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Diffusion and Growth of the l Phase
(Ni6Nb7) in the Ni-Nb System
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Incremental diffusion couple experiments are conducted
to determine the average interdiffusion coefficient and
the intrinsic diffusion coefficients of the species in
the Ni6Nb7 (l phase) in the Ni-Nb system. Further, the
tracer diffusion coefficients are calculated from the
knowledge of thermodynamic parameters. The diffusion
rate of Ni is found to be higher than that of Nb, which
indicates higher defect concentration in the Ni sublattice.
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In the latest single or polycrystalline Ni-based super-
alloys, significant proportions of refractory elements
such as niobium, molybdenum, and tungsten are added
to enhance the high-temperature performance of the
alloy. However, during exposure at high temperatures
and pressures, topological-close-packed (tcp) com-
pounds such as the l, r, and Laves phases nucleate
and grow.[1–6] Owing to their poor mechanical proper-
ties, the presence of tcp phases degrades the tensile and
creep properties of Ni-based superalloys significantly.[3]

Moreover, the loss of alloying elements from the matrix
may also lead to chemical degradation.[2,3]

Many studies have concentrated on the development
of the Nb-Ni phase diagram. Despite the extensive work
done on the system, confusion still exists over the
composition range of some of the phases.[7–19] Since
diffusion plays a major role on the growth of these
phases in the superalloys, understanding of the diffusion
mechanisms would provide considerable insight into the
development of microstructures in Ni-based superalloys.
However, very little has been done to understand the
diffusion mechanism. Sluiter et al.[20] studied the site
occupancy in the l phase in this system in order to
obtain a clearer view about the possible atomic diffusion
mechanisms. Further, Sprengel et al.[21,22] studied the
growth kinetics and calculated the interdiffusion coeffi-

cient of the phases. They studied interdiffusion by using
the diffusion couple technique where the end members
were made of pure elements. Consequently, both the
intermetallic compounds Ni3Nb and the Ni6Nb7-l grew
together under these circumstances. It should be noted
that the interdiffusion coefficient ~D in Ni3Nb, as
calculated in References 21 and 22, did not change
systematically with temperature, which can be regarded
as an experimental error. Since, in multiphase diffusion,
the growth of one phase is dependent on the growth of
other phases, it is likely that the value of ~D calculated in
Ni6Nb7-l phase was also affected by this error. More-
over, there is no knowledge about the intrinsic diffusion
coefficient of the species. Hence, there is a clear need to
obtain quantitative diffusion kinetic data on the growth
of IMCs in the Nb-Ni system.
The aim of the present work is to calculate the

intrinsic and interdiffusion coefficient from incremental
diffusion couple experiments in the Ni6Nb7 l phase. The
composition of the end members of a diffusion couple is
chosen such that only one phase grows in the interdif-
fusion zone. This helps to avoid any errors one might
introduce because of the presence other phases in the
interdiffusion zone. A further objective is to calculate
the activation energy for diffusion, which provides
information about the atomic mechanism of diffusion
and helps in predicting the defect structure of the
compounds. Surprisingly, to date, there are hardly any
data available on mobilities of the species in these TCP
compounds.
In this study, an incremental diffusion couple tech-

nique was used to determine the diffusion parameters
owing to the reasons discussed previously. Ni and Nb
with 99.95 wt pct purity supplied by Alfa Aesar (Ward
Hill, MA) were used to fabricate the samples. The Nb59
at. pct Ni alloy was prepared in an arc melting furnace
and then homogenized at 1373 K (1100 �C) for
50 hours. Subsequently, pieces with 69 6 mm2 cross
section and 1-mm thickness were cut from the alloy and
coupled with pure Nb of similar dimensions. Bonding
faces of the couple halves were ground with emery
papers and polished with 0.25-lm alumina slurry. To
finalize the sample preparation, the polished surfaces
were cleaned ultrasonically in ethanol and dried in hot
air. The bonding halves were clamped with minimum
pressure required in a special fixture to allow good
contact between the bonding surfaces. Experiments were
conducted in vacuum (~10–7 kPa) in the temperature
range of 1273 K to 1423 K (1000 �C to 1150 �C) for
fixed annealing time 25 hours. The temperature was
controlled within ±5 �C. Prior to annealing, particles of
titanium dioxide (TiO2) were introduced as the Kirken-
dall markers at the bonding interface. The oxide powder
with particle size of ~1 lm was dispersed in acetone and
then applied onto the bonding surfaces before joining.
After standard metallographic sample preparation,

