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AW ANALYSIS OF THE METHODS USED TO CALCULATE THE GRAIN 
BOUNDARY SLIDING CONTRIBUTION DURING CREEP* 

T. G. Langdon 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Depaftment of Minera Technology, College of Engineering, 

University of C-L Liornia, Berkeley, California 

Much interest has been netered recént]y on the phenomenon of grain 

• oundary sliding, particularly in studies of the formation of cavities 

1 
• 	during high-temperature creep. 	A large number, of papers have been de- 

voted to this subject but unfortunately many inconsistencies exist in the 

treatment of the experimentnJ data. The purpose of this note is to draw 

• attention to these inconsistencies and to present unambiguous formilae 

for use in future studies. 

If a specimen is subjected to creep testing, the total strain, E0t, 

• 	consists of two component parts, such that 

E=E.+E 	 (i) 
tot 	s 	gb 

where E is the strain due to trais-granular processes occurring within 

the grains, and Eb  is the strain due to grain boundary sliding. A 

number of.workers have calculated the percentage contribution made by 

sliding to the overall extension in the form of the ratio Egb/Etot 

or, in some cases, have obtained sufficient readings that a calculation 

can be made from their results. A comprehensive review is given in Table 1, 

in which a classification ha's been made according to the 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 nunbers 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 components: u is 

the sliding component measured parallel to the stress axis, 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), 

all determinations of y from measurements of u, v or w refer specifically 

to surface observations. The method of, grain shape measurements, 

originally proposed by Rachinger, 8  has the additional advantage of also 

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

in the Table. 

However, although this large volume of work exists, it is usually 

not possible to compare results directlysince different workers have 

often utilised different methods of calculation. This arises due to the 

complication of converting from measurements of the offsets either 

perpendicular to, or in the plane of, the surface to the resultant 

44 longitudinal extension of the specimen. Gifkins has pointed out that 

a general equation to cover this conversion is given by 

Egb = k n x 	 (2) 

where n = no. of grains/cm 

x = average displacement at the boundary (U, or 

k = a geometrical averaging factor 

In practice, the value of k in Eq. 2 is dependent on both the 

parameter chosen for x and the method of measurement. For example, for 

readings of u the value obtained for u will depend on whether measureients 
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are recorded along a longitudinal or transverse traverse of the specimen, 

since each traverse will intersect boundaries having a different angular 

• 

	

	distribution with respect to the stress axis. This fact has been over- 

looked by the majority of previous workers, and the values utilised for 

k have often been based on incorrect geometrical assumptions A comparison 

between the results of different workers is thus only possible if allowance 

is made for these discrepancies. 

If the longitudinal offset, u, is measured at every boundary inter-

sected by a longitudinal linc, then it follows directly that 

Enu 	 (3) 

	

gb 	long 

where u long refers to the average value of u obtained from a longitudinal 
•  

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

• 	transverse traverse, and Brunner and Grant 45  have shown that 

Egb is then given by 

E 	= 
gb 	n (u trans . tan e) 	 (4) 

where the subscript tttransu refers to measurements taken along a trans- 

verse traverse, and O,the angle between the boundary and the stress 

• axis in the plane of the surface, is measured at every boundary inter- 

sected by.the traverse. Equation 4 is correct at lowvalues of Et0t. 

Measurements of the w parameter are usually taken along a longitudinal 

traverse, and it has been shown 32  that Eb. is then given by 

E 
gb 	long 

2 n (w 	/tan o) 	 (5) 

where the average bar refers to the average of the quotient. 

Difficulties arise in the determinationof y from the offsets 

perpendicular to the surfae, since the values of v.are directly affected 
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by the presence of a free surface, and by the change of internal angle 

which occurs as the boundaries migrate to become perpendicular to the 

surface during creep. 32  It has been pointed out elsewhere 32  that in 

this case E 	is best calcuitec1 from the equation gb 

E 	=knv 	. 	 . 	 ( 6) 
gb 	ran 

where k is deternUned experimentally by the direct measurement of E 5 , and 

v 	refers to readings of v taken randomly rather than alohg a particular ran   

linear traverse (as, for example, by the use of interferometry). Experi-

ments with magnox, a Mg - 0.78% -Al alloy, have yielded values of k of 

the order of 1.07 when the total strain is about 2%.32 

K compeite summary of the various equations used to calculate Egb 

is given in Table II, and these wil]. now be examined in detail.. 	
0• 

2 i . 
One of the earliest techniques, put forward by McLean, 	nvolved 

measuring, at the same point, both the vertical step height v and the 

component of sliding along the grain boundary in the plane of the surface. 

This was then used to calculate the total sliding displacement, but, since 

there was a large inaccuracy in the latter measurement, a method was 

later developed 6  whereby Egb could be calculated directly from v 

3,l8. 
measurements alone, and this was made use of in subsequent work. 

To obtain a relationship between E and V 	, McLean assumeci that the 
gb 	ran 	 . . 

angle between the sliding vector and the stress axis could take all 

values between 00  and 900  with equal frequency. This is correct, but 

McLean overlooked the fact that his 'V measurements were made on a planar . 

