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GRAIN BOUNDARY ENERGY 

Kurt D. Kennedy 

Inorganic Materials Research Division, 
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ABSTRACT 

September 1965 

The interfacial energy of [001] tilt, boundaries in· pure copper 

and copper. +0.02% silver have been determined by measuring the dihedral· 

angles formed by chemical grooving in molten salt. Boundary energies 

were determined for three boundary orientations and nine temperatures 

b.etween 200 °C and 1000 °C. The temperature coefficient of boundary , 

energy was similar to the temperature coefficient of the shear ~dulu~~ 

The ·boundary energy of copper at 300°C was reduced 30 percent by the 

addition of 0.02 percent silver but was unaffected at lOOO~C. 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 sit'es relieved some of 

the elastic strain energy of the boundary. Thermodynamic and lattice 
.. 

parameter data predicted segregation of silver to copper grain boundaries 

to approximately the same extent as indicated by reduction of grain 

boundary energy. 
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I. INTRODUCTION. 

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

temperatures, in creep; in-diffusion, in grain·growth characteristics, and 
., 

in nucleation of second phase particles from decomposing supersaturated 

solid solutions. To know more about the exact nature of grain boundaries 

·is highly desirable, but there are few experimental techniques that can 

reveal much about them. One of the major_ factors that limits quantita-

tive studies is the narrowness of the grain boundary zone, which is only 

a few atom distances wide. · 

In an early theory of grain boundary structure, Rosenhaim and 

· HumphTey1 suggested that metallic crystals· wer~ held together by "amorphous 

cement". Their hypothesfs was based on the observed fact that at low 

·temperatures deformation ·in many metals was intracrystalline, while at high 

temperature's deformation took place at the. grain boundaries. It was pro-

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

rigid at low temper.atures but which became pl~stic at high temperatures. 

This theory has long·since been discarded, as has.the .transition lattice 
. 2 

theory of Jeffries and Archer. 

Dislocation theory has created an explanation for at least one 

type of grain interface, i.e., low angle pure tilt or twist boundaries.·-· 

3 ' 4 J. M. Burger and W. L. Bragg showed that a "walJ." of' dislocation could 

form a low angle boundary •.. The existance and nature of such boundaries 

has been confirmed by transmission el~ctron mic.ros~opy,5 and J. H. Van 
,. I • 

- . 6 ... 
der Merwe . showed that no other arrangement.could describe low.angle 

boundaries. if the forces between atoms obeyed a sinusoidal law. 
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As the.grain_boundary angle '' 

increase_s .; the spacing between dis~ocation· 

in the boundary, decreases.· 
.. . . . 

When .the. boundary .angle becomes large 

(15-20°), the dislocations.a:re so close-together that they can ha:rdJ.y 

_be regarded as distinct, and the concept of a· simple tilt boundary must 

. be modified.·· 
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II.· . ELASTIC ENERGY OF A BOUNDARY · ; , · . ··' 

. The energy of a boundary based on a dislocation model ·has been 

calculated by. Read and Shockley? as : ·. ·· 
.... · 

. ,· E = 
·,,. 
. ' '.i. ' . \ ·'.'' ·(1) 

. '· 

', ... ' . ·,: .. I . ~. . ;~ - .. 
where 

'. . _; 

. ·•' 
.. . ' 

... . . 

.•" 

· · b =. Burgers vector. 
.·.' 

. .~.. . ; . ~ . . . 
' • - 1 ~~·- / 

··, e . = grain boundary angle .. 
' : . -~ 

A = integration constant'··_.: . 

.·j.' 1..1. ( . 2 ) .. ·.'r0 = 21T(l-a) l-a cos a_ .. 

.·.: ! 

\' .. 

( .. 
·' 

. \··· 

· .. ;: .. .. .. ~ . 

.... 
·.\ 

. . 
., .. 
,, '. 

..· .· ... ~. Cl ~angle between b .. , the slip- vector·,_ and the··· ·· · 
· ..... / · dislocation axis 

. ~- '· 

. '• . 
. . .. ·'· .; ' . . ..... : .. ~ .. · -." · ... a = Poissons ratio . _ .. .;-: 

1..1. .. =. shear modulus 

,·' 

·.·_· .. ·... . 8 . . ' · .. 
. Eshelby, Read and Shockley developed an expression for -r

0 
in a fcc 

·:crystal '.for a dislocation in :a: (001) direction and its Burgers vector 

in either a {100} or {110} plane 

. 1 [ . 2 . 2 .. 
T

0 
=rar.- c44 cos a + sina(c11 

·where c
11

, etc., are the elastic constant's of the material. 
7 .. 

A :has: been evaluated by Read. and Shockley as: 

b 
· A = 1 + £n 2rrr· 

o· 
(3) 

. " 

~--

where rp is the raditi.s .of non-Hookean energy zone. around a dislocation~.

: Gjo~tein ~np. ~ine~,9 using the Read-Shockley equation,· :m~astired . 
. . · 't' b) . . . . 

the constants ~ > and A in copper at 1065 °C by t~ermai grooving and 

' _;· 

' {'. :. . .. 

·,(.•• 
-~ . .. 

' . 
. . , 

,. ' ;· .. 
' . /1 . 'I,· 
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-. \ • '. .. . ~. ·- ... ~-. ,__ i>' • ' ' ,- ' -~ •• ~ •. :.- i . · ... . ; .\~>·· . , ·" .;:._, ~- >r
0 

b ·:·;, :~;;_;,'. ;,::.:·;;· .. ,~ < ..• ~- .:,-. , •. > 

.f;und that the e,xperime.!l~auy detez:nil1ed · 2 . 0 ·wa~;.m· good agreement. with 
·.•,'··~ ~--- •. '.l- ' · ·~_;:, •• ··,_ -:- ... :. "' •· __ -~·: • .• /_.- ••. -·._;;'' ',-.."~._-... , ·-,C-~,~~~~--~>.' _. --~,.r,:-!:•: ~-. 

theory while the :A agreement was limited to grain boUndaries 
-~ ,•. 

'than 6 °, which corresp~~ds to· dislocation s;~cing·-~f lOb. The n6n-Rookean . · · · ·< .· 1' · · 
·-·~:.. . ·--1'-'. 

,;.-_' 
·energy. is assoc.iated with 'the term .A implyi.ng ·that the Read-Shockley model . . . . . . . ' . . : 

; ' . >' 

•, ;;'\ :•. 'breaks down because of failure ·to handle closely :spaced· non-Hookean cores(·:;">·<: . ~- ·. i 
.. '.• : . . . '• 6 . . ' ·. ·; .. . .· ... · ·' . . ' .··· . . . . . ... ' . . . '. '' ~-': ·_ 

-:, ·:il .· 

_..~-· . 

·._\. 

-~·- , .. 

. '· 

. Van der Merwe assumed a sinusoidal stress-strain relation ·at 'the inter- ). :· -'' 

face and expressed A as 

. ~-
: ~; 
: ,•' 

'·. 
• •• • , •u>o.' 1 

0 
., 

. 'where· .. ·· · · 

. _; . ~ . . 
~ . ·~ ~-

; . 

