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THE MEASUREMENT OF STACKING FAULT ENERGY 

by 
R. E. SMALLMAN, I. L. DILLAMORE and P. S. DOBSON 

Department of Physical Metallurgy 
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England 

RBsumB. - On examine et critique deux methodes recentes de mesure de l'energie des defauts 
d'empilement y. La premiere, basCe sur une analyse de la cinktique de montCe des boucles de 
defauts, est discutee specialement dans le cas des mCtaux :c. f. c. et h. c. La seconde, qui utilise 
la mesure d'un simple parametre &orientation privilkgie a 6te comparke B d'autres methodes plus 
usuelles d'estimation de y, et a des mesures recentes de la variation de 1'6nergie des dkfauts d'empi- 
lement avec la structure electronique des bandes d, qui sont discutkes. 

Abstract. - Two recent methods for the measurement of the stacking fault energy y have 
been critically examined. 

The first method based on an analysis of the climb kinetics of faulted loops has been discussed 
with special reference to f. c. c. and c. p. h. metals. The second technique, which depends on the 
measurement of a simple preferred orientation parameter, has been compared with other more 
conventional methods of estimating y and some recent measurements of the variation of stacking 
fault energy with electronic d-band structure are discussed. 

Introduction. - In the past fifteen years about a 
dozen methods of measuring the stacking fault energy 
of a metal y have been proposed and used. These include 
the (i) ribbon width, (ii) barrier width, (iii) dislocation 
node, (iv) fault tetrahedra, (v) loop annealing, (vi) 
tilt boundary, (vii) low-temperature creep, (viii) T, , , 
(ix) stacking fault frequency, (X) twin boundary 
energy, (xi) rolling texture and (xii) stored-energy 
methods. The most reliable of these is the dislocation 
node radius method but unfortunately it is only 
applicable for values of y/Gb 2 X 10-3, where G 
is the shear modulus and b the Burgers vector of the 
partial dislocation. Most of the other methods are 
either theoretically speculative or have serious prac- 
tical limitations. The most promising alternative to 
node radius measurements is the fault tetrahedron 
method -provided the tetrahedra are formed by defor- 
mation -but it has not yet been shown in this case 
that a distribution of suitable jog lengths exists. Even 
this technique is limited to values of y/Gb 7 X 10-3 
and there has been no analytical method which is 
applicable at high values of y/Gb. 

In this paper we wish to describe two methods, 
developed at Birmingham, which are most applicable 
in the intermediate and high y/Gb range and therefore 
are complementary to the well established node tech- 

nique. The first method is based on analysis of the 
climb kinetics of faulted dislocation loops, and so far 
has only been used to estimate y for Al, Zn and Mg. 
The second technique depends on the measurement of 
a simple preferred orientation parameter and even 
though empirical it is nevertheless useful over a large 
range of y/Gb and particularly valuable for compara- 
tive purposes. 

2. The Loop Annealing Method. 

a) THE ANALYSIS. - Dislocation loops containing 
stacking faults of either an intrinsic or extrinsic nature 
may be obtained [l] in both quenching and irradiation 
experiments. On heating a metal foil containing such 
loops, vacancies are emitted and the loops shrink 
by climb. Since the driving force for the climb process 
arises principally from the stacking fault it has recently 
been pointed out by Edington and Smallman [ l ]  that 
in principle, the stacking fault energy of the metal y 
can be determined from measurements of the climb 
rate of faulted dislocation loops. The technique is parti- 
cularly attractive since no direct method is available 
for the determination of stacking fault energies greater 
than about 30 ergs/cm2, the upper limit of the node 
method [2]. 
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In experiments with quenched aluminium it was 
demonstrated that faulted loops annealed out at a 
much faster rate than prismatic loops and that the 
increased rate could be attributed to the extra driving 
force caused by the stacking fault. A mechanismgro- 
posed by Friedel [3] and first applied by Silcox and 
Whelan [4] to the annealing of prismatic dislocation 
loops in aluminium allows the rate of shrinkage of a 
loop to be written in terms of the velocity ofjogs running 
along the loop. Jogs can move in a direction either to 
shrink the loop, under the elastic driving force F.. or to 
expand the loop under a chemical driving force F, 
due to vacancy supersaturation clc,. The net jog velo- 
city is given by 

