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Deformation microstructures in PWA 1480 'nickel-base superalloy single crystals were studied 
in the range of 20 ~ to 1100 ~ Similar to previous investigations, superlattice stacking faults 
were observed after slow strain rate deformation at temperatures between 700 ~ and 950 ~ 
Unlike previous studies, a high density of superlattice stacking faults was observed after de- 
formation at 200 ~ and below. The mechanisms of fault formation in the two temperature 
regimes were different. In the range of 700 ~ to 950 ~ single isolated superlattice-intrinsic 
stacking faults (SISFs) were produced by the decomposition of an a/2(110) matrix dislocation 
in the y /y '  interface. The a/3(112) partial shears the particle, while the a/6(112) Shockley 
remains in the interface. At 200 ~ and below, a high density of faults was produced on closely 
spaced parallel planes. The most common feature after deformation in this range is the faulted 
loop, which is most often observed to be a superlattice-extrinsic stacking fault (SESF). These 
low-temperature faults, along with their temperature dependence, were quite similar to those 
observed in single-phase L12 materials. The available evidence suggests that the low-temperature 
faults were produced by the dissociation of an a(110) unit superdislocation into a pair of a/3(112) 
partials. The temperature dependence of  the faulting (at low temperatures) was modeled by 
linear isotropic elasticity, and the results suggest that the SISF energy increases significantly 
from 20 ~ to 400 ~ Multiplanar, overlapping superlattice faults were analyzed with respect 
to bond violations. This analysis suggested that an antiphase boundary (APB) on top of  an SISF 
has a very high fault energy, similar to that of the complex stacking fault. Therefore, the pres- 
ence of SISF loops on glide planes promotes further dissociation by the SISF scheme instead 
of the APB scheme and explains the high density of SESFs and microtwins observed in the 
deformation structures. 

I. I N T R O D U C T I O N  

P W A  1480 is a single-crystal nickel-base superalloy with 
well-documented microstructures and mechanical prop- 
erties.[l,2] In an earlier communication, t31 the authors re- 
ported observing a surprisingly high density of superlattice 
stacking faults after low-temperature deformation and 
noted a relationship between the temperature depen- 
dence of these faults and the unique mechanical behavior 
of this alloyY j Since it was apparent that the faults played 
a major role in controlling the strength of  the alloy, a 
detailed study of the faults and the mechanisms of fault 
formation was undertaken. In this article, the tempera- 
ture dependence of these faults and the associated 
bounding partials are analyzed in detail, and in a forth- 
coming article, the relationships between the faults and 
the mechanical properties will be modeled. 

In the L12 lattice, the a(110) unit superdislocation can 
dissociate by a number of well-known mechanisms. Three 
of these dissociations are particularly relevant to the 
present work. The dissociation which is most commonly 
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observed in superalloys is that which creates an anti- 
phase boundary (APB). If the precursor superdislocation 
is in the primary octahedral slip system, the dissociation 
on the (111) plane is as follows: 

a _ a _ 

a[ i01]  --~ 2 [101] + APB + - [101] [1] 
2. 

The a /2 ( l10 )  partials may further dissociate into 
Shockleys if the complex stacking fault (CSF) energy is 
not too high. Alternatively, the a[ i01]  superdislocation 
may dissociate by the following reaction, creating a 
superlattice-intrinsic stacking fault (SISF) instead of 
an APB: 

a _ a _ _  

a[ i01]  ~ -  [2111 + SISF + - [112] [2] 
3 3 

The a/3(112) partials may further dissociate by a num- 
ber of schemes. Finally, if the dissociation occurs via 
Reaction [1], the resultant a /2 ( l10 )  partial can disso- 
ciate by the following reaction instead of the Shockley 
reaction, yielding an SISF instead of a CSF: 

a. _ a _ a 
2 [1011--* 3 [2111 + SISF + g [1211 [31 

Note that a dissociation via Reaction [3] will result in 
an SISF adjacent to an APB. 
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II. E X P E R I M E N T A L  P R O C E D U R E S  

As part of a large project, t41 a variety of  mechanical 
tests (tension, creep, fatigue) were conducted on (001) 
and (123) oriented single crystals in the temperature range 
from 20 ~ to 1100 ~ For the tensile and fatigue tests, 
two strain rates were used, 8.33 • 10 -5 s -1 
(0.5 pct/min) and 8.33 • 10  -3  s -3 ( 5 0  pct/min).  Thin 
foils were prepared by electropolishing discs in a solu- 
tion of 5 pct perchloric acid, 35 pct butyl cellusolve, and 
60 pct methanol at - 2 5  ~ and 9 to 12 V. Foils were 
studied on three different JEOL microscopes: a 100C op- 
erating at 100 kV, a 2000FX operating at 200 kV, and 
a 4000FX operating at 400 kV. Dislocations and faults 
were analyzed by standard two-beam techniques and by 
g-3g weak-beam dark-field techniques. In order to verify 
that the observed structures were representative and re- 
producible, approximately 20 foils were studied from four 
different specimens which had been deformed at 20 ~ 
and a minimum of  five foils per temperature were stud- 
ied from specimens which had been deformed at 200 ~ 
400 ~ 600 ~ and 700 ~ to 1100 ~ 

