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Abstract

The grain boundary segregation in an Cu–50 at.ppm Bi alloy annealed at two temperatures and under various hydrostatic pressures in
a hot isostatic pressing apparatus was investigated by means of Auger electron spectroscopy. It was found that high pressures have only
little effect on grain boundary segregation. At a temperature of 973 K the segregation level remained approximately constant at 2 mono-
layers of Bi for all pressures studied. Some decrease of the grain boundary segregation with increasing pressure was observed at 1173 K.
It was also demonstrated that the segregation level in the alloy treated at 0.01 GPa depended on the sample cooling rate after annealing.
The observed pressure dependence of Bi segregation to the grain boundaries was interpreted in terms of non-equilibrium segregation
during specimen cooling.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hot isostatic pressing (HIP) is an important technology
that permits the densification of parts during casting, sin-
tering, welding and joining. HIP can be considerably accel-
erated in the presence of small amounts of a liquid phase,
which wets the powder particles surface and/or interfaces
between grains in polycrystals [1–3]. It has recently been
shown that thin layers of an equilibrium liquid-like phase
may be present at the grain boundaries (GBs) in metallic
alloys [4–6]. Such liquid-like GB layers can be stable even
without the presence of a ‘‘true’’ bulk liquid phase in a
polycrystal [4–6]. In particular, the liquid-like GB layers
possess a very high diffusivity, comparable to that of a bulk
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melt [5,7]. The liquid-like GB layers in the single-phase
‘‘solid-solution’’ area of a bulk phase diagram may exist
only if the liquid phase completely wets all GBs in the
neighboring two-phase ‘‘liquid + solid’’ area (Fig. 1). In
this case, the tie-line of the GB wetting phase transition
continues as the GB solidus line into the single-phase solid
solution area (Fig. 1).

It has been established in a previous study [4] that Bi seg-
regation at the GBs in Cu–Bi polycrystals increased discon-
tinuously with increasing bulk Bi concentration. This
abrupt increase in the amount of Bi segregated at GBs
occurred at lower Bi concentrations (Fig. 1, thin retrograde
line in the (Cu) area) than those corresponding to the bulk
solidus line (Fig. 1, thick retrograde line). This phenomenon
was associated with a pre-wetting phase transformation at
the GBs. At the composition or temperature corresponding
to this pre-wetting transformation, the GBs are covered
with a thin, quasi-liquid layer of the Bi-rich phase. This
rights reserved.
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Fig. 1. The Cu-rich part of a Cu–Bi bulk phase diagram with GB lines
obtained in previous works [5,6,8,11,17,19,22]. Thick lines are bulk
liquidus (nearly horizontal) and solidus (retrograde). Three areas are
shown: single-phase ‘‘liquid’’ area L, single-phase ‘‘solid solution’’ area
(Cu) and two-phase ‘‘solid + liquid’’ area (Cu) + L. Thin lines are the GB
solidus (retrograde) and GB wetting tie-line at Tw (horizontal). The liquid
phase completely wets all high-angle GBs in Cu above Tw in the (Cu) + L
area. The GB wetting tie-line in the (Cu) + L area has a continuation in
the ‘‘solid solution’’ area (Cu). This continuation is a retrograde GB
solidus. The GB solidus starts at the intersection between wetting tie-line
and bulk solidus and finishes in the Cu melting point. Between GB solidus
(thin line) and bulk solidus (thick line) GBs are covered by a thin layer of
the liquid-like phase.
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layer thickness is equivalent to the segregation of two mon-
olayers (MLs) of Bi, and is nearly temperature-independent.
However, the GB segregation of Bi in Cu–Bi alloys contain-
ing less Bi is just about one ML or less. The temperature
dependence of this ‘‘single-layer’’ segregation can be
described by a classical McLean model [4]. In particular,
the GB concentration of Bi monotonously decreases with
increasing temperature. An abrupt change of GB segrega-
tion from two to one ML occurs whenever the GB pre-
wetting line or the GB solidus line is crossed by changing
the temperature or composition. In addition to the abrupt
changes of GB diffusivity and GB segregation, crossing of
the GB solidus line also leads to discontinuous changes in
GB strength [4,8,9], GB mobility [10] and the electrical resis-
tivity of a polycrystal [11].

