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THE MICROSTRUCTURE OF ORDERED (Coo.7gFeo.22)3v ALLOY 

D. N. Braski, R. W. Carpenter,* and J. Bentley 

ABSTRACT 

The (Cog.78 F' e0.22alloy belongs to a class of long-
range-ordered alloys that are being developed for elevated-
temperature applications. The microstructure after quenching 
and after subsequent aging at temperatures between 973 and 
1073 K has been characterized by analytical electron micros-
copy. Short-range order (SRO) and small VC matrix precipitate 
particles were observed in the as-quenched material. At 973 K 
VC precipitated discontinuously in grain boundaries and on 
extrinsic stacking faults. Aging at 1073 K precipitated VC in 
grain boundaries and on extrinsic stacking faults, and pro-
duced intrinsic stacking faults that were precipitate-free. 
Ordered domains grew upon aging at rates proportional to jtV2• 
the activation energy for growth was 222 ± 20 J/mol. Thermal 
antiphase boundaries (APBs) had isotropic energies and (_a/2) 
<110> displacement vectors. Intrinsic and extrinsic stacking 
faults also serve as APBs, with displacement vectors of 
(a/6)<112> and (a/3)<lll>, respectively. Intrinsic faults had 
relatively high APB energies and interacted strongly with 
thermal APBs, while the reverse was true for extrinsic faults. 
Extrinsic stacking faults nucleated at VC particles in the 
matrix by punching out (jt/2)[011] dislocations, which disso-
ciated into Frank and Shockley dislocations. The Frank par-
tial climbed away from the particle, and growth proceeded by 
the Silcock-Tunstall mechanism of alternate precipitation and 
climb of the Frank partial. Intrinsic stacking faults were 
also nucleated at VC particles, but the perfect dislocation 
around the particle dissociated into two Shockley partials: 
(a./2)[TO 1 ] + (a/6)[U2] + (a/6)[211]. Then the intrinsic 
fault grew by glide of the outer Shockley partial. 

INTRODUCTION 

Long-range-ordered (LRO) alloys have some unique properties that 
make them potentially useful for elevated-temperature applications. 
Their strength often increases rather than decreases with temperature,* 
£ 
Present address: Center for Solid State Sciences, Arizona State 
University, Tempe, AZ 85281. 

XN. S. Stoloff and R. G. Davis, "The Plastic Deformation of Ordered 
FeCo and Fe3Al Alloys," Acta Metall. 12, 473 (1964). r 
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the work hardening rate is high,^ and fatigue resistance is g o o d . ^ In 
addition, LRO alloys should be quite resistant to radiation-induced 
swelling because ordered alloys have an increased probability for vacancy-
interstitial recombination.^ However, a serious problem associated with 
LRO alloys has been their lack of ductility in the ordered state. This 
problem was overcome by Liu and Inouye^ in the (CoxFey)3V system by 
adjusting the composition such that the electron per atom ratio (e/a) 
was less than 7.888. This produced a stable cubic LI2 ordered structure 
below T̂ , (~1173 K) that exhibited uniform elongation exceeding 30% at 
room temperature. 

This report presents the results of the initial microstructural char-
acterization of the LRO alloy (Coo.78Fe0.22^3^ using analytical electron 
microscopy. The microstructure was analyzed in detail after the mate-
rial was rapidly quenched from above the critical ordering temperature, 
JTC, and also after subsequent aging at elevated temperatures below Tr. 
Features such as precipitates, stacking faults, ordered domains, and 
antiphase boundaries (APBs) have been studied. A mechanism describing 
the nucleation and growth of stacking faults in the alloy is proposed. 
The relationship of microstructure to mechanical properties is currently 
being investigated, and these results will be reported later. 

EXPERIMENTAL 

A small ingot (~0.4 kg) of (CoQ.78Fe0.22^3^ w a s arc-cast under 
argon and was analyzed to have the following chemical composition: 

^M. J. Marcinkowski, "The Effect of Atomic Order on the Mechanical Prop-
erties of Alloys with Emphasis on FeCo," Order-Disorder Transformations 
in Alloys (edited by J. Warlimont), pp. 364—403, Springer-Verlag, New 
York, (1974). 

^R. C. Boettner, N. S. Stoloff, and R. G. Davis, "Effect of Long 
Range Order on Fatigue," Trans. Metall. Soc. AIME 236, 131 (1966). 

^E. M. Schulson, "Order Strengthening as a Method for Reducing Irradiation 
Creep: An Hypothesis," J. Nucl. Mater. 66, 322—324 (1977). 

5 C. T. Liu and H. Inouye, "Control of Ordered Structure and Ductility 
of (Fe,Co,Ni)3V Alloys," Metall. Trans. A 10A, 1515-25 (1979). 
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wt % wt ppm 

V Fe Go 0 C N H 
22.7 17.1 60.1 140 146 141 <1 

The elements listed in wt ppm were present as impurities. The ingot was 
hot-rolled at 1373 K in molybdenum cover sheets to a thickness of about 
1 mm and further reduced to 0.6 mm by cold rolling. Disks having a 
3-mm diameter were electrical-discharge machined (EDM) from the sheet 
and annealed under helium for 900 s at 1373 K. This temperature was 
above the critical ordering temperature of about 1173 K for the mate-
rial. The disks were then rapidly quenched into ice water to retain the 
"disordered" structure. The quenching procedure also caused an oxide 
coating to form on the specimens. The oxide was removed by light abra-
sion on 600-grit emery paper followed by electropolishing at 243 K in a 
solution of 12.5 vol % H2SO4 in methanol. The disks were put in the 
long-range-ordered condition by vacuum annealing «10~^ Pa) at either 
973 or 1073 K. 

