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Abstract

The motion and geometry of connected 2D grain boundary systems with triple junctions in aluminium was investigated in situ in
an SEM with a specially designed heating stage. The results show that triple junctions can have a marked influence on grain bound-
ary motion and grain growth kinetics. The grain area change with annealing time was recorded in situ in the SEM. An analysis of the
experimental data reveals that there is no unique relationship between growth rate and the number n of grain sides (von Neumann-—
Mullins relation). This is attributed to the effect of triple junction drag on grain growth.
© 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Grain boundaries and grain boundary junctions are
the basic microstructural components of polycrystalline
materials. Although the number of grain boundary junc-
tions is of the same order of magnitude as the number of
grain boundaries, the grain growth kinetics is usually
associated only with grain boundary kinetics. The grain
boundaries, therefore, are traditionally conceived to
dominate the grain growth kinetics. However, recent
studies, both experiments and computer simulations,
substantiate that under special conditions triple junc-
tions can have an influence on the motion of connected
grain boundaries [1-4]. While intensive research on tri-
ple junctions in tricrystals was conducted in the past
years, only little attention was paid to triple junction
kinetics in polycrystals. We report on an experimental
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study of the behavior of triple junctions in polycrystals
in quasi-2D systems.

2. Motion of connected grain boundaries

To determine the effect of triple junctions on the
kinetics of grain growth quantitatively, the mobility of
triple junctions has to be measured. For this, the steady
state motion of a boundary system with a triple junction
is required, in which the curved boundaries maintain
their shape during motion so that the entire system
moves with the same constant velocity. Two geometrical
configurations of 2D boundary systems are shown in
Fig. 1. In one configuration (Fig. 1(a)), one of the
boundaries is extended during motion of the junction,
like during the shrinkage of small grains in polycrystal-
line aggregate. In the other configuration (Fig. 1(b)), one
grain boundary is eliminated, like during the growth of
large grains. Assuming that all boundaries of the
connected grain boundary system possess equal surface
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Fig. 1. The two basic configurations of a grain boundary system with triple junction during steady-state motion.

tension and mobility, irrespective of the misorientation
and the spatial orientation of the boundaries, the shape
and velocity of the moving grain boundaries with triple
junction can be calculated analytically [5,6]. The curved
boundaries in the first configuration (Fig. 1(a)) experi-
ence a force to move toward their center of curvature
which results in a constant horizontal velocity V}, which
can be derived from the shape function of the bound-
aries as [5,6]

26mb0

Vi = , (1)

a

where 0 is half the dihedral contact angle at the triple
junction, my, the boundary mobility, ¢ the grain bound-
ary surface tension and « the thickness of the shrinking
grain. On the other hand, the triple junction will experi-
ence a force to move if the three boundary surface ten-
sions acting on it do not add up to zero, or

Vij = mjo(2cos0 — 1). (2)
Since both boundaries and triple junction have to move
jointly, i.e., with the same speed, we obtain from Egs. (1)
and (2)

20 mga
— = = As. 3
2cosf—1 my s (3)

For the second boundary configuration shown in
Fig. 1(b), we obtain from the same consideration [9]

_ mgxo In sin 0
Ao = m, = 1—2cosf’ )

where x is a characteristic lateral dimension of the
grain, which is comparable to the grain size.

Egs. (3) and (4) define the criterion A which describes
the influence of the triple junction on the motion of
grain boundaries [5,6]. In case of the configuration in
Fig. 1(a), for A5 — 0, the angle 0 tends to zero and the
steady state velocity is entirely controlled by the mobil-
ity of the junction. For A5 — oo the junction easily ad-
justs to the motion of the boundary system, and the
angle 0 approaches its equilibrium value m/3. For the

other configuration (Fig. 1(b)), again 6 — w/3 if the
boundary mobility determines the kinetics of the system,
i.e., Ag — co. When a low mobility of the triple junction
starts to drag the motion of the boundary system, A de-
creases, and the steady state value of the angle 0 in-
creases to approach m/2.

The state of motion of the entire grain boundary
system can therefore be determined experimentally for
both configurations by only measuring the contact
angle 0.