High pressure may strongly affect the stability of the
liquid-like Bi-rich segregation layers at the GBs in Cu–Bi
alloys. Particularly, the melt has a higher specific volume
in comparison with the solid phase. Therefore, high pres-
sure may upset the GB wetting conditions, as observed
for (Fe–Si)–Zn alloys [2,12]. If the GB wetting conditions
are not fulfilled, then the GB liquid-like layer is not stable.
As a result, the GB diffusion coefficient decreases from the
values characteristic for the liquid phase to the values cor-
responding to normal GB diffusion [2,12]. Some further
examples of a high-pressure effect on GB diffusion and seg-
regation include the decrease of GB diffusivity of Zn in Al
[13] and of Co in Zr [14] with increasing pressure, and the
suppression of Bi segregation to GBs in ZnO–Bi2O3 [15].
Therefore, the unusually high GB diffusivity is connected
to the pressure-dependent GB equilibrium. This unique
combination produces a HIP behavior of a system with
liquid-like GB layers that is far from trivial and needs care-
ful investigation.

It should also be noted that the GB segregation is espe-
cially important during high-pressure studies. This is
because most of the high-pressure apparatus do not allow
a rapid heating or cooling of macroscopic samples; a
typical cooling rate is in the range 1–2 K/s. The non-
equilibrium segregation effects that do not manifest them-
selves during conventional sample processing (annealing
followed by quenching in water) can therefore come into
play in these high-pressure studies. In most kinetic segrega-
tion theories the volume diffusion is the rate-determining
process. The effect of high pressure on the volume diffusion
is well documented [16] and the reader is referred to the
detailed reviews of the subject in Refs. [16,17].

2. Experimental procedure

The details of the sample preparation for the
Cu–50 at.ppm Bi alloy can be found in Ref. [18]. Specimens
of 3 mm · 3 mm · 10 mm in size were placed in a copper
container. The container was installed in the furnace of a
high-pressure apparatus. The specimen temperature was
measured with three thermocouples located at different loca-
tions in the container. The difference in temperature between
these locations was less than 2 K during heat treatment.

Fig. 2b shows the cross-section of the high-pressure
apparatus. After the specimen container was placed in
the apparatus, the piston was set to position A and the
high-pressure chamber was evacuated by the rotary oil
and diffusion vacuum pumps. After the vacuum reached
10�3 Pa, the piston moved to the position B and the
high-pressure chamber was filled with Ar gas, which was
compressed as the furnace heated. After the Ar pressure
in the chamber reached 400 MPa, the oil pressure pump
pushed the piston further to the right (position C), thus fur-
ther increasing the chamber pressure. The temperature and
pressure were continuously increased until they reached the
pre-set values. After the high-temperature, high-pressure
annealing, the furnace was switched off and the specimens
were cooled within the furnace as the Ar pressure was
lowered.

Typical time dependencies of temperature and pressure
are shown in Fig. 3. The important parameters are the
steady-state temperature (T0) and pressure (P0) of the
experiment, the annealing time (t0), the cooling rate ð _T Þ
and the rate of pressure decrease ð _P Þ. The rates of temper-
ature and pressure increase in the beginning of the
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Fig. 2. Cross-sections of the specimens holding container (a) and of the high-pressure apparatus (b).
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Fig. 3. Typical time dependences of temperature (a) and of pressure (b).

Table 1
The parameters of high-pressure experiments

T0 (K) P0 (GPa) t0 (h) _T (K/s) _P (MPa/s)

1 1173 0.01 1.5 �1.32 –
2 1173 0.3 1.5 �1.30 �0.17
3 1173 0.6 1.5 �1.28 �0.26
4 1173 0.9 1.5 �1.34 �0.35
5 1173 1.2 1.5 �1.33 �0.74
6 973 0.01 6 �1.05 –
7 973 0.3 6 �1.28 �0.18
8 973 0.6 6 �1.33 �0.34
9 973 0.9 6 �1.21 �0.38

10 973 1.2 6 �1.25 �0.44
11 1073 0.01 3 �1.12 –
12 1273 0.01 0.5 �1.23 –
13 1323 0.01 0.5 �1.21 –

t0, _T and _P are the annealing time at high temperature, cooling rate and
the rate of pressure decrease at the cooling stage, respectively.
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experiment are less important because the specimens were
annealed long enough to achieve thermodynamic equilib-
rium. The experimental parameters are listed in Table 1.
The lowest Ar pressure at which the high-pressure appara-
tus can be operated with reasonable pressure and tempera-
ture stability is 0.01 GPa.

