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Abstract Interdiffusion study of the Co-Nb system is
conducted to determine the diffusion parameters in differ-
ent phases. The integrated diffusion coefficients at different
temperatures are calculated for the Nb,Co; phase, which
has very narrow composition range. The interdiffusion
coefficients at different compositions in the NbCo, Laves
phase are determined. The interdiffusion coefficient in this
phase decreases with increasing Nb content to the stoi-
chiometric composition. Further, the average interdiffusion
coefficient in the NgCo7-u phase is determined. The acti-
vation energies for diffusion in different phases are cal-
culated, providing valuable information regarding the
diffusion mechanism. In addition, an experiment using
Kirkendall markers is conducted to calculate the relative
mobilities of the species.

Introduction

Ni-, Co-, and Fe-based superalloys are extensively used in
aircraft engines, land-based gas turbines, rocket engines,
and chemical and petrochemical plants because of their
excellent corrosion resistance, phase stability, and superior
strength at elevated temperatures. Different refractory
elements such as Nb, Mo, Ta, W, and Re are added to the
alloys to enhance the strength of these materials. However,
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during long exposure at high operating temperatures,
undesirable topologically closed packed (TCP) phases such
as the Laves, g, and p phases are found to grow. These
compounds are very brittle in nature and lead to degrada-
tion of the structure [1-3].

The Co—Nb system has drawn special attention because
of the presence of different types of Laves phases such as
Cl14, C15, C36 [4], and the u phase. Extensive research is
being conducted to develop the Co—Nb phase diagram
[4-7]. Stein et al. [4] have recently published a phase
diagram that was developed using equilibrated alloys and
diffusion couples. This phase diagram is considerably dif-
ferent from the phase diagram proposed by Okamoto [7],
which is based on the research by Harikumar et al. [6],
especially in the Co-rich alloys.

Some studies on diffusion are available in this system
[8-10]. However, further detailed analysis based on a
recently reported phase diagram is required [4]. It is nec-
essary to determine the systematic change in the activation
energy in the NbCo, Laves phase to understand the dif-
fusion mechanism. The activation energies for the growth
of Nb,Co; and NbgCo;-u should also be determined.
Moreover, attempts should also be made to acquire
knowledge on relative mobilities of the species.

Therefore, the aim of this study is to investigate inter-
diffusion in the Co—-Nb system. First, the growth kinetics of
the phases is determined, and activation energy for growth
is calculated. Different diffusion parameters such as inter-
diffusion, and integrated and average interdiffusion coeffi-
cients in the different phases are calculated. The activation
energy for diffusion is calculated for all the phases,
which reveals the possible diffusion mechanism. Further-
more, experiments on incremental diffusion couples are
performed to investigate the relative mobilities of the
species.
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Experimental procedure

Diffusion couple technique was used to determine different
diffusion parameters. Foils of Co and Nb—having
99.95 wt% purity supplied by Alfa Aesar, USA—were
used as starting materials. The foils were cut into pieces of
6 x 6 mm” cross section and 1-mm thickness. Bonding
faces of the couple halves were ground with emery papers
and fine polished using 0.25-pm alumina slurry. The pol-
ished surfaces were ultrasonically cleaned in ethanol and
dried in hot air. Then, the bonding halves were clamped
with minimum pressure required in a special fixture to
enable good contact. The experiments were performed in
vacuum (~ 107° mbar) at temperatures in the range of
900-1200 °C. Once the required vacuum level was
achieved, the samples were heated to the target temperature
at a rate of 5 °C/min. The temperature was maintained
within £5 °C of the target temperature. Before annealing,
particles of titanium dioxide (TiO,) were introduced as
Kirkendall markers at the bonding interface. Oxide powder
with particle size of about 1 um was dispersed in acetone
and then applied onto the bonding surfaces before joining.
In order to investigate the relative mobilities of the species in
different phases, Nbg 45C0q 55 was melted in an arc melting
furnace under an Ar atmosphere and further homogenized
for 50 h at 1200 °C to couple it with pure Nb and Co.

After standard metallographic preparation was completed,
cross sections of the annealed diffusion couples were exam-
ined under a scanning electron microscope (SEM). Compo-
sition profiles of the interdiffusion zone were measured using
an energy dispersive X-ray spectrometer (EDX) attached to
the SEM. Pure Co and Nb were used as standard materials for
the measurement. To minimize error in calculations, the
stoichiometric composition of the compounds with narrow
composition range was used instead of measured composition.
The position of the Kirkendall marker plane was located from
the presence of X-ray peak of Ti of TiO,.

