J Mater Sci (2016) 51:7843-7860

@ CrossMark

Phase evolution and crystallography of precipitates
during decomposition of new “tungsten-free” Co(Ni)-
Mo—-Al-Nb y—y' superalloys at elevated temperatures

S. K. Makineni'*, B. Nithin', D. Palanisamy', and K. Chattopadhyay’

" Department of Materials Engineering, Indian Institute of Science, Bangalore 560 012, India

Received: 6 February 2016 ABSTRACT
Accepted: 29 April 2016
Published online:

This article reports the microstructural stability and consequent phase decom-
position including the appearance of topologically close-packed (TCP) phases at
23 May 2016 high temperature of recently discovered tungsten-free y—y' alloys of base com-

position Co-10AI-5Mo-2Nb with or without the addition of Ni and Ti. On
© Springer Science+Business  prolonged aging at 800 °C of the Co~-10A1-5Mo-2Nb alloy, needle-shaped DO;o-
Media New York 2016 ordered precipitates with stoichiometry of Coz(Mo, Nb) start appearing in the
microstructure. In addition, growth of cellular domains from the grain bound-
aries featuring a three-phase composite lamellar structure could be observed.
These phases are fcc y-Co with composition different from the original matrix,
CoAl with B2 ordering and Coz(Mo, Nb) with DO,y ordering. All the phases
exhibit well-defined crystallographic orientation relationships. The decomposi-
tion of the alloys depends on the solvus temperature of the y" phase. The Ni-
containing alloy exhibits no phase decomposition until 100 h of aging at 800 °C
without any significant effect on vy’ volume fraction (76 %). However, at 950 °C,
the alloy decomposes leading to the appearance of four different phases
including TCP phases: a CrsSi-type cubic phase, a hexagonal Laves phase,
rhombohedral p phase, and solid solution of Co phase. The y—y" microstructure
in the Co-10Al-5Mo-2Nb and Co-30Ni-10Al-5Mo—2Ta alloys is not stable at
800 and 950 °C, respectively, on long-term aging. This shows that the measured
solvus temperatures (i.e., 866 and 990 °C) are metastable solvus temperatures.
We also report that the Ti-containing alloy exhibits superior stability with no
evidence of either TCP phase formation or any other decomposition of y" pre-
cipitates, even after aging at 950 °C for 100 h.
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Introduction

Co-based superalloys featuring a y—y' microstructure
are receiving increasing attention as a possible alter-
native to Ni-based superalloys due to their comparable
mechanical properties and improved high-tempera-
ture oxidation resistance [1-5]. Among these, alloys of
Co—Al-W have been studied the most over the years
through various methods such as alloying, processing,
and evaluation of mechanical properties [6-8]. These
alloys show uniform distribution of L1,-ordered 7y
precipitates with cuboidal morphology and Cos(Al,
W) stoichiometry in a fcc y-Co matrix [9, 10]. The
morphologies and volume fractions of phases
observed in the microstructures of these alloys are
highly sensitive to alloying with elements like Ni, Ti,
Mo, B, Cr, and Ta [11-16]. The thermodynamics and
phase stability of the ordered y' structure have been
studied using density functional theory (DFT) calcu-
lations by various groups [17-20]. These studies indi-
cate that W is crucial for stabilizing the L1, structure of
the y' phase giving rise to Cos(Al, W) stoichiometry.
The high-temperature strength improves significantly
when Ta is added to Co—-Al-W alloys. However, the
presence of W and Ta in these alloys leads to higher
densities (9.3-10.5 gm cm ™) compared to Ni-based
superalloys that have a similar y—y' microstructure.
Some reports state that Mo can replace up to 2 at.% W
[21-23]. Further addition leads to the precipitation of
needle-type CosMo precipitates with DO;g structure
that coexist with the L1,-ordered ' Coz(Al, W) pre-
cipitates in a fcc y-Co matrix [24, 25]. The presence of
these needle-type precipitates reduces the ductility
and the alloy fractures in a brittle manner.

Recently, Co-based alloys with y—y’ microstructure
that do not contain W were reported [26-28]. These
are based on the composition Co-10Al-5Mo with
small amounts of Nb or Ta and are further modified
and developed by addition of Ni and Ti. The densi-
ties of Nb-containing alloys are in the range of
8.25-8.35 gm cm > which are much lower than in
Co—-Al-W-based as well as other Co-based alloys [29].
The reduction in density leads to higher specific
0.2 % yield strength compared to values observed in
W containing Co-Al-W alloys. The solvus tempera-
tures for the Co-10Al-5Mo-2Nb and the Co-30Ni-
10Al-5Mo-2Nb alloys were found to be 866 °C and
990 °C, respectively [26, 27]. These alloys are a
potential replacement for Co-Ni-Cr-W-based solid
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solution-strengthened alloys (such as Haynes 188)
developed for application in the temperature range of
650-700 °C. Haynes 188 has good hot workability
and excellent resistance to oxidizing environments
combined with molten salt corrosion and sulfidation
resistance due to their high content of Cr (~20 wt%).
But it exhibits low yield strength values (~465 MPa)
and high density (~9.0 g cm ™). Alloying additions
such as Cr (for hot corrosion and oxidation), Ti with
varying Al content can be used as a strategy to tune
the volume fraction of ¥ in Co-Ni-Al-Mo-Nb-based
alloys that will provide an option to control both hot
workability and ductility. For high-temperature
applications (>1000 °C), the solvus has to be
increased beyond 1050 °C for these alloys. It is shown
recently that replacing Nb with Ta and addition of Ti
can lead to a solvus temperature >1050 °C [28]. This
can be tuned further by other alloying additions such
as Cr, Re, and Ru. Thus, there is a scope for further
development of these alloys in future.