The annealed specimens were investigated by means of a
10 keV Auger electron multiprobe (PHI 600) to determine
the amount of Bi segregated at the GBs. The specimens
were broken in situ after cooling with liquid nitrogen.
Because of the large initial grain size in the Cu specimens
(in the range of 500 lm), it was possible to localize the
Auger electron spectroscopy (AES) measurements at the
fractured surfaces of individual GBs. From 5 to 15 individ-
ual fractured GBs were analyzed in each specimen, and two
spots for each fracture surface were analyzed. The amount
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Fig. 5. The temperature dependence of Bi excess at the GBs in Cu–
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of Bi segregation was evaluated from the peak-to-peak
heights of the Cu and Bi signals in the electron spectrum
in the range 30–1000 eV. For more information about the
AES measurements the reader is referred to a previous
publication [18].

3. Results

The pressure dependence of the averaged Gibbsian
excess of Bi at the GBs in Cu–50 at.ppm Bi at 973 and
1173 K is shown in Fig. 4. The error bars in this figure rep-
resent the standard deviation of experimental data, which
indicates the distribution of enrichment at various GBs.
Figs. 4a and b show that the pressure has only a slight effect
on GB segregation. There is a trend for GB segregation to
decrease with increasing pressure at 1173 K (Fig. 4b).

The temperature dependence of the averaged Gibbsian
excess of Bi at the GBs in Cu–50 at.ppm Bi annealed at
0.01 GPa and cooled with a rate of _T ¼ 1:25 K=s is shown
in Fig. 5a. For comparison, the corresponding data for
specimens annealed at various temperatures in vacuum
(evacuated silica ampoules) and quenched in water
ð _T � 500 K=sÞ are shown in Fig. 5b. While the Gibbsian
excess of Bi stays constant at about 2 MLs for all temper-
atures in Fig. 5a, Fig. 5b shows an abrupt drop in GB
enrichment with increasing temperature. It is very unlikely
that the pressure of 0.01 GPa has any significant effect on
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Fig. 4. The pressure dependence of Bi excess at the GBs in Cu–50 at.ppm
Bi at 973 K (a) and 1173 K (b).

50 at.ppm Bi alloy for different cooling rates: (a) cooling in the high-
pressure apparatus (1.25 K/s) and (b) quenching into water (500 K/s).
equilibrium GB segregation of Bi. One can conclude, there-
fore, that the difference in cooling rates is the main factor
determining the difference in segregation behavior observed
after annealing in a high-pressure apparatus (Fig. 5a) and
after quenching from a conventional furnace (Fig. 5b).

4. Discussion

4.1. Theoretical background

4.1.1. Influence of high pressure on the stability of phases

The equations describing the two-phase equilibrium at
normal pressure can be modified for high pressures by tak-
ing into account an additional contribution caused by pres-
sure in the Gibbs free energy. The Gibbs energy of an
element i can be written as [19]:

G0
i ¼ G0;chem

i þ Gpress
i ; ð1aÞ

Gpress
i ¼

V 0 exp
R

a dT
� �

bðn� 1Þ ð1þ nbP Þ1�
1
n � 1

h i
; ð1bÞ

where V0, P, a and b are the atomic volume at 0 K, the
hydrostatic pressure, the thermal expansion coefficient
and the compressibility, respectively. The parameter n is
a natural number. For n� 1 Eq. (1) can be simplified into
Gpress = PV, where V is the effective atomic volume:
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V ¼ V 0 exp

Z
a dT

� �
; ð2Þ

where

a ¼ a0 þ a1T þ a2T 2 � a3

T 2
:

Because most of the physical properties of the GB phase
are unknown, the corresponding V is normally considered
as a variable. In the approximation of a regular solution
model, the Gibbs energy of GB segregation under hydro-
static pressure can be represented as:

DGseg ¼ DG0 þ PDV � XV þ XU ð3aÞ
with

DV ¼ V U
i � V V

i � V U
m þ V V

m; ð3bÞ
where DV is the segregation volume [20,21]. Here the sub-
scripts i and m refer to the solute and solvent atoms, respec-
tively. The superscripts U and V refer to the GB and bulk
phases, respectively. The parameter DG0 is the correspond-
ing difference of the standard Gibbs energies of the
components,

DG0 ¼ G0U
i � G0V

i � G0U
m þ G0V

m

and the X parameters represent the interaction energies in
the framework of a regular solution model. If the inter-
change energies in the grain boundary and volume phases
are pressure-independent, then the segregation isotherm
describing the pressure effect on GB segregation can be de-
rived as

xUðPÞ
1� xUðPÞ ¼

xUð0Þ
1� xUð0Þ exp � PDV

RT

� �
; ð4Þ

where xU(P) is the concentration of the element i in GBs at
pressure P. According to Eq. (4) the segregation amount in
the system with oversized segregating atoms and low GB
concentration of segregating atoms increases with increas-
ing pressure. However, the situation is less clear for the sys-
tems close to GB saturation, since the segregating solute
atoms can consume most of the GB free volume that was
available for accommodating the excess size of these atoms.

4.1.2. Dynamic segregation during cooling
In a recent work [22] the unusually fast kinetics of grain

boundary segregation in the Cu–Bi system for Bi concen-
trations above the GB solidus line has been attributed to
dislocation pipe diffusion. Since this diffusion is much fas-
ter than volume diffusion, some additional amount of sol-
ute atoms above the equilibrium segregation level at the
heat treatment temperature can segregate to GBs during
slow cooling. Based on the linear relationship derived pre-
viously [22], the increase in solute concentration at the GB
due to slow cooling with a constant cooling rate can be
written as

DxU ¼ qdxbd

2d _T

Z T A

T 0

D dT ; ð5Þ
where TA, T0, qd, xb, d and d are the annealing temper-
ature, the room temperature, the dislocation density, the
bulk concentration of Bi, the grain size and the grain
boundary width, respectively. D is the volume diffusion
coefficient of the solute atoms in the matrix. It is this dif-
fusion coefficient that enters Eq. (5) because the slow
process of bulk solute diffusion toward the dislocations
is the ‘‘bottleneck’’ controlling the overall segregation
kinetics.

During the high-pressure studies the situation is further
complicated by the fact that the high pressure after heat
treatment is decreased as the sample cools. Therefore, the
pressure dependence of the volume diffusion coefficient
should be accounted for. The volume diffusion coefficient
changes with pressure as

DðP Þ ¼ D0 exp �Qþ PV D

RT

� �
; ð6Þ

where VD is the activation volume. The release of pressure
occurs simultaneously with cooling according to

P ¼ P 0 þ ðT 0 � T Þ
_P
_T
: ð7Þ

The activation volume of bulk diffusion for vacancy diffu-
sion mechanism is [16]

V D ¼ V F � V B þ V M; ð8Þ
where VF � VB is the formation volume of a vacancy/
impurity atom pair and VM is the activation volume for
the exchange between the vacancy and impurity atoms.
Although no quantitative data are available regarding the
activation volume for the bulk diffusion of Bi in Cu, it
can be safely assumed that it is positive; the diffusion coef-
ficient decreases with increasing pressure. This is always the
case for substitutional diffusion in face-centered cubic met-
als [16]. The gradual release of pressure during cooling of
the high-pressure cell means that cooling process takes
place under high hydrostatic pressures that slow down
the bulk diffusion. This decreases the additional, non-
equilibrium segregation caused by slow cooling.