3. Effect of triple junctions on grain growth in polycrystals

In the classical approach [6-8] the rate of grain area
change of a 2D granular system is described by the
von Neumann—Mullins relation, which constitutes a ba-
sis for practically all theoretical and experimental inves-
tigations and computer simulations of microstructural
evolution in 2D polycrystals in the course of grain
growth. According to this approach the rate of the grain
area change is given by the equation

dSi AbTC
a**T(”*@v (5)

where S is the grain area, Ay, = my,o is the reduced grain
boundary mobility and » is the number of triple junc-
tions for the respective grain, i.e., the topological class
of the grain. Thus, the rate of area change is indepen-
dent of the shape of the boundaries and determined by
the topological class n only. Grains with n > 6 will grow,
and those with n <6 will disappear [7]. Fundamental
assumptions of the respective model are: (1) all grain
boundaries possess equal mobilities and surface ten-
sions, irrespective of their misorientation and the crys-
tallographic orientations of the boundaries; (2) the
mobility of a grain boundary is independent of its veloc-
ity; (3) triple junctions do not affect grain boundary mo-
tion; therefore, the contact angles at triple junctions are
always in equilibrium and, due to the first assumption,
are equal to 120.
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However, the latter assumption of the theory is at
variance with the reported experimental evidence of a fi-
nite mobility of triple junctions and the corresponding
marked deviation of the vertex angle 0 from its equilib-
rium value. This requires to include the influence of tri-
ple junction drag on grain boundary motion for a
consideration of the grain growth kinetics.

When the triple junctions exert a drag on the adjoin-
ing grain boundaries owing to their low mobility, it can
be derived [9]

forn<6

s 4,

. T T 7 Zcos0-1 [ZTC — I’l(TC — 20)] (6)
dt 1 2eosbl
and forn>6

dS  Apln(n —20) — 2n)
a = 1= 1—2cos0 . (7)

In (sin 0)

For both cases, n <6 and n > 6, the expressions (6)
and (7) converge to the von Neumann—Mullins relation
(Eq. (1)) when A tends to infinity, i.e., § approaches m/3.
It is, however, seen from Egs. (6) and (7) that in case of
triple junction drag the growth rate dS/d¢ of a grain of
topological class n is not uniquely defined by » anymore,
as predicted by the von Neumann—Mullins relation, but
by 6, respectively, A4, as well.

4. Experimental procedure

The current study addressed the effect of triple junc-
tions on grain growth in polycrystalline Al. For this
the velocity of individual triple junctions, their vertex
angles and the growth rate of individual grains were
measured. The used material was high purity aluminum
(99.9999%) doped with 10 ppm magnesium to slow
down the growth kinetics and to facilitate in situ grain
growth measurements.

The experiments were carried out on polycrystalline
Al sheet of thickness 120 um. The material was recrys-
tallised to a mean grain size of 150 um. This allowed
to realise an approximately 2D microstructure.

EBSD measurements were carried out before and
after in situ grain growth experiments to determine the
misorientation of the grains and to confirm the quasi-
two-dimensionality of the grain structure. These EBSD
checks were necessary to ascertain that no grains from
beneath surfaced and interfered with the measurement.
The crystallographic characteristics of the junctions
studied are given in Table 1.

The in situ experiments were conducted in a JEOL
JSMB820 containing a specially designed heating stage.
The experiments were performed in a temperature range
from 250 to 300 °C. The SEM was upgraded by a digital
image scanning system, which collected the images and

Table 1

Misorientations of three contiguous grains at investigated junctions
Junction GBI GBII GB III
TP-S2 19°[021] 43°[433] 39°1212]
TP-S3 35°[310] 53°[434] 46°[112]
TP-G1 28°223] 31°[100] 30°[123]
TP-G3 26°[014] 23°[100) 12°(032]

saved them in AVI format. In post-processing the
images were analysed by a special routine that measured
the displacement of the triple junctions and the vertex
angles at the triple junctions.

5. Results and discussion
5.1. Motion of individual grain boundary triple junctions

In order to analyse triple junction kinetics in a poly-
crystalline material the junctions have to satisfy the fol-
lowing criteria. First, the junctions have to be formed by
grain boundaries with the same energies and mobilities.
This holds for random high angle grain boundaries
where the properties vary only slightly with changing
misorientation. In this case the connected grain bound-
ary system can be regarded as uniform. Second, the
junction geometry and the direction of motion have to
be of the same configuration as assumed in theory
(Fig. 1). Third, the triple junction must move in a steady
state. Only when these criteria are fulfilled the triple
junction can be used for analysis, and the dimensionless
criterion A can be calculated.

The motion of four selected boundary systems with
junction (Table 1) which fulfilled the criteria mentioned
above, were measured and analyzed. Junctions TP-S2
and TP-S3 moved in configuration of Fig. 1(a), while
junctions TP-G1 and TP-G3 demonstrated steady-state
motion in configuration of Fig. 1(b). The change of
the vertex angle 20 with temperature was measured,
and the criterion A was calculated according to Egs.
(3) and (4).

