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AbstractÐThe Gibbsian interfacial excess of silicon (ÿSi) was determined, on an atomic scale, for 14 grain
boundaries (GBs) in a single-phase Fe±3 at.% Si alloy, using a unique combined atom-probe ®eld-ion mi-
croscopy/transmission electron microscopy (APFIM/TEM) approach. The specimens were equilibrated at
823 K for 14.5 or 72.5 h before the analyses. TEM was ®rst employed to determine the ®ve geometric
degrees of freedom (DOFs) of each GB: unit rotation axis, c, rotation angle, y, and unit GB plane normal,
n. APFIM analyses were then utilized to obtain integral pro®les perpendicular to the GB planes and from
these pro®les GSi was determined for each GB. The values of GSi are displayed in three dimensions as a
function of sin(ydis/2) and cos({c,n); ydis is the disorientation angle. This three-dimensional plot represents
GSi as a function of the ®ve macroscopic DOFs and is a direct representation of GB phase space segre-
gation data. # 1998 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

Equilibrium segregation of solute atoms at a grain

boundary (GB) results in a local solute concen-

tration that may be greater or less than the average

composition of the single-phase matrix [1, 2]. In

classical macroscopic thermodynamics GB segre-

gation is most generally described, for a binary

alloy, by the Gibbs adsorption isotherm which is

given by

G2 � ÿ
�
@g
@m2

�
T,P,geometric DOFs

; �1�

where G2 is the Gibbsian interfacial excess of solute,

g the GB free energy, m2 the chemical potential of a

solute atom, T and P have their usual signi®cance,

and geometric DOFs are the ®ve macroscopic

degrees of freedom required to specify a GB. They

are the unit rotation axis, c, the rotation angle, y,
about c, and the unit normal to the GB plane, n.

The commonly used quantity, S, is the inverse of

the fraction of sites in coincidence in the two grains

and it is equivalent to specifying c and y; odd inte-

gral values of S de®ne the coincident-site-lattices

(CSLs).

It was postulated that the ®ve macroscopic DOFs

are thermodynamic state variables and, therefore,

there is a local phase rule for GBs that takes into

account these DOFs [3]. In general, GB phase space

has 6 + E dimensions, where E is the number of

chemical components; therefore, the experimental

exploration of this GB phase space is challenging

even for a binary alloy which is eight-dimensional.
The assumption is often made that the microscopic
DOFs of a GB are fully relaxed to their equilibrium

values, however, this is most likely not valid for a
constrained three-dimensional grain structure.
Experimentally one can ®x T, P, and bulk compo-

sition, and thereby reduce the problem to measuring
G2 as a function of the values of the ®ve macro-
scopic DOFs.

We have developed a general and unique exper-
imental approach that ®rst employs transmission
electron microscopy (TEM) to measure c, y, and n

of a selected GB in a ®eld-ion microscope (FIM)

specimen and then utilizes atom-probe FIM
(APFIM) [4] to determine directly an atomic resol-
ution integral pro®le across that GB plane [5].

From an integral pro®le, plus information from a
corresponding FIM image, the value of G2 and an
atomic resolution depth pro®le are calculated for an

individual GB. Finally, quantitative observations
are made concerning the behavior of equilibrium
segregation experiments in relation to a GB's ®ve
macroscopic DOFs. This paper presents an appli-

cation of this combined APFIM/TEM approach to
a detailed study of equilibrium segregation at GBs
in a single-phase Fe±3 at.% Si alloy.

2. EXPERIMENTAL PROCEDURE

2.1. Starting material

The starting material was iron of 99.994 at.%
purity, supplied by the Battelle Memorial Institute

Acta mater. Vol. 46, No. 17, pp. 6145±6161, 1998
# 1998 Acta Metallurgica Inc.

Published by Elsevier Science Ltd. All rights reserved
Printed in Great Britain

1359-6454/98 $19.00+0.00PII: S1359-6454(98)00262-6

{To whom all correspondence should be addressed.

6145



and the American Iron and Steel Institute (AISI),

while the silicon was Aesar material of

99.9999 at.% purity. A typical compositional analy-

sis of the iron is listed in Table 1. Column three of

Table 2 lists the known speci®c resistivities

��rs�4:2 K� of the impurities listed in Table 1 and col-

umn four of Table 2 lists the contribution at 4.2 K

from each element to the residual resistivity of the

high-purity iron �r4:2 K�Fe� impurities��. The sum

of these contributions approaches the actual value

of r4:2 K�Fe� impurities�, so that from Table 1 we

have the expression

r4:2 K�Fe� impurities� � r273 K�Fe�
199

� 8:71 mO cm

199
� 0:0438 mO cm: �2�

Equation (2) cannot be checked absolutely because

not all of the detected impurities have measured

values of �rs�4:2 K. In addition, the residual resistiv-

ities listed in Table 2 do not include the ferromag-

netic e�ect [6]; that is, r4:2 K has contributions from

both impurity (rimpurity) and magnetoresistive (rmag)

terms. For instance, the iron supplied by Battelle/

AISI consisted of di�erent lots of iron and the spe-
ci®cations listed are from one lot. In another lot,
however, the value of rmag was compensated for by

measuring the residual resistivity ratio in the pre-
sence of a magnetic ®eld. The resistivity ratio with-
out a magnetic ®eld is 180 and with it this ratio
increases to a maximum of 540; thus the value of

0.0438 mO cm is an upper bound to the 4.2 K re-
sidual resistivity. In addition to Si segregation, the
impurity elements that may segregate to GBs are P,

N, O, C, and S and while their bulk concentrations,
Table 1, are small, their concentrations at GBs
must be experimentally determined.

2.2. Alloy preparation

Typically an Fe(Si) alloy was arc melted in a
high-purity Ar atmosphere and the resulting ingot
was cold rolled, with intermediate anneals at

1173 K for 15 min in ¯owing high-purity Ar. The
intermediate anneals were used to induce recrystalli-
zation to increase the formability of Fe(Si). From

the ingot, bars were cut with dimensions of
10.3175� 0.3175�6.35 cm3. These bars were

Table 2. Speci®c resistivities ��rs�4:2 K� of some of the impurities in the high-purity Fe supplied by
the Battelle Memorial Institute and the American Iron and Steel Institute. Column 4 lists the con-

tributions of each element in column 1 to the residual resistivity of the high-purity Fe

Element Impurity concentration from
Table 1 (a.p.p.m.)

