent.

A% any large reductions, copper snd iren ot lesst, snd
probably other mobtals, incresse iu density. The clenge of latidee
this denality immresse to the faot that lattice sxpansice has resched
$ts limit end s now more denpe phese which has boen formed from the

start of cold work contimues to form in inereasing smount,

An alternetive explanatiom put forwmrd by the writer (7)
is that the six percemt of the mess which Wicod finds to have the
markedly expanded parsmeter constitutes the anew phese, whicsh is so~
cordingly less dense then the normml Jatties, and the inoresse in
density is coused by & plastie flow in the new plmse itself, which
becomes more dense on {low.



Tayler and Quizmey (8) have metsured the amoust of ensrgy
1athtics distortion has beem ealoulated frem the demaity change by
from this is thet the internal surface mst itself be an suergy
resporvoir. The stored exergy is s linser funetion of the dessity
end thenee presumably of the imbternal surface. Neisr lms oaloulsted
oresse in esergy of the stome st the imtermal surfacs is equivelent
to the heet of fusion, be obtains & figave of 6.8 peveent for the
peroent of total dtoms et s internal surface, sompared with 6 per-
cant ostimated frex Wood's results on latiice paremecter. Using the
6 peroont figure, we obbtaln an incresse in euergy of the surface
cepper atems of 3,100 ealories per gram-stam, which may be accepted
as the proper order of magnitude.




One of the most charssteristic preperties of metals is
that of umdergeing plastic defermation without rupture. A pacessary
fracture with & mintwmm of deformetion. The quastitative relation
of this inerease of stremgth to degree of plastic deformetion de-
pexds on the mede of preducing the deformation as well as the indi-
vidual metal or alloy. For ordinary rolling ar wire drswing,
Templin ($) has shown thet the follewing relationghip has geueral

¥o=ax 4 M@

where ¥ is the incresss in tensile strength in pervent, x is the

mM*mﬁmlmmpmm;mm%Mém

songtants. The two terms of this eguation repressni presumsbly twe
procssses whish are going om in the metml. The process represented
by the first term ie domdinent up to rather high wlues of x, but at
increases wore repidly with deformetion. With alumimm, cold work-
ing in axosss of 80 percent causes & marked incresse in thwe rate of
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Data on other metals indisste thet strwin hardeniug may
rosch & neerly constext waius st redections from 80 te SU percent,
Raported decreases of strain hardening (10) at high reduetions
of aotunl defects bave been sheoked in the
writer's (11) laberstory and sould not be substanti ted. The
Tomplin formule for the reletion betwsen imecressed sbremgth and esld
work say therefore be accepied ss & sufficiently ponersl one tc re-
guire explamstion by any scceptable theory of metallic ivterfesea.
in the tensile stremgth reduction in erea curve whieh must be

smoothed out to dring them into sgreemeat with the Templin formula.
The inconsistenoy of the eoocurrence and pesition of these secondary
deviationa from o sopoth curwve relaticnship do net Justify wegatring
any peneral theory of hardening to explain them indiviésally. Thelr
- exlgtence is, however, sulfioleably well provem that an sccuptable

theory should fndicate the poseibility of sush & wbepwiss inorense

in wbrengil with contimuous imoresss in reduction of ares.

The work of Atkins (12) eud of Jolmson (13) has ehown the
existence of such irregelarities in cepper, and tust of Comstosk (14)
1lshod work done io the wriber's laberstory st the Western Elsvtrie
the tensile stremgth of copper wire with ineressing veduction of

araes.
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It has been pointed cut by Jeffries eud Archer (15) that
the ebility of metals to withetand the smownt of reducticn found in
severs wire drawing proves that the gliding by whish the metal is
wﬁMmmemwmma@mpm. Hence,
sny st of physicochenioal conditions which is set up by the firsb
movement aleag o glide plane must mob preciuds further movement alemg

& gimilar inerease in etrength to that dus to 0old woz
produced by cther metheds of isereasing intermel surfwse. The ef-
foct of grain sise on meslanical properties of snnesaled motals has
been studied by Bessett and Devis, (18} by Jeffires and Areher, (17)
snd by Angus end Swaners. (18) The labter investigators established
a linear relation bDetwesn internal or grain surfecs snd strength
{or Brizmel hardasss) which may be taken as the most pmneral rels~

tionship.

The production of inoressed msm surface by decom~
m:ltwn of & mim mlmsi.m 1& m‘u known, hmring besn first deson~
gtrnted by laries, mmvg, m;!.&mt (18) for the cese of
duralwmain, A wﬁm:nv mlatieu hoteeen Intermal surface and
WWMMMWWN%WM
difficulties in measuring internal surface. The work of the presemt
writer snd his assoelates on dispersion hardexing of lead antimony
alloys (20) has shown however that when conditicns ars such thet we
may ressonsbly asmune the particls sise to be constent, the in-




ereass Lo straugba is very mearly a linear funckion of the smount

s
[ = A

indievte, of course, o

aoreszad intsraal surfacs and incrassed

are found for other dispewrsion bardeniag
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2. ZTeupereture Cosfficient of Stremgih Below the

Wﬁmwmmmmg
rmmeummmmmmwmmmmem
wﬁmm'bw&n sao0seblon with Gregs. (21) Acearding to these in-

of mmmmm annsaled eold werked and precipitation
evefficient, end 1f sxtrapolated lineerly would have s zero valus very
wmash delow the meliing peint, In the case of precipiteticsn hardened
ervesed surface dus to preeipitatien hardeming.



