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Grain Boundary Migration in Metals: Recent Developments
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Abstract. Current research on grain boundary migration in metals is reviewed. For individual grain boundaries
the dependence of grain boundary migration on misorientation and impurity content are addressed. Impurity drag
theory, extended to include the interaction of adsorbed impurities in the boundary, reasonably accounts quantitatively
for the observed concentration dependence of grain boundary mobility. For the first time an experimental study of
triple junction motion is presented. The kinetics are quantitatively discussed in terms of a triple junction mobility.
Their impact on the kinetics of microstructure evolution during grain growth is outlined.
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1. Introduction bicrystal experiments [1-10]. Firstly, it was demon-
strated that the velocity of grain boundary migra-
Grain boundary motion (GBM) is one of the classi- tion is proportional to the driving forcp per atom,
cal unresolved problems in materials science. Despite p/kT « 1. This condition always holds for recrystal-
a long history of research on GBM, there is persis- lization and grain growth. There were also reports
tent, even increasing interest in this matter. The main thatv ~ p", n> 1, but it was shown also that the ob-
reason is that the GBM determines the evolution of served deviations from the linear dependence had to
the granular microstructure in the course of recrystal- be attributed to the action of the side effects [11, 12].
lization and grain growth, i.e., the grain morphology Secondly, the investigations disclosed that the temper-
and crystallographic texture of polycrystals which, in ature dependence of the velocity of grain boundary mo-
turn, determine their physical, chemical and mechan- tion follows an Arrhenius dependency. The respective
ical properties. Grain growth studies in polycrystals activation energy of grain boundary migration is a very
provide only average grain boundary (GB) mobilities, complicated issue that will be discussed below. Anim-
i.e., mobilities averaged over a large number of grain portant result of bicrystal experiments is the proof of
boundaries. If all boundaries would behave alike, this a misorientation dependence of the velocity of grain
would be a reasonable experimental conduct. As will boundary motion, i.e., different grain boundaries have
be shown below, however, this is far from the truth. In different kinetic properties [3] (Fig. 1). In particular, it
contrast, GBM is strongly affected by GB crystallogra- was found that grain boundaries with special misorien-
phy and chemical composition besides temperature andtations (lowX coincidence boundaries) have extremal
pressure during annealing. Such dependencies cannoproperties, for instance with regard to their mobility.
be obtained from experiments on polycrystals, butonly It is common experience that even small amounts
from the behavior of individual grain boundaries, as of impurities reduce drastically the velocity of grain
will be shown below. boundary motion. This has been interpreted theoret-
Fundamental results have been established fromically by the drag effect of impurities owing to their
the investigation of individual boundaries, i.e., from joint motion with the boundary [13—15]. Consequently,
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20 In the following we will report on recent progress in
R\ the understanding of the migration of grain boundaries
\ and grain boundary systems, in particular by addressing
\ the above mentioned unresolved issues.

(K. CAL PER GM ATOM)

2. Experimental

ACTIVATION ENERGY, Q

In spite of a considerable body of research dedicated

, \ \ to GB migration, there are only few investigations con-
0 TR S L1 | ducted under reproducible experimental conditions.
15 2 3 4 The major requirements for a proper experiment on
ORIENTATION DIFFERENCE, 8, (DEGS) : . :

<100> TILT GBM include a controlled driving force, a continuous

tracking of GB displacement, an accurate and repro-

Figure 1 Measured activation energie)(vs. orientation differ- ducible of GB crystallography and, of course, a con-

enceg, for (100 tilt boundaries in zone refined lead [3]. trolled chemistry of the material.

Several boundary geometries were designed to move

I . , a boundary with a controlled or even constant driving
the activation energy of grain boundary motion should force. A sketch of a bicrystal specimen where the GB

correspond to the sum of the activation energy forim- ., oq ynder a constant driving force is given in Fig 2.

purity diffusion and the energy of interaction between The driving forcep of GBM is provided by the surface
the adsorbed atom and the boundary. This CondUSion’tension of the curved GB: (&) = 20/a and (b)p =

however, is at variance with experimental results [1].
Moreover, the impurity drag theories do not take into
account grain boundary structure and thus, the orienta-
tion dependence of impurity segregation, which may be
drastically different for special and non-special bound-
aries.

In addition to dissolved impurities small particles of
a second phase constitute one of the most effective drag
factors in grain boundary migration. The drag by par-
ticles on a moving grain boundary is usually consid- grainT \
ered in the Zener approximation, where the particles —
act as a stationary pinning center for the boundaries \_ \_ M’W’;_‘;”"’”"‘grarnn\\ \ \.a

o/a, whereo is the GB surface tension aradis the
width of the shrinking grain. The advantage of such
a geometry is that the GB remains self-similar during
migration [18, 19].