�rs�4:2 K (10ÿ4 mO cm/a.p.p.m.) r4:2 K (mO cm)

Cr 4.295 5.0$ 0.00215
Co 5.685 0.6$ 0.00034
Cu 2.197 6.8% 0.00149
Mn 0.305 5.9$ 0.00018
Mo 1.164 5.8$ 0.00068
Ni 3.805 3.2$ 0.00122
P 9.017 6.0% 0.00541
W 0.122 4.8$ 0.00006

Total 0.0115

$Bass, J., Adv. Phys., 1972, 21, 431.%Blatt, F. J., Physics of Electronic Conduction in Solids.
McGraw-Hill, New York, 1968, p. 199.

Table 1. Resistivity ratios and chemical analysis of the high-purity Fe supplied by the Battelle Memorial Institute (Columbus, Ohio) and
the American Iron and Steel Institute (Washington, DC). ND refers to an element that was not detected, and the associated numbers are

the estimated detection limits

Resistivity ratios
r29721:5 K=r4:2 K�Fe� impurities� � 228
r273 K=r4:2 K�Fe� impurities� � 199
Chemical analysis

Nonmetallic impurities (a.p.p.m.) Metallic impurities (a.p.p.m.)
Oxygen 4.54 Aluminum ND Nickel 3.81
Nitrogen <1.20 Arsenic 0.84 Phosphorus 9.02
Hydrogen 3.88 Boron ND < 0.01 Potassium 0.029
Carbon 11.63 Calcium 0.014 Silicon ND < 1.99
Sulfur 0.14 Chromium 4.30 Sodium 0.097

Cobalt 5.69 Tantalum R0.31
Niobium 0.30 Tin 0.019
Copper 2.20 Titanium 1.40

Germanium R1.54 Tungsten 0.12
Magnesium 0.46 Vanadium NDR0.022
Manganese 0.31 Zinc NDR0.17
Molybdenum 1.16 Zirconium ND < 0.037
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swaged to a 0.152 cm diameter rod and then drawn
to 185 mm diameter wire. In passing from the bar to
the wire, no intermediate anneals were performed.

The resulting areal reduction of 199% was per-
formed to try to induce a strong [110] deformation
texture.

2.3. Equilibrium heat treatments

Wire was cut into 1.2 cm long pieces and cleaned

through a process that commenced with a light
mechanical polishing of the surfaces, followed by
rinses, three times each, in trichloroethylene,

acetone, methanol, and ethanol. The cleaned wires
were placed in a similarly cleaned quartz tube, ®lled
with high-purity argon, and annealed at 823 K for

14.5 or 72.5 h, and then quenched into a brine±
water solution (273 K). These annealing times pro-
duced root-mean-squared Si di�usion distances,
hX 2i1=2, of 0.055 and 0.123 mm, respectively; the dif-

fusivity of Si in Fe employed has a temperature
independent prefactor of 0.05 m2/s and an acti-
vation enthalpy of 286.628.4 kJ/mol [7]. This par-

ticular di�usivity yields the most conservative
estimates for hX 2i1=2. Two annealing times were
used to ascertain whether the equilibrium concen-

tration of silicon was achieved at GBs.
Approximately 14 h was needed to increase the
grain size to an 13 mm diameter, so that TEM GB

analysis could be performed. Times greater than

172 h increase the grain size such that it is di�cult
to locate individual GBs in the tip of a specimen
with TEM.

2.4. Combined APFIM/TEM

2.4.1. Tip sharpening, TEM grain boundary analy-
sis, and backpolishing. The end of a wire was elec-

tropolished to a sharp point and employing TEM a
GB was selectively chosen such that it was as per-
pendicular as possible to the wire axis. The selected
GB, therefore, had n1h110i. This GB plane orien-

tation was suitable for APFIM analysis on an
atomic layer-by-layer basis perpendicular to a GB
plane, as depicted in Fig. 1. Then a backpolishing

treatment was performed to bring the tip close to a
GB. Next the GB was analyzed with TEM using
Kikuchi patterns to determine the ®ve macroscopic

geometric DOFs of the GB. For each GB, two of
the 1152 equivalent descriptions of a c/y pair were
determined. One is the [110] description, where
c1n1�110�, and the other is the disorientation

description [8].{ Then the tip was cleaned in a Plas-
mod and further backpolished to bring the tip clo-
ser to the GB, so that the tip geometry was optimal

for identifying and analyzing a GB with APFIM [9].
2.4.2. Atom-probe ®eld-ion microscopy. When a

GB was identi®ed in an FIM image, the specimen

was aligned with respect to the probe hole of the
APFIM so that the chemical composition was
determined in a direction perpendicular to a GB

plane (Fig. 1). The nature of APFIM analysis
employing conventional time-of-¯ight (TOF) mass
spectrometry does not readily allow for in situ ob-
servation of a GB during analysis. Hence, there

Fig. 1. Geometry of the experimental setup for APFIM analysis of a concentration pro®le perpendicu-
lar to a GB plane and a determination of the Gibbsian interfacial excess of Si (GSi). The value of Dph

needs to be less than the value of DR, the diameter of the topmost plane of atoms, to determine a GB
concentration pro®le that does not require data deconvolution. The determination of GSi can, however,

be made regardless of the value of Dph.