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

foLlbw a sinusoidal relation. Also, no alowance was made for the 
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internal change of angle which occurs due to the tendency for boundaries 

to migrate to an equilibrium position perpendicular to the surface. A 

number of other workers have computed yusing the McLean relationship, 

which includes a correction factor of (1 + Et) 	to compensate for 

the reduction in angle between the boundary and the stress axis as the 

21,23,26, specimen elongates. Some workers have included this correction 

3,35,37,4O i4,38,39 but others have not 	, and, furthermore, some workers 

have taken measurements of v along a longitudinal traverse instead of 

randoinly. 21 '' 31  

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

co-workers10 ' 30  measuredu 	. They then calculated E by assuming trans 	 gb 

ak factor Of 1, but this' is incorrect since the value of U obtained 

from a transverse traverse is not equal to that obtained from a longitudinal 

traverse. In later work, 11  it was assumed, without explanation, that 

the value of k was ir/2, but.there is no justification for this since a 

transverse traverse intersects, on average, boundaries more nearly parallel 

to the stress axis, and u 	is greater than u 	•32 From Eq. 3 trans 	 long 

it therefore follows that the correct value of k must be less, and not 

greater, than unity. The same workers 7  also assumed a k factor of unity 

• for use with measurements of vtrans , but again this was unsubstantiated. 
' 

Ishida, Mullendore and Grant 13  distinguished between longitudinal and 

47 transverse traverses, but they overlooked 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 yby a factor of two. This can be seen by reference to 

Eq. 5. 
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Rachinger8  attempted to detrinine y on the surface by measuring both 

the displacement of grid lines and the offsets perpendicular to the sur-

face. He showed theoretically that the average gap at a grain boundary 

(U), measured parallel to the stress axis, between the ends of a longitudinal 

• grid line was given by 

• 	 (E tot- E) 	n u (7) 

This is correct provided u is determined from a longitudinal traverse. 

However, Rachinger incorrectly asumed that the value obtained for u was 

• independent of the direction of traverse, and measurements were taken 

to determine u trans from a transvese traverse. 

Similarly, Rachinger theoretically showed that the average displace-

ment w, measured perpendicular to the stress axis between the ends of 

a transverse grid line, was given by 

(1 + E)/2 -(i  + tot 	= n w 	 (8) 

Gifkins 39  has pointed out that, when E and Ett are both small compared 

with unity, this latter expression reduces to 

- 	 Egb = 2 n w • 

	

Bachinger incorrectly measured w 	 for use in Eq. 8, and again made 

no distinction for w obtained from a particular traverse. 

To utilise measurements of the offsets perpendicular to the surface, 

Fachinger assumed that vand wwere equal, so that Eq.8 reduces to 

E 	2 n v  gb 	 (10) 

Results presented elsewhere 32  show that this assumption is invalid. 

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

a longitudinal traverse, and thus in reality obtained v1. 
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To summarize, in each case Rachinger used an invalid formula for 

his surface measurements., and the agreement obtained for the different 

methods was therefore probably fortuitous. The value of k = 2, which is 

a direct consequence of .Rachinger's formula, 8  merely results from the 

•fact that u consists of both a v anda w component. Later calculations 

of from v 38,39 or 	measurements using k = 2are therefore not ran 	 long 

justified. 

• 	 Coulingand Roberts 29  attempted. an  experimental determination of k 

for use with u, and fully appreciated that E was best calculated 
• 	 trans 	 gb 

from Eq. 3. To convert from the transverse to the longitudinal component, 

they measured the average value of U in each 100  increment of. 0, and 

determined.the frequencyof occurrence of each increment on a longitudinal 	•' 

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

accepted.with reserve since their measured distribution of u with 0 

ll,JJ4,32 is unlike that obtained by. other investigators. . 

More recently, .Gittins 1  attempted to determine y by showing that 

u = ("v/tan ij) + (w/tan e)  

where4' is the angle, measured on a transverse section, between the 

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

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

fraction, and since, in' the interior, w 	= V 	, he obtained long 	long 

Egb = (2 n/tan 	V 1ong = (2 n/tan •)w 	 (12)long 

Since 0 = = 57.3 0  initially (both theoretically and by direct • 

measurement 8 ), and by takin 	in 	in place of tan 0, he deauced a 

geometrical factor for the,:i;ierior of k = 2/tan 57.30 	1.28. Because 



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

the ratio v long /wlong for an annealed surface, and obtained a value of 

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

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

it is not always valid to take the average of the two variables w 
long 

and U independently. This is shown by some typical results obtained 

on magnox. Measurements of w 	and 0 were recorded on the polished long 

surface of a specimen deforraed to 2.5% total strain, and, after a total 

of 300 readings, the values obtained were as follows: 

long 	
0 .872 irn; 0 	58.00  

(w 	/tan o) 	0.628 long 

Egb = 2 n (w10g/tan) 	 (5) 

	

= 2 x 0.628 x 10 	n. 

