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Abstract

The kinetics of Bi segregation at grain boundaries (GBs) in polycrystalline Cu-25 at.ppm and Cu-50
at.ppm Bi alloys has been investigated at different temperatures. In the two-phase region of the Cu-~
Bi phase diagram the kinetics of the Bi segregation can be described by a model of enhanced
diffusion along dislocations, while in the single-phase region it obeys the classical McLean model.
This enhanced pipe diffusion can be explained by the precipitation of a Bi-rich liquid phase along
the dislocations in the two-phase region. From this dislocation-pipe model a linear relationship
between Bi segregation and annealing time was derived.

Introduction

The thermodynamics of GB segregation in the Cu-Bi system has been investigated in a number of
works (e.g. [1-4]), however, the kinetic aspects of segregation were rarely addressed (5, 6]. In other
systems some attempts have been made to explain the segregation kinetics in the framework of
volume diffusion [7, 8] and dislocation-pipe models [9, 10]. However, the fundamental understand-
ing with regard to the applicability of the different kinetic models is still lacking. Moreover, the
question about the phase state (single phase or two phases) of the specimens has been widely ignored.

Recently, the bulk solidus line at the Cu-rich side in the Cu-Bi phase diagram has been determined
[11] and a GB solidus line has been suggested [4]. These lines provide the knowledge about the
state of the bulk and of the GBs in dilute Cu-Bi alloys. Besides, the extraction of Bi from the bulk
to the surface of the Cu-Bi alloys has been revealed and investigated with the help of scanning force
microscopy and Auger electron spectroscopy (AES) [12]. It was supposed that the enhanced
diffusion of Bi atoms occurs along the dislocation lines. It is very plausible that the same process
contributes also to the Bi enrichment at GBs. In this work the kinetics of the Bi segregation at GBs
in Cu has been investigated in order to clarify the applicability of the different kinetic models.

Experiment and Results

Cast polycrystalline Cu containing 25 and 50 at. ppm Bi was cut into pieces of 3x3x15 mm3. In
order to investigate the kinetics of Bi segregation at GBs in the single-phase and two-phase region
the temperatures of 850 and 600°C were chosen according to the Cu-Bi phase diagram [11]. All
specimens were homogenized at 1000°C for 24 h. In order to be able to measure the initial value of
the Bi enrichment a further homogenization was performed at 850°C for the specimens annealed at
600°C. No second homogenization was performed for specimens annealed at 850°C. The
homogenized specimens were annealed at 850 and 600°C for different time. The details of the heat
treatment are listed in Table 1. After annealing the specimens were quenched in water in order to
preserve the Bi enrichment at GBs. Then the Bi concentration in the GB was measured by means of
AES on in situ fractured specimens. Further experimental details may be found in Ref. [13].
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Table 1 The details of heat treatment.

Bulk conc. | 1" Homogenization | 2™ Homogenization Annealing
at. ppm Bi T,°C t, ks T,°C t, ks T,°C t, ks
25 i, 1000 86.4 - - 850 10.9/1.8/3.6/10.8/14.4/86.4
1000 86.4 850 604.8 600 10.3/0.6/0.9/1.8/3.6/86.4/172.8/864
50............. 1000 86.4 850 604.8 600 10.3/0.9/86.4/172.8/2592
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The time dependence of the Bi segregation at GBs (x?) is shown in F igs. 1a-c. The square symbols
designate the Bi segregation averaged over 15-20 GBs in one polycrystalline specimen. The error
bars are determined from the distribution of the Bi enrichment. The cross indicates that a specimen |
could not be broken. The Bi concentration is given in monolayers (MLs). One ML is defined in this
work as 9.3 atoms/nm2. The threshold value of the Bi enrichment for embrittlement is about 0.5 |
ML, therefore, the cross was set to 0.5 ML. The equilibrium Bi enrichment at GBs in Cu-25 at. ppm ]
Bi was achieved in this work after annealing for 4 h (14.4 ks) at 850°C (Fig. 1a) and after 0.5 h (1.8
ks) at 600°C (Fig. 1b). For Cu-50 at. ppm Bi the annealing time for saturation was 0.25 h (900 s) at :
600°C (Fig. 1c).

