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Atomic-Scale Observations of Two-Dimensional Re Segregation at an Internal Interface in W (Re)
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Equilibrium Re segregation is studied at a grain boundary in a single-phase W-25-at. %-Re alloy em-
ploying atom-probe tield-ion microscopy. The grain-boundary concentration is measured, without data
deconvolution, to be 73.8 =5.45 at. % Re at an interface plane. This is the first direct proof that segre-
gation at a grain boundary can be purely two dimensional, and that it can occur at a so-called low-

energy interface.

PACS numbers: 61.70.Ng, 02.50.+s, 61.16.Fk, 64.75.+¢g

The existence of two-dimensional monolayer gas ad-
sorption at solid/gas interfaces' or two-dimensional
monolayer solute-atom segregation at solid/vacuum in-
terfaces? is now established both theoretically and exper-
imentally. By analogy with the results on solid/gas or
solid/vacuum interfaces it has been often asserted that
equilibrium solute-atom segregation at solid/solid inter-
faces can be purely two dimensional and confined to a
single monolayer. No comparable direct and unambigu-
ous experimental evidence exists, however, for solid/solid
interfaces,>* and, furthermore, the quantitative relation-
ship between grain-boundary (GB) structure and segre-
gation under equilibrium thermodynamic conditions is
lacking.*

Energy-dispersive x-ray and electron energy-loss spec-
troscopies in analytical electron microscopes (AEM’s)
have been employed to study GB segregation.’® These
spectroscopies require, however, assumptions to decon-
volve the spatial distribution of segregants at an internal
interface from the measured signals, even though atomic
concentrations corresponding to fractions of a monolayer
can be detected.®® The spatial resolution of an AEM is
limited by the geometric diameter of the electron beam
plus the concomitant electron scattering that must occur.
Therefore, the ‘“‘composition of a monolayer” is often
deconvolved subject to the assumption that segregation
occurs in a monolayer.

Atom-probe field-ion microscopy (APFIM) can deter-
mine the chemical identity of a single preselected atom,’
and it has been applied recently to the study of the
chemical composition of internal interfaces.®™'* To deter-
mine a segregation profile perpendicular to an internal
interface requires the use of the geometry exhibited in
Fig. 1; in this arrangement the spatial resolution is equal
to the interplanar spacing of the planes parallel to the
plane of the GB, and it is <0.1 nm for a high-indexed
plane. It is emphasized that this geometry does not re-
quire any deconvolution of the data and it measures
directly the width of a concentration profile.

We present a combined transmission-electron-micro-
scope (TEM), APFIM study of Re segregation at a
GB in a single-phase W-25-at.%-Re alloy. The results

demonstrate that Re segregation is localized in a single
plane and is, therefore, two dimensional. This is the first
unequivocal demonstration of this phenomenon at an
internal interface, with a known crystallography, by any
technique.

A W=25-at.%-Re wire (127-um diam) was annealed
at 1913 K for 5 h in flowing argon gas to induce Re
segregation to GB’s. This annealing time produces a
root-mean-square diffusion distance of > 20 nm for the
Re atoms; this was done to achieve, at the very least, lo-
cal thermodynamic equilibrium of the Re atoms with
GB’s. At 1913 K a 25-at.%-Re alloy is a single-phase
primary solid solution;'* this is corroborated by the ab-
sence of precipitates in the grains examined by the TEM
or APFIM techniques. Next the specimen was electro-
polished and electroetched to a sharply pointed tip

== 15-nm radius) that was suitable for TEM or APFIM
observations.'"!31316  After electropolishing, the speci-
men was mounted in a modified double-tilt stage'® of a
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FIG. 1. The geometry employed for analyzing a GB, with its
plane parallel to the plane of the probe hole (D,). The solute
profile perpendicular to the GB interface is determined with a
spatial resolution equal to the interplanar spacing of the region
analyzed. The diagram is not to scale.
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200-kV TEM, and a GB located. The GB geometry was
determined by TEM before the specimen was systemati-
cally backpolished to move the selected GB into the
volume of the tip.>'3!3:16