There are two principally different ways to deter-
mine the velocity of a GB. In the discontinuous method
the location of the boundary is determined at discrete

[16]. However, it is well known that inclusions in AN
solids are not immobile and that the particle mobil- ) e
ity drastically increases with decreasing particle size. grainl
Therefore, small particles can move along with the
boundary and severely affect grain boundary migra-
tion [17]. Since the current paper is confined to single
phase material, particle effects will not be addressed,
though. _
At last, it is stressed that current theories of grain D) grainl
growth and microstructure development tacitly assume /
the motion of free grain boundaries, which do not in-
teract with each other. This implies that triple junc- grainIl
tions which are an integral part of a grain boundary e
network are only to preserve thermodynamical equi- ,—, / a
librium where boundaries meet, but do not affect the : -
kinetics of microstructure evolution. This assumption Figure2 Geometry of used bicrystals, driving force: (&) 20 /a,
has never been verified, however. (b) p=o/a.
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Figure 3  Bicrystal geometry for grain boundary motion measure-
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Figure 4 Distance-time diagrams for 4 (111) tilt grain bound-
ary migration at two different temperatures.

between thdg and Iy (Fig. 3). When the boundary

ments under a constant driving force and measurement principle of moves the sample must be accordingly displaced so

the XICTD.

time intervals by the position of a GB groove. The ad-
vantage of this method is its simplicity, but its main
shortcoming is that the measured GB velocity is aver-

aged over the large interval of time between consecu-

that the reflected X-ray intensity remains constant dur-
ing the GBM. Thus, the velocity of the moving GB is
equal to the speed of sample movement at any moment
during the experiment. Due to the constant driving
force the boundary is expected to be displaced with a
constantrate. Thisisindeed observed (Fig. 4). The de-

tive observations. In contrast, the continuous method vice can measure a GB velocity in awide range between

requires to determine the boundary position at any mo-

ment of time without forcing the GB to stop. This is
achieved by utilizing the discontinuity of crystal orien-
tation at the GB.

There are various techniques to distinguish different
crystal orientations, e.g., the reflection or transmission
of polarized light [20, 21], photoemission [22], X-ray
topography [23] or X-ray diffraction [24, 25]. The prin-
ciple idea of the X-ray Interface Continuous Tracking
Device (XICTD) can be understood from Fig. 3. The
bicrystal is placed in a goniometer in such a way that
one grain is in Bragg position while the other is not.
If the X-ray spot is located on the GB, the intensity

1 um/sto 100Qum/s and allows up to 4 measurements
of the boundary position per second. Its inaccuracy de-
pends on the frequency of measurement and amounts
to less than 2% [25]. The hot stage of the device al-
lows a sample temperature betweef@nd 1300C.
During the measurement of GBM the temperature is
kept constant withint3°. To account for thermal ex-
pansion of the sample the Bragg angle is continuously
adjusted during temperature changes. To avoid surface
oxidation the sample and the hot stage are exposed to
a nitrogen gas atmosphere.

During the experiment the boundary displacement
is recorded. lIts derivative with regard to time is the

of the reflected beam should be intermediate in value velocityv of grain boundary motion, which is related to
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Table 1 Materials notation and purity. - |
[
Material All ALl AL ALV AV é’
X
Total impurity 510 -
content,ppm 0.4 1.0 3.6 4.9 7.7 S
2 Stagell
[}
i
o - 5L —— Stagel
the driving forcep by the boundary mobilityn = v/ p.
For convenience we use the reduced boundary mobi-
lity
0 A 1 A & Ty i I' .
H 130° 140° 150° 160° 170° )
A=v-a= Ayexp _ﬁ = Mo, (2) Rotation angle

