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ABSTRACT

The temperature dependence of (111} tilt grain boundaries with angles of
misorientation of 38-2" and 40-3" was investigated in bicrystals of both pure
(99-999%) Al and the same Al doped with 10ppm Ga in the temperature regime
between 400 and 580°C. The grain boundary mobility for the investigated grain
boundaries over (he entire investigated temperature range is enhanced by minor
additions of Ga. Both the activation enthalpy and the pre-exponential factor are
affected by Ga doping. The orientation dependence of grain boundary mobility is
strongly reduced but not completely removed. The drastic rise in grain boundary
mobility by the addition of Ga to pure Al is interpreted as a consequence of a
change in the boundary structure and the mechanism of boundary migration
owing to a pre-wetting phase transition and formation of a liquid {or quasiliquid)
Ga-rich layer on the grain boundary.

§1. INTRODUCTION

There is unambiguous evidence that grain boundary motion in metals is
influenced by impurities. This is accounted for by the impurity drag theories (Liicke
and Detert 1957, Cahn 1962, Liicke and Stiiwe 1963), which predict a dccrease in the
effective grain boundary mobility by impurity drag. All known experiments on
bicrystals and polycrystals confirm that solute atoms reduce the boundary migration
rate. Several experiments have demonstrated that the extent of impurity drag depends
on impurity type and grain boundary structure. Therefore the total impurity content
1s not an adequate parameter to characterize the solute-boundary interaction and its
effect on boundary motion. Instead it is required to investigate the effect of solutes on
grain boundary motion in high purity material doped with small quantities of specific
impurities. Owing to a non-zero background impurity level even in the purest
material, the content of the impurity under investigation has to exceed the concentra-
tion of other solutes in this material.

The subject of the current investigation was the measurement of grain boundary
mobility in bicrystals of pure Al with minor Ga additions. The element Ga is known
to generate conspicuous effects in Al. In higher concentrations it leads to intergranu-
lar embrittlement which can be used to decompose Al polycrystals. Also it influcnces
strongly the transition from normal to abnormal grain growth in Al (Sursaeva et al.
1995). Moreover, Ga was found to speed up discontinuous precipitation in supersa-
turated Al-Ag alloys (Predel and Gust 1972). Since discontinuous precipitation occurs
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at moving grain boundaries, Ga may also affect the mobility of grain boundaries in
pure Al. The current investigation was designed to investigate systematically the
influence of Ga on the process of grain-boundary migration in Al.

§2. GRAIN BOUNDARY GEOMETRY AND EXPERIMENTAL PROCEDURE

The mobility of individual {111} tilt grain boundaries with misorientations of
38-2" (special boundary with £ =7) and 40-5° was studied. These types of boundary
were chosen, since it is known from other experiments (Gottstein, Molodov,
Czubayko and Shvindlerman 1995, Molodov, Czubayko, Gottstein and Shvindler-
man 1995) that these boundaries exhibit the highest mobility in pure Al. although in
different but complementary temperature ranges (Molodov et al. 1995). Correspond-
ingly, these two boundaries effectively control the recrystallization texture develop-
ment in Al and therefore are of prime interest for recrystallization processing.

The experiments were carried out on bicrystals of both very pure (99:999%) Al
and the same Al doped with 10 ppm Ga. The driving force for grain boundary motion
was provided by the boundary curvature, which remained constant for the bicrystal
geometry used (fig. 1). To study the characteristics of migration. successive high-
temperature anncals were carried out and the change in grain boundary position with
time was recorded. For in-situ measurements of grain boundary motion a specially
designed X-ray continuous tracking device was used. Details of sample preparation,
measuring procedure, device and accuracy have been given elsewhere (Molodov et al.
1994, 1995, Czubayko, Molodov, Petersen. Gottstein and Shvindlerman 1995,
Gottstein et al. 1993).

§3. RESULTS
The velocity v of @ moving grain boundary under a driving force p is given by
v=mp, (n

where i is the grain boundary mobility. In the current experiments the driving force
remained constant, namely p =a/a, where o is the grain boundary surface tension and

grain I a

>
direction of motion

Bicrystal geometry for grain-boundary motion measurements under a constant driving force:
( ), current; ( ). prior grain-boundary location.