{The disorientation description is the c/y pair with the
minimum y and with the components of c satisfying the
relation c1rc2rc3r0; c lies in the standard stereographic
triangle 100, 110, 111.
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may be an ambiguity in the location of the GB
atoms within the volume analyzed. To alleviate this

ambiguity enough of grains 1 and 2 of a bicrystal
were removed by pulsed ®eld-evaporation, so that a
GB's periphery was within 120±30 layers of the

probe hole's center. The GB periphery is de®ned as
the line of intersection between a GB plane and a
tip's surface (Fig. 2). In an FIM image, this periph-

ery is the only part of a GB that is imaged until
grain 1 is almost completely removed by the ®eld-
evaporation process. The number of atomic layers

was ascertained by counting the number of rings in
an FIM image between the probe hole's center and
the periphery of a GB. If the number of rings from
the center of the probe hole to the GB periphery

was, e.g. 125, and the number of atoms under the
probe hole was approximately 100�0.6 = 60 [0.6 is
the Chevron detector's collection e�ciency (b) [10]],
then the GB was analyzed after collecting 11500
atoms.
An alternative approach was to collect approxi-

mately 500 atoms and then reimage the GB. Then
by noting how much the GB periphery moved
toward the center of the probe hole, an estimate

was made of the number of atoms collected before
a GB was reached. Either or both of these methods
aided in correlating the position of a GB with data
from the volume of material analyzed. For the

Battelle/AISI iron there was no detectable C in the
matrix, but in many cases C was detected at GBs.
These C atoms acted as markers delineating the

exact position of a GB.
As grain 1 approached being completely removed

via ®eld-evaporation, the evaporation rate of Fe

and Si often dramatically increased. This high evap-
oration rate sometimes generated 16-channel events
that were discarded; we employed two LeCroy 4208
time-to-digital converters (TDCs) with a total of 16

channels to measure TOFs. Since the ions arrived
at the detector in order of their mass-to-charge
state (m/n) ratios the composition of a 16-channel

event was biased toward lighter elements. To mini-
mize the probability that 16 or more ions were
®eld-evaporated, by a single high-voltage pulse, the

steady state d.c. and pulse voltages were decreased
before a GB was analyzed. We have recently com-
pletely automated this procedure employing a

LeCroy 2227/EXP2 TDC with 128 channels [11].

2.5. Atom-probe data analysis

Figure 2 displays a schematic three-dimensional

diagram of the geometry of an analysis. The
APFIM analyses typically involved a cylindrical
volume of material with a 6 nm diameter and a

length of approximately 40 atomic layers, 20 on

either side of a GB. The measurement of this diam-

eter, the probe hole diameter (Dph), is described

elsewhere [12, 16].

The data are plotted in the temporal order that

ions were collected as an integral pro®le, which is a

plot of the cumulative number of silicon atoms vs

the cumulative number of iron plus silicon atoms.

And, therefore, the slope between any two points of

an integral pro®le corresponds to the average com-

position of an (hkl) plane or series of (hkl) planes in

the volume of analyzed material. Using the

measured value of Dph and information contained

in an integral pro®le, the value of GSi is readily and

directly determined from its de®nition [13]

GSi � N excess

Aph
� 4 cos f

bp�Dph�2
�N vol

Si ÿ �NG1
Si �NG2

Si ��

� 4 cos f

bp�Dph�2
N vol�hC vol

Si i ÿ hC G1
Si ixÿ hC G2

Si i�1

ÿ x��; �3�

where Nexcess is the excess number of silicon atoms

associated with a GB, Aph the projected area on a

tip covered by the probe hole, N vol
Si the total num-

ber of silicon atoms analyzed in grains 1 and 2, and

�NG1
Si �NG2

Si � the sum of the number of silicon

atoms in each of the grains assuming a linear extra-

polation of the bulk concentration up to a Gibbs

dividing surface (x).{ The excess is, therefore,

de®ned by comparing the total number of Si atoms

in the actual system containing a GB, to a reference

system where the two single-phase grains that create

a GB extend to the position of x. The quantities

Fig. 2. Three-dimensional schematic diagram of the
volume of material analyzed from a specimen with
c � n � �110�. In this case the GB is a pure twist boundary
with the rotation vector, c, parallel to the unit normal to
the grain boundary, n, and the wire axis of the tip. Note
that the interplanar spacing in this case is 2.02 AÊ or

0.202 nm for a-iron.

{For the special case when the volumes of each grain
analyzed are equal, with respect to the Gibbs dividing sur-
face, x is 0.5.
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hC G1
Si i and hC G2

Si i are the average atomic fractions

of Si in the homogeneous regions of grains 1 and 2,

i.e. the bulk regions of the two grains. hC vol
Si i is the

average atomic fraction of Si in the total volume of

alloy containing the GB and Nvol the total number

of all atoms in the same volume. The quantity f is

the angle between the interface plane and the hhkli
analysis direction; cos f is approximately unity for

all our analyses as the wire axis is almost parallel to

n (Fig. 2). GSi is independent of b because it appears

in both the numerator and denominator of

equation (3). Also GSi is independent of the exact

position of the Gibbs dividing surface (x) for a

binary alloyÐsee Appendix A. The interfacial

excess is commonly given in units of monolayers of

solute [14]. This unit of measurement, however,

requires a knowledge of the planar density of

atomic sites in a bulk plane parallel to the bound-

ary. Also, the monolayer notation carries with it

the implication that segregation occurs only in a

single layer at the boundary. To avoid these pro-

blems normalized units of atoms/cm2 are mainly

employed and when we refer to monolayers the

adjective e�ective is used as a caveat.

A depth pro®le is formed from an integral pro®le

and is a composition pro®le across a GB plane with

subnanometer scale resolution. The algorithm to

calculate a depth pro®le involves dividing the raw

data represented by the abscissa of an integral pro-

®le into equal intervals, and for each interval calcu-

lating the average concentration of silicon; note

well, that a moving average was not performed as
this only smoothes a pro®le, and does not aid in

identifying the position of a GB or in forming a
representative depth pro®le. If an interval is taken
equal to the number of atoms collected from one

atomic plane, a depth pro®le represents directly
how the concentration of silicon varies across a GB
plane, on an atomic plane-by-plane basis. Thus, no

data deconvolution is required to construct a depth
pro®le. The value of GSi is also determined without
data deconvolution regardless of the number of

atomic planes analyzed per interval. For a nonsym-
metric twist or tilt GB the composition pro®le is
not in general symmetric; furthermore, it is even
possible for a symmetric GB to have an asymmetric

segregation pro®le [15]. Neither of these points
appear to be appreciated in the APFIM literature
on GB segregation.