Figure 5 Growth selection in 20% rolled aluminum single crystals

whereH is the activation enthalpy of migration and as observed at three copgecutive stages. Frequency of the rotation
Ao the pre-exponential mobility factor. In the follow-  2"9'eS around the best itifgLL rotation axes [29]
ing we refer to it as mobility for brevity. . . _ '
Apparently, this method avoids any interference of aries. Among all tilt boundaries those withl1) rota-
the measurement with the process of GBM, and, is suf- tion axis and rotation angle of abouta@ere found to
ficiently versatile to be applicable to a great variety of Nnave the highest mobility, which is associated with the
materials. The currentbicrystal studies were conducted SPecialx7 (382°(111) tilt boundary. .
on Al of different purity, as given in Table 1. prever, from growth sele<_:t|on experiments [29,
In order to study the triple junction motion, not only 30] it was known that the rotation angle of the fastest

the displacement should be measured, but also the anPoundary was invariably larger than.28even consis-
gles at the triple junction. A special device was de- tently larger than 40(Fig. 5). _

signed which makes it possible to observe and record  OWing to the importance of maximum growth rate
the motion of a GB system in polarized light. The ex- boundaries for texture formation during recrystalliza-
periments were carried out in the temperature range fion and grain growth we addressed this obvious
300-410C. For each temperature the velocity of the discrepancy, and we investigated the misorientation de-
triple junction and the vertex angle® 2vere deter- pendence of grain boundary mobil_ity on afine scale in
mined. Tricrystals of Zn (99.999 at%) with a triple the angular interval 37-43°(111) with angular spac-

junction were grown by a directional crystallization N9 0.3°—0.6" [31, 32]. The experiments revealed that
technique [26]. both the activation enthalpy and the preexponential

factor were at maximum for a misorientation angle
¢ =40.5° and at minimum for the exa& 7 orientation

3. Misorientation Dependence of Grain (Fig. 6). Therefore, one is tempted to conclude that the
Boundary Mobility %7 boundary has the highest mobility. However, the
mobility of boundaries with different misorientation
3.1. Tilt Boundaries angles do have a different temperature dependence,

and there is a temperature, the so-called compensa-
From recrystallization and grain growth experiments tion temperaturd., where the mobilities of all investi-
it is evident that small angle boundaries move much gated boundaries of differently misoriented grains are
more slowly than large angle boundaries. But even for the same. As a result, fof > T, the mobility is
large angle grain boundaries the mobility depends on higher for grain boundaries with higher activation en-
axis (hkl) and anglep of misorientation, as was al- ergy, in particular it is at maximum fap = 40.5°,
ready shown in the past, for instance by Aust and Rut- while for T < T the exac®7 boundary moves fastest
ter [3] or Shvindlerman et al. [8-10, 28] for tilt grain  (Fig. 7).
boundaries. Studies of the mobility of tilt grain bound- This result explains the apparent contradiction be-
aries in Al bicrystals [9] have shown that the mobility tween growth selection experiments and recrystalliza-
of low X coincidence boundaries (special boundaries) tion experiments. The problem resulted only from the
exceeds the mobility of random (non-special) bound- wrong tacitassumption that the preexponential factor is
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Figure 6. Activation enthalpyH and preexponential factofg
for (111) tilt boundaries in pure Al of different origin@—Al I;
¢—AlLl.

essentially independent of misorientation so that only
the activation enthalpy controls mobility. Growth se-
lection experiments have to be conducted at very high
temperatures (above 60UD), i.e., in the temperature
regime, where, according to results of the current study,
the mobility of the 406° (111) boundary is the high-
est due to its high preexponential factor. The reason
for the changing maximum mobility orientation in dif-
ferent temperature regimes is obviously the orientation
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Figure 7. Mobility dependence of111) tilt grain boundaries on
rotation angle in pure Al at different temperatures.
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Figure 8 Dependence of migration activation enthalpy on preex-
ponential mobility factor fog111) tilt grain boundaries in Al | @)

dependence of both, the activation enthalpy and the ang Al 11 (4).

preexponential factor. In fact, both are related to each
other in a linear fashion (Fig. 8), i.e.,

H=alnAs+ 8 (@)
wherea and 8 are constants. This correlation is re-
ferred to as the compensation effect and will be dis-
cussed in Section 6.

3.2. Dependence on Grain Boundary Plane

Grain boundary mobility is known to depend not only
on misorientation, but also on the orientation of the
grain boundary plane. This is particularly evident for
coherent twin boundaries, which are much less mobile
than incoherent twin boundaries despite of identical
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/

Al-rolled 30%  Matrix:(011)[100]  grain d:32° (D]

Figure 9 Anisotropic growth of a grain in rolled Al. Prior to annealing the grain boundary was located at the top of the handle. Micrograph
shows front and back face of the specimen. The long straight grain boundaries are approximately perpendicyldrija thation axis (twist
boundaries).

