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AN"ANALYSIS OF THE METHODS USED TO CALCULATE THE GRAIN
BOUNDARY SLIDING CONTRIBUTION DURING CREEP¥

T. G. Langzdon
Inorganlc.Materlals Research Division, Lawrence Radlatlon Laboratory, -
.and Department of Minero . ”ccnuoioyy, College of Engineering,
Unlver51ty of Cd.Ltornla, Berkeley, Callfornna
Much interest has;beenlﬂeﬁtered recently on the phenomepdnvof‘grain
Boundary'siiding, bartiCUlurly in studies of‘£he-f6rmatidn.of cavities
during high~teﬁperature creép.l A large ﬁuﬁbéf 6f'pépérs hévé’beeh de_
voted to tﬂis‘subjééf-but unforﬁungtely‘many inconsistenciésfexiét'in the
h tréatment'of.the éxpéfimental data. ‘The‘purbose.of this note is to draﬁ
A atténtion ﬁo thesevinéonsistencies.aﬁd to present_ﬁﬁémﬁiguéus.féfmdiae
for use iﬁ fﬁturé sfudies;
If a specimen isvsubjectéd to creep te$ting,>the tdta;istrain,_Etot,
consists of two éomponenf parts, such that | |
>Etot=ES.+Egb N ¢ O
where Es is‘thebstréih due fo traﬁé—érannlar prodesseé'bccﬁfr;ng ﬁifhin

the graiﬁs, and EgB is'the‘étraig due to grain boundary slidihg. AA

i

f'number of workers have calcﬁlated the percehtage contfibutioh made by
slldlng to the overall extension in the form of the ratio E /Etof (=v),

;6?; in somelcases have obtained sufflélent readlngs that a calculatlon
éan be-madeiffém'their results. A Compreheﬁéive reviéﬁ is’givenAin Table 1,

in which a classification has been made écéording‘tb-thé material used

- ¥ Originally published as part of a Ph.D. thesis submitted to the

University of London,:June 1965.
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and the method of measurement. The numbers in.the Table cite references
~given in the bibliography. The u, v, and w offsets refer to a resolution

of the sliding vector into three mutually perpendicular cbmponents: u is

the sliding'éomponent measured parallel to the stress gxis; v is the
component perpendicular both to the stress axis and to the specimen
surface, and w is the component perpendicular to the stress axis and in

the plane of the surface. With only two exceptions (references 13 and 33),v : i

all determinations of y ffom measurements of U, Vv Or w refer'specifically
to surface observations. The method of grain shape measurements,
originally proposed by‘Rachir'}ger,8 has the additional advantage of also

allowing a determination of y in the interior of specimens, as indicated

-

in the Table. _ ' o s |
However, although thisﬂlarge volumé‘of'work exists, it is usually
not possible‘to’compare results directlyESince different‘workers have | 3
often utilised differehp methods of calculation. This arises due to the ' )
complication of‘éoﬁverting from measuremehté éf £he offsetsveither
' pérpendiculér fo, or in #he plane of, the\surface'tb the resultant
longitudinal éxtension of the specimen. :Gifkinshu has pointed out tﬁat

a general equation to cover this conversion is given by o |

Egb‘=.k nx . v (2)

where n = no. of grains/cm

X éverage’displacement at the boundary (u, v or w) - "1 o i
k = a geometrical averaging factor -
In praétice, the value of k in Eq. 2 is dependent on both the PAT

parametervchésen for E.and_the method of measurement. For example, for

readings of u the value obtained for u will'depend on whether measurements

|




afe recorded along a léngitudinal or transverse traverse of the specimen,
. since eachﬁtraverse will intersect boundaries haviﬁg a different angular
disﬁribut}op withvrespect to phe'stross éxis; This fact has been over-
iéoked by the majority of previous workers, and the values utilised fo;
- k have often been baégd on incorrect geometrical assumptions. A éompérispn
between the results 6f different vorkérs is thus only possible if ailowance
is made for these discrepapcies. |

If the longitudiﬁal off'set, ﬁ, is measured at ¢§ery boundaiy inter-
':sected by‘a‘iéngitudinal ;ine, iﬁen it follows direcply tﬁat '
| E.=nd : [ ) B

gb n ulong

lon

. “traverse. In practice, measurements of u are more easily made from a

where u. g refers to the average value of u obtained from a longitudinal

: , i .
transverse traverse, and Brunner and Grant;5 have 'shown that

_Egb is then given by.