III. D E F O R M A T I O N  M I C R O S T R U C T U R E S  

As found previously/~ the deformation behavior of 
PWA 1480 can be divided into two temperature regimes: 
at high temperatures (above 815 ~ to 950 ~ depending 
on ~), deformation occurs primarily by dislocation by- 
pass of the T' precipitates; at lower temperatures, de- 
formation occurs by dislocation sheafing of  the T' .  This 
was confirmed to be valid for both monotonic and cyclic 
deformation. 

The behavior of the alloy in the y '  shearing regime 
can be further divided based on the temperature depen- 
dence of superlattice stacking fault formation. After de- 
formation at intermediate temperatures (700 ~ to 
900 ~ occasional single stacking faults were ob- 
served. (These will be referred to as "high-T faults" for 
the remainder of this article.) After deformation at low 
temperatures (200 ~ and below), high densities of over- 
lapping stacking fault loops were observed. (These will 
be referred to as "low-T faults.") The character of the 
faults and the mechanisms of formation appear to be dif- 
ferent in the two temperature regimes. 

A. High-T Faults 

After low ~ deformation at temperatures between 
700 ~ and 900 ~ large superlattice-intrinsic stacking 
faults (SISFs) were observed which frequently traversed 
entire y '  precipitates. These faults were reported in an 
earlier phase of this work tlj and have been observed in 
similar alloys and studied by other investigators. Caron 
et al. t51 have shown by high-resolution weak-beam mi- 
croscopy that these faults form at 760 ~ in CMSX-2 by 
the decomposition of an interfacial a/2(110) matrix dis- 
location via Reaction [31. The a/3(112) partial enters the 
precipitate, creating an SISF, while the a/6(112) partial 
remains in the interface, pinned by the high-energy APB 
that would be created if it entered the precipitate. Bonnet 
and At i ,  [61 using elegant image simulations, have veri- 
fied that this is the predominant mechanism of fault for- 

mation during creep of CMSX-2 in this temperature 
regime. This mechanism has also been observed in a 
similar superalloy, AM1, which was deformed in the same 
temperature regime. [71 

A typical micrograph from PWA 1480 which was de- 
formed in this temperature regime is shown in Figure 1. 
Standard two-beam techniques were used to determine 
the nature of the fault and the directions of the Burgers 
vectors of all of  the partials (except the interfacial par- 
tial). The observations were compatible with the results 
mentioned above, 15,6] so no further work was conducted. 
It is concluded that the high-T faults in PWA 1480 form 
by the decomposition of  a single a/2(110) matrix dis- 
location in the y / y '  interface, just as in CMSX-2 and 
AM1. This was true after both monotonic and cyclic 
deformation. 

B. Low-T Faults 

In contrast to the single, isolated SISFs observed after 
high-temperature deformation, a high density of faults 
was observed after deformation at 20 ~ and 200 ~ 
These faults were most often observed as loops, as shown 
in Figure 2, from a specimen which had been deformed 
0.25 pct in tension at 20 ~ Deformation at low tem- 
peratures is heterogeneous and is concentrated in planar 
slipbands. Therefore, areas like the one shown in 
Figure 2 are difficult to find after small plastic strains; 
most foils resemble the as-received material. It is pos- 
sible to increase the homogeneity of  the deformation 
structures by conducting tensile tests to large plastic 

Fig. 1 - - I so l a t ed  SISFs after 0.26 pct plastic strain at 760 ~ ~ = 
0.5 pct /min:  (a) bright-field micrograph,  g = (200); (b) schematic 
diagram illustrating the dislocation reaction which probably occurred 
in the interface. 
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Fig. 2 - - F a u l t e d  loops after 0.25 pet plastic strain in tension at 20 ~ 
= 0.5 pc t /min ,  g = (200). 

strains. This is not without its dangers, as the defect den- 
sities increase and the dominant deformation mecha- 
nisms can change as a function of plastic strain. ~ Another 
technique for improving the homogeneity of  deformation 
(and therefore the chances of finding a representative thin 
area) is to impose several cycles of  reversed deforma- 
tion. This was found to significantly increase the like- 
lihood Of finding faults in any foil. Although the increase 
in fault density may be due to a change in deformation 
mechanism upon a load reversal, it is more likely due 
to the changes in degree of  homogeneity. Faults and 
faulted loops were observed after both types of defor- 
mation, but the reproducibility of structures was greatly 
improved by studying specimens which had been sub- 
jected to several cycles of reversed deformation. There- 
fore, the majority of the structures studied in this article 
were produced by imposing several cycles of deforma- 
tion at small plastic strain ranges. 