Figure 2(a) exhibits a TEM micrograph of the FIM
tip containing the GB; N.B., the interface plane is almost
perpendicular to the [110] axis of the tip. By rotating
the FIM specimen it was possible to orient the interface
plane of the GB so that it was parallel to the plane of the
chevron detector employed to detect the pulsed field-
evaporated ions. An FIM image of the same GB is
shown in Fig. 2(b). The black arrowheads on the peri-
phery of the micrograph indicate its intersection with the
surface of the FIM tip; the trace of the intersection of
the GB with the approximately hemispherical tip is al-
most a perfect circle. The rotation angle (9) of grain |
(G1) with respect to grain 2 (G2) is §=88.7° about the
rotation vector ¢=[0.700.720.01]. The nearest coin-
cident site lattice (CSL) is ==17 ([1101/86.63°), and
the disorientation is [2211/61.93°.'7-'" The n’s to this
GB, in the coordinates of G1 and G2, are n;=[—0.79
—0.600.13], and n,=1[0.620.77 —0.12],. The vectors
n, and n; are 2.6° and 1.0° from the [—6 —51] and
[56 — 1] directions, respectively; the (651) direction is
the nearest rational direction to n. The angle between ¢
and n is = 10.5° and therefore this GB is almost a pure
twist boundary with a small tilt component. The results
of this crystallographic analysis were verified from an
analysis of the FIM image; it is noted, however, that the
five macroscopic degrees of freedom of the interface
—i.e., the ¢/0 pair— were determined by TEM.

The misorientation of this GB deviates from the
nearest CSL orientation by A8=2.5°, as calculated
from the measured deviation matrix. The maximum al-
lowable value of A6, within which a CSL relationship is

FIG. 2. (a) A TEM micrograph of the analyzed GB in the
FIM specimen. (b) An FIM micrograph of the same GB. The
black arrowheads indicate the intersection of the GB with the
approximately hemispherical FIM tip.
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maintained by the introduction of secondary grain-
boundary dislocations, is given by A8, = 15°(x) ~'/2.20
For X =17 the value of A8, is 3.64°, and since Af is
< A, this GB can be described by the above CSL
description, and therefore it is a so-called special bound-
ary.

An APFIM analysis of this same GB was executed us-
ing the geometry of Fig. 1. The cylindrical volume of
the metal alloy analyzed was perpendicular to the plane
of the GB, and therefore a series of individual = (651)
planes parallel to the interface was analyzed chemically.
The number of atoms covered by the probe hole for this
analysis was 65; the APFIM time-of-flight data were col-
lected at a specimen temperature of 30 K using a pulse
fraction (f)—the ratio of the pulse voltage to the dc
voltage—of f=0.15, and a background vacuum of
<10 7® Pa. The detection efficiency was maintained at
a low value by increasing the steady-state evaporation
voltage in 15-V dc increments every 1200 field-
evaporation pulses if no event was detected; if an event
was detected then the code was reset automatically to re-
quest an additional 1200 pulses. Figure 3 is an integral
profile of the cumulative number of Re atoms versus the
cumulative number of W plus Re atoms; therefore the
local slope is directly equal to the average Re concentra-
tion of either the matrix or the GB. This figure demon-
strates that the concentration changes from (Cre) =24.8
+1.79 at.% Re (Ref. 21) to (CR.)=73.8%£5.45 at. %
Re and then back to (Cgre)=25.4*1.17 at.% Re, as the
GB is traversed. The evaporation rate for the matrix
was 6x10 ™ atomspulse "', while for the region of the
GB it was 3x10 ¥ atomspulse ~'. Thus the evaporation
rate for the GB region was lower than for the matrix and
therefore it was dissected more slowly and more careful-
ly than the matrix. In fact, most of the events detected
from the GB were single-channel events. A total of 65
W and Re atoms are in the region corresponding to
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FIG. 3. An integral profile of the cumulative number of Re
atoms versus the cumulative number of W plus Re atoms for
the matrix and the GB seen in Fig. 2; the data were recorded
at a specimen temperature of 30 K.
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73.8+5.45 at.% Re. Figure 4 is a plot of the Re con-
centration in individual planes versus depth employing
65 atoms to calculate the Re concentration for each
plane in the matrix; each plane is numbered on the lower
abscissa axis; and the top abscissa axis is the cumulative
number of W plus Re atoms. The solute concentration is
observed to increase from (Cgre)=29.2%£5.64 to
73.8 £5.45 at. % Re in one interplanar spacing— = 0.04
nm—and the to decrease to 23.1 =5.23 at.% Re in one
interplanar spacing; N.B., the planes numbered 9, 10,
and 11. The value of {Cge) is 25.2 +0.98 at.% Re aver-
aged over 29 planes—excluding the interface plane.
This result demonstrates that for this alloy and this GB
the Re segregation is localized at one plane, and for the
planes that immediately adjoin this interface plane the
concentration is = (Cg.). This implies an average segre-
gation enhancement factor S, of 2.9, where S, is the
ratio of the average solute concentration at a GB to
(Cre’). The data represent direct and unambiguous evi-
dence for two-dimensional segregation; it is emphasized
that for the geometry used no corrections of the experi-
mental data are required. The concentration values are
absolute, as they are determined on the basis of counting
individual atomic events in individual atomic planes.
The data in Fig. 4 show that the Re segregation is
purely two dimensional at a =17 [= (651)] interface;
the (651) interplanar spacing is =0.04 nm. The con-
centration in this plane corresponds to = 3 of a mono-
layer of Re. These results demonstrate several important
physical points. First, significant segregation of Re
occurs even though the solid-solubility limit of Re in W
is appreciable at 1913 K; thus, limited solid solubility of
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FIG. 4. The Re concentration profile perpendicular to the
plane of the GB calculated from the data in Fig. 3. Each point
corresponds to the Re concentration in a single plane; it in-
creases from (Cgre) to 73.8 £5.45 at.% Re in one interplanar
spacing— = 0.04 nm—and then decreases to (Cg.) in one
interplanar spacing.

