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The non-equilibrium grain boundary co-segregation of boron and magnesium in
Ni3Al B Mg alloys was determined by Auger electron spectroscopy (AES) in conjunction
with ion sputtering in a cooling rate range of 0.05–269 K/s from temperatures of 1023, 1223
and 1373 K. The analytical expressions of diffusion rate equations describing
non-equilibrium segregation process based on the concept that mobile solute-vacancy
complexes migrating to grain boundaries is responsible for non-equilibrium grain
boundary segregation of solute atoms in an alloy was used to simulate well the
experimental results. The diffusion coefficients for boron atoms, boron-vacancy
complexes, magnesium atoms and magnesium-vacancy complexes were determined, and
the binding energy of boron-vacancy and magnesium-vacancy complexes was estimated.
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1. Introduction
The ductilization effect for intermetallic compound
Ni3Al by small amount of boron addition is directly
related to grain boundary segregation of boron [1]. Pre-
vious Work [2–4] has shown that grain boundary seg-
regation of boron in Ni3Al is an equilibrium process.
Recently, in our laboratory, a non-equilibrium grain
boundary segregation of boron in Ni3Al B alloys was
determined by Auger electron spectroscopy (AES) [5].
Further work [6] showed that a small amount of mag-
nesium can increase the ductility of boron-doped Ni3Al
alloys both at room and high temperature, which was
suggested to be related to the enhancement of grain
boundary segregation of boron by magnesium addi-
tion. In this paper, the non-equilibrium grain bound-
ary co-segregation of boron and magnesium was de-
termined by AES in conjunction with ion sputtering in
Ni3Al B Mg alloys. The analytical expression [7, 8]
of diffusion rate equations describing non-equilibrium
segregation process based on the concept that mobile
solute-vacancy complexes diffusing to grain boundaries
(vacancy sinks) is responsible for the non-equilibrium
grain boundary segregation of solute atoms in alloys
was used to simulate the experimental results.

2. Experimental
Two alloys of Ni3Al-0.0944at%B-0.0210at%Mg and
Ni3Al-0.09994at%B-0.0840at%Mg were used in this
work. The alloys were prepared by induction melt-
ing and directionally solidifying under a vacuum of
4 × 10−3 Pa. The resulting alloy plates were homoge-
nized at 1373 K in air for 48 hrs followed by furnace
cooling. The specimens of notched round bar for AES
measurements were cut from the directionally solidified
(DS) alloy plates and the long dimension of specimen
is perpendicular to the growth direction of DS alloys.
The AES specimens were annealed in a quartz tube un-
der vacuum of 10−3 Pa for 48 hrs at 1023, 1223 and
1373 K respectively and cooled to room temperature
under three cooling rates of 269, 4.5 and 0.05 K/s from
each annealing temperature.

Grain boundary segregation profiles of boron and
magnesium were determined by a PH600-type AES
instrument in conjunction with ion sputtering where
the boron concentration was measured by Auger-peak-
height ratio (PHR), and the related test conditions were
listed: 3 kV electron accelerated voltage, 2–2.06 ×
10−7 A electron current, 6.1 × 10−8 Pa vacuum, 30◦
electron incident angle, 4 kV ion accelerated voltage
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and 218–220 µA/cm2 ion current density. Under those
conditions an argon ion sputtering rate of 0.219 nm/s
was determined. On the intergranularly fractured sur-
face for each specimen, 5 to 6 points in different grain
boundaries were analyzed and the resulting data given
were the average values. A quantitative AES with ma-
trix effect correction based on the relative sensitivity
factor [9–11], which is a new quantitative Auger anal-
ysis without standard materials, was used in this study
[12]. The boron and magnesium profiles can be ob-
tained directly from the measured PHR values of the
differential AES.