The measured displacement over time at 250 and
300 °C for junction TP-S2 is shown in Fig. 2. The junc-
tion displacement increased in proportion to time for a
constant temperature. Hence, the triple junction moved
in steady-state, and its velocity for each temperature
could be calculated (Table 2). With rising temperature
the velocity increased. At 300 °C the velocity suddenly
increased after about 350s (Fig. 2(a)). This increase
could be associated with a change of the number of tri-
ple junctions of the grain. First the grain had n = 4 tri-
ple junctions but after some time the number decreased
to n =3, and the velocity of the considered triple junc-
tion increased. The corresponding vertex angle mea-
surements are shown in Fig. 2(b). The angles
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Fig. 2. (a) Displacement and (b) vertex angle 260 versus time for triple junction TP-S2 with a configuration of Fig. 1(a) at 250 and 300 °C.

Table 2
Parameters of motion of the investigated boundary systems with triple
junction

Junction T (°C) v (um/s) 20 A
TP-S2 250 0.08 49 1
300 0.17 (0.35) 79 2
TP-S3 250 0.10 82 3
300 0.15 116 37
TP-G1 250 0.05 127 0.9
300 0.08 127 0.9
TP-G3 300 0.15 129 0.7
320 0.35 124 2

remained constant over the measured time interval
(Table 2). The measured values of the angle 20 for
junction TP-S2 were 49° at 250 °C and 79° at 300 °C,
which in both cases reflected a conspicuous deviation
from the equilibrium angle of 120°. At 300 °C the angle
decreased towards the end of the measurement owing
to the change in the number of sides of this grain as
mentioned above. The criterion A was remarkably
low for the whole investigated temperature regime
(250°C: Ag=1, 300°C: Ag=2), but it increased
slightly with rising temperature. In essence, in this tem-
perature interval the grain boundary system was
strongly dragged by the triple junction.
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For sample TP-S3 the angles were measured with 82°
at 250 °C and 116° at 300 °C, hence only at 250 °C there
was a noticeable deviation from the equilibrium angle of
120°. With increasing temperature the value 20 increased
as well and approached 120° (Fig. 3). This becomes obvi-
ous from the criterion A, which had a low value at
250 °C, namely Ag = 3, but increased significantly with
increasing temperature up to As = 37. As a result, in this
sample the triple junction had a drag effect on the grain
boundary system only at the lower temperature.

The measured displacements and vertex angles over
time at two different temperatures for junctions of grains
with n > 6 are shown in Fig. 4. Both measured boundary
systems possess the geometry shown in Fig. 1(b). At a gi-
ven temperature boundaries and junctions moved at a
constant rate. The calculated velocity rose with increas-
ing temperature (Table 2). For the system TP-G1 at both
temperatures (250 and 300 °C) the angle 20 was measured
to be about 127° with Ag = 0.9. The vertex angle for the
system TP-G3 was 129° (Ag = 0.7) at 300 °C and 124°
(Ag = 2) at 320 °C, respectively. The dependency 0 (A)
for the motion of the boundary system in this configura-
tion (Fig. 1(b)) noticeably changed in a much smaller
A-interval than in the case of the configuration of
Fig. 1(a) as obvious from Fig. 5. While the A — values
of TP-S2 for 250 and 300 °C and TP-S3 for 250 °C re-
flected substantial junction drag (A ~ 1), the triple junc-
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Fig. 3. (a) Displacement and (b) vertex angle 20 versus time for triple junction TP-S3 with a configuration of Fig. 1(a) at 250 and 300 °C.
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Fig. 4. (a) Displacement and (b) vertex angle 26 versus time for triple junction (a) TP-G1 and (b) TP-G3 with a configuration of Fig. 1(b) at two

different temperatures.

tion TP-S3 had no influence anymore on boundary
migration (A > 1) at 300 C. The A-values for the TP-
G1 and TP-G3 were all in the regime (A ~ 1), where they
had a dragging influence on the motion of the
boundaries.

From these measurements the conclusion can be
drawn that with increasing temperature the triple junc-
tions lose their impact on boundary motion. It is noted
that the current investigation did not address the cause
of a low triple junction mobility, which may be affected
by its structure and segregation in the presence of impu-
rities. To accurately measure the effect of impurity drag
on grain boundary and junction mobility it is necessary
to determine triple line and grain boundary segregation
on tricrystals containing the same set of grain bound-
aries, for instance by atom probe tomography. Such
experiments are currently in progress.

5.2. Grain growth kinetics

Another measure to assess the influence of triple junc-
tion drag on grain growth is the rate of area change of
individual grains. For such analysis the grains have to
satisfy the following criteria. First, the grain boundaries
have to move toward their center of curvature. Second,
the triple junctions must move in steady state. Third, a
triple junction was not allowed to appear or disappear.
In such case the grain was regarded as a new grain
and analyzed separately.

