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Résumé - Nous avons étudié, à l'aide d'un microscope â émissions d'ions avec 
sonde atomique, des effets de ségrégation pour des fautes d'empilement indi
viduelles dans les alliages Co-0.96 at.% Nb et Co-0.98 at.% Fe. La composi
tion des fautes d'empilement a été mesurée dans ces alliages dans la gamme de 
température 450 à 575°C. La concentration moyenne de soluté dans les fautes 
d'empilement décroit avec l'augmentation de température. Des petites fluctu
ations (̂ 5 to 20 A de diamètre) riches en soluté, dépendant de la tempéra
ture, dont la composition diffère de façon significative de la composition 
moyenne d'une faute, ont été observées dans le plan des fautes d'empilement. 
Le fait que ces fluctuations sont dépendantes de la température suggère qu'en 
plus de ségrégation solutée nous avons observé une phase de transition à 
deux dimensions dans les fautes d'empilement. Une ségrégation isotherme de 
type Fowler-Guggenheim a été dérivée ce qui explique de façon semiquantita-
tive la dépendance de la température de la composition moyenne d'une faute. 

Abstract - The atom-probe field-ion microscope has been employed to study 
solute-atom segregation effects to individual stacking faults in Co-0.96 at.% 
Nb and Co-0.98 at.% Fe alloys. The compositions of stacking faults have been 
measured in these alloys in the temperature range 450 to 575°C. The mean 
solute concentration in the stacking faults decreases with increasing temper
ature. Small temperature-dependent solute-rich fluctuations (^ to 20 A di
ameter) , whose compositions differ significantly from the average fault com
positions, have been observed in the plane of the stacking fault. The temp
erature dependence of these fluctuations suggests that in addition to solute-
atom segregation we have observed a two-dimensional phase transition in the 
stacking fault. A Fowler-Guggenheim type segregation isotherm has been de
rived, which semi-quantitatively explains the temperature dependence of the 
mean composition of a fault. 

I - INTRODUCTION 

1.1 - General 

The phenomenon of interfacial segregation plays an important role in determining 
many physical properties of materials as well as being of fundamental interest 
/l/. Most of the studies of interfacial segregation deal either with grain bound
aries or free surfaces, while little attention has been given to solute segrega
tion to stacking faults (SFs)—commonly called Suzuki segregation /2,3/. Although 
there have been studies to elucidate the effects of alloying elements and tempera
ture on SF energies in cobalt alloys /4,5/, there have been no direct measurements 
of the compositions of SFs in any material by any technique. This is due to the 
fact that SFs are not readily accessible to analysis by conventional surface ana
lytical tools. 

In this paper we present the results of an atom-probe field-ion microscope (FIM) 
—hereafter called an atom probe—study of solute segregation to SFs in Co-0.96 
at.% Nb and Co-0.98 at.% Fe alloys. The atom-probe allows us to determine the 
chemical identity of individual atoms with a mass (m) resolution of (im/m) *> 1/200 
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/6-9/. In addition, the atom-probe has a lateral atomic resolution for composi- 
tion--in the surface of the FIM specimen--of a few angstroms. The depth reso- 
lution, for chemistry, is equal to the interplanar spacing of the crystallographic 
region analyzed. Therefore it is an ideal tool for studying segregation. 

We have determined the temperature dependence of the solute concentration in SFs 
in single phase Co(Nb) and Co(Fe) alloys and analyzed the thermodynamics of segre- 
gation in the light of the observations reported. This is the first time that the 
composition of individual SFs has ever been directly measured. These measurements 
show that the local concentration of solute atoms is extremely high and that 
solute-solvent atom interactions in and out of the plane of the SF can lead to the 
formation of ordered phases within the SF. In particular, we show that there are 
strong concentration fluctuations (5 to 20 A diameter), whose compositions differ 
significantly from the average SF composition. This leads us to the suggestion 
that in addition to solute atom segregation we have evidence for a disorder-order 
transformation within the plane of the SF. Our preliminary results on Nb segrega- 
tion in Co-0.96 at.% Nb alloy were reported earlier /lo/. 