3. Theoretical expressions
Based on the concept [13–16] that mobile solute-
vacancy complexes migrating to grain boundaries
(vacancy sink) is responsible for the non-equilibrium
grain boundary segregation of solute atoms in alloys
and the driving force for the annihilation of vacancies
at grain boundaries during cooling from initial temper-
atures, an analytical expression was put forward [7, 8].
The solution for the three coupled diffusion equations
of free vacancies, free solutes and solute-vacancy com-
plexes satisfying boundary conditions, and initial and
initial boundary conditions were derived as [7, 8]
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where C f
V, C f

S and CP are the concentration of free va-
cancies, free solutes and solute-vacancy complexes re-
spectively, Df

V, Df
S and DP the diffusion coefficient of

free vacancies, free solutes and solute-vacancy com-
plexes respectively; t is the time, x the distance from
the grain boundary, d the thick of grain boundary
(0.681 nm) [4], Ti initial equilibrium temperature and T
temperature at which the diffusion is apparently inac-
tive (for example, T can be set at 489 K for Ni3Al [17],
A(Ti) and A′(Ti) are initial concentration of solutes and
complexes; K ′(T ) = K (T )A′′(T ), where K (T ) is mass
action constant, A′′(T ) equilibrium concentration of va-
cancies at grain boundaries at temperature T .

4. Experimental and theoretical
simulation results

Figs 1–6 show the grain boundary segregation pro-
files of boron and magnesium in Ni3Al-0.0944at%B-
0.0210at%Mg and Ni3Al-0.0944at%B-0.0840at%Mg
alloys from the temperatures of 1023, 1223 and 1373 K,
and under the cooling rates of 0.05, 4.5 and 269 K/s.
From the figures, it can be seen that the grain boundary
segregation profiles of boron under the conditions men-
tioned above change smoothly with distance from the
peak at grain boundaries and have a long enrichment
tail of decreasing concentration. They are composed
of two regions. In the first region, the boron concen-
tration has a peak value at the grain boundary and de-
creases quickly to a low value as it is apart from the
grain boundary within a short distance of 0.6–1 nm. In
the second region, the boron concentration decreases
slowly with a tail of lower concentration within a long
distance of larger than 1.2 nm. Thus the shape of con-
centration profiles indicates that both processes of equi-
librium and non-equilibrium segregation of boron take
place simultaneously at grain boundary of Ni3Al. The
equilibrium segregation is dominant in the first segrega-
tion region and the non-equilibrium segregation in the
second segregation. However, the grain boundary seg-
regation profiles of magnesium change slightly with
distance from a lower concentration at grain bound-
aries and have a long enrichment tail within a long
distance of larger than 1.2 nm. The shape of con-
centration profiles indicates that the process of non-
equilibrium segregation takes place at grain bound-
aries in Ni3Al B Mg alloys. Compared with the grain
boundary segregation profiles of boron in boron-doped
Ni3Al alloy (Ni3Al-0.0944at%B) without the addition
of magnesium (see Fig. 7), the magnesium addition
can enhance the segregation concentration of boron at
grain boundaries. There exists a grain boundary non-
equilibrium co-segregation of boron and magnesium.
It is found that the non-equilibrium grain boundary
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Figure 1 Experimental segregation profiles (solid line) and calculated segregation profiles (dashed line) in Ni3Al with 0.0944at%B and 0.0210at%Mg.
The starting temperature is 1373 K and the cooling rates are (a) 269 (b) 4.5 and (c) 0.05 K/s.

Figure 2 Experimental segregation profiles (solid line) and calculated segregation profiles (dashed line) in Ni3Al with 0.0944at%B and 0.0210at%Mg.
The starting temperature is 1223 K and the cooling rates are (a) 269 and (b) 4.5 K/s.

enrichment and the enrichment zone of boron and mag-
nesium increase with increasing the initial temperature
or decreasing the cooling rate. It is also shown that the
grain boundary segregation concentration of boron in-
creases, but that of magnesium decreases with increas-
ing magnesium content.