1. The character of the faults 
The observation of faulted loops is not consistent with 

the deformation mechanisms which produced the high-T 
faults. Therefore, a detailed study was undertaken to de- 
termine the dislocation reaction and the deformation 
mechanism which produced the low-T faults. 

Figure 3(a) shows a typical structure after deformation 
at 20 ~ and illustrates two key points: first, the occur- 
rence of faulted loops within the y '  is confirmed; and 
second, there are a number of  a/2(110) pairs (denoted 
by arrows) in the matrix channels between the precipi- 
tates. Tilting experiments, along with rigorous analyses 
of fault vectors, Burgers vectors, and line directions, re- 
vealed that all of  the faults and most of  the dislocations 
seen in Figure 3(a) lie on the primary {11 l} slip planes; 
the dislocation pairs in the matrix channels were deter- 
mined to be nearly screw, with Burgers vectors parallel 
to the primary (110) slip vector. Figure 3(b) is a micro- 
graph of the same area as seen in Figure 3(a) with the 
primary slip plane edge-on, and demonstrates strikingly 
the planar nature of structure. This figure also shows that 
the matrix pairs are probably in the same slipbands that 
contain the faulted loops within the precipitates. All of 

Fig. 3 - -  Substructure after 6 cycles of  fully reversed deformation at 
20 ~ A yp = 0.11 pct, ~ = 50 pc t /min:  (a)br ight-f ie ld  micrograph 
showing faults and faulted loops in the precipitate and matrix pairs 
(arrows) between the precipitates, g = (200); (b) edge-on bright-field 
micrograph of  the same area, showing the planar nature of  the struc- 
ture, g = (111). 

these observations suggest a deformation mechanism in 
which the precipitates are sheared by dislocations with 
a net a(110) Burgers vector that leaves faulted loops be- 
hind as deformation debris. 

It is easy to envisage at least one deformation mech- 
anism that could produce the structures shown in 
Figure 3. The a/2(110) matrix pairs could combine to 
form an a(110) superdislocation at the interface, then enter 
the particle. Once inside the y' ,  the a ( l l 0 )  is free to 
dissociate. If the SISF energy is low compared to the 
APB energy, the a(110) may dissociate via Reaction [2], 
thus producing an SISF and two a/3(112) partials. (Note 
that the SISF dissociation need not occur over the entire 
length of the dissociation; only a local dissociation is 
required.) Now, if the trailing partial becomes pinned,* 

*A natural question which arises is why the trailing partial should 
be pinned while the leading partial is mobile. This is an open ques- 
tion. However,  as discussed in Section I V - A ,  a similar mechan i sm 
has been often proposed in single-phase L12 materials. Additionally, 
as discussed in Section I V - C ,  there is ample evidence that neither 
the leading nor the trailing a /3(112)  partial is very mobile at low 
temperatures. 
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an SISF loop can be left behind by an Orowan-type 
mechanism, and after the particle is sheared, the original 
a / 2 ( l 10 )  pairs are recovered on the other side of  the 
particle. These events are shown schematically in 
Figure 4 and are fully consistent with Figure 3. Other 
mechanisms may produce structures such as those seen 
in Figure 3. One possible mechanism could occur when 
the 7 '  is sheared by a/2(110) pairs connected by an APB; 
if the trailing a /2 ( l10 )  superpartial dissociates by 
Reaction [3] and its trailing a/3(112) becomes pinned, 
a mechanism analogous to that shown in Figure 4 could 
occur and yield the same deformation substructure. Mo- 
bile a/3(112) pairs can also be created from a pair of 
a/2(110) dislocations by a two-step process occurring in 
the interface; the first step would be Reaction [3], then 
the interfacial Shockley could combine with the trailing 
a /2 ( l10)  to form the glissile trailing a/3(112).  How- 
ever, the dislocation reactions (and the rate-limiting de- 
formation processes) will be different for each of  these 
three schemes. 

In order to determine if the faults were formed by 
Reaction [2] or [3] (or neither), about 25 foils were stud- 
ied. Faulted loops cannot yield the identity of the dis- 
location reaction, because the reactant dislocations are 
no longer present. Therefore, it is necessary to study iso- 
lated faults which are bounded by dislocations on two 
sides and by the foil surfaces on the other two sides. 
Studies of this type of  fault, as well as general obser- 
vations, led to several conclusions. These are listed below, 
then discussed in detail individually. 

(1) The vast majority of dislocation pairs bounding faults 
had parallel Burgers vectors (i.e., the faults were ac- 
tually truncated loops). 
(2) 47 out of 53 truncated loops studied were superlattice- 
extrinsic stacking faults (SESFs), although SISFs and 

residual contrast (indicating three overlapping SISFs) were 
also observed. 
(3) Stacking faults were commonly observed in the 
matrix. 
(4) Often, the bounding partials appeared to be pinned 
at several points along their length, indicating a low 
mobility. 

