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" ABSTRACT

: The di“ffusi‘%fivt.y of zn®5 in an alloy of 17 a,tomic
‘ per c'en't Znﬂand"873v atomic per cent Cu has Vb,een.‘
measured over the tem‘peratu‘r‘exrang,e 73,0“9‘50» O‘C‘,
'»u31ng radroactlve tracer technlques | The ‘t'emper‘a—

ture dependence of the. d1ffus1on coeff1c1ent is: glven

“by': e

. DZn - 044 exp ‘l—‘:('4'~2" 8‘0‘0,/,RT) cm? /fskeco :

"Cor'rections of the‘diffusion coefficients for“small“

dlfferences in: spec1men comp051t10n have been made

u81ng the theory of Hoffman,-' Turnbull and ’Hart

The temperature dependence of the b correctlon fac—' |

tor has been measured as:

b.Z'n = 228.9 .exp (9v5‘6.0/>R"T) cal/mole. d ;

Comparlson of results Wlth other tracer measure-

\ments and Wlth chemlcal dlffu81on measurements has o

_-Abeen made, A seml—quantla’:atlve comparlson of theory‘.,:_,\.

and- experlmental data 1s presented

iv
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1, INTRODUGCTION

Problems dealin"‘g”‘wli:th‘ivhe rate of di‘i"_fu;sien‘ of
'zinc and eoppenin brass ‘all'oys‘ have b.e_en .:i'nv'e_s;ci—
gated b?r s‘e\ve‘ra,"i-werkersv.-'Most'of these:iﬂnve-sti—‘-.'
gativ‘_o-ns hav.e 'been»‘.p‘erform‘ed‘l.oy a tecvh.‘niq‘u'e 'inv‘_ol-y'—'_-‘
'v-ing‘fsec,tki‘oning an‘d cheri’nica;.l anal'ysis“,v Ae_ti‘v_ati.on'_
,energies oblt‘a.ined-.‘b'b"y different-.inv‘estvigato'rs_have'
shown 1itt1e“ag,re:‘evment. This acfivati'enven_ergiy is
a me‘as“ure v_ef tiie’ th'errna"bl' energy r-erqninedv._t'o-’fo.rm o
vacancies j_in a cn'ys,tal, and.tvo' cause at‘o_m‘s ‘_t‘o jurnp, o
from- their lattice ‘svi-;es--"into't‘nevse Vae'ianci-es.; The
a"ctivatiron' ene‘l"’ggr,:Q, for a- brass alloy conta1n1ng
17 atomlc' per cent 21nc wa.ll be used as a cemparl—‘f’
"eon feature of the follow1~ng experlrnental studles,:
“_Thek,ea‘rllest pre01s-e work, that of Rhlnes and
‘Mehl (1), wa s done on“polycrystalllne brass bars
Wnich'v"\‘x'rere elect‘r_op.lat_ed: W-l_th cepper. P~1at_ed'spe-civ—n’
mens Were jliorlaee_d‘l»'in d’in‘f'fu‘s‘ionv"fufn"a‘cevs__t_andl a,n'nealedl_
at v‘“arie'ue t‘é-m_p‘é':&faturfes ‘fen p.e"a:.io"d»s uiﬁ«-to t-hr ee
months F0110W1ng the anneallng operatlon,v the out-
'.-_“S’.i‘d.e’ copbper plate was mach1ned off 1n a prec131on o

,,l'ai:he., An even number of cuts Were taken on both
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Le‘id‘er.s“ef‘v';the br,avs s»—c-op’per‘ _,iijh(terfac-eoi Di stj'a.n'c'es jfrkom,‘
the 'c_>‘r i‘g.ine"l"int‘_evi"f“avce”.,"ferf eech"-c‘ut‘-‘were \meeleured . |
Wlth m i«efr'ldrr‘reter s Sectl ons 'cut“ fr di’n ’, bt‘h e bar s were R

,ch‘elmiea‘,“llty-"ka'nal‘jr‘z“ed‘ for ‘eo"pspe:t: cohte’nt,' and the zine¢
cont’ent “Wa's obtei‘ned by”diff-erence. From t-he‘sebdata,
a plot of comp031t10n versus dlstance from the Ol'lgl-
‘nal 1nterface was madeo‘:j. o |
.Ah‘a'lty sis 'o.fj’d.'a,ta,,‘. Wrae fﬂje»n-e by t‘h.‘e Matano equatlon
Whichfie{;t ‘ & o o
.C

o D= 1 dx\ x de. -1

In thlS eqeatlon D 1s the: dlffus1en coeff1c1ent tn
‘cmz/sec, £ is the time 1h secon’ds,' dx/dc is- the Shc.pe '
'ef the pehetra»tlon c'ur‘v’e at the concent:c:atlon c,‘ and;
gg xb dc “1s‘ the area encl-os‘ed 'byr the curve, - the’ 1nterface
and the 1’}i'imiLi.ts“'_of concentrat‘ion ’0 and c. The inter -
fecé,~in thi'»s c,eee»is :hot t’heorigina“l intverf“a»_ce, ‘buvt‘
1s ',dei'i_he-ci_'a.s". that'point Where'eq‘ﬁyal.nﬁmbﬁer's of

| atoms heye'fpas.é ed in ,op'?:o;siitle dlr ectlonsThlslnter— "
.face, knd‘wrh{'a‘,s'"the Mata”n‘o” in't'erfec\e; i.s‘,aaA,i:-‘.'the‘pene.—
tr‘ation d‘;iStance, r/x, such that areas on.elther side .Of
x enclosed by the penetra‘tlon lcurx‘re are eciual

US1ng a graphlcal solutlon of the Matano equatlon,“

'l.Rhlnes and Mehl (1) obtalned an actlvatlon energy of

b-'32 000 Calorles per moleg L



I . _'not chemlcal concentratlon 1s the dr1v1ng force 1n the'v.

j3;j‘
‘”'Cor-refction“s for-thefche‘lnifcarl"activitxy of the cdm-? 8
‘c'pnnents in the alloys used oy Rhlnes and Mehl Werer
applled to the respectlve dlfqu1on coeff1c1ents by
Q;Blrchenall and Mehl (2) These correct-lonswere Ay

'».applled u31ng the assumptlon that chemlcal act1v1ty,~

~~d1fqu1on process ‘;::_ The 1nd1v1dual dlfqulOIl coefflclents"u’

H,Were corrected uS1ng the follow1ng equatlon.,

D= . Dexp.) B ¢
Vi t C) dVl IVZ'& CdeZ -

, l : dcz
D 1s the co-r»rect-ed d1ffus1on coeff1c1ent D(exp) 1s

the experlmental dlfqulOl’l coeff1c1ent V1 and V2 re
the act1v1ty coeff1c1ents of the components Whose
"comp051t10ns are cl and cé respectlvely, dV /dcl and
“dV /dcz are the slopes of the act1v1ty coeff1c1ent—
compos1t10n curves at compos1tlons Cl and czm “

The actlvatlon energy obtalned by th1s method

b"vw‘a:‘s”a questlonable 30 000‘ <>50 per cent calorles/mol‘eh,v
: Experlments done by da Sllva and Mehl (3) repeated
"~'the work of Rhlnes and Mehl The only dlfference was
that 1nert wire. and f011 markers Were also used to .
e measur’e' t‘he' diffusion 'coe,ffl‘cil,ve'nt’. u_slngl _the Kplr_kendall
"‘.effect (4)  The aTCtiva‘tiAon e'nerg';‘»rl mea{sure‘d hy this |

- technlque Was approx1mate1y 40 OOO calor1es per molea '




Further work b’ir Hor‘nefand I\A/I'ehl(i5) using the
sectio_ning—and—chemi‘cal—anelysis t-echnique in addi-
tion to marker-‘movement 'meé.s,urem_ente ‘yi‘elded an
.activation energy of approximately 37, 000 caloriee
- per mole. | o

It is apparent that tne te'chnique of secitioning
and chemical analysis has not produced consistent
results. | Le Clalre (6) has expresseddoubt concern—‘
ing the prec1,81on o:E the dlffu31on ’coefflcient.eob—
'tained,‘by this mektho,d because o'f the large vcomposi-
tion gradie‘ntpresenlt in‘:the s‘peCimen's,“ and the Ma -
tano analysis of the‘d%ta.