. ~-

<·,.-

'.1 .. ''· --: ,. . '. ' .· (1-0')!l 
· ·.A.;, l+Ln (l-2cr)~_ll··. _,: .. 

.. 
. r.- .... : 

~ .· ' 

r._ , ... , 

:• • ' ' ~: ,•', " .... I 

ll = elastic shear modulus ' ' ~ .', .. ' . ~ .. , 
.·?. ':·: . ~. -~. . \ ..... ,. ~ 

., ;.
·:. ·;.• .. / . 

•. :J. ~ -:·· : ., 

-;. ·.· .. 

··'r 
. ' 

. ·, 'tt:\' .. 

''-t .,_., .• ·::: 

,. ~ ... ·.. . .- .:·._:. '.' .. \ .:.' .·-- . .. .. - .... -· J .. 

.. . , , 1-1
0 

;:= a constant of the same order.·~. or magnitude >as w . ·· . 
· .. , // which determines the amplitude of the sinusoidal·· .. ·: · 

·: /. stress-strain relation •. ·. .. '· ... · .. : ,,·· ·,; 
' .... _ ... ·/' .. ·, . ·>· .... 

.'.•1 
; .... : ··.· ... 

· .. ,.: .. : 

.j '._.; 

·. :·:Usin~--:~~is. ~odel for the non-Hookean region of the 'bo~d~r~, \heoretic~:,;~·d·: 
.. value~ ·for A: equalled exper~entaliy determined values up to twice tn~ 

' .. ~ ... 
~ ., -~ ;'· 

. . ~ . . ' . ' . . . 

· ·, angle found for the Read..;Shockley model. < .. ·· ..... 

·: ·.· 

., . ~~-. •,. . In the foregoing model, all .. the energy of a grain boundary is 
.. .. 

'I Ji' . • 

. ·ciated with .the displacement of an atom from its normal position. When 

• c;· . force-qisplac.ement relationsh.ip .of displaced atoms is linear; the energy\ ·.. . ": ~ . 

'·"I .. , 

' · of a dislocation or a collection of dislocations should ·be a first order'' · . 
... : ·.- . J, '·._· . 

. . : .,..· ..,. 

function of the co.nstant relating· f9rce and.· displacement:, i.e., the· ·-'-· r-· . ,· 
, < ",' ~ • • • • ~ -~ 

.... -· · .. • - .· 
shear modulus. .In the non-linear reg:i.o.n of ... force-displacement, the· 

] ' . . . . ) .. 
~ '. . ; ~-

_, .. · '.-· ·.·.· 

:·':·. 
...... 

shear modulus function is not known. 

t.' ·: __ ._, -.·· 
--~: 

·grain botindary; ·a iarge ·amount of energy,'is :non-linear strain ·energy.:·. :· ,. .. · · '« 

· ... _.·: ··- ~- ' . ~ 
.· ; I .. _:• ~--- ' .· The. exact relation· betwee~ ·shear modulus S:Jld.. the energy of a hi.gh 

: '.· .· r: 
. ( 

. ·angle. grain boundary: cannot ,be kriown until a. rigorous: model. is devised. 
·' 
' . , . 

.·.· 

I .. ' ! ~ 
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However, there• is ·value in knowing how high angle grain boundary energy 

varies with a change of modUlus • 

In a high angle grain boundary model proposed by A. Seeger and · 

10 . 
G. Schottky , most of the grain bou.rldary energy was due to the redis-

tribution of quasi-free electron gas resulting from the displaced 

.Positive charge of atom cores of boundary atoms. In this model the. 

energy associated with electron redistribution should not be shear 

·modulus sensitive. 

Because the ·effect of a modulus change on grain boundary energy 

is of major importance, an attempt was made in this. i:nvestigation to' 

evaluate the role played by the shear modulus •.. 
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· ·II!. · CONCENTRMION OF SOLUTE ATOMS . IN BOUNDARIES 
:. 

Many properties of solid· solution alloys depend upo.n the distribu- · 
'.•. : .· •··· 

tion of solute atoms as· well as the average ·composition. When solute 

atoms are concentrated in.certain regions in a metal, their effect can 
• . j ~ . 

be. out of proportion to their average concentration. · An important example 

of this is concentration of impurities at grain boundaries~ When the 

.nucleation of a precipitating phase occurs at a grain· boundary, the effect' ~- . 
. 't·. 

can be easily seen metallographically, but when segrega;tion occurs within ..• · 

the solid .solution region at grain boundaries, the effect is almost im-

·possible to detect and to measure. 
' .. 

Grain boundaries are estimateu to be only a few atoms wide, i.e. 1 
.. 
--· 

-about 10-7 em.. If 30 percent of the atomic boundary sites can be· occupied 

by solute at'oms, the grain boundary can become saturated when the average 

-4 . . 
·,imp_urity level is as low as 10 atomic percent. 

In order to .. measure directly the in~reased sol:ute concentration at 

grain boundaries, an analytic means would. have to be devised that would 

chemically m~asure·. a regio.n of about 10-7 :em wide. At the present time· 

the electron beam ,microprobe offers the best analytic tool for small 
. ~4 

areas and the smallest resolvable spot that it can analyze is about 10 em.· 

An indirect method of chemical an~ysis ·of grain boundaries . has been 

attempted with ~adioactive tracers. 11 
In this experiment lead with a 

Small COncentration Of polonium was annealed at a temperature that WOUld · 

permit the polonium to diffUse to the grain boundaries. Polonium is an 

·alpha emitter with a very short range making it possible for the.polonium 

· • at the grain boundary to form an autoradiograph of the boundary when a . 

piece of photograph-ic. filiD is pressed against the surface. The validity . ' . . 

t.,,t 
,. 

0 • •, ·• .... · ··,, : r: 
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of this early Wbrk has been questioned, however, because subsequent 

experiments have indicated that only surface migration of polonium occurred 

during annealing, and if the sample was polis~ed after annealing the 

boundaries could not be detected autorad~ographically. 

Even less direct evidence of grain boundary segregation is evidenced · 

by metallographic effects. The most frequently observed manifestation 

is the "ridge and trough" surface topography produced by chemical. etching . 

of boundaries at room temperature. This effect is sometimes observed 

after a metal has been annealed at an appropriate time and temperature to 

permit diffUsion to grain boundaries to occur •. However, when a metal 
. . 

showing this effect is quenched from a temperature near the melting point, 

.·no such behavior is observed. 

The other alternative to the detection of grain boundary segregation, 

namely depletion of the bulk cry~tal 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 

· before segregation must be low enough so that the saturation of the grain 

boUndary makes a significant change in the solute concentration in the 
. ' 

interior of the crystal. This requirement puts the. solute concentration 

in the range of_O.OOl%, too low for analytic techniques capable of 

measuring just the interior of the crystal. 