Relations used to calculate the diffusion parameters

The parabolic nature of the growth of the phases can be
verified by conducting experiments for different annealing
times at a particular temperature, and the parabolic growth
constant, k, of different phases can be calculated from the
slope of Ax* vs. 2t, where t (s) is the annealing time, and
Ax is the layer thickness. k, values at different tempera-
tures can then be plotted with respect to the Arrhenius
equation to calculate the activation energy, Q (J/mol) for
the growth of the phases. k; is given by

b =Kewp(~ ). )
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where kg (mz/s) is the pre exponential factor, R (J/mol K) is
the gas constant, and T is the temperature in K.

The interdiffusion coefficient,D at a particular compo-
sition in a binary A-B system can be calculated using the
relation proposed by Wagner [11], which is expressed as

- Vi ((dr* Iy -y
Dry=2(=) |(1-v) [ —dxtv
(¥") 2t<dY) ( )/dex+ /de{
(2)

Ng—Nj
Ny =Ny~
B in a binary A-B system. The superscripts + and — refer
to the mol fraction at un-reacted left—(x = —o0) and
right-hand (x = +0c0) ends of the couple, respectively. V,,
is the molar volume, and x is the position parameter. “*”
indicates the point of interest.

Furthermore, when the composition of a phase has a

very narrow homogeneity range, the slope () cannot be

where Y =

and Np is the mol fraction of component

determined because this slope will be almost negligible;
Wagner [11] introduced the concept of integrated diffusion
coefficient, D~im, to determine the diffusion parameter. D~im
is the interdiffusion coefficient integrated over the
unknown homogeneity range, and for a phase, let us say, f§
it can be expressed as

m
b / BdNa, (3)

Ny

where ANg = Nj — Nj is the small homogeneity range of

the phase. Die can be calculated from the composition
profile using

(V6 =Nz ) (Vi = M) A

A
Dl = il
int N§ — Ng 2t
oH
+ _ B B
S
2t |Ng — Ng Vi

—00

B_n— T ub
Np — N, V.
Ny =Ny /V—m(NngB)dx , (4)

Ng — Ng n

P2

where Ng is the average composition, Vr/i is the molar
volume, and Ax; is the thickness of the § phase.

In some cases, a phase could have reasonable compo-
sition range but grows with a very small thickness so that it
is difficult to determine the (‘%) parameter. In this condi-
tion, the integrated diffusion coefficient can first be cal-
culated, and then the average interdiffusion coefficient
using
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(5)

where, ANg is the known composition range of the phase.

The ratio of the intrinsic diffusion coefficient of the
species at the Kirkendall marker plane in a phase can be
calculated using the relation developed by van Loo [12],
which is as follows:

_ %
Dy Vb N fI;ov_l;d"_NNb xOKO(Vm ldx

Dco Voo |=Ng, [* Ly + N, 22U dx

m

(6)

where, Vy, and V¢, are the partial molar volumes of Nb
and Co, respectively, at the composition of interest. It is
very difficult to determine the partial molar volume of the
species in a phase with very narrow homogeneity range.
Therefore, it is almost impossible to determine the exact
ratio of intrinsic diffusion coefficients in such cases.
However, the ratio of intrinsic diffusion coefficient of the
species is related to the ratio of tracer diffusion coefficient
as follows:

Dyy _ Van Disy
DCo VCo Déo

(7)

The ratio of tracer diffusion coefficient can be easily
calculated using

— 1-Y
D—;]b _ Nf\;b f’[()o V_);dx - NNb xOKO : Vi )dx (8)
PR X — oo (1-Y
Dy —N¢, ffl;o V_Ymdx""NCo fo (Vm ldx

Note that we are neglecting the role of vacancy wind effect.

Results and discussion

Figure la shows a scanning electron micrograph of the
interdiffusion zone that developed at 1000 °C after
annealing for 25 h. Figure 1b shows the corresponding
composition profile. Phases developed according to the
phase diagram, as shown in Fig. 2, which indicates the
presence of Nb,Co;, C15 NbCo,, and NbgCo;-u phases.
On simply looking at the micrograph in Fig. la, it seems
that only two phases are present. However, composition
analysis shows the presence of all the three phases, namely,
Nb,Co7, NbCo,, and the NbsCo-u. Due to the contrast, it
is difficult to locate the phase boundary between the
Nb,Co; and NbCo, phases. Moreover, at higher tempera-
tures (above 1050 °C), it is expected that both the Laves
phases (C36 and C15) would grow in the interdiffusion
zone. However, the composition difference between the
phase boundaries of two NbCo, Laves phases is very small
and, hence, it is not possible to locate the phase bound-
aries from the composition analysis. Therefore, we have
not reported them as different phases. Furthermore, the
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Fig. 1 a Interdiffusion zone of the Co—Nb diffusion couple annealed
at 1000 °C for 25 h. White dotted line indicates the position of the
Nb,Co7/NbCo, interphase. b Composition profile of the interdiffusion
zone