1.2 - Stacking Faults in Cobalt-Based Alloys 
Extensive studies of both cobalt and cobalt-based alloys abound in the literature 
as they exhibit an allotropic phase transformation from the hexagonal close-packed 
(HCP) to the face-centered cubic (FCC) structure /11-14/. The transformation is 
believed to be martensitic (athermal) in character, although there is also a ther- 
mal component /12/. The similarity of the close-packed FCC and HCP structures is 
well known. The atoms in the (111) planes of the FCC structure are arranged in an 
hexagonal pattern just as the atoms in the (0002) planes of the HCP structure. 
The only difference between the two structures is the way in which the close- 
packed layers are stacked. In an HCP structure the atoms in the second layer are 
positioned above one set of hollows in the first layer and the atoms in the third 
layer are directly above the atoms in the first layer; the stacking sequence can 
be denoted as ABABAB, where each letter stands for a close-packed layer. Using 
Frank's del-nabla notation for describing any stacking sequence /15, 16/, the HCP 
structure is expressed as AVAVA. The FCC lattice has the stacking sequence ABCABC 
(AAAAA) . 
There are three types of SFs in the HCP structure that do not disturb first and 
second nearest-neighbor packing. The stacking sequence for each type of SF is as 
follows : 

(1) 1A intrinsic -- ABAB CBA (AVAAVA) 
(ii) 2A intrinsic -- ABAB CAC (AVAAAV) 
(iii) 38 extrinsic -- ABABCABA (AVAAAAV) 

It is expected that the SF energy (y) in an HCP structure follows the sequence 
Y1A<~2A<y3A /17/. There are two determinations of the SF energy of Co. The first 

-2 
one is due to Ericson /4/ and he obtained 15 erg cm-2 (15 mJ m or 5.2 meV 

atom-'). The second determination is due to Korner and Karnthaler /19/ and they 
-2 -2 

measured ylA = 27'4 erg cm (27 mJ m or 9.2 meV atom-'). 

Experimental observations also indicate the presence of both intrinsic and extrin- 
sic SFs in Co and Co-based alloys; their relative frequency of occurrence depends 
on the specimen's thermal history /12,14/. At temperatures close to the FCC HCP 
transformation the frequency of occurrence of 1A intrinsic SFs is C10 times 
greater than of 28 intrinsic SFs and approximately the same as that of the 3A ex- 
trinsic SFs. It was not found possible, in the FIM images, to distinguish among 
the contrast effects produced by different types of SFs as the differences are 
very subtle. Hence, we use the term SF in a global sense. The SFs we observed 
are a result of the wire drawing process and hence are deformation faults. 



I1 - EXPERIMENTAL DETAILS 
Wire specimens of Co(Nb) and Co(Fe) alloys were fabricated at the General Electric 
Research Laboratory (Schenectady, New York). Atomic absorption spectroscopy 
analysis was performed on these alloys and the nominal compositions were found to 
be Co-0.96 f 0.19 at.% Nb and Co-0.98 f 0.0.25 at.% Fe. These compositions are in 
the primary solid solution phase fields for the annealing temperature range em- 
ployed (450 to 575OC) 1191. 

The as-received wires were in a cold-worked state and FIM images of specimens 
prepared from these wires exhibited an extremely high stacking-fault density 

(>loll these SFs had been produced by the plastic deformation associated 
with the wiring drawing process. Hence, a heat treatment was developed to: (a) 

produce a reasonable SF density--a few faults in the %10-l0 cm2 field-of-view; and 
(b) produce an equilibrium concentration of solute atoms on each SF. 

A detailed discussion of the thermal treatments which achieved these goals are 
given elsewhere /20,21/. At the lowest annealing temperature (450°C) the esti- 

mated root-mean-squared diffusion distance [J x21 was equal to one-half the dis 
tance between two SFs. The calculated integrated number of jumps during a quench 

demonstrated that an upper limit to the corresponding value of J x2 is <1 A 1211; 
therefore, no redistribution of solute atoms occurred during the quench. 

The specimens were not in a global thermodynamic equilibrium state, as we were un- 
able to obtain HCP SFs in an FCC matrix for the annealing times employed. That 
is, we have studied solute atom segregation effects to FCC SFs in an HCP matrix. 
However, simple diffusion calculations 1211 indicated that the SFs were probably 

in local thermodynamic equilibrium. The values of Jx2 were large enough for the 
SFs to have come into thermodynamic equilibrium with the volume surrounding them; 
i.e., with their solute reservoirs. In the case of the Co-0.98 at.% Fe specimen 
annealed at 450°C this may not be correct. 

I11 - PRINCIPLES OF THE EXPERIMENT 
111.1 - Contrast Effects Caused By Stacking Faults 
The first-order contrast effects caused by SFs in FIM images can be understood 
using purely geometrical considerations. A schematic diagram of the region sur- 
rounding a pole of an FIM specimen from a perfect crystal is shown in Fig. la. 
This region conforms to a smoothly curved surface. The diameters of the consecu- 
tive crystal planes constituting this rpgion are limited by this surface. The 
pole is characterized by a unit normal n. For the close-packed planes only the 
atoms at the plane ledges protrude enough to give rise to an image, therefore the 
projected image of this region consists of a series of concentric circles as shown 
in Fig. Ib. 