In a ten micr~n grain dia.nleter.material, the number of grain 

boundary. sites would be in the order of magnitude·of 0.01 percent of the 

number of bulk crystal atoms. If a solute could be found that had a 

solubility limit in a metal of about 0.01 percent,·then such an alloy 

would have extra -solute sites in the· fine grain condition over the. 

' coarse grain condition. If these grain boundary sites could be saturated 

.. 



.. , 

':• 

· ... .: ..... :...:. .. 
..·, .. 

' . . . ~ 
:: ..... ; 

'. ·.:·· 
: _.,. ···~ ., .... : ~ 

. ··' 
i -~ . 

'· •' 

'-~!~ .. : __ g~ <· 1 
~ ·. . ·:~· 

'i 
. ,·· 

'· 
.. ~- ' "'\ ... 

' ~ ' .. .·• l .· 

b~ permitting t~e sol~te to. diffus~ to the boundaries at low temp·eratur~ · . · .. < .·: { · · 
•, ' .,• .• ~. ' • .... : 't 

~- :. ',.' 

then the fine gr~in alloy ·should have a higher soitib.ili tY: limit . than the - ., > · :. · ·· · 
' ... ,•' . . . ~ . 

.; ' ,_·,·. 'c ': ·:• • • 

• ... p • .... ~ ~ . coarse grained alloy.· .. .. ' ' ' ' 

Few systems fulfil_l __ the req~ire~n~~ necessary for such an eXper_iment.·· ~ ~· ~ 
~ . : . . ·, ... ·· 'i;.;· .... 

·, · ..' .. ·: .. ·: Temperatures low· enough to iimit solute .solubility correspondingly lower.,· 
.. ~ . 

.. ' 

.· .. 
; •. ; ''. '',the diffusion rate to .a. value that would require :rriany years for 'estab-
.. ·' .. . . ' ~ 

. ·. ·. 
. lishment of ·equilibrium. One exception is a system of interstitial ·, ~ ' .. · :_ ·:: :, .. . ' 

' ' ~-' :· . r, 
.. · ... ;: ' ~ .. ' 

.:·.· 
, · solutes such as carbon in o:-iron. The solubility of carbon in o:-iron ... ·.: .. :·· 

12 . · -9700/RT · . · -4 . . ' o ... ; -'·' 
·:.is givenby Wert at 12.0 e. .. or 7.2no atomic percent at 170 C.>:· .. ;.·;·: 

~- · .. ::In addition the diffusion rate at .this temperature is high enough so that .. · 

•' 
~. · .... · 

: 50 percent of equilibrium can be achieved in 101 000 seconds. However 1 1':·:.1 
\ ... 

?~ 
;: >,· 

. .>.: "t;. ' •. ~ •• • 

increase of the solubility of carbon in. fine grained.. annealed iron has 
. -~ . 

-:_, 

· not been observed ·to date. 
... ·' .•, .. 

• ..... : f 

;•! 1>:· ~: ·.... -_;.,~ .. 1-•• 

Cold-worked metal can behave similarly to gr~in boundaries c.in the··.···, ; ... :~. 

_., .· 

;, ··· .. · ' . 
· · .· · · ' · . way solute atoms can concentrate at si te·s · w~ere th~Y. can ·relieve' strain ('. · · :: ,, 
'•, .. , 

: · ;·· .. ;:~·. energy. 
, ... -

' 

Dislocations create such extra sites for atoms whose solubility':·;;.···, . 
, .. '· ... f:· . 

. . 

. :·:. is limited by size difference. . 

·. L. s. Darken13. sho~ed that·::the. ~~t··~·/'nit~~gen that coUld be 
'' 

·,·, ' 

.... '. ~·: .. ~- ~ . 
··._..: 

.~ ' . .. ... ·, 

' ' 
. ~: · dissolved in mild ·steel coUld be· ·increased :50 percent by cold;_work. · There ·. ·. · 1 

.<.:~ ... appeared to be two types of sites. One .type lowered.the free energy of . 
. ' 

... ' ·nitrogen atoms over normal interstitial. position,.. by 9,500 c~lories;_· 

the other t}':Pe. lowered the nitrogen :fre.e ener,gy ·by 16,000 calories. . ·.· 
•, The ..... . 

' ,1 • ;':. • • • • . • • • - ' • • ,_ ~ • • ~ 
number Of low energy s~tes ··closely follows the number o~ disloCations as··;·:: __ ,_ .. : ;:_· ''"· 

-.·· _;· 
;, ,:· .. ·.;: .:··' 

:<. determined by e.lectron microscopy. The number of high energy sites was ~.:.'.- · <' · '· · 
1 . : ;;·. 

--~· .. 
. '·'about 10 perc~nt of the iow energy sites and their identity ha.s not peen.\ :olo ... ' 

determined. : .· 

· The difficulty of making direct· chemical analyses·of.grain'boUndaries 
·:· . . . ;< ... 

• • • "j . • . .' 4- ' ' 

stimulates on~. to· attempt. to measure a property of grain boundaries whieh 
• • •• : : • '. • ,·. • ·~ • • • 1' • • t : ~. '·, . ~ • • . . • • . ; . • ' 

.. ·. 1;. 
·• ,:, •.' ,,· I,_. ' .. -~ ...... 

·,1, 

'. '•· 
•:-:·:·:··r ... \. 

.. ; ·.· . ' ' 
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is sensitive to segregation and more easily evaluated. The driving force 

of a solute atom. to migrate to the grain boundary is. the reduction of 

strain energy of a'·poundary when. a solute atom is present. If the strain 

·energy associated with· a grain boundary can be measured with and without · 

segregation, the ·difference should provide quant·itat~ve evidence for 

segregation. 

At grain boundaries, misaligned planes of atoms must meet and create 

regions of both longer and shorter interatomic distances_. All grain 

boundary models have this feature in common: These regions of compression 

·or tension make an environment of lower energy for solute atoms that 

differ in size from the matrix. If the distortion energy of the._solute 

atom at the gra;i;il>boundary sites is small, most of the distortion energy 

associated with the foreign atom when it is in the interior of the ' 

. crystal is eliminated by segregating to the boundary. This energy has 

been ~st~ted by Pine14 to be 

where. 

'··.· 

24IIKGr3 
Q, = 2K + 4G 

K = bulk modulus of the solute atom 

G = shear modulus of matrix 

(5) 

· r = radius of hole"occupied by the solute atom . 

·r
1 

=radius of isolated.'.:sb.lute atom 

r ·= radius of the unoccupied hole 
0 

Assuming that "n" distorted sites exist in the region of. the grain .. 

boundary and that ''p". solute atoms with energy "e" can be· distributed 

among them, and that N, P, E have equivalent meanings for the undistorted 

crystal,, then the free energy due to solute atoms is15 . 

. ·' 
:--. 
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•, y '/' -·' .' 
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.. ::·i 
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' ...... j .: ., 

,. 
., 

·.' : .... • : ;: .~· • < 

. ', ·, 

... ;; /'_ ........ •. ) . ' .. -~ ' 

. '~ . . ' 
. •. 