The slsctriesnl resistence of wetallis substances as a
less 1ikely to mesk fundemental relstions.

It is a matier of someum knowledge thet electricsl oon-
referred to, bas found theb the desresss in electrical conductivity
follows clossly the formmls piven for insresse in bensile strength,
that is y » ax + oo™, Individual waristions have been noted as
with mechanienl properties.

Tk tenmperature cosffloient of slsectrical conductivity
to follow Methisssen's lew, thet is, the produst of econduetivity
this menps that the resistence of a eold worked motal at any tem-
pmmummmwzm&mmamma
whiich im oomstant, not dependend on tempereture, and the second hav-
fug the saxe form and comstents as does the vaworked metel. This
leads to the conclusion that the increase of resistance due to cold

working does not change with temperature.



The effeat of incressed internal surfease formed by dis-
persicn hardening on electricnl conduetivity is greatly complicated
by the similtanecus decroase iun resistance dus to desompesition of
the sclid selution, The writer hss, however, presented data (28)
to show thet eleotrical resistance may under certein conditions ao~
tually inoresse in the first stages of dispersion Merdening, indi-
cating that in the process of dispersion hardeming the formation
of intermal surfaoe may preceds the smm‘h&m of the solute whieh
would then precipitete at that swrface.

Ihe quantitative relation between internmal surfece end
alecbrisal condustivity may he studied to adwan

bage in azgregates
pm&umébyoﬁwrﬁmnmmmwdimrﬁmmg In
mmarmxymmmwmmum
mﬂwcmmaﬁm&pimim}mmmwn
MWMMMMWMWWMMatMﬁwuu
maesive motals, The metelliec ninerals offer an especially sttrec-
tive figld for the imvestigation of this phenomenon since they have
a low elsotricel ecnductivity end hepoe the effent of intermml
surfece iz smphasized. With this advantege in mind, the writer
initinted s study of the properties of metallie mimersl sggregates
mmmm. As & part of this program, Eoster (25) studied
the electrisal prepertiss of arystallised lead sulphide. The re
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marfaces was m. By guantitative relation between irzbernsl
surfece and resistence wes disesrnable. It was olear, however,
that with inmcreased surface there wss s contimuel incresse iz the
negative tampersture coefficleat. These tempsrature conduetivity
curves have su expenemtisl form, snd Koster has shown that the
surrent-voltepgs relationghips for the galenma pastilles may be ao-
curately expressed by the equation

{mash) {mierons) M q B G

-200 | —— 0,122 2436 5,985 1,611
-100 plus 200 878 D204 2638 3.30 - 913

:;‘ggi:: & phos i 6% % 101
- 20 plux 40 —— +576 801 .20 &0
It will be seen that as the prrticle siss deoresses &
constent valus of Q is quieily resched end thet for this eonditien
¥ is apprexismtely & linear funotion of 1/8. -
xtmﬁmwmmmmmm
wmm@mmmmumumm.ma
thwbymmmmn&thmwmk
W&*M“WMWMM The

sonstant X merely servea to determine whet part of the total po-

L I I



w 15 -

part by meaans of crdinary metaliio comdustion represemted by BT +
C in the forsmis. It is secordingly roughly proportiosal to the
speeific surfacs 1/d.

The similerity betwesn thsse guantitabive results of
Eoptar and the qualitative resalts of the effeot of interfuces
which have been chserved in silicon, sirvenium, titenium, snd




‘The shange of magnetic susoeptibility eof metals with
acld work has beon Lmmstigated by mmervus:investigaters (27)
without, howsver, srrivisg et a gemerally ascepted ecnolusion,
mmewuuismnﬂﬂhWMunslm
fungtion of the decresse of density esused by oold work end there
fore gmmmy'g simple funeticn of the internsl surface. The
ohemge of farremegnotliéd propertiss with internal surface iz mmech
more promounces sad in the case of seercive faree iz subject to
& wimple amd direst demenstretion. Sush a demonstration hes been
srrived st for the first time as & part of ths program of mineral
phymios studies imitisted by the writer io the Buresn of Mines.
In these siudies hy VaH. Gottachalk (28) 1% has been shown thsb
the coorcive foroe of a mugnwtite powder is & lineer functisn of
fts: gpocific surfece and independent of pasking denaity or size

The writer hes obbeined e ferther ecnfirmation of the
saze relation (20} by an eppliestion ef Rittinger's lamw of srushing,
that the energy imput is propevtional to the new surface produssd.
wmerummmamﬁmwwwm
mm:w&;mm&umﬁwmmmm
insrement , !mmm-ngmuﬁvmmm
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mmwmmw&w*a low and the lLinsar relation bebwesn oo~
Mwmmmm ”
mmwm{wimmtfwmmzm
mﬁmwimmmwmmmﬁmuam
funstion of the smeunt of deforsatien ¥D/L.

Thie MWWQ:WMMWMW
ercive foree has besn confirmed by Heler (5)) who msasured the chage
them %o hawe & olosely linear relation throughout the range of
torsional working and for e considwrabls portion of the renge in wire

The relatiom of coevoive foree to incressed intermal suy-
feoe preduced by dispereion has been dissussed et length by the
writer and his assoolsbes (32) and has been made the subject of a
patent. (33)

| It 4% well demensbrated that inereased imternal surface
prodaced by dispersicn hardening is sccompanied by imereased coercive
fores gualitatively proportional o the sswmt of sush inoressed
sarfecs.