Figure 5 shows weak-beam images of typical sub- 
structures after deformation at 200 ~ A number of 
stacking faults are visible, and many of those within the 
7 '  precipitates are loops or half-loops which were trun- 
cated on one side by electropolishing [marked by "L" in 
Figure 5(a)]. Stacking faults are also observed in the ma- 
trix channels (marked by "M" in Figure 5(a)). 
Figure 5(b) shows another heavily faulted area which il- 
lustrates the low mobility of  the a/3(112)  partials. Many 
of the loops (marked by arrows) are not symmetric and 
appear to be pinned at several points along their perim- 
eter. This was observed in every foil studied and is readily 
seen in Figures 3 and 5 through 7. 

Fig. 4 - -  Proposed model of a deformation process which leaves faulted 
SISF loops in the precipitate and a/2(110) pairs in the matrix, as seen 
in Fig. 3. Note that the SISF dissociation does not need to occur over 
the entire length of the dislocation. 

Fig. 5 - -Subs t ruc ture  after 20 cycles of  fully reversed deformation at 
200 ~ A-yp = 0.10 pct, g = 50 pct/min:  (a) weak-beam g-3g (200) 
micrograph showing faulted loops in the precipitates (marked by L) 
and faults in the matrix (marked by M); (b) weak-beam g-3g (200) 
micrograph from a different area showing a faulted loop exhibiting a 
ribbon of  fault along its perimeter (marked by L) and many asym- 
metric faults which appear to be pinned (marked by arrows). 
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Figure 6 shows two weak-beam images from a dif- 
ferent foil which was deformed at 20 ~ The Burgers 
vectors of  the two partials which bound the fault marked 
"1" are both parallel to [121], and both the dislocations 
and the fault lie on (111). (The same is true of  the fault 
marked "2 . ' )  This indicates that the faults are not bounded 
by a pair of  dislocations but by a dislocation loop which 
has been intersected by both the top and bottom of the 
foil. The faults are SESFs. Inspection of fault 1 and 
the faulted loops marked "3,"  "4 ,"  and "5,"  as well as 
the faulted loop marked "L" in Figure 5(b), reveals a 
thin ribbon of fault around the perimeter of  the major 
fault. This ribbon exhibits fringe contrast which is op- 
posite in sign to the main fault, as shown schematically 
in Figure 6(c). This contrast indicates that the SESF is 
actually two closely spaced, parallel SISFs. (However,  
it was not possible to resolve the individual a /3(112)  
partials which should be present in this configuration.) 
Figure 7 shows a heavily faulted area of  a different foil 
that exhibits both stacking fault contrast and residual fault 
contrast on the same slip plane. The residual contrast is 
produced by three superirnposed SISFs, which as a group 
have a value o f R  s = a(111) and, therefore, will not pro- 
duce strong diffraction contrast. 

Figure 6(b) illustrates an interesting feature of  the de- 
formation structures. Often, faults are bounded by linear 
partial dislocations which appear to be sessile. 
Figure 6(b), along with a rigorous trace analysis, re- 
vealed that these linear segments are parallel to [011], 
which is the Burgers vector of  the primary octahedral 
dislocations in this crystal. Note also that the loops 1, 
2, 3, and 5 are asymmetric,  with long segments nearly 
parallel to [0 i l ] .  These linear segments are parallel to 
screw dislocations in the primary [ 0 i l ] O I 1 )  system. 
Figure 6(b) is representative of  the entire foil, which 
contained many linear segments parallel to [071]. This 
configuration is discussed later. 

2. Temperature dependence of low-T faults 
The low-T faults were observed in every foil which 

was prepared from material cyclically deformed at 
20 ~ As reported previously by the authors TM and as 
seen in Figure 5, faults were also observed after defor- 
mation at 200 ~ Qualitatively, the density of  faults ob- 
served after deformation at 200 ~ appeared to be lower 

Fig. 6 - - S u b s t r u c t u r e  after 6 cycles of  fully reversed deformation at 
20 ~ A~/p = 0.11 pct, ~ = 50 pc t /min:  (a) weak-beam g-3g [020] 
micrograph showing faulted SESF loops; (b) same area, weak-beam 
g-3g [022] micrographs, showing (along with trace analysis) that many 
of the linear segments  are nearly parallel to the Burgers vector of  the 
primary octahedral glide dislocations; (c) schematic showing the type 
of contrast observed in faults 1 through 5 in (a), as well as fault L in 
Fig. 5(b). 

