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' CRAIN BOUNDARY ENERGY
Kurt D. Kennedy
Inorganlc Materials Research DiV1sion,
Lawrence Radiation Lsboratory,

i;Department of Mineral Technology, College of Englneerlng, '
- _;University of California, Berkeley, California

ABSTRACT
September 1965

The 1nterfac1al energy of [o01] tilt boundarles in pure copper

'andAcopper +0. 02% silver have been determined by measuring the dihedral !
- angles formed by chemical grooving in molten salt. . Boundary energies |
- were détermined for three boundary orientations and nine tempéréfurés
v,between 200°C and 1000°C. The temperature coefficient of boundary

'“energy was similar to the temperature coefficient of the shear mbdulué;_

The boundary energy of copper at 300°C was reduced 30 percent by the :':.

' addition of 0.02 percent silver but was unaffected at lOOOfC. The

reduction of grain boundary energy of the copper doped with silver was

“" ‘ascribed to silver atoms occupying sites at the boundary.

The presence of silver atoms at boundary sites relieved some of
the elastic strain energy of the boundary. Thermodynamic and lattice

parameter data predicted segregation”of silver tovcopper grain boundaries

. to'approximately the same extent as indicated by reduction of grain

. boundary energy.
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1.rigid at low temperatures but which became plastic at high temperatures.

© This theory has long since been discarded, as has . the transition lattice

‘has been confirmed by transmission electron microscopy,5 and J. H.- Van ‘f

' .. I, INTRODUCTION

Grain boundaries play a very important role in plastic flow at low .

-temperatures, in creep, infdiffusion, in grain-growth characteristics, and -

in nucleation of second phase particles from.decomposing supersaturated

i'vsolid solutions. To know more about the.exact nature of grain boundaries
“is highly desirable, but there are few experimental techniques that can

' ireveal much about them. One of the major factors that limits.qdantita-

- tive studies is the narrowness of the graih‘boundary'zohe, which is only

- & few atom distances wide.

In an early theory of grain boundary structure, Rosenhaim and

,'Humphrey suggested that metallic crystals were held together by amorphovs
cement”. Thelr hypothesis was baged on the observed fact that at low
- temperatures defbrmatlonvln many,metals waS»lntracrystalllne, while at high

~ temperatures deformation took place at the.grain boundaries. It was pro=-

posed that the boundaries consisted of an "amorphous cement" that was

theory of Jeffries and Areher{e

Dislocation theory ha.s created an’explanation for at least one

type of grain interface, i.e., lOW angle pure tilt or twist boundarles."v”
Je M Burgerj end W. L. Br&ggh showed that. a "wall" of dislocation could -

 form a low angle-bouhdary.f The existance and nature of such boundaries.yﬂf‘

,: der Merwe6,showed that no other arrangement could describe 1ow ‘angle

. boundarles if the fbrces between atoms obeyed a 31nus01dal law, .
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" II." ELASTIC ENERGY OFA Bomm.;;} R

a0 . f'[:‘ The energy of a boundary'based on a dislocation model has been .j;V‘

calculated by Read and Shockley7 as: ."'

Tob 8 .

- where 7

g
“ ~ . _‘)

- Burgers vector.

@
n

= grain boundary angle .

-3
]

integration constanﬁjﬁu] Dy e el T

'ff' 0 = —E(I—ET (1-0 cos a)!%ffﬂ'?ﬁj ?.5f"3'.25ief-f'f
‘ “angle between b, the. slip vector, and the
/" dislocation axis . : R

|
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n

o
no

, Poissons ratio

shear modulus

T
o

"%'Esnelby, Read and Shockley'8 developed an expres31on for T ’infe fce j;p

crystal for a dlslocatlon in & (001) dlrection and its Burgers vector p"t

“o, in elther a (lOO] or {llO} plane L :
| | 1/2
©,(Cy4-Cyp) |

T = C)) cos o + sin“a(C,. + C.,) ]'.(2) :
o Tz [Pk o8 Tt he\ T Reyy) o 1

‘where Cy,, eﬁc.,.are the elastic constaents of the material. - .
A jhas;been.evaluated by Read and ShockleyY.as;-

JA=1+n

9

Gjostein and Rhlnes, u81ng the Read-Shockley equation,‘measured

' SR I
the constants —%~‘ and A 1n copper at 1065 C by thermal grooving and

Be g [Ame) T )

‘gng. :'I"V":; f'pm'%r. 'pcpfi';{ (3) :i’ o

' where ro 1s the radlus of non-Hbokean energy zone around a dllecatlon.: C



”iflﬂeiz energy is assoclated w1th the term A 1mply1ng that the Read-Shockley modeli

found that the experlmentally determined —§-was inigood agreement w1th

theory whlle the}A:agreement was llmlted to\graln boundarles of-:ess

“ than 6°, whlch corresponds to dlslocatlon spac1ng of lOb. The non-Hookean;

v

;,breaks down because of fallure to handle closely spaced non-Hbokean cores.v

| Van der Merwe6 assumed a s1nu301dal stress straln relatlon at the 1nter-i1

face and expressed A as

elastlc shear modulus:'