The rate of the grain area change dS/dt was measured
at three different temperatures for a number of grains
with various number of sides n (topological class of
the grain) from n=3 up to n=10 (Tables 3 and 4).
The results in Fig. 6 show that at a constant temperature
the grain area S decreased or increased in proportion to
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Table 3
Measured rate of area change at 250 and 320 °C and calculated
parameter A for grains with different topological class n

Grain n ds/dr (1072 m?fs) A
250 °C

15_K5 3 —0.37 1.1
15_K6 3 —-10.74 1.3
15_K6 5 —15.0 12.5
16_KB 5 0.13 10.4
16_KD 5 4.24 9.8
15_K4 6 4.18

16_KC 7 9.72 0.36
16_KE 7 —0.71 0.22
15_K2 7 —~1.06 0.21
16_KA 8 11.09 0.19
15_K2 8 —0.29 0.12
320°C

10_KE 3 —5.75 1.2
10_KG —~151.8 18.4
10_KE 4 0.359 3.5
10_KB —475 52
10_KCA 73 6.5
10_KG —45.8 20.2
10_KE 5 —68.6 34.3
10_KC —-1.96 10.6
10_KB —62.6 29.1
10_KU 6 —34

10_KC 7.8

10_KD 9 36.8 0.244

the annealing time 7. This confirmed that the observed
grain growth kinetics were controlled by curvature dri-
ven grain boundaries and not by triple junction motion
that would have resulted in S ~ 2. From these results
the rate of area change for grains with different » at dif-
ferent temperatures could be extracted (Fig. 6).

Table 4
Measured rate of area change at 300 C and calculated parameter A for
grains with different topological class n

Grain n ds/dr (10712 m?/s) A
14_K5 -82 12
14_K6 3 -32 12
14_K7 —74.4 2.3
15_KD —6.1 1.2
10_KT ~12.0 3.8
10_KN —~105.0 9.2
10_KP ~13.0 3.9
14_K5 —6.0 3.6
14_K6 4 —151.4 18.1
15_KB —4.7 3.6
15_KC -14.0 3.8
16_KB —4.4 3.6
16_KD 0.1 3.5
15_KA -12 10.4
15_KB -10.0 11.7
16_KB 5 —0.9 10.5
16_KC 3.9 10.0
16_KE 0.2 10.4
13_K4 -59 11.1
10_KT -7.8 11.41
10_KO —78.11 4727
10_KQ 47 9.84
10_KR 5 —6.6 11.25
14_K6 -14.2 12.37
14_K7 —98.9 224.0
10_KH 9.5

10_KR -8.0

14_K9 -16.2

15_KR 6 —6.6

13_K3 3.0

16_KE 3.0

10_KD 110.0 117.98
14_K6 7 1.8 0.25
16_KC -25.7

16_KA 8 11.5 0.19
16_KA 7.4 0.17
10_KF 10 65.8 0.28

The measured rate of area change at 300 °C versus
the topological class of the grain (Fig. 7) revealed that
the rate dS/dz was not constant for a given n, as expected
according to the conventional theory of grain growth
kinetics, but ranged between zero and some maximum
value. The classical approach of von Neumann—Mullins
[7,8] predicts a rate of area change according to Eq. (5),
i.e., the grain area change depends only on the number
of sides n of a grain. For a grain with 6 sides the area
change is zero, and the grain is stable. These predictions,
however, are at variance with the experimental results of
this study.

We attribute the observed variation of the dS/ds —
values to the drag effect of triple junctions on the grain
growth. Since a vertex angle 0 is a function of criterion
A, the expressions for the rate of grain area change in
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Fig. 6. Grain area versus time at a constant temperature of 300 C for grains with (a) n =4 (3); (b) n=5; (c) n = 6; (d) n = 7. The grain with n =4
exhibited a constant rate of the grain area change up to about 1150 s. Then the shrinkage rate changed due to a decrease of the topological class of the
grain from n =4 to n = 3. From this time on the grain was defined as a new one and was accounted for separately.
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Fig. 7. Rate of grain area change d.S/d¢ versus topological class n of a
grain for 300 °C. The values of A are given next to the data point.

cases of n < 6 and n > 6 (Egs. (6) and (7)) can be rewrit-
ten as

d_Si ’ﬂ?Ab n6+\/§/17
dr 31 +1/A)\" 2434

6) (n < 6) (8)

and

g_m{n<l+6lnsinn/3>_6] (n>6),

N\/§A
9)

respectively. The advantage of the expressions (8) and
(9) is the explicit dependence of the rate of grain area
change dS/ds on the parameter A. It is stressed, how-
ever, that these relations only hold in the vicinity of
O = 60°.