Fig. 7 - -Br igh t - f i e ld  micrograph showing residual fault contrast, in- 
dicative of  three overlapping SISFs, after 300 cycles of  fully reversed 
deformation at 20 ~ Ayp = 0.06 pct, e = 50 pc t /min ,  g = 
(111), w = 0. 
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than after deformation at 20 ~ However, after defor- 
mation at 400 ~ and 600 ~ very few faults were ob- 
served, as typified by Figure 8. The substructure consists 
mainly of matrix and interfacial dislocations, along with 
nearly screw {1 l l}a(110) dislocations within the ~,'. 

IV. DISCUSSION 

A. The Mechanism of  Low-T SISF Formation 

Given the available experimental observations, the 
mechanism of  SISF formation at temperatures below 
400 ~ cannot be determined beyond reasonable doubt. 
Although dislocation pairs consistent with an a(110) de- 
composition (via Reaction [2]) were occasionally ob- 
served, they were always present in heavily faulted areas 
and in close proximity to other faults and partials. They 
could have been produced by dissociations involving more 
than one dislocation. The most common feature in the 
deformation substructures was the faulted loop, which 
was almost certainly produced as deformation debris, left 
behind by mobile glide dislocations that do not remain 
trapped within the 7 ' .  

The deformation structures presented in this article are 
remarkably similar to those observed in several single- 
phase L12 materials strained at similar homologous tem- 
peratures. In NiaGa deformed at ambient temperatures, 
the most common defect observed is a truncated SISF 
loop.t8.9~ High densities of truncated SISF loops have been 
observed in NiaA1 deformed below 350 ~176 Several 
investigators ts-Hl have postulated that these SISF loops 
were produced as deformation debris by a mechanism 
similar to that proposed in Figure 4. This mechanism 
requires the dissociation of unit a (110) superdislocations 
via Reaction [2], a dissociation which has been observed 
after low-temperature deformation of NiaA1, [1~ Ni3Ga, till 
Z r 3m l ,  II3'141 and C o 3 T i .  tlS] These studies, together with 
the analysis of the deformation debris presented in this 
article, suggest that the faulted loops observed in PWA 
1480 after low-temperature deformation were produced 
by the mechanism illustrated in Figure 4. 

Fig. 8--Bright-f ield micrograph showing typical substructures, which 
do not contain stacking faults, after deformation at 400 ~ Fifty-two 
cycles of  fully reversed deformation at 400 ~ A3,p = 0.05 pct, ~ = 
50 pct /min,  g = (200). 

Ea=Fada + 

and 

Es = F~d~ + 

One other deformation mechanism which can produce 
SISF loops as debris has been observed by Veyssi~re 
et al. 1161 in Ni3A1 deformed below 350 ~ As discussed 
earlier, when Ni3A1 is sheared by a /2 ( l10 )  pairs con- 
nected by an APB, the trailing partial can dissociate via 
Reaction [3], and an SISF loop can be left behind if the 
a/3(112) partial becomes pinned. Veyssi~re et al. have 
called the structure a "faulted flag," due to the appear- 
ance of the faults being dragged behind the disloca- 
tions, l~6j Since we have only observed the debris after 
deformation and not the reactant dislocations, this mech- 
anism cannot be dismissed. However,  circumstantial 
evidence suggests that this was not the primary defor- 
mation mechanism in the superalloy, since 

(1) the structures observed in this study were qualita- 
tively very similar to those discussed above, t8-~51 which 
were not produced by the flag mechanism; and 
(2) the observation of faults in the matrix suggests the 
existence of mobile a /3(112)  partials which do not al- 
ways recombine after shearing the particle. This is more 
consistent with a pair of glissile a/3(112) partials than 
with an APB pair which is dragging an SISF flag. 

Therefore, it seems probable that the faulted loops ob- 
served in PWA 1480 after low-temperature deformation 
were formed by the mechanism proposed in Figure 4. 

B. The Temperature Dependence of  Low-T 
SISF Formation 

Faulted loops have been observed after deformation at 
200 ~ and below in the superalloy. A similar temper- 
ature dependence of SISF formation has been observed 
in single-phase L12 materials as well. Veyssi&e et al. [16,17] 
have observed large faulted loops in Ni3A1 deformed at 
20 ~ but not at 350 ~ Takeuchi et al. t81 found a high 
density of SISFs in NiaGa deformed at 20 ~ but not at 
400 ~ Finally, Holdway and Staton-Bevan t~4J observed 
a high density of  SISFs in Zr3A1 alloys deformed at low 
temperatures, but the density of  SISFs was significantly 
reduced in the temperature range from 400 ~ to 600 ~ 
(depending on the alloy). Therefore, this temperature- 
dependent fault formation in the low-T regime is not 
limited to PWA 1480. 