Some of the failings of this technique are that
‘,onl"y an a‘vera_»@gie diffusidn‘coeffici,ent is measur‘ed,
‘that 1s, Only some a’ver’agé activation energy yfo,i'»‘both
components in the alloy is measured and- the indivi—v‘;f
dual activation vene‘rglespof the.separAa,t»e compo-n'e,nrts;
are. ‘n.ot determ‘ined

Recent a,fvailabillty of hlgh spe01f1c act1v1ty
radlolsotopes has allowed a more refined methodvof
meas‘uring,'diffn‘sion“ c.oef;ficients and determining |
lactiVat*i.on energies. T*his mefhod, de’s'c‘ribed by
Tomizuka ('7>)‘, has _be'en- the b’a’sis of i:he more recern:t‘

diffusion measurements.



G ésydervs O
"The pﬁrpose ef‘this'inveetigatioh Was'fo aete£;
rneﬁe the actlvatlon eeergy aﬁd frequency factor for
voluxne dlffu81on of zinc in a brass‘alloy contalﬁlng
'17 atonn;C'per cent zinc. It was 1ntended that;this
‘inyestigatioﬁ would fufnishﬁdjffuéien &atelbf highei
'_fprecisioﬁ than these evailabie”ﬁrohi_earlierEtudieea
« ennp1oy1ng ether technlques° ‘I£ewes also inﬁeﬁded
that the results of thls study,'ip,cenjunetion'Wifh
,those.of recent“works u51ng radioaetiveféracers.Wouide'
.pfoeide a&ditionalinforrnetienien‘the relation Beﬂwgéﬁ_
,diff@eien ceeificientsraed‘eelﬁte ebhceﬁfrafien’in.

aiphaebrass;



3. THEORETICAL BACKGROUND

3.1 Filck.‘s Laws

The dlffu51on of atome in .a- homogene‘ous alloy -
‘system is descrlbed by F1<ck‘s flrst and second
'laW‘ys (8)."‘ If the d1ffu31on is unldlrectlonal | F‘lck_“'s'
fi'fet lavy"states: 'v S B

Where J is the flow of atome across a unlt area c

1\s‘7 the co’ncentratlon,of‘ the;‘t‘ﬁ:.aceir »Vatom x 1s the depth

of pene.tration,v and D is thﬁe. diffusion c~oe,f‘f1c1»ent. In :

"\fth?-e fadioﬂa-ctiv.e'—»t.f"a.c‘er‘vtechn'i‘que“, f‘the conc e'ntra'tion“':"f"
S c 1s;assumed to. be negllglble and does not affect the:
compos1t10n of the alloy., - A*s a ~resul-t of these-condl‘—.“ﬂ,‘._ ;
'tlons, D.is a constant 1ndependent of the depth vof pene—-,kk‘.

tlf_a‘tion'x‘,~and the surface concentratlon of the 1sotope

cc’)‘.rmAssumln.g‘cvolntlnulty of mass and volulane ac&ros‘s‘f"_.v”

the dlffu31on area : thej‘s‘econd for'rn'of Fl_(:k“S law,l's.:”‘ R

" de - Dad%¢. . Y3.1-2)

Imposing the boundary conditions of a sierni'.—infi,nite



c'ry‘stai on Wh:‘o.‘se"‘facé is pﬂlayt'e-dua‘n' iyn_'fin_it‘ve,lyy th1n S S
rlayer of dlffu51on atoms,, thé 'Sol'u.tivo'zvlb(f‘)’) ‘fdbr"e-q‘u:a'-.-.fi
tlon (3 1= 2,)

c(x,t) = c(0, 0) exp (- >552‘/4Dt) o (3.1-3)

o WDt) ‘ : B

Substltutlng spec1£1c act1v1ty A for the concentratlono.f.:'“.

Alx, t) *:~ (o 0) exp (- X2/4:Dt) _ (,301__'4)_
‘Taklng the natural logarlthm of equatlon (3 1- 4«.)

ln[A(g;tﬂ' ln[?(%togl;(x%[QDt)?Li ‘43.;-5)

leferentlatlng Wlth respect to XZ

=d [1nA(X t)} : 1 L L o ' (3'.,_1‘—'6,)‘
- d(x%) 4Dt | '
Tr a_‘n“spvo.si‘,ryié "é:qu-'é‘ti‘;on,(i%? l';6');

et e T 4Dt d(ln eA\Yd(Xz)

LD o= el 3leTy

. Thus. if the"'cpmm-o‘niiiorgarit_h_'m of the activity is
. plotted ver sus the '.squ_a;ré of the p'envetra"t‘iori di‘s_t)é"nce; L
‘the 'diffusi'o'nv‘coef\fi‘cien‘t may be determiined from:

D o= a1 . (3.1-8)
' (2. 3025)(4)‘(t)'(s1»op'e‘) '

It has been fQ‘UIlvdi that diffusion cioefficlient's

are related to temperature by an Arrhenius equations.

b - v.]'_'i.‘.oo“ev\x_p “(Q/RT). | (3.1-9)



T,aking the na?tﬁ.r"ai i’ogari\tlhm _ofv e<;“1.ati-o-r.l (_3".‘;1"_-9):_'
“.1# D(I£"1ﬁ4ﬁ0'4g/£1Tll e /vf‘-y($;151§{A

leferentlatlng j"’vvéf,i‘t.hr’e spé‘c'p to 1/ T - |

. dHan~;1~Q/RQT  .'1"  ‘  }v,A fé;1Jﬁf

' v"I“;ra‘_nsi‘)yosing‘;:‘,

I‘f,,.-’th.‘é.‘,’;tgq(mfnén‘j_*'lzo,ga;"ithrvri' of each diff'\is‘ion"ci..o'e;ffi'c‘ien-t;' '

isApl‘ot:t‘led"vé'lﬁ_:‘s'&x_is,bth:e ‘reciprocal of th_e".k'a"bsdljiitré |

diffusion temperature, the activation energy, Q, =

" may be determined from:

',Qﬂ!éA(2°3025)(R)(élope).\""  '(3;1;13) vi”ifﬂ
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-3 2. Theory of Hoffman, Turnbull and Harst

A theory explalnlng the enhancement of s‘o‘lute
"dlfo.SlOl’l in an’ alloy as the solut‘e concentratlon vlS
31ncreased has been proposed by I—Ioffman,.‘, et al (10)
i‘_'»and Hart et al (ll) :Although a theory descrlblng
both solvent and solute d1ffus1on enhancement has
| vb‘een .presented by'these a‘utho‘rs,‘only the effect of
'_‘solute exhancement is, of 1nterest in thls paper.n'