'· ' ··. _.;. ,.· .. .: !'' .. 

...... ' 

' \ ,'.l. 

' ~ ' : .. ·' .· -~ 
,:' 

.: .. 

-: . .... _., ... 

. ,-;; ., 

:cb, the equilibrium: concentration a.t· the .bound~;··~ .i·· .. 
·· ·· ... c, the concentration in the bulk = ~ 

. ·· Q, · the driving force = (E-e) 
. . . ~ .. 

· ... 
) : 

. .: . '· ..• ~ 
:· 

'·' ... 
·; •, .,. , . 

ciVRT 

. . " :-~ . ... • . '; .• : _·:··.: .... :: .... - ~-:...-' ·.i '. ···.'-
':'· ~ . · .. :.~ . _·: . . . ' 

.... ! .. 

. \•, when c << 1, cb .. - . 
. . - l+C€Q,/RT . 

. '· ·~- . .'.:. 
'. ,-...... •\ 

( ~ : .. . :.·. 

:' 

'\.{• 

.._;._ 
. :. ' ~ . . : ::~ .. 

.. ~ . 

. _: ·. •, ·:: .. ' . . -~ 

.. . -:-- ~ . :. . . 
.•. · .. ,. ·: :t: . ' . ' . •, ·' . ' '. . ~ ' 

' -·· . . ~ . ~' .. ' ' ..... 
~ ·' ., ,. ' . ... .· - .... _.~: .. ' . . . /· ~-

The driving force,- Q, ca.Mot be: eVa.iuated .from 'E'ci. ': (5) bec~use 
• i ~ • .' ~ . \ ' . . . ~ . . 

•. ~ I " ' ' ' • 

..... 

' -~' 

r,. r
1

, and r are not known. 
' . 0 

. ','' 

Equation (5) can be tested qua.litativ~lyby. pe.rmitti~g, solute: atoms": :--··· . 
• ~ ~ ' • . • ,. • . . . ' . • ( ,. . r . • . , 

to saturate the grain boundary and to measure the strain energy. , If the · ~·~. 
.... 

' ... 

' . 
·.' I. 

elastic strain is reduced by the presence of solute atoms in the boundary, 

then the grain boundary energy which .re·sult·s from it will also be reduced: 

.·The problem is then to measure ·the grain"boundary·energy at a. low enough 

.temperature so that segregation will occur. ,. 

The usual way to measure grain boun~a.ry energy is to heat. a. bicrystal 
. • . • 'I 

near its melting point until an equilibrium-is established between the. 
. . , ·. ' . . · . · I .. •16 

surface tension and· the grain boundary tension. This _creates a. groove :-

. ~. . ' 

. •, 

where the grain boundary meets the surface. The dihedral angle of the 

·' 

\ . . ~ 

root of the groove· is related. to. the ' surface tension and the grain boundary · ·~ .. 

·. .. energy •. · This method requires that ·surface· atoms at the boundary diffuse· 
'· 

.• l 

·, \ . 

' . ' . ~ .. '. ·~; 
• ': 1 ~·· •• • ' t 

;· 
:,·,, '" 

l ••• 
·,.···. ~·. . , ·• ~ ' .. -: 
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·.·. ' . 

. i:' ... .... . -~ 

to the surfaces .of the adjacent crys~als~ ·Surface diffusion is very slow. 
·. . . . 

below 80 percent· of the melting :point, T , and it is :possible that the m 

_temperature must.be below 50 percent of i;;he melting point before 

significant segregation to grain boundaries can occur~ A means of 

reversibly removing boundary atoms and depositing them at nonboundary 

sites at a te,mperature. of less than 0. 5 T must therefore be used for m . 

making segregation measurements. 
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. . ···.· 

· · · Extending the. techniq\l.es of grain boundary gro~;i~g to iow · ... : 
... . r . 
. ~ -~\ 

., . .- . , .. 
;.! ': . temperature requires a mechanism .for _moving atoms at low temperatures. .. . ::~·<; '.:' 

,• > . ... . . . . . : . . . . ! \ . . . . :. . .•. 

· .. : ... 
'• 

.. 
_.,_, .. _ ... -._ .. 

.If a. liquid is used to transport atoms 1 . the high atomic mob·ili ty of the.: ~ ··:.~. .'.- . · " .. 
• • ' ' • • · • .' ·: f .•• •• •• 

liquid cou;J.d.mak~ the removal of the grain boundary atoms very fast'.' ·· ... ·' 

1·,' 

·... ~ 

~ .. : .· .. ..._,, 
., 

The simplest solvent for a metal is a liquid me.tal •. The ;require--·:.-:, · ·' 
• .. \t .•-·. 

·_ .... 
· ' :: :- ments for a grain boundary grooving experiment with a liquid metal 

... _.· 

~ . ~. . ... -' 

· sol vent are : 

liquid metal should have ve.;.y littie solubility in the solid. . . . 

The solid metal should have. some solubility_ in the iiquid, ·bu~ .the· _·; :_ : .···~· : 
. I .. ;· ;:· .. ~·· 

' ·""''.·'· 

!l. 

·.'~ ' I •:: < • 

• ·,. > : ~ 

2. The two metals dO not react to form stable compounds. 
'' ~ · .. 

.. -.. -··. 
. . . . ~ ' 

· .. ·.. . 3. If grain boundary segregation is to be studied, then the metal 'solve.nt .. ·: ~· 

. . ' -~ 

'' 

. . . . . . . . 
. ' 

must be l:i;_quid below 0. 5 Tili of the solid metal. . 
: .. 
•'' 

.·_, 
,., .. 

Very few metal systems fulfill these requirements. · .The necessary 
~ ;, . . : 

..... ~ .. , . 
' 

. . . . difference in meiting point generally occurs with metai pairs_ having' 

,·. 

different valences, and this tends to lead to compoUnd formation. 
.• I . 'f •• ~ 

.··.·. 
Two metals that are satisfactory were.aluminum and gallium. Gallium 

'·, 

··. at'l00°C can be made t~.0 wet aluminUm with. the use of ultrasonics. ··However-!·. 
. ~ ,. ' 

·instead of grooving the aluminum, the. gaJ:lium penetrates into the grain .·· 

boundaries, splitting the grains apart in a manner similar to the way 

mercury attacks brass. 
\ ... 

Ah alternate ·to transporting grain boundary _atoms as neutral metal. 
-· -· 

. ; .... ·atoms in a metal solvent, is. moving them as ions ~n _a polar solvent. ··.'{,·· ... 

A metal in .contact with· a _solution. of its ions will be in equilibrium 

with those ions. ·The: balance between atoms· dissolving at surface and "';:' 

:·;',,ions:.~ precipitating at.the surface .will be controlled by the requirement' .. . . . . ' . ' . . 

s' 
:: . ~ ' 

' ' . l.i,' 

·.·' !· ,. . :~ . . 
. :"~·. · .. 