If one assumes that the a(110) superdislocation dis- 
sociation occurs by Reaction [1], Reaction [2], or a com- 
bination of the two, a model exists which may be extended 
to study the temperature dependence of  the SISF for- 
mation. Suzuki et al.t9J have calculated the total energies 
of the APB and SISF dissociations based on linear iso- 
tropic elasticity. The total energy of the dissociated sys- 
tem includes three terms: one due to the fault (APB or 
SISF), one due to the partial dislocation self energies, 
and one due to the interactions of  the dislocation strain 
fields. Let Ea and Es be the total energies of  the APB 
and SISF dissociations, respectively, per unit length. 
Then, [9] 

In - -  In [4] 
2~  2~" 

In - -  In [5] 
27r 2zr 
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where F 
d 

b 

r 

R 

= fault energy; 
-- equilibrium partial dislocation spacing; 
= shear modulus; 
= Burgers vector (b,  = a/X~-2 and b~ 

a v e / 3 ) ;  
= dislocation core radius; 
= dislocation outer cutoff radius; and 
= geometric (dislocation character) terms. 

Equation [4] may be subtracted from Eq. [5] to deter- 
mine which dissociation scheme is favorable. After sub- 
stituting reasonable values for the microstructural 
parameters and simplifying, the following criteria are 
obtained for the limiting cases of edge and screw a(110) 
precursor dislocations: [9] 

- -  / 'Zba 
E, < E a if F] ~> (screw precursor) 

F, 1r [6] 

~> (edge precursor) 
Fs 

Substituting representative material parameters for Ni3A1 
at room temperature (/x = 90 GPa, t18] b = 2.5 x 
10 -1~ m, and the fault energies t18-22] F a = 110 m J / m  2 
and Fs = 10 mJ/m2) ,  it is found that the SISF dissocia- 
tion is favored for edge dislocations and the APB dis- 
sociation is favored for screw dislocations. Therefore, 
one expects to find a mixture of  APB-dissociated and 
SISF-dissociated dislocations after room-temperature de- 
formation, as is observed. 

The variation in shear modulus is small in the tem- 
perature range from 20 ~ to 400 ~ so the temperature 
dependence of the dissociation may be explained by the 
temperature dependence of the fault energy ratios, F ~/F,. 
Under the present set of  assumptions, if the fault energy 
ratio decreases as the temperature increases from 20 ~ 
to 400 ~ the density of  SISFs should decrease and the 
density of  APB pairs should increase. This is consistent 
with the experimental observations, but the model can- 
not be verified without a knowledge of the temperature 
dependence of the fault energies. It is frequently as- 
sumed (though often d e b a t e d  [23,24]) that the APB energy 
of Ni3A1 is nearly constant from room temperature to 
about 700 ~ [16"19'23-27] which implies that the fault en- 
ergy ratio decreases with temperature from 20 ~ to 
400 ~ because the SISF energy increases. This is con- 
sistent with the fact that the stacking fault energy of many 
disordered face-centered cubic (fcc) materials increases 
by about a factor of  2 as the temperature increases from 
zero to 350 ~ High-temperature, in situ measure- 
ments of  APB and SISF energies would be most helpful 
in verifying these suggestions. 

C. The Fault Configurations 

It is surprising that 90 pct of  the stacking faults ana- 
lyzed after low-temperature deformation were SESFs. 
However, as already stated, it appears that the SESFs 
were formed by a /3(112)  SISF glide on closely spaced 
parallel slip planes. This is supported by the occurrence 
of overlapping faults, as typified by Figures 3 and 7. 
Also, slip traces observed on the specimen surface grew 
by a mechanism similar to Liiders bands, starting as fine 

slip traces and expanding into a band as deformation pro- 
ceeded. [41 This suggests that deformation may have oc- 
curred via a double cross-slip mechanism and would 
explain the closely spaced slipbands and overlapping faults 
presented in this study. 

The occurrence of extrinsic faults and overlapping faults 
can be better understood with the aid of  Figure 9 and 
the discussion in the Appendix. Assume that an SISF 
loop had been left behind in a y '  precipitate by the 
mechanism proposed in Figure 4. A simple calculation 
shows that the strain fields of  the a /3[112]  partial and 
the a [ i01]  dislocation are repulsive; also, any reaction 
between the a/31112] and the a[101] (or its leading 
superlattice partials, either a /2[101]  or a/31211]) will 
result in an increase in energy (by Frank's  rule) without 
eliminating an SISF. Thus, the faulted loop acts as a 
strong obstacle to the a [ i01]  dislocations which follow 
in the same slipband (Figure 9(a)). Inside the precipitate, 
a screw-oriented a[i01] superdislocation (which may have 
been dissociated by either the APB mechanism or the 
SISF mechanism) can recombine and cross slip one or 
more atomic planes to avoid the obstacle (Figure 9(b)). 
Once the a[ i01]  dislocation has escaped the plane of  the 
obstacle, it can recommence glide on the original (more 
highly stressed) slip plane. Now, the dislocation is free 
to dissociate after the double cross-slip event. If  it has 
changed its elevation by only one atomic plane and if it 
dissociates by an APB scheme after cross slip, the result 
would be a complex fault consisting of an APB on top 
of an SISF (Figure 9(c)). As discussed in the Appendix, 
this configuration is physically and energetically similar 
to a CSF and should have a very high fault energy. If, 
however, the double cross-slipped superdislocation dis- 
sociates by an SISF scheme after cross slip, the result 
would be two superimposed SISFs. As discussed in the 