In this investigation, the microstructural changes
that occur after prolonged aging at 800 °C are reported
and discussed for the Co-10Al-5Mo-2Nb alloy. The
details regarding phase stability and the effect of Ni
and Ti on prolonged aging of these alloys are not
available. The article reports changes that occur due to
addition of Ni and Ti to this alloy including the sta-
bility at higher temperatures between 800 and 950 °C
and evolution of precipitates during decomposition.
The alloys studied were Co-30Ni-10Al-5Mo-2Nb and
Co-30Ni-10Al-5Mo—-2Nb-2Ti.

Materials and methods

Alloy buttons (30 grams) of nominal composition (in
atomic%) Co-10Al-5Mo-2Nb, Co30Ni-10Al-5Mo-
2Nb, and Co-30Ni-10Al-5Mo-2Nb-2Ti were prepared
using a laboratory-scale vacuum arc melting unit
equipped with a water-cooled copper hearth and W
electrode. The constituent elements were 99.99 % pure
(supplied from Alfa Aesar) and melted under argon
atmosphere. Prior to melting, the chamber was evacu-
ated to the order of ~107° bar pressure using both
rotary and diffusion pumps. After evacuating, the
chamber was back filled with argon (99.99 % purity).
For attaining homogeneity, the melting was carried out
several times (10-12 times) and subsequently cast under
argon atmosphere in water-cooled copper mold in the
form of rods using a suction casting unit. The cast rods
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were solutionised at 1300 °C for 15 h using a tubular
vacuum furnace (~ 10~ bar) and quenched in water to
retain the supersaturation of the solutes in the matrix.
The solutionised rods were sealed in quartz tube under
vacuum (~10~®bar) and aged isothermally at different
temperatures and subsequently furnace cooled.

Both a scanning electron microscope (SEM, FEI
ESEM) and transmission electron microscopes (TEM)
were used for microstructural analysis of the samples
subjected to various heat treatments. For SEM, both
polished as well as etched samples were used for
imaging with backscattered and secondary electron
modes, respectively. Etching was carried out using
SPAR etchant solution (100 ml distilled water, 100 ml
HCl 4+ 10 ml HNOj;, 0.3 ml of spar etchant). For
accurate composition analysis, a field-emission-tip-
ped electron probe microanalyser (EPMA, JEOL JXA-
8530F) was used. In this case, only polished samples
were used for accurate analysis. For TEM sample
preparation, 3 mm disks from the heat-treated sam-
ples were cut and mechanically polished to a thick-
ness of ~80 um. The final samples were prepared
using a twin-jet electro polishing unit operated
between 10 and 15 V with a solution of methanol and
5 vol% perchloric acid at —30 °C.

Besides microstructure, the composition profiles
across phase interfaces were obtained through EDS
measurements (EDAX make, model TECNAI 12T/
20T /20ST, 136-5, Octane Silicon Drift Detector (SDD
series)) using a transmission electron microscope
(TEM) equipped with a field emission source (FEI F30
with STEM nanoprobe facility). The EDS measure-
ments were carried out (averaging ~20 EDS spectra
for each reported composition) in the STEM configu-
ration using a probe size of approximately 1 nm and
the TIA (TEM imaging and analysis, FEI supply) soft-
ware was used in mixed mode for quantification. The
quantification was carried out using the standard
library. This accuracy of the library was cross-verified
in a routine manner from time to time and against
results of EPMA measurements. The phase identifi-
cation and orientation relationships between the pha-
ses were obtained through the selected area diffraction
technique using a conventional transmission electron
microscope (JEOL 2000FX). Identification of crystal
structures for the phases evolved has been done by
generating and comparing the reference diffraction
patterns simulated using JEMS software (P. A. Stadel-
mann. JEMS—EMS java version, 2004) with the
experimentally obtained diffraction patterns.
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The solvus temperatures of the aged samples were
determined by carrying out thermal analysis using a
differential scanning calorimeter (DSC, NETSCH
make, STA449F3) operated under argon atmosphere
using a heating rate of 10 °C min~'. The volume
fractions of Y’ precipitates for the aged alloys were
measured according to ASTM standard E562-11 [30].

