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Extensive theoretical analysis and experimental observations show surface roughening
transitions of crystals. The surface roughening is characterized by step free energy, which
gradually decreases to 0 at the roughening transition temperature. For a crystal of finite
size, the surface roughening transition is manifested by gradual increase of the curved
edge and corner areas. In alloys, the interfaces between the solid and the liquid phases can
be either singular, partially rough, or completely rough at different temperatures. Their
thermally induced roughening transitions are similar to those of the solid-vapor interfaces.
The interface roughening and the reverse transition to singular structures can also be
induced by additives. The grain boundaries of any misorientation angles in oxides and
metals also show roughening transitions. The singular grain boundaries have either flat,
hill-and-valley, or kinked shapes, and with temperature increase or composition changes,
they become defaceted to curved shapes. These defaceted grain boundaries are rough. It is
thus possible to produce either singular or rough grain boundaries by heat-treatment or
additives to vary their properties. © 2005 Springer Science + Business Media, Inc.

1. Introduction
Structure and properties of a grain boundary depend
on the direction of the grain boundary plane as well
as the misorientation angle between the grain pair. If
grain growth is relatively slow in a bulk polycrystal, the
positions and normal directions of the grain boundaries
will be determined by the condition to locally minimize
the total grain boundary energy. The minimum grain
boundary energy configuration is in turn determined
by the variation of the grain boundary energy with its
normal, which is usually represented by the polar plot of
the grain boundary energy y, against the grain bound-
ary normal n or the grain boundary Wulff plot y,(n).
The y,(n) plot will depend on the misorientation angle
between a pair of grains and will determine the equilib-
rium shape of a grain embedded in another grain with
the particular misorientation angle. Although such is-
land grains can be produced, their equilibrium shapes
are difficult to observe because they tend to shrink and
disappear rapidly during heat-treatment. But at least
conceptually it is useful to consider such grain bound-
ary Wulff shapes, and often stable segments of grain
boundaries can represent a part of such a Wulff shape.
Like surfaces, there can be cusps in a y,(n) plot,
corresponding to flat grain boundary segments. When
there are cusps in a y,(n) plot, the grain boundary of
an arbitrary average orientation is likely to have a hill-
and-valley (h&v) structure, as explained by Herring [1].
With temperature increase or composition change, a
cusp in a y,(n) plot may disappear when the flat bound-
ary segment becomes rough. If a grain boundary has an
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h&v structure, it will become defaceted with a curved
shape. Usually, the defaceting transition is thus a man-
ifestation of the grain boundary roughening transition.

Analogous surface roughening transition has been
extensively studied theoretically [2-9] and experimen-
tally [5-9]. The possibility of roughening transition of
a symmetric grain boundary in Cu was proposed by
Rottman [10] on the basis of estimated grain boundary
step energy. Grain boundary faceting and defaceting
transitions with either temperature change or additives
have been observed in a number of metallic (Al [11],
Cu-Bi [12], Fe-Te [13], Ni [14, 15], Ag [16]) and oxide
(alumina [17, 18], BaTiO3 [19-22]) systems. In alu-
mina doped with SiO; and CaO [18] and in TiO,-excess
BaTiOs3 [23, 24], the grain boundaries running straight
across the triple junctions were identified as the singular
boundaries, and they were observed to become curved
and hence rough with additives. These grain boundary
transitions were observed for grain boundaries of any
misorientation angles between the grain pairs.

In addition to grain boundary shape changes, there
have been additional indirect evidences for grain
boundary transitions in the temperature dependence of
grain boundary energy [25], sliding [26-28], and mi-
gration [29-31]. In many metals and oxides [15-22],
abnormal and normal grain growth behaviors were ob-
served to be correlated with grain boundary roughening.
Other mechanical, chemical, and electrical properties
are also expected to depend on the roughening transi-
tion. Therefore, it will be important in grain boundary
engineering.
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In this report, the grain boundary roughening transi-
tions in metals and two oxides will be reviewed. First,
the analogous surface roughening transition, which
has been more completely studied, will be examined,
followed by a discussion of the relationship between
the roughening and defaceting transitions. The grain
boundary roughening transitions in metals and oxides
will then be discussed in separate sections. And finally,
the kinetics of the grain boundary roughening transition
and metastable boundary structures will be examined
and related to properties. Almost all examples of grain
boundaries presented in this report will be drawn from
either pure or single phase systems.