Discussion ﬁ,
For the interpretation of our data we firstly used the volume diffusion model of McLean [7]. The
McLean equation can be written as followed 3

x® (1) - x®(0) 4Dt 2Dt
SAl LA c AP P f »
() —x°(0) e><p(S252)er c( 5 ) 1) 5

where x‘p(t), D, & and s are the Bi concentration at GBs for the annealing time ¢, the volume }
diffusion coefficient, the GB thickness and the Bi segregation factor (s = x‘p(oo)/xB where x? is the 1
bulk concentration), respectively. The results are drawn as dashed lines in Figs. 1a-c. It is clearly
seen that only for Cu-25 at. ppm Bi at 850°C (Fig. 1a) the model fits to the experimental data. In |
this case the specimens are in the single-phase region (Cu-rich solid solution) of the Cu-Bi phase |
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diagram. Cu-25at. ppm Bi alloys contain so little Bi at GBs after an annealing at 1000°C for 24 h
that the GB is not brittle. Therefore x%(0) was set to zero in Fig l1a.

To address the discrepancy between the experimental data and the volume diffusion model, we
developed a new dislocation-pipe model. A schematic view illustrating the principles of this model
is shown in Fig. 2. To simplify the model we assume: a) The dislocation-pipe diffusion coefficient
(DY) is much larger than the volume diffusion coefficient. The same assumption has been made by
Arabezyk et al. [8] with D'/D = 10°. b) The bulk flux of Bi atoms into the dislocation is equal to
that along the dislocation to the GB. c¢) The effective diffusion zone around the dislocation is much
smaller than the distance between dislocations. d) The dislocation-pipe diffusion is stopped after
reaching the previously measured saturation value of the Bi enrichment at GBs [4]. From these
assumptions it can be seen that the rate determining process is the volume diffusion of Bi in solid
Cu, not the dislocation-pipe diffusion. Starting from the cylindrical Fick’s diffusion equation and
with some further simplifications we obtain
@ @ pxPdDt
x7 ()= x7(0) s 1<ty 2)
x?(1) = x?(o0) 121
where ,0l d and g, are the dislocation density (= 10! l/mz), grain size (= 500 pym) and the time for Bi
saturation at GBs, respectively. ¢ris a numerical constant between 2 and 4. A detailed description of
the derivation of Eq. (2) can be found in Ref. [13]. The results from Eq. (2) are drawn as solid lines.
These solid lines agree well with experimental data in Figs. 1b and c for the specimens which are in
the two-phase region (Cu-rich solid solution + liquid) of the phase diagram except that in Fig. 1a.

sat

The kinetics of the Bi enrichment at GBs in both regions of the phase diagram cannot be described
by only one model. However, the parameters used in the two models are the same in both regions of
the phase diagram: The volume diffusion coefficient has been explicitly determined and has the
same value in both models. The specimens in both regions have similar grain size and dislocation
density due to the same homogenization treatment. However, in the two-phase region of the phase
diagram the precipitation of a Bi-rich liquid phase along dislocation lines is possible. This can
explain the applicability of these two models in different regions. The Bi enrichment in dislocations
enhances the atom flux along the dislocation to such an extent that the assumptions of the
dislocation-pipe model become satisfied. According to this model the dislocation diffusivity can be

estimated as follows
1

D} = (Diroz)oexp(—%) (3)

where (DLrO2 Yo = 3.47x10°%2 m*/s is the pre-exponential factor, QL = 94 4 kJ/mol is the activation
energy, ro is the dislocation core radius, R is the gas constant and T is the absolute temperature.

In the framework of the suggested concept the time needed for approaching the equilibrium GB
segregation level can be estimated. This can be done with the help of a temperature-time-enrichment
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Fig. 3 Temperature-time-enrichment diagram. The number on the lines indicates the Bi

enrichment as fraction of the saturated value {= [xq)(t)—xo(O)J/ [x@( oo)——x@(O)J }.

(TTE) diagram. Figure 3 shows the TTE diagrams for Cu-25 at. ppm Bi and Cu-50 at. ppm Bi. To
calculate these diagrams the volume diffusion model and the dislocation-pipe model are used for the
single-phase and two-phase regions, respectively. Each curve in the diagram is a contour curve with
a constant enrichment level. The number on the lines indicates the Bi enrichment as fraction of the
saturated value. The horizontal line in the middle of the diagram shows the bulk solidus temperature
which can possibly be regarded as the dislocation solidus temperature, too. This line indicates the
frontier between two different kinetic mechanisms: volume diffusion (above) and dislocation-pipe
diffusion (below). Consequently, the Kinetics in the two-phase region may be even faster than that in
the single-phase region, although the annealing temperature in the latter case is higher.

Conclusions

The kinetics of the Bi segregation at GBs in polycrystalline Cu can be described by the volume
diffusion model and the dislocation-pipe model in the single-phase and two-phase regions of the
Cu-Bi phase diagram, respectively. The enhanced dislocation-pipe diffusion is explained by the
precipitation of Bi-rich liquid phase along dislocation lines. Accordingly, the dislocation diffusion
coefficient is estimated and a TTE diagram is constructed.
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