cross sections of annealed diffusion couples were exam-
ined in a scanning electron microscope and composition
profiles of the interdiffusion zone were measured using
an energy-dispersive X-ray spectrometer. The position
of the Kirkendall marker plane was monitored with the
presence of the X-ray peak of Ti.
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Figure 1(a) shows a scanning electron micrograph of
the interdiffusion zone that developed during annealing
at 1323 K (1050 �C). Figure 1(b) shows the correspond-
ing measured and the average composition profile
considered in the calculations. It is to be noted that
confusion over the composition range of the phases in
this system still exist. Our composition profile, however,
matches well with the composition range proposed by
Joubert et al.,[15] as shown in Figure 2, compiled by
Okamoto.[17]

The interdiffusion coefficient, ~D, is calculated follow-
ing Wagner’s[23] relation expressed as
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where Ni is the mole fraction of component i. The
superscripts+and – refer to the mole fractions at the
unreacted left-hand (x = �¥) and right-hand
(x = +¥) ends of the couple, respectively, and Vm is
the molar volume. The molar volume of Nb and the l
phase are calculated as 10.829 10–6 and 8.539 10–6

m3/mol, from the lattice parameter data available in
the literature.[24] The average molar volume of the al-
loy (Nb59 at. pct Ni) is calculated as 8.099 10–6 m3/
mol from the volume fraction of the phases and their
respective molar volumes. The molar volume of the
Ni3Nb phase is considered as 7.499 10–6 m3/mol. It
was noticed that there were hardly any changes in the

value of ~Dl with composition, a fact also found by
Sprengel et al.[22] The average value calculated is
shown in Figure 3 with respect to Arrhenius equation
expressed as

~Dl ¼ ~D0 exp �
Q

RT

� �
½2�

where ~D0 is the pre-exponential exponent and Q is
the activation energy. The activation energy calcu-
lated using Eq. [2] is found to be 319 ± 7 kJ/mol.
The activation energy calculated by Sprengel et al.[22]

was found to be 271 kJ/mol. When considering the
difference in these values, it should be noted that the
present value was determined using incremental diffu-
sion couples, whereas that of Sprengel et al.[22] was
calculated from the data obtained by using pure ele-
ments as the end members. Thus, in the present case,
the effect of other growing phases inside the diffu-
sion zone on the activation energy of Ni6Nb7 was
excluded. Although the error percentage is not men-
tioned by Sprengel et al., our rough estimation indi-
cates that the error in the present calculation is lower
than the error in their calculations. It was already
mentioned previously that the interdiffusion coefficient
~D in Ni3Nb calculated by Sprengel et al. did not
change systematically with temperature. Ideally, the
diffusion coefficient is a material constant. The layer
thickness depends on the end-member compositions
and the number of phases present in the multiphase
interdiffusion zone. The composition profile of the
entire interdiffusion zone is important for the calcula-
tion of the diffusion parameter in a particular phase.
So, in multiphase diffusion, if there is a problem with
growth of a particular phase for any reason, calcula-
tion of the diffusion parameter in other phases will
also be affected. Therefore, we can expect a higher
error in calculation of ~D in the Ni6Nb7-l phase by
Sprengel et al. in the multiphase diffusion zone com-
pared to the data calculated in the present study
from an incremental couple.
The intrinsic diffusion coefficient, Di, of element i in

the l phase is determined at the Kirkendall marker
plane (~55 at. pct Nb) detected by the presence of inert
TiO2 particles. The inert particles move depending on
the relative mobilities of species. The ratio of diffusiv-
ities of the elements can be calculated at the composition
corresponding to the Kirkendall marker plane using the
relation developed by van Loo:[25]
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Fig. 1—(a) Interdiffusion zone developed at 1373 K (1100 �C)
annealed for 25 h in the (Nb59 at. pct Ni)/Nb diffusion couple and
(b) corresponding composition profile.
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Here, VNi and VNb are the partial molar volume of the
species Ni and Nb at the composition of interest that is
at the Kirkendall marker position. Because of the lack