2. Surface roughening transition

The surface roughening was first proposed by Burton,
Cabrera, and Frank [2—4] based on Onsager’s solution
of the two dimensional Ising model [32], which pre-
dicted a second order transition. The later theories and
experiments of surface roughening transition have been
reviewed by Weeks and Gilmer [5], Weeks [6], Beijern
and Nolden [7], Wortis [8], and Conrad [9]. The so-
lutions of the solid-on-solid (SOS) or the equivalent
models predicted an infinite order surface roughening
transition [33—-36], which can be represented by step
free energy o (T') gradually decreasing to O at the rough-
ening temperature. If the value of o(7T') is larger than
0, the surface is singular with a flat shape, correspond-
ing to a cusp in the Wulff plot of the surface energy
y(n). A rough surface with o (7T") equal to 0 will have a
curved shape without any cusp in the y(n) plot. Thus,
the roughening transition is manifested in the surface
shape change. Rottman and Wortis [37] predicted with
a lattice gas model that the edges and corners of cubic
crystals would become curved as temperature increases
with the size of the flat surface decreasing linearly with
o (T) until both became 0 at the roughening transition
temperature TR.

The surface movement also depends on its structure.
A singular surface free of defects is predicted to grow
by two dimensional nucleation of steps [2-5], while
a rough surface will grow continuously without any
step nucleation. Thus, the growth rate of a singular
surface will show an exponential dependence on su-
persaturation, while a rough surface will grow linearly
with supersaturation. The step fluctuation at surface is
also predicted to show a critical behavior at and above
Tx.

Extensive experiments have been performed on “He
crystals in order to test some of these theoretical pre-
dictions [38—41] by taking advantage of superfluid ma-
trix phase and high purity. The change of growth rate
with temperature through 7g and the temperature de-
pendence of o (T') estimated from it were found to agree
well with the theoretical predictions of the SOS model
[41]. The change of curvature near 7g was also found
to agree with the theoretical prediction [39]. The edges
and corners of NaCl [42], Au [43, 44], and Pb [45, 46]
crystals were observed to become curved at high tem-
peratures, and flat low index surfaces of Ag,S crystal
were found to shrink until they became curved at their
respective Tr [47]. The voids in some organic crystals
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Figure 1 SEM micrograph of TaC-30wt%Ni alloy sintered at 1400°C
for 8 h [57].

were observed to change from polyhedral to spherical
shapes with temperature increase [48—50].

The theoretical analyses of the models for surfaces,
which are the solid-vapor interfaces, are usually as-
sumed to apply equally well to the solid-liquid inter-
faces. The crystal-melt interfaces in pure metals at the
melting points are mostly rough. In many alloy systems,
the approximate equilibrium shapes of grains in chem-
ical equilibrium with liquid matrix can be observed in
the specimens prepared, for example, by liquid phase
sintering. Usually, the grains of compound phases show
polyhedral shapes in the temperature ranges where lig-
uid phases coexist as shown in Fig. 1 for TaC-30wt%Ni
as an example, and metallic grains usually exhibit
spherical shapes as shown in Fig. 2 for Mo-15wt%Ni.
In many of these alloy systems, the temperature ranges
for the solid-liquid coexistence are too limited to ob-
serve the roughening or the opposite singular transi-
tions of the interfaces. But in NbC-transition metal, the
grains in a transition metal-rich liquid matrix were ob-
served to be polyhedral at low temperatures, curved
at edges and corners at intermediate temperatures, and
spherical at high temperatures [51-54]. Therefore, the
roughening of the solid-liquid interface was found to
qualitatively agree with the higher order transition pre-
dicted by the theoretical model. The addition of B to
NbC-Fe [55] or NbC-Co [56] was also found to induce
the roughening transition. The depletion of C in TaC-Ni
was also found to induce the interface roughening [57].

Figure 2 Optical micrograph of Mo-15wt%Ni alloy sintered at 1520°C
for 20 h [103].
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Figure 3 TEM micrograph of a triple junction of alumina-5wt% anor-
thite sintered at 1620°C for 48 h [104].

The roughening transitions of solid-solid heterophase
interfaces were also reported for Ag-rich G.P. zones in
Al-Ag alloy [58] and Ge particles in Al [59].