A schematic diagram of an FIM specjmen which contains a single SF is shown in 
Figs. lc and Id. Figure lc is a section through a pole of an FIM specimen, while 
Fig. Id shows the contrast effect expected in the FIM image due to the presence,of 
a SF. The displacement of the SF plane is characterized by the shear vector (R). 

+ 
The magnitude of I R I  is the same everywhere on the surface of the SF. The inter- 
section of the SF with the surface of the tip produces $n ato3ic step. The verti- 
cal height of this step is given by the dot product of R and n of the crystallo- 
graphic plane which the SF intersects, that is 



C4-454 JOURNAL DE PHYSIQUE 

Fig. 1 - (a)  A cross-sectional 
view of a s ing le  pole on the 
surface of a per fec t  FIM t i p  
which ia character ized by a u n i t  
normal n; (b) A projected FIM 
image of the  pole shown i n  Fig. 
l a ;  (c) A cross-sectional view 
of a s ing le  pole on the  surface 
of an  FIM t i p  which is in te r -  
sected by a SF. An atomic s t ep  
is formed on the surface a s  a 
r e su l t  of the  presence of the 
SF; and (d) Contrast e f f ec t s  
produced i n  the FIM image by a 
SF when i t  i n t e r s ec t s  the  sur- 
face of the  t i p .  

;R TRACEOFTIE ;& ;; 

where q = HU+KV+LW and dHKiL is the in te rp lanar  spacing of a plane which the  

SF i n t e r s ec t s ;  (HKL) and [UVW] a r e  the  Mil ler  indices of the  plane and a d i rec t ion  
i n  a three-axis hexagonal system. 

-b- 

@ 
Since U,V and W a r e  not necessari ly in tegers ,  the quanti ty q need not be an inte-  
ger. I f  t he  v e r t i c a l  height  of an atomic s t ep  is  equal t o  a =-integral mult iple  
of dmiL then it  is read i ly  d i scern ib le  i n  t he  FIK image--the planes have a horse- 

nr 
R U T  

shoe-like appearance. The SF is  i nv i s i b l e  when the v e r t i c a l  height  of a s t ep  is 
equal t o  an i n t e g r a l  mult iple  of dmiL. When a SF is incl ined t o  the t i p  ax i s  

its t r a ce  s h i f t s  during the field-evaporation process. Whereas when a SF is  per- 
pendicular t o  the t i p  a x i s  its t r ace  is  always a c i r c l e  t h a t  i s  concentr ic  with 
t h i s  axis .  

111.2 - Atom-Probe FIM Analyses of Stacking Faul t s  

A schematic diagram i l l u s t r a t i n g  the bas ic  ideas involved i n  chemically ana- 
lyzing a SF by the atom probe is  shown i n  Figs. 2a and 2b. A SF, which is paral- 
l e l  t o  the  ax i s  of the  t i p ,  is shown with a number of so lu te  atoms residing i n  i t s  
plane. The specimen was ro ta ted ,  employing the  goniometer s tage ,  i n  such a way 
t ha t  the  center  of the  probe hole i n  the image i n t ens i f i c a t i on  system was aligned 
over the  SF. Each atomic plane was dissected by the  applicat ion of a s e r i e s  of 

3 
field-evaporation pulses. Typically 5x10 pulses were employed t o  evaporate a 

Fig. 2 - (a) 6 (b) 
Schematic diagram 
i l l u s t r a t i n g  the 
basic  ideas involved 
i n  analyzing a stack- 
ing SF by atom-probe 
field-ion microscopy; 
and (c)  & (d) Schema- 
t i c  diagram i l l u s -  
t r a t i n g  t he  bas ic  
ideas involved i n  
analyzing a cyl inder  
of a l l oy  which is 
A A away from the 
SF. 



plane containing approximately 100 atoms. The field evaporated ions which had 
trajectories that took them through the probe hole, in the image intensification 
system, were focused onto the Chevron detector with the aid of an Einzel lens. 
The distance of the image intensification system from the FIM tip (6) was adjusted 
so that the diameter of the cylinder analyzed (D ) was %30-50 A. The mass-to- 
charge ratios of all the atoms--both Co and Nb, 8r Co and Fe--in this cylinder 
were determined by the atom-probe technique 1221. 