the solute is not a necessary condition for GB segrega-
tion.>” Second, the observation of Re segregation at a
so-called special GB—i.e., a small X value—is counter to
the intuitive idea that segregation should be smaller at
special GB’s than at general boundaries, because the
atomic fit is better at the special GB’s—i.e., they are
lower-energy interfaces.* There are still no general prin-
ciples that relate the interfacial free energy of a GB to
the geometry [X and (hkl) values] of an interface.?’
Furthermore, the depths of the energy cusps of special
GB'’s relative to the energy of general GB’s are unknown.
Thus special GB’s may have an energy less than the gen-
eral GB’s, but these energies can be significantly greater
than the energy of a small-angle (< 15°) GB. Further-
more, we have employed Monte Carlo computer simula-
tions to study the structural and temperature dependence
of Au segregation to [001] twist boundaries— between
6=0° and 45° in a Pt-1-at. %-Au alloy between 850 and
1900 K.2* The results of simulations show that the value
of S,y increases linearly to 8= 35° and is independent
of 6 between 35° and 45°. The simulations furthermore
demonstrate that Au segregation occurs primarily substi-
tutionally at the cores of the primary GB dislocations,
and that S,,. saturates when the cores overlap strongly.
Thus we can interpret the Re segregation as occurring at
the cores of the dislocations associated with the X=17
[= (651)] GB studied. Third, the GB concentration
corresponds to the composition of the y phase (=75
at.% Re) on the bulk phase diagram.'* Since the Re
segregation is two dimensional it is possible that an or-
dered phase may form at the GB. A two-dimensional or-
dered phase implies that superlattice reflections should
appear around the primary reflections from the matrix in
a selected-area diffraction pattern of a GB; the intensity
of a superlattice reflection is proportional to the square
of the difference of the electron scattering factors— this
is very small for W (Z=74) and Re (Z=75). These
superlattice reflections may be detectable using a TEM
with a bright field-emission electron source. Fourth, in
contrast to the present results, solute segregation at an
internal interface need not be purely two dimensional.
For example, we have recently presented evidence for an
oscillatory Ni profile at a Z=5 [=(202)] GB in a
Pt-3-at. %-Ni alloy in a grain that consists of (10 —68)
planes; the latter are vicinal to the (1 —11) planes.?® In
the other grain that adjoins the interface the Ni profile
decreases monotonically to 3 at.% Ni. Thus, pure two-
dimensional segregation can occur but it is not a univer-
sal mode for solute segregation at a GB. These results
are readily understood by recalling that for a locally re-
laxed boundary 6+ C state variables are required to
specify the thermodynamic state of the system, where C
is the number of chemical components.?® For a binary
alloy an eight-dimensional hyperspace is therefore in-
volved, and each point in this hyperspace represents a
thermodynamic state of a GB; the eight state variables
are the five macroscopic degrees of freedom, tempera-
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ture, pressure, and bulk composition. Thus, it is thermo-
dynamically possible for a particular boundary in a
binary alloy to have an oscillatory solute profile, and a
different type of boundary in a different binary alloy to
have a simple two-dimensional solute profile. Fifth, in
view of the above we do not think it is meaningful to
think of solute segregation at GB’s in terms of its X value
and whether it is a special or general boundary. Instead
it is more physically meaningful to specify the point in
the hyperspace representing the thermodynamic state of
the GB by the requisite GB state variables.
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FIG. 2. (a) A TEM micrograph of the analyzed GB in the
FIM specimen. (b) An FIM micrograph of the same GB. The
black arrowheads indicate the intersection of the GB with the
approximately hemispherical FIM tip.