.. ... 
·. ~-

.".\ 

' 
' I •'j • 

' ~ '· 
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• ~ I 
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':. ' 
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~~-· 
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. of charge neutrality rather than the solubility product, as in the case 

of a metal in equilibrium with neutral atoms. 

The first attempt at grain boUndary grooving by ion exchange was 

with copper in contact with a one mole water solution of CuCl. Special 

care had to be taken to exclude oxygen because in air the cuprous ion is· 

rapidly oxidized to the cupric ion, which will etch copper in a non-

equilibrium manner~ One week under non-oxidizing conditions produced 
. . 

· barely detectable grain boundary grooves, and the use of aqueous solutions 

was abandoned in favor of fused salt solvents. A mixture of 50 percent 

. Znc12-25 percent KCl-25 percent CuCl was found to have a melting point 

of 180°C and a boiling point in excess of lOOO~C. Hence it was .suitable 

for -q.se over a large temperature range. Oxygen had to be_.excluded from 

this system also to prevent etching. 

Grain boundary grooving occurs only when the movement of boundary 

atoms is to adjacent surfaces. Other transport processes can occur and 

may mask-the grooving. When temperature gradients exist in the salt, 

metal can then be dissolved in the hotter region and precipitate in the 

cooler region. . Also', areas of the metal that are imperfect because of 

cold work will. go into solution and precipitate on the more perfect 

areas. 

Creating isothermal conditions at high temperature requires that 

convective· heat losses be kept to a min+mum by good insulation. Also, 

··surrounding the hot zone with mat~rial of good thermal conductivity helps· 

·suppress thermal gradients. 

Preparing a stress-free flat metal surface suitable for grain. 

boundary grooving involves mechanical poiishiri.gto create flatness,. 

them ele'ctrolytic polishing· to remove· the strained material introduced 

.•.. ·, ''•t. 

': 
'' .,:· 

\.; 
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:·._,: 
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. · ........ . . . '·: (' . "~ ~ 
. ,'.polishing wil~ degrade flatness and a.c_omprorriise between flatness and ..•. __ 

·· ·.··distorted metal must b.e mad~. · If, the grain bound.S:ry grooving is to 'be',:,·:::·' . . . . . . . ~· 

. ,. 
• .... • • • ~ '1 

. done at high -~emperatures,' surface stress wili be relieved and little •. >',·.; . ". '( 
'._. ""~_. '-:..;·· -~· . :. ~ ··_·;' ·. 

·-- ,. 
. ··= 

··or no electrolytic poli13hing will be necessary. Fo~·low temperature 
. . ' . 

. grooving surface 'stress can be a serious problem and must be ·removed 

. ...... : ... 

... ~- .- .-
. -?··- • 

·.:·_' ... ;,.·· 
. : ·-,.Yt-

·. ~-.:':,.~:even at the expense· of flatness. ·;c 

•• ' _._., ~ fi. • • • • • • '• *"' . .- •' · ... ~ . 
'\ · Bicrystals . from 99.98 percent copper were gi'own .from ·goniometer ;. 

,·· 

~ ··. /oriented seed17 crysta~s in ~- horizontal gr~phit~' mold.. The furn~~e · .. : . 
.. .. 

·' . 

·' .· 

._ ... ·. 

consisted of' a McDaniel tube fille5l with purified argon with a .traveling · :-,_ · 
;:: : ~ . • ... 

·· Kanthal heating'element on the outside.· .The· ori~ntation bet.;,een the two~ . . . · . 
. ;· : , grains composing the bicrystal were checked by Laue dif'fracti~n patterns~.~-: ... · · · 

./ 
' 

_:The crystals were cast in plas~ic and cut off' in lengths of' about 7-riun~ :;.· .::·. ·;, .· 

'The piastic was then removed. . : .-; ~ ... ·. The samples were square bars. about 25..:.mm ... ~ .. 

.... . ·.- .., .. 
,'''l 

.·. · : ... long with. a ,7>(7-mm cross section. The grain boundary generallycrossed 

. ··~ 

.• .. 

· . .. the bar near the center and was normal to the axis of the 'sample. The 

.... surfac~ ·to be used for. ob.servatlons was pol'ished with paper thr~~gh 600 · '.··:· 

·.:.-. •' 

·.mesh, and the work hardened material was removed by electropolishing in. ·· 
... · J· . ·. 

·.:a Disa Elect;opol apparatus 'under :the :following conditions: 

• ... !__... ~ ~ . ~ 
··-·.,._ or' 

- ~.' 

·-· .. , ~ ,; ) . . . 

._,-,:--.. · 

· Electrolite: 25% H
3

Po4 ,; Voltage:.·· 10 volts . · . .. _>::~;:, 
, .. 25% c2H

5
oH_ ::. · Current Density:·.· 1 Ampfcin

2 
-.. '•\ · .. 

.. . . ; .. :50% ~0 . ,. : .. TiJne :_ .. 2 minutes ... ,..:: · ·' · . :< ·<:, :>· 
. :, 

· .• ! ''l_· ... ~ ~~ ·,_ :-·. ·.- _... ' .. -.~·- ... !'. • ., -~ ·. 

·.· ... -
' .. ·~ · . .-

' . ~-- -.. . - ~.. -

. . ; .. ".: :· '···~·; 
< : :, '*The author would· 1J:k~''t~' thank, No~ Gjo~tek 1'. o.~- ~rh.·i. sh··, :· .. J.·· •• ~. s····~·h···~< .. ·· .• ·' ... :.:\~--··_ •.. -~.\}L ..••.. : ·.,. ~ . . . ,. 
" . ~ 

. ; 

. ' 

'j •• •• • 
., ...... 

bicrystals used in th~s' study. '' · .. "· " ' . : . 

. .-: . 
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The sample was x-rayed again to, insure_ the. surface region at the boundary 

as l:?eing 'stress , free.·- - ·. · ..... 
. ' 

. The grain boundary· groov~ng was performed in a sealed 12-mm quartz 
~~ 

. _ tube. Special care had to be taken to avoi.d any contact ·b~tween th~ fused 

·salt and the highly polished copper surface until after all the materials 

·capable of etching copper had been removed •. The principle' agent present 

in the salt mixture that would attack copper is cupri'c ion. However, other 

. _ reactive impurities could be present. To remove _al~ such impurities the 

salt mixture was heated to 1000°C in the quartz tube with an atmosphere _ 

. of helium and with copper turnings in the bottom. The highly stressed 
. . 

polycrystalline turnings rapidly reduced the cupric ion by the reaction 
·~ . -

. Cu + Cu ++ ~ 2Cu + and also reacted ~ th a~y .other potential etchants. ·The 

molten salt was cooled and a copper bicrystal was placed in the quartz 

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

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

bottom and the copper turning remained at the top:;of::_th.e tube. The quartz 

tube containing the bicrystal was then placed in the furnace. 
I 

The furnace_as shown in Fig. 1 was d~signed to make all the heat· 

-losses from the center low and unifo:rmly:.:'" conductive and thus eliminate 

- gradients. The- sample· was placed. in one' of the 1/2" holes drilled in a-

3"Xl.8" cylinder'bf Inconel, which served-as a heat 'sink •. Semicircular 

nichrome heating elements with a total··p~wer of 3000 watts ~e:re clamped -• 

directly on the Inconel heat sink. The temperature was· controlled by a. · 

·Leeds and Northrup Model H recorder contro~ler which had a full scale 

sensitivity of 2 millivolts. ,The set point was always midscale and the · 
. . . ' . . ' . 

temperature was _adjusted by varying the zero suppression; The controller 

switche~ between two _powerstats set about ~~ percent apart. No~ally the ~ 

~ I ; . 