3. RESULTS AND DISCUSSION

Figures 3±6 show four representative GBs in spe-

cimens that were analyzed employing the combined
APFIM/TEM approach. For each GB the following
is exhibited: (a) a TEM micrograph of the tip after

TEM GB analysis and backpolishing, but before
the tip was placed in the APFIM; (b) the corre-
sponding FIM image; (c) an integral pro®le across
the GB plane; and (d) a depth pro®le across the GB

plane. Each integral and depth pro®le's abscissa is

Fig. 3(a) and (b).
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given both in cumulative number of iron plus sili-

con atoms and depth in nm; note that the latter

encompasses a range of 1±2 nm and on this scale

the bulk silicon concentrations in the two grains

need not be identical.

Table 3 lists the ®ve macroscopic DOFs for the

disorientation description �c,ydis,n�, and S, Dyd, Sav,

GSi, and {c,n values for each of the 14 GBs ana-

lyzed; Sav is the ratio of the Si concentration in the

GB �hC GB
Si i� to the average bulk Si concentration

Fig. 3. GB No. 3. (a) TEM micrograph of an Fe±3 at.% Si specimen after GB analysis and backpolish-
ing. (b) An FIM image of the same GB as in (a). The tip has been ®eld evaporated, so that the image
of the GB's periphery is circular. The probe hole diameter is 11.5 nm and it is aligned so that its periph-
ery is concentric with that of the GB image. In this orientation, a volume of material is analyzed in a
direction perpendicular to the GB plane. (c) Integral pro®le of the volume analyzed. The dotted line,
the Gibbs dividing plane, is placed at the midpoint of the region of Si enhancement at the GB. (d)
Layer pro®le formed from the integral in (c). The dotted line is placed at the position of the peak GB

concentration.
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and GSi is proportional to �1ÿ Sav�. The GBs are

designated 1±14 in order of increasing disorienta-

tion rotation angle (ydis). (For a table of the same

GBs listed in order of increasing y for the [110]

description see Krakauer's Ph.D. thesis [16].) The

purpose of assigning a value of S and the corre-

sponding angular deviation, Dyd, is to aid in com-

paring the degree to which the GBs di�er in

misorientation. The calculated values of S are lim-

ited to the range of 1±49c, because beyond this

value the physical signi®cance of S is

unclear [17, 18]. With a sample size of 14 GBs,

Fig. 4(a) and (b).

Table 3. Grain boundary crystallographic data and corresponding values of Sav and GSi for an Fe±3 at.% Si alloy annealed at 823 K for
14.5 h (GBs 1, 3±5, 7, 13, and 14) or 72.5 h (GBs 2, 6, and 8±12)

GB No. c ydis (8) n S Dyd (8) Sav GSi (10
13 atoms/cm2) {c,n (8)

1 [0.80 0.60 0.05] 6.98 �0:76 0:64 0:12�1 1 6.97 1.0620.19 0.07620.25 9.8
�0:77 0:62 0:13�2

2 [0.82 0.49 0.31] 18.56 �0:39 0:65 0:66�1 31a 6.79 3.2321.10 1.2420.664 78.2
�0:22 0:47 0:86�2

3 [0.85 0.52 0.06] 25.28 �0:04 0:68 0:73�1 43b 3.70 2.7620.47 2.0820.662 65.0
�0:21 0:36 0:91�2

4 [0.65 0.61 0.45] 25.86 �0:58 0:80 0:15�1 13b 4.45 2.5321.25 0.88920.748 37.0
�0:35 0:94 0:04�2

5 [0.81 0.49 0.32] 31.30 �0:79 0:60 0:16�1 35a 4.75 2.8320.70 2.4721.03 11.1
�0:73 0:64 0:24�2

6 [0.64 0.59 0.49] 33.37 �0:08 0:84 0:54�1 39a 3.73 3.6421.54 0.80420.507 44.9
�0:06 0:58 0:81�2

7 [0.81 0.59 0.03] 42.18 �0:76 0:63 0:17�1 47b 2.72 2.6120.94 2.1621.33 8.8
�0:67 0:73 0:12�2

8 [0.80 0.59 0.10] 42.88 �0:92 0:25 0:29�1 47b 4.87 3.0221.12 3.5222.09 31.0
�0:72 0:56 0:41�2

9 [0.73 0.64 0.26] 53.66 �0:32 0:51 0:80�1 25b 4.10 4.2321.34 2.3821.13 69.3
�0:20 0:92 0:33�2

10 [0.66 0.65 0.37] 57.25 �0:16 0:72 0:68�1 45c 4.57 3.5821.05 1.3720.613 70.9
�0:46 0:34 0:82�2

11 [0.69 0.54 0.48] 58.88 �0:36 0:05 0:93�1 43c 7.07 3.5721.15 2.5221.25 80.3
�0:59 0:71 0:38�2

12 [0.72 0.57 0.39] 59.16 �0:78 0:51 0:37�1 43c 6.74 3.4621.60 1.3420.925 82.8
�0:45 0:24 0:86�2

13 [0.69 0.62 0.38] 59.76 �0:19 0:65 0:74�1 43c 4.35 3.0321.32 0.36620.247 89.4
�0:50 0:05 0:86�2

14 [0.68 0.66 0.32] 60.51 �0:65 0:04 0:76�1 17b 1.78 2.7220.73 1.320.595 80.1
�0:03 0:67 0:74�2
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Fig. 4. GB No. 6. (a) TEM micrograph of an Fe±3 at.% Si specimen after GB analysis and backpolish-
ing. (b) An FIM image of the same GB as in (a). The tip has been ®eld evaporated, so that the image
of the GB's periphery is circular. The probe hole diameter is 8.3 nm and it is aligned so that its periph-
ery is concentric with that of the GB image. In this orientation, a volume of material is analyzed in a
direction perpendicular to the GB plane. (c) Integral pro®le of the volume analyzed. The dotted line,
the Gibbs dividing plane, is placed at the midpoint of the region of Si enhancement at the GB. (d)
Layer pro®le formed from the integral in 3(c). The dotted line is placed at the position of the peak GB

concentration.
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using too large a S range tends to render all GBs
di�erent. The criterion used to assign a S value to a
GB is to determine the S that is closest to a GBÐ

see Appendix B. Other criteria [19] employing S are
not helpful.
The following additional points are addressed

elsewhere [16, 20]: (1) the procedures employed to
test for the internal consistency of the interfacial
excess data; (2) the calibration of the depth scales

for the integral and depth pro®les; (3) the origins of
the variations of the bulk Si concentrations; (4) the
degree to which a depth pro®le represents an atomic

layer-by-layer composition pro®le; and (5) the con-
ditions under which Sav represents equilibrium seg-
regation.

