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Abstract

In the present work, we show the feasibility of
microstructural control by additions of Ti and Cr to a c/
c′ Co-30Ni–10Al–5Mo–2Nb superalloy. Solutioning at
1300 °C followed by aging at 900 °C leads to homoge-
nous distribution of L12 ordered cuboidal c′ precipitates
in face-centered-cubic (fcc) c matrix. Compositional
measurements show Al, Mo, and Nb partition to c′ that
indicates the c′ can be described as (Co, Ni)3(Al, Mo,
Nb). An addition of 2 at.% Ti leads to increases in the c′
volume fraction from 56% to 70% and solvus temperature
from 990 °C to 1030 °C. Ti strongly partitions to c′ with
respect to c matrix. Similarly, an addition of 10 at.% Cr to
the base alloy leads to a morphological transition of c′
precipitates from cuboidal to near spherical shape,
indicating a direct influence on the c/c′ lattice misfit.
Unlike Ti, Cr partitions to c matrix, and additionally, Cr
influences Mo to partition into c matrix. A combined
addition of Ti and Cr leads to high c′ volume frac-
tion *76% and an increase in c′ solvus temperature to
1045 °C, while maintaining the spherical c′ morphology.
These superalloys show 0.2% proof strength comparable
to those of Co–Al–W-based superalloys. At 870 °C, 10
at.% Cr and 2 at.% Ti added alloys show higher specific
0.2% proof stress than Co–Al–W-based superalloys. The
obtained results show the microstructural sensitivity of
these Co-based superalloys toward their designing for
better performance.
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Introduction

Design of c/c′ superalloys with combined hot-corrosion
resistance and high temperature strength is still a major
technological goal for material scientists. These superalloys
are mainly utilized in fabricating critical parts in hot section
of turbine engines (both aero-based or land-based) where the
temperature reaches up to 1600 °C [1]. The major fraction of
these superalloys that are commercially used are Ni-based.
Recent work showed that Co-based c/c′ superalloys might be
the possible alternatives to Ni-based alloys with better
resistance to high temperature environmental degradation
and comparable mechanical properties [2–4]. The conven-
tional Co-based alloys are solid solution/carbide strength-
ened, and their applications were limited by their inferior
high temperature strength in comparison to the c/c′ Ni-based
superalloys that are used with expensive thermal barrier
coatings [5, 6].

Among these c/c′ Co-based superalloys, Co–Al–W sys-
tem is the most explored in the last decade for making them
suitable in several high temperature applications [7–14].
Here, the strengthening c′ phase is Co3(Al, W) which is a
metastable phase with L12 ordered crystal structure coher-
ently embedded in face-centered-cubic (fcc) c-Co matrix.
Several alloying additions, such as Ni, Cr, Ti, Ta, Nb, Hf, B,
etc., were carried out to improve the c/c′ microstructural
stability and strengthening ability at temperatures beyond
1000 °C aiming to exceed those of Ni-based superalloys
[15–18]. In particular, Ni, Ti, and Ta increase the volume
fraction of strengthening c′ phase and c′ solvus temperature
while Cr significantly improves the high temperature
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oxidation resistance [19, 20]. However, the major concern
with these alloys are their high mass densities (>9.2 g/cm3)
due to the need of adding high amount of W (*25 wt%) for
stabilizing c/c′ microstructure. This can impose a restriction
on their applications where the strength to weight ratio is
very critical.

In 2015, alloys based on Co–Al–Mo–Nb/Ta system were
shown to exhibit metastable c/c′ microstructure similar to
Co–Al–W-based and Ni-based superalloys [21–24]. In
comparison, these alloys have much lower mass densities
(8.2–8.6 g/cm3) and some of the optimized compositions
with Ni additions show higher yield strength than Co–Al–
W–based superalloys at temperatures above 800 °C. Con-
sidering present knowledge on the alloying behavior, the
present work describes the effect of Ti and Cr on Co–Ni–Al–
Mo–Nb-based superalloy. The two main factors responsible
for the high temperature capability and strength are the
solvus temperature and the microstructure. In this work, we
demonstrated that these factors can be controlled by addi-
tions of Ti and Cr. Further, high temperature mechanical
properties were evaluated and compared with the existing
Co-based superalloys.