,;? a- constant of the ‘same orde Lof magnltude as’ u'
" ‘which determines the amplltude of the s1nus01dal
: stress-straln relatlon. g ~ : L

| clated w1th the dlsplacement of an. atom from its normal pos1tlon.i When

e fbrce-dlsplacement relatlonshlp of: dlsplaced atoms is llnear, the energy_

of a dlslocatlon or a collectlon of dlslocatlons should be a fxrst orderirﬁ
functlon of the constant relatlng force ana dlsplacement, 1.e., the
‘"”fshear modulus. In the non-llnear reglon of force-dlsplacement, the

_cShear modulus functlon 1s not known. r,f;;*ffnnﬁlﬁf; }55;51{j-75§"*

When dlslocatlons are close together 1n the form of a hlgh angle

s

T

graln boundary, a large amount of energy is non-llnear straln energy.,--'u~i

'~f The exact relation between shear modulus and the energy of a hlgh

- r

angle graln boundary cannot be known until 8 rlgorous model is dev1sed.i§f‘lff7,¢'




' ﬁowe\(er , therée isv'.;\.ra.lue".;in’ l-cnowing’h‘ow' high aﬁéle' grain bounda;-y ené.rgy
varles wrth a cha..nge‘ of modilus. . - - | |
In a high angle grain boundary model proposed by A. Seeger e.nd

| " G. Schottkylo, most of the grain boundary energy was due'to the redis=- -
tribution of quasm-free electron gas result:.ng from the dn.splaced |

positive charge of atom cores of boundary atoms.' In this model the
energy. assoc1a.ted with electron redlstrlbutlon should not be shea.r
~ modulus sensitive. : | .
‘Because the 'effect of a modulus cha.nge ori ':gra.in' bb'voundary energy
. is of ma,jor mporta.nce » an attempt was ma.de in thls 1nvest1gat10n to

evalua.te the role pla.yed by the shear modulus.




"III. X C‘ONCENT;RATI_ON; OF SOLUTE A:EOMS;IN BOUNDARIES -
Many propertles o:t‘ sol:.d solu’c:.on a.lloys depend upon the distrlbu- -
"b:Lon of solute atoms as well as the average composition. When solute '

‘ ,_atoms are concentrated in certain regions in a metal, their effect ca.n

,_;ﬁ__be‘out of proport:.on to their average concentrat:.on. " An important example ! o
.. of this is concentratlon of impurities at grain bounda.rles. “When the
.“_nuclea‘clon of a prec1p1ta,’c1ng phase occurs a.'l: a grain bounda.ry, the effect” - . -

" can be easily seen metallographlcally, but when- segregatz.on OCCUIS'Wl‘bhln‘,i;f_\ﬁ»l' o

the 'solvid solution region at grain boundaries, the effect is almost im-

- tpossible to detect and to measure.

Grain bouhda.riesﬁ are estimated to be.'only a.v' few atoms wide , .»‘:i.".e.,‘*'. ; ‘
o _about 15-7 em.. If 30 percenf of the atomic boundary sites can bve' occi,‘xplié.d"‘; o
A by solute atoms, the grain boundary can become saturated when the average
: .r:-.imp'urity level is as low as .‘LO'#lr atomic Apercent. | .
In order to measure directiy the increased solute concentrationié‘t' oy

co *.'gra:.n boundaries, an a.nalytlc means would ‘have to be dev:Lsed that would -

chemically measure - a region of about lO -7 cx_n w1de. At the present t:.me S

vthe electron beam Jm;.croprobe offers the best analytic tool for small

" areas and the smallest resolvable spot that it can'analyze is about 10 cm, .

' An indirect method of chemical analysi's-'.'of gra'in‘ boundaries has been
vattempted with radioacﬁive tracers.ll In tﬁis'_'e:@erime‘nt- lead wi%:h a
small coﬁcentration 'of polonium was annealed at 'a fempera.tﬁ,re that would -
-'pei'mit ’ohev polonium to diff‘use to ﬁhe grain boundaries._- Poioniﬁml is an .

"alpha emitter with a ver& short ra.nge. making it possible for the'poloniwn
'»; at the grain bounda.ry to :t‘orm an autoradlograph of the boundary when a

" piece of photographlc fJ.].m 1s pressed aga.inst the surface. The valldlty




of this early work has been questioned, however,-because snbsequent |
'“experiments have indicated that only surface migratlon of polonium occurred
during amnealing, and if the sample was polished after annealing the
boundaries could not be detected autoradiographically.
. Even less direct evidence of grain boundary segregatlon is evidenced -
h by metallographic effects. The most frequently observed manifestation
. is the "ridge and trough" surface topography produced by chemical,etchinglfﬂ .
of'boundaries at room temperature, This effect is sometimes observed
after.a metal has been annealed at an appropriste time and temperature to
: permit diffusion to grain boundaries to ocecur,, However, when a metal.
"'showing this effect_is quenched from a tempereture near the melting point,
" no such behavior is observed. | |
The other aiternative to.the'detection ofvgréin boundary segregation,7
“namely depletion of the bulk'cryetai by the diffusion of solute to the
grain boundary, presents almost as many problems.»
The first requirement is that the solute concentration in the bulk S
. before segregation must be low enough so that the-saturation of.the grain
-'boundsry mskes a significant change in the solute concentration'in the |
* interior of the‘cr&stal; This requirement'puts‘the solute concentration
in the range of O OOl%, too low for analytlc techniques capable of
vfmeasuring Just the interlor of the crystal. - '
In a ten micron grain diameter material, the number‘of grain
E ~ boundary. Sites would be in the order of magnitude of 0,01 percent of the f:ﬂ'
" pumber of bulk crystal atoms. If a solute could be found that had a
\'_solubility limit in & metal of about O Ol percent ~then such an alloy nx‘:
'v-;would have extra-soiute‘51tes in thelfine grain condition‘over the |

