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ARTICLE INFO ABSTRACT

The current work characterizes the microstructure and mechanical properties of two arc melted Co-Ni-based
superalloys containing in atomic percent: 1) Co-40Ni-10Al-7.5W-10Cr-3Ta-0.06B-0.6 C and 2) Co-40Ni-10Al-
7.5W-10Cr-3Nb-0.06B-0.6 C. These two materials named 3Ta and 3Nb, respectively, were characterized by X-
Ray diffraction analysis, differential scanning calorimetry, scanning electron microscopy, energy dispersive
spectroscopy, electron backscatter diffraction and transmission electron microscopy. Furthermore, compression
tests were performed from room temperature up to 1000 °C. The 3Ta and 3Nb alloys showed different as-cast
microstructures that were confirmed by microstructural characterization and Scheil simulations. The phase
transformation temperatures of minor phases were measured and calculated using a thermodynamic approach
and some discrepancies observed on the calculated y’-solvus temperatures reflect that the thermodynamic de-
scription of y’ phase does not take into account the strong partition effect of Ta, Nb and Ti into y’. As shown by
DSC results, the y” phase was stable for both alloys up to 1000 °C, being the main reason for the 3Ta and 3Nb
alloys to keep the yield stress above 500 MPa.
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1. Introduction be carbide forming elements. Typical carbide compounds are MgC,

M,3C¢, M,Cs, M3C, and MC where M can be one of the aforementioned

The demand for high temperature materials that can replace con-
ventional Ni-based superalloys has led to the development of new
materials, which possess similar or improved mechanical properties at
high temperatures. For Ni-based superalloys, the existence of a coherent
fine cuboidal L1,-ordered y” intermetallic phase, precipitated in a solid
solution y matrix, and the low energy v/vy’” interface are considered two
of the key factors that contribute to the high-temperature strength and
thermal stability of these alloys [1].

Co-based superalloys are potential substitutes for Ni-based super-
alloys, due to their higher melting point. Usually, in polycrystalline Co-
based superalloys, the controlled addition of carbon allows for the
formation of carbides. Under appropriate heat treatment conditions,
these carbides can be finely dispersed in the alloy matrix to hinder
dislocation motion and grain boundary sliding. Cr, W, Mo, Nb and Ta
can provide solid solution strengthening, and these are also known to
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alloying elements [2,3]. In binary systems such as Co-Ti and Co-Ta
[4,5] and ternaries ones such as Co-Ti-V and Co-W-Ge [6,7] it was re-
ported the formation of the y/y’ structure, similar to what was observed
in Ni-based superalloys. However, the phase stability of the y” phase
was low in these systems resulting in inferior high temperature me-
chanical properties.

In 2006, Sato et al. [8] identified a ternary y’-Co3(Al,W) phase, with
a L1, structure in Co-Al-W alloys. Similar finding were presented before
by Lee [9] who studied the effects of different contents of refractory
elements such as Ta, Nb, Mo and W in Co-4Al-X (in wt% and X being
one of the refractory elements) on the phase stability of the system. One
of the main concerns about the Co-Al-W based superalloys is related to a
very narrow y + y’ phase field [8] and the y’ phase was considered as
metastable [10]. To overcome this drawback, Ni additions have been
used to widen the y + vy’ field and increase the y’-solvus as well. As
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shown by Ruan et. al [11], Co-Ti-V base superalloys alloyed with Ni
presented the y’-solvus temperature 82 °C higher than the base material
and improved the yield strength when compared to the traditional Co-
base superalloy (named Mar-M302) between 700 and 1000 °C. This
way, Co-Ni-Al-W-based superalloys have been studied and some works
pay attention to phase stability issues and found that controlled addi-
tions of Ta, Nb, Ti, and V are effective to increase the phase stability of
the y-y’ microstructure, the y’-volume fraction and the y’-solvus tem-
perature [12-16].

Due to the addition of several alloying elements, computational
thermodynamic calculations can help to understand their effects on
phase formation, composition and stability, which are crucial to ac-
celerate the introduction of these materials into specific applications
and reduce the necessary time to design new alloys. Looking into Co-Al-
W and Co/Ni-Al-W-X (X = Ta, Nb, Cr, Mo, Ti, B, C) based superalloys
for multicomponent materials a significant effort has been made to
predict how the phase stability is affected by thermal exposure, soli-
dification path, microsegregation behavior, alloying elements on the y-
y’ structure and transformation temperatures [10,17-22].