zvb F 
sln q kT 

(l) v .  = - exp (2) ( exp I - exp - 
kT 

where z is a co-ordination number, v the atomic 
frequency factor, b the Burgers vector and I) the angle 
it makes with the loop, U, the energy of self diffusion 
and B2 the cross-sectional area of a vacancy in the 
(111) plane. The rate of shrinkage given by this 
emission-controlled process is 

where Cj is the concentration of jogs, which may be 
taken to have an average value of one-half, and because 
the annealing experiments are carried out with thin 
foils, for which c/c, may in general be assumed to be 
unity, the climb rate reduces to 

dr - zvb UD F - - - - e x  (1) { e x  - 1 l . (2) dt 2 kT kT 

The driving force for climb Fc consists of two compo- 
nents, arising from the line tension of the dislocation 
and the stacking fault energy, and is given by 

where G is the shear modulus and o Poisson's ratio. 
For large loop sizes the driving force due to the fault 
far outweighs that due to the line tension and with the 
approximation F, F, y the shrinkage rate 

indicates a linear relationship between r and t from 
the slope of which y can be evaluated by inserting the 
appropriate values of z, b, UD etc., into the constant C, 

Figure 1 shows the results obtained by Edington and 
Smallman in continuous observations of the climb 
process using a hot stage and a cine camera. From 
the slope of the r versus t plot a value of 

was obtained, the error limits being attributed to an 
uncertainty of + 10 OC in the annealing tempera- 
ture. 

FIG. 1. - Annealing curves for dislocation loops in quenched 
aluminium (after Edington and Smallman). Diameter versus 
time plot for the four loops A (Frank sessile), B (double-faulted) 
C (prismatic) and D (faulted loop within a prismatic). 

To overcome the temperature error it is preferable to 
anneal for specified periods outside the microscope in 
a controlled furnace using plates rather than cine film 
to record the image. However, the principle uncer- 
tainty in the method, as pointed out by Saada [6] 
arises from the uncertainty in the value taken for U,, the 
activation energy for self diffusion, since yB2 z 0.1  eV 
and an order of magnitude less than UD. This 
error can be eliminated by a comparative annealing 
experiment in which the rates of annealing of faulted 
Frank loops and prismatic loops are compared. 
Retaining the assumption of zero vacancy supersatu- 
ration the shrinkage rate of a prismatic loop can be 
written in a form similar to equation (2) in which the 
driving force for shrinkage of the loop F, is given by 
the first term in equation (3). A difficulty exists however 
in attempting to compare shrinkage rates in that the 
shape of the r vs t curve is dissimilar for the two loops 
and at large loop sizes the rate of shrinkage of a pris- 
matic loop is very slow compared with that for a 
Frank loop. Dobson and Smallman [5 a] have proposed 
that these difficulties can be avoided by using the 
integrated form of equation (2) and determining the 
times taken for loops of initial radius r to anneal out. 
This requires use of the entire annealing data and the 
force aiding shrinkage of a Frank loop due to line 
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tension must be included in the elastic driving force. 
Silcox and Whelan [4] showed that the term 

can be approximated by (l + ablr) where a is a cons- 
tant slightly dependent on temperature. For a Frank 
loop the rate of annealing is then given by 

and for y values greater than about 100 erg/cm2 the 
final one in the expression may be neglected and the 
rate equation integrated to give an expression for 
annealing time as a function of loop radius, 

2 
t =  ( r - a b l n ( 1  +;)l 

zub exp (3) exp G) 
and y may be obtained from the slope of a plot of t 
versus (r - ctb In ( l  f rlab) ). The result will still be 
subject to the inaccuracies in U,, but a similar proce- 
dure for prismatic loops gives 

2 sin $ r2 
t =  ( 7 )  

and the slope of a graph of t versus r2/2 a, bp is then 
2 sin $,/zvb exp(- U,/k T). It therefore follows 
that the ratio of the slopes of the annealing plots 
for the faulted and prismatic loops is 

(2) sin $p exp (g) 
from which y can be calculated without knowledge of 
z, v and U,. 

In principle it should also be possible to obtain the 
advantages of the comparative annealing method from 
observations on faulted loops alone, by comparing 
the annealing rates at different radii (i. e. for different 
contributions from the line tension) when the term 
containing U,, cancels out as before. Saada [6] has 
suggested this method and obtained the following 
expression 

?)B2 exp - = P - 1  
kT p - l - (ably) 

where p = (dr/dt),/(dr/dt),. However, in the case of a 
metal with a high stacking fault energy, such as alumi- 
nium, the method is insensitive because the driving 
force caused by the stacking fault is so much greater 
than that due to the line tension. 