.·. ' •, 
•• p. 

•• 0' 

~ ·'' . 

1',•' 

. ' .,,_· 

'• . 
··.·'' 

. ' 

;, 't 
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. furnace would control to about 100 J,i.v, or about i °C, ·with a chromel-alumel 

thermocouple. The thermal gradient in the region of the sample was about 

'· -_ The sample in the bottom of the .sealed quartz tube was placed in one 

of the wells of the furnace and left at temperature for times varying fro1n 

. '·. one hour at l000°C to 50 hours at 200°·C. Then the sample tube was removed 

·· from the furnace, cooled, and the tube was broken to remove the sample.· 

The sample was then rinsed in hot water to ·remove any_salt. and dried. The 

dihedral angle forme.d by thermal grooving was measured by a Zeiss Inter-

. 26 
fere.nce Microscope using a Linhik optical system. A sketch of the 

' . 

set-up is shown in Fig. 2 and the relationship between dihedral angle and 

angle made by fringes is given by 

- ~/2 Tan a - 1 Tan ~ (10) 

a is the angle between the normal and one ·side of. the groove'· 

L is the spacing between fringes, · 

)... is the wavelength of light (green thalli~ line 0. 534 I.L}, 

· . ~ is the angle made between the boundary and a fringe. 

These angular relationships. are shown in· Fig_.· 3. 

It h b 
. . 18- . 

as een exper11nentally shown that the contour interval for 

·interference microscopes using conver'gent. illumination is approximately 

10 percent greater 'than ).../2. This' results from. the obliquity of rays "' 

emerging from the microscope objective. All the results have been 

corrected for this error. 

• .Photographs .were·· taken with 35-mm fil.m at a· magnif~cation of 76;: 
. . ,. . 

. the negativ_e was enlarged 18. times when printed, thus. giving an overall. 

· .. magnification of 1582. The ·measurements were made on the enlargements 

: ,•, 
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with an ordinary protractor and ruler·~; Several ·pictures were taken of . 

. each boundary and the most uniform region of each picture was used for 

measurements. Figure 4 shows a typical fringe photograph. The fringes· 

.. in interferograms from "chemical" grooving were not as straight as those 

from thermal grooving. In the case of thermal grooving the metal was 

. ' . 

near enough to the melting point so that the surface diffusion was high and 

·surface tension could smooth the surface. With lower temperature "chemical" · 

,; •, 

:: grooving, every defect in the copper that affected interfacial surface . 

energy between the metal and the salt left its mark on the surface. How-

ever, in the uniform regions, good reproducibility could be obtained. 

After each bicrystal·had been treated and the boundary energy 

··measured at several temperatures, the crystals were electroplated with 

.. · an. amount of silver· equalling • 02 atomic percent; The bicrystals were 

.then annealed in. a He+~ atmosphere at 1000°C for one week. Calculations 

based on available diffusion data.indicate that the bicrystals should 

·have attained a substantially uniform distribution of silver. After 

· cooling, x-ray fluorescents of the surface of the bicrystals showed a 

.·.surface concentration of 0.02 atomic percent, thus checking the diffusion·· 

calculations. The bicrystals were cooled from 1000°C by turning off 

•. the power to the furnace· and permitting -the furnace to cool slowly during 
. . 

the course of 30 hours. The bicrystals had the grain boundary energy· 

·. measured using the same method as before. 

....... 

• I . I 

,The change of surface tension with temperature 0~ the liquid salt 

··.used in this investi~ation was measured by the pendant drop ~ethod. 19 .· .·. · . 
•. 

No measurable .• change in surface tension was found between 300~c. and 

.,, 

. ,.. ; .. 

. ' 
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V. RESULTS 

Two features of grain boundaries were investi~ted in this study: 

(a) temperat~re coefficient of grain boundary energy, and (b) reduction 

of grain boundary energy by solute atoms. The first of these could not be 

unambiguously measured because there is a possibility that the changes in 

dihedral angle were associated with changes in solid-liquid interfacial 

tension -y
81

• Direct measurement of this value could not be made because 

the contact angle between·the liquid salt and copper was zero in the 

temperature range used in•this study. However, indirect evidence was 

obtained which indicated that the temperature coefficient of the ._solid-

liquid interfacial energy was small. The surface tension of copper is 
. . . . ' 

. . 20 
estimated to vary less· than 3% betwee~ 1000°C and.room temperature. 

' · The change in the surface tension of the liquid salt was measu:r:-ed' ·by 

the author and found to be less than four percent over the range ·of 

temperature used in this investigation. 

The surface 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 reasonable to expect that 

the temperature coefficient of the interfacial tension be. no more than 

the coefficient for the surface tension· .of the copper .or that of the 

molten salt. 

The strain eriergy model of grain boundary set forth in the beginning 

of the study predicts a temperature coefficient of grain boundary energy 

(eryGb/oT) to be the same as that for the shear modulus •. 
. .· . 21· 

The temperature coefficient of the shear modulus. is about ·. 
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l. 5x10 ~4 oc-1 . . fhe . slope of th~ modulu~ •vs. •· the t~mpera ture curve is 
. . . ·,. 

shown in Figs;~ 5-~. 6, and 1:; and the en~rgy points· show. fair ·agreement,_ 

. -
~e correspondence of the results does not justify claims of confirmation 

··of the strain t;!nergy model. However, certain ·limits can be set. The · 

accuracy of·the results do justify asserting that the relative grain 

This increase is .. · 

J." ·..::. .. 

_,·. 

• I', 

. :boUndary energy increases with decreasing temperature. 

· •·larger than would be from entropy consideration alone. Read and Shoclcley
22 

· 

have estimated that the entropy contribution to the grain boundary energy 

':· -4 
.,. represents. less than 2% a); 1000°C. ?ryGb/?!r is not larger than 2.5x10 

,.'( 

· · ·and is fairly linear. '• ' 

' ' 

Figures 5, 6, ·and 
/ 

7 show relative grain boundary energy·for copper ·.·. 

· b;t·cry~tals that contain .02 percen-t; silver as well as 'pure crystals. . . .. 

' 
. Two. temperatures were selected for measuring grain' boundary energy of_ 

:doped crystals: 1000°0, the highest temperature at which these measur_e .. 

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

e~uilib~ium segregation might be obtained in a reasonable time. 