The relationship of other ferremagnetls properties to in-
tornul mmtnnﬁb? gizple as that af coervive foree and no
guantitative relations have bosm derived.
lated to intarnsl surfaos, its relation to temperature should be
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temperature inoresses and becomes vere st the Curle peinmb, This
moans that megnotisation ocurves besoms much morve nesrly reetangular
at high temperatures, and the permesbility st lew fields inoreeses
greatly. (54)

Terry's resulis om relation of
foros (35) are es follows:

7 Yo couroive

T He
{depreee C.) {cersteds)

~1§0 591‘6
«~120 & .58
81 4,43
23 3.84
87 3.25
198 2,88
297 2.68
802 2.50
498 1.99
550 1.80
60! 1.35
668 «50
TO4 «83
T40 «29

G2 15



by sold working or disperation hardening my de reverssd ot losst to
s lsrgs exbent by savaeling ot a texpersture below the wmelting poind
of the molid in quesbion,

Jowseasd By grain growth, She yelosity of grein grewth snd ultimate
grain sine as & function of bemperature and degres of deforsmtion on
Ioad-antincny alloys were studied bty the writer and W.i. dodeon (3¢)
nd it was found thet the ultinate grein volums at & glven Lemperatare
was & linear fusction of the degreo of deforsation, thet is, directly
pressed ax & Dunctiom of tempersbure by the eguatisn ?*%%\2 The
ultimate grein volume sould then be expresscd by sn eguation ¥ = 8007,
where § i3 the fubtersal surfece produced by ecld work. The rate of
erystal growth sould be wprmssed by & wlcsity eomstant K =
A.muxmgm?ummmmmm‘ﬁumw

'TE
me%

. of previous higbory wes firet sleexly set forth by the writer and
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hard dessn sopper wire with inorements of tempersture hed the form
tures by desreasing the tempersture of smnealing previcus to celd

It is slear therefere that if part of the inbternal surfuce
prodoesd by oold working is wot removed by e samenl, this part was
e The net resmlt of cowrse is an inoreaes in the tem-
perature of the mexiwms of the curve.

if, inetead of olmgnition, the changs in tensils strengtl
an sanealing hed besn plotted, the pexime would have come st lower
Brodley. (38)

In FPigure £, the writer has replotted in the differential
degross of oold work which were obtained in his lsboratories st the
Westorn Elcotric Ccmpany in 1822 by %.C. Merriman but mot bheretofore
pablighed, These resclts sbow elearly thet with moderste dogrees of
for a given temperature increment quiockly reaches & constect tempere~




I HE R N
[ 1 R L :
T i
' |
1
. N R
I | T
~1a LT wi I
" - j\rL -
1 FE N N
TIPS S S
#lnr; i . et} _
S S
RS ma bR N A
; Pl ' T I
AEEEERRENERE w T
IR T Tl
Tl T T Ll
BN 1 H i T ! [T
T T * — -
4 | 1 i
: ; L
- BEN R
[ | i Lo
T T
T3 I
L i 1z
%l
Z 4NN
e
Lo 0
O S O O .
rr e e e
4I|rl+|.L|v‘ - e e + = o - -
; A0 A T U T S SO .
1 SRR
: B DL ENRE A S W, N
P A e

bt s - e -

300

Temperature of annealing, degrees Centigrade

225

1
1
i
7
|

Il NN

Emaa

ssvaudul aumpsadwzy 4o pun harnupigeo uad ybusoye 9)1suBy LY mm.cnvﬁu

325

275

250

200



Y WITA eUT] BT o7 JuTepavy worsasdetp JO UMTUONees STUL

*sowrd esexey uorgesedes swend Tenjow fuw eloyeq WESOTQ 0N
sewm ou3 du Fuprecaq Lq SOUZINS TWLIGUT WIOF 03 ST WOTIATOS PIIOS JO
wopyysoduoosp ey wt sseccad asaty euy 3eqy ‘Apewen fafortw Awowpyue
~poet poqorwch uy sefuwgs Yfuexss pue Lyparienpues jo

syrnees ey Ag

uy 3ous goq #3uws sangurediues SQULepTINoe ¥ Jeas 5w Jopeuesouy W

403 ey Wey JeiTy UONE LIos SRR G007 GATOIGOD WIMITNWR JO ROTIOND
~osd ey 203 sumjuiedmey ) YU pemous (gg) “Heyram oy Ag pesussuny

gou oxw L4rrpaony pus YIUeIsn OTIENe} UL POSON AW By



.*3:»”%‘*

staabs whon the m&w fores was & m Only &t mweh higher
temperatures did the lattice consbart waderge o changs.

Glaybon (41) hea recemtly cbtained results on the chengs
of csercive forve of ordimary esrbon stesls duriog hardening
tempering. These resulte show that the incremsed scersive foree
produced by quemehing falls repidly on tempering snd hes greetly de-
cressed ballors any percopbidble desresse of hardusss occurs. This is
explained on the internal surface theory Yy formstien of Smternal

ng through the treansition point of fron. Some of
this internsl surfeee is stabilised by astus) precipitetion snd is
responaible for berdemings the unstabilised internal surface is

rapidly destroyed by sanealing with & docrease of coercive force.