Experimental

A laboratory scale vacuum arc melting unit was used to
prepare alloys with nominal compositions Co–30Ni–10Al–
5Mo–2Nb (2Nb), Co–30Ni–10Cr–10Al–5Mo–2Nb
(2Nb10Cr), Co–30Ni–10Al–5Mo–2Nb–2Ti (2Nb2Ti), and
Co–30Ni–10Cr–10Al–5Mo–2Nb–2Ti (2Nb10Cr2Ti) (all in
at.%) under an argon atmosphere in the form of 30 g ingots in
a water cooled copper hearth. Subsequently, these were cast
into 3 mm rods using a vacuum arc suction casting unit
equipped with water cooled split copper mold. The rods were
solutionized at 1300 °C for 15 h under vacuum (10−6 mbar)
followed by quenching in water. Sample was cut from the
solutionized rods and sealed in quartz tube under a vacuum of
10−5 mbar. The sealed samples were then aged at 900 °C for
50 h in a box furnace and subsequently furnace cooled.

For transmission electron microscopy (TEM), samples
were cut in the form of 3 mm disks with a thickness of
approximately 0.8 mm from the aged samples and
mechanically polished to a thickness of about 80 lm. These
samples were made electron transparent by fine polishing
using a precision ion polishing system (PIPS, GATANTM).
The microstructure of the aged alloys was investigated using
a TEM (F30, FEI) equipped with a field emission gun. The
compositions of the phases in the alloy microstructures were
measured using X-ray energy dispersive spectroscopy
(EDS) attached to the microscope in a scanning-TEM
(STEM) nanoprobe mode. The partition coefficients (Ki)

were calculated for an element i between the c/c′ phases by
the formula:

where and are the concentration of constituent

element i in c′ and c phases, respectively.
The c′ solvus temperature of the aged alloys was deter-

mined by heating at a rate of 10 °C/min in a differential
scanning calorimeter (DSC) operated under an argon atmo-
sphere. The 0.2% yield strength of the aged alloys was
measured by compression tests using a DARTEC hydraulic
machine operated with a strain rate of 10−3 s−1 at tempera-
tures up to 870 °C. The mass density of the alloys was
measured in accordance with the ASTM standard B311-08
at room temperature while the volume fraction of c′ pre-
cipitates for the aged alloys was estimated using ASTM
standard E562-11.

Results and Discussion

Microstructure of Aged 2Nb Superalloy

Figure 1 shows microstructural analysis of 2Nb superalloy
after aging at 900 °C for 50 h. The selected area electron
diffraction pattern (SAEDP), inset of Fig. 1a, taken along
[100] zone axis reveals the appearance of superlattice spots
corresponding to L12 ordering along with the spots of fcc c
matrix. The darkfield image taken using 001 superlattice
spot shows cuboidal c′ precipitates in the c matrix as shown
in Fig. 1a.

The size of c′ precipitates ranges between 250 and
300 nm with a c′ volume fraction of 56% in the alloy.
Figure 1b shows high angle annular darkfield (HAADF)
STEM image of a similar region from the aged alloy
showing Z-contrast (atomic number contrast) across the c
and c′ precipitates. Figure 1c shows EDS elemental maps
across a few c′ precipitates, indicating partitioning of the
constitute elements across the two phases. Al and Nb show
strong partitioning to the c′ with respect to c matrix while
Mo shows weak partitioning to the c′. Figure 1d shows the
compositional line profiles across a few c′ precipitates and
Table 1 shows the measured compositions of c and c′ along
with the calculated partitioning coefficients (Ki) of the con-
stituent elements. We observe KAl and KNb are much greater
than 1 while KMo is slightly greater than 1. The total content
of Al, Mo, and Nb in the c′ is found to be approximately 21
at.% that suggests the L12 c′ precipitates can be described as
(Co, Ni)3(Al, Mo, Nb) with Al, Mo, and Nb occupying the
{0,0,0} positions in its L12 unit cell.
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Microstructure of Aged 2Nb2Ti Superalloy

Figure 2 shows the microstructural analysis results on the
2Nb2Ti superalloy after aging. The inset in Fig. 2a shows
SAEDP taken along [100] zone axis from a region of the
alloy. Like 2Nb alloy, it reveals c′ L12 superlattice spots
along with the fcc c matrix spots. The darkfield image taken
from 100 superlattice spot reflects the cuboidal c′ precipi-
tates in fcc c matrix. There is no effect of 2 at.% Ti on the c′
morphology while the c′ volume fraction increases to 70%.
Figure 2b shows the EDS elemental maps (Fig. 2c) from a
region containing a few c′ precipitates, presenting strong

partitioning of Ti to c′ with respect to c matrix. Figure 2c
shows the compositional line profiles across a few c′ pre-
cipitates. The measured compositions of c and c′ phases
along with the partitioning coefficients were tabulated in
Table 1. There was no significant effect of Ti on the Ki

values of other elements except Mo that tends to partition
equally across c and c′ precipitates. KTi was estimated to be
larger than 6, indicating that Ti is a strong c′ stabilizer in the
alloy. The total content sum of Al, Mo, Nb, and Ti suggests
the L12 c′ phase can be described as (Co, Ni)3(Al, Mo, Nb,
Ti) with Ti occupying the {0,0,0} positions along with Al,
Mo, and Nb in the unit cell.