Transmission electron microscopy (TEM) specimens were prepared by 
electropolishing the disks in a submerged dual-jet electropolishing 
apparatus using a solution of 12.5 vol % H2SO4 in methanol cooled to 243 
K. The voltage was 27 V dc and the current density approximately 65 
kA/m2. The specimens were examined in a JEOL 120 CX analy tical electron 
microscope equipped with a eucentric double-tilt specimen holder as well 
as scanning transmission electron microscopy (STEM) and x-ray energy 
dispersive spectrometer (EDS) attachments. 

As-Quenched Microstructure 
The as-quenched microstructure of (Coo.7gFeo.22)3v i s shown in 

Fig. 1. The bright-field (BF) micrograph [Fig. 1(a)] shows the matrix, 
which contained a low dislocation density (~1013/m2) and small MC-type 
precipitate particles. These particles were present in the microstruc-
ture after the alloy was prepared by arc casting. The grain boundaries 

RESULTS AND DISCUSSION 

Precipitation of MC 
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Fig. 1. As-quenched (Cog.78Fe0.22^3v showing MC-type carbide in 
the matrix. Three particles near top of foil are_labeled "t." (a) 
Bright field, [022]. (b) Dark field, [022]. 

were generally free of precipitates. The average particle diameter was 
about 25 nm and the particle concentration about 3 x 1019/m3. Three 
precipitate particles labeled in Fig. 1(a) were near the top surface of 
the foil. This was determined from the change in black-white contrast 
around the particles in going from bright field to dark field** 
[Fig.1(b)] and stereomicroscopy. The strain fields surrounding the MC 
particles were interstitial^ but did not appear to be spherically sym-
metric because the lines of no contrast were not always perpendicular to 

&M. H. Loretto and R. E. Smallman, Defect Analysis in Electron 
Microscopy, p. 88, Chapman and Hall, London (1975). 
^M. F. Ashby and L. M. Brown, "Diffraction Contrast from 
Spherically Symmetrical Coherency Strains," Philos. Mag. 8, 1083 
(1963). 
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the diffraction vector (see ref. [8], pp. 328-29). The strain fields 
probably resulted from the difference in volume contraction between par-
ticles and matrix during quenching. This topic will be discussed in 
detail later in connection with a proposed mechanism of how stacking 
faults nucleate on these MC particles. 

After Aging at 973 K 
Aging at 973 K caused additional MC to precipitate. For aging 

times up to about 3.6 ks (1 h), small MC particles precipitated pri-
marily on high-angle grain boundaries and incoherent twin boundaries. 
Some of the high-angle boundaries migrated into adjacent grains with 
narrow strings of MC trailing behind, creating precipitate "cells"^ as 
shown in Fig. 2. The cells also contained a high density of intrinsic 
(vacancy-type) stacking faults. The details of this interesting discon-
tinuous precipitation process will be discussed in a separate paper. 
After longer aging times the discontinuous precipitation diminished, and 
the main mode of precipitation occurred on extrinsic stacking faults in 
the matrix,10 as shown in Fig. 3. The extrinsic faults had {111} habit 
planes and were disk-shaped similar to large faulted loops. However, 
because of the manner in which these defects appear to nucleate and 
grow, we will refer to them as stacking faults rather than faulted loops. 

Besides stacking fault precipitates, Fig. 3 shows all the other 
precipitate morphologies that were observed after aging for longer times 
at 973 K. The MC was homogeneously distributed in the matrix and hetero-
geneously precipitated in the grain boundaries, grain boundary cells, 
incoherent twin boundaries, and stacking faults. The number and size of 
precipitate particles distributed in the matrix remained constant for 
aging times up to 0.96 Ms (266.7 h). The number of extrinsic faults 

8P. B. Hirsch, A. Howie, R. B. Nicholson, D. W. Pashley, and M. J. Whelan, 
Electron Microscopy of Thin Crystals. Butterworths, London (1965). 
D- N. Braski, R. W. Carpenter, and E. A. Kenik, "Discontinuous Precipi-
tation in Ordered (Fe,Co)3V Alloys," Proc. 37th Annu. EMSA. pp. 650-51, 
Claitor's Publishing Division, Baton Rouge, La. (1979). 

1 0R. W. Carpenter and D. N. Braski, "Heterogeneous Precipitation of MC 
Carbides on Extrinsic Stacking Faults in V-Co-Fe Ordered Alloys," 
Proc. 35th Annu. EMSA, pp. 648-49, Claitor's Publishing Division, Baton 
Rouge, La. (1979). 
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Fig. 2. Discontinuous precipitation of VC rods in the wake of a 
migrating high-angle grain boundary. It occurred during 3.6 ks (1 h) 
aging treatment at 973 K. A large number of intrinsic stacking faults 
(S.F.) are also present in the cell. The arrows indicate the directions 
in which the boundary was probably moving. 

increased from zero after 3.72 ks (62 min) to about 2 x lO^/m 3 after 
0.96 Ms to (266.7 h). 