For a faulted loop r = 500 and y = 200 erg/cm2, 
exp(yB2/kT) is 30 and crblr about 0.33 and consequent- 
ly from equation (8) p is found to be 1.34. However, 
if the error on the measurement of p is 1 % then for 
p = 1.35 this means that exp[yB2/kT] is 17 whereas 
for p = 1.33 exp[y~~/kT]  is infinity. It is therefore 
apparent that for high y-values the Saada method is 
less reliable than direct substitution of the values for 
the constants in single annealing rate equation. 

An improved method based on a single-annealing 
analysis would be to compare the linear rate observed 
at large r, i. e. (drldt),, with the time taken for the 
loop to anneal out completely. Thus from the general 
rate equation given by equation (5) and substituting 

for mathematical convenience, then 

dr = z e x p ( < p ) { e r p ( g )  zvb + X)] (9) 

which can be integrated to give 

L t = -  X 

zvb exp (2) exp vs) 

Thus, the time of annealing and the rate of annealing 
are related by 

from which X can be calculated and hence y, since 
exp(yB2/kT) = 1/(1 - X). This method, like Saada's, 
is not sufficiently sensitive when X - 1 i. e. for metals 
with high y-values, but for materials with low y values 
this slope-intercept method should prove more relia- 
ble than a direct comparison of slopes. 

The Friedel mechanism of loop annealing is based 
on the assumption of an emission controlled rate 
process. Balluffi and Seidman [7] have recently pos- 
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tulated however that the process may be diffusion 
controlled with a rate equation given by 

dr 4 nvb UD F 
- dt = 

- - e x p ( ~ ) ( e x p ~ -  l )  (13) 
In (tlb) kT 

where 2t is the foil thickness. This relationship is 
similar to that derived for the emission - controlled 
process but gives a rate about a quarter of that for 
the emission controlled process for typical foil thick- 
ness. Clearly the similarity of the two expressions 
(2) and (13) makes it difficult to distinguish experi- 
mentally between the two alternative rate-controlling 
processes. This postulate should not affect an analysis 
based on a comparative method, but does emphasize 
further the limitations of a single-annealing analysis. 

b) APPLICATIONS. - The loop annealing method can 
be applied to determine both intrinsic and extrinsic 
fault energies, since both types of fault can be obtained 
either by quenching or irradiation experiments. The 
main limitation in applying the analysis to f. c. c. 
metals with low y-values probably lies in the problems 
associated with vacancy emission from dissociated 
dislocation loops, where the initially formed Frank 
has dissociated into Shockley and Stair-rod disloca- 
tions. This limitation does not apply in hexagonal 
metals, where a cl2 [0001] dislocation has no disso- 
ciation out of the basal plane. 

Apart from the theoretical difficulties associated 
with the climb kinetic method, practical difficulties 
have been found in applying the technique to certain 
metals and alloys. With zinc and magnesium, for 
example, it is observed [5 a], [8] that some dislocation 
loops grow rather than shrink on heating. Dobson and 
Smallman [5 b] have attributed this effect to the produc- 
tion of vacancies as a result of oxide-film growth, while 
Harris and Master [8] favour an explanation based on 
the presence of the oxide film preventing the free 
surface from acting as an ideal vacancy sink. Other 
loops are observed to shrink in the normal manner 
and it is very probable that these lie in the immediate 
vicinity of breaks in the oxide layer. However, in apply- 
ing the climb kinetic analysis to the annealing studies in 
thin foils it is assumed that the foil surface is an ideal 
sink and as a consequence the vacancy concentration 
near the loop remains at the equilibrium value. In 
metals with surface oxide films this condition is not 
necessarily true and it is therefore important to deter- 
mine the supersaturation term in the general rate 
equation 
dr zvb y ~ '  ab 
- dt = -exp(%){exp= 2 (T + 1)- E].  