... ~ 

' . 
'' 

.• 

.- ... 
The relative grain boundary energies at l000°C for the doped 

boundaries were within the experimental accuracy, e~ual to that of the 

' ' 

· .. undoped crystals. At 300 °C the relative grain_. boundary energy averaged · · 

· 30 percent less than. that of the undoped crystal. If this reduction in .... 
. . ' . 

energy .is assigned to silver atoms segregating to a boundary region of 

·" .O: .. lo-7 em thick,. the~, according t6E~. (9), the grain boundary concentra-_ · 

. '·· ,tion of .Ag is 5X10-3 or 25 times higher than that of the bulk. The :. 
.• !"" ... 

·distortion energy or· driving force would be 6,-500 cal/mol. The reason-· 

ableness ~f this energy cannot \be directly tested by E~. (5) because of. 

.. , ........ 

·the _difficulty of estimating the atomic radius of the solute atoms. · 

. Misfit energies, Q, from grain bo~dary energy measliremen~s and from 

.. ~ . 

'\ 

" 
•, ;. ' 

'·.' 
. -~. 

y· 

·, . 

! 
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. '. Table I •. Relative ·grain boundary energy of pure tilt copper 
bicrystal of three grain boundary .angles. 

Grain Boundary Energy Relative to Surface Energy 

Temperature 
oc 26° Boundary 45° Boundary 53 o Boundary 

200 .280 .297 .• 305 
300 .283 .299·. .310 
4oo .262 .284 .287 
500 .277 . 298- ·-· : .. .293 

· 6oo .266 .278 .• 271 

700 .254 .266 .270 
Boo .• 240: .• 275 .279 
900 .259 .254 : ' . · . .278 

1000 ' .234 .265 . • 256 
/ 

i 
' 

Table II. Relative grain boundary energy 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 

26 ° Boundary 

.200 

.225 

•• J, 

~~- · .. 
',#, ••• 

::, 

'. 

,' .. 

... ' . 
. '·· 

. ··. 

45° Boundary 

.• 210 
.250 

... 
.-•·,, 

. . . . 
·.' 

·: .:·.: 

... 
'·· . . . ' 

~- 't •.. ' .· •• .\ ~ ... • ' '~ .' • ' : 
. '",\. 

·~ ~ T ~· ' 

' J ' • ':• I~ ,• ' 

-~, -~ -~ . . ,·· • 1 ·\.' ; :< . . \'" . ,,; '. "~ 
I • 

·.··· .''· ,. 
. \ .... ' ~ . . . :. . . . .· '; ·· .. )· .. 

' "· 
. : ! . " .. '. ·~: ··, 

• r' I~, .• 

,• . .. 

,.... · .. ,·. ,'. '.. ·,.' 
' •. · •• j•· 

: . .. -.. ·.,.'' 
: . .. ' . ,· 

,··,, 

53° Boundary 

.205 . 
• 240 

I • • •' 
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' I',,~. t';' ,', t 

. ... '. ~ . . . '' .' . ' ' 

' '.·., ·: 
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. Atomic radii.· 
diff with Cu •.·:· 
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····\ 
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;_ .. . , 

·lo-1isfit ene'rgy . :-:·, .. '···< • 
Q. in Cu lattice :: .: >··· · .. , 
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.. !' 6,500 1 :·: _4·~. " 

_·, .. 

•'f 

\ : .... ~ ....... ' , .. : . .'· ; . .... ';• ·- ,.' 
· ... -·-· ~~ 1.44; 

1.59 

1.70 

0.16 

0.31 
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Ca;Lculated· .from Eq_. ( 9) b~sed on grain boundary energy. . '. 
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· · · :' . ·Based on lattice parameter measu~ement . by McLean •. 3. 

' • .t' 

). . - . ·~ ·.;, 

. "· ,';,~ ·._ 

.... . · 
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• .. 
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Figure 8 shows the relationship betweenmisfit energy, Q, and •the '· 
- . ' '..c· :• : ... • . • ~ :.;'~ • 

•. 

·-difference between ·atomic radii or' solute and copper. ·. The apparent_ 

linearity of the plot. is probably due to a fortuitous cancellation of, 

• ~-y_ -!' 

errors because a complete model would have to account for differences ·of·,:· .. · · '>.. · 
• • • : • : -~ ~. •t"' • • 

.· .. r,. 

; · .. · . ·.\~· yalence, electronegativity,_ and tendency .to form compoimds. · 
·',·,.1 ·•• } '1 .• 

' • : -~- 1-
"' ... :: 

• _1. 

--.:_·.,·, ·.·. ~ ·•. ':~ 

. . . A thermodynamic' estimate of misfit energy cari. be made in the· ·· . , '· .. 

- :, .. copper. silver system because both elements have' the '·same electronegati.vit;-_~':;. ': ::>' 
.·· .::· .. ' . ' . 

· .. ' · · · . and thus a departure from ideality of siiver.;;.copper solid solution is 
'• ·. 

.. ·, 
~·· . 

. . : . . ,, " . 
likely to be the result of size difference only. The· excess. partial molal ; . > ·_'. :'' . ·, . . .~-

. . .. ~· . ' . "', 

.. : -~---· :· .- .·<~-: . :·::free energy of si~ver in ~opper ;' ~'. is th~ e~tra. fr~e energy that ~ .. m~le ·~ ~ ." ·:.: 
. ' 

,:,~'. 

. ' . ~-

t .·~ .. 

.. :{ 
• /. 1-,' 

. :_ 

. ~' ~ -. 

· .. _, 
t •· . ' •• ~ 

... 

.. : 
''.• .. ~ 

' 

" of.: : silver in a copper solution h,as over a mole of silver 'in a solvent 

that created the same environment as foun_d in pure silver. ~S for .. _ 
. . ' ' .·: . .· : . :' . '; 24 : .·.·· 

·dilute solid ~()lution. 'of silver in copper ;l.s. 6973.· .calor.J.es/mole. ;:-. ;-
' . . ~. · .. 

Another independent estiiilB.te of the extent of solute segregation' 
4' ·• 

..~ .. 
'\ _: . ~. 
· . 

.. 
can be made by assuming tpat grain boundaries· behave -~_ike a ·liqU.id,: ~- .. •··. 

• - ~ J ~-
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This model is unsuccessful-in explaining mechanical properties of grain 

boundaries but -it approximates the environment that a solute atom would 

find at a. boundary. The mechanical forces associated with the difference 

of atomic size would be much smaller in a liquid than in a solid. Yet 

,, chemical interaction between solvent and solute atoms would be similar 

in the solid solution and the liquid solution. The derivation of Eq. (5) 

uses essentially these conditions. The tendency for solutes to concen-. 

trate· in the liquid in equilibrium with solid can be determined from the 

phase diagram. Copper-containing 4.5 percent silver will be in 

eq~ilibrium with liquid containing .40 percent silver at 740°C, giving a · 

distribution coefficient of 0.11. The distribution at other- temperatures 

is given by?5 · 

Ln K = (~m) Ln Km + M3/R (Tn/T-1) (11) 

where K is the distribution coefficient at temperature T, 

K is the distribution coefficient at melting temperature T , m m 

and M3 is the entropy of fusion of the impurity at T • . m 

M3 for melting of silver is 2 •. 31 cal/°K/g-atom, 24 and M3 for grain 

boundary segregation should be Smaller because grain boundary atoms have 

greater order than liquid atoms, thus tJ;le second term of Eq. QJ.) may 

well be disregarded. On this basis, Eq. (11) predicts a distribution 

coefficient between silver in bulk copperand silver in a liquid like 

boundary at 300°C of 0.02. The distribution coefficient calculated from.' 

grain boundary energies is b.o4. 