To obtain the composition of the analyzed cylinder of alloy the cumulative number 
of Nb or Fe events is plotted versus the cumulative number of either Nb plus Co or 
Fe plus Co events--such a plot is called an integral profile. The average slope 

f 
of this plot corresponds to the average solute composition <c > of the volume s u 
analyzed, where the superscript and subscript f and s stand for SF and solute 
species (Nb or Fe), respectively, and the subscript u on the bracket means an un- 

f corrected value. The value of <c > is a lower limit to the actual solute concen- 
f *  S U f tration in the SF <c > . Each value of <c > must be corrected for the matrix's s U 

contribution, since the integral profile integrates over the solute-atom segrega- 
tion profile associated with each SF and the solute-atom concentration of the 
matrix /10,20,21/. In order to determine the solute composition in a region adja- 
cent to a SF the FIM tip was rotated in such a way that the edge of the analyzed 
cylinder was at a small distance X (A) away from the fault--see the schematic dia- 
grams shown in Figs. 2c and 2d. 

The basic limitation on the value of Da is due to the fact that the acceptance 

angle of the probe hole is determined by the physical dimensions of the atom 
probe. It has been shown by Macrander Gal. 1231 that the number of ions de- 

2 
tected during the atom-probe analysis is inversely proportional to 6 ; therefore, 
even though D is smaller at larger values of 6, the statistics of the atom-by- 

atom dissection are poorer. 

IV - EXPERIMENTAL RESULTS 

IV.l - Field-Ion Microscopy of Co-0.96 at.% Nb and Co-0.98 at.% Fe Alloys 

A typical FIM image obtained from the as-received wires, which were in a cold- 
worked state, is shown in Fig. 3. This micrograph was recorded at a specimen tem- 

perature equal to 45 K, employing neon as an imaging gas (4x10-~ Torr gauge pres- 
sure). The density of SFs, which are identified from the horse-shoe like contrast 

11 effect, is extremely high (>I0 cm-2). It is impossible to determine either the 
crystal structure or the orientation of the specimen from the micrograph. Figure 
4 exhibits an image of the HCP phase of the Co-0.96 at.% Nb alloy. This specimen 
had been annealed at 450°C for 21 days. Note the presence of at least two SFs in 
the field-of-view, which are separated by a distance of about 20 A. T&e charac- 
teristic horse-shoe like contrast effect is clearly visible in the (0110) plane. 
The SFs are FCC in an HCP matrix and lie on a (111) plane--(0002) plane of the HCP 
matrix. 

The FIM images show= evidence of precipitation on the SFs. However, there is 
"bright spot" decoration of some of the SFs. These "bright spots" may be inter- 
preted as niobium atoms, but SFs in pure cobalt also exhibit this same "bright 
spot" decoration effect. Therefore, it is extremely dangerous to determine chem- 
istry based solely on the presence of "bright spots" 1241. It is noted that even 
though the composition measured, with the atom probe, for different SFs is approx- 
imately the same, we found that some SFs were decorated with a large number of 
"bright spots" along their traces, while others were not decorated at all. This 
observation indicates that the mechanism for imaging solute atoms on SFs is a 
function of the crystallographic plane(s) which the SF intersects. 
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Fig. 3 - An FIM micrograph 
of an as-received Co-0.96 
at.% Nb alloy. Note that 
the density of SFs, which 
are identified from the 
horse-shoe like contrast 
effect, is extremely high 

(>lo1' cm-2 1 in this speci- 
men. 

IV.2 - Atom-Probe FIM Results On Solute-Atom Segregation to Stacking Faults 

IV.2.1 - The Co-0.96 at.% Nb Alloy 

The Nb concentration was measured for specimens annealed at 450, 525, and 575°C. 
Also the Nb composition was determined in a region adjacent to SFs (A = 3 to 4 A)- 
--see Figs. 2c and 2d--as well as in a region far away (%I50 A) from faults. The 
main results for the Co-0.96 at.% Nb alloy are as follows: 

(a) Very strong solute-atom segregation effects to individual SFs were observed. 
After due correction for the matrix contribution to the measured composition, 
the Nb concentrations in the SFs are greater than the bulk compositions by 
factors of 30, 12 and 7 at annealing temperatures (T ) of 450, 525 and 575OC. 

(b) The Nb concentration in a cylinder of alloy immediately adjacent to the SFs- 
--A = 3 or 4 A--is equal to 0.91 t 0.17 and 0.90 t 0.15 at.% Nb for specimens 
equilibrated at T = 575 and 525'C, respectively. These values of the Nb 
concentrations arg in good agreement with the bulk value (<c Nb>). This indi- 

cates that the Nb concentration profile falls off very quickly with distance- 
--within less than 4 A from the plane of the SF the Nb concentration is equal 
to <CNb>. 