A number of MC particles in (Coo,78FeQ.22^3v were analyzed by both 
selected-area diffraction (SAD) and energy dispersive spectroscopy 
(EDS). The SAD pattern in Fig. 4 was taken from a grain boundary cell 
in a specimen aged at 973 K for 3.6 ks (1 h). In addition to the MC 
and doubly diffracted spots located near the matrix Bragg reflection, 
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Fig. 3. Microstructure of (CoQ.78Fe0.22^3v after aging at 973 K 
for 0.6 Ms (166.7 h), showing VC precipitate particles homogeneously 
distributed in the matrix and heterogeneously associated with cells, 
stacking faults, incoherent twin boundaries, and grain boundaries. 

weak matrix superlattice reflections located midway between the Bragg 
reflections are seen. Analysis of this and other SAD patterns showed 
that the MC particles were incoherent fee particles with a cube-on-cube 
crystal orientation relationship with the matrix. Some MC in both the 
matrix and grain boundaries had orientations other than cube-on-cube, 
and these orientations have not been successfully identified because of 
the difficulty in obtaining suitable diffraction patterns. 

Analyses by EDS of extracted carbide particles and also those ana-
lyzed within the foil indicated that the metal portion of the carbide 
was vanadium. However, since EDS detects only the elements heavier than 
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Fig. 4. Selected-area dif-
fraction pattern taken in pre-
cipitate cell. The pattern 
shows the cuhe-on-cube rela-
tionship between VC and matrix 
(m), the superlattice reflec-
tions (s), and extra spots 
resulting "rom double diffrac-
tion. B = [001]. 

sodium, we cannot be sure that only carbon is contained in the compound. 
Although we will refer .to the MC-type particles as VC, we speculate that 
the carbide may also contain nitrogen and/or oxygen, which substitute 
directly for carbon atoms. Another possibility is that the vanadium car-
bide is not stoichiometric VC. Preliminary analyses of SAD patterns of 
VC indicated that these were reasonable assumptions and that the chemi-
cal composition of VC probably did vary with location in the microstruc-
ture. Figure 5 shows the results of lattice parameter measurements of 
VC particles from different alloy heats as a function of alloy carbon 
content. Lattice parameters were determined by u.?ing the matrix spots 
as internal standards. Convergent-beam electron diffraction (CBED), 
which is sensitive to changes in lattice dimensions within ± 0.1%, was 
used to verify that the matrix lattice parameter in the cells was the 
same as that of the grain interiors. Selected-area diffraction, which 
is considerably less accurate, was used to measure the lattice param-
eters of the VC particles. However, the differences in these lattice 
parameters were large enough to be detectable. That is, the scatter 
bands of data were far enough apart to indicate that the composition of 
the VC differed between the matrix and grain boundary regions (including 
precipitate cells). This is not unreasonable since the carbides were 
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Fig. 5. Lattice parameter of VC as a function of carbon content in 
the alloy and location in the microstructure. 

formed at different stages of the alloy's thermomechanical history. We 
also propose that the VC particles at the grain boundaries were closer 
to the composition of "pure" VC because their lattice parameters wiare 
nearer the ASTM x-ray standard value of 0.416 nm for the pure carbide. 
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After Aging at 1073 K 
The microstructure of a (C0Q.78FeQe22)3v specimen after aging at 

1073 K for 28.8 ks (8 h) is illustrated by the micrographs of Figs. 6 
and 7. They show VC particles homogeneously distributed in the matrix 
and VC associated with extrinsic stacking faults in a manner similar to 
that observed for specimens aged at 973 K. Although a grain boundary 
precipitate was observed after aging at 1073 K, it was different from 
that formed during aging at 973 K. Figure 6 shows that blocky VC parti-
cles, about 0.15 um in diameter, were distributed along the high-angle 
grain boundaries. There was no evidence of any discontinuous precipita-

ORNL-PHOTO-1395-81 tion cells. Also visible in 
Fig. 6 is a large inclusion from 
which a number of stacking faults 
appear to have nucleated on the 
dislocations surrounding the 
inclusion. Faint residual fringe 
contrast due to the APBs was also 
observed in both grains. 

A more detailed examination 
of the microstructure is given in 
Fig. 7. Figure 7(a) and (b) are 
bright-and dark-field micrographs 
showing the stacking faults typi-
cal of those formed throughout 
the matrix. The faults on the 
(111) and (111) planes were ana-
lyzed by the technique originally 
developed by Howie** and also by 

the method of Gevers et al.*2 Both methods gave consistent results, and 
a number pf faults have been labeled as to whether they are extrinsic 

Fig. 6. Microstructure of 
(^°0.78Fe0.22)3v a f t " a t 1 0 7 3 

K for 28.8 ks (8 h) with large VC 
particles in the grain boundaries and 
small VC particles in the matrix and 
on extrinsic stacking faults (S.F.). 

1*A. Howie, "Quantitative Experimental Study of Dislocations and Stack-
ing Faults by Transmission Electron Microscopy," Metall. Rev. 6, 467 
(1961). 
12R. Gevers, A. Art, and S. Amelinickx, "Electron Microscopic Images of 
Single and Intersecting Stacking Faults in Thick Foils," Phys. Status 
Solid! 3, 1563 (1963). 
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Fig. 7. Stacking faults in (Coo.78Feo.22)3v after aging at 1073 K for 28.8 ks (8 h). (a) Bright-
field with & » [200]. The fault plane and_nature of several stacking faults are indicated (e » extrinsic 
i - intrinsic), (b) Dark field with £ - [200]. (c) Dark field using (100)vc reflections shows VC 
particles in matrix and on extrinsic stacking faults. (d) Dark field using (l00) superlattice reflec-
tion reveals thermal APBs and stacking faults. 
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(interstitial) or intrinsic (vacancy) [Fig. 7(a)]. As observed for the 
specimen aged at 973 K, the extrinsic faults always contained small VC 
particles, as shown in Fig. 7(c), where the VC was imaged in dark field 
by using the (200)yC reflection. Some intensity from (200) matrix 
relrods passed through the objective aperture, so many of the stacking 
faults were also imaged. Intrinsic stacking faults were also identified, 
and these seemed to originate on or near other components of the 
microstructure. However, the intrinsic faults were always free of VC 
particles. The bounding partial dislocations were identified for both 
the extrinsic and intrinsic stacking faults by using a contrast experi-
ment outlined by Loretto and Smallman.^ The results of this experiment 
are given in Table 1, and several partial dislocations bounding the 
faults on (111) planes in Fig. 7(a) have been identified. Table 1 shows 
whether the partials bounding the faults were in or out of contrast for 
three <220> diffraction vectors. The analysis on this and other micro-
graphs showed that extrinsic stacking faults were bounded by Frank par-
tial dislocations with b_ = (a/3)<lll> and intrinsic stacking faults were 
bounded by Shockley partials with 1> = (a/6)<112>. 