Frgure 1l is present 1n the 1nterest of clarlty
‘and will ald'1n the explanat1on of the theory
Let '
| "“‘ylo -':‘_-The exchang'e frequency of a latt1ce

vacancy Wlth a solvent atom outs1de the
flr s’t_’«,;c—oor}drnatron., 's'heyl‘l of,,the- 's,olu:_t‘e".
; vl‘ : - ’Thei:‘ei’;chan g’.e 'fr e_,-'q_;_’u-en c:y";}’vof al}e@t‘tylucfye
o v,vacancyfvvfth av ‘sfqlv“ent‘atorn 1nthef1rst
co"ordinatfon‘ shell of the solute. '
| VZ. = '-The exchang e- fryequ'e:n‘cy of a jsohl[u,te"za.‘n d.‘.:‘» ‘:'?“.' Ab
E“a 1‘a-tt‘iic‘é_va\c:;-ancy‘. y

. X_° - The fraction of vacant lattice sites outside

o

ig the first coordination shell O'ff.th_e; R RS
lys‘vol"u~te. ’
X'- ”_"Th‘e‘f rf‘ract‘ion ‘of rvac—a'nt latt’ic'e ’ s/ites”*i-n'

‘,‘th-’efijrje tEeon ordlnatlon shell of the solute.




Fig.

1.

— SOLUTE ATOM

SOLVENT ATOM WHICH IS NEAREST
NEIGHBOR TO SOLUTE ATOM AND
VACANCY

O SOLVENT ATOM WHICH IS NEAREST
NEIGHBOR TO VACANCY ONLY

LATTICE VACANCY

Face-centered-cubic structure exhibiting
a solute atom, a vacancy, and nearest
neighbor solvent atoms.



It is assumed that theAdi__}s":t-u'r‘b"edAregi,'on i’mmedi"‘atelY‘
surroundingth‘e solute atom is Onlyone.coordination
shell in radius. | |

Diffusion is considered to he a two—ste.rp process',‘
‘flrst a solute atom will exchange with the vacancy,
secondly a solvent atom w111 exchange with the same"
‘vacancy. Thus the frequenc-y,fz, of a‘ solute dlffusron‘
Jump is the product,‘of the solute—vacancy exchange -
frequency V‘Z, the vacancy concentratlon near the sol-
ute,.Xv”,' and the probablllty Py that the vacancy 1n>
the first;coordination‘ shell of the solute will exchan‘ge"v

with A& solvent atom.

Since: -
4vinTy) . | B
P1 = (4vie7y1)- (3.2-1)
(4V1»l.+7V104_V25 ’ ’ .
then: . f, = ,(ﬂvz)(‘xvf_)(pgl)h; | | | (302-_2_)

it has been shown (12) that the solute self- d1£fus1on

coefflclent Would reduce to=
D‘. i/é?\?‘f "323»
2 = ‘ 2 _ . (3.2-3)
where Ais the migration distance of the solute in
‘the vicinity of the solvent.and the vacancy.
1f the rate: of sol'ute diffusion is primarily

governed by the solute-vacancy exchange mechanlsm,

7then,(4:vl % 7v1°)>>v2 and equat10n(3 2-3) reduces to:



b,s W NE Gas
A lf“the' rate“vof solute diffus‘io'n is -px‘imarilv«lgovern‘edr:‘;‘»‘
by the solvent vacancy exchange iwhv'i,le, in the;.firfsl’t
'.rcoo‘rdlnatlon shell of the solute, the'n”v2>>v1,.">>v,‘lo
and: . N S GRS
: e o/ 1 1o : o -5y .
D, = ,(’Z,/‘vs‘)vvl.;\F‘XV“.’ TR »‘(302» 5)-

If the _Arat_e' of ,S'olut:e ‘diffusi"on i's 'prlmar11y governed

e ,- bfygt‘he_~-‘solven‘t'-'va\can'cv e’fx'chang_e out51de the flrst

COorIdi-'.nﬂatlon shell :Séf. t.‘hevsolute, ‘then vz>>,vl_})'v‘1
Pz.'?,(7(6’Vi A, Xt _V-(3,zf6):c

The above exp11c1t theoret1cal treatment is

7d1ff1cult to evaluate since much of the necessarv :

data are not av,alla'bl-e Slnce thls is. the case, f

' ,,A”I—Io’ffman‘,' et a'l. .(10)' have 'p r:op._‘o‘segl \e'm~p11;1v'c_al ‘equa-

.~t1ons of the form° ﬂ

D(X) D(O) eXp (14,bX) ‘_‘(“’3\»-2-7.)‘.

'_D(X)", | ir"D’(",‘O)"’é%‘c‘p (bX) . ; 1 3 z“-s')

k‘..'Where D(X) is: the d1ffus1on coeff1C1ent of the solute

'1n an allov of composntlon X D(O) is the d1ffu51on

v.«’-«,,coeff1c1ent of the solute 1n the pure SOlvent ‘a'nd b

"'::“‘18 a measure of the 1ncreased dlffus1v1tv of the solute,‘i‘:j'»{"g",-':‘




'13‘
 qaus¢a by an'inc?eésé'qfthe solute concentratfgn

X.  Siﬂce b is:rela?ed:to,te¥n§eratufe By an Arrhenius
 eqﬁa£hnL,ifis;gzneasniequfhe iﬁcreasefﬁithef 7 |
fuunbér of facanéies aﬁdﬁtﬁefincréase,offhe apbro-

priate exchange frequencies.



4. EXPERIMENTAL PROCEDURE .

4 1 Spec1men Preparat1on

A large polycrystalllne 1ngot ofalpha brass c"on-l'.;fl-
V‘ta1n1ng approx1mately 17 atomlc per cent zulc Was"’:: B
:prepared by melt1ng together Welghed amounts of'
1-,spectrograph1cally pure materlals The metals
"were placed in a graphlte cruc1ble and melted under :
8 n1trogen atmosphere in a- hlgh frequen)cy 1nductron
'”furnace 1n an effort to obtaln a homogeneous alloy°

: ‘The 1ngot Was sent to Dr C M Glass of the Ball1s-—.“,"‘-‘

‘tics Research Laboratorles Aberdeen Prov1ng Grounds,_ik:.i{

e 'Maryland Where several attempts were made to grow"
“an 81ngle crystal us1ng a mod1f1ed Brldgman technlquem___
;.‘,"'The best product of these attempts was. ‘a polycrysta.l.
”"l 25 cm in d1ameter by ll cm 1n length cons1st1ng of 5
"\four to flve ‘columnar gralns., ' It was o‘bservedrthat a.’