When alumina is sintered with small amounts of
anorthite (CaAl;Si;Og), which forms the liquid phase,
the alumina grains in contact with liquid pockets at
the grain triple junctions show faceted shapes with flat
low index planes as shown in Fig. 3. These are singu-
lar interfaces. When MgO is added to the liquid phase,
curved grain surfaces appear, although some flat sur-
faces still remain as shown in Fig. 4a. These curved
surfaces must be rough, and their high resolution trans-
mission electron microscope images (Fig. 4b) show the
rough structure at atomic scale. Although the speci-
men was rapidly cooled from the sintering tempera-
ture, the interface structures as that shown in Fig. 4b
will not accurately show those at high temperatures
with possibly fluctuating surface steps. But at least the
rapidly cooled structures like Fig. 4b confirm that there
is no fine scale faceting or regular surface structure for
these macroscopically curved surfaces. (There are cases
when macroscopically curved surfaces actually consist

of fine scale h&v structures which did not form dur-
ing cooling. It is therefore necessary to confirm their
singular or rough structures at atomic scales.)

Although the theoretical predictions of the SOS
model agree with the observations in ideal systems like
solid “He [38—41], it is presently not clear how well the
SOS model with fluctuating lattice columns and voids
of unlimited lengths can describe the roughening of
various interfaces. It is possible that for solid-liquid or
solid-solid interfaces, the two-dimensional Ising model
with single atomic or molecular step height is more re-
alistic. When the equilibrium shape of a crystal is spher-
ical, the crystalline directionality is lost at the surface
due to the dominant entropy effect. It thus appears to
be clear that the surface becomes disordered at high
temperature, although the roughening as described by
various models may not accurately represent the phe-
nomenon for all interface types. It has also been pro-
posed [60-62] that surface premelting also occurs. But
this is expected to occur at temperatures very close to
the melting point and Beijeren and Nolden [7] con-
cluded that the surface roughening was different from
the premelting.

3. Roughening and defaceting transitions

The shape of a surface of an arbitrary average orienta-
tion schematically shown in the right column of Fig. 5
will depend on the crystal equilibrium shape shown
in the left column of Fig. 5 at different temperatures.
If the average orientation of a surface does not corre-
spond to that which exists in the equilibrium, the sur-
face will split into flat segments of h&v configuration
as explained by Herring [1] and illustrated in Fig. 5a.
If edges of the crystal at equilibrium become curved
at a higher temperature and the surface slope changes
discontinuously to the singular segment as illustrated
in Fig. 5b, the arbitrary surface can still have an h&v
shape with alternating singular and rough segments. As
temperature increases further, the singular segment of
the equilibrium shape will shrink, and in the h&v sur-
face, the area of the rough segment will increase with
its changing orientation. When the inflection point of
the equilibrium shape moves so much to the center of

Figure 4 (a) TEM micrograph of a triple junction of alumina-5wt% anorthite sintered at 1620°C for 48 h and heat-treated again after packing in MgO
powder for 6 h, and (b) high resolution TEM image of the boundary segment indicated by an ellipse in (a) [104].
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Figure 5 Schematic diagrams of equilibrium shapes (left column) and
shapes of a surface segment with a fixed average orientation (right col-
umn) at (a) low, (b) intermediate, and (c) high temperatures.

the singular segment that the normal to the curved seg-
ment at the inflection point coincides with the aver-
age direction of the h&v surface, it will lose its h&v
shape as the singular segments disappear and only the
rough segments remain as illustrated in Fig. 5c. The de-
faceting transition thus occurs when a surface loses its
h&v shape and becomes rough with a macroscopically
curved shape because of its finite size. Because the de-
faceting transition of a surface of arbitrary orientation
occurs as the roughening progresses in the equilibrium
shape, it is usually a manifestation of the roughening
transition. (Although the roughening transition always
implies the defaceting transition, the latter does not al-
ways imply the former, because an h&v surface can
entirely consist of rough segments. But an equilibrium
shape with only rough surfaces meeting each other at
sharp edges is very unlikely.)

The thermal faceting of polycrystalline metals with
h&v structures is well known [63] as shown in Fig. 6 for
an example. Because the equilibrium shapes of crystals
at high temperatures usually consist of both singular
and rough surfaces [42—47], some grain surfaces of a
polycrystal will be rough with smoothly curved shapes
while others have h&v shapes. If all singular surfaces in
the equilibrium shape become rough, all grain surfaces
of apolycrystal will also be rough with smoothly curved
shapes.