of knowledge on the change in lattice parameter and
molar volume with composition in the l phase, we
assume that VNi ¼ VNb ¼ Vl

m. It should be noted that
some error could be introduced because of this assump-
tion. For example, the ratio of the partial molar volume

of the species, VMo

VCo
, is around 2[26] in the l phase. Further,

Dl
Ni and Dl

Nb are the intrinsic diffusion coefficients at the
composition of interest, calculated from the knowledge

of ~D and the ratio of intrinsic diffusivities by using[25]

~Dl ¼ CNiVNiD
l
Nb þ CNbVNbD

l
Ni ½4�

Here, CNi and CNb are the concentrations of elements
Ni and Nb, respectively. Since we have assumed
VNi ¼ VNb ¼ Vl

m and concentration is expressed as
Ci ¼ NNi=Vm, Eq. [4] can be written

~Dl ¼ NNiD
l
Nb þNNbD

l
Ni ½5�

The ratio of the intrinsic diffusion coefficient of the

elements,
Dl

Ni

Dl
Nb

, was found to be in the range of 3.84 to

4.76 at different temperatures. It should be noted that
the ratio calculated different temperatures are more or
less the same. The change in intrinsic diffusion of
elements at different temperatures is presented in
Figure 4(a).
The diffusion couple technique is considered as an

indirect but reliable method to determine the tracer

Fig. 2—Ni-Nb phase diagram compiled by Okamoto.[17] Dotted line shows the average composition of the alloy prepared to the couple with
pure Nb.
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Fig. 3—Average ~D of the l phase calculated at different temperatures.
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diffusion coefficient of elements, D�i .
[27] The D�i are

related with Di following the relation[25]
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where ai is the activity of element i; d ln aNi

d lnNNi
¼ d ln aNb

d lnNNb
is

the thermodynamic factor; and W is the vacancy wind
effect, which is difficult to calculate because of the
complicated crystal structure of the l phase. It has
already been shown that the contribution of W, in
general, can be neglected (that means W � 1). Further,
we assumed earlier that VNi ¼ VNb ¼ Vl

m. The thermo-
dynamic factor was calculated at 55 at. pct on the
basis of a thermodynamic assessment,[15] yielding 4.03,
3.93, 3.88, 3.84, and 3.74 at 1273 K, 1323 K, 1348 K,

1373 K, and 1423 K (1000 �C, 1050 �C, 1075 �C,
1100 �C, and 1150 �C), respectively. The D�i values of
elements calculated at 55 at. pct at different tempera-
tures are presented in Figure 4(b).
There is not much difference in the activation energy

for diffusion of elements and the margin mainly comes
from the difference in the pre-exponential factor.
Although the number of Nb atoms is higher than that
of Ni atoms, the faster diffusion rate of Ni indicates that
the concentration of defects in the Ni sublattice must be
higher than that of the defects in the Nb sublattice. In
fact, a similar trend was noticed in the l phase in the
Co-Mo system. The diffusion rate of Mo was found to
be higher in the Co7Mo6 l phase.[25] On the other hand,
Fe had a faster diffusion rate in the Fe7Nb6 l phase in
the Fe-Nb system,[28] where the number of Fe atoms is
higher than Nb. The diffusion process in ordered phases
is very complicated, because it depends on the presence
of antisites and vacancies. Moreover, the concentration
of these defects was not necessarily the same on different
sublattices. To date, only Ni-Al[29–31] is studied exten-
sively where diffusion of different elements in interme-
tallic compounds is discussed with the help of defect
concentrations calculated on different sublattices. The
crystal structure of the m phase is more complicated
compared to the b and c phases in the Ni-Al system.
There is an effort to understand the diffusion process
with respect to the defects available in other systems.[32]

Data calculated in this study will help in understanding
the atomic mechanism of diffusion and validate theo-
retical calculations on defect concentrations in the l
phase.
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