RIES OF HERALLIC IRTERFACES

The theories which have besn proposed to acsount for the
chenge in properties of metals by the increass of internal surface
may be comwenisntly divided into four groups.

3. Theories wirick postulate the formation of new Gibbsian
vhase at the interfeoe.

2, Theories which postulate mothing definite concerning
perty changzea to digtortion of the Jettice which ix incidentel to

3. Theories whiah sttribtutes the property changes to dis~
registry of the lattice soroes the intermal surlfaos.

4. Theories postulating & non-Gitbeian phase wt the inter

pe) neture of the interface and attribute all pro-

fase.



The eariiest cowplete theory of metellis intmrfuces is
smorphous theory postulsted that et mota) interfeoes, whebher formed
ﬂthmmnfmm'nmsmmtmbyeﬂﬁmﬂ,t
layer of emorpbous metal wes formed. IThis amprphous metal, sccording
to ‘mm«, bad the structure and preperties of s super-coclied liguid,
and the properties of the resulting aggregete were thoss of s mix-
ture of the su d 1iquid and golid phases of metel, Beilly
developed interesting emperimentel evidence of wich an gamorphous
£iln on polished surfeces and recent work with electron diffrsctiom
bas confirmed Beilby's work. (43)

The propirties tibich et be ssigaed to 4 seper-sonled
W&mmammmwmmgw
memwmm mmmmmm
WWWMW* («) "

e MWMMWMM@MWW
ook exist ub welnilio imterfaces, it is not & super-csoled liguid
and smst be aseigoed properties which are mot somsietent with the
sriinary or Gibheles definidicn of n phase.




The theory that the hardening produced by sold work wae
due ‘ba’ edastic atratn was perhape ‘Pirst proposed by Heyn. (45) It
has been Purdher developed by Saehs. (%ﬁ)

The inability of lattice distortiom to mcosunt for elec-
trical property changes on oold working hes been shown by Celss and
ven Liempt. (47) The discrepaucy bstween energy storege in cold
worked metals snd that possible due So lattive distortion has already
een pointed out,

Fink end Van Horn have mam lettios distorkion as a
factor in herdening of wmetals (48) and coneluded that 1@%’%:5.3& dige
tortion approximating the elsstic limit @14 not slter hardness.

It way thaerefors bs reascnably conciuded that lattice disw
tortion per se is not sdequate %o ssoount for the effect of intermal
surfece on property changes in mebals.
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regintyry of the lattiom

fmm“mm“wmmmmmﬁaﬁ
Jeffyies and Archer (49) end, more recently, of Taylor (60) in aso~
seunting for certain meohanicel properties of cold woried metals.
Their insdequacy to asoowt for shanges of olsctrisal or magnetic
proporties without some sdditiomal hypethesis conserming the physico-
cussed by the writer (51) snd more recently by Naier, (52)
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1st Postulate. The ifons in & wstallic lattice are dis-
plesed from their eguilibrium position at a4 surfsce.

2nd Fostulate., This displacsuent results in the formation
of elwotrical dipoles in which the ions shere slsctrouas.

ird Postulate. Bnergy of thermal vibretion of these di-
poles (heat content) is greater than that of iomse in the lattice,
and such energy is distributed seccording to ¢ Boltsmann or probe-
bility rslatien.



interoal surface may increase or desrease density and sppevent

lattice paramwter. On this basis, it eppesra that the fonsx of the
cules forsed under usual oold workisg conditions are
foarther apart then those in ths mormsl lattice, but by extrems ocom-

prossiopal cold work, such ss severe wire drewing, the iens In the
{corresponding to what Meier has called mechaniosl reorystellisatiom)
and compresesd so thet they are closer than in the normal latiice.
Buch & concept accowsts for the demsity minime frequently cbserved
and 1z s we shall sos also congistent with anneeling phenomena.



the gresber kinetio emergy of vibdretion at & gives benpereture

the Zoltzmaan econstant to give the walue per prez-wlecule, we ob-
tain o value of 5,000 ealories per grem-sitom whieh is of ¢the right
modtude, btelny soswebhet lesz than the latemt bhoxt of fusion.
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& sonpidereklis muber of sush suergy levels ave stable, so tint
the ourve melsking strength to reduction in sres will underpo a
lovel to the nmext. It will be semn laber thet sueh & hypotheais
pesudo-molecnle theory is cospetent te sxpiain the obesrved fects
but not usique in deing abdle to do e,
worked matels, the
it is 4lffioult indosd to see how & theory based on
orientetion of glip plemes or langth of indiwidusl slipge can aow
sount for tho marknd chmusd in temperature coeffietent
whieh takies pluce with incressed intermal surface and the slosely
lnoar relation of the hardness o temperwture in both sncealed end
worked motals. Mm%mm molosule theory, the resise
mwmmwiwmmmmmwum
wmmmma%mam Mwum
tswmmmmmwmm.wmmwm
meen moment 4n thw mmﬁ:mmﬁ mmmmw
perature ¢ will be given by Hy = K, (1 %) whare E, 1s the herde
noss ot sbsoluts pore, Wy is the meen wmset of the Alpeles in the
direction of the deforming furce st tempereturs &, and ¢ in & con~
staxt,
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Eow it is well established from kinetie theory thet

where 4 ia the dipple mowent, k the Boltsunn sonstest, end © the
“He = K, Ji- (‘_34:_'5’)';]