Contrary to volume diffusion, much less is known about
the effect of pressure on GBs and dislocation pipe diffusion.
The scarce data available in the literature [20,21,23] indi-
cate that the activation volume for GB diffusion is lower
than that for volume diffusion, probably because there is
more free volume in the GBs and, therefore, more relaxa-
tion around the vacancies there. In a previous work [22],
we assumed that the dislocation pipe diffusion is so fast
that it does not limit the supply of Bi atoms to the GBs.
In the absence of detailed information on the pressure
effect on dislocation pipe diffusion we will assume that this
hypothesis is also valid for heat treatments under high
pressures.

The total amount of segregated atoms at GBs is the sum
of the equilibrium amount at the annealing temperature
and the amount arriving at GBs during cooling (Eqs. (4)
and (5)):
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xU ¼ xUðP ; T 0Þ þ
qdxbd

2d _T

Z T A

T 0

DðP Þ dT : ð9Þ

It should be noted that the total amount of segregated
atoms cannot exceed the equilibrium value at room
temperature.
4.2. Stability of the volume phases

The atomic volume at 0 K and the coefficient of thermal
expansion are necessary for estimating the pressure influ-
ence on the stability of phases (Eq. (1)). Because there
Table 2
Parameters used to estimate the relative stability of phases in the Cu–Bi alloy

Element (phase) V0 (cm3/mol) a0 (·10�6 K�1)

Bi (S) 21.3245 10.0000
Bi (L) 21.3245 4.4034
Bi (U) 21.3245 20.0000

Cu (S) 7.0922 8.9679
Cu (L) 7.0922 33.3750
Cu (U) 7.0922 17.9358

S, L and U stand for the bulk solid, bulk liquid and ordered (solid) GB phas
defined by Eq. (2).
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are no data about the atomic volume of liquid Bi and Cu
at 0 K, the values of the atomic volume of solid Bi and
Cu at 0 K are used. The parameters used to calculate the
Cu–Bi phase diagram are listed in Table 2 [24]. The solidus
and liquidus lines calculated are drawn in Fig. 6. Both lines
shift towards higher Bi concentrations as pressure
increases, which means that at higher pressures the liquid
phase is less stable than the solid solution. The retrograde
solidus line shifts about 4 · 10�3 at.%/GPa. Under our
assumption of equal atomic volumes of the solid and liquid
phases at 0 K, the higher thermal expansion coefficient of
the liquid phase is responsible for its lower stability.
s

a1 (·10�8 K�2) a2 (·10�11 K�3) a3 (K)

1.4656 �1.8780 0.00399
0 0 0
2.9312 �3.7560 0.00798

2.4527 �1.0471 0.00630
0 0 0
4.9054 �2.0942 0.01260

es, respectively. V0 is the atomic volume at 0 K and the coefficients ai are
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Fig. 6c represents an enlarged diagram of area A from
Fig. 6a. At a given Bi concentration, the solidus line shifts
toward lower temperatures with increasing pressure. The
change in solidus temperature for Cu–50 at.ppm Bi is
about 10 K/GPa. Fig. 6d shows an enlarged diagram of
area A from Fig. 6b. The liquidus line shift with pressure
is slight (1 at.%/GPa). This indicates that the high pressure
has little effect on the concentration of the liquid phase
and, probably, on the properties of the quasi-liquid phase
at the GBs.

4.3. Stability of the GB phases

According to the pre-wetting segregation model devel-
oped in our earlier work [4], the GB segregation of Bi in
Cu–Bi alloys can be described in terms of an equilibrium
between the solid and quasi-liquid GB phases. In full anal-
ogy with the bulk phases, the stability of these GB phases
depends on the effective atomic volumes (Eq. (3b)). In the
absence of any reliable experimental data, we made the
simplest assumption that at 0 K the atomic volume of
the GB quasi-liquid phase is the same as that of the bulk
liquid phase, and the atomic volume of the GB solid phase
is the same as that of the bulk solid phase. Certainly, the
latter assumption ignores the free volume of the GB, how-
ever, this volume is negligible with respect to the difference
of atomic volumes of the Cu-based solid phase and Bi-rich
liquid phase. Fortunately, in an elegant work of Gleiter
and co-workers the thermal expansion coefficient of the
GB phase was experimentally measured [25]. We adopted
the value of 4 · 10�5 K�1 for our calculations, which is lar-
ger than the thermal expansion coefficient of the bulk solid
phase by a factor of 2.