(c) Local solute composition fluctuations were observed in the integral profiles 
at Ta = 525 and 575OC. These fluctuations are due to solute-rich regions 

(s5-20A diameter) in the plane of the SF, whose concentrations differ signif- 
icantly from the average SF composition. For this alloy the corrected compo- 
sition of these fluctuations approaches that of a two-dimensional ordered 
phase. The corrected composition of the SFs at 450°C is close to that of 
Co2Nb. This latter observation--in conjunction with the temperature depen- 

dence of the fluctuations--suggests that in addition to solute-atom segrega- 
tion, we also have evidence for an unsaturated (disorder)-saturated (order) 
transformation within the plane of the SF. 



Fig. 4. - An FIM 
micrograph of a 
[Ollll-oriented 
crystal of the ECP 
phase of a Co-0.96 
at.% Nb alloy. The 
specimen was annealed 
at T = 450°C for 21 
days?Arrows point 
to two SFs in the 
f ield-of -view. The 
characteristic horse- 
shoe like contrast 
effect is clearly 
visible. 

Figure 5 illustrates the main results obtained for a SF (SF7) in a specimen which 
f 

had been equilibrated at T = 57S°C for two days. The value of <cNb= is 1.34 f 
a 

0.20 at.% Nb--see integral profile number 1--and the value for the corrected 
f solute concentation (aNb>) is equal to 7.3 f 0.2 at.% Nb /10,20,21/. This pro- 

file also contains local solute fluctuations whose values of the uncorrected local 

solute concentration (<c 
f 
~b>u. is ) are equal to 2.19 f 0.61 and 2.64 + 0.61 at.% Nb. 

APPROXIMATE DEPTH SCALE (&) 
20 4 0  60 8 0  I 0 0  I 2 0  140 

r I I I I I I 

Nb INTEGRAL PROFILES FOR A Co-0% AT. % 

<C&0.91 ? 0.17 AT. V. Nb 

l o o 0  2000 3000 4000 5 0 0 0  
CUMULATIVE NUMBER OF Co PLUS Nb EVENTS 

Fig. 5 - The Nb integral pro- 
files for: (1) a cylinder of 
alloy which contained a SF 
(SF7); and (2) a region 3 A away 

from a SF (SF~)--<C:~>~ = 1.34 f 

0.20 at.% Nb and <cNb> = 0.91 + 
0.17 at.% Nb. Note the presence 
of local solute fluctuations in 

f 
(1) ; <CNb>u,is = 2.19 f 0.61 

at.% Nb. This specimen had 
been annealed at Ta = 57S°C for 
14 days. 
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f *  The corrected Nb concentrations ( c ~ ~ ~ > ~ ~ )  associated with these fluctuations are 

in the ranges 19.6 i 0.8 to 46.5 + 1.7 at.% Nb and 26.0 2 1.0 to 50.9 f 2.0 at.% 
Nb. Note that the diameter (R) of these solute fluctuations is -20 A; the depth 

f scale is given on the top of the figure. Each value of < c ~ > ~ , ~ ~  was also cor- 

f- rected for the matrix's contribution. The lower limit to was calculated 

under the assumption that the fluctuation was a rectangularly-shaped region with 
the dimensions RxD , where R is the measured dimension parallel to the probing 
direction. The up$er limit was calculated on the basis of a square-shaped fluc- 
tuation with dimensions 11x11 /21/. In /21/ we show quantitatively, using a statis- 
tical theory of fluctuations, that the probability of the occurrence of such large 
Nb fluctuations in a random solid-solution is nil. The integral profile labeled 
number two in Fig. 5 was recorded at A = 3 A--see Figs. 2c and 2d--and its slope 
corresponds to <cNb> = 0.91 i 0.17 at.% Nb. This concentration is essentially 

the nominal concentration. These two integral profiles are used to prove that the 
Nb concentration falls to the matrix value within <4 A from the plane of the SF. 

IV.2.2 - The Co-0.98 at.% Fe Alloy 
The Fe concentration in the SFs was measured for specimens which had been equilib- 
rated at 450, 500 and 575OC. Also the Fe concentration in a region adjacent to 
the SFs (X = 2 and 3 A) was determined. The main results for the Co-0.98 at.% Fe 
alloy are as follows: 

(a) Very strong solute-atom segregation effects were observed. After cor- 
rection for the matrix contribution to the measured Fe concentration, the cor- 
rected Fe concentrations in the SFs are greater than the bulk concentration by 
factors of 10, 6 and 4 at the annealing temperatures of 450, 550 and 57S°C. 