'“_coarse'grain'condition.“,If these grainiboundary sites could be saturated



A';thby'permitting the solute to diffuse to the boundaries at low temperature o

T‘ then the fine grain alloy should have a higher solubillty limit than the -a‘.,;ﬂu“

.1 _coarse grained alloy..;;flj

Few systems fulfill the requirements necessary fbr such an experiment.;vf

‘51Temperatures low’ enough to limit solute solubility correspondingly lower

. "5“the difquion rate to a value that would require many years for estab- ,-;f;fff?"”
‘ *Tff:lishment of equllibriunn. One exception 1s a system of interstitial .h-ﬁ
. ;'solutes such as carbon in o-iron. . The solubility of carbon in a-iron B

“9700/ BT or 7,210 -k atomic percent at 170 c. i

"”‘“L;is given by Wertlg at 12 O e
v “ff;In addition the diffusion rate at this temperature is high enough 0 that

U‘”t:-50 percent of equilibrium can be achieved in lO 000 seconds. waever, 1vi¢ﬁml35”

L Tincrease of the solubility of carbon in fine grained annealed iron has AR

[

Al - - . t

v n not been observed $0 date. o

, Cold-worked metal can behave Similarly to grain boundaries 1n the

»”J”Qway solute atoms can concentrate at sites where they can relieve strain

,52?energy. DiSlocations create such\extraJSites-for'atoms whose.solubility;

;‘is limited by size difference.b_ij.

ey

L. S. Darken13 showed that the amount of nitrogen that could be O

“ -

f!‘dissolved in mild ‘steel could be’ increased 50 percent by cold~work. There

':i},appeared to be two types of Sites. One type lowered the free energy of ,'f;%i.j[-'

’t;fﬂnitrogen atoms over normal interstitial pOSition by 9 500 calories,3;
: the other type lowered the nitrogen free energy by 16 OOO calories. The
,g number of low energy s1tes closely fOllows the number of dislocations as s

e determined by electron microscopy; The number of high energy 51tes was

" gbout lO percent of the low energy s1tes and thelr identity has not been ?;oi}_JAQ
',fﬂdetermined. | '

" The difficulty of making direct chemical analyses of. grain boundaries f7

s'stimulates one to attempt to ‘meesure a property of grain boundaries which )




\ L -9"" .
is sensitive to segregation and moie easily evaluated. The driuing force
of a éolute atom to migrate to the grain bouhdary is. the reduction of
strain energy qf‘auboundary when. a solute atom is present. Ifbthe strain .T
‘energy associated with' a grain boundary can be measured with and without =

segregation, the'differeuce should provide quantitative evidence for

- - segregation.

At grain.boundaries, misaiigned plaues‘of aﬁomé must meet and create .
v  regioné of both longer and shorter iuteratomicldistanggg._ A1l grain_ |
boundary models have this feature in common. 'These iegions of compression
or tension make an environment of lower energy for solute atoms that
differ in size from the matrix. If the dlstortlon energy of the solute :
atom at the grain:boundary sites is small, most of the distortion energy
': assogiated with the foreign atom when it is in the‘interior ofithe

'crystal is eliminated by segregating to the boundary. This energy haé

| been estlmated by Plnelu to be

2UTIKGr” (rl-ro)? .
% =3+ g T (5)
- where. - : 3: K = bulk modulus.of tﬁe solute afom' |
- G = shear modulus of maﬁrix .

;;r'=jradius of holé”bccupied by the solu£é atQm;.
‘ 'frl_=‘radius of isolated:solute atom
Airof= radius of the unoccupied holé'f

Assuming that "n' distorted sites ex1st in the reglon of the ‘grain ;vf”
boundary and that " " solute atoms w1th energy "e" can be dlstrlbuted

among them, and that N P E have equlvalent meanmngs for the undlstorted

crystal, ‘then the free energy due to solute atoms isl?;uvﬂf



(w-p): Pi)

B '.b

;V:C', the equlllbrlum concentratlon at the boundary
"XiC, the concentratlon in the bulk

P N
' -QTPQ, the drlving force = (E -e)
v Q/RT Lo . L , ' .
N ' Cc—:Q’/:RT ool

7:3;;f>A{i The dr1v1ng fbrce, Q, cannot be evaluated from Eq;,(5) because(
’r,v i, and r_ are not known.v: E | L .. "v"}‘. " 'd‘
Equatlon (5) can be tested qualltatlvely by permittlng solute atoms
ito saturate the graln boundary and to measure the straln energy.e If the
”iﬂelastlc strain is reduced by the presence of‘solute atoms in the boundary, ;r,3u'
then the graln boundary energy whlch results from it w1ll also be reduced
‘:The problem is then to measure “the graln boundary energy at a low enough
‘:temperature 50 that segregatlon w1ll occur.l -;; ;l 7*;1_" ;'y,_ g ;ifi
The usual way to measure grain boundary energy is to heat a blcrystal ;“
‘near 1ts meltlng p01nt untll an. equlllbrlum is establlshed between the '
ﬁ~?. surface ten31on and the graln boundary tension.l6v This creates .a groove ;f;‘g“
‘;5there the graln boundary meets the surface. The dlhedral angle of the’ _da_f;f'
'.:root of the groove is related to the surface ten51on and the graln boundary.
fenergy.‘ Thls method requlres that surface atoms at the boundary dlffuse