Fig. 1 a Darkfield micrograph taken using 001 superlattice spot near
to [100] fcc matrix zone axis for 2Nb superalloy after aging at 900 °C
for 50 h. The diffraction pattern is shown as an inset. b HAADF STEM

image from a region containing a few c′ precipitates. c EDS elemental
maps of a few c′ precipitates and d compositional line profiles across c′
precipitates using STEM nanoprobe

Table 1 Comparison of
compositions of c and c′ in 2Nb,
2Nb2Ti, 2Nb10Cr, and
2Nb10Cr2Ti alloys (all in at.%)

2Nb 2Nb2Ti 2Nb10Cr 2Nb10Cr2Ti

c c′ Ki c c′ Ki c c′ Ki c c′ Ki

Co 55.9 40.3 0.7 55.4 40.1 0.7 40.9 31.9 0.8 41.3 32.8 0.8

Ni 32.9 39.1 1.2 33.4 36.3 1.1 31.9 41.7 1.3 30.5 39.9 1.3

Cr 14.6 5.6 0.4 15.6 5.8 0.4

Al 6.1 11.6 1.9 5.9 11.2 1.9 6.1 13.3 2.2 5.7 10.9 1.9

Mo 4.5 5.8 1.3 4.9 5.4 1.1 6.3 4.4 0.7 6.5 4.6 0.7

Nb 0.4 3.6 8.0 0.5 3.8 7.6 0.4 3.1 7.8 0.3 2.9 9.7

Ti 0.5 3.2 6.4 0.4 3.1 7.8
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Microstructure of Aged 2Nb10Cr Superalloy

Figure 3 shows the microstructural analysis for 2Nb10Cr
superalloy after aging. The inset in Fig. 3a shows a SAEDP
taken along [100] zone axis that reveals L12 ordered
superlattice spots along with the fcc c matrix spots. The
darkfield image taken from a 001 ordered spot reflects
spherical c′ precipitates in c matrix as shown in Fig. 3a. The
diameter of the ordered c′ precipitates was in the range of
250–300 nm with c′ volume fraction of around 66%. Fig-
ure 3(b) shows EDS elemental maps taken from a region
containing c′ precipitates, suggesting Cr partitions to c
matrix with respect to c′ precipitates.

Figure 3c shows the compositional line profiles across a
c′ precipitate. The measured compositions of c and c′ with
the constituent element partitioning coefficients (Ki) are
shown in Table 1. KCr was found to be less than 1 and no
significant change in the Ki values for other elements was
observed except for Mo. KMo becomes less than 1 as com-
pared to the base 2Nb superalloy. These results show that an
addition of Cr led to the change in c′ morphology from
cuboidal to spherical shape.

Microstructure of Aged 2Nb10Cr2Ti Superalloy

Figure 4 shows microstructural analysis results on
2Nb10Cr2Ti superalloy after aging. Figure 4a shows
HAADF STEM image that reveals the c′ precipitates are
spherical and interconnected/coagulated with very lower

inter-particle distance compared to 2Nb10Cr superalloy.
Addition of 2 at.% Ti increases the volume fraction of c′
precipitates to around 76%. Figure 4b and c shows EDS
elemental maps from a region containing a c′ precipitate and
the compositional line profiles indicate the partitioning
behavior of other elements remain unaffected as compared to
2Nb10Cr superalloy. The measured compositions of c and c′
are shown in Table 1. Ti shows strong partitioning (KTi > 7)
to c′ with respect to c matrix. Like 2Nb10Cr, KMo and KCr

was found to be smaller than 1.

Physical and Mechanical Properties

Figure 5a shows a comparison of c′ solvus temperature of
the four alloys examined. An addition of 2 at.% Ti in
2Nb2Ti superalloy led to an increase in the solvus temper-
ature by 40 °C as compared to the base 2Nb superalloy
having 990 °C. An addition of 10 at.% Cr also increased the
solvus temperature by 15 °C. The combined addition of 2 at.
% Ti and 10 at.% Cr increased the solvus temperature by
55–1045 °C.