Egb =n (utrans"

tan §) ' (L)

- where the subscript "trans" refers to measurements tsken along a trans-

verse traverse, and 6, sthe angle between the boundary and the stress

_axisbin the plane of the surface, is measured at every boundary inter-

sected by the traverse. Equation L is correct at low values of Etot'
Measurements of the w parameter are usually taken along a‘longitudinal

 traverse, and it has been showns° that Egb'is then given by

‘ Egb =2 n (wlo

~ /tan 8) : (5)
ng _ .
where the average bar refers to the average of the quotient.

Difficulties arise in the determination of y from the offsets

perpendicular to the surface, since the values of v.are directly affected



e

by thé presence of a'free surface,-and by the.change'of internal angle
which occurs as the boundariea migrate to become perpendicular to the L
surface during ‘creep.32 It has been pointed out elseWhereBQ that in |
this case EéB is best;calculated from the GQuation

Egb =kon ;ran' o . ‘ (6)
where k is determined experimentally by tne direct measurement‘of.E;? and
;ran refers to readings of v taken ranaomly rather than along a particular
llnear’traverse (as, for examble, by the use of 1nterferometry) Experl—'
ments w1th magnox, a Mg - O. 787 Al alloy, have ylelded values of k of ; i ﬁ
the order of 1. 07 when the total strain is about P%

A compelte summary of the various equations used to calculate ng
is given in Table.II, and these will now be examined in detail.

One of thetearliest techniques, put forward by MoLean,2 involved : ‘ ;_;
measuring, at the same p01nt both the vertical step height v and the . B fv%
component of slidlng along the\grain boundary in the plane of the surface.' l
This was then used to calculate the total sllding displacement ‘but, s1nce
‘there was a large inaccuracy 1n-the latter measurement a method was . t ’ ; o
later developedu6 Whereby'E could be calculated directly from v .

34,18

measurements alone, and this was made use, of 1n subsequent work

‘To obtain a relationship between.Egb'and ;ran’ McLean assumed that the
angle between'the sliding vector and the streSS’axis could take all ) :' .
values oetween O°vand 906'with equal frequency. Tnis is correct,‘but’_ - ‘ ) { |
McLean overlookea the fact that his v measurements'were made -on a planar

surface parallel to the stress axis, where the angles of intersection

follow a sinusoidal relation. Also, no allowance was made for the
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internal change of angle which occurs due to the tendency for boundaries
to migrate to an eqﬁilibrium position pérpendicular to the surface. A

number of other workers have computed y using the McLeah relationship,

)1/2

“which includes a correctibn factor of (1 + Etot to compensate for

the reduction in angle between the boundary and the stress axis as the
. S R U, . 21,23,28,
specimen elongates. Some workers have included this correction :

34,35,37,40 14,38,39

, but others have not , and, furthermore, some workers

" have taken measurements of v along a longitudinal traverse instead of

randomly.21’23’37

In an attempt to calculate y for Al and Mg specimens; Dorn and

10,30 -

co-workers measured - truﬁs’ They then calculated E . by assuming

.. 8b
a-k factor of l; but this is incorrect since the»value of u obtained
from a transverse traverse is notlequal to that obtained from a longitudinal
traverse. In later work,ll it was aésumed; without explanation, that

the value of k was 7/2, but there is no Justification for this sihce a

transverse traverse interseéts, on average, boundaries more nearly parallel

. - . = 32 _
to the stress axis, and Upoons 1S greater than ulqng' Frgm BEq. 3

it therefore follows that the correct value of k must be less, and not
greater, than unity. The same workers7,also assumed a k factor of unity

for use with measurements of v, , but again this was unsubstantiated.

_ trans
Ishida, Mullendore and Grantl3 distinguished between longitudinal and

L7

transversé traverses, but they_oﬁerlooked:the fact ' that measurements
of w, unlike u, included no contribution_from the sliding component
perpendicular to the surface. The equation they used is incorrect since

it underestimates y by a factor of two. This can be seen by reference to

Eq. 5.
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Rachingera'attempted to determine Y on the surface by measuring both
the dlsplacement of grld lices ana the offsets perpendlcuiar to the sur-

face He showed.theoretlcally_that the average gap at s graln boundary

(E), measured parallel to the stress axis, between the ends of a longitudinalv

grid line was given by
_ (F‘tot- N Es) Ru ' ‘ (M)
This is correct provided u is determined from a longitudinal traverse.
However, Rschinger ineorreetly asswned that the value obtained for u was
independent of the directionjof traverse, and measurements were taken
to determine u, bfromﬁa transverse traverse.
trans » _

Slmllarly, Rachlnger theoretically showed that the average dlsplace—

mént w measured perpendlcular to the stress axis between the ends of

a transverse grld line, was given by

<l + Es)r;/E )-1/2 ﬁ 7 (8)

N (1 + Etot
Gifkins39 has pointed out that, when Es'and Etot are both small compared
with unity, this latter expression reduces to

[Egb =72 now : . S (9)

Rachinger incorrectly measured w for use in Eq. 8, and agaln made

long
no dlstlnctlon for w obtained from a partlcular traverse.
To utlllse measurements of the offsets perpendicular to the surface,
Rachinger assumed that;;;and w were equal, so that Eq. 8 reduces to
Egb é 2 n v : _ (10)
Results Presented elsewhere32 show that this assumption is invalid.