By putting By equel to sere, we find thek

2

M -t

. 3ek
Hence for 5“':% we xay write T,, the twspersture st which the meen
moment in the direstieon of the dsforming foree becowes equal to 1/o
snd the lmrdness sero. 7The formmla then becomes
, Hy = H, - T'%-)t
which it in agreement with the obsarvations of the writer and Gregg. (59)
The valus of ¥, mmy be approximated by the spplisation ef
tie Clavsive-Clapsyron forsnla to the chenge from mormal lattice o
the bigh ensrgy state and sssuming that the ebange in I, is produced

by the volume smpanyion aleue. Proseeding in this way, we obtain
: ~ = (v, - v)) T dp
dTe = PY;

For sopper, we cbiain
Va =¥y » 408 040. POr cats
A w 5,000 eal. gram stoms = 5,360 atn. o.0. por gu.




¥, for coppsr 130G - 670 = 830

Astual wvalue = 700,

The relations resy volume and energy of the atoms in
the dipoles and in solid solution are not known, so that similar

salouletions can not e made for the case of dispersion hardeming.



The pseudo-moleculs theory offers a simple explenstion of
the effest of internal surface on change of electrical pruperties,
nsmely, the reducticn in the mumber of fres elestrons. In the cass
of good comduesteors end & smll speeific eurfece, tho contribution of
in 2 sfzple funetion of smount of eold work, the seme as is strenghh
inerease. For suoh good conductors, the inmcresse in resistance is
of Hsthisssen's rule to cold worked metels.

To derive em sxpressisn for this contribation of the
mles to W&ﬂ@,w vt P - A mechenisn of
conduction, The siuplest possibilitky is that the pseudo-molscules
bined metion of their therma) egitetion and the mpplied fleld. Uuder

these conditione, the number which will dlssoeiate with o given
applisd fisld osn be enloulated from a Boltwmenn distribation of the
enorgles of the dipoles.

n o« He T
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whore n is the maber lawing a kinstic emergy above & oertain

m&,numww*m?awmmmmm
MMﬂuaM‘I - w#mmgm

nelecules. 'E’ e, =

R = EA.eT Rl = Ae

Bow the totel resistance of ﬁﬁpimutha pesudo-malscules are

in parellel with the elsctronis comduckion is given by

Maltiplying by 251, we obbednm ¢ R

E = RIAe T t R*
Sizow most of the sonduction is due to the dipoles, E® = 2 and we
wsy write ©
E =1IMe T + o8 + C
in eosformity with Koster's results.

Bow the guantity -Q is the enorgy of dlssoniation of the
psoudo-moleonlos. Yo obtain this in terms of cslories per gram atom.
Eonter*s value of Q must be multiplied by 2R whieh gives & value of
$,000 calorisa. Thiz wvalue iz in exvellent agremment with Haier's
value for the enprzy of trausition of hiz cmege phase in copper.

It will be remembered that in deviving thly equation, we
sosomed that & oorbain field, independest of the resistence, omused
senduction by the peeudo-molacnles. Hemoe, when I beoomws asere, the
remaining £ield gives rise to o cortaim potemtial %, This is in



w ZB -

acoord with Koster's obmervebtions wiich show that the vellbego-

surrent releticng for any tempersture cen be exprsssed by un eguation
sf thw Porm B o= IH + &, the vrnlwe 4 reprosenting the applied fleld
aepessery 0 sbart ccadvotion by peeundo-moliscules. The field neoope
pnry wmld be thet et absolute paro less the reeiprocal mean moment

af the dipcles in the Jdireoticn of the field, that is

m
[, 4
"
m
o
[}
3l|n

whieh lg in sgreement with Foster's eguation 4 =» Bt + U,



Ve have sosn that inoresssd intermel surfece exerts a
prefound effest on magnetic propsrties osusing the mormal megnotisza-
tien wore preaduslly and giving en in-
mewfmmuamm&m&mmm
internal surface. In order to disenss the explanstion of thess
changes on the basis of the pseudo-molecule theory, it will e neces-
4z a model for & lorremeguetic substuuos, ws shall teks
mmwmm,w,otam» dmensions having
ummywumimmmmm The emet
mmeWWMWu; At the
mbceant: , WWWMW@?M“”‘MUE‘%’W
WMWWWMWWM In the abaenve of
restraining ferces, thess elemsntery megnets will point ia the
direction of wny applisd field., The I -~ H curve of guch & wodel
will bs & straight line paralisl %o the H axis. This i# not in
'mﬁm&t&'bhe{l-Kmfwt&nm@nﬁl&ﬁ%ﬁﬁ@nmm.
to dealing. Howsver, it is found thet eingle ferrcemgnetic ervetals
1ike the model. Akulov (60) has shown that for the (100) direction,
thet is along the edge of the cubs for pure irom, seturatics is
reashed at about 100 cersbeds, snd thersafber the mognetizstion fol-




nw -

_ lews he theoretisal lime closely. Since magnetisation procseds
to. saturstion in very mnmxaa only if applied parallsl to ibe
- {100) direectien, it may be assumsd that the elememtary megwets are
sonstrained te point alomg these sxes. For the other mxes, the re-
sultant magnetization in the direction of H mmst be given by

'Ifuo.)’ = I J—a—

A I(m) = I 1/_]—37 S
x«mm:mz,rwambumpwwaam from which
uaamwx{m)amamzw}»m These figeres are
‘within the experimentsl arrer of those foand Ey sxtrapolation to
goro Hof the I - H eumastm.