Table 1. Results of partial dislocation analysis in 
(Co0.78Fe0.22)3v AS*"1 a t 1 0 7 3 K f o r 2 8- 2 k s h) 

Fault Fault Contrast of Bounding Partials Burgers Vector 
[See Fig. Plane & = [022] £ = [220] £ = [202] b. 

(lll)i (111) in out in -g [112] Shockley 
a 

(lll)e (ill) out out out ? [Ill] Frank 

Ordering 

As-Quenched Microstructure 
Figure 8 is a selected-area diffraction (SAD) pattern of the as-

quenched alloy with the beam direction, B, parallel to [011]. The pat-
tern was purposefully overexposed to reveal the weak diffuse scattering. 
Some degree of short-range order (SR0) probably existed in the as-quenched 
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alloy because two faint spots of 
intensity were observed in the 
(100) and (100) superlattice 
positions. The faint rings in the 
SAD were caused by a thin oxide 
film that formed on the foil sur-
faces during electropolishing. 

Growth of Ordered Domains after 
Aging Between 973 and 1073 K. 

When (Coo.78FeO,22)3v i n tlie 

as-quenched condition was afed at 
973 K the SR0 became LR0. The 
ordered domains grew with time at 
973 K, as illustrated by Fig. 9. 
These micrographs were all taken in 
dark field by using <100> super-
lattice reflections to reveal the 

domains and their APBs. However, as will be shown later, only two-
thirds of the APBs are in contrast, thus creating a "jigsaw puzzle" 
appearance. When all the wavy APBs were imaged simultaneously the 
domains revealed their more equiaxed shape. This wavy domain shape 
indicates that the APB energy in (Coo.78Feo.22^3v i s probably isotropic. 
It differs from the cube-shaped domains often found in other LI2 ordered 
structures, such as (hrjAu,^ where the APBs lie preferentially parallel 
to {100}. Measurements of domain diameter have been summarized for dif-
ferent aging times at 973, 1023, 1073, and 1173 K in Fig. 10. Domain 
diameter was measured by randomly selecting ten equiaxed domains and 
averaging their diameters. Comparable sizes were also obtained by a 
random lineal analysis such as suggested by Fisher and M a r c i n k o w s k i . 

However, when applying this analysis to micrographs taken with diffrac-
tion vectors of <100> or <110> one must divide the number of intercepts 
by two-thirds to account for those APBs that were not in contrast. The 

l^R. M. Fisher and M. J. Marcinkowski, "Direct Observation of Antiphase 
Boundaries in the AUCU3 Superlattice," Philos. Mag. 6, 1385-1405 (1961). 

Fig. 8. Selected-area dif-
fraction pattern of as-quenched 
(Co0.78^e0.22^3v shows diffuse 
intensity at Bragg spots and 
faint supperlattice reflections. 
B = [011]. 
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Fig. 9. Superlattice dark field micrographs showing the growth of ordered domains in 
(Co0.7aFe0.22)3v a t 9 7 3 K for (a) 3.6 ks (1 h), (b) 60 ks (16.7 h), and (c) 0.96 Ms (266.7 h). 
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Fig. 10. Domain size in (Co0.78Fe0.22)3v M a function of the 
square root of aging time at 973 K. 

measurements of domain size are plotted as a function of (Fig. 10) to 
permit determination of the activation energy for domain growth. Only 
one data point was obtained at 1173 K and its value was so high that it 
could not be conveniently plotted with those for the lower temperatures. 
However, the slope of the 1173 K growth is represented and drawn cor-
rectly. All the growth curve slopes are plotted as a function of inverse 
temperature to produce the Arrhenlus plot in Fig. 11. A straight line 
was fitted to the four data points by the least squares method; the 
slope of the line is equal to -Q/R, where (J. the activation energy and 
R is the gas constant. The activation energy for domain growth was 
calculated to be 222 ± 20 kJ/mol. 

If domain growth depends only on a mechanism involving volume dif-
fusion, this activation energy should be virtually the same as that for 
self-diffusion in the alloy. Unfortunately, this comparison cannot be 
made directly because diffusion experiments have not yet been conducted 
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Compared with activation 
energies for self-diffusion in 
pure metals, the value for 
domain growth is lower than 
that measured for a-iron (281 
kJ/mol)^ or pure vanadium 
(310 kJ/mol).15 The value 
is also lower than those 
measured by Bristotti and 
Wazzan^ for the diffusion of 
5 9Fe in cobalt (254 kJ/mol) 
and the self-diffusion in a 49 

wt % Co—49 wt % Fe—2 wt % V 
ordered alloy (262 kJ/mol) 
determined by Eymery et al.l? 
The latter value was also 
obtained from domain growth 
measurements, but the ordered 
structure of their Co-Fe-V 
alloy was of the L2Q type. 
Eymery et al. also proposed 
that the growing APBs were 

essentially narrow regions of disordered material and that the activation 
energy actually represented self-diffusion in the disordered alloy. If 
this is true, domain growth measurements would yield a lower activation 
energy than that required for self-diffusion in the ordered lattice. 