-concentratlon gradrent of zinc¢ in- the alloy resulted

"from the. passage of the melt through th Brldgman
gfurnace Because,of thlS gradlent, spec1mens for the
g dlffu81on exper1ment Were chosen over the center

“sectlon of the ,rngot.’-k

The polycrys tal w a's‘-jaz'x\i ally m ounted in a ' two-in ch

R



"‘*’mens wer e ground flat on graded emery papers,” and

’,.",heav1ly electropollshed to remove the worked metal

".‘-mately 2 mllllcurles were- recelved 1n the chemlcal

;'Was made by dllutlng approx1mately tWO drops of

.‘vdlameter plex1g1ass tubeo ‘:P-last‘e'r oof Pfari's“ w’as:‘;

; poured around the 1ngot in order.to. prevent any undue

Stre551ng durlng the Subsequent cuttlng OPeratlonn;,-

A hlgh-speed Water cooled Alundum cuttlng Wheel
',_Was used to cut the 1ngot 1nto nine rlght cyllndrlcal -

"'sectlonso FolloWJ.ng the cuttlng operatlons, the spec1 -

3

;The pollshed sect1ons Were sealed 1n a - quartz tube i

,under one atmosphere of argon,.'and annealed for"‘

'elght hours at 550 °C. A v1sual examlnatlon of each

"‘spec1men was. ‘made for ev1dence of recrystalllzatlon° T

T h '>‘,

,'One of" the spec1mens dld show some recrystalllzatlon
‘and Was not used in the experlment.‘. A Laue back—‘
',.reflectlon photograph of one of the sectlons was . w

»

,taken to determlne 1f any re51dua1 stress remalned

‘-'1n the materla.l The sharpness of the Laue Spots
conflrmed that the spec1mens Were.‘stress free.~ The“ll‘
.'\:;faces of the spec1mens Were photographed and are
"'*.'.:shown in Flg 2, . '

65

A hlgh—purlty radlolsotope of Zn S was- obtalned |

"from the Oak Rldge Natlonal Laboratory° Approx1-.v">,'-
‘?"form of ZnCl2 d1ssolved 1n HCl The platlng solutlon‘g‘_

Wi

‘solutlon in. 50 m111111ters of dlstllled Water, 1




larged 2X in repro




W

SPECIMEN NO. 38

SPECIMEN NO. 7

SPECIMEN NO. 5

SPECIMEN NO. 4
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v’ u51ng a callbrated Pt 10%Pt Rh thermocouple,

‘,,A.vplatlnum' wire was used a.s the anode and'the dlf—v,f e
: £u51on spec1men as’ the catholde ’1n the platlngﬂpro‘—"'j",,‘\’:"‘
.cedure f The current den31ty varled from 1, 3 to 2.‘ O;;'Q_f '
mllllamperes ‘per square centlmeter durlng the 2.051:""-"-1"

Amlnute platlng perlod. : The Vplatlng on the spe01men,;;l;k

; _'Was,_very_.rlrg‘ht s+ and wag. estlmated as 50 to 1000 A

7 E‘ach:‘-diffusion js'.p edc'i"»rn'e'n wa s 'indiVi du’allsrfgdsfe ai'ed“ '
" in a Vycor capsule under one atmosphere of argon,i‘
“'j,_fThe purpose of the argon atmosphere wa's. to m1n1-—l

‘mlze the;loss of 21nc f'rom the surface of the alloy

4 2. lefu s 1onAnn e als :

‘ ]‘D"ifr'f,usio.n', a.'n—n;eal s--Wéfeﬁ carrted ou.t»in "a 11:r“near
‘__r'esist'an'c'e kfurnace: ,‘: Temperature-s Were contro»lsed
‘_to. 't» 1/2. ,OC through the use’ of a control systemutll—t;
u1th'ng a . plat1num re31stance thermometer as one 1eg
of an ac- res1stance brldge.balanc1ng.c1rcu1t. ThlS
""control system has 'been descrlbed in deta11 b.y Tom‘-
rlzuka and Zlmmerman(13) | Te'mperaturesjr:t‘ere\‘jmease.:

Jured Wlth ‘a Leeds and Northrup mllllvolt potentlome_er‘.

The dlfqu1on anneal Was carrled out in’ the folxlo'vv
b»1ng manner.;T The furnace Was heated to the rdesllred’
'..‘tem.p.erature and allowed to stabvlllze for 24 to 48 o

‘ F;-hours.. The encapsﬁulated specrrnen Was thenk placed

“fln the furnace and a heat up curve Was determlned b



*'brlurn temperature approx1mately lO mlnutes after
B .»‘the sample Was 1nserted The tlrne at Vvh1ch the fur-

“,‘nace reached thls temperature was recorded as the

f_‘spec1rnen Was quenched Was recorded as. the flnlsh

""‘f'the capsulee and placed 1n an Rlvett prec1s:.on lathe.,

J"r‘n’easuring 'tvhe"‘ t‘ernpe.rat‘ure"'at- tim'e‘ interva.l?s' f:ovllow;-\"
‘flng the 1nsert10n of the capsule,_ The furnace normal'

:-ly returned to ‘a. temperature 5. C below the equ111-—-lf‘

start of the dlfqulO.ﬂ. anneal After the spec1men
»had remalned 1n the furnace the de81red length of

v_,t‘lrn‘e_, f»-rorn 6 t‘o Z’TIIho.ur}S; 7_'th‘e_ C‘a‘psu‘le‘ was qul'ckly: .

,re‘rno‘ved’and quenched in a beaker of water. Runninzg“lﬂf_j”f'
water was poulre.d':,‘inxtont‘-_he beaker to cool ‘the"'sp.‘ec'»i'-’qu.'h

'rn’en»"‘as q-uickly‘ ars"p’o’sfsib-le;\ _ The tlme at Whlch the

) of t_h'e "anneal.

‘4 3 Sect1on1ng

After quenchlng', the spec1men was remove‘d from-

‘The 1athe i's equlpped w1th an’ ad_]ustable chuck Whlch
"allo'ws the face of the dlfqulOl’l speclmen to .be allgned
p.erpendlcular to: the lathe ax1S,‘ Durlng the cuttlng':":i
‘:Joperatlon the‘specurrnen Was entlrely enclosed in a ‘
’ v"plex1glass boxvln order to prevent loss of- chlpsn

.lAfter the face of the spec1men had been ad_]usted te

‘, perpendlcularlty,'a s1de cut of 40 to 50 mlls Was”

; ‘taken to ellmlnate the effects of radlal and surface"3‘,;.»’7;'"




19
, d"iffusi,on,., 'T‘he amount of"‘mat‘eriél remo{r_ed '.W"a'si"clé;;-

1/2

termined‘.'from the rﬁelation 'X": lO(D’t) ) Where

_x is the depth in cm to be removed t is the length

of the anneal‘wi'n_ seconds, andf D:‘ is ,‘an_ over e.stlm‘_a_te;_d._.f

value of ‘the cli'ffusl'on coeffi‘é”ient - The surf-a~ce~o‘f_"7—”
the spec1men Was ‘then rechecked«@“for perpendlcular-—
'7'1'jt~y, and the cuttlng tool was zeroed by u31ng a-

S’imps‘on\ohm-t-meter,, and .an electrlcally 1nsulated

. .eutting tool. .C_uts r-a’nging;f‘rom, 0. 7. to 1.8 m1181n ‘

thickness were taken off.the face of the specimen. - * .

The 'thi okness Wa‘s:.mea,vsure:& with a ‘cl.ial indlo-_'a';tor.
oalih_r ated in 0. i mll 1ncrem ents .“Tfo‘-tal; number of
cuvt‘s‘”v‘arieci:l from 1'2 :t,o"' 18 a‘tnd"'t'oté,l cut thickness
var‘ited ‘from '8 | mils ‘to 2 8 m il s.; | ln di V"ivd‘u‘-al”- cuts :W-'e re e

v“placed 1n small glass V1als, ancl the chlps were

pressed to the bottom of the v1a.l to malntaln cons1st—f'~_v:;‘f

elnt TC'ouAntlng, geom e‘try,

‘-"4 4 Count1ng and We1gh1ng

Countlng was done in a 501nt111at10n gamma ray.

.counter usnlg a well—shaped thall1um doped ‘sod1um.,’,l_'.,‘:,.?'

1od1de crystal The equ1pment con51sted of £ Balrd-—,-;»-..'-"l-r-'.'