This may be achieved in a similar way to that used in 
deriving equation (12), but in this case putting 

Figure 2 shows the annealing behaviour of two 
different shrinking loops in zinc. Loop B is shrinking 

FIG. 2. - Radius versus time plots for two different disloca- 
tion loops in quenched zinc (after Dobson and Smallman). 

at a much slower rate than loop A because it does so 
in the presence of a high vacancy supersaturation, i. e. 
X = 0.25 compared to X = 0.75 for loop A. In 
figure 3 the annealing data for loop A is plotted as the 
function l l x  ( r - ablx In ( 1  + rxlab) ) against time 
and a value of y  = 290 erg/cm2 derived from the slope. 

FIG. 3. -Annealing data plotted as a linear function of 
time for faulted loop (F) and prismatic loop (P) (after Dobsor~ 
and Smallman). 
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Curve B shows the appropriate annealing data for a 
prismatic loop, and a comparison of the slopes of 
curves A and B, gives a more reliable value for y of 
220 erg/cm2. The difference between these two values 
for y indicates the magnitude of the inaccuracies in a 
single-annealing analysis. 

In climb kinetic studies of quenched aluminium- 
magnesium alloys while faulted loops shrink as expec- 
ted, similar problems of loop growth have been 
experienced [9] for prismatic loops. In this case the 
vacancies contributing to loop growth are released from 
solute atom traps on heating and give rise to a supersa- 
turation. It is therefore necessary to take account of 
the supersaturation in estimating y for these alloys. 

3. The Texture Method. 

This is an empirical method which allows the rapid 
determination of stacking fault energy at interme- 
diate to high values of ylGb. It relies on the observa- 
tions made by a number of workers [10, 111 that the 
deformation texture developed in f. c. c. metals on 
rolling depends on the composition and on the rolling 
emperature. Brown [l21 suggested that the differences 

in texture between different metals and alloys could be 
attributed to the variation in the ease of cross-slip 
and it was later shown [13], using a simple model, 
that the differences could be described mechanistically 
by considering the grain rotations in texture develop- 
ment to be due to normal slip together with cross- 
slip, whose rate of incidence would depend on the 
amount of thermal activation and the stacking fault 
energy. In terms of polycrystalline plasticity require- 
ments extremes of preferred orientation relate to the 
conditions where the Von Mises criterion is satisfied 
by slip on five independent slip systems or where 
continuity requirements are met by having three non- 
coplanar non-perpendicular slip directions together 
with easy cross-slip. It must be remembered however, 
that at very low fault energies the correlation between 
preferred orientation and ease of cross-slip breaks 
down and this has been shown [14, 151, to be due to 
twinning and stacking fault formation contributing 
to the deformation processes. 

Extreme types of deformation texture, correspon- 
ding to 70130 brass and to aluminium respectively after 
96 % reduction are shown in figure 4. It can be seen 
from these { 11 1 ) pole figures that the intensity peak 
close to the rolling directions is similar in the two 
textures, while the peak in the transverse direction 
differs considerably between the two. The ratio of 
these two intensities thus serves as a sensitive measure 
of the type of preferred orientation and can be used to 

FIG. 4. - (111) Pole-figure of (a) 70-30 brass and (b) pure 
copper. Intensities in arbitrary units. 

follow the transformation, as a function of tempera- 
ture or composition, from one extreme to the other. 
In view of the dependence of preferred orientation on 
the ease of cross-slip, this ratio might be considered as 
an index of the extent of the contribution of cross- 
slip to the total strain. 

Correlating the incidence of cross-slip with single 
crystal stress-strain behaviour we can say that a 
material with a high value of z,,, will cross-slip less 
readily than a material with a low z, so that the total 
contribution of cross-slip to a fixed total strain will 
be lower the higher the value of z,,,. This reduces the 
correlation between texture and stacking fault energy 
to the same terms as the relation between z, , , and 
fault energy, for which it has been shown that 
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where the parameters have their usual significance. 
Thus comparing the deformation of metals of different 
fault energy at equal values of k ~ / G b ~  and E it only 
requires the eminently reasonable assumption that n 
and E. are smooth functions of ylGb to allow the 
intensity parameter defining the texture to be correla- 
ted with y/Gb. This is most readily done by calibrating 
the texture variation against values of y/Gb obtained 
by the best available methods and in the calibration 
the node value of silver, the extrapolated node value 
for copper and the Frank loop annealing value for 
aluminium were used. This calibration allowed values 
to be obtained for most of the f. c. c. pure metals [l61 
and a check on the method is afforded by the fact 
that the current best value for gold was first obtained 
by the texture method [l41 and has since been confir- 
nied by the node-extrapolation technique and by the 
fault tetrahedron method 1171. 