(b) ,J- SISF l oop  .L."~",- -  ..L. 
a/311~ 2] a/311"~ 2] a[TO 1] 

a/21t"01 ] a/2[']'01 ] 
(c) . I .  SISF ,.IL CF Z 

a/3[~ 2] a/311"12] 

a/a[~11] a/a[172] 
(d) . L  SISF "J' SESF E 

a/31112] a/31112] 
Fig. 9 - - S c h e m a t i c  diagram which shows possible multiplanar fault 
configurations when a screw-oriented a ( l l 0 )  superdislocation en- 
counters an SISF loop in its slip plane. Before constriction and cross 
slip, the a(110) superdislocation may be dissociated by an APB or an 
SISF scheme. See Section I V - C  for discussion. 
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Appendix, this is equivalent to an SESF (Figure 9(d)). 
Experimental observations suggest that an SESF has a 
lower energy than an SISF, [3~ so the SESF should have 
a much lower energy than the complex fault shown in 
Figure 9(c). Therefore, the occurrence of an SISF loop 
on the slip plane promotes continued dissociation by the 
SISF scheme instead of the APB scheme, even though 
isolated screw superdislocations may be dissociated by 
an APB scheme. This explains the high density of SESFs 
and microtwins in the deformation structures. 

Faults aligned along (110) directions have been ob- 
served previously in Ni3AI [12'271 and Ni3Ga. [8,91 Giamei 
et al. ~21 have proposed that this arrangement is sessile 
and is obtained when the a/3(112) partials dissociate into 
an a/6(112) Shockiey and an a/2(110) partial on the {100} 
plane. Irrespective of whether or not this is the actual 
mechanism, the observed partials do appear to have a 
low mobility. Faulted SISF loops such as those observed 
in the present study should self-annihilate if the partial 
dislocations bounding the loops are glissile. For exam- 
ple, the truncated loop mhrked ~1 ~ in Figure 6 is bounded 
by dislocations of opposite sign, so there is an attractive 
elastic interaction in addition to the stacking fault, both 
of which should close the loop. 

This sessile configuration (with elongated obstacles 
parallel to the Burgers vector of the primary glide dis- 
locations) helps promote the multiple cross-slip mecha- 
nism shown in Figure 9. Glide dislocations which are 
not necessarily in the screw orientation are forced into 
the screw orientation when they encounter the faulted, 
elongated loops in their glide path. This aids the cross- 
slip process and results in the SESFs and the overlapping 
faults which are presented in this article. 

V. SUMMARY 

In PWA 1480 nickel-base superalloy single crystals, 
there are two temperature regimes in which superlattice 
stacking faults are produced by deformation. In the range 
from 700 ~ to 950 ~ single isolated SISFs are pro- 
duced by the decomposition of an a/2(110) matrix dis- 
location in the Y/7' interface. The a/3(112) partial shears 
the particle, while the a/6(112) Shockley remains in the 
interface, pinned by the high-energy APB which would 
be created if it entered the precipitate. At 200 ~ and 
below, a high density of faults is produced on closely 
spaced, parallel planes. The most common feature after 
deformation in this range is the faulted loop, which is 
most often observed to be an SESF. These low- 
temperature faults, along with their temperature 
dependence, were quite similar to those observed in single- 
phase L12 materials. In contrast to the high-temperature 
faults, the available evidence strongly suggests that the 
low-temperature faults were produced by the dissocia- 
tion of an a ( l l 0 )  unit superdislocation into a pair of 
a/3(112) partials. The temperature dependence of the 
faulting (at low temperatures) may be modeled by linear 
isotropic elasticity; results from this effort suggest that 
the SISF energy increases dramatically from 20 ~ to 
400 ~ In situ experiments would be most helpful in 
verifying these suggestions. 

An analysis of multiplanar faults suggests that an APB 
on top of an SISF has a very high fault energy, similar 

to a CSF. Therefore, the presence of  S I S F  loops on glide 
planes promotes further dissociation by the SISF scheme 
instead of the APB scheme and explains the high density 
of SESFs and microtwins in the deformation structures. 