Furthermore, Rachinger measured v using a Talysurf surface analyser‘along

a longitudinal traverse, cand thus in reality obtained Vlwng




To summarizé, in each»case Rachinger used an invalid formula for
his'surface measurements, and the agreement obtaiped fér the,different
‘meﬁhods was tﬁerefore probably fortuitoﬁs.v Thevvalue of k ='2,'whiéhvis .
a direct consequence of Rachinger's for mula,8 mefely resultsvfrom the

‘fact that u consists of both a v and‘a w component. Latér calculations

- 38 39

of y from v
ra

8 =
1o, measurements using k = 2 are therefore not
1ig . - .

Justlfled
Coullng and Robert529 attémpted an experimental determination of k

for use with ut ans’ and fully approc:ated that E vas best’calculated

”from'Eq. 3. To convert from the tranuverse to the 1ong1tud1nal component,
- they measured the average'value of u in each lO° increment of 6, and

determined the frequency of -occurrence of each increment on a longitudinal

<

‘traverse. This method is essentlally correct, but their result must be

accepted with reserve since their mea sured dlstrlbutlon of u with 6
is unlike that obtained by_other investigétors.ll’;g’32A

Mo;e recently,-Gittinslu attempted to‘détermihe Y by showing that

u= (v/tan ¥) + (w/tan 0) (1)

where'w is the angle, measured on a transverse éectioﬁ, between the |

boundary and the plane of the surface. He further assﬁmed that it was.

possible to take the independent average of two variables appeafing in a

fraction, and 31nce, in ‘the interior, Ilong = vlbhg’ he obtained

= (2 n/tan 5) W S (12)

'E = (2 n/tan V) v long

gb
Since 6 = ¢ = 57.3° initially (both theoretlcally and by direct

lon

g 48 —_ _
measurement ), and by taking tan w in place of tan Y, he deauced a.

geometrical factor for the. interior of k = 2/tan 57.3° =dl528. Because



of the change of angle occurring at a polished:surface, Gittins'measured

the ratio v. /

long . for an énnealed.surface, and obtained ‘a value of

'wiong

1.5. Thus the value of k for use with vlong on this type of surface

was k = 1.28/1.5 = 0.85. In'fact, this analysis is unacceptable, sincél

it is not always valid to take the averageiof the two variables wlong
and ® independently. This is shown by some typical results obtained
on magnox. Measurements of wlong and 0 were recorded on the polished

surface of a spécimen deformed to 2.5% total Strain, and, after a total

of 300 readingé, the values obtained were as follows:

—_ - L L - o
wlong 0.872 Hmy 0 = 58.0.
<Viqng/tan §) = 0.628:

. :::A'.A.;.Egb_— 2 n (wlohg/ﬁanae) B (5)

2 x 0.628 x 1o‘h'n.

If the variables are taken separately, and tan aiused in place of

tan 6, then; by the Gittins.analysis;

{ ) W , 12
Egb (2 n/tan 8) Wlong v (12)
= (2 n/ten 58°) 0.872
-4
=2 x 0.545 x 107 n.
The true value of krﬁo use wifh individual values .of w.- : in this

. long
case is therefore k = (2 x 0.628)/0.872 = 1.4k4, which is even higher

than the value of 1.28 calculated by Gittins for the annealed surface.
Results on other specimens also indicate that the value_of’k dérivedﬁin'

this manner is substantially ygreater than 1.28, although the average .
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tions

intercepﬁ angle, 51 is always of the order of 57° - 58° and therefore
agrees well with the theoretical vaiue of 57.3°.