The present article characterizes the microstructure and mechanical
properties of two multi-components arc melted Co-Ni-based super-
alloys: i) Co-40Ni-10Al-7.5W-10Cr-3Ta-0.06B-0.6 C (at%) and ii) Co-
40Ni-10A1-7.5W-10Cr-3Nb-0.06B-0.6 C (at%). Moreover, this char-
acterization work is supported by thermodynamic calculations.

2. Experimental procedures

Two Co-Ni-based superalloys, named as 3Ta and 3Nb alloys, were
produced by arc melting. Pure elements were used to melt ingots of 20 g
under argon atmosphere. In order to ensure a good chemical homo-
geneity of the alloys, each ingot was remelted five times. The compo-
sition, in at%, of each alloy is depicted in Table 1.

Differential scanning calorimetry (DSC) was performed in the as-
cast alloys to determine their transformation temperatures. Samples of
100 mg were heated at a rate of 10 °C/min from room temperature to
1500 °C. The solidification path including the phase transformation and
phase composition of both materials was predicted by Scheil calcula-
tions using Thermo-Calc® and the TCNI8 database was selected to per-
form the simulations [23]. The calculated and experimental y’-solvus
temperatures were compared.

Hardness tests were performed on as-cast 3Ta and 3Nb alloys. The
conditions were a load of 500 gf and 30 s of dwell time. 20 indentations
were performed and the average was determined.

Isothermal compression tests to determine the 0.2% yield stress of
3Ta and 3Nb alloys were performed. The results obtained for the 3Ta
and 3Nb were compared with two Ni-based superalloys (Mar-M247 and
B1914), which were mechanically tested in the same experimental
conditions using a thermo-mechanical simulator Gleeble 3800. The
diameter and length of the samples are 4 mm and 6 mm, respectively.
The hot compression tests were performed at a strain rate of 4.5 x 10~*
s~ ! from room temperature to 1000 °C. The sample was heated at a rate
of 15°C/s up to the deformation temperature followed by 60s of
soaking time to ensure isothermal homogeneity of sample. Thermal
conditions during the tests were recorded by a type K thermocouple
welded into the central part of cylindrical samples. All samples were
deformed up to 10% (0.1 true strain) and to reduce the friction during

Table 1
Chemical composition of the produced Co-Ni-based superalloys.
Alloys  Chemical composition (at%) p (g/cm®)
Co Ni Al w Ta Cr Nb B C
3Ta Bal. 40 10 7.5 3 10 - 0.06 0.6 9.2
3Nb Bal. 40 10 7.5 10 3.0 0.06 0.6 8.8
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hot deformation, a Ta foil with the thickness of 0.1 mm and a Ni-based
lubricant were placed between the sample and anvils.

Structural characterization of the alloys was performed by X-ray
diffraction (XRD) using Cu-Ka radiation. The 20 range was set between
20° and 100°, using an angular incremental step of 0.02° and a counting
time of 50 s/point. These measurements were performed at room tem-
perature. During the solidification and cooling of the ingot a preferred
orientation of grains was developed, due to a steep thermal gradient
caused by the Cu crucible. To overcome the few quantity of grain po-
pulation issue radiated by the X-ray, a spinner stage was used as a
sample holder. Spinning of the sample increases the number of radiated
grains improving the quality of the XDR measurement. The Inorganic
Crystal Structure Database (ICSD) [24] was used for phase identifica-
tion.

The microstructural features of the samples in the as-cast condition
were analyzed by scanning electron microscopy (SEM) with a field
emission gun model F50 Inspect from FEI. Semi-quantitative energy
dispersion spectroscopy (EDS) was performed inside the grains and at
the grain boundaries using an Oxford solid-state EDS detector. Electron
backscattered diffraction (EBSD) was performed for phase identification
of the minor phases (carbides and other intermetallic phases) formed in
the as-cast alloys. The volume fraction of y” phase and of the minor
phases present in both materials was determined using Image J soft-
ware [25]. Twenty randomly taken images at 200,000 x (for the y’
phase) and at 500 x (for the minor phases) were used for the calcula-
tions. Transmission electron microscopy (TEM) was performed to ana-
lyze the y/y’ structure using a FEI/Philips CM-200T TEM operating at
200 kV. Samples for TEM analysis were prepared by the focus ion beam
(FIB) technique following standard procedures.