.V«Atomlc model 312, A super—stable hlgh voltage power

supply, a Balrd Atomlc non overload1ng amp11f1er a

vRadlatlon Instrument Development model 32 2. pulsehiv

‘ vhelght analyzer,»- and a Rad1at10n Instrument Develop--t_-'_7"‘»%‘,.'-

. ‘ment Laboratory model 49 2.2. scalar




Countlng was done on the 112. mev gamma peak of

‘the Zn6_5

1sotope° A two volt channel Wldth was use‘d
to bracket the peak Background radlatlon Was‘lrn.eas
"«'fu_red before and after count1hgﬂ and ah aver.age b.‘ack'
‘-grcund correcr'ler‘llvrvas made ‘to the datao‘ Bec'a‘txse
v‘the 247 day half llfe of thls 1sotope,,‘n.'o correctlon
. was necessary for decay durlng countlng RS
E.ach c»ut .-Was Welghed on a Mettler semtl.—.‘m’_:i'c_r:'_(‘)_,;:;
:balance tyo a-prec1s1on of 0. 02 mllllgrams |
| A plot of the spec1f1c act1v1ty(counts/m1n/mg)
versus d1stance squared (cmz) Was made from the
:’mkea,sured dat\a for each: o~f the flve d1ffusron,a-n'n-e'alsv;
In each case ‘a ‘stralght line Was obtained .when thesegl':vw‘
data wer’e plotted on semlv—logarlthmlc paper. The

dlffu31on coeff1c1ent for each anneallng temperaturej‘;

was d_etermlned from‘the ,slo-pe of each'llneo

4.5 'Chemica_l Analysisl
| As was s:tated previously, a’kconcentraticn'vgr'a-{
dient was ‘p'r'esenk’t in the ihgqt‘, .It‘Was‘hecle“‘s:sarﬁya’1‘..,‘
to Lkhow theyprecise co'mpovSition“-of’ieach-:speci.mrevn
’ih',orde-r to correct_ th-e diffusion co’efficierit tev- a
,unifo.'rm‘i.comp’osdit-"iOn"value», | | | |

A 250 m1111gram Sectlon for chemlcal ana1y51s.
wvas taken from each spec1men 1mmed1ately follovvlhg.

 the sectlonlng pr,o_ced‘ure.° The sectron \gvas taken_f




fro-m an’ area adgac‘ent tolythe dlffu51on eurf‘ace
o An electrolytlc platlng procedure descrlbed by
’ ,lLow(l4) was used to determlne the comp051t10n of
'each speclmeno- The sample was ,dlssolved in 8 ml
"HNO3, 8 ml I—IZO,‘ and 1 ml H, so4, The -solut’lyon' was
dlluted to- approx1mately 100 ml and placed 1n the P

platlng apparatus. ThlS apparatus con31sted of a’

'V">6f-;volt battery,’? anv-ammeter,{ a voltmeter,A a. platlnum‘-":‘;"
tgauze cathode, and a platrnum Wrre anodef» A d1rect
.curre‘nt‘supply.of 2.5 volts and 0.2 amps was mall’l—‘;"vf:,;
v'talned durlng the 4 hour}platlnyg process, N.Q‘,'f_ztln.ic »
Was plated from- so.lutlon s:aneft»he electr'od-ef-vpto(ten—-;;f"'_';,l_f;-g,;;
‘tial Was far below the 6. 5 volts‘re‘qulred to plate o
“zrnc’.’ COIltlIlllOllS. vst1rr1ng of’the solutlon was. u‘sedr
v,‘to obtaln a strong‘,\,’unrform \pw.late‘. CAlLC W"elgvhlngsﬁ_
wéreudléné':on a Mettlersem1=~=m1cro b‘aiance'tto-'a.," i;

“prec:'i‘sion iof‘ ‘0"'-02' mg. A preclslon of. =-0 Ol% was -

' 'obtalned Wlth method of chem1cal analy31sa The :
above prec181on wa s checked by determlnlng the
«recovery of a pure copper sarnpleo g

Slnce only the copper content Was determlned

: ,chemlcally,- thle« zinc ,‘con'ten_t_w_'a{s, de‘terrnrnedby_

'dlfference




5, EXPERIMENTAL DATA

Tables I through V contaln-the pertlneht data
'gathered in’ thls 1nvest1gat10n°f When these data
fare plotted Flgs, 3 through 7 result, hO,WlIlg
'l‘the relatlon of the square of the penetratlon dlst

t',,tance to the log of the spe01f1c: act1v1ty " Flg v8 o

is: ‘a., graphlcal representatlon of the minc’ concen—',,‘

“Vtratlon gradlent in the 1ngot used in thls eXperlmentowiz
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Specimen # b

3 x 10"y cm ~/sec
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Specimen # 5

D = 3.03x10-9 cm”/sec



Specimen # 6
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SPECIFIC ACTIVITY ( ARBITRARY UNITS
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chemlcal‘ ana1y51s




ATOM FRACTION ZINC



'""‘,'f-y‘,dlffu51on coeff1c1ents to a 31ngle comPOS1t10n valueh

6. TREATMENT OF DATA

The experlmental dlfqulOIl coeff1c1ents obtalned
dlrectly from the sﬂopes of the act1v1ty penetratlon

‘";‘tpl.ots,' Flgs°3—'—’7 \ could not be used dlrectly to deter]

"\rnlne the actlvatlon energy and frequency factor.,
Th1s Was due to the chemlcal concentratlon gradlent
F1g 8, present in the 1ngot., : Because-of thfls grar» FOL

dlen-tr, ' 1t was necessary to correct the experlmental o

" To 1ntroduce a mlnlmum change 1n the value for

-each d1ffus1onn coeff1c1ent,. correctlons Were rnade
' about a mean c‘ompﬂosrtlon of 17 atomlc perl c‘ent z1nc‘.‘v_‘"v
v:r,Co:.:‘re'ctlo'ns vyer e‘ made u‘31n'-g .the;:analy.s:ts O’f‘ H.offman,""‘;"f";
""et al (10), byassurnln‘g an . exponentlal change 1n the

5 /’,dlffusz.on coefflclent Wlth solute concentratlon The B

‘,"'equatlon e.erlved from the above ana1y31s by Lazarus

L 'an'd Tﬁonnrzuka _(’1-5) 1s:'

D(X)T D(O)T D.;)'(X')"*egp« (bX/RT) C(6-1)

Wher e D(X) 1 s - the mea sure ddlffus ion ;co ef‘f,i c1en ta t o

. v.‘ 3 4 ‘k: ’. |




35
a cOm-position X and tempera.ture T, D(O) is the-
dlff'llSlOIl coeff1c1ent of zinc in pure‘;eopper at T

‘obt,al‘ned fr om -the‘ equatlon:v
- D(0)y, = 0.34 exp -(45,600/RT) . (6-2)

d'et'éri‘h(ined,bryrﬁiﬁ»o,’-etr al‘. | (iéj. DKO(X) and ,.DO(O.).":: ;
are ‘t’he“respéctive freqtien‘cy ffactofgg; for the c:o-ri:.tpo—-:"
sitions X and 0, and b is the .co‘r'rectio.ri fact(‘).\r,‘
Data for each diffusion specimen Were"’pu.t‘i'ni.;‘o
"‘the form of equatlon (6 1). This procedu‘re)'re.sul—w
,ted in flve 31mu1taneous eqﬁatlons in Wthh the fac-.
“tor D (X)/D (O) varles Wlth composmlon,"b varilc.a.s
Wlt’h temperatur‘e, and D(O) and D(X) vary; W1th both
co-vrnposvition’ and 't‘emper‘atur”e. In orde’»r-to obtain b
"vaiﬁes;>"rvé,'ij:ri‘111ta;neous eqﬁ-atién’s \x/"ei';e ‘s‘vo'lvred'v‘vh‘ichk"

reSul‘ted .in the‘form:'

ooy e oo B
D(X2)T, - Do), Do(Xz)”
. Do(o)