(x 1 0 " 
\/J (K-M 

Fig. 11. Determination of the acti-
vation energy, for domain growth in 
( C o 0 . 7 8 F E 0 . 2 2 > 3 V . 

^ P . G. Shewmon, "Diffusion," in Physical Metallurgy (edited by R. W. 
Cahn), p. 394, North-Holland, Amsterdam (1965). 

1 5J. Pelley, "Self-Diffusion in Vanadium Single Crystals," Philos. Mag. 
29, 383-93 (1974). 
i^A. Bristotti and A. R. Wazzan, as cited in Diffusion and Defect Data, 
ed. F. H. Wohlbier, Trans. Tech. Publ., Rockport, Mass. (1980), p. 37. 
I7j. P. Eymery, P. Grosbras, and P. Moine, "Etude par Diffraction des 
Rayons X de L'Influence des Lacunes sur la Restauration de L'ordre dans 
L'alliage Fe-Co-V," Rev. Phys. Appl. 8, 139-47 (1973). 
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APB Displacement Vector 
Contrast of APBs in an ordered material as observed in a transmis-

sion electron microscope depends on the phase difference between the 
diffracted electron waves above and below the APB. Fisher and 
Marcinkowski^ and others have used the following expression, which is 
similar to that used for stacking faults, to describe APB contrast: 

a - 2TT£-£ , 

where 
a = phase difference or angle, 

= diffraction vector, 
j> = APB displacement vector. 

When a = 0 or 2ir the APB is invisible, and when a = ir the APB will be 
visible. Because of this criterion, APBs are often called "ir boundaries." 
In special instances (for example, with stacking faults, as discussed in 
the next section) a may take on values other than IT. By selecting 
proper difraction vectors one can find two separate conditions for APB 
invisibility and thereby identify the displacement vector for that APB. 
Such an experiment was performed on the (Coo.78Feo.22^3v alloy after It 
had been aged at 1073 K. for 28.8 ks (8 h) to obtain rather large ordered 
domains. The results of the experiment are given in Table 2 and Fig. 12. 
Table 2 shows that if the APB displacement vectors are (a/2)<110>, the 

Table 2. Results of APB contrast experiment Cg.*j>) 

\ 1 

£ \ 
[100] [010] [110] [101] [011] [Tio] 

a/2[Oil] 0 +1/2 -1/2 -1/2 0 +1/2 

a/2[101] -1/2 0 +1/2 0 -1/2 -1/2 

a/2[110] -1/2 +1/2 0 +1/2 +1/2 0 
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( d ) Ce) ( f ) 

Fig. 1 2 . APB contrast in (COQ 7 8 F E 0 . 2 2 ) 3 V A S E D A T 1 0 7 3 K F O R 

28.8 ks (8 h). (a) £ = [lOO]; APBs'with £ = (a/2)[011] are invisible _ 
(those marked "A" in other micrographs), (b) j> = [010]; £ = (a/2) [101] 
are invisible (marked "B")^ (c) £ = [110]; £ = (a/2)[110] are invisible 
(marked "C"). (d) £ = [Oil]; APB contrast same as (a). (e) £ = [101]; 
APB contrast same as (b). (f) £ = [110]; APB contrast same as (c). 
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APBs will become invisible or show weak contrast when one uses the 
respective diffraction vectors listed for Such was actually 
observed as shown in Fig. 12; APBs with j> = Gi/2)[011] were invisible or 
showed weak residual contrast in Fig. 12(a) and (d), those with j> = (a/2) 
[101] in Fig. 12(b) and (e), and those with £ = (a/2)[110] in Fig. 12(c) 
and (f). Careful assignment of these (a/2)<110> displacement vectors 
will show that all the APBs in the micrographs can be identified 
unambiguously. The (ja/2)<110> displacement vectors are one of two types 
expected for LI2 structures, the second being the (a/6)<112> dis-
placements.^® However, these latter displacement vectors could not be 
assigned to any of the "wavy" or thermal APBs in (Coo#7gFeo.22^3^* 

Nucleation and Growth of Stacking Faults 

Extrinsic Stacking Faults 
The nucleation and growth of extrinsic stacking faults were studied 

by carefully analyzing the microstructure of (COQ#7gFeQ.22^3^ after 
relatively short aging times. At high magnification, small dislocations 
and/or tiny stacking faults were often observed attached to the small VC 
particles that were originally present in the as-quenched structure 
(Fig. 1). The results of a detailed contrast analysis of these disloca-
tions are given in Table 3 and Fig. 13. Figure 13 shows a few of the 
micrographs that were used to analyze dislocations around a small VC 
particle in a specimen that was aged at 973 K for 3.6 ks. Figure 13(f) 
shows the dislocations and their Burgers vectors. We propose that a 
perfect dislocation of the type (a/2)<110> was punched out around the 
particle which then dissociated at one point into an (a/3)<lll> (Frank 
partial) and (a/6)<112> (Shockley partial) — i.e., 

(a/2)[0U] -»- a/6[211] + (a/3)[lll]. 