The fact that the I - E surves of even the purest irea
srystals @mmtumwumiauiumm
has besen scoounted for By lack of perfection in the orystals. ITims
Backer (61) hes sccountsd for the rounded I — H vuress by the as-
susption of random distortliems in ths irem orystals.

The veriakion of Ig with Lemperature is setisfectorily
sccounted for by the Weiss extension of the langevin Theery.
Langevin pestulated that the tendency to magmetic orismbstion in
persmsynetic substances was opposed by thermal agitatiom. Welss
extended this cenception to ferromegmstics by adding sm imtrinsic
field proporticmal %o the int@;aity ef magnetization. 7This in-

boroel field scted in the same direstion ss the externsl forve.
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de L tanh AL
R

where I, is the seturation velus et absclute sere, T the adsclute

toemperature, and A a oconstent.

feots, and there is nothing in the thwory of maguetims of perfect
orystals to account for the existence of such «ffests. As a watber
abgent in ideal orystels.

At en imtermal surface, the pseudo-moleculs thesory postu~
lates the existence of electrical dipeles im thermal vibraticm.
Thess dipeles will restrain the motion of the slemectary magnets
that ssturetion is reached at higher field strengths. Further, the

reversal a: the field will not reverse the restrained magnets st
once, and the unrestrained magnets will require further rotation te

_.‘1m$m 2t the coereive foroe. For thia

eondition of statistionl demmgnet

. LN
< T e — N
where lic is the megvetization emmm foraon, idﬁ is the intensity

of mwtimmymm by the restrained sepgnots, end I, the
saturation imtenaity.
Binee I ¥ is usanlly small in eomparisom with I,;, it fellows

that IHC = IdN
Is
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mwm%uttmmghmwm”nmmmww
M&mw@wm“wwwﬁ “1 Mmmtu
lated to be formed by oold work with a probeblility distridutien of
snsrey levels, Puriher, there is no partitior of energy among them,
8o that on ammealing at & glven temparsture the dipeles with higher
aving energies below & sertals misimum correspending to the Teme
perature will remein uneffecbed.

The mumber of stoms havisg an emergy hkigh socugh te decom-=
poos &t & given tempersture T will be given by the wsual probebility
equetion

__.Q
RT
n Ne

whare I is the toltal wmumber of dipoles, Q is the hest of deeomposi-
tion per gramestom, E is the Boltzmann cunstent, end T is the sbao-
This distribetion is & sstizfactory ssxplanaiion of the
chserved rate of grein growth in ¢old worked metels. It alse ex-
plaing the ¢ffect of provicus history on the amnesling rengs of eald
worked metals. Binoe & true probability distridution would be
found emly for the oold working of & single orystal. Other metels
will posssss a deficismey of high eusrgy dipoles due to their decom-



Sinee the properties of mebels depend not cnly on the
"i}ml m‘ ﬁf PR~y | S e

P BO-10 3 w‘hm“tumwmmﬁm,
almmmewwmmme
wﬁanuxmmim&ym,mmmmmwm“&m
change mgatw, pw;mrtm. as wmin foros, W to be
mmaw&xmm of en extremely wide energy range snd heaoe
sorve as a messurs of the total number of dipoles. Others as density
and stremgth are affscted by omly the higher energy dipoles and
bence decresse sharply before coercive foree ls sffected.



ST ot Cpe gt e
dhi 2o ledaandlTind dddes

DIPOLES AT MEDALLIC

WG S Taled b

T2 4 ey
LhE J&»\;hﬂb

EA N AN

RGOS

-
LFny g
DR AN

YA D -
,.;.,,C*\;_ «i et

di’ v
TRV

s

Lo colewlate

honce

oty

fone gpd bthal 4

ol slovbrong babe

wae smally; henee,

Laen as roughl;



If slovtrical dipoles exist at the murfese of mebdsllic
substanoes, then metallie powdsrs should absord emergy im an alber-
nating field haring s freqummey of the ssme order as their matural
frequesnoy. Our omlculationa have shown theat sweh frequency should

talen over this range.
The method employed wee an application of the well knowm
mechod for enslyzing sore jospes in telephome leading ecils. This
the inductancs snd sffwotive reslstanse of a coil are messured at
diffevent freguenciss and the loswes dus to hysterssis and eddy
ourrents separeted Ky & graphicsl anslysis in which '%l;' is plotted
sgaingt £, AR being ithe increass in sffective resinteance, L the
induotance, snd £ the frequency. Such & plot gives a straight line,
the slope of which is a measure of the addy ocurrent loza and the
intoreept om the %'FR‘Ma is & menamre of hysteresis loas, AL
the Trequenniss which we shall wmpley, hywteresiz beocmos n:gai@im
wa LT = gVl whore V' 1s the eddy current coefficiewt
and 4 the permeability. Any loss due o dipoles should remult in a
mzwrmm‘wmmmu%? ead £ by & sharply in-
creased Slepe as the rescnsmt frequescy is '
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For ths nessurements, an Opens bridge wes sslected, This
bridze was Wmﬂthm wsual precantions regarding shielding,
sto. The sireudt is shown in Figure B-1, The inductance L com~
gisted of a coil having 550 twrns of mmber 36 wire wouad on &
bakelite spool. %he coil was 1 em, long and hed e redius of 0.557

was L = 0,464 millihenry. The in-
ductance messured &t 200 ke, was L = 0,467 nillibenry.

mmtawwmm”tmdﬁmmg'm
mu%wlm AR and L mossured for frequsncies from 18 to
65 kilooycles.