APPENDIX 
Multiplanar faults 

When analyzing multiplanar faults, such as those cre- 
ated by shear on parallel planes during this investigation, 
a convenient physical model is helpful. Such a model is 
presented in Figure A1. The figure shows the octahedral 
slip plane in the L12 lattice and indicates the positions 
of the A1 and Ni atoms. Since each AI atom is sur- 
rounded only by Ni nearest neighbors, A1 atoms always 
occupy sites designated by the script symbols. The q~ 
plane is in the plane of the paper, the ~ plane is below, 
and the M plane is above. The stacking sequence, con- 
sidering an A1 atom as the origin, is ~ / : ~ ,  as 
shown in Figure A2. 

Planar faults may be studied by determining the dis- 
placements of individual atoms after dislocation motion. 
For example, consider the A1 atom which sits in the cen- 
tral M site in the perfect crystal (this would be a black 
atom sitting on top of the plane of the paper). The atomic 
displacements associated with the four fundamental slip 
vectors may be ascertained by studying Figure A1. 

O Ni atoms (A,B,C 
in perfect crystal) 

AI atoms (A.tg.d 
in perfect crystal) 

aj6<112> 
BY)4 :A a/2<110> a<110> A "  ,B~,,, 

(b) a/3<112> 
Fig. A 1 - - S c h e m a t i c  diagram showing atomic positions and shear 
displacements in the LI2 crystal structure. In the perfect crystal, A1 
atoms (filled circles in the diagram) always occupy the "script" sites. 
The ~ plane is below the paper; the ,,~ plane is above the paper. 
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SISF APB 
Perfect SISF SISF SESF APB CSF SISF 

1 ~ A ~ ~ C A A 
2 ~ ~ A A B C C 
3 A ~' ~' ~' A B ~' 
4 8 d d d C ~ 

6 ,.4 ,,4 ..4 pC ~' pC A 
Fig. A2 - -  Schematic diagram showing stacking sequences after var- 
ious multiplanar shears of the L12 crystal structure. The diagram is 
prepared by observing an aluminum site in the perfect crystal (script 
symbols) and replacing script symbols with standard symbols when 
an AI atom is sheared into a Ni site. 

Stacking sequences after slip may be constructed from 
these observations, and they are summarized in Figure A2. 

For example,  a nearest-neighbor APB is created by the 
a/2(110} shear, which displaces the AI atom from ~ / t o  
A. Physically, this nearest-neighbor APB corresponds to 
two A1 atoms touching one another (Figure A1). In the 
stacking sequence model of  Figure A2, the nearest- 
neighbor APB is observed as an interface between the 
"script" sites and the "standard" sites, ~ / A B C .  As 
another example, an SISF is created by the a/3(112} shear, 
which displaces the A1 atom from ~ / t o  ~ .  The A1 atom 
is still surrounded by only Ni nearest neighbors, so no 
nearest-neighbor APB is present. As a third example,  by 
imposing an a /3(112)  shear on parallel planes, the 
equivalence of  an SESF and two parallel SISFs may also 
be readily deduced. 

A more complicated problem which is relevant to the 
present investigation concerns the relative energies of the 
SESF, CSF, and APB/SISF  configurations, as discussed 
in Section I V - C .  As a first approximation, one may ex- 
amine the first and second nearest-neighbor bond vio- 
lations in each configuration with the aid of  Figure A2. 
As an example,  consider the atom sitting on the plane 
marked "3" in the vicinity of  a CSF. The bond violations 
associated with atoms on this plane consist of  a nearest- 
neighbor APB ( B / q ) ,  a second nearest-neighbor APB 
(B/5~), and second nearest-neighbor stacking fault (B/G).  

Table A1. Bond Violations across Several Planar Faults 

Plane APB over 
Number SESF CSF SISF 

1 2NN SF { 2NN APB 

2 NN APB 
2NN APB { 2NN APB 
2NN SF { 2NN SF 

3 NNAPB { NNAPB 1" 
2NN APB ~ 2NN APB 1" 
2NN SF { 2NN SF 

4 NN APB 1" 
2NN APB ~ 2NN APB 1' 
2NN SF 1' 2NN SF T 

5 2NN APB ~' 
2NN SF 1' 2NN SF 1" 2NN SF 

Notes: Plane number corresponds to Fig. A2; NN = nearest neigh- 
bor; 2NN = second nearest neighbor; and the arrows refer to the di- 
rection of the bond violation with respect to Fig. A2. 

2NN SF { 
2NN SF 

Table A1 summarizes the bond violations (to the second 
nearest neighbor) for the two configurations which may 
result when an SISF loop blocks the slip plane (as well 
as for a CSF). It is found that the APB/S I SF  configu- 
ration [the CF in Figure 9(c)] has the same number of  
first and second nearest-neighbor violations as the CSF. 
Figure A2 shows that the stacking sequences are also 
quite similar. Therefore, it is reasonable to assume that 
the energy of an APB on top of an SISF is very high, 
similar to a CSF. It is clear from Table A1 that the SESF 
(or, equivalently, two superimposed SISFs) should have 
a much lower energy, as observed expenmentally." - - 1  [30] 
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