Results and discussion

The microstructures of the cast samples as well as
those obtained after solutionising heat treatment
have been discussed in detail elsewhere [27]. After
solutionising, the alloys exhibit disordered fcc y-Co
solid solution. Figure 1a and b shows the dark-field
micrographs of the alloy Co-10AI-5Mo-2Nb peak
aged at 800 °C for 2 h and the alloy Co-30Ni-10Al-
5Mo—-2Nb peak aged at the same temperature for 5 h,
respectively. The images were taken near the [001]
zone axis of the matrix (respective diffraction pat-
terns are shown as insets) using 100 superlattice
reflections. In both cases, Yy’ precipitates exhibit
cuboidal morphology. However, a significantly
higher volume fraction of Yy’ precipitates of around
76 % could be seen in the Ni-containing alloy com-
pared to the Co-10Al-5Mo-2Nb alloy that contains
52 % volume fraction of y'. The detailed microstruc-
tural analysis and mechanical properties of these
alloys after aging are reported in our earlier article
and have also been shown briefly in Table 1 [27].

The aging curves at 800 °C show a decrease in the
hardness of the base Co-10A1-5Mo-2Nb alloy with
time while there is no effect on the Co-30Ni-10Al-
5Mo-2Nb alloy up to an aging time of 100 h. The
solvus temperatures for the Co-10Al-5Mo-2Nb and
Co-30Ni-10A1-5Mo-2Nb alloys are 866 °C and
990 °C, respectively [26, 27].

Microstructural changes in Co-10Al-5Mo-
2Nb after extended exposure at 800 °C

In this section, the microstructural changes in the Co-
10Al-5Mo-2Nb alloy while aging at 800 °C for exten-
ded periods have been presented and discussed. Fig-
ure 2 shows backscattered SEM images of the base
alloy (Co-10Al-5Mo-2Nb) after aging at 800 °C for
35 h. The low magnification micrograph shows
appearance of needle-type precipitates at the grain
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Figure 1 Dark-field micrographs taken near to the [001] matrix zone axis using the 100 super lattice reflection for a Co—10A1-5Mo-2Nb
alloy peak aged at 800 °C, 2 h and for b Co-30Ni—-10Al-5Mo-2Nb alloy peak aged at 800 °C, 5 h.

Table 1 Properties of Co—10Al-5Mo-2Nb and Co—30Ni—10AI-5Mo—2Nb (CoNi30) alloys [27]

Alloys Solvus temperature (°C)  Density (gm cm™>)  Tensile Properties
0.2 % PS (MPa) UTS (MPa) % El  Specific 0.2 % PS
(MPa/gm cm™)
Co—10Al-5Mo-2Nb 866 8.36 720 835 19 86.1
CoNi30 990 8.38 790 890 17 943
CoNi30 870 8.38 535 575 17 62.7

boundaries as well as inside the grains in a non-uni-
formly distributed manner along with the y' precipi-
tates in the matrix. In addition, a cellular-like growth
involving three phases originating from the grain
boundary and growing into the y matrix that contains a
uniform distribution of y' phase can be observed.
These features could be seen throughout the sample.
The nature of the growth of needle-shaped pre-
cipitates has been evaluated with the help of electron
microscopy. Figure 3a shows a typical micrograph
using STEM HAADF technique from a region where
the needle precipitates are present. The composi-
tional EDS map (see supplementary figure S1) and
profile scan (Fig. 3b) indicate that these precipitates
are mainly rich in Mo and Nb. The measured overall
compositions of these precipitates are Co-0.7Al-
12.3Mo-11.8Nb which is close to the stoichiometry of
Cosz(Mo, Nb). It can be noted that most of the Al
atoms partition into the fcc y-Co matrix. The crystal
structure of the needles and the orientation relation-
ship with the y matrix could be established through
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diffraction analysis. Figure 3c shows a diffraction
pattern taken along [011] matrix zone axis from a
region that contains needle-shaped precipitates. The
main reflections belong to fcc y-Co while the super-
lattice spots could be indexed as the DO;g structure
that corresponds to the Co3;(Mo, Nb) needle precipi-
tates. Along with these, one can also observe weak
superlattice spots in between the transmitted beam
and 200 type of matrix reflections. These weak spots
appear due to the presence of L1-ordered precipi-
tates in the nearby matrix region. The schematic of
the indexed pattern is also included in Fig. 3c. The
orientation relationship between the ordered Coz(Mo,
Nb) phase and the fcc y-Co phase was found to be

[1210] g 1011
(OOOl)Coﬁhmebﬂ|(1li)y7C0
The needle precipitates are however not stable. A

careful observation shows nucleation of a second
phase that consumes a portion of the needle. This is

y—Co

(1)
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Figure 2 Backscattered SEM
images of the base alloy Co—
10Al-5Mo-2Nb after aging at
800 °C for 35 h showing
needle precipitates inside the
grains and two-phase cellular
growth from the grain
boundary toward the grain
interior.

shown in the inset of Fig. 3a. The structure of this
phase is presented later.