Oscillator

Balance equations -
Real L . sA

CZ.

Imaginomj %7_= %; Le.,

Fig.E-l.‘ Ouwens bridge used in

core  loss measurements.
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8. Fesults

Wswmmmmmér ve. £, This
mmmwmmmmmﬂmuﬂnvmm
mmmwam W,WMMW
stontially Andepeniewt of partiele sise, bétng mwrly the sme for
mmmmammwmw. It
WWWWmmmmmw
powders at which the dipoles Af pressnt might be sxpected to opodle
late. This L& precunsbly doe to soms sert of mugnetie chaining.
Teble B-) and platted in Figure BB, The prumctical identity of
ETV for mpwtite and weduced heuatite will be noted,

3.3 048 018 342

B 2,55
™ .w'zw" .m:nw‘ Wum’*
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TARLE B3
Kiloaycles e /Benry/Cyele
66.6 +321
§1.0 «188
43.5 «187
52,0 +132
26.4 «304
18.) +LOTS

A sharp incresse in losses arcund 50 kilooyeles is also
indiceated in this oase.

¥hile the results of these tests are qualitatively in avw
ocord with the theory, the method is not capable of sufficisnt re~
finsment, It was therefore desided to make direct moasursments of
electrioal conductivily of slightly compreesed powders. For thig
purpose, the cselllator and dridze set set up wors somswhat changed
and improved.



petion of slectrisity in a setallic powdsr has

besn indloated by Eoster's work to tske place largsly by therval
vibration of comducting elemente under the influsnce of & definite
potential which is sot up morcss the intermal surface. If those
condusting elemente be idenbified with the pseudo-molesules or
dipolss, then the setion of the inttial potestisl may be conselived
mwmmwmuwto«mme@m
amwmwawxaﬁumxmmztapauﬁm
under s sscelerstion due do grevilty sud & wery miell slsctrieal
repulsion. HWMWJ;&W&W&M;W@&
the postulated mechenimn. Hhen the thuk of fall be equililwims iz
W%@Mb&ﬁmmtimﬂmmwmwwﬁww
tenticl, the emargy of vibration would reseh & mexiasm and, henoe,
the resistunce would paszs through s miniwmum.

mﬁmwwwummmrmm
through the highest point of & wvertisal eirels is given by
5 = 2/Z (Hastings and Beach, Gemeral Physics, pe 67) whars r im
the radins of the sircle and g the acesleration of gravity. Fer
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homee, a3 su approximstion P _
1 X 10~ _ -
t = 2¢YTx0° =2 X 10

m ! RO INED

ey of minimum resistance iz therefure given aa 50,000
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The hwddpe m m oupdayed ummm B
mmu e Wm M &m Mﬁw

9oll described by Koster, (83) mmm%mmw
oupresced hetweun silver elsstredss to & pastille 1/4einch

1.

2.
S
'
&,

G

Te

8.

10,

The proceders (n en individeal sesscrenest was a8 follews:

mm&*wmmiﬁwmvum
dem (R).

Pat switeh "e” om (2). Adjust B end Cu for talance.
Put switeh "»” om (1)&6%%@:%!&%

Eepoak B and 3 until dokh hold sisultenscusly.

Thens Kjf = Rof  snd WopRy > Wighe o

Threw switeh "e® to position (k) wnéd switch ™B™ to posi-~

dlem (1)e
Put switeh "o on {(2) and adjust & snd Oy Por Lalsmoe.
Put switoh "e” on (1) snd adjust Vagaer grewnd for Lelance,
Fepest 7 and & mabil both hold slmltonecnsly.

6 = 2 (=) o3 (C3 - cg) within 3%
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of metallic powders.



3. BResulte
i, lessurements on Powdeted Antimeny

dntinony wes welecbpd s & sultsdle msberial hoosuse it
value of the resistance is detérmined by ths dogree of compasting
in overy ciss to give s wlue which was easily measured cu the
bridge.

Table E-4 gives & mumber of the resmilta odtained.

These results when plotted give omrves of the ssme general
sbaxpe, sll having o minismem at spproximstely 50 kiloayeles. Pigure
E~7 shows the resulits for specimes nmmber 2 of the 260-2T0 mesh
powder.

The mintswm et 50 kilooyeles is ia surprisingly clese
agrosment with the theory. The rescistanoe of a wire resistor of
sinilar resistence ss & funstion of frequeney is given for comperi-
son nd to test the possibility of the minimm of resistence being
due to skin effect or some wasusperded pesuliarity of the ridge.
It will be esen that the chemge in resistence iz sedl end is a
effect.
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11, Heasurements on Powdered Galena

The work of Koster has given us more detaeiled informmtion
on the direct current oonductivity of geleom then we have on any
other metallic powder; hence msasurements wers made on ~200 wesh
galena as representative of a conducting mineral. The techmigue
was exmctly the saxe ss for powdored anbtimony. The direct survent
resistance was, however, measured for the gelena searples so that
the curve counld be extended to zere fregusucy. The results for
two samples o&%%%&mﬁgg@g@ﬁggm@ﬁw@fw
in Pigure I-8.