The temperature dependence of GB enrichment for
Cu–50 at.ppm Bi calculated according to the model of
pre-wetting phase transition is shown in Fig. 7. It can be
seen from this figure that the amount of Bi segregated at
GBs at 973 and 1173 K is pressure-independent. The only
significant effect caused by high pressures is the shift of
GB solidus temperature.
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Fig. 7. The calculated temperature dependencies of Bi excess at the GBs in
Cu–50 at.ppm Bi alloy at various pressures.
The calculated results (Fig. 7) showing that the GB
enrichment at 973 K is pressure-independent explains the
experimental data in Fig. 4a. Indeed, the segregation level
at 973 K amounts to about 2 MLs, which is a saturation
level for high-energy random GBs [4]. Being saturated with
Bi, the GBs do not adsorb any additional Bi atoms during
cooling. On the contrary, the predictions of our model dis-
agree with the decrease of GB enrichment with increasing
pressure experimentally observed at 1173 K (see Fig. 4b).
The results of the segregation experiments with the differ-
ent cooling rates (see Fig. 5) hint at the reason for this dis-
agreement. In the following section we will discuss the
additional, non-equilibrium GB segregation occurring dur-
ing slow cooling with and without applied hydrostatic
pressure.

4.4. Influence of the cooling rate in vacuum

We will first discuss the effect of slow cooling on the
observed GB segregation for annealing without applied
high pressure. In a previous work [22], we have shown
that while the bulk diffusion of Bi is a factor that controls
the kinetics of GB segregation in the single-phase region
of the Cu–Bi phase diagram (and, correspondingly, the
McLean model is valid), a much faster diffusion of Bi
along disordered quasi-liquid dislocation cores controls
the kinetics of GB segregation in the two-phase region.
Our further analysis is based on these findings of Ref.
[22]. In addition, we will assume that the cooling rate is
time-independent.

Fig. 8 shows the additional, non-equilibrium amount
of segregated Bi calculated according to Eq. (5) as afunc-
tion of the annealing temperature (TA) for different cool-
ing rates (indicated near the corresponding curves). Each
curve exhibits a sudden slope change at the bulk solidus
temperature of 1033 K (dashed line). According to our
previous work, this is the temperature at which the pre-
wetting phase transformation along the dislocations cores
occurs. Because the kinetics of GB segregation in the two-
phase region is much faster than that in the single-phase
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10-4

10-3

10-2

10-1

100

L
M ,tne

mhcirne yradnuob niar
G

Dislocation solidus
temperatur

103

102

10

1

Annealing temperature, K

Fig. 8. The dependence of the additional, non-equilibrium amount of Bi
segregated at the GBs during cooling on annealing temperature.
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region, a major contribution to the amount of Bi segre-
gated at the GBs during cooling comes from the Bi atoms
transported to the GBs at temperatures just below the
bulk solidus temperature. Therefore, the additional, non-
equilibrium amount of Bi segregated at GBs remains
almost unchanged (1 ML) when a specimen is annealed
in the single-phase region (above solidus temperature)
and then slowly cooled.

If, however, the specimen is annealed within the two-
phase region, an additional amount of segregated Bi
decreases with decreasing annealing temperature, since
Bi atoms diffuse slower at lower temperatures. The addi-
tional amount of segregated Bi falls below 0.1 ML for
cooling rates faster than 50 K/s. This estimate demon-
strates that quenching samples into water (ca. 500 K/s)
produces cooling rates that are fast enough to maintain
the equilibrium segregation established at high tempera-
tures. Therefore, the data of Fig. 5b can be considered
as equilibrium Bi segregation levels at the GBs at
1173 K.