1)
Y P . o f . ,g
! o S P




to the surfaces of the e.dJacent crystals; ;| Surface dlfiusion is very slow_ |
ibelow 80 percent of the meltlng p01nt, T ' and 1t 1s possible that the |
1temperature must- be below 50 percent of. the melting pomnt before '
|  :s1gn1f1cant segregation to graln boundarles can occur. A means of
"reversibly femoving boundary atoms and_depositing them at.ﬁonboundary.
éites-aﬁ a:tgmperature.of less than 0.5 T, must tﬁéref@fé:bé used for

making segregation measurements. . B R




'themperature requlres a mechanlsm for mov1ng atoms at low temperatures.dr,~

S #;If a- llquld 1s used to transport atoms, the hlgh atomlc mobility of the

"".uallquld could make the removal of the graln boundary atoms very fast..3

: ?’l\*:ments for a grain boundary groov1ng experlment W1th a llquld metal
‘gfhsolvent are: o ‘> | v ‘: | o N
,‘l'._ The solid- metal should have some solubillty in the llquld, but the
tc:llquld metal should have very llttle solublllty in the S°lld'-ft~;;ii”

’Hti 2. The two metals do not react to fbrm stable compounds.: :

;”??;7must be liquid below o. 5 T Of the solid metal.a -

""Vﬁ"dlfference in meltlng p01nt generally occurs with metal palrs hav1ng

- different valences, and-thls tends to lead to compound formatlon.;.

Extendlng the techniques of graln boundary groov1ng to low ];3'=l?kfdhth”rﬁbﬁ

e, d

The 31mplest solvent for a metal 1s a llquld metal. The requlreet‘

» 'f;B.‘ If graln boundary segregatlon is to be studled, then the metal solvent

Very few metal systems fulflll these requlrements. ZThe’necessary“ﬁ

- Two metals that are satisfactory were aluminum and'gallium.: Gallium@*ffﬁ.jow

" at'100°C can be made tofwet eluminum with the use of ultrasonics. ”Howeverlﬁjfi:;f
f?-jinstead of grooving the aluminum, the;gallium penetrates into*the graln_}yhffffffi

.boundaries, splitting the grains apart in a manner similar to theﬂway_.fiﬁjw}s‘

mercury attacks brass.

An alternate to transportingvgrain boundary atoms as neutral metalﬂ.hﬁr;-
ratoms in a metal solvent, is, mov1ng them as ions 1n a polar solvent._ Ny ?tﬂ~&

“A.metal 1n contact w1th a solutlon of 1ts ions will be in equlllbrlum

'h“w1th those 1ons. The balance between atoms dlssolv1ng at surface and ,;i"

ifrlons prec1p1tating at the surface will be controlled by the requlrement




;13- |

‘ “of charge’néﬁtraiit& raiher'than fhe soiubiiity'prodﬁct;_as in thé_case |
- of a metal in équilibrium with neutral atoms.
The first attempt at grain boundary grooving‘by‘ioh'exchange was
‘V.with copper in contact with a one mole wafer sblufion of Cﬁci, Specialv“
 care héd to bé ﬁéken to exelude oxygenvbécause in éir the cuprous ion is -
F{vrapidly o#idized to the cupric.ion, which wili etch'copper in a non-
. eQuilibrium mahner; One week under non-oxidizing coﬁditions préduced'
'{barely deteétable‘grain béundary grooves, and the use Q?”aqueoué solutiqnsv
was abandoned in favor of fused salt solvents. A mixture of 50 percent |
. Zn012-25 pefcent~KCl-25 percent CuCl was found to have a mglting poiht o
:of 180°C and a-boiling point in excess of 1000°C. Hence it was‘§ﬁitable
}  for use over a lérge temperéture range. Oxygen héd to becexcluded from>-

this system also to prevent etching.

Grain boundary grooving occurs only when the movement of bOUndary~"f T'”

': étoms'is té adjacent %urfaces. Other transport processes can occur and |
'.may mask-fhe grooving. When temperaturé gradients éxist‘in the Salt,
o metalican thén be dissolved in the hoﬁter‘region and precipitate in the
“cooler region. Also, éreas:of the metal.thét aré imperfect because of
o cold work will_gp'into:sélutiéﬁlandlpfecipiﬁate on the more perfect |
-1'aré;s. - o |
‘ Creéting isotherﬁal conditions at high_témperature_requiresvthat~
convective heat lossesvbe kept to a minimuﬁ by good insulation. Also, )
i'sﬁrrounding the hot zone with matérial of good thermal.conductivity helpsj.'
,_Tsupﬁress thermai gradients. o | - kXS
Prep&ring a stress-freé fiat metal'surfacefsgitdble fbr‘graini,
'boundary grooving iﬁvolfés ﬁéchanicalipbiiéhihg?to éreate_flatness, 