3. Results and discussion
3.1. Microstructural characterization of as-cast 3Ta and 3Nb alloys

3.1.1. 3Ta alloy

Fig. 1 presents the X-ray diffraction result of the as-cast 3Ta alloy in
which reflections of v, y” and MgC phases were indexed. Fig. 2a depicts
the microstructure of the as-cast 3Ta alloy that has a hardness of
442 + 10 HV. Fig. 2b presents a TEM image in dark field condition
showing the vy’ precipitates having a polyhedral morphology with a size
ranging between 10 and 20 nm, with a measured volume fraction of
0.43. An electron diffraction pattern of the same region confirms that
the indexed spots correspond to the y/y” structure. Fig. 2¢ depicts the
minor phases with a measured fraction of 0.06 with a fishbone-like
morphology and enriched in Ta and W. A FIB lift-out sample of 3Ta
alloy was taken out of a region containing a MgC carbide precipitate.
This sample was imaged using a TEM in bright field condition (Fig. 2d).
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Fig. 1. X-ray diffractogram of the 3Ta as-cast alloy.
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Fig. 2. a) A back scattered electron image showing the microstructure of 3Ta alloy in as-cast condition; b) TEM image in a dark field mode of the y-y” structure and
electron diffraction pattern from the same region in the [111] zone axis; c) fishbone-like precipitates and EDS mappings showing that these precipitates are rich in Ta
and W; d) TEM image in a bright field condition and an electron diffraction pattern indexed as MgC carbide.

The electron diffraction pattern obtained in the [110] zone axis con- showing only M¢C as a stable carbide in the Co-Ta-C system.
firms the presence of M¢C carbide. The formation of a primary eutectic Fig. 3 shows the calculated solidification path determined using
v/MgC confirmed the prediction reported by Cacciamani et al.[21] Scheil simulation. The simulation predicts the formation of y and MgC,
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Fig. 3. The solidification path of 3Ta alloy simulated using Scheil model.
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Fig. 4. X-ray diffractogram of the 3Nb as-cast alloy.

similar to what was observed in the previous results of microstructural
analysis. Several other crystalline phases (such as Laves, MC and p-
Co,Ws) were predicted to form. However, these were not found on the
microstructural characterization of the as-cast 3Ta alloy. Scheil calcu-
lations are based on thermodynamic equilibrium observed only at
solid/liquid interface, which suggested that the non-equilibrium soli-
dification of the alloy occurred and the formation of the aforemen-
tioned phases could be suppressed.

3.1.2. 3Nb alloy
From the X-ray diffraction result for the 3Nb material, depicted in
Fig. 4, the reflections of y, y” and u-Co,Ws phases were indexed. Fig. 5a

Materials Science & Engineering A 730 (2018) 66-72

depicts the as-cast microstructure of the 3Nb alloy that presents a
hardness of 435 + 12 HV. A dark field image obtained by TEM shows a
v/y’ structure (Fig. 5b). An indexed selected area diffraction pattern of
the same region confirmed the presence of both y and y’. The 3Nb alloy
has a measured v’ volume fraction of 0.43, with its size ranging from 10
to 20 nm. Fig. 5c¢ depicts some minor phases that formed during the
solidification process. EDS mapping show that W, Nb and Cr enrich
these minor precipitates that have a measured volume fraction of 0.02.
Phase identification results using EBSD analysis of minor phases formed
in the 3Nb alloy are shown in Fig. 5d. The Kikuchi patterns of minor
phases were indexed as MC carbide and p-Co,Ws phase.

The calculated solidification path for the 3Nb alloy (Fig. 6) pre-
dicted the formation of y, MC and p-Co,Ws, which showed a good
agreement with experimental results. Minor precipitates such as MgC,
MC and p-Co;Wg can be stabilized by Ta and Nb additions [26,27].
However, MC carbide and p-phase were found only in 3Nb, whereas in
3Ta alloy only MC carbide precipitates were identified. The calculated
solidification path by Scheil model predicted quite accurately the ob-
served minor precipitates (MC and p-Co,Ws) in 3Nb alloy. For the 3Ta
alloy, MgC carbide was predicted and found experimentally. This con-
firmed that, according with the Scheil simulations, the 3Ta and 3Nb
alloys followed different solidification paths.