Acceleration of grain boundary motion in Al 363

a 1s the width of the shrinking grain. The quantity of interest is the mobility m. For
conventence we use the reduced mobility

( H
A=rva=mo= Apgexp| — )

— 2
T (2)

where H is the activation enthalpy of boundary mobility and A, algorithm the
pre-exponential mobility factor. As cvident from fig. 2, in the investigated tempera-
ture range the grain boundary mobility is found to be much higher in Al + 10 ppm Ga
than in pure Al for both 382" and 40-5°, {111 tilt boundaries. The activation
enthalpy for the 382" {111 tilt boundary was found to be slightly higher in Ga-
doped Al than that in pure Al In contrast. the 40-5", {111 tilt boundary exhibits a
distinctly lower activation enthalpy in Al+ 10 ppm Ga than in pure Al (table). The
absolute difference of the activation enthalpies of both investigated boundaries
decreases upon Ga addition (fig. 3).

§4. DISCUSSION
In effect there arc three major results that deserve special attention.

(I) For all investigated grain boundaries the mobility is improved rather than
degraded by minor additions of Ga.

(2) Both the activation enthalpy H and the pre-exponential factor A4, are affected
by Ga doping. For the =7 boundary, H and A, increase, but H and A,
decrease for the 40-57, {111} boundary.

(3) The orientation dependence of grain boundary mobility is strongly reduced
but not entirely removed. Although ihe values of H and A, for the different
boundaries in the Ga-doped material are much closcer than in pure Al, the
vilues remain distinctly different even when accounting for the measuring
naccuracy.

The influence of impurities on grain boundary motion has been frequently
investigated both theoretically (Licke and Detert 1957, Cahn 1962, Liiche and Stiwe
1963, Hillert and Sundman 1976, Westengen and Ryum 1978, Aristov, Fradkov and
Shvindlerman 1980, Molodov, Fradkov, Shvindlerman and Kaplan 1984) and
experimentally (Aust and Rutter 1959, Fridman, Kopezki and Shvindlerman 1975,
Dimitrov, Fromageau and Dimitrov 1978, Gottstein and Shvindlerman 1992) in the
past. In the well known approach of lLicke and Detert (1957). Liiche and Stiiwe
(1963) and Cahn (1962), a boundary is considered to attract impurity atoms. which
reduce the driving force p to an cffective driving force pg -

Per=p—171. (3)

where I is the concentration of adsorbed impurity atoms and f the interaction force
between individual impurities and the grain boundary. According to eqn. (1) the grain
boundary migration rate reads

0= Mp gy (4)
For the joint motion of the boundary with absorbed impurity atoms impurity. drag
theory predicts

mp

TR kTIDYM

(5)
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Arrhentus plot of mobility of (4) 382" and (b) 40-5 , (111> tilt grain boundaries in pure Al and
pure Al doped with 10 ppm Ga.
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Migration parameters of investigated <111 tilt grain boundaries.

Tilt angle Activation enthalpy Pre-exponential factor
Material (degrees) (eV) (m?s™ 1)
Al(99-999%,) 382404 1-61+£0-08 1'5%102+7-5
Al(99-999%%) 40-5+04 2:4640-12 49 x 107 +2-5x 10°
Al+107%% Ga 382404 1-72+0:09 47 x 103 +2-4 % 102
Al+107°% Ga 40-540-4 1-94+0-10 14 x10°+7-0x 10°

where D is the volume diffusion coefficient of the impurities. It is evident from eqn. (5)
that impurities always slow down grain-boundary motion.

This fundamental theoretical approach was frequently modified and improved by
other workers, taking into account details of the migration and interaction process,
but invariably the result is a deceleration of the moving boundary by impurity atoms.
This is at variance, however, with the result of the current investigation, which
substantiates an acceleration of grain boundary motion by Ga in Al Evidently, the
obtained experimental results cannot be interpreted in terms of an interaction
between individual impurity atoms and a moving grain boundary, since this inter-
action (no matter whether attractive or repulsive) will always result in a reduction in
grain boundary mobility.

Fig. 3.
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Temperature dependence of mobility of 38-2° (@, M) and 40-5 (O, L1) {11ty tilt grain
boundaries in Al (L., @) and Al+ 10ppm Ga (0>, @)
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The change in activation enthalpy ! as well as the pre-exponential factor A, upon
Ga addition indicates that there might be a change in the mechanism of grain
boundary motion owing to a change in grain boundary structure. This is particularly
apparent from the fact that H and A4, change differently for the two investigated
boundaries; for the 38-2" (£ =7) boundary, H and A, increase, while they decrease for
the 40-5" boundary, although they do not become uniform for all boundaries. Since
Ga i1s known to segregale 1o grain boundaries and to cause intergranular embrittle-
ment at larger concentrations, we propose to attribute the effect of Ga on grain
boundary mobility to the formation of a layer of a second phase on the grain
boundary in Ga-doped Al. for instance by a grain boundary pre-wetting phase
transition and correspondingly by the formation of a liquid (or quasiliquid) film of
Ga on the grain boundary (Rabkin, Shvindlerman and Straumal 1991).