© ' then electrolytic polishing to remove' the strained materiel introduced



-:done at hlgh temperatures, surface stress w1ll be relleved and llttle
' or no electrolytlc pOllShlng w1ll be necessary.' For low temperature

' groovang surface stress can be a serlous problem and must be removed

;’fovrientedvseed]-'7 crystals in a horlzontal graphlte mold. The furnace

,-cons1sted of a MCDanlel tube fllled w1th purifled argon w1th 8. travellng

long with a 7x7-mm cross sectlon. The graln boundary generally crossed-

‘ﬁ'surface to be used for observatlons wa.s pollshed w1th paper through 600-

l'mesh and the work hardened materlal was removed by electropollshlng 1n_f

by mechanical polishlng.: waever even.theymost unlfbrm electrolytlc_

T

pollshlng w1ll degrade flatness and a compromlse between flatness and

dlstorted metal must be made. If the grain boundary grOOVlng is to be

Br

even at the expense of flatness.

Blcrystals from 99 98 percent copper were grown from gonlometer’

4

Kanthal heating element on the outside. The orientation between the two

,‘{ gralns compos1ng the blcrystal were checked by Laue dlffractlon patterns;

#

The crystals were cast 1n plastlc and cut off in lengths of about 7-mm. ?

’

. fThe plastlc was then removed. The samples were square bars about 25-mm_i

-

the bar near the center and was normal to the axis of the sample.v Theft

a Disa Electropol apparatus under the fbllow1ng cond1t10n5°'

-t - A - .
\ N . PR

Electrollte. 25% H Poh Vbltage-- 10 voltsj;f‘.' o
‘ 25% C H50H Current Den31ty =l'Amp/cm?viu‘ff
50% Héo ,: Time° 2 mlnutes LT




, ;-lS-" ;_”:;'
ﬂf:The'sample was erayed‘aéain_to insure,the;Surface;region at the houndary }'

‘f_as being stress free.~

. The grain boundary grOOVing was performed in a sealed 12-mm quartz

w;'itube. SpeCial care had to be taken to aVOid any contact between the fused ; -;,

“salt and the highly polished copper surface wntil ‘after all the materials IO

{f“;Vcapable of etching copper had been removed.. The principle‘agent'presentpp

in the salt mixture that would attack copper is Cupric ion. However, other f“

’rifreactire impurities could be present. To remove all such impurities the o
salt mixture was heated to 1000° C in the quartz tube With an atmosphere ,-Q g

"_}of.helium and with copper turnings in the bottom.' The‘highly stressed »T

e polycr&stalline turnings rapidly reduced the cupric ion by the reaction :

v -

7 Cu+Cu ' —>2Cu and also reacted with any.other potential etchants. -The

i
K

molten salt was cooled and a copper bicrystal was placed in the quartz'l,w'

\_;tube without the introduction of any air into the system. The quartz tube

T was sealed and turned over so that the bicrystal and the salt were at the

bottom and the copper turning remained at the top :0f7 the tube. The-quartzf
" tube containing the bicrystal'was then placed in‘the furnace. - |
The furnace as shown in Fig. l was deSigned to make all the heat
:losses from the center low and uniformdy i conductive and thus eliminate |
"',gradients. The sample wa.s placed‘in one” of the 1/2" holes drilled in a-:fa‘
i_5"x18" cylinder'of_lnconel, which:served‘as:a heat\sink.‘lsemicircular o "

nichrome heating elements with a total'power of 3000 watts were clanped.fﬁl

" directly on the Inconel heat sink. The temperature wa.s controlled by a- i,;f"

“Leeds and Northrup Model H recorder controller which had a full scale

vsenSlthlty of 2 millivolts. The set point was always midscale and the’;;‘“-V

temperature was_adjusted_by varying the zero suppreSSion;x The controller ;;

[}

”;;:‘switched between twolpoperstats'set about 10 percent-apart.,:Normally th¢¢>'7‘«
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bﬂfurnace would control to about lOO BV, or about 1 C, w1th a chromel alumel
” 'thermocouple.‘ The thermal gradlent in the region oflthe sample was -about
1O.OS;C/cm | |

The sample in the bottom of the sealed quartz tube wa.s placed in one .

‘u;iof the wells of the furnace and left at temperature for tlmes varylng from

'"‘fone hour at 1000°C to- 50 hours at 200°C. Then the sample ‘tube was removed

H‘:»;from the furnace, cooled' and the tube was broken to remove the sample.

t"l‘he sample was then rlnsed in hot water to ‘remove any salt and dried. -The.
dihedral angle formed by thermal grooving was measured by a Zelss Inter—
Tference Mlcroscope using a Linnik optlcal system.26 A sketch of the
l“set-up is shown in Flg. 2 ‘and the relatlonshlp between dihedral angle and o

angle made by frlnges is given by

Tan @ = bégg Tan & ISP (lO)'5'
Qis the angle between the normal and one side of.the~groove,
. Lis the spaclng between frlnges,

K is the wavelength of light (green thallium llne 0. 53& u),

D is the angle made between the boundary and a frlnge.»

o ‘These angular ‘relationships are shown 1nvF1g..3.