A further check on the method is afforded by mea- 
surements on the nickel-cobalt system, where the results 
from the texture method [l91 and from node [20] and 
tetrahedra measurements [18, 191 lie very well on the 
same curve, as shown in figure 5. One of the principal 
sources of difference between the results reported by 

g N O ~ P  M ~ t w  Howlc a d  Srann Ic~coctdl 

~ ~ t r a h a d , ~  (~~~~ton-unpubt~rht .+  u m y  JosranE and Hlrthl 

A Toliahpdra(~aofto at at-normatso4 t o t  Agi21qsicm21 

xZ,,. H a a w  Bunv PM ~ u t z ~ '  pfaffK6 

Textwe Method IDiltamoto ot a1 unpuM8shodI 

FIG. 5. - Comparison of stacking fault energy values for 
Ni-CO alloys obtained by different methods. 

different workers lies in the value chosen for the shear 
modulus G. Jossang et a1 use the Voigt average, i. e. 

whereas both Seeger and co-workers and Howie and 
Swann use the shear modulus appropriate for slip on 
( l1 l ) planes, i. e. g (C4, + C , ,  - C,,). This is the 
correct value, but in theoretical analyses the use of 
this value requires that the analysis be rigorously 
based on anisotropic elasticity. Since single crystal elas- 
tic constants are not available for all metals, Dillamore 
et a1 used the rigidity modulus G obtained from poly- 
crystalline samples, which is rather larger than 
+ (C4, - C,, f C, ,) and consequently introduces 
significant error in the value of y for high fault energy 
metals. For this reason the value of y quoted by Dilla- 
more et a1 should be regarded as comparative for 
high fault energy metals but within the error limits 
of $- 20 % typical for most techniques at values of 
y < 100 ergs/cm2. Recalibrating the data of Dillamore 
et a1 using G = + Cl - Cl,) for CU, Ag and AI 
gives the values listed in table 1 for several pure metals. 

Comparison of Stacking Fault Energy Values 
Obtained by Various Methods 

Me- 
tal 

Cu 
Au 
Ag 
Ni 
Pd 
Pt 
Tr 
Rh 

No- Tetra- Tex- 
de(*) hedra z,(T) z ~ ( E )  ture(**) 

- - - 
8 5 78 163 50 85 
48 56 10-30 55 
2 1 21 29-43 16-40 21 

345 > 375 300 450 
170 
95 

300 
330 

The texture method is ideal to evaluate the varia- 
tion of fault energy with composition for alloy sys- 

(*) Corrected as suggested by Brown, Cu and Au and Ni are 
extrapolated values. 

(* *) Fitted to y ~ "  = 85, = 21 and y,, = 250. 
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tems whose fault energy is too high for the node and 
tetrahedron methods to be useful. Recent work in 
Birmingham has been carried out using the texture 
method to study the variation of y across the Ni-Cu, 
Pd-Cu and Pd-Ag systems [21]. It has been shown in 
the Pd-Cu and Pd-Ag systems that decreasing the 
number of conductions electrons from 1 per atom to 
0.6 per atom has no effect on fault energy while the 
palladium d-band is full, but introducing holes in the 
d-band sharply increase the fault energy (Fig. 6). For 

FIG. 7. - Variation of with composition in the Cu-Ni alloy 
system (after Harris et al). 

FIG. 6. - Variation of y with composition for (a) Pd-Ag and 
(b) Pd-Cu alloys. In (b) the dotted curve exhibits anomalous 
behaviour as result of ordering (after Harris et al). 

the nickel-copper system the results are less simple, 
probably because a shared band model is not a good 
approximation to reality. Here reducing the number 
of conduction electrons causes first an increase and 
then a subsequent decrease in fault energy with a 
relative minimum at about 50 atomic %, again the 
postulate that holes in the d-band contribute to the 
stability of the f. c. c. structure appears to explain the 
results at high nickel contents (Fig. 7). (The results on 

the Cu-Ni system are confirmed by the a-parameter 
measurements of Henderson [21].) 

These results show that the texture method is a 
most useful empirical method of determining fault 
energy in a range of fault energy where the best methods 
are inapplicable and where other methods are tedious 
or unreliable. 
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