(b) The Fe concentration in a cylinder of alloy immediately adjacent to SFs- 
--A = 2 or 3 A--is equal to 0.90 i 0.14 and 1.04 + 0.30 at.% Fe for specimens 
equilibrated at Ta = 500 and 450°C, respectively. These values of the Fe concen- 
tration are in good agreement with the bulk value (<c > = 0.98 at.% Fe). This 

Fe 
result indicates that the Fe concentration falls off very quickly with distance-- 
within less than 4 A from the plane of the SF the Fe concentration is equal to 
<CFe>. 

(c) Local solute composition fluctuations have been observed in the integral 
profiles for specimens which were annealed at T = 500 and 575°C. These fluctua- 
tions are due to solute-rich regions (-20 A diAeter) in the plane of the SF, 
whose composition differs strongly from the average composition of the SF. These 
large composition fluctuations do not exist in the case of a specimen annealed at 
450°C, but only become significant at 500 and 575OC. The corrected Fe composi- 
tions of these fluctuations is close to that of a two-dimensional ordered phase 
with the composition Co Fe. This observation--in conjunction with the temperature 3 
dependence of the fluctuations--suggests that in addition to solute-atom segrega- 
tion, we also hav.e evidence for an unsaturated (disorder)-saturated (order) 

f *  transformation. The corrected Fe concentration (<cFe>J corresponding to this 

solute fluctuation lies in the range 22.0 to 69.2 at.% Fe. The lower limit was 
calculated on the basis that the shape of the fluctuation is a square whose dimen- 
sions are Rxt--where 11 is the measured length (14 A) of the fluctuation parallel 
to the probing direction. The upper limit is a generous upper bound since it was 
calculated by taking the shape of the fluctuation to be a rectangle whose dimen- 
sions are 11 and Da /21/. 

Figure 6 shows Fe integral profiles for a SF (SF9) in a specimen which had been 

equilibrated for 14 days at Ta = 500°C. The value for <cf > is 1.43 i 0.22 at.% Fe u 



APPROXIMATE DEPTH SCALE (i) 

950 T, = 5 0 0 ' ~  

0 1000 2om 3000 4000 5000 
CUMULATIVE NUMBER OF Co PLUS Fe EVENTS 

Fig. 6. - Iron integral 
profiles for: (1) a 
cylinder of alloy which 
contained a SF (SF9) and 
(2) a region 3 A away from 

f a SF (SF9)--<cFe= = 1.43 

+ 0.22 at.% Fe and <cFe> = 

0.90 + 0.14 at.% Fe. Note 
the presence of a local 
solute fluctuation in (I)-- 

<Cf > 
Fe u,is = 3.30 t 0.80 

at.% Fe. This specimen had 
been annealed at T = 500°C 
for 14 days. 

Fe with the SF positioned in the center of the probe hole (Figs. 2a and 2b)--see 
integral profile number one. The corrected value of the SF'S Fe concentration 

(<cf >*) is 5.8 2 0.2 at.% Fe. Integral profile number one contains a =statis- Fe 
tical solute fluctuation (<c:e>u,is) whose composition is 3.30 t 0.80 at.% Fe. 

Integral profile number 2 was recorded with A = 3 A--see Figs. 2c and 2d--and its 

slope corresponds to <c > = 0.90 t 0.14 at.% Fe. This concentration is only Fe 
slightly less than the nominal concentration (0.98 at.% Fe). 

V - DISCUSSION 
The experimental results for both the Co(Nb) and Co(Fe) alloys demonstrate that 
the solute atom concentration profiles associated with SFs fall to the matrix's 
concentration (<c >) within less than 4 A. The spacing between the (0002) planes 

of HCP Co is 2.04 A, hence the solute atom concentration in the second plane, on 
both sides of the SF plane, is <cs>. This result is consistent with both theo- 

retical calculations and experimental evidence that the solute concentration pro- 
file associated with a free surface falls to <cs> within a few interplanar dis- 

tances at most /25-28/. In the case of a 3A extrinsic SF the solute-atom segrega- 
tion can be visualized as taking place substitutionally in the SF plane--see 
Section 1.2. Thus, the solute segregation to a 38 extrinsic SF can be purely 
two-dimensional. For a 1A intrinsic SF there is not a single SF plane--see Sec- 
tion 1.2. However, there are no third nearest-neighbor atoms in the (0002) planes 
immediately adjacent to the two planes associated with a 1A intrinsic SF. This 
fact in conjunction with the result that the composition of the matrix falls to 
<c > within less than 4 A strongly suggests that solute segregation to the 1A in- 

trinsic SF can also be two dimensional. 