. Over the compos«iﬁtion' range ‘X1 f:O'Xz" the ratio of

frequency factors was considered to be dnity, and a

value of b was determined. »_Va‘lues of b-were deter- -

minéd_“for;;each"bf.t;]_ai,e ten cqmbinva,'ti'ons'"‘of the five
"e»q'ua‘tr:'i‘o'h‘s. _F‘rvbmgt.hé‘s‘e values, a2 mean b v‘a‘lue_ W'as

obta_ine'd for each diffusion temperature.
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A plot of the b values versus the rec1procal of

the absolute d1ffus:.on temperature was made Flg 9," _:‘
and a least—squares solutlon was used to determlnev. 5
'the equation of the llne;_' | |

: ‘fh'e "measured diffus‘ion c'oefficiefnts Were'covrr:te‘c-'-"'»-;':;"ﬁ‘ ‘
ted to a. 31ngle compos1‘t1on by substltutlng the’cal—,x‘f.

culated b values and experlmental data 1nto the‘f”

‘follow1ng‘ equat_l,on,“de't‘errn‘1n,ed by Lazarus and Ton_'zl—’l".ﬂ

izuka (15)

:"D.<”°'l1'7')f = ZD,.(X,‘)T 'ex"'p ’b(;. 17 -'X/RT)., '(6 -4y H

The corrected d1ffus1on coeff1c1ents Were
"-'plotted versus. the re01procal of the absolute dlffu81on.
temperature, and the actlvatlon energy and frequency

factor were determlned from a least—squares solu- :

,tlon of,the data.,,




7. RESULTS OF ANALYSIS

The preceedlng treatment of the experlmental‘ -
":'-data ylelded a - compos1t10n correctlon factor b .,‘“
}.-'whlch is related to the absolute temperature

accordln_g to the ' equatl on3:

"_b"zn L ‘2,‘,:2.8,,: 9 e‘,"xpﬁ(“9"5‘60./rR'I_“)o

Appllcat1on of ‘the eorrectlon factor t.o the
d1ffus1on coeff1c1ents resulted 1n©corrected
dlfo.S1OIl coeff1c1ents presented in Table VI

The equatlon relatlng the corrected dlffusa,on‘
coefflc1ents “to the rec1procal of the absolute
d1ffu510h lt.errlpjer»_atures W-as, determlned f_r;_olm~ Flg 10 »
to be: o “ |

 Dzn = 0.44 exp -(42,800/RT),
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| . TABIE VI
- EXPERIMENTAL RESULTS

SPECTMEN NO.

DIFELVTEMP ' COMPosIT16N  .D'(EXPERIMENTAL)'

(em2/sec)

© CORRECTION
- FACTOR o
. b-(cal/mole) (cmg/sec}"

D (CORRECTED)

v = |

@ =

40

s e
Comma eay
;: 108éqlV  ‘ ;17@26;71”Q
©1038.1 18,18
$1002,1 18654, ;1f;,

jﬁ(2283§) éxp.(9,§60/35}7§; i'_¥ﬁ>

‘1-h570,£ 10

. -'993uWX 1059'>;“1‘
S 3,03 %1070

010.

2.6 x 107107

W

4j;i;9626

6,5
L 1,02 x 10=9 , 1992@ .
170 2 10710 23,000
RE R

1,03
3,22

g0

o h_olé» ‘V
2.12

(0 orpellz, 000/

x

X

X

‘10=8\ 

\10%9 1-:  

0
10719
10710 -

cee



1g'.,., lO‘;‘ Compa»:& ; : cted é,nd u’hco’rriected
dlffus;ton o.oefflc, ' '




CIVTSECr

LOG D™,

- corrected data

uncorrected data

Do «

44 exp (-42,800/°T)

40



8. DISC’USSI‘ONVO‘F RESULTS

8. LGeneral

'c'present in the spec1mens did not play an 1mportant‘;i o

*part in the dlfqulOIl processo;, Had graln boundary

/ea,'ch ,dlf_fus,l-on r_uh° '

FromFlgs 3—-7 it 1s ev1dent that the polycrys-

‘talllne spec1mens were sultable for the dlffu51on

measur*ement that is, the few graln bounda'rres

'dlffus1on played a predomlnant role 1n the dlffu51on,

the l‘o'g ‘of t»~he s,peci-‘flc actlvity Would be 11nearly

jrelated to = the penetratlon dlstance : "Sinc'e 'a'line:ar.'

7~,:,r‘el'-at10n tO'-XZ“ W.as- ev1d-e’nﬂt ‘1t 1s felt that volume i

dlffu81on wa.s the domlnant mechanlsm('?)
It can be seen from Flg 9, that ‘the COInpOSlthl’l“‘ !

correction factor b, is eXponentlally related to the

"rec1procal of the ab501ute temperature 1n'agreementf o
'l‘:W1th the exper1~ence ovaoffmaﬂn, et al (10) Only one}’:“‘
'HeXperlmentally determ'lneﬂd p01nt dld not fall on the

k’11‘ne.,v No eXplanatron is offered’ for thls dlsvcrepancy

51nce an. effort was' made to dupllcate condltlons forf

T h“e ‘(_,a)p“p‘l ic a‘t‘i;’ofr'l _of .t'hef b corre c tion f‘a e-‘th‘ r to t hi}e': P

S




:experlmentally determlned dlfqulOn coeff1c1ents ‘
ylelded corrected dlffu51on coeff1c1ents Wthh are .

exponentlally related to. the rec1procal of the abso-:

"‘:lute tempe'rature ) From F:Lg lO 1t 1s ev1dent that the
,‘cor\rectlon procedure produced con&ustent changes 1n
the measured d1ffus1on coefflcxlents It is felt that. a

m1n1mun1 error ‘was 1ntroduced 1nto the experlmentally-:._:éig

'determlned d1ffus1on coeff1c1ents by maklng correctlons-.-?.

”about the mean compos1t10n value

8.2 Compariso,nvof Pre'sent"Tr‘,acer Measurements

With Previous Chemical Measurements.

The activation .energjr’ fo"_r’ diffusion in this. alloy
‘-"ﬁidbtaine‘d by the author id'dé,s'-ino't‘ “a"g.'rv‘e.e wi't‘hwthe"':'%}*ai'u;els'

:“determlned bY WOI‘kers u51ng the sectlonlng and- E

‘*‘chemlcal analys:Ls technlque leferences in actlva—'”'

tlon energy values reported by the author and those
of. Rhlnes and Mehl ‘Blrchenall and Mehl da Sllva o
fand Mehl »and Horne and Mehl are lO 8 12 8 2 8

‘and 5. 8 kllocalorles per rnole respectlvely The.se_i_

.‘dlfferences are conS1derable, ranglng from/a 30 per_:_"s..':‘ii.‘:'h:-
cent dlfference(Blrchenall and Mehl) to a 6 5 per .
‘cent dlfference(da Sllva and Mehl) ‘ |
| It 1s felt that the follow1ng factors contrlbuted

‘i"to thls dlfference in the measurementswthe author'“

‘used essentlally boundary-—free spec:1mens, those of

‘v"Mehl‘s school used flne gralned polycrystalllne




vspec1mens the author used a 31ng1e compos1t10n alloy,':"f:

Whlle Mehl et al ]used 1arge composﬂuon gradlent
speclmens These factors Would contrlbute to the

lower .activatlon e‘n,e_.rgy_ _values-‘obselr_ved by Wo,r-l;_e~rs':‘3‘._"

wsigg the sectioning-and-chemical-analysis technigue. |
' As rne'nt:ione(ii' bevfor e, ;the_‘ B..oltz.m an-Matano ,an‘al‘y Sl s N
| ‘o;f; the data is subject té;-q:u'e.siti‘e'n;, The sc.at‘t-‘e‘_r"--ifﬁ'
the‘f”rnea surem ents .obta‘ined‘ by W’Orvk..e-r 'S"‘u‘sing; t'hfe: IR
chemical technlqu els :Asu-f'fjv_rci’ex.l,f to“j il,st:tfy theabove

. statement.