As mentioned earlier, the microstructural obser-
vations suggest that in addition to needle precipi-
tates, phases with cellular morphology develop from
the grain boundaries. Figure 4a shows a STEM
HAADF micrograph that exhibits the cellular
decomposition products with an interface separating
the three-phase cellular colony from the y matrix.
There exist two types of lamellar contrast (one darker
and the other comparatively lighter) coexisting in the
cell. The EDS elemental mapping [see supplementary
52(a)] indicates the phase with dark contrast to be Al-
rich, while the brighter one is rich in Mo and Nb. The
compositions of the respective phases are given in
Table 2. The phase with darker contrast has the
composition Co-29.3A1-0.4Mo-0.7Nb while compo-
sition of the brighter phase is Co-0.6Al-11.5Mo-
8.7Nb that is close to the stoichiometry Coz9(Mo,
Nb),;. The region separating the lamellae inside the
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cell (gray contrast) is a Co-rich solid solution (y1). The
EDS measurement using STEM nanoprobe indicates
the composition to be Co-3.2Al-3.1Mo-0.7Nb. In
contrast, the original composition of the y matrix
located at the other side of the cellular interface is
Co—4.2A1-4.4Mo-1.5Nb. The results indicate signifi-
cant reduction of solute concentrations in the y phase
located at cellular regions compared to the original
matrix. This is consistent with the general character-
istic of cellular decomposition.

The crystal structure of the coexisting phases dur-
ing decomposition and their orientations relation-
ships were determined through diffraction analysis.
Figure 4b shows a diffraction pattern taken along the
[112] zone axis of the Co matrix. The reflections could
be indexed as fcc y;-Co. Along with these fcc reflec-
tions, additional spots were present. These can be
indexed as reflections from a B2-ordered phase and
reflections from a DO;g-ordered phase. The
schematics detailing the indexing of coexisting

@ Springer



7848

patterns are also presented in the same figure. Fig-
ure 4c, d show the dark-field micrographs taken from
the respective superlattice spots of B2 and DO;g
phases [a low magnification bright-field micrograph
is also shown in supplementary S2(b)]. The micro-
graph shown in Fig. 4c was taken from the 121 spot
of B2 phase near the [113] zone axis while Fig. 4d was
taken from the 1210 spot of the DO;o phase near the
[1010] zone axis. A comparison of Fig. 4a, ¢, and d
establishes a three-phase coexistence of B2, DO, and
v1 in the cellular region. We note that in the diffrac-
tion pattern, there is no signature of L1, ordering.

J Mater Sci (2016) 51:7843-7860

Figure 4 a STEM HAADF image of the lamellar region in the®
base Co—10Al-5Mo-2Nb alloy after 35 h of aging at 800 °C. b
Diffraction pattern taken from the lamellar region imaged along
the [112] zone axis of the fcc y-Co matrix containing reflections
from two other phases (B2 CoAl and DO;9 Co3(Mo, Nb)) and
schematic indexed pattern. ¢ Dark-field micrographs taken from
the 121 reflection of the B2 CoAl phase and d superlattice
reflection of the DO;9 phase. e EDS Profile line scan across the
interface between the y and (i) DO,y Co3z(Mo, Nb) bright phase
(i1) B2 CoAl dark phase, and (iii) Co solid solution ().

[Til]'\/fCo | | [1 ‘IO]B27C0A1 | | [OOOT]Dolg —Co3(Mo,Nb)

This suggests that these phases are formed at the _ ) (2)
expense of y'-ordered precipitates. The orientation (101)Y—C0’ | <111>B2—CoA1| |(1120) DO19—Co3(Mo,Nb)
relationship of these phases were found to be
Figure 3 a STEM HAADF (a)
image showing a needle-
shaped precipitate in the Co—
10Al-5Mo—-2Nb alloy aged at
800 °C for 35 h. b EDS
elemental line scan across the
needle precipitate using STEM
nanoprobe ¢ and the
diffraction pattern taken
parallel to the [011] matrix
zone axis from the region
containing the needle
precipitate with a schematic of (b)
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Table 2 EDS compositions
measured using STEM
nanoprobe of the phases that
appears during 35 h of aging

Co—-10Al-5Mo-2Nb aged at 800 °C for 35 h  Constituent elements (at.%)

in the Co—10Al-5Mo-2Nb
alloy at 800 °C

Co Al Mo Nb
Needle precipitate [DO;9 Cos(Mo, Nb)] 752 +£06 07+02 123+£04 11.8+£03
Dark phase (B2 CoAl) 69.7£07 294+05 04+£02 07=£03
Bright phase [DO;9 Co3;(Mo, Nb)] 792 £05 06+02 11.5+£05 87=£06
Solute-depleted Co solid solution (y;) 93+£07 32404 3103 07x02
Solid solution (y)—P1 946 £06 23+03 23+£02 08=+0.1
Solid solution (y)—P2 926+£06 26+02 36+£03 12+02
Solid solution (y)—P3 899+06 42+03 44+£02 15=£0.1

The fcc y-Co and B2 phases follow Kurdjumov-
Sachs (KS) orientation relationship while DOy phase
has Burgers orientation relation with y-Co. The ori-
entations of these three phases are shown using the
stereographic projection in Fig. 5.