V.l - Fowler-Guggenheim Type Segregation Isotherm 

The experimental data indicate that at high temperatures two-dimensional regions 
of a phase form in the plane of the SF and that these regions grow and cover the 
entire plane of the SF as T is decreased from 575 to 450°C. This is particularly 
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clear in the case of the Co-0.96 at.% Nb alloy. The value of <cf * is %31 at.% 
~ b >  

Nb at 450°C; this corresponds to the stoichiometry Co2Nb. In addition, at 525 and 

575OC there are 5-20 A (measured dimension)--see Fig. 5--solute-rich regions with 
approximately this composition. In the case of the Co-0.98 at.% Fe alloy at 500 
and 575°C there are ~ 2 0  A (measured dimension)--see Fig. 6. These solute-rich 
islands have a composition which is consistent with the stoichiometry Co3Fe. For 

both alloy systems the first-nearest neighbor interaction parameter ($1 is nega- 
tive 121,291. This implies physically that the alloy wants to order (anti- 
cluster). Hence, we suggest that the saturated SF and the solute-rich islands are 
ordered two-dimensional phases. 

In Fig. 7 we have plotted the coverage (0) as a function of T for both alloys. 
The saturation coverage (0 = l)_~corresponds to Co2Nb [Fig. 7(2)] and Co3Fe [Fig. 

Fig. 7. - The coverage of a SF (8) versus temperature (T) for two cobalt alloys. 
The saturation coverage (0=1) corresponds to Co2Nb (a) and Co Fe (b). 3 
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7(b)]. In the case of the Co(Fe) system the SFs in the specimen annealed at Ta = 
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450°C may not have been in local equilibrium with their solute reservoir in spite 
of an annealing time of 21 days. 
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A statistical mechanical model was used to derive a Fowler-Guggenheim type segre- 
gation isotherm for a SF in a binary alloy, which employs a regular solution model 
for the primary solid solution and a "perturbed" regular solution model for the SF 
(Brokman and Seidman, to be published). The source of the "perturbation" is due 
to violations in the number of third nearest-neighbors and higher interactions out 
of the SF plane. The standard first nearest-neighbor regular solution model can't 
be used for a SF, since it doesn't exhibit the necessary driving force for segre- 
gation--which has its origins in the third nearest neighbor and higher violations. 
The model assumes that the composition of the primary solid solution doesn't 
change during solute- atom segregation and, therefore, for a dilute alloy the 
quantity (1 - <cs>) is approximately unity. The segregation isotherm equation we 

obtained employing the model is: 

where the quantity $ is defined by 



and the subscripts A and B refer to the solvent and solute species, respectively. 
The bijts are all taken to be negative and (<O implies ordering (anticlustering) 

and +>O signifies clustering (antiordering). The quantity A+ 
(AB) 

is given by 

where $+(ABj and $(*83 are the third nearest-neighbor interaction potentials in 

the faulted and perfect HCP lattices, respectively. The parameter A( 
( A M  

is the 

SF energy in the pure HCP latti,ce. The segregation isotherm equation shows that 

initially, when the value of <c:>* is equal to or only slightly greater than <cs>,. 

the segregation is driven by the quantity [A( (AB)3 - A$(8*)3] which has its 

physical origin in the third nearest neighbor and higher violations. The differ- 
ence [A$ (m)3 - A$(M)~] is the heat of segregation or more formally the partial 

atomic enthalpy of segregation (AE~ ). When <c>* exceeds <cs> the first 
.sepc - - 

nearest-neighbor interactions drive the segregation process as a result of 

the term 12 (<c:>* - <cs>)). Physically ( represents the change in energy which 

occurs when we interchange an A atom and a B atom on any two sites in the crystal. 
It should also be noted that when ( equals zero--ideal solution behavior--then the 
above segregation isotherm reduces to the Langmuir-McLean segregation isotherm 
130-371. 

The segregation isotherm was evaluated employing the following values: (a) $ = 

-0.06 eV atom-'--this value was calculated both from heat of sublimation and 

surface tension data /21,29/; (b) A((CoCo) = 9 meV atom-'--this value is the 

measured SF energy 1191 in pure HCP cobalt; and (c) A+(CoNb)3 = 25 meV atom-'-- 

we were unable to find any data which predicted A$ , hence we used a value 
(CoNbIg 

which is in line with that of other alloys 1381. This set of values predicts a 
transition temperature of "575OC, which is close to the observed transition tem- 
perature. 