3.2. Phase transformation temperatures

The multicomponent alloys studied in this work are quite complex
systems when considering their microstructures. In order to identify the
phase transformation temperatures at which reactions occurred in the
as-cast 3Ta and 3Nb alloys, DSC measurements were performed. The
experimental values were compared to the calculated transformation
temperatures obtained by Scheil simulations that represent only the
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Fig. 5. a) A back scattered electron image showing the microstructure of 3Nb alloy in as-cast condition; b) TEM image in a dark field mode of the y-y’ structure and
electron diffraction pattern from the same region in the [111] zone axis; ¢) SEM image of minor precipitates formed during the solidification process and EDS
mappings of minor precipitates that are rich in W and Nb; and d) phase identification of minor precipitates using EBSD detector in which the indexed Kikuchi patterns

of region 1 and 2 correspond to MC carbide and p-Co;Ws, respectively.
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Fig. 6. The solidification path of 3Nb alloy simulated using Scheil model.

phase transformation path on which the liquid phase is involved. The
y’-solvus temperature was calculated in equilibrium conditions.

The solid-state reaction temperatures at which y’ is dissolved into y
for the 3Nb and 3Ta alloys occurred at 1100 °C and 1143 °C, respec-
tively. Our measurement of y’-solvus temperature performed on both
alloys were in good agreement with the reported results of Lopez-
Galilea et al. [20] that determined the y’-solvus temperature of an as-
cast single crystal-SX Co-based superalloy by DSC. The calculated y’-
solvus temperatures for the 3Ta and 3Nb alloys were 1059 °C and
987 °C, respectively, as depicted in Fig. 7. As stated by Lass [22] the
thermodynamic description of y’ phase does not take into account the
strong partition effect of Ta, Nb and Ti to y” which reflects on these
important differences between the experimental and calculated y’-
solvus.

The MgC carbide was predicted by Scheil simulation and found by
microstructural characterization of the as-cast 3Ta alloy (Fig. 1c). The
MeC carbide was predicted to precipitate at 1309°C. On the DSC
heating curve, the onset temperature at which the 3Ta alloy started to
melt was 1338 °C. This point could be related to the invariant tem-
perature of the y/MgC eutectic transformation. This difference between
calculated and experimental temperatures of M¢C carbide precipitation
could be attributed to kinetic factors because these carbides are rich in
heavy elements such as W and Ta, as shown by EDS mapping results
(Fig. 1c). The calculated and experimental liquidus temperature were
1353 °C and 1378 °C, respectively.

On the microstructural characterization of the 3Nb alloy, MC car-
bide and p-Co,Wg were identified. The experimental transformation
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Fig. 7. The calculated y’-solvus temperatures of 3Ta and 3Nb alloys in equili-
brium condition.
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temperatures of p-Co,Wg and MC carbide were 1319 °C and 1359 °C,
respectively. The calculated temperature formation of 1359 °C for the
MC carbide showed a good agreement with the experimental value. For
the p-Co,Wg phase the calculated temperature was 1346 °C, which is
slightly higher than the one measured. When in solid solution, Ni, Cr
and Nb can affected the p phase formation temperature. The calculated
and experimental liqguidus temperature were 1367 °C and 1378 °C, re-
spectively. All phase transformation temperatures, experimental and
calculated, are included in Table 2.

3.3. Mechanical properties of 3Ta and 3Nb superalloys

Fig. 8 depicts the 0.2% yield stress obtained from hot compression
tests for 3Ta, 3Nb, Mar M247 and B1914 alloys at different testing
temperatures. Both 3Ta and 3Nb alloys have, at room temperature, a
yield stress significantly higher than the one observed for the two Ni
superalloys (Mar-M247 and B1914).

As claimed by Xu et. al [28], planar defects such as stacking faults
were found in Ni-Co based superalloys deformed at low temperatures
between 25-400 °C and its energy dramatically changed with Co con-
tent. The high content of Co added to 3Ta and 3Nb (28 at%) compared
to 7.9 and 10 (at%) for Mar-M247 and B1914, respectively, lowers the
stacking fault energy of the yCog-matrix, reducing the dislocation
mobility as well.

With increasing testing temperature an opposite relationship be-
tween yield stress and temperature was noticed. At 600 °C the value of
yield stress for the 3Nb alloy was 787 MPa. Such value decreased to
756 MPa and 718 MPa to 750 °C and 850 °C, respectively. For the same
temperature range the 3Ta alloy presented a 0.2% yield stresses of 852,
758 and 772 MPa.