TABLE Ee§
Frequency maﬁmaw 1 mnauya 2
Eilaoycles £ Chons
121.8 1000, 910,
97.88 $65.1 878.75
82.00 240,85 851 .80
62.98 926.76 842 .62
48.61 924.50 840.12
34.886 927.78 844,62
29,22 928,75 846.87
26,63 933.560 881,62
20,99 §38.28 361.6
18.16 953.35 875.4
16.33 968.28% 884,86
]

1304 1070
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I8 ot 3l b poan that the mindssur in regiztanos cocura in

mersy, that s, abeud BO kBlige

the swuse Dreguency ronge as o antloong :

- Y

—— g, N 2w S PR S-S0 S ST S ERCIPSL 3 S E e
evoelegs LThig iz in accord with the theory of epsevitislly sinmilar

Aipales at all metallio surfacse.



Iii. Yessurements on Powdered Copper

In order to obtain messuranents on g definitely metallic
conductor, powlered sopper was used in the finsl got of mesguremsnis.

The ocopper used wes -325 mesh material furnished Yy the
V.8, Hetals Refining Compa
produced.

The results sre given in Teble E-8 end plotted in Figure

y end was seid to be electrolytically

E~-9, ¥ith copper as with antimony and galeme, there is a distinct
minlmm of resistance vesr S0 kilooyolea. It may, therefore, bs

concluded that this bohaviour is a pgeneral one for powdered

duetors.
TABLE Bef
¥regueney
iiloeyules Uhma
121.8 862.0
97.68 661.8
82,00 661.2
”t 53. ' 650 af’
34.886 660 .4
28.22 660 ,.6
25.53 680,68
20,99 €80.8
18.18 §681.156
16.353 661,78

o 1078
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which mast be sssignnd o it are the same whether formsd by
{a) movement of the parts of a metallic polid with reapect to
gation of a brittle metallic solid, or (o) productien of a two-
phase systan by the spontsnsous bresk-down of & solid salution,

The extent to¢ which the various properties of metals sre
influenced by inbermal surfece is, however, found to depend on its
method of formatiom and subsequent history. This leeds to the
nescessity of postulating a physiocchemicel condition st the in-
ternal surfece which verises Iin its anergy conttent sud hense in
its bempersiure stadility,

The pseudo-molevuls theory of metallie hardexing which
wag first proposed by the writer in 1922 is givea mors eapiloit
statement, and it is shown that this theory provides for the
varistion of tempersture stebility of intermal surfece in metals
surface, no matter how formed.

This theory postulates the formatiom of eleetrical 4i-
poelas at metallie surfeces which may under serbain ocenditions form
& bond at axn interface, hemes imoreesing stremgth., In metellio
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powdesrs, howsver, they may be thought of es stending em the surfacs
of particles snd vibreting under the influence of thermal agitatiom
and gravity like & field of grain in a breoze. This highly
mechanized concept lsads to a satisfactory explanetion of the eleo-
trieal properties of metallic powders snd, in partisular, to a
nindmm of resistance with an electric current heving e freguescy
of 50 kilooycles. Such s minimm bns been fvand for antimemy,
galens, and copper powders, and is the firet direct evidenes of the
acthunl existence of slectrieal dipoles st metalliec surfeces, which
wore postulsted from indiresct evidence by the writer in 1922,
dying the appliestiom of the pseudo-mwlecule theory
to problenms of metalliec bardening, & new comeept of the dispersion
this concept bas been msde poseidls by the fost that cocersive foree

measures total interosl surfaes, It is proposed thet dispersion
hardening takes place in two steps. In the first step, the solid
selution breaks up into a bloek strusture, thus forming intermal
surface; in the second step, & rew phase is precipitated at this
internal surface. The first step is practienlly without effect om
hariness or x-ray patitern, since the blecke remain in prectically
perfect registry; the second step grestly insresses hardness.

The steps may teke plsce practioally simmltansously or in a2 definite
sequence. In the geenching of ordinery cerbon. stiel, the first step
takes place completély, the sesond sbep only pertially.




nﬁlm

tenpering, the total internsal gurfsee ss indiemted by coervive
foroe decreases repidly. The internmal surface dus to the presence
of the gecond phase, however, actuslly incresses, snd hence thw
hardnees rises a little.

In the onse of ironec

ebalt-molybdermm alloys, the interaal
surface forms very slowly, while the precipitsted phase, once formed,
auickly grows to a size having 1ittle effect om hardness:; hence,
meximm gosraive force is reached u this instence st & mwh higher
temporaturs than mim mm‘ This is indicetive of the great

stability of the irem-cebalt-molybdemm solid melueion.

The more expllicit form of the psendo-moleouls theory of
metallic imterfecea whieh it lms bwen possidble to give thwuwe makes

possible the satisfactery explanation of odbsoure metallurpieal

pomens, and the direot evidence pressnted fer the eristence of
the pseudo-moleculos themselves glvew greaster sonfidence in the
applisation of the theory to prastioa) metal working.
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