3.1. Variation of the Gibbsian interfacial excess of
silicon with grain boundary type

3.1.1. The [110] description of grain boundary

types{. The c, n, and y values vary from one GB to
the next, although we had initially hoped to have
only y vary. The reason that all DOFs vary is that

the Fe(Si) h110i wire texture is not particularly
strong, which results in a noncollinear relation
between the h110i directions of neighboring grains.

The subject of wire texture is presented in detail
elsewhere [16, 21]. The FIM images in Figs 3(b),
4(b), 5(b) and 6(b) demonstrate that near the wire

drawing axis, that is, the center of an FIM image,
the h110i-directions in neighboring grains are not

necessarily collinear. Only GB No. 11, Fig. 5(b),

approaches the condition of perfect alignment. This

misalignment causes the h110i description to have

the following characteristics: (1) the vector n is not

equal to h110i in both grains that comprise a bicrys-

tal; (2) c is not necessarily parallel to h110i; (3) the
GBs are not predominantly twist in character; and

(4) ®nally, the value of y varies from 08 to 1808
rather than from 08 to 908. In contrast to this

Fe(Si) alloy, in a study we performed on a W±

25 at.% Re alloy, annealed at 1913 K for 5 h, a

strong h110i texture developed [22, 23].

The results in Table 3 demonstrate that none

of the GBs are close to exact S misorientations.

That Fe(Si) behaves in this way is clearly seen

by a comparison to the W(Re) alloy we studied,

where almost all of the misorientations are sig-

ni®cantly closer to exact S misorientations.

Moreover, while the W(Re) GBs are all close

to S misorientations that have a rotation axis

equal to [110], the Fe(Si) S descriptions corre-

spond to a family of S misorientations with

rotation axes close to, but not equal to

[110]: S � 13b��430�=157:388�, S � 25b��430�=908�,
S � 31a��651�=1808�, S � 35a��971�=150:638�,
S � 39a��750�=153:838�, S � 45c��971�=117:108�,
and S � 47b��991�=137:238� for Fe(Si); and

S � 3��110�=70:538�, S � 11��110�=50:488�,
S � 17b��110�=86:638�, S � 19a��110�=26:538�, and

S � 43c��110�=80:638� for W(Re).

The di�erences in behavior between the Fe(Si)

and W(Re) alloys result from variations in the ther-

momechanical treatments employed to produce the

Fig. 5(a) and (b).

{See Table IV (pp. 143±144) of B. W. Krakauer's Ph.D.
thesis, Northwestern University, 1993 [16].
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Fig. 5. GB No. 11. (a) TEM micrograph of an Fe±3 at.% Si specimen after GB analysis and backpol-
ishing. (b) An FIM image of the same GB as in (a). The tip has been ®eld evaporated, so that the
image of the GB's periphery is circular. The probe hole diameter is 6.3 nm and it is aligned so that its
periphery is concentric with that of the GB image. In this orientation, a volume of material is analyzed
in a direction perpendicular to the GB plane. (c) Integral pro®le of the volume analyzed. The dotted
line, the Gibbs dividing plane, is placed at the midpoint of the region of Si enhancement at the GB. (d)
Layer pro®le formed from the integral in 3(c). The dotted line is placed at the position of the peak GB

concentration.



alloys, and the fact that the two alloys respond dif-
ferently to such treatments. The thermal response is

due, in part, to the di�erent Wul� plots for GB free
energy. For example, Fe(Si) sheet forms recrystalli-

zation textures di�erent from its cold-worked tex-
ture. Wires of pure iron in the cold-drawn state and

after recrystallization show an angular distribution
of the h110i-directions about the wire drawing

direction [24]. In contrast, commercially formed
tungsten rod and wires, such as W±25 at.% Re,

produced by doped-powder metallurgy techniques,
have a very strong h110i texture both before and

after recrystallization. These W(Re) alloys also exhi-
bit a high incidence of misorientations correspond-

ing to near exact coincident-site-lattice relations [25].
The advantage of having mainly y as the stron-

gest varying DOF is seen in our study of W(Re).
The plot of Sav vs sin(y/2), for the W(Re) segre-

gation data, clearly shows that Sav increases with y,
and does not saturate until the limit of 908 is

reached; recall that GRe is proportional to �1ÿ Sav�.
When y passes through 608, which corresponds to a

S = 3 misorientation, the value of Sav has a cusp
for this GB type. Because y is the strongest varying

DOF, it is concluded that this cusp is real. For an
Fe(Si) alloy an experimental search for cusps would

require ``hogging out'' parallelepiped-shaped FIM
specimens from bicrystals.

3.1.2. The disorientation description of grain
boundary types. Table 3 lists all the GB data using

the disorientation description. There appears to be
two sets of data in Table 3. One set of data has a

value of GSi12.0�1013 atoms/cm2 and the other set
has GSi11.0� 1013 atoms/cm2. This is too coarse a

description, however, as the segregation data must
be represented in a six-dimensional phase space

because GSi is a function of ®ve macroscopic DOFs
(c, ydis, and n) at constant values of T, P, and ®xed

bulk silicon concentration. Figure 7 is a three-
dimensional plot of GSi vs sin(ydis/2) and cos({c,n).

The quantity cos({c,n) has the physical signi®cance
of representing the degree to which a GB is either

tilt or twist and it has four DOFs folded into it.
cos({c,n)=1 corresponds to a pure twist GB and

cos({c,n)=0 to a pure tilt GB, and values other
than zero correspond to GBs with a mixed twist±tilt

character. This three-dimensional plot represents
GSi as a function of the ®ve macroscopic DOFs and

is a direct representation of GB phase space segre-
gation data.