NbeCo7-u phase is present in the interdiffusion zone as athin
layer. In order to verify the parabolic nature of the phase
growth, interdiffusion was first conducted at 1050 °C for
different annealing times. The layer thicknesses of the
NbCo, Laves phase and the y phase determined at different
annealing times are shown in Fig. 3. It was noticed that the
data could be fit using the relation (A.x2 — A.xg) = 2kpt.
The positive value of Ax, indicates that the growth rate of a
phase layer is higher at the initial stage. Many times because
of small average grain size at the initial stage, higher growth
rate is observed due to a large contribution from grain
boundary diffusion [12]. Furthermore, the data calculated
have been plotted with respect to Eq. 1 and are compared to
the data published by Sprengel et al. [8] (Fig. 4). The acti-
vation energy for the growth of the NbCo, phase was found
to be very similar to the results of Sprengel et al. (212 £
16 kJ/mol in this study). The activation energy for the
growth of the Nb,Co- phase was found to be 96 + 10 kJ/mol
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Fig. 2 The Co-Nb phase diagram reported by Stein et al. [4]
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Fig. 3 The parabolic growth of the Laves-NbCo, and NbgCos-u
phases

in our study against 66.8 kJ/mol in the study by Sprengel
et al. Similarly, the activation energy for y phase was found
to be 187 £ 21 kJ/mol in our experiment, and data calcu-
lated for this phase was not reported by Sprengel et al.

One of the main prerequisites to calculate the diffusion
parameters is to know the molar volume of the phases. They
have been calculated from the lattice parameter data avail-
able in Ref. [4] as follows: VE° = 6.7, VN0:Cor =744
YNoCox — 7,72 YNbeCor — 8 4 and VNP = 10.82 cm*/mol.
It should be noted here that the molar volume of the NbCo,
phase varies in the range of 7.55-7.89 cm*/mol. We have
considered its average value to be 7.72 cm3/mol, which
induces just 2% deviation in the molar volume data and
becomes insignificant in the calculation of diffusion
parameters.

Owing to the nature of the composition profile, it is not
possible to determine one type of diffusion parameters for
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every phase. The Nb,Co, phase grows with a very narrow
PNb2Cor

homogeneity range; therefore, we need to calculate D

in this phase. DY€7

ot calculated at different temperatures
using Eq. 4 and plotted with respect to the Arrhenius
equation (D = D, exp(— R—QT), where D is the diffusion
coefficient, and D, is the pre-exponential factor), is shown
in Fig. 5. The activation energy calculated for integrated
diffusion in this study was 120 £ 11 kJ/mol.

Based on our previous discussion, we can determine D
at different compositions in the NbCo, phase using Eq. 2,
and the results are shown in Fig. 6. It can be seen that D
decreases with the increase in Nb content. Since the dif-
fusion of elements is mediated by the defects present in the
structure, this trend indicates the possible change in defect
concentration of this phase. Furthermore, the average
interdiffusion coefficient, D,, in the U phase was calculated
using Eqgs. 4 and 5. First, the integrated diffusion coeffi-
cient was calculated considering the stoichiometric com-
position. Then, the average interdiffusion coefficient, as
shown in Fig. 5, was determined from the composition
range of AN = 7 at.%. The activation energy for D,, was
found to be 173 + 13 kJ/mol.

As it has already been mentioned that there is no infor-
mation available on the relative mobilities of the species in
Nb,Co; and NbgCo; phases, experiments were performed
using TiO, particles as Kirkendall markers. In the temperature
range of 900-1000 °C, markers were found in the Nb,Co,

phase. The D

D,
0.05 £ 0.015 in the temperature range 900-1000 °C, which
indicates that D, is about 20 times higher than DY . This is
not unexpected considering the CuzAu rule [13], which states
that the major element will have a much faster diffusion rate
when the ratio of mol fraction of major to minor elements is
greater than or equal to three.