The total calculated (equilibrium and non-equilibrium)
amount of Bi segregated at GBs in the Cu–50 at.ppm Bi
alloy for several different cooling rates is shown in Fig. 9.
For a cooling rate higher than 10 K/s, an abrupt change
in segregation can be observed, while for the cooling rate
of 1 K/s, the total amount of segregated Bi remains at
2 MLs and no abrupt changes occur. This is in agreement
with the experimental data of Fig. 5a corresponding to a
cooling rate of 1.25 K/s.
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Fig. 9. The calculated temperature dependencies of Bi excess at the GBs in
Cu–50 at.ppm Bi alloy for various cooling rates without applied pressure.
4.5. Influence of the cooling rate at high pressure

In the previous section, we discussed the effect of cooling
rate on the observed GB segregation after annealing in vac-
uum or without applied high pressure. Applying a high
pressure during both annealing and cooling changes the
results of the previous paragraph, firstly, by shifting the
solidus temperature, and secondly, by changing the bulk
diffusion coefficient of Bi in Eq. (5). Both effects should
be taken into account while calculating the total amount
of Bi segregated at GBs in the Cu–50 at.ppm Bi alloy as
a function of annealing temperature and pressure.

Because the activation volume for Bi bulk diffusion in
solid Cu is unknown, it will be considered as a fitting
parameter to fit the experimental data in Fig. 4b. The best
fit was achieved with an activation volume of 20.2 cm3/
mol. This value is closer to the atomic volume of Bi at
0 K than to the atomic volume of Cu (see Table 2).
Roughly speaking, the activation volume for bulk diffusion
can be split into a vacancy formation volume and an acti-
vation volume for the vacancy–impurity exchange. While
the former should be slightly lower than the atomic volume
of Cu, the latter can be quite large because of the difficulties
in moving the oversized Bi atom in the Cu lattice. Fig. 10
presents the additional, non-equilibrium amount of segre-
gated Bi calculated for annealing at different temperatures
and pressures. This non-equilibrium addition decreases
with increasing pressure. In the two-phase region, it
increases with increasing annealing temperature, while no
changes occur in the single-phase region because of the
low bulk diffusion rate. The solidus temperature shift
caused by high pressure is not large enough to produce a
noticeable effect on the amount of segregated Bi. The effect
of high pressure on bulk diffusion is the main reason for the
decrease in GB segregation.

The total amount of Bi segregated at the GBs is the sum
of the equilibrium segregation xU(P,T0), which, according
to our estimates, is hardly affected by high pressure, and
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the additional, non-equilibrium amount (DxU) adsorbed at
the GBs during cooling. The calculated total Gibbsian
excess of segregated Bi at the GBs in the Cu–50 at.ppm
Bi samples annealed at 1173 K and under different pres-
sures is shown in Fig. 11 along with the corresponding
experimental data. The agreement between the experimen-
tal data and our model is satisfactory.

5. Conclusions

We studied the effect of high hydrostatic pressures on
the segregation of Bi at GBs in a Cu–50 at.ppm Bi alloy
annealed at 973 and 1173 K. The following conclusions
can be drawn from our study:

1. It was found that the overall effect of pressure on the
grain boundary segregation of Bi in Cu is weak. At
973 K the amount of segregated Bi was about 2 MLs
for all pressures studied. At 1173 K the increase in pres-
sure led to a weak decrease of the amount of segregated
Bi from 2 MLs at 0.01 GPa down to 1.5 MLs at
1.2 GPa.

2. The Cu–Bi alloy heat treated at 0.01 GPa and cooled at
a rate of 1.25 K/s in the high-pressure apparatus exhib-
ited the segregation amount of 2 MLs for all annealing
temperatures, while the Cu–Bi alloy annealed in vacuum
and quenched into water showed an abrupt change in
the temperature dependence of the Bi segregation at
about 1043 K.

3. Model calculations of the dependence of GB segregation
on annealing pressure were performed. It was shown
that the applied high pressure affects the GB segregation
indirectly, through the effect of pressure on the relative
stability of bulk and GB phases, the slow cooling rate
in the high-pressure apparatus and the effect of pressure
on the bulk diffusion of Bi in Cu. The slow cooling rate
was shown to be the most important factor affecting the
GB segregation, followed by the pressure effect on bulk
diffusion. Good agreement between the experimental
results and predictions of the model was achieved.

4. It was also shown that quenching the samples into water
after high-temperature annealing provided a cooling
rate high enough to keep the equilibrium segregation
level at the GBs in Cu–Bi alloys.
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