It has been experlmentally shownl8'that the contour interval for NA' -

:dlnterference mlcroscopes using convergent 1llum1nat10n is. approx1mately
10 percent greater than-h/e Thls results from the obliqulty of rays :
a’emerglng from the mlcroscope objectlve. All the results have been'
'corrected for thls error. | o o

Photographs were taken with 55—mm film at a magnlflcation of 76
:uthe negative was enlarged 18 times when prlnted, thus giv1ng an overall e;b

L}

- magnlflcatlon ofil5825. The measurements Were made.on the enlargements R
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with an ordinary'protractor-and ruier;v Several pictures were taken of

"__each boundary and the most unlform reglon of each picture was used for

a measurements.' Flgure 4 shows a typlcal frlnge photograph. The frlnges TZ:'

‘]in‘interferograms from chemlcal grOOV1ng were not as_straight as those

e

» i'from thermal grooving. In the case of thermal groov1ng the metal was ,_:”'
near enough to the meltlng point so that the surface diffusion was high andvf-’7

surface tension could smooth the surface. With lower temperature chemlcal"fp;h"

‘>Tf{grooving, every defect in the copper that affected interfacial surfacefﬂﬁ"

,;energy between the metal and the salt left its mark on the surface.v wa-‘ju

e ever, in the uniform regions, good reproduc1b111ty could be obtained.

After each bierystal had been treated and the boundary energy

”{fmeasured at several_temperatures, thevcrystals were electroplated with -

.. an amount of silver equalling .02 atomic percent. The bicrystals were -

';furthen annealed in a He+H, atmosphere at 1000°C for one week. Calculatlons i

T'*hh.based on avallable diffusion data. indicate that the blcrystals should

:h-have attalned a substantlally uniform dlstrlbutlon of-sllver. After

"cooling,'x-ray fluorescents of the surface'of'the'hicrystals showed a“
.".surface concentration of 0;02 atomic percent, thus checking.the diffusionf_fi‘
"’calculations; The blcrystals were cooled from lOOO°C by turnlng off |

\Tfthe;powerto the furnace and permlttlng the furnace to cool slowly durlng _f‘ ;f'

"i'>the course of 50 hours. The blcrystals had the graln boundary energy

R

"hzmeasured using the same method as before.

The change of surface tens1on with temperature of the liquld salt _i;g{ff;
19T

used in thls 1nvest1gatlon was measured by the pendant drop method.

" No measurable,change_invsurface tension wasrfbund between 500“0~and :

‘,'f;lOOch"!o.th.
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V. RESULTS

Two features of grain boundaries were inyestigated in this study:

(a) temperature coefficient of grain boundary energy, and (b) reduction
.  of grain boundafy energy by solute atoms. The first of these could not be

‘ﬁnambiguously measured because there is a possibility that the changes in

dihedral angle were associated with changes in solid-liquid interfacial

- tension Va1, Direct measurement of this value could not be made because

the contact angle between‘the'iiquid salt and copper was zero in the
temperature range used insthis study. However, indirect evidence was

obtained which indicated that the temperature coefficient of thezsolid-.f':

- liquid ihterfacia; energy was small. The surface tension of copper is

estimated to vary less than 3% between 1000°C and room temperature.eo o

"' The change in the surface tension of the liquid salt was measuredvby"'

the author and found to be less than four percent over the range of
temperature used in this investigation.

The suiface tension of the copper is the work necessary to form a

unit area of surface in vacuum. When this surface is formed in any other
- medium, i.e. molten salt, the work to form the surface is less. The

subtractive nature of this process makeS'it'reasQnable to expect that

the temperature coefficient of the intérfacial tension be no more than

. the coefficient for the surface tension .of the«éopper‘or that of the

molten salt.

TheAstrain energy model of grain boundary set forth in the'beginning‘
of the study predicts a temperature coefficient éfvgrain boundary energy - h
(bbe/BT) to be the same as that for the shear modulus..

The temperature coefficient of the shear ﬁodulﬁs,iéjaﬁoute;if



o equilibrium segregation might be obtained 1n a reasonable time.
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9ﬂ;d1_5x10.,°c The slope of the modulus Vs, “the temperature curve is-

T shown in Figs. 5, 6, and 7, and the energy p01nts show fair- agreement

The correspondence of the results does not Justify claims of confirmation
“of the strain energy model waever, certain limlts can be set The

'accuracy of - the results do justify asserting that the- relative giain

’-ijoundary energy increases Wlth decrea31ng temperature.v This 1ncrease is'f

'7'flarger'than would be'from:entropy consideration alone. Read and Shockley

ihave estimated that the entropy contribution to the grain boundary energy ;,'

. Tepresents, less than 2% at lOOO°C. Bbe/BT is not larger than 2. 5x10

-”and lS fairly linear

v s
rd

Figures 5, 6, ‘and T show relative grain,boundary energynfor-copper T;ff;;'”

/

'bicrystals that contain .02 percent, s1lver as well as pure crystals._ M_ﬁg;{“ij‘:
‘“;Two temperatures ‘were selected for measuring grain boundary energy of ;g;i},fi
i fdoped crystals- lOOO°C the highest temperature at which these measure-:p:ri-:

- ments were carried out, and 300°C, the lowest temperature at which - BT

The relative grain boundary energies at lOOO°C for the doped
- boundaries were Within the experimental accuracy, equal to that of the

”ﬂ.undoped crystals. At 300°C the relative grain boundary energy averagedbri

' :30 percent less than that of the undoped crystal. If this reduction in i"ﬁ;;lrf'

! energy is a351gned to. 311ver atoms segregating to a boundary region of -

; [;lO “Tem thick then,'according to Eq. (9), ‘the grain boundary concentra-iwﬁ.“.ﬁ'l

”’w:tion of Ag is 5x10 -3 or 25 tlmes higher than that of the bulk. The

© . distortion energy or driv1ng force would be 6 500 cal/mol. The reasonef-il"
ableness of this energy cannot ‘be directly tested by Eq (5) because of .
;the difficulty of estimating the atomic radius of the solute atoms '

..Mlsflt energies, Q, from grain boundary energy measurements and from f:»i~‘;_'

[ SN
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 A;,Table I. . Relative grain boundary éﬂergy-of pure tilt copper
' bierystal of three.grain bqun@aryiangles. :
Grain Boundary Energy Relative to Surface Energy .
Temperaturé : 3 v . .
: °c . 26° Boundary 45° Boundary - 53° Boundary
2000 - .280 e .297 305
300 . .283 S w299 L310
%00 - L 26 o .28k o e 287
500 . Cerr T 298l 295
600 . . .266 . . e Utlen
700 . o5k T 266 - R~
- 80 .. o.ehosT T iers 0 o.2r9
U900 . . o.e59 - .@sk ot 278
1000 /5' e300 265 . . -.256

Table II. - Relative grain boundary enefgy‘of pure tilt
~ copper +.02% Ag bicrystal of three grain
boundary angle at 300°C and 1000°C.

Grain Boundary Energy Relative to Surface Energy

S - 26° Boundary . _ 45° Boundary 53° Boundary
. '300°C .200 . 210 - .205. ‘
1000°C . .225 . = 250 - . e .2ko
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~vTable 1T

.rad .© Atomic radii . _p‘MiSfit'energy .
el g e DA CdARE with Cufgflgj Q -in Cu lattice .
Sl e A e ‘cal/mol '

Ag ERIY o 0.16 6 500
S T 159 T 0B 8, 800
'*7sgBi-;;,tqfa}f, 1.70. ,.};:,;pf_; o.h2:~}vj,$ "“'15 800 2

'V,Calculated from Eq (9) based on graln boundary energy SRR

';Based on lattlce parameter measurement by McLean.p

S . : - s e

K
-

dlfference between atomlc radll of solute and copper.» The apparent
llnearlty of the plot 1s probably due to a fortultous cancellation of

. errors because a complete model would have to account for dlfferences of

.‘.‘

valence, electronegat1v1ty, and tendency to fbrm compounds.

‘A thermodynamlc estlmate of mlsflt energy can be made in the

'copper s1lver system because both elements have the ‘same electronegat1v1ty

'tﬁﬂf..~ and thus a departure from 1dea11ty of 511ver-copper solld solutlon 1s v:fgix

llkely to ‘be the result of s1ze dlfference only. The excess partlal molal.

_C‘" s
free energy of s1lver 1n copper, Fﬁg, 1s the extra free energy . that a mole‘;ff

' Qf;z 51lver 1n a. copper solutlon has over a mole of s11ver 1n a solvent

that created the same env1ronment as found 1n pure silver. :FXS for}vu
dllute SOlld solutlon of 31lver in copper is 6975 calorles/mole.24 v

Another 1ndependent estlmate of the extent of solute segregatlon

-

p;”:can be made by assumlng that grain boundarles behave llke a- llquld.&
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" . AS for melting of silver is 2.31 ca.l/°K/g-atom,2h and AS for grain

v'f} well be disregarded. On this basis, Eq. CU) predicts a distributionvr'21~f'o_f1‘§
“boundary at 300°C of 0.02. The distribution coefficient calculated fromjf

:graln boundary energies is 0.0k,

‘.parameter can be detected by x-ray dlffraction and a mlsflt energy can

" pe calculated.

thhls‘model is gnsnccessful-in expleinlng~mechenical.properties:of érain:

" boundaries but it approximates the enfriromnent that a solute aton 'would "
ﬂ;;pfind at a bOundary; The mechanlcal forces assoclated w1th the dlfference
"fvrof atomic size would be mnch smaller in a llquld than in a solld. Yet

'"a?chemical interaction between solvent and solute atoms would be similar'

yln the solid solutlon and the llquld solution. The derivation of Bq. (5)
“uses essentlally these conditions. The tendency for solutes to concen-nfn

v:';'trate in the llquld in equllibrlumAw1th solid can be determined from the
“"phase diagram~‘ Copper contalnlng k.5 percent 51lver will be in

""eqnlllbrlum with liquid contalnlng piTo) percent silver at 7HO C, giving a -

dlstrlbutlon coefflclent ova.ll. The distribution at other. temperatures

is given by125' ra . P : L
B - T » . . o
n . . R
m- X =<T—> mx -+ AS/l{ (.Tm/'l‘...]_) o (11) ..
" where K is the distribution coefficient at temperature T, :