To determine the compositional changes across the
boundary, the EDS profiles were taken using STEM
nanoprobe. The results are summarized in Table 2.
The phase with B2 structure is rich in Al having the
composition CozpAlzy with marginal partitioning of
Mo and Nb. This suggests that the B2 phase is non-
stoichiometric similarly to the NiAl phase. The com-
position of DO;9 phase with brighter contrast corre-
sponds to Coz(Mo, Nb). The composition profiles of
the three phases across the cell boundaries are shown
in Fig. 4e. The solute variations across the phase
boundary (lines P1, P2, and P3) are from the region
(i) DO19 Coz(Mo, Nb), (ii) B2-CoAl, and (iii) y;-Co to
the y-Co matrix, respectively. Local compositions of
the y matrix near the respective interfaces (P1, P2,
and P3) are shown in Table 2.

The present study establishes that the cuboidal L1,-
ordered Yy’ precipitates are metastable in the Co-
10Al1-5Mo-2Nb alloy at 800 °C and thus the mea-
sured solvus temperature (i.e., 866 °C) through DSC
is a metastable solvus temperature. The decomposi-
tion occurs via two routes. The first being the direct
precipitation in the grain interior of DO;9 Cosz(Mo,
Nb) phase in the form of Widmanstidten needles.
However, accumulation of Al at the interface leads to
the nucleation of the B2 phase.

The second mode is a unique cellular precipitation
where a cellular front grows from grain boundary to
the grain interior that contains y' precipitates in the y
matrix. The front consists of alternating layers of y
solid solution and lamellae of DO;9 Coz(Mo, Nb) and
B2 CoAl. Cellular precipitation originating from grain
boundaries is well known [31, 32]. There exist
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detailed studies of cellular precipitation consuming a
matrix containing precipitates in Al-Zn alloys which
resembles what is being observed in the present case
[33-38]. It is to be noted that diffusion couple
experiments in Co-Al-W alloys at 900 °C have
shown that the Ll,-ordered Cos(Al, W) phase is
metastable and decomposes into equilibrium phases
consisting of fcc y, B2 CoAl, and DO;9 CosW [39, 40].
This is generally described in the literature as eutec-
toid-like decomposition. However, the present
observation is unique as described below.

The results suggest that the decomposition of our
alloy which exhibited a two-phase y—y microstruc-
ture occurred in a cellular manner. Besides fcc v,
plates of precipitates grow normal to the cellular
interface in a coordinated manner that resembles
diffusion coupling across the cellular interface.
However, the unique feature of the present growth is
that two different phases comprise the growing
plates. A careful examination of Fig. 4a reveals that
two precipitates having DO;9 Coz(Mo, Nb) and B2
CoAl crystal structures appear sequentially in the cell
with one nucleating on the other. The composition of
v across the DO;9 Coz(Mo, Nb) phase is enriched with
Al (see P1 in Fig. 4e). The growth will continue until
the local y composition is sufficiently enriched with
Al At a certain critical enrichment level, the system
will prefer nucleation and growth of the B2 CoAl
phase at the Al-enriched interface between the y and
DO;9 Coz(Mo, Nb). Similarly, the y composition near
the P2 interface is richer in Mo and Nb than the phase
B2 CoAl. As a consequence, Coz(Mo, Nb) with DOyq
structure will nucleate and grow when the y com-
position is sufficiently enriched with Mo and Nb.
Through this sequence of repeated formation of
phases, the cellular growth can proceed from the
grain boundary through one of the grains at the
expense of original y—y microstructure. It is
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Figure 5 Schematic
superposition of Stereographic
projections normal to the

[1 1 1] for v,-Co (filled circle),
[11 0] for B2-ordered CoAl
(filled circle) and [000 1] for
DO g-ordered Coz(Mo, Nb)
(filled square) phases.

emphasized that although the process was termed as
cellular precipitation, the process cannot be explained
by the well-established growth mechanisms as elu-
cidated by either Tu and Tunbull [41] or Fournelle
and Clark [42]. The process involves diffusional
growth as well as repeated heterogeneous nucleation
that needs to be further explored in the future.

As discussed earlier, the three phases exhibit well-
defined orientation relationships as they nucleate on
each other.

Phase stability and decomposition behavior
of Co-30Ni-10A1-5Mo-2Nb alloy

In an earlier article, it has been established that Ni
increases the solvus temperature of the ¥ phase [27].
The microstructural stability of such alloys can be
compared with the results for the base alloy pre-
sented in the earlier section. In the case of Ni-
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containing alloy (Co-30Ni-10Al-5Mo-2Nb), no sig-
nificant change in the volume fraction and size of the
¥ precipitates could be observed after 100 h of aging
at 800 °C (Fig. 6a). In comparison, L1,-ordered pre-
cipitates in Co-10Al-5Mo-2Nb alloy decompose at
this temperature. Since the solvus temperature of the
Ni-containing alloy is 990 °C, it was aged at 900 °C
for 100 h. The SEM backscattered image (Fig. 6b)
shows ordered y' precipitates without any sign of
decomposition. The precipitate size ranges from 200
to 300 nm and the volume fraction after high-tem-
perature exposure (900 °C) is reduced to 56 from
76 %. To characterize element partitioning behavior,
an EDS line scan using STEM nanoprobe was carried
out across the y' phase and is shown in Fig. 6¢c. The
Ni, Al, and Nb show strong partitioning to the
ordered y' precipitates with respect to the y-Co
matrix while the concentration of molybdenum
remains similar across the y-y' interface. The
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Figure 6 a STEM HAADF
image of the L1,-ordered
precipitate region in the Co—
30Ni—10Al1-5Mo—-2Nb alloy
aged at 800 °C for 100 h
viewed along the [001]
crystallographic direction,