Figure 8 is a three-dimensional plot similar to
Fig. 7, except that a mathematical surface is ®t to

the data assuming that GSi=0 at y= 08; this sur-
face aids in visualizing the bar chart of Fig. 7. It

may be thought of as being formed by placing a
blanket over the posts in Fig. 7. The posts in Fig. 8

serve to identify the location of the actual data
points. Figures 7 and 8 both demonstrate that GSi

rapidly increases from a value of 0 at y= 08 to a
value of 1.0�1013 atoms/cm2; when y reaches 1208
a transition from low-angle to high-angle GBs
occurs. Beyond this transition angle, GSi increases

to a value of 2.5�1013 atoms/cm2 at y= 62.88.
Also, the GBs with c � n � 1 (pure twist) have

higher values of GSi than do GBs with c � n � 0
(pure tilt).

These results demonstrate that twist GBs exhibit
a higher level of segregation than do tilt GBs, in

Fig. 6(a) and (b).
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Fig. 6. GB No. 14. (a) TEM micrograph of an Fe±3 at.% Si specimen after GB analysis and backpol-
ishing. (b) An FIM image of the same GB as in (a). The tip has been ®eld evaporated, so that the
image of the GB's periphery is circular. The probe hole diameter is 9 nm and it is aligned so that its
periphery is concentric with that of the GB image. In this orientation, a volume of material is analyzed
in a direction perpendicular to the GB plane. (c) Integral pro®le of the volume analyzed. The dotted
line, the Gibbs dividing plane, is placed at the midpoint of the region of Si enhancement at the GB. (d)
Layer pro®le formed from the integral in 3(c). The dotted line is placed at the position of the peak GB

concentration.
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Fig. 7. A three-dimensional bar chart of the Gibbsian interfacial excess (GSi) vs sin(ydis/2) and
cos({c,n). The height of each post equals the value of GSi. The di�erent shading of the posts is solely
meant as an aid to distinguishing among them. The data were recorded at a constant pressure, a ®xed
bulk silicon concentration of 3 at.% Si, and a temperature of 823 K. The 14 GBs in this ®gure are listed

in Table 3 along with the experimental uncertainties in GSi.

Fig. 8. A three-dimensional plot of the Gibbsian interfacial excess (GSi) vs sin(ydis/2) and cos({c,n). The
numbered posts labeled 1±14 correspond to the GBs presented in Fig. 7 and listed in Table 3. The bot-
tom of each post coincides with the value of GSi. The surface is speci®ed to be at GSi=0 for a given
ydis. The surface can be thought of as being formed by dropping a blanket over the three-dimensional
plot of posts equal in height to the values of GSi: the experimental uncertainties in GSi are listed in

Table 3.
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this Fe(Si) alloy. The conventional wisdom, how-

ever, states that a tilt boundary has a higher inter-

facial excess volume than a twist GB and therefore

its adsorptive capacity for solute is greater. Our

Fe(Si) experimental results and Monte Carlo simu-

lation results for the Pt±Au, Pt±Ni, and Ni(Pd) sys-

tems, however, demonstrate that the interfacial

excess volume argument is not a necessary con-

dition for obtaining a high level of segregation. The

segregating atoms can both be in the dislocations'

cores and in the long-range elastic stress ®elds. For

instance, we have demonstrated with Monte Carlo

simulation that it is not intuitively obvious what

fraction of the solute segregating at a series of 21

h110i tilt boundaries, in a Ni±4 at.% Pd alloy, is in

dislocation cores vs the elastic stress ®elds [26].

Thus our experimental result is only surprising if

the conventional wisdom is accepted as fact.

Another common argument for ``predicting'' the

level of segregation is based on the hypothesis that

a GB with a high free energy always exhibits a

higher level of segregation than a GB of lower free

energy. The basis for this reasoning is the following:

consider two GBs of free energies gA and gB, where
gA>gB. The GB with gA can experience a maximum

change in energy equal to gA, while for the other

GB the maximum change is gB, as g cannot be

negative [27]. When the solute (2) obeys Henry's

law, the Gibbs adsorption isotherm, equation (1),

becomes

G2 � ÿC2

kT

�
@g
@C2

�
T,P,geometric DOFs

; �4�

where kT has its usual signi®cance. It is then

assumed that for a given change in C2, the GB with

a free energy gA can experience a larger decrease in

interfacial energy and, therefore, a larger value of

G2 than the GB with energy gB. This argument is

erroneous because it assumes an a priori knowledge

of exactly how g varies with C2. Furthermore, it is

strongly emphasized that the value of G2 is a func-

tion of the partial derivative of g with respect to C2,
and not the absolute value of g. Also the micro-

scopic DOFs a�ect the value of G2 for ®xed values
of the macroscopic DOFs and this is disregarded in
the literatureÐRef. [26]. The argument based on

the magnitude of g has been used to explain the seg-
regation anisotropy among high-angle GBs [28].
There are other experiments demonstrating that

the motivation for segregation cannot be interpreted
using simple interfacial excess volume arguments or
interfacial energy arguments based on the absolute

value of g. For instance, in our experimental studies
of segregation of iron or niobium to stacking faults
in dilute cobalt-based alloys, there was appreciable
segregation even though a stacking fault is a low-

energy interface with a negligible excess volume [29].

3.2. The level of the Gibbsian interfacial excess of
solute

Table 4 lists the GBs studied and the correspond-
ing numbers of iron, silicon, and carbon atoms col-
lected. The presence of carbon at GBs is not,

however, expected to a�ect greatly GSi. In bulk
iron, the Zener relaxation e�ect demonstrates that
silicon dissolves substitutionally [30±33], while the
Snoek relaxation e�ect demonstrates that carbon

dissolves interstitially [34]. Therefore, carbon most
likely also dissolves interstitially at a GB and hence
in the GB region there is no site competition

between Si and C atoms. There is an attractive in-
teraction between Si and C atoms, but there is ex-
perimental evidence that this e�ect is negligible in

comparison to, for example, the repulsive inter-
action between phosphorus and silicon atoms [35].
The interaction energies are ÿ15 and 95 kJ/mol, re-
spectively, for Si±C and P±C interactions.