Figure 5b shows the comparison of mass densities of the
four alloys with other Co-based superalloys. The base 2Nb
superalloy has a density of 8.38 g/cm3. On addition of Ti
and/or Cr, the mass densities were lowered up to 8.24 g/cm3.
These values are lower than the other commercial Co-based
alloys and Co–Al–W-based superalloys [8].

Figure 5c shows a plot of the compressive 0.2% proof
stress as a function of temperature comparing the present

Fig. 2 a Darkfield micrograph taken using 001 superlattice spot near
to [100] zone axis for 2Nb10Ti superalloy after aging at 900 °C for
50 h. The diffraction pattern is shown as an inset. b EDS elemental

maps of a few c′ precipitates and c compositional line profiles across c′
precipitates using STEM nanoprobe
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alloys and other Co-based superalloys. At room temperature,
2Nb, 2Nb10Cr, and 2Nb2Ti alloys show comparable 0.2%
proof stress values (*735 MPa), which is higher than those
of Co-9.4Al-11 W and Co-8.8Al-9.8 W-2Ta alloys [8]. At
870 °C, 2Nb10Cr and 2Nb2Ti show 0.2% proof stress of
500 and 535 MPa, respectively, that are higher than those of
other Co-based superalloys except Co-8.8Al-9.8 W-2Ta
alloy. However, these two alloys have higher specific
0.2% proof stress (Fig. 2d) than Co-8.8Al-9.8 W-2Ta alloy
at 870 °C.

Discussion

The above experimental results show the effects of Ti and Cr
additions on the c/c′ microstructure of Co-30Ni-10Al-5Mo-
2Nb superalloy (2Nb). Addition of 2 at.% Ti to 2Nb and
2Nb10Cr led to increases in the both c′ volume fraction and
c′ solvus temperature (Figs. 5a and 6a for comparison). The
partitioning of Ti (KTi > 6) to c′ precipitates with respect to c
matrix phase shows that Ti is a strong c′ stabilizer

Fig. 3 a Darkfield micrograph taken using 001 superlattice spot near
to [100] zone axis for 2Nb10Cr superalloy after aging at 900 °C for
50 h. The diffraction pattern is shown as an inset. b EDS elemental

maps of a few c′ precipitates and d compositional line profiles across a
c′ precipitate using STEM nanoprobe

Fig. 4 a HAADF STEM image for 2Nb10Cr2Ti alloy after aging at 900 °C for 50 hb EDS elemental maps of a few c′ precipitates and
c compositional line profiles across a c′ precipitate using STEM nanoprobe
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(see Fig. 6b for comparison of Ki values). In the binary Co–
Ti phase diagram [25], a stable Co3Ti phase exists with the
L12 ordered structure. Thus, it is expected that Ti stabilizes
L12 ordering of c′ by partitioning into it. Similar L12
structural stabilizing effect was seen on Ti addition to Co–
Al–W-based and Co–Ni–Al–Mo–Ta-based superalloys.
First principle calculations revealed that Ti substitution in
L12 Co3(Al, W) results in a reduction in its formation
energy by lowering the binding energy between Ti and their
nearest neighbors in the ordered unit cell [26]. Omori et al.
[27] showed the association between the elemental parti-
tioning coefficients (Ki), formation enthalpy (DHf), and
solvus temperature for Co3X (X = alloying addition) in L12
ordered structure. The calculations revealed a larger Ki value
possesses more negative DHf with a capability of increasing
solvus temperature by higher degrees. Similarly, in (Co,

Ni)3(Al, Mo, Ta) L12 compound [23], Ti substitution in Al
sites results in a more negative DHf value indicating the
enhancement of its phase stability. More specifically, it was
shown from the density of states (DOS) plots that the
pseudo-gap deepens, and the Fermi level shifts toward the
pseudo-gap after Ti substitution for Al sites. Hence, the c′
solvus temperature increases by roughly 50 °C by 2 at.% Ti
addition in Co-30Ni-10Al-5Mo-2Ta superalloy [23]. In the
present case, we observe an increment of approximately
40 °C by 2 at.% Ti addition in 2Nb superalloy. The increase
in the c′ volume fraction can be related to the nature of the
phase boundary between c and c′ phases that is directly
influenced by the solvus temperature. More specifically,
higher c′ solvus temperature indicates steeper c/c′ phase
boundary, and thus, the solute supersaturation increases in
the c matrix at a specific temperature. Hence, during aging at

Fig. 5 a Comparison of c′ solvus temperature and b mass densities of
2Nb, 2Nb2Ti, 2Nb10Cr, and 2Nb10Cr2Ti superalloys with other
Co-based superalloys, c Comparison of 0.2% proof stress versus

temperature and d specific 0.2% proof stress values at 870 °C for 2Nb,
2Nb2Ti, and 2Nb10Cr superalloys with other Co-based superalloys
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900 °C, 2Nb2Ti and 2Nb10Cr2Ti alloys exhibit c′ volume
fractions up to 76% compared to lower values for the base
2Nb alloy (56%).