If the variables are taken separately, and tan 0 used in place of 

tan 0, then, by the Gittins analysis, 

E (2 n/tan •) 	 (12) gb 	 long 

(2 n/tan 58 0 ) 0.872 

	

2 x 0.55 x 10 	n. 

The true value of kto use with individual values of w 	in this long 

case is therefore k = (2 x 0.628)/0.872 = 1.44, which is even higher 

than the value of 1.28 calculated by Gittins for the annealed surface. 

Results on other specimens also ind:icate that the value of k derived in 

this manner is substantially 1 rcater than 1.28, although the average 
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intercept angle, 0, is alwiys of the order of 570 - 58 0  and therefore 

agrees well with the theoretical va.iae of 57.3° . 

The method of determiningy from grain shape measurements, first 

put forard by Bachinger, 8  invived I asur:ng the number of grains per 

unit length in directions both parallel and pCrpendicular to the stress 

axis and this technique has been utilised in a number of publica- 

8,l3,l5,17,2,1 	 .. tions 	 . A better proceaure is to measure the maximum 

length and breadth of :•iri.i.v cual grains, in the manner suggested by 

Hensler and Gifkins ,9 and measurements of this type have been carried 

9,l , 16 , 2 5 26 ,27,3i,32,33,2.,3 out by a number of workers 	 (although 

it should be noted that only the leiigtiahf the grains was measured in 

reference 25). Even with this techrrque, however, difficulties may 

arise in the handling of the experimental data, as pointed out by 

Sellars. 50  Furtheore, results presented lsewhere 2  indicate that no 

reliable values of y can be obtained from grain shape measurements, owing 

to the tendency for boundary migration to maintain the grains in an 

equi-axed configuration. 

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

with the exception. of Brunner and Grant, 12, have used an incorrect 

method to calculate y. These methods have been examined in detail, and 

it has been shown that the discrepancies can all be resolved in terms 

of invalid assumptions. Table II indicates that the range of magnitude 

of these discrepancies is often auite large. The method used to determine 

	

•y from measurements of Gitt us , 	for example, would yield a 

value less than half that obtained by the Rachinger 8  analysis from the 
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same readings. The methods used to calculate y  fromu 	measurements trans 

range from the use of.k values of 1.00 to 1.57  in Eq. 2, althbugh it 

was pointed out that the correct vaiue of k shoudd be less than unity.  

1 This suggests that the values of y obiained byDorn et al., 1 
 -for which 

k = Tr/2 = 1 57, and 	 , Couling and Roberts 29  for which k 1 5, may over-

estimate the true value by aLnost a factor of two.. in this .respedt it 

is interesting to note that the values reported by Couling and Roberts 

were at all times very large, ranging from a minimum of 67% to a mciximum 

of 93% 

I am grateful to Professor R. L. Bell. and Dr. R. C. Gifkins for many 

helpful discussions. This work was carried out at Lflperial.C011ege, 

- University of London, under a contract furnished by the United Kingdom 	. Y. 

Atomic Energy Authority. Financial sup , ort was provided by the United 

States Atomic Energy Corimisson during the preparation of this paper.  
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Table I 

Previous Deteinat ions of y 

grain shape y from y from y from 
Material "vertical" 	(v). "horizontal" 

* 
offsets (u,w) 	offsets  

Al 23,4,5,6,7;8,9 2,8.10,11,1243 8,13,14,15 9,16,17 

Al alloy 3,5,18 12,19,20 

Au 21 

)3--brass 14,22 14 14 

Cd 3 

Cu 3 

Cu-0.15% Al 23 

• 	Cu-0.37% .Be 3 • 

Fe 3 24 525 26,27 

• 	Fe-30%Nj 28 

Mg 14 29,30 31 

Mg0.78% Al 32,33 32,33 32,33 

Ni 34,35,36,37 

Pb 36 

Pb-2.2% Ti 38,39 

Pt 40 

Sn 3 

Zn 3 

Steel 	• 	.• 41 	42,43 

* (1) 	Sur:iace and interior. 

(iii) = •hii'rior only. 
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Tal II 

Formulae Used by I'rvous W:rkcrs to Calculate E 

Couirohent 
Workers 	Reference 	 Foimiiij a Used 

- 	 - 

FaLan, Sherby, U fl 
id 	Tkrn tralls Egb 

11 0, per, 	Sliepird, 
1trm = 	fl U  anu Dorn Egb i ran 

l-idrper and Dorn 7 v 
us gb = 	

1ttrans 

Brunner and Grcint 
(1trans 	tin 	o) gb 

Ishida, Mullendore, 13 W. Egb = 	fl 	 6) 	 pp 
and Grant iong i ong "tm 

RcLchlnger 8 u1 
gb - Ulrcins 

w 
long B 

gb long 

I'  v 
long gb 

E 	=2nv 
long 

Couling and Roberts 29 U Egb ti ins 

Gittins 14 v Egb = 0.85 n Viong 

Langdon and Bell 32 Egb = 1.07 n Vran 

* 	 * Measured on an annealed surface 
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