J. Marcinkowski, "Theory and Direct Observation of Antiphase 
Boundaries and Dislocations in Superlattices," Electron Microscopy and 
Strength of Crystals, pp. 333-^440 (edited by G. Thomas and J. Washburn), 
Wiley and Sons, New York (1963). 
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Table 3 . Results of Burgers vector analysis in (COQ^gFeg,22^3V 

aged at 973 K for 36 ks <£-b) 

220 220 202 202 022 022 200 200 111 111 111 111 

f[lll] 0 0 0 0 0 0 2 
3 

1 
3 + i 

1 
3 

Observed w w w w i i s w w w w w 

f[211] +1 -1 -1 +1 0 0 * ! 
2 
3 

_ I 
3 

1 
3 

Observed w s s s w i w s w w w w 

§[011] +1 -1 -1 +1 0 0 0 0 0 0 ̂  0 0 

Observed w w w w w w i w w w w w 

i " invisible; w » weak or residual contrast; s = strong contrast. 

In this interpretation of the data, the Frank partial climbed away from 
the particle, but the Shockley partial remained behind. Strong evidence 
was obtained for identification of the Frank partial and is listed in 
Table 3. All three invisibilities expected with the <220> diffraction 
vectors (g*l> • 0) were confirmed, as shown in Fig. 13(a), (b) and (c). 
With £ of [200] and [200] strong and weak dislocation contrast was 
expected with values of —2/3 and +2/3, respectively (Table 3). This 
was actually observed and is shown in Fig. 13(d) and (e). Strong con-
trast was predicted for the Shockley partial with £ = [220] and [202] 
(Table 3) — i.e., £•]> * ±1, and it was observed experimentally, as shown 
in Fig. 13(a) and (b). An invisibility or weak residual image was 
expected for the Shockley by using £ = [022] and also was observed, as 
shown in the micrograph in Fig. 13(c). The faint fringe of contrast 
near the area of the Shockley was perpendicular to the diffraction vec-
tor and was probably due to strain effects around the particle. If the 
Shockley dislocation was correctly identified, weak residual contrast 
would also be expected for £ = [200] and g*b = +2/3, whereas strong 



( f ) 0.1 ym 

Fig. 13. Selected micrographs used in Burgers vector analysis of dislocations at VC particle 
3o0.78Fe0.22>3v 2Sed a t 9 7 3 K f o r 3 , 6 ** & " _ 

~ [111]. (c) £ - [022]; B ~ [111]. <d) £ - [200], B ~ [Oil], (e) £ - (200]; B ~ [011]. 
B ~ [111]. 

of analysis where <a/2)[011] • (a/6)[211] + (a/3)[lll]. 

(b) £ - [201] j B 
(f) Results 

Micron marker in (f) applies to (sHf). 
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contrast should be observed for £ = [200] and g*b = —2/3. The contrast 
observed was consistent with the £»b predictions as shown in Fig. 13(d) 
and (e) for these two diffraction vectors. The results for the perfect 
(a/2)[0ll] dislocation were not straightforward, and positive identifica-
tion was not obtained. One reason for this was that the strain contrast 
from the particle often interfered with that of the dislocation. Trying 
to alleviate this problem, we used the weak-beam dark-field technique, 
but the results from it were also ambiguous. Nevertheless, the con-
sistent results obtained in the Burgers vector analysis for the Frank 
and Shockley partials lead us to believe that the perfect dislocation 
was present at the particle-matrix interface. 

Based on these experimental results, a mechanism for the nucleation 
and growth of extrinsic stacking faults in the ordered alloy will now be 
proposed. Extrinsic stacking faults formed in the microstructure. of 
(Coo.78Feo,22^3^ after aging for at least 3.6 ks at temperatures between 
973 and 1073 K. After the alloy was quenched from 1373 K the micro-
structure contained relatively few dislocations (~ 10 1 3/m 2) that might 
nucleate small stacking faults. However, about 3 x 10l9/m3 vanadium 
carbide precipitate particles were distributed throughout the matrix. 
It is unlikely that this carbide precipitated during the rapid quench, 
and so it must have existed in the microstructure during the anneal at 
1373 K. The coefficients of thermal expansion of carbide (6.5 x 10~6/K)19 

and matrix (~17.5 x 10~"6/K)20 differed enough to cause high stresses to 
develop around the carbide particles during the quenching operation. 
The strain contrast around the VC particles (Fig. !) is qualitative evi-
dence that this, in fact, was the case. For some particles, the 
stresses were sufficient to punch out dislocations which, in turn, 
formed stacking faults that grew by the mechanism described below. 

s. Touloukian, ed., Thermophysical Properties of High Temperature 
Solid Materials, p. 259, Macmillan, New York (1967). 

20 D. L. McElroy, R. K. Williams, F. J. Weaver, and R. S. Graves, "The 
Physical Properties of V(Fe,Co,Ni)3 Alloys from 300 to 1000 K," to be 
published in Thermal Conductivity, vol. 16, (edited by D. C. Larsen) 
Plenum, New York (1981). 



23 

Dissociation of a perfect dislocation into Frank and Shockley 
partials was proposed by Silcock and Tunst all^l in describing stacking 
fault precipitation in stainless steel. However, nurlent ion in their 
system occurred on perfect dislocations already present in the stainless 
steel. We were also able to nucleate extrinsic stacking faults from 
pre-existing matrix dislocations, :is demonstrated in Fig. 14, but we had 
to strain the specimen 3% before aging to introduce dislocations into 
the structure. Using the criterion, the above dissociation neither 
reduces nor increases the self-energy of the dislocations. However, the 
presence of a precipitating species in the alloy system (usually an MC-
type carbide)^* appears to promote the reaction. Extrinsic faults in 
(CoQ.78FeQ,22)3v grew by the Silcock-Tunstall mechanism2* — that is, 
cooperative climb of the Frank partial and precipitation of VC in the 

2 1J. M. Silcock and N. J. Tunstall, "Partial Dislocations Associated 
with NbC Precipitation in Austenitic Stainless Steels," Philos. Mag. 
10, 360-389 (1964). 