+ The method of determining y from- grain shape measurements, first

. 8 . . : : .
" put forward by Rachinger, involved measuring the number of grains per

unit'iength in directions both parallel and perpendicular to the stress

“axis,; and this technique has been utilised in a number of publiéa—

8,13,15?17,2h,hl' A better procedure is to measure the maximun

length and breadth of indiviaual grains, in the manner suggested by

L R ' - .
Hensler and Gifkins, 9 and measurements of this type have been carried

out by a number of workers9’lh’16’25’26’27’31’32’33’h2;h3 (although

it should be ﬁofed;thaﬂ,énli the length‘OT the‘grains ﬁas measured in
referenée.QS).' Even with this technique,3thever; difficulties may
arise in the haﬂdling of the experimental data;Aas pointed out by
Sellars.SO Furthermore, resﬁlts presented'elsewhere32 indicate'that_no

reliable values of y can be cutained from grain shdpe measurements, owing

to the tendency for.bouhdary migration to maintain the grains in an

~equi-axed configuration.

- The conclusions to be drawn from this analysis are that all workers,

12,4k

with the exception of Brunner and Grant, have used an incorrect
method to calculate y. These methods have been examined in detail, and
it haé bqen shown thatkthe discreparcies éaﬁ 8ll be resolved in ie:ms
of invalid assumptions.'*Table’II indicates that the range of magnitudé‘
of these discrepancies is often quite lafge. The method uséd to determine

' L= RPN ¢ S . L
Yy from measurements of V. by Gittins,” . for example, would yield a

long

value less than half that obtained by the Rachinger8»analyﬂis from the



~i0=

same readings;_ The methods used to calculate Y from u : méasurements~

_ trans
range from the use of ‘k values of 1.00 to 1.57 in Eq 2, although it

was pointed out ﬁhat'the correct value of k should be less than ‘unity.

This suggests that the valués of y obtained by Dorn et al.,ll‘for which

k =n/2 =~l,57,vand:Couling and Roberfs,zg'for.which k-= l.bB,.may-overQ ’

estimute the true value by almost a Tactor offtwo.. In thiévrespeét it
is interesting to.note that the values reported by Coullng and Roberts
were at all tlmes very large, rangln( from a, minimum of 67% to & maximum,

. of 93/0.

I am gratefﬁl to Professor R. L. Beli-and Dr. R. C. Gifkins for many

helpful discuésions. This vork was . carried‘out at Imperial College,
Unlver51ty of London under a contract furnlshed by the Unlted Klngdom
Atomic Energy Authorlty Financial support was prov1ded by the Unlted

Stdtes Atomic Energy Commlssuon during the oreparatlon of thlS paper.
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Table 1

Previous Determinations of y

Y from ' y from : - y from grain shape
Material "vertical" (v) = "horiszontal" m —
' offsets (u,w) offsets (i) - (ii) (iii)
'Al' S 2;3,h,5,6,758,9v 2,8,10,11,12,13 8,13,1&,15': ©9,16,17
Al alloy 3,5,18 12,19,20
e 21 |
B-brass xiu,zg ) 1k o 1k
S cd - 3
Cu>‘ .ﬁ 3
Cu-0.15% A1 23
Cu-O.37%ABe. 3 | |
Fe n 3 “ ‘ S . _214',-_25.' L _A26,2'7
Fe-30% Ni 28l‘ | | o
Mg SRR 29,300 f“ o '1 31
Mg-0.78% AL 32,33 "  S 32,33 32,33
Ni 34,35,36,37 | -
o T
Pb~é.é% T1 . 38;39
Pt | ub,‘
Sn = 3
Zn. 3
Steel .: | . ' | , L1 b2, k3

¥ (i) = suriace and interior.
(ii)

(iii)

Sheraea ey,

Interior only.



- Formulae Used by Pravious Workers to Calculate Efb
. g0

15—

Taple TI

- Conmonent

Formula Used

-Workers Reférence Meusdred
McTean L6 ;;&n '.Egb (/37/55 5 *;an(l T Ep o
Fé%an% Sherby, | 10 ;;runs Egbv " E-1;I‘c’ms
and Dorn . » . o )
H?rper, Shepard; | 11 E£funs "Egg ‘(n/Qj n Ekrans
snd Dorn ‘
‘Hafper and Dgrn' T » ;;runs‘ -Egb n ;lrans
Brunner anQ G#ant" hs v E£r§ns ?é# n (u£rané ténvb)
e mlewore, 33 T e )
Rachinger 8 v G;fans Egb n a;rans
" ! ;iong Egbv 2n ;iéng
" "’ ;iqng, | EgE‘ 2 n ;iong
Couling and Robertsr 29 .Gér#ﬁs .Egb 1.5 n E;rans
Gittins 1k ;iong* Egg 0.85 B V) ong
Langdon and Bell v Bp=1.0Tnv,

)1/2

*_Measured on an. annealed surface.




This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person -acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