15kv S.1kx
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Figure 6 SEM micrograph of the hill-and-valley surface of a grain in an
Ag polycrystal heat-treated at 800°C in an oxygen containing atmosphere
[105].
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4. Grain boundary roughening
transition in oxides

In 1969 and 1970, Aust [29, 64] and Gleiter [65] made
apparently the first suggestions that grain boundaries
underwent phase transition, based on their analysis of
grain growth kinetics and triple junction equilibria in
Pb and its alloy. In 1970, Hart [66] also made the same
suggestion and performed a thermodynamic analysis of
this transition assuming it to be a first order transition
[67].

It is possible that grain boundaries undergo continu-
ous roughening transitions analogous to surfaces. Sim-
ple step models [68], SOS [36], and Ising models [69]
predict that the roughening temperature 7g will be pro-
portional to the step internal energy o (0). Since o (0)
for a grain boundary will be lower than that for a sur-
face, Tr of a grain boundary will be lower than that of
a surface. Therefore, while surface roughening occurs
at temperatures close to the bulk melting point 7;,, the
grain boundary roughening can occur at temperatures
below T;,. Rottman [10] calculated the values of o (0)
for low angle grain boundaries in Cu and predicted that
the roughening should occur at temperatures below 7},
for misorientation angles larger than a critical value.

Although the observations of grain boundary rough-
ening transitions in oxides are less numerous than those
in metals, their interpretations are more straightfor-
ward. Oxide ceramics are usually sintered with small
amounts of liquid phases. But even in these ceramics
some grain boundaries are not penetrated by the liquid
phases and hence exist without any liquid layer. Some
oxides can be almost fully sintered without any liquid
phase and hence have only grain boundaries. Some of
the grain boundaries in sintered oxides were observed
to have either flat or h&v shapes. Some h&v grain
boundaries consisted of several alternating boundary
segments of the same orientations, while others showed
only two boundary segments meeting at a single edge
to form a kink as shown in Fig. 7 for an example. Grain
boundaries with h&v shapes were observed in Mn-Zn
ferrite [70], MgO [71,72], and alumina [17, 18, 73-76].

Figure 7 TEM micrograph of a kinked grain boundary in alumina sin-
tered at 1400°C for 3 h and heat-treated at 1100°C for 24 h [106].



GRAIN BOUNDARY AND INTERFACE ENGINEERING

These flat grain boundaries and some segments of the
h&v grain boundaries were observed to lie on low in-
dex planes of one of the grain pairs by TEM. In alumina
doped with TiO;, Y03, SiO,, or CaO, flat grain bound-
aries lying on basal {0001}, rhombohedral {0112}, or
other low index planes of one of the grain pairs were
observed usually by HRTEM [17, 18, 75-77]. In a poly-
crystalline TiO;-excess BaTiO3, Yamamoto et al. [78,
79] and Lee et al. [23, 24] observed h&v grain bound-
aries with segments lying on {111} and {012} planes
of one of the grains. Merkle and Smith [80] observed
that (100) tilt grain boundaries in NiO had microfacets
lying on {100} planes of one of the grains. These grain
boundaries and segments lying on the low index planes
of one of the grain pairs, which will be referred to as
the low index grain boundaries, are likely to be singu-
lar, because they are flat and frequently appear as stable
configurations.

The grain boundaries in high-purity alumina sin-
tered at 1620°C were observed to be smoothly curved
and hence rough. When this alumina was heat-treated
again at 900, 1000, and 1100°C, some grain bound-
aries developed h&v shapes with the flat segments ly-
ing on a low index plane of one of the grain pairs
as shown in Fig. 8. It is possible that the other grain
boundaries remained rough because their roughening
temperature was lower than 900°C. When these alu-
mina specimens heat-treated at low temperatures were

(@)

heat-treated again at 1620°C, all grain boundaries be-
came defaceted. This reversible faceting-defaceting
transition shows that the grain boundary roughening
transition can be induced by temperature change in
alumina.