The important point to note is that one doesn't need a large value of AE: t o , seg 
obtain extensive solute-atom segregation effects, if due account is taken for all 
the solute-solvent interactions that occur for solute atoms in the SF, once 

<cf>* exceeds <c >. Hence, relatively small negative values of AE* and 9 can 
s,seg 

lead to copious solute-atom segregation effects. If the Langmuir-McLean segrega- 

tion isotherm 130-371 is applied then the A;: values are -0.6 and -0.3 eV , seg 
atom-' (13.8 and 6.9 kcal mol-l) for the Co-0.96 at.% Nb and Co-0.98 at.% Fe 

alloys, respectively. These large values of AE: are the result of the appli- , seg 
cation of this isotherm equation to a situation where it is inapplicable--that is, 

at high solute-atom concentrations in the SFs. 

We now consider our observation of small two-dimensional ordered islands with the 
composition Co Nb co-existing with a two-dimensional solid solution with a lower 2 
mean Nb concentration at 525 and 575'C and the observation of a saturated SF with 
the composition Co2Nb at 450°C. To explain qualitatively these observations we 



C4-462 JOURNAL DE PHYSIQUE 

have employed the results of the presently available theories of phase transitions 
in two-dimensions. The negative value of 4 indicates that each Co atom wants to 
surround itself with Nb atoms or that the Nb atoms prefer to interact with one 
another via second or higher nearest neighbor sites of the stacking fault's tri- 
angular lattice. The only places for the Nb atoms in the SF are in substitutional 
sites within the plane of the SF. The ordered planar structure corresponds to 
Co2Nb (33.33 at.% Nb). The antiferromagnetic analogy of this two-dimensional 

structure is described by spin systems with an up spin (+) on the lattice sites 
occupied by Nb atoms and a down spin (+) on the lattice sites occupied by Co 
atoms. The ground state of the Co Nb structure is three-fold degenerate and 2 
should belong to the universality class of the three state Potts model /39/. With 
this in mind we employed the available phase diagrams for the 6 x 6  phase of an 
adsorbed rare gas layer on a graphite surface /40/ and scaled the temperature with 
the value of $/2. These phase diagrams contain multi-critical points and an 
order-disorder transition which is the analog of the transition from the 6 x 6  
superstructure to a lattice gas /41,42/. By analogy they contain a coexistence 
region of ordered Co,Nb with a two-dimensional disordered solid solution of Co and 

Nb--the latter is the analog of the fix6 superstructure plus lattice gas coex- 
istence phase field. The latter phase field was calculated for the lattice gas 
system and has been observed experimentally for a krypton monolayer on a graphite 
surface /43/. This scaled phase diagram may explain our observation of ordered 
two-dimensional islands within a two-dimensional random solid solution. 
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DISCUSSION 

J.R. Smith; How much o f  a perturbat ion of  t h e  s o l u t e  d i s t r i b u t i o n  is due t o  (a )  

t h e  proximity o f  t h e  s tacking f a u l t  t o  t h e  sur face  o r ,  (b) t h e  very l a r g e  f i e l d s  

t h a t  you apply? 

D.N. Seidman: A l l  o f  t h e  specimens were annealed i n  t h e  form o f  wires which were 

approximately 2 x cm i n  diameter. They were then electroetched t o  form t h e  

sharply pointed field-ion microscope specimens. Hence, t h e  i n i t i a l  d i s t r i b u t i o n  of 

s o l u t e  atoms is c h a r a c t e r i s t i c  o f  t h e  bulk. The l a r g e  e l e c t r i c  f i e l d s  associated 

with both t h e  imaging and evaporation f i e l d s  f a l l s  o f f  within l e s s  than 1 A from 

t h e  sur face  ( t h e  screening d i s tance) .  Hence, t h e  s o l u t e  atoms i n  t h e  s tacking 

f a u l t  only "feelt1 t h e  e l e c t r i c  f i e l d  when they a r e  a t  t h e  surface.  There is no 

experimental evidence t h a t  a t  t h e  cryogenic temperature a t  which we worked (<45 
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K) t h a t  t h e  e l e c t r i c  f i e l d  g rad ien ts  p a r a l l e l  t o  t h e  sur face  o f  t h e  FIM t i p  cause 

a  r e d i s t r i b u t i o n  of  s o l u t e  atoms. This  po in t  has  been s tudied i n  d e t a i l  by Ehrl ich 

and co-workers (Univ. of  I l l i n o i s )  and Tsong and co-workers (Pennsylvania S t a t e  

Univ.) f o r  t h e  case  o f  adatom sur face  d i f fus ion .  These researchers  found - f o r  

t h i s  more severe c a s e  - t h a t  a t  cryogenic temperatures t h e  imaging e l e c t r i c  did 

not  per turb t h e  pos i t ions  o f  adatoms. Thus, one could expect t h e  e l e c t r i c  

f i e l d  t o  perturb t h e  s o l u t e s  atom d i s t r i b u t i o n  i n  t h e  s tacking f a u l t .  