Furthermore, the coverages of Si and C are similar
and below one e�ective monolayer (Table 5),
assuming that segregation occurs at a single (110)

plane, the carbon resides at the octahedral and tet-
rahedral sites, and the lattice constant is

Table 4. The number of Fe, Si, and C atoms detected at the grain boundary region. For three of the grain
boundaries, the C content cannot be determined because C was collected in a 16-channel event. ND

means that a 16-channel event was not detected

GB (No.) NGB
Fe�Si (No.) Fe atoms at

GB (No.)
Si atoms at
GB (No.)

C atoms at
GB (No.)

C atoms in 16-channel
event (No.)

1 300 289 11 0 ND
2 86 77 9 0 2
3 300 266 34 25 ND
4 60 56 4 0 ND
5 120 104 16 10 ND
6 60 54 6 1 4
7 75 67 8 4 ND
8 100 92 8 2 ND
9 81 69 12 0 6
10 80 69 11 0 9
11 100 89 11 0 ND
12 60 55 5 1 4
13 50 45 5 0 ND
14 150 137 13 9 ND
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0.28665 nm. Therefore, one e�ective monolayer cor-

responds to 11.72� 1015 atoms/cm2 for Si and C.

For this Fe(Si) alloy, the experimentally measured

Gibbsian interfacial excess is 12.73�1013 atoms/

cm2 for Si and C, corresponding to 0.02 e�ective

monolayers. The e�ect of an attractive interaction

between Si and C is assumed negligible, because the

fraction of Si atoms with C atoms, sitting in inter-

stitial sites, as nearest neighbors is small. The num-

ber of nearest-neighbor interstitial sites (z) of a Si

atom is four, and the statistical probability that any

one of its neighbors is occupied by a C atom is

0.02. Therefore, the total statistical probability of a

Si±C pair is only 4�10ÿ4.
Using an approximate value of the GB free

energy in pure iron, gFe, it is possible to estimate

the maximum allowable excess of solute at a GB

employing a thermodynamic argument [36]. The

physical basis of this argument is that the total

decrease in the GB free energy cannot exceed gFe,
since the interfacial free energy cannot be

negative [37]. Assuming a reasonable dependence

for the relative Gibbsian interfacial excess of the

solute (2) with respect to solvent (1), G�1�2 , with bulk

solute concentration, Cb, yields the following ex-

pression for the upper bound of this quantity:

�G�1�2 �max1
g1

kT�1� ln�Ce=Cb�� ; �5�

where Ce is the solid-solubility limit of the solute in

the solvent. For Fe(Si) at 823 K,

gFe�1000 K� � 850 mJ=m2 [38], which is a measured

GB free energy for austenite, and Ce=0.25 at.% Si:

thus, �G�Fe�Si �max12:4� 1015 atoms=cm2. For carbon,

the maximum solid-solubility is 0.01 at.%, while its

bulk concentration in the Fe(Si) alloy is only

5 a.p.p.m.: thus, �G�Fe�C �max18:7� 1014 atoms=cm2.

Since silicon decreases the solubility of carbon in

iron, the upper bound to G�Fe�C is most likely higher.

These calculated Gibbsian excesses are in agreement

with our assumption that carbon does not strongly

in¯uence the level of silicon segregation.

Finally, employing the Gibbs adsorption iso-
therm, with an average value of GSi at 823 K, the

quantity �@g=@C2� � ÿ114 mJ=m2 �at: fr:� and this
implies that the change in g due to Si segregation is
ÿ3.4 mJ/m2. This change in g is small compared to

the value of 486 mJ/m2 for g of a GB in an Fe±
6 at.% Si alloy at 1603 K [39].

4. SUMMARY

1. Equilibrium grain boundary (GB) segregation
was studied in the single-phase solid-solution

region of a high-purity Fe±3 at.% Si alloy, with
a bulk concentration of 11.6 a.p.p.m. carbon.
Since C and Si occupy interstitial and substitu-

tional sites, respectively, at a GB, and the
Gibbsian excesses or fractional e�ective mono-
layer coverages of C and Si are well below their

measured and calculated saturation coverages,
they segregate independently of each other.

2. The combined technique of atom-probe ®eld-ion
microscopy/transmission electron microscopy

(APFIM/TEM) was systematically used to deter-
mine the ®ve macroscopic geometric DOFs [unit
rotation axis (c), the rotation angle (y), and the

GB plane unit normal (n)] and the value of the
Gibbsian interfacial excess of silicon, GSi, at a
GB, for 14 di�erent GBs in an Fe±3 at.% Si

alloy annealed at 823 K for 14.5 or 72.5 h. The
average value of GSi is 2.73�1013 atoms/cm2,
which corresponds to an e�ective coverage of

0.02 monolayers. An upper thermodynamic
bound to the saturation coverage is estimated to
be 1.5 e�ective monolayers.

3. The GBs are primarily described by S misorien-

tations (13b, 25b, 31a, 35a, 39a, 45c, 47c) that
do not have a rotation axis equal to [110],
because the Fe(Si) [110] wire texture is not par-

ticularly strong. We limit the maximum S value
to 49c.