The grain boundary roughening transition can also
be induced by composition changes. When alumina
doped with SiO; and CaO, and BaTiO3 with excess
TiO, are sintered in air, abnormal grain growth occurs
[17, 18, 21-24], and the grain boundaries formed be-
tween the abnormal grains and the finer matrix grains
are the most obvious examples of the singular grain
boundaries. In alumina sintered with 100 ppm (by mole)
of SiO; and 50 ppm of CaO at 1620°C, the abnormal
grains are elongated along their basal planes as shown
in Fig. 9a. The grain boundaries formed by these basal
planes of the large grain and the small matrix grains are
mostly straight across the triple junctions. Because the
triple junctions were strongly etched thermally, deep
grooves appear at the triple junctions in this SEM mi-
crograph, but TEM micrographs confirmed that these
basal grain boundaries were indeed straight across most
of the triple junctions [18]. Such straight grain bound-
aries indicate that they behave like twin boundaries
with strong torque effects and are possible if, and only
if, they are singular as shown by the capillarity vector
analysis [18]. Such straight grain boundaries were also
observed between the matrix grains as indicated by

Figure 8 TEM micrographs of hill-and-valley grain boundaries in alumina (a) sintered at 1400°C for 24 h and heat-treated at 1000°C for 12 h, and

(b) sintered at 1400°C for 3 h and heat-treated at 1000°C for 4 days [106].
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Figure 9 SEM micrographs of alumina doped with 100 mol ppm of SiO; and 50 mol ppm of CaO (a) sintered at 1620°C for 24 h, and (b) heat-treated

again at 1620°C for 10 h after packing in MgO [107].

the single arrows in Fig. 9a. There were also curved
grain boundaries between the large grain and the ma-
trix grains as indicated by a double arrow in Fig. 9a, but
TEM observations showed that these grain boundaries
had h&v structures with boundary segments parallel to
the basal plane. Such straight grain boundaries were
also formed when a sapphire single crystal with basal
surfaces was diffusion bonded to fine grains containing
the same amounts of SiO, and CaO.

When the Si0,-CaO doped specimen was heat-
treated again at the same temperature after packing
in MgO, the straight boundaries between the abnor-
mal grain and the matrix grains and between the single
crystal sapphire and the matrix grains became curved as
shown in Fig. 9b. TEM observations showed [18] these
grain boundaries to be curved even at high magnifica-
tions, indicating that they were rough. Therefore, the
change of the straight basal grain boundaries shown in
Fig. 9a to curved shapes shown in Fig. 9b represent the
most direct observation of the grain boundary rough-
ening transition.

When a sapphire crystal with basal planes was sin-
tered with pure alumina powder, the grain boundaries
between the single crystal and the fine matrix grains
were curved and therefore rough. When this specimen
was heat-treated again after packing in a powder con-
taining 100 ppm of SiO; and 50 ppm of CaO, straight
basal grain boundaries formed with shapes similar to
those shown in Fig. 9a. This was a direct observation
of the singular transition of the grain boundaries: the
reverse of the roughening transition. The rough grain
boundaries formed between the basal plane of the sap-
phire and the matrix grains can become flat upon heat-
treating at low temperatures like 900, 1000, or 1100°C,
but the kinetics was slow and the curved boundaries
developed only kinked shapes [106].

Similar grain boundary roughening transition was
observed in BaTiOs; doped with 0.2 mol% TiO, [21].
When sintered in air at 1250°C, abnormal grain growth
occurred with the abnormal grains elongated parallel
to {111} double twins. The grain boundaries between
the abnormal and the fine matrix grains were mostly
straight across the triple junctions. When heat-treated in
hydrogen at the same temperature, these straight grain
boundaries became curved, showing their roughening
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transition. The high resolution TEM observations con-
firmed that the boundaries were either flat or curved
even at atomic scales [23, 24]. The grain boundaries be-
tween the fine matrix grains had h&v structures when
heat-treated in air and became defaceted (curved) in
hydrogen, again indicating their roughening transition
[21]. It was also reported that a Y 5 grain boundary in
SrTiO3 showed defaceting transition with temperature
increase [81].

In summary, the grain boundaries in pure alumina
are rough at 1620°C and some become singular at tem-
peratures between 900 and 1100°C. The addition of
Si0,-Ca0 induces singular transition and the addition
of MgO induces roughening transition at 1620°C. The
grain boundaries in TiO,-excess BaTiO3 are singular
or rough in air or hydrogen, respectively, at 1250°C.
The grain boundary roughening transition has not been
investigated in other oxides or ceramics.