b Backscattered SEM image
for Co—30Ni-10A1-5Mo—2Nb
alloy aged at 900 °C for

100 h, and ¢ EDS elemental
mapping and line scan across
the y/y' interfaces showing the
elemental partitioning in the
Co-30Ni-10A1-5Mo-2Nb

J Mater Sci (2016) 51:7843-7860

(b)
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composition of the ¥ precipitate is found to be Co-
38.3Ni-10.1Al-5.8M0—4.2Nb. Ni addition enhances
the phase field area of the ¥ and hence the stability of
the v/ precipitates increases [22, 23]. The results reveal
that on aging at 900 °C for 100 h, the metastable-
ordered precipitate does not decompose into equi-
librium phases in contrast to the base alloy compo-
sition of Co-10Al-5Mo—2Nb.

The stability of the y—y' microstructure at 950 °C for
100 h, which is close to the solvus temperature of
990 °C, was also studied. Figure 7a shows a SEM
backscattered image. The microstructure does not
contain cuboidal precipitates. Instead, other phases
appear in the microstructure. Four morphologically
distinct phases can be distinguished. Some of these
belong to the family of TCP phases that are detrimental
for high temperature and creep properties of the
superalloys [43] and are known to form during long
exposures at elevated temperatures [44]. The forma-
tion and the effect of TCP phases on properties in Ni-
based super alloys have been extensively studied [45-
48]. The presence of these phases in the microstructure
reduces the solute content in the matrix and hence
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reduces the solid solution strengthening contribution
to the overall strength of an alloy. Precipitation of these
phases at high temperatures leads to brittle fracture.
This is due to the weak interfacial strength between the
matrix and TCP phases and the formation of voids
resulting in interfacial de-cohesion upon the applica-
tion of load [45, 49]. The compositions of all the phases
have been determined using STEM nanoprobe EDS
measurements and shown in Table 3.

Al is a Mo-rich phase with the composition Co-
4.2Ni-14A1-70.9Mo-5.7Nb. Figure 7b shows a bright-
field micrograph and the diffraction pattern taken
from the phase. The pattern is indexed as the TCP1
phase which has the A15 crystal structure with the
[103] zone axis aligned parallel to the optical axis of
the TEM. The space group of this phase is classified
as pm3n. The dark-field image from the 020 spot
confirms the identity of the Al phase. Figure 8a
shows a bright-field micrograph of the needle pre-
cipitate that has two types of contrasts. The compo-
sitions of these two phases were measured and found
to be different (Table 3). They were named A2 and
A3, respectively.
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A2 and A3
Needle Precipitate
(Co-30Ni-1Al-16Mo-3Nb),
(Co-35.1Ni-4Al-2.1Mo-26Nb)

(b)

Figure 7 a Backscattered SEM images of the Co—30Ni—-10Al-
SMo-2Nb alloy aged at 950 °C for 100 h showing TCP phases in
the microstructure and their compositions. b A pair of bright-field
and dark-field micrographs taken along [103] zone axis of the Mo-

A2 comprises mainly of Co, Ni, and Mo, while A3 has
Co, Ni, Al, and Nb. The diffraction pattern taken along
the [101] matrix zone axis contains extra spots along
with the fundamental reflections. These spots arise due
to the presence of two different phases. The nets corre-
sponding to these phases are outlined on the diffraction
pattern. Both the nets correspond to hexagonal crystal
structures, but have different lattice parameters. The
crystal symmetry of the phase A2 is characterized by the
P65/ mmc space group with lattice parameters ‘a’ and ‘c’
equal to 0.285 and 0.462 nm, respectively. Similarly, the

[103] Zone axis
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Al
Mo rich
Phase
(Co-4.2Ni-14Al-
70.9Mo-5.7Nb)

A4
Nb and Mo rich phase

(Co-2.4Ni-0.5AI-14Mo-41.2Nb)

rich Al phase present in the matrix. The diffraction pattern is
matched to the A15 crystal structure with the space group pm-3n
with the lattice parameter 2 = 0.4951 nm.

A3 crystal symmetry is described by the same space
group but with larger lattice parameters (‘a” and ‘c’
equal to 0.421 and 0.682 nm, respectively). This phase
can be categorized as the Laves phase (TCP2 phase)
with a prototype structure analogous to MgZn,. A
schematic of the indexed pattern is shown in Fig. 8a and
also the simulated reference patterns were shown in
supplementary information S3(c) for yCo/A2 and (d)
vCo/A3, respectively. Both the phases have specific
orientation relationships with the y matrix. These can be
expressed as
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[101],_c, ||[2110],,]| [2021]
(T11),_¢,]|(0001) 4, |[(0T12) 45 pcpry

A3(TCP2) 3)

These two phases can be distinguished easily by
taking dark-field micrographs from the respective
phase reflections present in the diffraction pattern.
Figure 8b shows dark-field images taken using the
0110 A2 reflection and the 1102 A3 reflection,
respectively.