4. The majority of the high-angle GBs have values

of Dyd (deviation of the disorientation angle)
that are not close to S misorientations; this indi-
cates that the S description of a GB in an Fe(Si)
alloy does not have a physical signi®cance, that

is, no GB type is preferred.
5. The [110] description, however, is not used to

analyze the relation between segregation and GB

type because the GBs cannot be described by S
misorientations with c = [110], that is, S = 3,
11, 17b, 19a, and 43c; this is because c is neither

®xed nor reasonably close to [110].
6. The disorientation descriptionÐydis, c, nÐis

used to represent the GBs. The GB segregation

data, at constant T, P, and bulk silicon concen-
tration, is represented in Figs 7 and 8 in three-
dimensions with the axes GSi, sin(ydis/2), and
cos({c,n). The latter axis represents the degree to

Table 5. The values of the Gibbsian interfacial excess of Si (GSi)
are converted to fractions of an e�ective monolayer (Y) by assum-

ing that the Si atoms reside in a single (110) plane

GB No. GSi (10
13 atoms/cm2) Y (10ÿ2 monolayers)

1 0.07620.25 0.0420.15
2 1.2420.66 0.7220.39
3 2.0820.66 1.2120.39
4 0.8920.75 0.5220.44
5 2.4721.03 1.4420.60
6 0.8020.51 0.4720.29
7 2.1621.33 1.2620.77
8 3.5222.09 2.0521.22
9 2.3821.13 1.3820.66
10 1.3720.613 0.7820.36
11 2.5221.25 1.4720.73
12 1.3420.93 0.7820.54
13 0.3720.25 0.2120.14
14 1.3020.60 0.7620.35
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which a GB is described as either pure tilt or
twist. The quantity cos({c,n) has four DOFs

folded into it, while sin(ydis/2) represents the ®fth
DOF. This three-dimensional plot represents GSi

as a function of the ®ve macroscopic DOFs and

is a direct representation of GB phase space seg-
regation data.

7. Figures 7 and 8 clearly demonstrate that GSi is a

function of the ®ve geometric DOFs of a GB.
This experimental result further substantiates our
conclusion, from Monte Carlo simulation of GB

segregation at symmetric twist and tilt bound-
aries in two single-phase binary metallic alloys
(Au±Pt and Ni±Pt systems), that Gsolute is a sys-
tematic function of the twist or tilt angle. Thus

both our experimental and simulation results
lend credence to the idea that the ®ve geometric
macroscopic DOFs of a GB are true thermodyn-

amic state variables.
8. The three-dimensional plots (Figs 7 and 8) of GSi

vs the DOFs of the GBs experimentally studied

demonstrate that the transition from low-angle
to high-angle GBs occurs at 1208, which is con-
sistent with our Monte Carlo simulation of both

twist and tilt boundaries.
9. High-angle twist GBs exhibit a higher level of

segregation than do high-angle tilt GBs in this
dilute Fe(Si) alloy (Figs 7 and 8). This result

goes against the conventional wisdom that tilt
GBs have a higher adsorptive capacity for solute
atoms than do twist GBs. This possibility is,

however, consistent with our Monte Carlo simu-
lation of segregation at both symmetric twist and
tilt boundaries: see Ref. [15] for detailed discus-

sions of this point.
10. Point number 9 is consistent with the Gibbs

adsorption isotherm, equation (1), which physi-
cally states that unless the exact form of how

the interfacial GB free energy varies with the
bulk chemical potential of the solute (compo-
sition) is known, then neither the absolute nor

relative levels of segregation can be determined;
that is, a GB with a high free energy does not a
priori exhibit a higher level of segregation than

a GB with a lower free energy.
11. Employing the Gibbs adsorption isotherm, with

an average value of GSi at 823 K, the quantity

�@g=@C2� � ÿ114 mJ=m2 �at: fr� and this implies
that the average change in g due to Si segre-
gation is ÿ3.4 mJ/m2. This change in g is small
compared to the value of 486 mJ/m2 for g of a

GB in an Fe±6 at.% Si alloy at 1603 K.
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APPENDIX A

We ®rst demonstrate that G2, equation (3), is indepen-
dent of the position of the Gibbs dividing surface. This is
seen by writing down the following equation for G2 for a
continuous segregation pro®le:

G2 �
�b
a

�C2�x� ÿ Cb� dx; �A1�

where C2(x) is the solute concentration pro®le (x is the
distance normal to the GB) and the upper and lower limits
(b and a) of the integral are two points on the x-axis far
from the GB, but straddling it. Equation (A1) shows that
the value obtained for G2 is independent of the exact pos-

ition of the Gibbs dividing surface. This is a general result
for any GB in a single-phase binary alloy.

For a binary alloy system containing a GB the relative
Gibbsian interfacial excess (G�1�2 ) of component 2 (solute)
with respect to component 1 (solvent) is the quantity clas-
sically measured. The following equation is obtained
employing the Gibbs adsorption isotherm and the Gibbs±
Duhem equation for a binary alloy:

ÿ dg
dC2
� G�1�2

dm2
dC2

; �A2�

where m2 is the chemical potential of a solute atom and
G�1�2 is given by

G�1�2 �
�
G2 ÿ C2

1ÿ C2
G1

�
: �A3�

The quantity G1 is the Gibbsian interfacial excess of the
solvent. For the Fe(Si) system equation (A3) is

G�Fe�Si � GSi ÿ hC
vol
Si i

hC vol
Fe i

GFe; �A4�

where hC vol
Si i and hC vol

Fe i are the average volume atomic
fractions of Si and Fe. For the Fe±3 at.% Si alloy
hC vol

Si i � 0:03 and hC vol
Fe i � 0:97; thus equation (A4)

reduces to G�Fe�Si � GSi ÿ 0:031GFe; with the assumption of
a substitutional solid-solution at the GB, GSi � ÿGFe, and,
therefore, to an excellent approximation G�Fe�Si � GSi.

APPENDIX B

To obtain c and y, the rotation matrix (Rexp) describing
the relative rotation of one grain with respect to the other
is experimentally determined. c and y are then derived
from the elements of this matrix. Then to determine the
deviation of Rexp from an exact coincident-site-lattice
(CSL) description (RG) a computer program Deviation
takes the elements of Rexp as the input and calculates the
deviation angle, Dyd, for S from 1 to 49c. This program
computes a deviation rotation matrix (RDyd ),

RDyd � RexpR
ÿ1
S � RSR

ÿ1
exp: �B1�

Finally, Dyd is determined from RDyd from an equation de-
rived by Bollmann (Ref. [8])

y � cosÿ1
��

Tr�r� ÿ 1

2

��
; �B2�

where rij are the o�-diagonal elements of R and Tr(R) is
the trace of R. The angle Dyd is the only parameter necess-
ary to de®ne the deviation from exact coincidence.
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