5. Grain boundary roughening

transition in metals
In some metals, as in oxides, flat grain boundaries lying
on certain crystallographic planes of either one or both
grains were observed as reviewed by Wolf and Merkle
[82]. For examples, Ichinose and Ishida [83] observed
by HRTEM that about 30% of (110) tilt grain bound-
aries in a polycrystalline Au film lay on {111} planes
of one of the grain pairs. They also observed that some
grain boundaries in «-Fe lay on {200} planes of one of
the grains. They called these low index crystal plane
grain boundaries. For brevity, these were called low
index grain boundaries for oxides in this report. Sim-
ilar grain boundaries lying on {111} planes were also
observed by Merkle and Wolf [84] in an Au (110) tilt
bicrystal. Pennison [85] observed a high angle tilt grain
boundary in Mo parallel to {110} plane of one grain and
a high index plane of the other. The frequent observa-
tion of such low index grain boundaries indicates that
they are the singular grain boundaries with the mini-
mum boundary energies with respect to the variation of
the inclination angle.

Both h&v and kinked grain boundaries were also ob-
served in many metals for general and CSL misorienta-
tions in polycrystals and bicrystals. For the boundaries
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with CSL misorientations, the flat segments of the
h&v boundaries were sometimes observed to lie on the
planes of high CSL density, but for those with gen-
eral misorientation angles, the planes of the h&v seg-
ments were not usually determined. The existence of
the h&v grain boundaries indicates that for the grain
boundaries with any misorientation angle, the bound-
ary energy varies with the orientation of the boundary
plane (the inclination angle) and the some flat segments
correspond to the singular orientations. But it is also
possible that some flat segments of the h&v bound-
aries are rough if the grain boundary Wulff shape (of
an island grain embedded in a larger grain) has curved
segments with slope discontinuities.

Some grain boundaries were observed to have kinks
[86—89], where the boundary plane orientation changed
discontinuously. These appeared frequently at the
boundaries with sharply curved overall shapes as in the
reverse capillarity bicrystals [88, 89]. Such kinks are
also called shocks. Because these kinks are likely to cor-
respond to the edges and corners in the grain boundary
Waullf shapes, one or both boundary planes on either
side of them are likely to be singular. Therefore, the
kinked boundaries can be regarded as special cases of
h&v boundaries.

When heat-treated at high temperatures, the h&v
grain boundaries in some metals were observed to be-
come defaceted with smoothly curved shapes. Such
a defaceting transition of grain boundaries was first
reported by Henry et al. [14] in bulk polycrystalline
Ni. When slowly cooled after heat-treating at 1050°C,
the grain boundaries showed h&v shapes, but when
quenched in water, they were smoothly curved. When
heat-treated at 650°C, the intergranular fracture sur-
faces showed distinct h&v shapes, and the tendency to
form h&v grain boundaries was enhanced by oxygen
in the heat-treatment atmosphere.

The first definitive observations of faceting-
defaceting grain boundary transitions were observed by
Hsieh and Balluffi [11] for ¥ = 3 asymmetric (111)
tilt boundaries in Al and Au, and for ¥ = 11 asym-
metric (110) tilt boundary in Au. The in-situ TEM ob-
servations showed h&v boundaries at low temperatures
becoming defaceted at temperatures above 0.54 Ty, and
regaining the h&v shapes at low temperatures. Westma-
cott and Dahmen [90] also observed that a nearly poly-
hedral island grain of Al with ¥ = 99 (110) tilt bound-
aries developed curved edges upon heating to 430°C
(0.75 T;) and became again polyhedral upon cooling.
This was the first direct observation of the grain bound-
ary roughening transition.

The first observations of defaceting transitions of
general grain boundaries in polycrystals were recently
made in Ni [15], Ag [16], Cu [93, 94], 316L stain-
less steel [91, 92], a Ni-base superalloy [95, 96], and
a Si-iron alloy [97]. When heat-treated at relatively
low temperatures, many grain boundaries showed h&v
or kinked shapes, and when heat-treated at tempera-
tures close to Ty, all grain boundaries (except those
in Cu) became defaceted. In Ni [15] and Ag [16],
the defaceting transitions were shown to depend on
the atmosphere used for the heat-treatment. Fig. 10a

Figure 10 TEM micrographs of grain boundaries in 316L stainless steel
heat-treated (a) at 1100°C for 1 h and (b) at 1300°C for 15 min [108].

shows, as an example, an h&v grain boundary in 316L
stainless heat-treated at 1100°C. When heat-treated at
1300°C, all grain boundaries became defaceted with
curved shapes as shown in Fig. 10b. In these polycrys-
talline specimens, the observations of the defaceting
transitions were not made for the same grain bound-
aries, but the statistical analysis of the fractions of the
randomly selected h&v and defaceted grain bound-
aries at different heat-treatment temperatures clearly
showed that the general grain boundaries underwent
defaceting transitions at temperatures above about
0.7 Tpy.