misorientation across the boundary. But anisotropy of aries of the same misorientation exhibit essentially the
grain boundary mobility can also be observed for mis- same mobility as evident from the preservation of shape
orientations other than twin relationships, in particular of a curved tilt boundary during migration. On the
grain boundaries of a misorientation with11) rota- other hand, planar boundaries are difficult to move
tion axis. For such orientation relationships tilt bound- under a constant and controlled driving force, except
aries can move orders of magnitude faster than pure when utilizing anisotropic volume properties, like elas-
twist boundaries (Fig. 9) [33]. By definition, it is im-  tic constants or magnetic susceptibility. However, such
possible to study the effect of grain boundary orien- experiments are needed to study the anisotropy of grain
tation on its mobility by utilizing grain boundary cur-  boundary mobility, i.e., the effect of the twist com-
vature as a driving force. Such experiments—as used ponent of a boundary on mobility. Such studies are
in this study—provide only an average mobility of all currently in progress by utilizing high magnetic field
involved boundary orientations. All pure tilt bound- facilities.
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4. Effect of Impurities on Grain 3.0
Boundary Mobility

4.1. Impurity Drag il n " + +

The strong interaction of impurities and grain boundary 20}
structure is particularly obvious i1 00 tilt boundaries
in Al (Fig. 10) [8]. For ultrapure and very impure ma-
terial the mobility of(100) tilt boundaries was found to 151
be independent of rotation angle, irrespective whether *
special or non-special boundary. For intermediate (al- 10
though high) purity material, the mobility strongly de-
pends onrotation angle, distinguishing special and non-
special boundaries. Such behavior was never reported 0.5
for tilt boundaries in Al with axis other tha¢100).

The effect of impurities on grain boundary motion
was addressed by the impurity drag theories atke’
and coworkers [13, 15] and Cahn [14]. These theo-
retical approaches are based on the assumption tha .
there is an interaction between impurities and the grain 10 + + + +
boundary such thatthe impurities prefer to stay withthe __
grain boundary and, therefore, during grain boundary 3
migration move along with the boundary. Accordingly, £
the boundary becomes loaded with impurities and will £
move more slowly than the free (unloaded) boundary.
This manifests itself in a high activation energy and a 10° + + + + +
concentration dependent preexponential factor for the
loaded boundary. The theories predict that the acti- 10
vation energy is independent of impurity concentra-
tion and that the preexponential factor decreases with
increasing impurity content in a hyperbolic fashion. Figure 11 Dependence of activation enthalplyand preexponen-
This is at variance, however, with experimental re- tial factor Ag onimpurity concentration in pure Al for 38 (@) and
sults. As obvious from Fig. 11 the activation energy 405" (W) (111-tilt grain boundaries.

10" | 107
c[% at.]

10"

10°

10*

10" 10
¢ [% at.]

changes with concentration actually more strongly than

o5l N\~ " T T T the preexponential mobility factor does. This experi-
\ % ] mental result can only be understood in the conceptual
% 7 . framework of the impurity drag theory, if an interaction
2.0 - % é . among the impurities in the grain boundary is taken into
8 account, i.e., by treating the chemistry in the boundary
> . . .
245 - as areal solution rather than an ideal solution. Assum-
- - ing thermal equilibrium in the bulk and in the boundary,
1ol - the chemical potential; of the alloy constituents (im-
' - purities) must be equal throughout. For a binary alloy
i with concentrations; andc,
0.5 1 1 1 1 1 ] 1 1 1
0 5 10 15 20 25 30 35 40 45 50 1l (o, T,cd) = ui(p. T, cy) (39)

¢

b b
ug(o, T, c3) = us(p, T, ), (3b)
Figure 10 Dependence of the activation enthalpy of migration . .
for (100 tilt grain boundaries in Al of different purity: 0— where the inde refers to the grain boundary, and the

99.99995 at%a—99.9992 at%{)—99.98 at%. indexv denotes bulk properties,is the grain boundary
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surface tension. The activitie of the impurities in

bulk and boundary are related by

o

a_]b. _ %b &) ) ewl(rrsz—nl) 7
ai ay

(4)

whereo; (i = 1, 2) are the grain boundary surface ten-

sions of the pure constituents and = —(

3ME
ao

is the partial area of componektn the boundary.

For a regular solution the activities read

ze - (Cp)?
as =0C exp(%);

ze - (C1)?
ax = Cr exp 7KT s

)|p,T,ak

(5)

wherez is the coordination number ard = 15 —

1/2(e11+ &22) is the heat of mixing. For an ideal

solution in the bulk and a regular solution in the
boundary, i.e.,e=0, e®#£0, w1 #w, and c=cy,
B = By exp™/kT, H;—interaction enthalpy of impu-
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2Pl . (Cg)Z) exp[wl(oz - Ul)]

=c exp( -

(6)

Mim ~ Mim
mp = = 0
PT b _¢cT o
* " _ _cby2
m exp[— H +H.+(f3le)Zs(1 ) ] -
~ B 1-ch\B
Boc (T5)

H* is the activation energy for volume diffusion of
the impurity atomsmi,—mobility of the impurities,
B = w1/w>.