From 25-600 °C, the 3Ta alloy showed a higher yield stress when
compared to the 3Nb alloy. A minimum difference between yield stress
values (3Ta with 758 MPa and 3Nb with 756 MPa) was observed at
750 °C. A peak of yield stress was not observed for the 3Nb alloy and a
drop of this property (718 MPa and 708 MPa) between 850 and 950 °C

Table 2
The transformation temperatures of 3Ta and 3Nb alloys obtained experimen-
tally by DSC and calculated by Scheil (S) and in equilibrium condition (e).

Temperature transformations (°C) 3Ta 3Nb

Calculated DSC Calculated DSC
Liquidus 1353® 1378 1367® 1378
MeC 1309® 1338 - -
MC - - 1359® 1359
u-Co,We - - 1346 1319
Y solvus 1059© 1143 987©@ 1100
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Fig. 8. The 0.2% yield stress (MPa) results for the Co-Ni based superalloys (3Nb
and 3Ta alloys), and the two Ni based superalloys (Mar M247 and B1914).

was observed.

The 3Ta alloy presented a slight increase in the stress maxima (by
14 MPa) at 850 °C. This increase of the peak value was lower compared
to the values obtained for Mar-M247 (88 MPa) and B1914 (23 MPa)
alloy. Even though low increase of peak stress was observed in the 3Ta
alloy, this material presented a higher yield stress compared to the Ta
alloyed and W-free Co based alloy (30Ni-2Ta; 560 MPa) and a similar
value to that of 30Ni-2Ti-2Ta (740 MPa), which were both hot tested at
870°C in [14].

From 950-1000 °C a drop of yield stress took place in both alloys.
This behavior could be correlated to the simulation results of the evo-
lution of the y’-fraction for 3Ta and 3Nb alloys, shown in Fig. 7. As the
temperature exceeds 850 °C, the calculated fraction of ¥’ phase for 3Nb
and 3Ta alloys started to decrease more significantly. This trend is more
prominent for 3Nb material, in which its y’-fraction dropped sharply
above 900 °C, whereas for 3Ta alloy a decrease of y’-fraction took place
steadily. In these conditions, Ta alloyed materials (3Ta and Mar-M247)
showed higher values of yield stress compared to Nb-alloyed (3Nb
alloy) and B-1914 alloys. The Ta addition to Co and Co-Ni based su-
peralloys are considered to be effective in improving the thermal sta-
bility of y’ [14-16] and due to its preferential partition to planar de-
fects, such as superlattice intrinsic stacking fault [29], leading to an
improvement in the mechanical strength during hot deformation
[30-32].

At 1000 °C, 3Ta alloy showed a yield stress of 577 MPa which was
higher than the yield stress of 3Nb alloy (518 MPa). The simulation
results showed that at 1000 °C the y’ phase was completely dissolved for
the 3Nb alloy. However, it was shown experimentally by DSC (Table 2)
that y” phase was stable for both alloys above 1000 °C. Even though the
yield stress dropped at 1000 °C for 3Ta and 3Nb alloys, their values
were kept above 500 MPa, with the presence of vy’ acting as the main
strengthening phase guarantying the good performance behavior at
high temperatures.

4. Conclusions

In this work the microstructural and mechanical characterization of
two arc melted Co-Ni-Al-W based superalloys containing: i) Ta and ii)
Nb was performed. The following main conclusions were drawn:

(1) Even though Ta and Nb can stabilize vy, MgC, MC and p phases, a
different solidification path was observed for both materials due to
the fast cooling conditions during arc melting which favors the
formation of non-equilibrium microstructures. These results were
confirmed by Scheil simulations and microstructural characteriza-
tion.
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(2) A fair correlation was observed between the measured and calcu-
lated phase transformation temperatures for the minor phases
found in both 3Ta and 3Nb alloys. However, some discrepancies
between the calculated and experimental y’-solvus temperatures for
3Ta and 3Nb alloys reflect that the thermodynamic description of y’
phase does not consider accurately the strong partition effect of Ta,
Nb and Ti into y".

The 0.2% yield stress was obtained by hot compression tests for the
3Ta and 3Nb alloys and was compared to other polycrystalline Ni-
based superalloys. The 3Ta alloy presented the highest yield stress
values. The y’ phase was stable for both alloys up to 1000 °C, being
a good reason for 3Ta and 3Nb alloys presenting the yield strength
above 500 MPa.

(3

-
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