Solute atoms with atomic radii different from the solvent will 

change the lattlce parameter of the. solvent. · This change in lattice 
' ' ' 

parameter can _be detected by x-ray diffraction and a misfit energy can 

be calculated.. 

·'' 
·. •' ~-

. ''.··· ..... 
'' 

. ! 

.. ;. 

'I 
I 
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The deriva:tion.of Eq. (9) uses· a single free 'ei1ergy differenc-e ,·. ,..,_. 

·. between a bulk site and a boundary site.' The nwnber and .energy of _,. . ..... ~ ·-. · .. 

. . . . . . .. , -... ~ '. 

l ·--~· 'boundary sites also is, assumed to remain constant during segregation." '·',_f.' . 
. < j, : .. : ' -.,: •. r. • . 

-, ·. 

' /' ' of the solute to the boundary. Failure of the model can be anticipated ·t·;:·:· ~' . ~· 
. ·--

··· in the example of a solute with a very high misfit energy. In the 'case 
--~-. t~ ... ~ :~-- ·,. '"~ 

"' - .. ~ . 
. . . _: ; . ~-~ .... _ ..... '· _. 

of a solute with a misfit energy of 30,000 calories per mole, a bulk ·' -~> · · · ·. · . 
. . ' ~ .. "" 

: .-'\ ..... 

concentration of .100 parts per billion could saturate the grain boundary.· . . . . 

. '' 
. 1 ~ .... 

- ,. . sites in coarse grained material :even at 1000°K, preventing the boundary ·::: ,_·~.': 
\ ·.- .. 

' ' 

. ·:. from playing , any further role in solute segregation. A. solute with a. 

·· · ... : ·high misfit energy would, of course, have a lowsolubility, but probably 0 i'·'· ·; ' 
t ~- ' . • ' : ' . ' . . • - ' • - ; . . ·-" •• -\ ... • . 

... . ~ 
·not less than 100 parts per billion at 1000°K. All but .the purest of . ,,_,: .·:: ·' 

metals should cont~in enough high misfit energy atoms to saturate grain 
" . 

' 

boUndaries if the distribution of atoms obeyed Eq.: (9). · Once saturated • ~ · ...... · 
,· .. 

,"'I' 

·: .·. 

these boundaries would no longer· attract. solute atoms. .However, it · . ,i .. · 

is well known that the addition of small a.moimts of solid solution;·:solute 
.. ~. . 

'·. can have a great effect on high temperature intercrystalline fracture. 
·:·~; __ ~--::~-~--;.:_>-: ' . 

grain boundaries were saturated iii "pure" metals:~·:.-::·.: This could not occur if 
• • • • 1<-_ ~ ... -~ • 

. by impurities of less than 100 parts per billion, then no change should ;~ ; 

be observed in grain boundary behavior by the addition' of 100 parts per.···_,<_ 
,/ 

million of intentionally added solute atoms. But.large changes are· .. ' . ; 

' " 

o:ften observed, and the reason behind this .apparent ~nconsistency lies·:_in · ·· · .. : 

, the fact that not all grain boundary sites are alike. Some foreign atoms · ~. 

. . • .. · will have a size which differs greatly from that of the .solvent atom. 
:. • • • • ~ ''!:"' . 

·:·~~:.>· ..... ,' 
. 'il'.·· .. '.'; 

.Therefore. a site capable of relieving all the elastic strain induced in -· ,, 
·~ . ' . ( ' ' ' . . ' . . . '~. . . . . ' 

.the lattice. by a ,very large (or srn.all) atoms would. have .• to be 'very . 
' -~ ·~ : ~ t ' . ' 

different in "size" from the ave:rage latt~ce ~ites~,. Such sites might: . 
'·'". . . ... . . .. 

be few compared to the number of boundary sites suitable·. i~ ~'ize to 
·,' 
·' .·· .. =·· 

... ,, • • ,.,. •, •I 
I I • l ~ : ' ~ • ~ ...... ' 

. I"· .. ·· .. 

•. 



, .. J_, 

:,· 

:'' 

accommodate foreign atoms closer in size to. the solvent atoms. Evidence . 
' . . 

. _for sites of different size or "energy" was found by Darkin, l3 who 

studied the behavior of nitrogen in iron. In cold worked iron there 

appeared to. be only two types of sites for nitrogen. However, experi-. 

mental limitations would have prevented the detection of even higher 

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

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

level" for solute segregation. In a high angle boundary with a comple'x 

structure, the "energy level" of boundary sites suitable for segregation 

. would very likely be a spectrU.m of energie·s. 

The grain boundary sites are capable of minimizing misfit.energy 

. > .. 

.because they reduce the elastic strain created by th:e presence of foreign · ·., 

· atoms. If the sites are close together, their stress fields overlap. 

Therefore occupancyof a site by a solute atom not only·reduces the stress 
' . 

_ at the occupied site, but will also change (or even reverse) the stress 

field around neighboring sites. As segregation·proceeds, the free energy 

difference between boundary_sites unoccupied by solute atoms and bulk 

· sites will decrease. 

For an accurate understanding of grain boundary segregation,. a 

complete inventorY-" would have to be made .. of the number and kinds of 

foreign atoms at boundaries under a variety of bulk concentration of 

solutes, and at a number of different temperatures. _Onlyin this way 

could the .number and energy distribution of boundary sites be evalUated. 
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" ··· copper at _temperature~ ·as -low as 20P°C by. a~ ion exchange process int' '·' 
,· 

~. ··L>.: '• • .. : 

.:. ' •. . ··~ .. 
..·.; 

. Grain boundary energies determined with this ·method showed·./. molten salt. 
. ' '·'· .... ··.·· 

·._-;• 

'.. ' ,· .. an energy variat.ion with. temperature that was similar to the variation 
I 

' ' 

'· .... ~f shear modUlus wit];l temperature. The dislocation niodelof grain 
-~ . ' . 

.:-:~~~-~·~ ... ~. 
· .. 

' '·' : .· .. boundaries presumes.that most of the grain boundary energy is associated 

·'. 

.... . I ' I --- ...... 
Therefore this model would predict that the .... > 

·,. 
with elastic strain energy. 

temperature coefficient of the grain boundary energy and shear modUlus -, ~ ·~ 

'' shoUld be equal.· 
\", 

The grain boU!ldary energy, of copper containing 0.02 percent silver 
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