The Equations 2 and 3 have been applied to fit the
experimental data and to verify the theoretical expres-
sion. To determine the parameters of diffusion coeffi-
cients for boron and magnesium atoms, Df

S and boron-

vacancy complexes, DP and binding energy of com-
plexes, Eb(B) an assumption was made that the diffusion
frequency factor and binding energy of solute-vacancy
complexes are equal to diffusion frequency factor of
vacancy and diffusion activation of solute, respec-
tively [13]. By adjusting these three parameters step
by step, the segregation profiles were calculated (see
Fig. 7). Good agreement between the experimental data
and calculation for the non-equilibrium segregation of
boron in boron-doped Ni3Al is achieved [5, 8].
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Figure 3 Experimental segregation profiles (solid line) and calculated segregation profiles (dashed line) in Ni3Al with 0.0944at%B and 0.0210at%Mg.
The starting temperature is 1023 K and the cooling rates are (a) 269 and (b) 4.5 K/s.

Figure 4 Experimental segregation profiles (solid line) and calculated segregation profiles (dashed line) in Ni3Al with 0.0944at%B and 0.0840at%Mg.
The starting temperature is 1373 K and the cooling rates are (a) 269 (b) 4.5 and (c) 0.05 K/s.

The diffusion coefficients for boron atom and boron-
vacancy complexes were determined to be Df

B = 1 ×
10−6 exp[−1.96 (eV)/kT ] and DP(B) = 1 × 10−4

exp[−1.96 (eV)/kT ] (m2/s), respectively and the bind-
ing energy value of boron-vacancy complexes was esti-
mated to be Eb(B) = 0.5 eV in boron-doped Ni3Al [5, 8].

To simulate the grain boundary segregation of boron
and magnesium in Ni3Al B Mg alloys an assump-
tion was made that the magnesium addition doesn’t

change the coefficients of boron atom and boron-
vacancy complexes in boron-doped Ni3Al. Thus the
parameters to be determined are only the coeffi-
cients for magnesium, Df

Mg and magnesium-vacancy,
DP(Mg) and binding energy of boron-vacancy, Eb(B)
and magnesium-vacancy, Eb(Mg). By adjusting these
four parameters step by step, the non-equilibrium seg-
regation profiles were calculated and are shown as
dashed lines in the Figs 1–6. There is good agreement
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Figure 5 Experimental segregation profiles (solid line) and calculated segregation profiles (dashed line) in Ni3Al with 0.0944at%B and 0.0840at%Mg.
The starting temperature is 1223 K and the cooling rates are (a) 269 and (b) 4.5 K/s.

Figure 6 Experimental segregation profiles (solid line) and calculated segregation profiles (dashed line) in Ni3Al with 0.0944at%B and 0.0840at%Mg.
The starting temperature is 1023 K and the cooling rates are (a) 269 and (b) 4.5 K/s.

between the experimental data and calculation for
the non-equilibrium segregation of boron and magne-
sium in Ni3Al B Mg alloys. The diffusion coefficients
for magnesium and magnesium-vacancy were deter-
mined to be Df

Mg = 4.4 × 10−6 exp[−2.52 (eV)/kT ]
and DP(Mg) = 1 × 10−4 exp[−2.52 (eV)/kT ] (m2/s], re-
spectively, where the frequency factor was taken from
the diffusion data of magnesium in pure nickel [18],
that is D0(Mg) = 4.4 × 10−6 m/s2. The binding energy
value of magnesium-vacancy and boron-vacancy com-
plexes was estimated to be Eb(B) = 0.66 eV for Ni3Al-
0.0944at%B-0.0210at%Mg alloy and Eb(B) = 0.71 eV
for Ni3Al-0.0944at%B-0.0840at%Mg alloy. Compared
with Eb(B) = 0.5 eV for boron-doped Ni3Al without
magnesium addition, the magnesium addition can in-
crease the binding energy of boron-vacancy complexes,
which will lead to enhance grain boundary segregation
of boron in boron-doped Ni3Al alloys.