8.3/ Comparison _of ‘Present Tracer.-Measurements
- With Other Tracer Meas’urements

The actlvatlon energy for dlffusnon determlned

Lin thls 1nvest1gat10n compares favorably Wlth values

":determlned by other Workers,(l7 18) for dlfferent

"‘C‘O‘m‘pOSlt‘lO_IlS of‘br:as_s These results are tabulated
in Table ;VII,’ ‘and are plo'tted in F_lgs.," 11 and 12

: TABLE VIL T e
Actlvatlon Equatlons For the Alpha Brass System -
-Determlned by Radloactlve Tracer Measurements

Atom Fractlon . Dy . ‘h Q _ Reference
'Zlnc R {cmé/sec) - (cal/mole) ' '

0.0001 . "’QQZO» _'f<,45 600 Hino, etair(Lﬁyg:
p@i7dbgﬁ¢.isi;ko 445f3u.‘\4z 500 PresentStudy
o, 2700 S o, 6z_A‘,jxv4ryréo,f' hunan;et al(lsp

o, 3100 ;J”' ""”‘30,73?j'~ 40,700 Hlno; et al.(17)
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Kino, et al

A— Inman, et al

O— Present Work

ATOM FRACTION ZINC
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quency : 3

‘ézﬂpha brass




( CM,PER SEC

FREQUENCY fACTOR ,DO,

O — Hino>, et al

Inman, et al

Present Work

ATOM FRACTION ZINC
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As 'sho"vvn in Flg l",‘ the ac.tlvat1on'en rgles obtalned
by dlfferent Workers u51ng the.tracer technlque areljr,__;,
"'llnearly related to the solut.e conc‘entratlon,v Fzr'--o.rn-;‘
'.F1g 12 it mav be seen that the values of the fre'-".;-."k_""’
quency factor also, shovv a regular 1ncreas.e Wrth
solute concentratlon."‘

T‘o determlnethe agreement of thevdlffus1on
coeffrc1ents for the dlfferent comPOS1t1on values.‘the
‘actlvatlon equatlons in Table VII were evaluated at'
varlous temperaturefs.,k.' 'I‘he log of the dlfo sion - coef—_i_;._.,'-'_:';‘lj

f1c1ents Was plotted versus the z1nc concentrat1on 1n_"_—

“".the alloys.“ Th1s procedure resulted 1nva farnllv of

‘11nes in whlch the. log of the dlffu51on coe£f1c1entsd
lncreases 'llne‘arly" 'W1_th' t‘hegsolute‘ c“oncent-rat'l’on. A .'

I' ; go’od. iavg-reernent i's e‘v_id‘entj for these indriéipendent;-'_j_‘,"{ :
,measurements,‘ as shownlnFlg ‘ 1’30"_‘ It mav be seen

that the d1fqu1on coeff1c1ents determ1ned by the

author are con51stently 1ovver than those of Han or
Inrnan., An evaluatlon of this d1fference revealed

that the maJor dlscrepancv could be corrected by a’

“-‘2'10‘per cent 1ncrease in- the author s frequencv factor',_
Do Slnce thls 1s Well w1th1n the 1nherent error'ln.
:D" ‘(19);1 it is felt that ‘the dlsagreement is sllght |

k,The plot of these coeff1c1ents shows that the authort.s'f{'

'w'values dlffer to a. greater degree at hlgher temper—"*‘“

»‘atures, ThlS 1nd1cates that the author s D value 1s""'""j







LOG D (cm”/sec)

ATOM

FRACTION ZINC
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lower than»thef true-D; Av'alu-e“o o

8.4 General Comparison of Tracer -and Chem1ca1
1D1ffus1on Measurements in Alpha brass.,-

With the aballability of radlolsotope data for _b
several alloy COIIlpOSlthnS,‘ 1t 1s 1nterest1ng to .
gma-ke a vgeneral c:lomparlson with the results obtained
by the sectioning»—andfchemical-ana1y81S‘ techn_lq,vue, ;

"The variation of- th‘e activation‘ energy with t’he. com ~ o

Ap051tion as determined by the tracer technlque does i 2

" ’-not agree With the varlatilons obtained by Rhines and’

'Mehl(l),A da Sllva. and Meh1(3),‘or I—Iorne and Meh1(5)

The- max1mum difference in the activatlon energies

betwefen V'th.-e two'.methods is 8.2 12, andlZ kllocal-

ories pe‘r mole for the above studles Studles res—:’

Apectlvely The ‘onlydlchemical Vme’asurement vvhich

.has a p01nt of f1t with. 1sotope data is that of da Silva

‘.Wthh fits at approx1mate1y 10 atomlc per cent zinc. :
'Tracer data and chemlcal data for values: of D

afr“e ag‘ain in disa_g‘r.e.em_ent,, "Thetracer‘ measurements

i‘n'dica’te' an incre‘ase in D with'i‘n‘creasing solute .

\ -'c,o'ncentration, Whlle those of da811va and Mehl({S)

A'in.d‘:icate'a' _de;e'r‘eas,e:, and those of I—Iorne and Mehl

("5) in’dicavte'a max1mum In the latter cakse, a mini—u'

mum disagreement of‘0°5 cm,z/sec,"eX1sts. In’ the i

vfor‘mer,A there is a p01nt of fit at approx1mate1y

0 4 .em /sec, ’but',;la.rg'e' general_f:digs.ag“],: 94\emué-n,t‘”e‘§‘;1tsht‘sy‘gs,

oVer' the rémainder of the curve.,



,.exchange frequency, solvent vacancy exchange fre—“”_,,

In general 1t rnay be sald that there is- no agree—-”f.f‘i’-’w
: »ment between dlffu51on data obtalned by the CthlC&l"{ ;;i, "

'tec~h.n1que_ and that obtalned‘ by the tracer techn1que.-v

‘8 5 Cornpar1son W1th Theory of Hoffman Turnbull
and Hart. . 7 . / REIRRE L

lt 1s d1ff1cult to determ1ne the agreement of the
.;p_res:ent measu’red,.data Wlt.h ‘the theor_v Qf Hof"fm‘a.n, '
et ali(10). .Only a semi-quantitative evaluation of
‘these ‘erq‘uations.can> be"r‘n‘ad‘e since enough ‘b‘aslc '.data,v

-such',as ‘vacancy con"centr«at‘i-o-n, solu‘te—vacancv' ‘,

‘quenfcy,- ‘e-tc','.are not Well known," and .can only be
approximated,
A'ssulrn‘ing that'dlffu.sion-in this system'“is gOfvern‘ed‘