) Km is the distribution coefficient at melting temperature Qm, -

and © AS is the entropy of fusion of the impurity at T.oo T

o boundary segregation should be smaller because grain boundary'atoms ha&e"

'greater order than liquid atoms, thus the second term of Eq. Gl) may

coefficient between silver in bulk copper and silver in a liquid like

Solute atoms with atomlc radll dlfferent from the solvent w1ll

change the lattice parameter of the solvent Thls chenge in lattlce

]



7/Mboundary 31tes also 1s assumed to remaln constant durlng segregatlon_'v

'7:, of a solute w1th a mlsflt energy of 50,000 calorles per mole, a bulk

- ,.51tes in coarse gralned material -even at lOOO°K, preventlng the boundary

The derivatlon of Eq. (9) uses a 51ngle free energy dlfference g

ﬁ”fbetween a bulk s1te and a'boundary s1te., The number and energy of

';Zfof the solute to the-boundary. Fallure of the model can be ant1c1pated

f;fln the example of a solute with a very "high misfit energy. In the case :
'i;concentratlon of lOO parts per billion could saturate the graln boundary

“%Jfrom.playlng any further role in solute segregatlon A solute w1th a e
'l‘ahlgh misfit energy would, of course, have a low solublllty, but probaoly

'not less than 100 parts per billion at lOOO°K All but the purest of

v ¢

"fmetals should contaln enough hlgh mlsflt energy atoms to saturate graln ”i‘*“

"T-boundazles if the dlstributlon of atoms obeyed Eq.«(9) Once saturated;;*Qf o

S is well known that the addltlon of small amounts of solid solution: solute ‘ff”v"

s
i

these boundarles would no longer attract solute atoms. waever,_lt fl'

PN

.can have a great effect on hlgh temperature 1ntercrystalllne fracture 31‘
ﬂ*:ThlS could not occur 1f ‘grain boundarles were saturated in “pure" metals
'”by lmpurltles of less than 100 parts per,bflllon, then no,change should_j;i.afcc,

‘be observed in-grain'boundary behavior'by:the addition'of'lOO'parts per;iEE o

"1.mllllon of 1ntent10nally added solute atoms. But large changes are

': often observed, and the reason behlnd thls apparent 1ncons1stency lles 1n : ﬁi N
the fact that not all grain boundary sites are alike. Some foreign atoms

:;{w1ll have a size whlch dlffers greatly from that of the solvent atom._}f,’

 Therefore. a. slte capable of rellev1ng all the elastlc straln 1nduced in t},{ig#%:;
‘the lattlce by a very large (or small) atoms would have to be very ,'.

different in "size" from the average lattlce s1tes.i Such s1tes might

.'5 fvbe few compared to the number of boundary s1tes suitable in s12e to x*” R

.
8 »..;
vy .
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';fOr 31tes of dlfferent size or energy was found by Darkin,

:hvfﬁla. »A

~

' ': accommodate forelgn atoms closer in s1ze to the solvent atoms. Evidence . -

13

who

" studied the behav1or of nltrogen in 1ron. In cold worked iron there
appeared to be only two types of sites for nltrogen. waever, ‘experi- |
vmental llmltatlons would have prevented the detection of even higher o

- energy sites of lower concentration, even if they had existed. It is

highly probable that for every solute there is more than one “energy i

level" for solute segregation. In a high angle boundary with a éomplexv-:??:
structure, the "energy level" of boundary sites suitable for segregation' -

. would very likely be a spectrum of energies.

The grain boundary sites are capable of minimizing misfit'energy'

because they reduce the elastic'strain created by the presenceuof foreiénxj;!
”'atoms. If the sites are close together, their stress fields overlaps'
‘jfTherefore occupamcyof;a.site by a solute atom not only'reducesvthe stress.
dat the occupied site, but will also changer(or even reverse) the stress.
field around nelghborlng 31tes’ As segregation‘proceeds, the free energy'ﬁp7u'
,  difference between boundary sites unoccupled by solute atoms and bulk

" sites will decrease.

For an accurate'understending of grain boundary segregation,.e'_

. complete inventory"would'neve to be made of the number and kinds of

foreign atoms at boundarles under a varlety of bulk concentratlon of

solutes, and at a number of dlfferent temperatures. Only in thls way

could the number and energy distribution of boundary sites be evaluated,_fvf




molten salt. Graln boundary energles determlned w1th thls method showed'

an energy varlatlon w1th temperature that was s1mllar to the varlatlon

1of shear modulus w1th temperature. The dlslocatlon model of graln -

: boundarles presumes that most of ‘the graln boundary energy is assoclatedi

L w1th elastlc straln energy. Therefore thls model would predlct that the.

2

-r:" temperature coeff1c1ent of the graln boundary energy and shear modulus

f

“should be equal. ) CE R DR AR

N - s

The grain boundary energy of copper contalnlng O 02 percent s1lver B

Wl;,; at lOOO C was essentlally the same as that of pure copper.. waever, at

,

'j :500 C, the graln boundary energy was 30 percent 1ess than that of pure ~'

-

»Acopper; If thls reductlon 1n graln boundary energy is. the result of the'

larger smlver atoms concentratlng at the graln boundary and rellevrng

!
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or for damages resulting from the use of any infor-
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