, /r, S* Nucleation of extrinsic stacking faults on dislocations 
in (Coo.78Feo.22>3v specimen that was strained 3% at room temperature 
and then aged at 973 K for 60 ks (16.7 h). 
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dilated matrix near the Frank. As the VC particles grew, they were 
accommodated by vacancy emission from the Frank, and the Frank bowed out 
between particles, as illustrated in Fig. 15. A number of Frank segments 
can be observed bowing out around VC particles in the bright-field image 
[Fig. 15(a)], whereas the precipitate dark-field image [Fig. 15(b)] 
clearly shows the presence and location of the individual particles. 
Eventually, the bowed portion moved out, joined the bowed segment from 
the other side of the particle and formed a loop around it. Then the 
Frank continued to climb away from the particles. 

0.1 ym 

Fig. 15. Climb of Frank partial dislocations around VC precipitate 
particles in extrinsic stacking faults in (Cog>78Fe^>22)3v aged at 
973 K for 60 ks (16.7 h). (a) Bright field, £*= [020], F = Frank partial 
(b) Dark field using (020)vc reflection showing VC particles. 

Intrinsic Stacking Faults 
At 1073 K, a low concentration of intrinsic stacking faults was 

observed in the grain matrices. As mentioned earlier, the intrinsic 
faiilts were always free of VC particles. [At 973 and 1023 K intrinsic 
faults were also found within discontinuously precipitated grain boun-
dary cells (Fig. 2), but these will be-treated in a later paper.] 
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Interestingly, intrinsic faults also nucleated on VC particles. A 
Burgers vector analysis similar to the one presented for the extrinsic 
faults is given in Table 4 and Fig. 16 for the nucleation of an intrin-
sic fault. Figure 16(f) shows a sketch of the dislocations that were 
analyzed. The loop extending from the particle was identified as an 
Gi/6)[112] Shockley partial because the contrast for this dislocation was 
consistent with the contrast observed at different diffraction vectors. 
For example, strong contrast was observed for diffraction conditions 
where £-_b = ±2, ±1, or -2/3 and weak or no contrast where £«b = +2/3, 
±1/3, or 0. The invisibility for &*b = 0 is evident in Fig. 16(c). 
Trace analysis and measurements of the projected loop width with the 
specimen tilted at different angles to the beam direction confirmed that 
Shockley was on the (111) plane. Calculations of g-b for (a/6)[l21] 
and (a/6)[211], the other two Shockleys on (111), were not consistent 
with the observed contrast, as shown in Table 4. Although two distinct 
invisibilities were not obtained for the remaining two dislocations, 

Table 4. Results of Burgers vector analysis (g*b) in 
(Coo.7gFeo.22hv Aged at 1073 K for 28.8 ks (8 h) 

b 022 022 202 202 220 220 111 i l l 200 

a/6[Il2] +1 -1 +1 +1 0 0 -2/3 +1/3 +1/3 

a/6[121] -1 +1 0 0 +1 -1 +1/3 -2/3 +1/3 

a/6[211] 0 0 - 1 +1 -1 +1 +1/3 +1/3 -2/3 

Observed s s s s i w s w w 

a/6[121] -1/3 - 1 0 0 -1 +1 -1/3 +2/3 -1/3 

a/6[211] 0 0 +1 -1 -1/3 -1 -1/3 -1/3 -2/3 

Observed w i s s w s w w s 

a/2 [Oi l ] +2 -2 +1 -1 -1 +1 -1 +1 0 

a/2 [ l o i ] +1 -1 +2 -2 +1 —1 -1 0 -1 

Observed s s s s s s s w s 

i = invisible; w = weak or residual contrast; s = strong contrast. 
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(a) (b) (c) 

0.1 pm 

Fig. 16. Selected micrographs used in Burgers vector analysis of 
dislocations at VC particle in (Cog 78peQ 22^3V aS e d a t 1 0 7 3 K f o r 2 8 

ks (8 h). (a) £ « [025], B ~ [111] I ( b ) £ = [202], B ~ [111]. (c) £ 
= [220], B ~ [111]. (d) £ = [111], B ~ [Oil], (e) £ = [200] , B ~ [Oil], 
(f) Sketch showing results of analysis where: (a/2)[101] -»• (a/6)[ll2] 
+ (a/6)[211]. 

rather good contrast correlation was obtained if the dislocation around 
the particle and the partial dislocation left behind the gliding 
Shockley were assigned Burgers vectors of (a/2)[101] and (a/6)[?ll], 
respectively (see Table 4). This assignment was supported by the two 
micrographs in Fig. 16(a) and (b) using £ = [022] and [202], respec-
tively. In Fig. 16(a) the perfect (a/2)[101] was in strong contrast 
around the particle, as was the Ga/6)[112] Shockley. Under the same 
diffraction condition the (a/6)[211] was invisible. In Fig. 16(b) all 
three dislocations are in contrast, although the (a/6)[211] Shockley was 
not quite as strong as expected from £•]> = —1. Both these micrographs, 
especially Fig. 16(a), were consistent with a dislocation reaction 



(a/2)[101] - (a/6)[112] + (a/6)[211] 

Unlike the reaction for the extrinsic fault, a "b2" energy calculation 
indicates that this reaction was likely to occur because the self-
energies of the dislocations are lowered when the dissociation takes 
place. The outside Shockley partial — in this case, (a/6) [112]) — was 
free to glide on the (111) plane, creating an intrinsic stacking fault. 