An addition of 10 at.% Cr transforms c′ morphology from
cuboidal to spherical as shown for the 2Nb10Cr and
2Nb10Cr2Ti alloys. Additionally, we also observe an
increment in the c′ solvus temperature by approximately
15 °C compared to 2Nb and 2Nb2Ti alloys, which is not the
case in Co–Al–W-based superalloys where the c′ solvus
decreases with Cr addition. The spherical morphology of the
c′ precipitates can be attributed to the reduction of c/c′ lattice
misfit toward close to zero. This misfit reduction causes a
decrease in strain energy contribution to the total free
energy, and thus, the domination of interfacial energy con-
tribution occurs. This results in the system to choose
spherical morphology of the c′ precipitates embedded in c
matrix phase. Similar microstructural transition effects were
seen on the addition of varying amount of Cr up to 8 at.% in
Co–30Ni–10Al–5Mo–2Ta superalloys [28, 29]. It was
shown that the site occupancy behavior of Cr in the c′ L12
unit cell governs the c/c′ lattice misfit. More specifically,
with increasing the Cr content in the alloy, the Cr atoms
changes preference of site occupation. That is up to 5 at.%
Cr in the alloy, it prefers to replace Mo and anti-site Co
atoms from the B-sites ({0,0,0} lattice positions) while at
higher Cr composition, it also replaces Co atoms from
A-sites. This led to the decrease in KMo values from 1.24 to
0.78, i.e., Mo partitions to c matrix phase in Cr-containing
alloys [29]. The replacement of larger size Mo atoms from
the c′ precipitate to the c matrix reduces the c/c′ lattice misfit
that was attributed to the c′ morphological transition from
cuboidal to spherical shape in Cr-containing Co–30Ni–
10Al–5Mo–2Ta superalloys. Similar effect of 10 at.% Cr

addition to 2Nb and 2Nb2Ti alloys shows the change of KMo

from greater than 1 to less than 1 that explains the observed
spherical c′ precipitates in 2Nb10Cr and 2Nb10Cr2Ti alloys.
It was also shown that at an optimum value of Cr compo-
sition in Co–30Ni–10Al–5Mo–2Ta alloy, the c′ formation
enthalpy (DHf) becomes more negative, and hence, the c′
solvus temperature increases by 39 °C for 5 at.%
Cr-containing alloy [29]. In the 2Nb and 2Nb2Ti alloys, we
observe, on addition of 10 at.% Cr, the increment in the c′
solvus temperature by 15 °C. Hence, we propose Cr induces
the same effect of reducing the c′ formation enthalpy (DHf)
in the present alloys. Additionally, we also observe a slight
increase in the c′ volume fraction in Cr-containing alloys that
can be attributed to the steeper c/c′ phase boundary due to
increase in the c′ solvus temperature.

Hence, we can modulate or control the c/c′ lattice misfit
and the c′ volume fraction in the present Co–Ni–Al–Mo–
Nb-based superalloys by additions of Ti and Cr that can also
influence the high temperature coarsening kinetics of the c′
precipitates.

Conclusions

Additions of Ti and Cr to Co–Ni–Al–Mo–Nb superalloys
have a significant effect on increasing the c′ solvus temper-
ature (up to 1045 °C) and c′ volume fraction (up to 76%). Ti
strongly partitions to c′ while Cr partitions to c matrix. In
Cr-containing alloys, partitioning preference of Mo changes
from c′ to c phase. This results in change of c′ morphology
from cuboidal to spherical shape. 2Nb2Ti and 2Nb10Cr
alloys show higher specific 0.2% proof stress values than
Co–Al–W-based alloys.

Fig. 6 a Comparison of c′ volume fraction and b elemental partitioning coefficients (Ki) for 2Nb, 2Nb2Ti, 2Nb10Cr, and 2Nb10Cr2Ti superalloys
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