Figure 12 reveals that under the assumption of rea-
sonable values for the adjustable parameters in Eq. (7)

10

- 40.5°<111>
10° L

10° L

10* L

38.2°<111>

10° L w

10° .
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Figure 12 Experimental data (symbols) and results of calculations (lines) for two grain boundaries. Dependence of activation enthalpy
H, preexponential factoAp, boundary mobilityA and compensation temperatuigon the bulk impurity content. Fit parameters for.28
(112) boundary: H* =0.68 eV, H; =0.86 eV, (ze) =0.17 eV, (go) =3 - 10~* m?/sec, and for 4®° (111): H* =1.57 eV, H; =0.86 eV,

(ze) =0.24 eV, mgo) = 350 nt/sec.



the theoretical predictions compare well to the experi-
mental data. The observed very different behaviour of

special and non-special boundaries reflects aninfluence

of grain boundary structure on the grain boundary mi-
gration mechanism. In particular, impurities may not
only have an effect on migration by impurity drag, but

also by changing grain boundary structure itself. This
was shown recently by Udler and Seidman in a Monte
Carlo simulation study [34].

The experimental results reveal that the migration
activation enthalpy is strongly affected by both, the
boundary crystallography and material purity. How-
ever, in the former case the preexponential fadtgr
rises with increasingd by several orders of magni-
tude, while in the latter casf; remains at the same
level. Therefore, the preexponential factys in the
investigated impurity concentration interval was found
to be much less sensitive to the material purity than to a
change of the misorientation angle. This result allows
to conclude that the observed orientation dependence
of mobility (Fig. 7), determined by botil and Ay,
does not only reflect the different segregation behavior
of coincidence and random boundaries, as frequently
proposed [3], rather it provides evidence for an intrin-
sic dependence of grain boundary mobility on grain
boundary structure.

4.2. Mobility Enhancement by Impurities

All known experiments on bicrystals and polycrystals
confirm that solute atoms reduce the rate of bound-
ary motion. However, it is important to realize, that
solute atoms not always hinder grain boundary mo-
tion, as evident from the addition of minor amounts of
gallium to aluminum (Fig. 13). Our experiments were
carried out on bicrystals of both pure Al (Al Ill) and
the same Al doped with 10 ppm Ga [35]. Irrespective
of the type of boundary, whether special or nonspecial
10 ppm gallium in aluminum substantially increases
grain boundary mobility, which means that it substan-
tially speeds up recrystallization kinetics. Addition of
10 ppm Ga effectively increases the mobility of both
investigated 32° and 405°(111) tilt boundaries, but
modifies the activation parameters differently. For the
38.2° (£7) boundaryH and Ag increase, while they
decrease for the 48 boundary. The orientation de-
pendence of grain boundary mobility is strongly re-
duced but not entirely removed. We propose to inter-
pret these results as a change of mechanism of grain
boundary migration owing to a change of boundary
structure, such that a prewetting phase transition oc-

Grain Boundary Migration in Metals 15
a
) T
600 550 500 450 400
10-6 T T T T T
O 5NAI
® 5N AI+10 ppm Ga
107 ‘1\.
h
— Q@Q@@\ e o
@ 5. N
€ 10’ ! .
I g o‘\.
. .
I QO\ Nq\
-9 ~Q
10°"° ! ! ! I I [ i
11 115 12 125 13 135 14 145 15
1/T[103/K]
b) T°C]
10° 600 550 500 450 400
o 5NAI
® 5NAI+10 ppm Ga
107 Q .
AN
w
o 10°
z \‘\
g ..“\
10 ..
10-107 L ! L. I | | |
11 115 12 125 13 135 14 145 15 155
1/T[103/K]

Figure 13 Arrhenius plot of mobility of (a) 32° and (b) 405°
(111) tilt grain boundaries in pure Al and pure Al doped with 10
ppm Ga.

curs and a thin layer of a Ga-rich phase forms in the
boundary.