Apparently, the grains which exhibited higher rates
dS/dt, were not (or less) affected in their growth or
shrinkage by triple junctions. This corresponds to large
values of A, for which both expressions (8) and (9) ap-
proach the von Neumann-Mullins relation (Eq. (5)).
The von Neumann—Mullins limit is represented in Fig.
7 by the straight line connecting the maximum values
of dS/dt for n=5 and n =7 and the point dS/dz=0
for n = 6. According to Eq. (5) the slope of this line is
determined by the reduced grain boundary mobility A4,
which was determined from Fig. 7 as Ay, ~ 107" m?s.
This value is in a good agreement with mobility data ob-
tained on aluminum bicrystals [10].

The A-value for each experimental data point in Fig. 7
can then be calculated using measured values of d.S/d¢
(assuming Ay ~ 107 m?/s) according to Eq. (8) for
n <6 and Eq. (9) for n> 6 (Tables 3 and 4). The more
a measured value of dS/ds deviated from the theoretical
prediction (von Neumann-Mullins limit) the stronger
the drag effect exerted by triple junctions, and corre-
spondently, the smaller the respective A-value. For
example, for grain 14_K7 with n = 5 the area shrinkage
rate was measured to be dS/dz = 98.9 x 10~'* m%s. The
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corresponding value of A =224 demonstrates that the
effect of triple junctions on this grain is negligibly small.
In contrast, the much smaller value A =3.6 for grain
14_K5 with dS/dz=6.0x 10> m%s indicates that the
growth kinetics of this grain are substantially affected
by its junctions.

For grains with different number of sides, 4 is differ-
ent despite small dS/d¢ values. For grains with n =3 A
the criterion reached values of 1.5 we determined
whereas for n =5 A & 11 despite small dS/ds values.
This can be understood from the modified von Neu-
mann-Mullins approach by Gottstein and Shvindler-
man [11]. When dS/ds =0 then A is 10.4 for a grain
with n=15. This means that for this value Ay= A4
(dS/dt =0) a grain is stable and does neither shrink
nor grow. For A values adjacent to A, the triple junc-
tion had a large influence on grain boundary motion,
which reflected the transition from grain boundary
kinetics to triple junction kinetics. This transition is
not defined by a fixed value of A because it depends
on the number of sides of a grain. For dS/d¢r=0 a
grain is stable since it is bordered by straight (zero cur-
vature) grain boundaries. For a 4 sided grain Ag=
A=3.5.

The experimental results are in good agreement with
predictions of vertex simulations of grain growth [11]
(Fig. 8). In the case of Fig. 8(a) the simulation was car-
ried out with perfectly mobile triple junctions. The
spread due to statistical scatter reflects the drag effect
of the triple junctions on grain growth. The straight
line represents the ideal von Neumann-Mullins limit.
Large deviations from this line are obvious, i.e., the
simulated values are much smaller than predicted val-
ues by the von Neumann-Mullins theorem. Such
behavior was also found in the current experimental
study and confirms the modified von Neumann—Mul-
lins relation. If is stressed again, the spread of the data
is no artifact of the measurement but results from the
dragging influence of the triple junctions on boundary
motion, and the observed behavior substantiates that

triple junctions can substantially slow down micro-
structure evolution.

6. Summary

In situ observations of grain growth were carried out
on aluminum-10 ppm magnesium sheet in order to
investigate the influence of triple junctions on grain
growth kinetics. EBSD-analysis of the investigated area
served to characterise the triple junctions by the crystal-
lography of the adjoining grain boundaries. The steady
state velocity of triple junctions, the contact angle at the
triple junctions and the rate of grain area change were
measured. The following conclusions can be drawn.

1. Triple junction mobility can be low which manifests
itself in a deviation of the dihedral contact angles at
triple junctions from the equilibrium angles. If its
mobility is low, a triple junction can exert a dragging
influence on the motion of the adjoining grain bound-
aries. This influence depends on temperature, i.e.,
with increasing temperature the triple junctions lose
their impact on the boundaries.

2. For the first time it has been shown experimentally
that due to triple junction drag there is no unique lin-
ear relationship between growth rate and the number
n of grain sides, as proposed by the classical von Neu-
mann—Mullins relation. The drag influence of the tri-
ple junctions causes the growth rate to depend not
only on 7 but on the criterion A as well, i.e., S(A4,n)
with the limits 0 < § < S,nm., where Sinm repre-
sents the von Neumann—Mullins limit.
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