As in oxides, the addition of solute species was also
observed to induce the development of h&v structures.
The grain boundaries in Cu and «-Fe developed h&v
shapes when Bi [12, 99-102] and Te [13, 98] were re-
spectively added. When Bi was removed from Cu-Bi al-
loy, the grain boundaries became defaceted [12]. These
additive effects are similar to those observed in alumina
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and BaTiO3 described earlier in this report. Presently,
it is not understood why these additives produce such
singular or roughening transitions.

6. Heat-treatment of grain boundaries

It now appears that the grain boundaries in all met-
als examined so far undergo roughening transitions at
temperatures above about 0.7 Tp,,. The twin boundaries
and some grain boundaries may remain singular even
at the melting point. The grain boundary roughening
transition may have important implications for obtain-
ing the grain boundaries with desired structures and
properties.

If a grain boundary is rough, its structure and proper-
ties will be nearly isotropic with respect to both the mis-
orientation angle between the grains and the boundary
plane. Therefore, if all grain boundaries in a polycrystal
are rough, they will have nearly uniform structures and
properties. The high resolution TEM observations of
the rough grain boundaries in the specimens that were
quenched from high temperatures show that the rough
boundary structures or at least their locations can be
largely retained during cooling without developing any
fine scale h&v or kinked structures. This means that the
faceting transition, which usually occurs by nucleation
and growth process, may be sufficiently slow during
cooling.

On the other hand, if the heat-treatment tempera-
ture is below the roughening transition temperatures
of most of the boundaries, the grain boundaries will
develop flat segments, h&v shapes, and kinks to pro-
duce singular structures corresponding to the cusps in
the polar plot (the Wulff plot) of the grain boundary
energy against the inclination angle. It is thus possi-
ble to produce either quenched rough or singular grain
boundaries by simply heat-treating the grain boundaries
in both metals and oxides at temperatures above or be-
low Tr for most of the grain boundaries. It is expected
that many grain boundary properties and processes such
as corrosion, fracture, diffusion, sliding, and precip-
itation will depend on this structural transformation.
The electrical properties related to grain boundaries in
oxides may also depend on this structural transforma-
tion. It should be noted that the grain boundary heat-
treatment based on the roughening transition does not
require any changes of the orientations of the grains.
Even for a polycrystal with fixed grain orientations,
the grain boundaries can become either rough or sin-
gular by their relatively slight movements during the
heat-treatment.

In metals and oxides, it was shown that the grain
growth behavior was closely correlated to the grain
boundary roughening transition [15, 16, 21, 22, 91—
97]. When most of the grain boundaries were either flat,
h&v type, or kinked at low temperatures or with addi-
tives, abnormal grain growth occurred, and when all
grain boundaries were curved and hence rough, normal
grain growth occurred. The abnormal grain growth was
attributed to the step migration mechanism of the singu-
lar boundaries. Therefore, the polycrystals that showed
abnormal grain growth will have mostly singular grain
boundaries while those that showed normal growth
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Figure 11 TEM micrograph of a faceted grain boundary intersecting
two curved (rough) grain boundaries at a triple junction in 316L stainless
steel heat-treated at 1100°C for 1 h [108].

will have rough grain boundaries with corresponding
different grain boundary properties in addition to the
differences in grain size. At certain temperatures, both
faceted and curved grain boundaries can coexist, as
shown in Fig. 11, because of different 7 for each grain
boundary. It is expected that in such a case, the prop-
erties are expected to vary from the singular to rough
boundaries, and the migration of the intersecting grain
boundaries including that of the triple junction will crit-
ically depend on temperature because of the boundary
transformations. The dihedral angles between the grain
boundaries intersecting at a triple point will also change
when they undergo roughening-singular transitions. As
shown in Fig. 7, a singular segment often intersects
another segment with a kink, which cannot be often
detected by casual observation.

7. Conclusions

In the processing of bulk polycrystalline materials, it
may not be easy to control the grain orientations to im-
prove the properties related to grain boundaries. The
grain boundary roughening transition presents the pos-
sibility of altering the grain boundary properties by
heat-treatment or additives without changing the grain
orientations. It is possible that such low temperature
properties as corrosion and fracture depend on the
quenched rough or singular boundary structures. The
temperature dependent properties such as superplastic-
ity and sintering may also depend on the grain boundary
structural transformation.
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