5. Activation Volume and Mechanisms
of Grain Boundary Motion

Grain boundary motion consists of the transfer of lat-
tice sites across the grain boundary, which results in the
physical displacement of the grain boundary with re-
gard to an external reference frame. (This definition is
to differentiate grain boundary motion due to diffusion
of atoms across the grain boundary without transfer of
lattice sites, which would result in the displacement
of the grain boundary with respect to the faces of the
sample, but not with regard to the laboratory refer-
ence frame.) Generally, it is tacitly assumed that the
transfer of sites across the boundary is accomplished
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by the jump of individual atoms through the boundary,
possibly complicated by intermediate states [36, 37].
The displacement of grain boundaries by the motion
of secondary grain boundary dislocations (SGBDs) is
also feasible and has been indeed ovserved [38, 39],
but the thin film bicrystal experiments by Babcock and
Balluffi [38] have clearly proved that SGBD motion
does not constitute the intrinsic mechanism of grain
boundary migration. In the literature, there have been
proposals [40] and speculations [37] of more com-
plicated migration mechanisms involving more than
a single lattice site, i.e., cooperative motion of atoms
(island model etc.). In fact, Jhan and Bristowe [41] and
Schoenfelder et al. [42] found indications in molecular
dynamics computer simulation studies of grain bound-
ary migration that coordinated rearrangement of atoms
may occur during grain boundary migration. Ahoron
and Brokman [43] came to the same conclusion. How-
ever, no solid experimental proof of cooperative atomic
motion as the elementary act of grain boundary migra-
tion has been presented so far. Also, the activation
enthalpy of grain boundary migration does not provide
unambiguous information on the mechanism of grain
boundary motion, since a variety of factors, in particu-
lar specific electronic components, which are difficult
to associate with a particular mechanism without un-
derstanding their very nature, contribute to its magni-
tude.

A thermodynamic quantity that is more directly re-
lated to the mechanism of motion is the volume change
associated with the activated state of the process, i.e.,
the activation volume. By definition, the activation
volume is the volume difference between the activated
state and the ground state. This activation volume can
be determined experimentally by measurement of the

pressure dependence of grain boundary mobility. Ac-
cording to Eq. (1)

B HY E+ pV*
A= Aoexp<—ﬁ) = Aoexp< T ) (8)

wherekE is the activation energy and* the activation
volume. Accordingly

V* = _kTalnA

7 ©

T

If V* does not change with pressui?/kT equals
the slope of a straight line in a plotAnvs. p (Fig. 14)
[44]. For a 32 rotation about100), (111) and (110
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Figure 14 Pressure dependence of grain boundary mobility for
tilt grain boundaries with different rotation axes but same angle of
misorientation.
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it is apparent that the activation volume for t{#0
and(111) boundaries is very similar but different from
(110 tilt boundaries. The summary of all measure-
ments (Fig. 15) revealed that the activation volume for
the (100 and (111 tilt boundaries was virtually the
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aries the activation volume is comparable to the acti-
vation volume for bulk self diffusion. In this case the
experimental results of grain boundary motion would
also justify the assumption of a monoatomic jump pro-
cess. However, a cooperative motion cannot be ruled
out even in this case, since the actual activation vol-
ume for a site exchange in the boundary depends on
the specific site and is not well known, but maybe
much less than a single atomic volume. Owing to the
relationship between activation enthalpy and (log) pre-
exponential factor (Eq. (2)), the activation volume de-
pends in a similar way on lod\, as it does onH
(Fig. 18).

6. Compensation Effect in Grain
Boundary Migration

Consistently throughout all reported measurements the
activation enthalpy of grain boundary motion was
found to be linearly related to the logarithm of the pre-
exponential mobility factor (Eq. (2), Fig. 8). This so-
called compensation effect was repeatedly observed in
various thermally activated processes, but most dis-
tinctly in processes related to interfaces and grain
boundaries. In Fig. 8 the compensation effectidrl)
tilt GB migration in the vicinity of the special misori-
entationX7 is shown [37]. The consequence of the
specific linear dependence between the activation en-
ergy and the logarithm of the pre-exponential factor in
the mobility equation is the existence of the so-called
compensation temperatufe, at which the mobilities
are equal and the kinetic lines in Arrhenius co-ordinates
intersect at one point (Fig. 7). The compensation
temperature is not a material constant, however, but
can depend on misorientation axis and composition
(Fig. 16).