Figure 9a shows a bright-field micrograph of a
region containing a phase (A4) with distorted
cuboidal morphology. The diffraction pattern taken
along the [101] matrix zone axis shows double
diffraction spots along with the main reflections.
Hence, to distinguish the A4 phase reflections,
microdiffraction patterns were taken from both the
A4 and the nearby matrix region and shown in the
same figure. The A4 phase was identified as u phase
(TCP3) which has a rhombohedral crystal structure.
The lattice parameters ‘a” and ‘b’ have values of
0.4904 and 2.618 nm, respectively.

The schematic indexing of the pattern is shown in
Fig. 9b and the simulated reference pattern is also
shown in supplementary information S4(c) for yCo/
A4. The composition and the prototype structure are
presented in Table 3. The orientation relationship of
this phase with the matrix can be expressed as

(020), ¢, /1(2116) s47cps)
(1_01 )y—Co | | (01—10)A4(TCP3)

There are very few reports on phase decomposition
and TCP phase formation in y-y' Co-based superal-
loys when exposed to high temperatures. The most
detailed work to date is that of Yan et al. [6, 7] which
has studied a large number of alloys with quaternary
additions to a base Co—Al-W alloy. Existence of three
secondary phases was reported: a DOjg-ordered y
phase of essentially Co3W composition, B2-ordered f
phase of CoAl composition, and occasionally p phase
with a rhombohedral crystal structure. The p phase
has a general composition of Co;W¢. However, this is
stabilized by other alloying additions as well. The
presence of these three phases in the Co—-Al-W sys-
tem has also been shown by diffusion couple exper-
iment [39, 40]. In Ni-based y-y' alloys, the most
commonly observed TCP phases are ¢ (tetragonal), P
(orthorhombic), 1 (rhombohedral), and R phase. The
o phase often forms first and acts as a site for second-
phase nucleation [54]. The orientations of these

120°

a=>b=0.285 nm and ¢ = 0.463 nm
B

a=>b=0.421 nm and ¢ = 0.682 nm
a=>b=0.4904 nm and ¢ = 2.618 nm,

a=>b=c=0.465nm

Lattice parameter

Space
group
Pm-3n
P63;/mmc
P63;/mmc
R-3m

Prototype

Cr;Si [50]
[52]

W6FC7 [53]

Mg [51]
MgZn,

structure

3 + 0.3 Hexagonal
26 £+ 0.6 Hexagonal (Laves phase)

Crystal structure

(4)

5.7 £ 0.2 Cubic AlS5 crystal

Nb

14 £ 0.5 41.2 &+ 04 Rhombohedral (n phase)

16 £ 0.6
21+04

Al Mo
14+03 709 +0.5
30 £ 0.2 1+02
4+£03
24+£03 05+£02

42 +03
351 £02

Ni

50 + 0.1

Composition (at.%)
52+£02

32.8 £ 0.1

428 £0.3

Co

Table 3 EDS compositions taken using STEM nanoprobe of all the phases present in Co—30Ni—10Al-5Mo-2Nb alloy aged at 950 °C for 100 h

Al
TCP1
A2

A
TCP2
A4
TCP3

I
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Figure 8 a A bright-field
micrograph showing the
needle-shaped phase with two
different contrasts taken near
the [101] matrix zone axis.
The diffraction pattern shows
spots from two different
hexagonal phases with a
particular orientation
relationship (see schematic
indexed pattern). b Dark-field
micrographs taken from the
0110 spot of the A2 phase and
from the 1102 spot of the A3
phase.

phases with the matrix and their morphologies were
studied extensively [55-58]. However, the ¢ and P
phases are yet to be observed both in our alloys as
well as in Co-Al-W alloys.

We now discuss the composition of the secondary
phase observed in this work. The phase identified as
TCP1 is of CrsSi type and has cubic A15 structure.
This phase has a general stoichiometry of A3;B with
A and B atoms occupying distinct sites resulting in
an ordered structure. In our case, the A sites have
CN14 coordination and are most likely occupied by
Mo and Nb while B sites (CN12) are occupied by Al,
Co, and Ni in that order. In contrast, the TCP2
phase is a hexagonal Laves phases of MgZn, type.
The axial ratio is 1.62 which is slightly less than the
ideal value of 1.633. The observed stoichiometry is
close to AB, with Nb atoms together with small
amount of Al and Mo occupying the A sites while
Co and Ni almost equally occupying the B sites in
the structure.

The third TCP phase observed is the p phase which
has a rhombohedral structure with a stoichiometry of
A7Bg. This phase also appears in the Co-Al-W alloy.
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The isotype of this phase is Fe;Ws. However, our
composition analysis suggests that Nb and a smaller
amount of Mo most likely occupy the B sites while Co
and Ni occupy the A sites. One therefore needs to
verify the exact composition by other techniques to
confirm this finding.