As already reported by Stein et al. [4], Nb,Co; phase
does not form above 1086 °C and mainly two phases
(NbCo, and NbgCo;) grow in the interdiffusion zone.
However, in these diffusion couples, we could not locate
the position of the markers. In order to gain further infor-
mation on the relative mobilities of the species in these two
phases, experiments on incremental diffusion couples were
performed. For example, Fig. 7a shows the incremental
diffusion couple Nby 45C0¢ 55/Co annealed at 1150 °C for
25 h. A higher temperature was selected so that only
NbCo, phase grew in the interdiffusion zone. TiO, parti-
cles used as inert markers were found at the NbCo,/Co
interface, which indicates that Co must have much higher
diffusion rate as compared to Nb. Furthermore, since
markers were found at the interface, it is not possible to
determine the ratio of diffusivities in this phase. However,
Denkinger and Mehrer [10] determined the tracer diffusion

calculated in this phase was found to be about



J Mater Sci (2011) 46:889-895

893

107
Nb,Co, ®  Sprengel et al. [8]
® Present study
> Q=96 kJ/mole
&
E
NS
Q=66.8 kJ /mole
107 T T T @)
7.8 8.0 8.2 8.4 8.6
1T (x10*K™)
NbCo, ®  Sprengel [8]
15 ® Present study
107 4
w 14 Q=215KJ/mole
>~ 107 4 D
R (]
E < 2
o S
> =
10 4 N
Q=212kJ /mole
(b) Q=187 kJ/ mole (c)
107 T T T T 107+ T T T T
7.0 7.5 8.0 8.5 6.8 7.2 7.6 8.0 8.4

1/T (x10°K™)

1/T (x10*K™)

Fig. 4 The parabolic growth constant of a Nb,Co;, b NbCo, and ¢ NbsCo; phases are compared with the data published by Sprengel et al. [8]
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Fig. 5 The integrated diffusion coefficient of Nb,Co; phase and
average diffusion coefficient of NbsCo-u phase

coefficient and found that D¢ is two orders of magnitude
higher than Dy, at Nbg3;Cog 6. This validates our exper-
imental results, which indicate that D¢, > Dy,.
Furthermore, another incremental diffusion couple
Nbg.45C0¢.55/Nb was annealed at 1150 °C for 25 h, as

wl NbCo,| m= 900°C
10735 > > > ® 950°C
. * > » | 4 1000°C
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* v
v oy * . o | ¢ 100°C
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Fig. 6 The change in interdiffusion coefficients with the change in
composition in the NbCo, phase

shown in Fig. 7b, where only the NbsCo; phase grows in
the interdiffusion zone. In our analysis, we found that g'jb

Co
had a negative value. A negative value of gi“’
Co

is sometimes

obtained in the incremental couple because of difficulties in
detecting the exact phase boundary. However, this indi-
cates that the value is close to zero, which means that D¢,
must be much higher than DY, in this phase.
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Fig. 7 a The incremental diffusion couple between Nb 45Coq 55 and
Co annealed at 1150 °C for 25 h to grow the NbCo, phase is shown.
The position of TiO, particle indicates the position of the Kirkendall
marker plane. b The incremental diffusion couple between
Nbg.45C0pss and Nb annealed at 1150 °C for 25 h to grow the
NbeCo5 phase is shown. The position of TiO, particle indicates the
position of the Kirkendall marker plane. White dotted line indicates
the boundary of the interdiffusion zone

Conclusions

As expected, D decreases monotonously with the increase
in Nb content up to 33 at.% Nb. This is not surprising since
the deviation from the stoichiometric composition is
compensated by the presence of structural defects, such as
antisites, which assist diffusion as seen in the Ni-rich side
of the B-NiAl phase [14]. Our analysis on the relative
mobilities of the species indicates that Co has much higher
diffusion rate as compared to that of Nb. This means that
the layer grows mainly because of the diffusion of Co in
the interdiffusion zone. Since diffusion rate of Co is very
high and that of Nb is negligible, it can be predicted that
the presence of Co antisite defects is more dominant than
the Nb antisite defects. No data are available for the defect
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Fig. 8 The change in pre-exponential factor and the activation
energy for interdiffusion coefficient in the NbCo, phase

chemistry in this phase. However, defect concentration
data of the Co,Zr phase having a similar crystal structure is
available, and it clearly shows that the concentration of Co
antisite defects is much higher compared with Zr, and it
increases with the deviation from the stoichiometric com-
position [15]. Since the defect concentration increases with
the deviation from the stoichiometric composition, the
activation energy for diffusion should decrease as we
deviate from the stoichiometry. We find that activation
energy certainly decreases with the deviation from stoi-
chiometric composition, as shown in Fig. 8. The activation
energy for the integrated diffusion coefficient in the
Nb,Co; phase was found to be relatively low. In such
experiments, we are not able to determine the exact atomic
mechanism of diffusion, since we are actually measuring
the apparent diffusion coefficient. There could be contri-
bution from both grain and lattice diffusion; however, the
low value of activation energy indicates that there must
also be a reasonable contribution from grain boundary
diffusion in this phase.
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