The observed coupling of entropy and enthalpy of
activation requests that the activated state is not a ran-

same for all measured boundaries, including special dom energy fluctuation in space and time, but a definite
and non-special boundaries, with a magnitude of about and thus reproducible although unstable state, which is

1.2 atomic volumes. In contrast, th&l0 tilt bound-

described by its respective thermodynamic functions.

aries yielded a higher activation volume and showed a Its attainment from the stable ground state can be as-

distinct increase o¥/* with increasing activation en-
thalpy H. Actually V* increased up to almost four
atomic volumes fof110 tilt boundaries. From this
result we have to conclude that at least fbi0) tilt
boundaries more than a single atom is involved in
the activation process of grain boundary migration,

sociated with a first order phase transformation. In an
interface we can associate the activated state with a lo-
cal change of the interface structure, or more precisely,
of a structure that the interface could attain if not a more
stable state would exist for the given thermodynamic
conditions. In this concept the compensation temper-

i.e., motion proceeds by cooperative motion of atoms ature is the equilibrium temperature for such a virtual

(group mechanism). Fal00 and(111) tilt bound-

phase transformation.
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Figure 16 Compensation lines for tilt grain boundaries with dif-
ferent rotation axis (a) and different impurity content (b) in pure Al.
(Shaded region indicates range predicted by simple rate theory.)

The compensation relation (Eg. (2)) can be easily
derived under these conditions [45, 46]. As an exam-
ple we consider the GB mobilityn, which is known
to depend on GB structure and chemistry. Let the pa-
rameten. denote some intensive structural or chemical
specification, like angle of misorientation, composi-
tion, surface tension etc. Application of the Arrhenius
relation to the GB mobilityn yields

Sn

k

Hm

| = — Hn/KkT = —
nm=Inmg m/ T

(10)

where S, = kinmgy and Hp,, represent the activation
entropy and enthalpy of GB mobility.

If » changes slightly from the reference stagethen
Sn andHy, change accordingly

Inmo(2) = Sn(2)/k

= %(Sn()»o) + dSn/dAlizs (A —20) +-+)
(10a)

Hm(A) = Hm(xo) +d Hm/d)»|)t=)\0()» —Ag) + -
(10b)

As S, andHp, change only slightly, sinc&,, = Hy,—
T - Sy is at minimum, a linear approximation is suffi-
cient and by solving Eqgs. (10a, b) far— ¢ yields

Sn()»o) - ka()\O)/Tc +

Hm(%c)
kTe

INme(2) = (11a)

where

_ de/dM)»:)»o — dHnm
¢ dSn/dAlizs,  dSali_y,

(11b)

is the compensation temperature, i.e., the equilibrium
temperature between the ground state and activated
state, or equilibrium phase and “barrier” phase. This
result implies that the barrier phase, i.e., the activated
state, is a metastable phase closely related to the equi-
librium state. It corresponds to a configuration of atoms
with the smallest increase of potential energy with re-
spect to the ground state. It seems obvious that equilib-
rium states occurring in the vicinity of the compensa-
tion temperature most easily satisfy this requirement.
These conclusions are supported by the observation
that the compensation temperature is often close to the
equilibrium temperature of a nearby phase transition
[46]. Of course, when considering GB phenomena, po-
tential metastable phases need notto be confined to bulk
phases.

It was shown also [46] that the compensation ef-
fectis consistent with the principles of non-equilibrium
thermodynamics, in particular with the principle of the
maximal rate of the system free energy reduction.

7. Motion of Grain Boundary Systems

with Triple Junctions

Triple junctions along with grain boundaries are the
main microstructural elements of polycrystals. Con-
trary to grain boundaries, the motion of which has been
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Figure 17 Grain boundary shape in a system with triple junction
during steady-state motion.

frequently studied, the influence of triple junctions on
GB migration was not treated at all experimentally and
hardly investigated theoretically.

It is usually assumed in all studies of GB migra-
tion and grain growth that triple junctions do not drag
boundary migration and that their role is reduced to pre-
serving the equilibrium angles where boundaries meet.
However, the movement of triple junctions, induced
by boundary migration, might involve additional dis-
sipation of energy, in other words, a triple junction
might have a finite mobility. A theoretical considera-
tion of triple junction motion was reported in [47]. Itis
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For large values of A > 1) the junction does not
drag the migration, and the angléends to attain the
equilibrium valuer/3. In this case the velocity of
the system movement as a whole is independent of the
mobility of the triple junction and is determined by the
boundary mobilities and the driving force (correspond-
ing to the width of the grain) [47]:

_ 27T Mpo
 3a

(13)

WhenA « 1, the steady state velociyy is controlled
by the mobility of the junction:
V =om; (14)
In this case the angletends to zero.
The shape of the GB system in the steady-state mo-
tion was predicted for both uniform GB model and
the case when the system is symmetric relative to the

X-axis, i.e., the grain boundaries 1 and 2 are the same,
but different from boundary 351, = 02 = 0 # 0o3;

My, = Mp, = My F# Mp,.