From thermodynamic considerations (Clark 1987) the equilibrium thickness d, of
an interfacial layer of a second phase, which 1s stable on the grain boundary but not

stable in the bulk, is given by
N
0p==¢&1In Ag ) (6)

where £ 1s the correlation length, @, is the energy parameter related to the specific
heat of melting and Ay is the excess free-energy density of the wetting phase. Since no
data on ¢, b, and Ag are available, there is no way to predict the thickness of the
grain boundary wetting phase. Because of the known strong segregation bechaviour of
Ga to grain boundaries and the lailure of models based on interactions between
boundary and individual impurity atoms, we shall consider the hypothesis that a
continuous Ga-rich layer will form in the boundary upon Ga addition. No doubt, the
structure of a grain boundary will become substantially altered by the occurrence of a
wetting phase interlayer. The usually observed or computed narrow grain boundary
structure must change to a relatively wide interlayer structure, actually with two
interphase boundaries. namely one on each side of the interlayer. Correspondingly,
the mechanism of grain boundary motion is bound to change, in its simplest [orm
from a short-range transfer to a multiple detachment-attachment jump sequence as
proposcd by Gleiter (1969) or Haessner and Hofmann (1971) in the past. The grain
boundary mobility is determined by the slowest process in the sequence of atomic
transfer across the boundary. If the interlayer 1s a wetting phase, the activation energy
for mass transport across it ought to correspond roughly to the activation energy for
diffusion in liquids. which is of the order of 0-1¢V. that is much smaller than the
measured energy of activation for grain boundary motion and therefore at variance
with the experimental results. Consequently, grain boundary mobility must be
controlled by the detachment and attachment processes at interlayer-crystal inter-
faces, irrespective of the thickness of the interlayer as long as the wetting phase is
continuous. One might expect that the formation of a liquid interlayer breaks up the
equilibrium structure of the single phase boundary and therefore levels the orien-
tation dependence of grain boundary mobility. The activation enthalpy and even the
pre-exponenual lactor of the mobility of both boundaries of the doped material are
much closer than in the undoped material, since the activation enthalpy of the 40-5°,
{111 boundary is substantially reduced from 2-2 to 1-9¢V while, for the 382 (£ =7)
boundary, /f rises from 1-5 to -8 e¢V. The pre-exponential factors change accordingly
and attain the same order of magnitude for both boundaries. Nevertheless, an
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orientation dependence remains, although much less pronounced. This can only be
attributed to a misorientation-dependent structure of the grain interlayer interface.

While it seems acceptable that the activation enthalpy for grain boundary motion
decreases upon formation of an interlayer {as found for the 40-5", (111> boundary). it
is not obvious why the corresponding activation enthalpy of the £=7 boundary
would increase. In this context, one has to recognize that not only the activation
enthalpy but also the pre-exponential factor increased to compensate for the rise of
the activation enthalpy such that the absolute valuc of mobility increased. There are
two obvious reasons for the rise of H (382" (£=7) boundary), namely impurity drag
due to the interlayer atoms or more difficult transfer of atoms through the crystal
mterlayer interface. The decrease in H (40-5" boundary) upon Ga addition indicates
that the Ga atoms of the interface layer do not exert a strong drag on the boundary.
most probably because of the high mobility of Ga atoms in the boundary. The
similarity of activation parameters for both boundaries in the Ga-doped Al hints at
the importance of the transfer mechanism of Al atoms through the Al Ga interface.
However, the small but distinct differcnce between H (X=7) and H (40-5", (1Y)
substantiates that, even though the transport phenomena at the Al surfaces on both
sides of the Ga interlayer play a dominant role for the migration process, they remain
orientation dependent, that is the crystal-interlayer interface structure depends on
misorientation across the boundary.

In summary, the formation of a wetting Ga-rich phase on the grain boundary
drastically changes the grain boundary structure and the mechanisms of grain
boundary migration. Instcad of short-range atomic transfer processes and impurity
drag, grain boundary motion is controlled by mass transfer across a wide grain
boundary, where the detachment-attachment processes at the crystal interlayer
interfaces become dominant. Correspondingly, irrespective of the structure and
segregation behaviour of the corresponding boundaries in the purc material, minor
additions of Ga drastically affect grain boundary structure and enhance grain
boundary mobility.
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