"k}‘ipr1mar11y by the solute vacancy exchange rnecha—';

‘nlsm, then equat1on (3 2. »4) appl1es,; and:\

BV e

‘The value of the exchange frequency can be approg-"'
llmated by d1v1d1ng the value of the speed of sound 1n .ﬁ’
the alloy by‘ the dista’nce»of clos‘est approach., ‘The

dlstance of - closest approach can' also be used as the

‘-Ayvalue of7\ The speed of sound in brass 1s approx1—§’i‘f,;«
‘ rnately 3, 500 rmetpers/Sec (2;0)', ‘the r~value of the d1s,:7 ‘
_.t-anc’e of closest approach in a f_ace'-_cejn.ter'ed:i—_c'ubicj‘ ‘

Ccryst al i s 51mply ag 2, Wh e'r e a, i sithe. latt.ixcve ol
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‘para"vrneter ‘Foi'" an alvlov of 1'7 atom.ic p‘er ce'nt 21nc,
aé is approkx1mate1y 3. 6 xlO 8cm Evaluatlng the
.above,>\z | 6.5 x 10"~ 16 vz‘f’ 1. 4: x 1013, the val*ue»
. of D for: thls alloy at 10‘02 K is 2. l x 10 locmz/sec.«» ’
‘.v"‘vaaluatlng equatlon (3 2 - 4), Xv‘, the fractlon of
’vacan01es in the flrst coordlnatlon shell of the sol-—
‘utebls approx1mately 1. 39 X 1077 ox approx1matelv
7 vacanc1es per mllllon lattlc‘e'su:es If thls value
'iof X 1s:eubst1tuted 1nto the follow1ng equatlon
"developed by Cottrell (8) ) | ' . |

. exp.v‘-_('I;T’/‘R‘T)_L_Vg‘i“ o (8.5-1)
in svhich n/N i"svth‘e equil'ibriurri ‘vac‘ancy COhc'entrae.v L
;”ti’oin'a‘t‘ temp-er’atu\re”T, and U 1s the energy requlredA”' ‘
..to' fohm a rhole ‘of vacanc1ee, fhen U is determlned
.~f;to he approx1mately 31 2.00 calorles per m.ole, Un-

fortunat‘ely the_re are n}o data available for kcompari-

_son with this value. Howe‘ver,; su‘.ch data are avail-

» abl.e for ‘vldu‘.kr)e "c*'o‘p‘p'e‘r‘ Huntlngton and Seltz (21) have T

-f‘made theoretlcal calculatlons on the vacancy mecha—
"nlsm o:E dlff‘uelon in pure cepper uelng a quantum"b
"mecha»nlcal approach ba‘sed‘on'the distribution of the
_elvectronlc cloud surroundlng a vacan’cy. F‘roknbl t‘hese
U-'calculatlohs, they have derlved an energy of 32 000
:‘calorles per ‘mole for the formatlon of a mole of va—‘l- |

.cancies. .‘U's«1nfg a v_alue'-of D = 3 75 x 10 ll-vfo.r the_,‘



~ 51

‘dlffllSlOl’l coef£1c1ent of z1nc into pure copper at

~.'1000 OK determlned by I—Ilno, » et_a_l’ (17),; a‘ V,alu.e of -
- 2..,:47._":: 10v 8 is dete‘rmined_for,’X‘V;‘:-, and a- corbr'es”—'. o
’p_ondi‘rlg %’alﬁé"v(?f 35, 1‘0',.(‘) calorresf’per I_?(;i’()“le‘ 1s obtalned
’T’h'i“s‘ ag‘reefroenvtfis sfurk-prisirl‘g when oneb‘cﬂorisi‘(':'vl.er:s th'e B

»‘relatlve coarseness of the approx1mat10ns : In fur—‘ '

ther Work I—Iuntlngton(ZZ) has determlned the |

‘range of energy for the formatlon of a mole of va—

canc1es in pure copper to be from 2.0 OOO to 4:0 000

calorles per mole dependlng on temperatureov In all

‘,:cases the ‘values of" thrs en‘ergy deterAmlnved'by‘-the

.ﬂtheory of I—Ioffman, et ai.(1AO);vai1d--jequation‘(.‘80, 5_—1)

are w1th1n thls range




9. CONCLUSIONS

A The conclu sli»'o.n_s' ‘i“eaéh‘el.él' fa)é‘ >awrv esult df-’:.t'liis- _ _'

' inv’,e‘st‘ig‘ati‘on a"‘re” ‘as"ft}‘llow;.:’. ’

| 1. The“ ‘équati’c')n_~vr\‘erl“a.tin.g"‘t‘h‘e,:diffluvsi‘o':’a coeffi'cie.nr‘i_:
‘to ‘f‘elvn‘peratﬁre for a 1.‘b\1v°:‘_a":s' s alloy co.int'a'ijgi‘jvn"g;"‘1'7_.V*_a.1_;.cr>rrAli ¢

‘per ceént zminc: is;:

n =

Dy, = 0.44 exp -(42,800/RT).
2. Coil‘r"eck'fi_b“nf of diffusion Coefficients ‘to a- uni-
form cprriposi“t’ion can. be made over a vc,o’mpo_s"iti_ozi..
. ’ofA'i' 2 per cent through the use of the following equa- t
@ionti

- D{N) FIN ,;Il)i(AX);‘eXp b(N - X/RT),

"where N is the nominal composition, Xis the measured

‘ composition, and b is a calculated correction \fa.cto‘:,*. R

3..The éq‘uatibn relating the c.ompos_'itiOn correc-
tion factor to the absolute temperature in the alph'é.:r h

‘brass system-is: .

by = ~2‘2.8.19-exp,(9Vv5{'6Q/RT)°

52
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4:’.~_"‘T‘h'e"‘, diffu sion measu‘r ements orb‘tai‘ned by the
ltelchnivquue ofﬂsec‘:tio‘n.ing. /aln-ld“ eh"er‘ni'e'aii‘.av-n'aly.sirs‘ are
‘not prec1se or con:—ustent., :There 1s lit‘tle ~a‘greemen't
with results obtalned by dlf:Eerent Workers‘u31ng thls"
te_chnl‘que, | a‘n‘d' evenwle'ss‘ er_th;"re-lsults. o‘btal_ned fr orn'

"tracer measurements.

5. J‘Th'ere‘is;very g'o'od agr'e‘e’m‘ent between results S

t obtalned by dlfferent workers u51ng the tracer tech-g'
.‘ 'nlque on’ the alpha brass systern°

6. Ther‘e_ls an exponent1.al relati\;onsh‘ip~between o

‘ .dif'fusion' eoe,ffic,i.evnt's in the alpha_bra's"’s system a-nd

the ‘solute' eenc:entrat~10n°' : This i‘.shin ag‘reement
'W:Lth ‘the 11near dependence of the actlvatlon energy'
".Wlth solute concentratlon ‘The exact relationship
of the ’.fr,equ‘.env'cy factor is mot known, bu‘t sho‘;v(rfsi a
.‘reg‘l’J‘.'lar‘ inCreaS‘e ‘Wkith”‘seiut‘e concentratvion.‘ |

" 7. | Calculatlons of the energy requhlrements for
‘»the formatlon of vacanc:1es based on the theory of
‘H‘o‘f'frnan, Turnbull, and Hart (10) and experlmental _.:
ydata, are in good agreement Wlth the theoret1ca1
-Calculatlons of Huntlngton and Se1tz (2.1) and

‘Huntlngton (22)
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