For the latter situation the velocity of triple junction
can be expressed as

stressed that the steady-state motion of such a system

can only be correctly measured for a very limited set
of geometrical configurations. One of them is shown in
Fig. 17. This problem of joint grain boundary—triple
junction motion was solved in a quasi two-dimensional
approximation, assuming a uniform GB model (i.e.,
both the surface tensiom and the mobilitymy, are

the same for all grain boundaries and independent of

boundary orientation) [47]—and some very important
features of the kinetics of the motion of such systems
were derived. In particular, it was shown that the

V =m;j(20 cost — 03) (15)
and the steady-state value of the arjis
20 m;a
o _mie_ (16)
20 CO0SH — o3 my

The criterion parametex defines the drag influence of
the triple junction on the migratidn
In Fig. 18 the shape of a moving GB system with

steady-state motion of the system as a whole is indeedtriple junction at different temperatures is shown. The

possible.

system comprises two 6{1120) high-angle curved

The behavior of the system can be discussed intermsgrain boundaries and a straighittit GB (not visible

of the parameterA which describes the drag influ-
ence of the triple junction on the migration of the GB
system

20
- 2coh —1 (12)

wherem; is the mobility of the triple junction, @ is
the vertex angle anathe width of the consumed grain
(Fig. 17).

on the micrograph, it extends from the tip of the junc-
tion parallel to the straight legs of the high-angle grain
boundaries). The solid line on the second and fifth
frame represents the theoretical shape of the tricrys-
tal with reasonable agreement between experiment and
calculation. A strong temperature dependence of the
angled can be noticed, which cannot be attributed to
the temperature dependence of the surface tension [26]
(Fig. 19), rather the observed change of the afidlas

to be associated with the kinetics of the system.
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Figure 18 Shape of a moving grain boundary half-loop with triple junction. The solid line on the second picture represents the theoretical
shape. (Zn tricrystal, misorientation angles of the tilt grain boundaries &bt2@) are 62, 61°, and 3.)
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Figure 19 Vertex configuration at the triple junction at different
temperatures (Zn tricrystal, misorientation angles of the tilt grain
boundaries aboyfL120) are 62, 61°, and 3).

4

10
03,5 =0.36 :;

10° | .
«10°| 4./'

10" | )

O ‘ e

10° I ’ r

" " 380 390 400
T[C]

Figure 20 Temperature dependence of the paramateor the
investigated Zn tricrystal.

The value of the criterion parametet, which
defines, by which kinetics—GB or triple junction—the
motion of the system is controlled, can be estimated on
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Figure 21 Time dependence of the mean grain size in thin silver
films at different temperatures [48].

growth. The pointis that during motion of a GB system
controlled by GB mobility the velocity/ is propor-
tional to the curvature~1/a, Eq. (13)), while for the
motion governed by the triple junction mobility the ve-
locity V is unrelated to geometry (Eq. (14)). As a con-
sequence, the mean grain size during grain growth will
change in proportion to the square root time if GB mo-
bility dominates (D) ~ /1), while the mean grain size
has to be proportional to the annealing time if the triple
junction mobility controls (D) ~t). Such experimen-

tal data were indeed obtained in a study of grain growth
inthin (~1000,7-\) silver films [48]. Thetime dependen-
cies of the mean grain size early in the grain growth at
different temperatures are represented in Fig. 21. The
linear dependence between the mean grain size and the
time of annealing is obvious, and what is of impor-
tance, the linear law of grain growth is replaced by a
parabolic one at a later stage of the process.

the basis of the given approach. As can be seen at rela-Acknowledgment

tively “low” temperatures, the motion of the system is
governed by the mobility of the triple junction, whereas
at “high” temperatures the motion is controlled by the
mobility of the high-angle GB. Also, the transition from
triple junction to boundary kinetics was observed [26]
(Fig. 20). Similar results were obtained on GB systems
with another set of grain boundaries [27].

The current observations demonstrate for the first
time, that triple junctions can act as pinning centers
and in certain cases are able to control the kinetics of
GB systems. There is some indirect evidence of this
already in polycrystal behavior, e.g., the time depen-
dence of the mean grain size in the early stages of grain

The authors are grateful for financial support by the
Deutsche Forschungsgemeinschaft and to the Russian
Foundation for Fundamental Research under con-
tract N96-02-17483 for financial support of their
cooperation.

1. One can see that the ratie,/m; has a dimension of a length.
Since the grain boundary mobility and the mobility of the triple
junction are thermally activated quantities, it is unlikely that this
ratio is in the range of an interatomic distance.
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