The occurrence of hcp solid solution of Co (A2
phase) as a decomposition product in our alloys
needs special mention. This solid solution contains
very little of Al and Mo and predominantly coexists
with Laves phase that also contain very little Al. The
A1l precipitate is the only one which predominantly
contains Mo and to a lesser extent Al compared to y
matrix. Thus, the precipitation of TCP 1 is crucial for
the precipitation of other phases.

We must add that similarly to the observations in
the Co-Al-W alloys [7, 39], we have also observed the
ordered DO;g phase as well as the B2 CoAl phase in
the base Co-10Al-56Mo-2Nb alloy. However, we
show that at least in our case, the decomposition does
not follow a eutectoid reaction. With Ni as an alloy-
ing addition, the decomposition pathway shifts to
yield the TCP phases.
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Figure 9 A bright-field image
showing the TCP 4 phase
taken along the [101] matrix
zone axis and diffraction
pattern showing spots that
were indexed as the
rhombohedral (p phase)
structure (see schematic
indexed pattern). b The dark-
field micrograph taken using
the 112 3 spot reflects the A4
phase present in the matrix.

A ]
03?0 123 @
1-11 .0

Stability of Co-30Ni-10A1-5Mo-2Nb-2Ti
alloy

To increase the solvus temperature further, 2 at.% Ti
is added to the Ni-containing alloy. It is shown in
earlier reports that Ti is a strong Y’ stabilizer and
hence addition in small amounts increases the solvus
temperature significantly [12, 14]. The solvus tem-
perature of the Co-30Ni-10Al-5Mo-2Nb-2Ti alloy
was found to be 1030 °C that is greater than the sol-
vus of other two alloys (Fig. 10a). To check the sta-
bility of this alloy at 950 °C, the solutionised samples
were aged at 950 °C. Figure 10b shows the SEM
backscattered image of the aged sample. It contains -
Y microstructure with the precipitate sizes ranging
from 400 to 800 nm. Neither decomposition of y—y'
nor TCP phases were observed after 100 h of aging
950 °C. However, the microstructure shows
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(b)
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directional coarsening (rafting, coalescence of 7y
cuboidal precipitates in one direction) of y" precipi-
tates that can be attributed to high misfit strain across
v/v', high volume fraction, and high temperature of
aging. In operational conditions, on application of
low stresses at high temperatures, rafted
microstructure resists creep but at high temperatures
it accelerates creep [59]. In the present alloys, the
lattice misfit can be altered by addition of Cr and thus
the directional coarsening can be avoided during
aging [60].

Conclusion

The present work explores the nature of the stability
of the Ll,-ordered Coz(Al, Mo, Nb) phase in the
newly discovered Co-10Al1-5Mo-2Nb alloy. On
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Figure 10 a Comparison of (a)
1100
e s e e e
(Nb), Co—30Ni-10Al-5Mo— o 1050 - 1030
2Nb (30NiNb), and Co—30Ni— °q,. 1000 4
10A1-5Mo—2Nb—2Ti 5
(30NiNbTi) alloys. ® 950 4
b Backscattered SEM image 8
of the Co-30Ni-10Al-5Mo— £ 9001
2Nb-2Ti alloy after aging at = 850 -
950 °C for 100 h showing no
sign of decomposition or TCP 800 -

phase formation.

Nb
30NiNb
30NiNDbTi

aging at 800 °C for 35 h, needle-type precipitates of
Cosz(Mo, Nb) with DOjq-ordered structure appear in
the microstructure. The L1,-ordered phase is there-
fore metastable and on decomposition yields three
equilibrium phases which include fcc y;-Co, B2 CoAl,
and DO;9 Coz(Mo, Nb) with specific orientation
relationships with one another. Morphology similar
to those observed during cellular precipitation could
also be observed during the decomposition process.
However, the evolution of the three phases is more
complex and most likely aided by repeated hetero-
geneous nucleation of the phases on one other.

It can be concluded that microstructural stability
and resistance to decomposition is influenced by the
solvus temperature. With substitution of some part of
Co (~30 at.%) in Co-10Al-5Mo-2Nb alloy with Ni
(solvus temperature 990 °C), the decomposition of
the ordered metastable L1, phase can be suppressed
up to 900 °C. However, when aged at 950 °C that is
close to the solvus temperature, TCP phases appear

in the microstructure.

Detailed crystallographic
characterization of these phases reveals four phases
that can be distinguished in terms of chemistry and
crystallography. The y—y' microstructure in the Co-
10A1-5Mo-2Nb and Co-30Ni-10Al-5Mo-2Ta alloys
is not stable at 800 and 950 °C, respectively, that
shows the measured solvus temperatures (i.e., 866
and 990 °C) are metastable solvus temperatures. With
addition of 2 % Ti to the Co-30Ni-10Al-5Mo alloy,
the metastable solvus temperature can be further
increased to 1030 °C. This alloy still retains a two-
phase y—y' microstructure when aged at 950 °C for
100 h without any decomposition or formation of
TCP phases.
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