5. Discussion
In this paper, the experimental results combined with
the theoretical simulations indicate that both equilib-
rium and non-equilibrium segregation of boron and
non-equilibrium segregation of magnesium exist at
the grain boundary in Ni3Al. There exists the grain

boundary non-equilibrium co-segregation of boron and
magnesium in Ni3Al B Mg alloys. Moreover, the
moderate attractive interactions between boron and
magnesium can give rise to an increase in the binding
energy of boron-vcancy, which leads to enhance grain
boundary segregation of boron.

The correctness of quantitative description for non-
equilibrium segregation of boron and magnesium de-
pends on the correct determination of parameters
needed for the theoretical calculation in this study. Un-
der the condition of complete segregation profiles mea-
sured experimentally the parameters needed for the-
oretical fitting to experimental profiles can be deter-
mined uniquely. However, the completeness of exper-
imental segregation profiles cannot be obtained from
the limitation of experimental conditions. In this paper,
to determine the parameters of diffusion coefficients
for boron and magnesium atoms, boron-vacancy and
magnesium-vacancy complexes and binding energy of
complexes, an assumption was made that the diffusion
frequency factor and binding energy of solute-vacancy
complexes are equal to the diffusion frequency factor
of vacancy and diffusion activation energy of solute,
respectively, which simplifies the condition for the pa-
rameter determination. From the discussion above, it is
necessary to verify the complex diffusion mechanisms
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Figure 7 Experimental segregation profiles (solid line) and calculated segregation profiles (dashed line) in Ni3Al with 0.0944at%B. The starting
temperature is 1373 K and the cooling rates are (a) 269 (b) 4.5 and (c) 0.05 K/s.

for quantitative description of non-equilibrium segre-
gation. However, limited work has been done in this as-
pect [19, 20]. Recently, Choudhury et al. [4] estimated
the diffusion activation energy of boron in Ni3Al to be a
range of 2.07–3.11 eV from the equilibrium segregation
kinetics treatment. In this paper, the diffusion activation
energy of boron was determined to be 1.96 eV, which
is a reasonable value.

6. Conclusion
1. Both equilibrium and non-equilibrium grain bound-
ary segregation of boron and non-equilibrium grain
boundary segregation of magnesium in Ni3Al B Mg
alloys were determined by AES in conjunction with ion
sputtering in a cooling rate range of 0.05–286.91 K/s
and an initial temperature range of 1023–1373 K. The
grain boundary segregation enrichment and enrichment
zone increase with increasing initial temperature and
decreasing cooling rate.

2. There exists a grain boundary non-equilibrium co-
segregation of boron and magnesium in Ni3Al B Mg
alloys. The magnesium addition can increase the bind-
ing energy of boron, which leads to enhanced grain

boundary segregation of boron in boron-doped Ni3Al
alloys.

3. The analytical expressions of diffusion rate equa-
tions describing non-equilibrium segregation process
based on the concept that mobile solute-vacancy com-
plexes migrating to grain boundaries (vacancy sinks)
is responsible for the grain boundary non-equilibrium
segregation of solute atoms in an alloy were used to
simulate well the experimental segregation profiles of
boron and magnesium in Ni3Al B Mg alloys. The
diffusion coefficients for boron atoms and boron-
vacancy complexes in Ni3Al B alloys were determined
to be Df

B = 1 × 10−6 exp[−1.96 (eV)/kT ] and DP(B) =
1 × 10−4 exp[−1.96 (eV)/kT ] (m2/s), respectively, and
the binding energy value of boron-vacancy complexes
was estimated to be Eb(B) = 0.5 eV. The diffusion coef-
ficients for magnesium atoms and magnesium-vacancy
complexes in Ni3Al B Mg alloys were determined to
be Df

Mg = 4.4 × 10−6 exp[−2.52 (eV)/kT] and DP(Mg)=
1 × 10−4 exp[−2.52 (eV)/kT ] (m2/s), respectively, and
the binding energy value of magnesium-vacancy and
boron-vacancy complexes was estimated to be EP(Mg)=
0.67 eV, Eb(B)=0.66 eV (for 0.0210at%Mg) and Eb(B)=
0.71 eV (for 0.0840at%Mg).
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