Stacking Fault/APB Interactions 

Both extrinsic and Intrinsic stacking faults form in (Coo.78Feo.22)3v 

upon aging at 1073 K. Intrinsic faults were formed by the dissociation of 
a perfect dislocation into two Shockley partials [_b • (a/6)<112>] and glide 
of the partials on the {111} slip planes. The stacking fault produced 
between the partials was also an APB with the same (a/6)<112> displace-
ment vector.I® Because of the way the intrinsic fault formed, the first 
nearest neighbor ordering was disrupted along the fault plane. The APB 
created by the Shockley partials has the same numbers of wrong first 
nearest neighbor atom pairs per unit area and therefore approximately 
the same APB energy as that from an ordinary (_a/2)<110> type (thermal 
APB).18 Evidence of this in the microstructure lies in the fact that 
intrinsic stacking faults very often connect segments of thermal APBs. 
[See, for example, the two intrinsic stacking faults in the lower por-
tion of Fig. 7(a) and (d).] This feature suggests that the faults have 
strong interaction with thermal APBs and take part cooperatively in the 
growth of ordered domains upon aging. The phase angle a associated with 
TEM images of APBs having £ » (a/6)<112> takes on values other than 
ir and is related to the specific hkl reflection as follows:18 

a - f(h + k + 2A) . 

Extrinsic stacking faults were formed by the climb of Frank partials 
[(a/3)<lll> type]. In the disordered fee lattice, an equivalent extrin-
sic fault could be formed by using (a/6)<112> shears or Shockley partial 
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dislocations. However, as pointed out by Oblak and Kear,22 they are 
not equivalent In the ordered Ll£ lattice. This is true because with 
j> = (a/3)<lll> (that is, inserting or removing a {111} plane) no 
nearest neighbor violations of order occur, but, as we have already 
mentioned, nearest neighbor disruptions do occur with j> - (ji/6)<112>. 
The APB formed by an extrinsic fault was therefore based on disordering 
displacements further away than nearest neighbor ones and would be 
expected to have relatively low energies. Such low-energy APBs should 
have little or no interaction with higher energy APBs. An example was 
given by Marcinkowski1® of a thermal APB crossing a twin in CU3AU, where 
the twin (assumed to have no change 
in nearest neighbor ordering across 
it) had no influence on the growth 
of the APBs across it. Somewhat 
similar observations were made with 
thermal APBs in (Coo.78FeQ.22^3v 311(1 

extrinsic stacking faults. The 
micrograph in Fig. 17 shows thermal 
APBs intersecting extrinsic faults 
in a specimen aged at 973 K for 
0.96 Ms (267 h). Both the ordered 
domains and the extrinsic faults 
were quite large after this treat-
ment. Note that most of the faults 
lying on {111} planes terminated 
within domains rather than on APBs 
and that APBs seldom changed direc-
tion upon crossing a fault. These 
observations indicated that thermal 
APBs only interacted weakly with the 
extrinsic faults. 

2 2J. M. Oblak and B. H. Kear, "Stacking Fault Contrast in an Ordered 
Ll2 Lattice," Proc. 26th Annu. EMSA, pp. 260-261, Claitor's Publishing 
Division, Baton Rouge, La. (1968). 

Fig. 17. Extrinsic stacking 
faults growing through thermal APBs 
in (Coo.78Fe0.22^3V demonstrate the 
weak interaction occurring between 
these two types of defects. Speci-
men was aged at 973 K for 0.96 Ms 
(266.7 h). 
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CONCLUSIONS 

1. After (Coo.78Fe0.22^3^ m a quenched from a temperature above 
the critical ordering temperature (~1173 K), the structure displayed 
some short-range-order (SRO), and the matrix contained a relatively uni-
form distribution of VC particles, which exhibited interstitial-type 
strain contrast. 

2. When quenched specimens were aged at 973 K, VC first precipi-
tated discontinuously on grain boundaries and later precipitated on 
extrinsic (interstitial-type) stacking faults in the matrix. 

3. Aging at 1073 K produced a VC precipitate on grain boundaries, 
extrinsic stacking faults containing VC precipitate, and intrinsic 
stacking faults that were free of precipitate. Extrinsic stacking 
faults were bounded by Frank partials and intrinsic stacking faults were 
bounded by Shockley partials. 

A. Ordered domains grew at temperatures between 973 and 1173 K at 
rates proportional to the square root of the aging time. The activation 
energy for domain growth was 222 ± 20 J/mol. 

5. Thermal antiphase boundaries (APBs) had isotropic energies and 
(a/2)<110> displacement vectors. 

6. Extrinsic stacking faults were nucleated at VC particles by 
punching out perfect dislocations, which dissociated into Frank and 
Shockley partials as follows: 

(a/2)[011] - (a/6)[211] + (a/3)[lll] . 
The Frank climbed away from the particle leaving the Shockley behind. 
Growth proceeded by the Silcock-Tunstall mechanism, with alternate pre-
cipitation of VC at the Frank and climb of the Frank partial on the 
(111) plane. 

7. Intrinsic stacking faults also nucleated at VC particles and 
punched out perfect dislocations around the particles. The perfect dis-
location dissociated into two Shockley partials and the fault grew by 
glide of the outer Shockley on the (111) slip plane, so 

(a/2)[101] - (a/6)[112] + (a/6)[211] . 
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8. Intrinsic stacking faults were also APBs, with displacement 
vectors (ji/6)<112>; they had relatively high APB energies and interacted 
strongly with thermal APBs. Extrinsic stacking faults were APBs with 
displacement vectors (a/3)<lll>; they had low APB energies and inter-
acted weakly with thermal APBs. 
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