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a b s t r a c t

A g0 strengthened CoeTieCr superalloy is presented with a mass density "14 % below that of typical Co
eAleW-based alloys. The lattice misfit is sufficiently low to form coherent cuboidal g0 precipitates. Atom
probe tomography shows that Cr partitions to the g phase, but increases the g0 volume fraction compared
to a binary Co-Ti alloy to more than 60 %. The solubility of Cr in the g0 phase is significantly higher than
expected from previously published values. The g0 solvus temperature is above 1100 #C. The yield
strength shows a distinct increase above 600 #C surpassing that of Coe9Ale8W (at.%) and conventional
Co-base superalloys, even more so when it is normalized by the mass density.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Since the re-discovery of a ternary L12 phase of the type Co3
(Al,W) [1], which was reported for the first time already in 1971 [2],
g0 strengthened Co-base superalloys based on the system
CoeAleW have gained renewed worldwide scientific attention
[3e7]. While they show very promising mechanical properties
[3,8], g=g0 two phase alloys in the ternary CoeAleW system suffer
from a narrow g=g0 two-phase region, a low g0 solvus temperature
[1], a low phase stability and small solubility for additional alloying
elements [9e11] and a high mass density, because of the elevated
W-content of 15e30 wt.% (5e12 at.%) that is required to meet the
two phase region at the desired phase fractions.

Cobalt is indeed very promising as a base element for high
temperature materials as it has a 40 #C higher melting temperature
than Ni. Additionally, alloying elements have a lower diffusivity [12]
in Co and the lower stacking fault energy might be beneficial for
achieving reduced double cross slip rates, higher frequency of strong
dislocation locks and thus potentially better creep performance.
Furthermore, conventional solid solution and carbide strengthened
Co-base superalloys offer superior hot-corrosion resistance to

contaminated gas turbine atmosphere environment and exhibit su-
perior thermal fatigue resistance and weldability compared to nickel
alloys [13,14]. Therefore, already during the 1960e1970s consider-
able efforts had been made to identify useful cobalt-base systems, in
which g0 hardening might be possible [2,15e18].

The binary CoeTi system proved to be a promising candidate for
that, because a stable g0 Co3Ti phase exists there, which shows the
highest temperature of the maximum flow stress among all the
intermetallics with L12 crystal structure [19]. It was also shown,
that binary Co-Ti alloys are superior to binary Ni-Al alloys with a
similar g0 volume fraction regarding the flow stress [20]. However,
the use of the Co3Ti phase is hampered by some of its features:
according to [21,22], the maximum solubility of Ti in fcc-Co is only
"12 at.%. This content is only sufficient to produce a very low g0

volume fraction of approximately 20 % at 900 #C. Furthermore, the
addition of Ni to the CoeTi system for producing intermediate Co/
Ni base superalloys results in the formation of plate-like h pre-
cipitates of Ni3Ti type with D024 crystal structure [23,24]. Addi-
tionally, the g0 Co3Ti phase tends to precipitate discontinuously in
an undesirable cellular form, because of a strong change in Ti-
solubility with decreasing temperature and a exceedingly high
g=g0 lattice misfit [16,25].

Viatour et al. [26] gave a very comprehensive review on the
efforts to produce alloys based on the CoeTi system. They found
that almost all alloying elements they investigated caused a
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formation of additional undesired intermetallic phases such as h-
Ni3Ti (D024), b-Co3W (D019) or Laves phases at high temperatures.
Therefore, they concluded that the use of the Co3Ti phase is limited
to service temperatures below 750 #C. However, they also found
that Cr can effectively reduce the g=g0 lattice misfit and impede
discontinuous precipitation reactions at grain boundaries that are
detrimental for the mechanical properties. The g0 phase of a
Coe10.7Tie11.0Cr (at.%) alloy (referred to as Coe9Tie10Cr in their
study, as the content is given in wt.%) remained stable even after
prolonged aging for 1000 h at 1000 #C. However, they did not
include a fully compositionally matured alloy for their structural
investigations, as either the Cr content was too low, so that the g=g0

lattice misfit was not reduced sufficiently or it was too high, which
caused the formation of a phase that they termed c or the Ti con-
tent was too high (17.6 at.%) and b-Co2Tiwas formed. Nevertheless,
these findings indicate that the CoeTieCr system might indeed
serve as a compositional basis for developing promising candidate
materials for high temperature applications.

Besides these constitutional considerations g=g0 CoeTieCr
based superalloys might help to reduce the high density of
CoeAleW alloys by means of alloying, while maintaining the
positive g=g0 lattice misfit. As an example, alloys with "5 wt.% Ti
and "7 wt.% Cr could reduce the mass density of an Coe9Ale8W
alloy by more than 7.5 % to 8.5 g/cm3 which would then be in the
range of or even lower than the density of conventional Co-base
superalloys without the possibility of g0 strengtheningdsuch as
Mar-M509 with 8.85 g/cm3 [27].

In this study, a Coe11Tie15Cr g=g0 superalloy with low mass
density is presented and characterized in terms of microstructure,
lattice misfit, transformation temperatures, phase compositions
and flow stress.

2. Experimental procedures

The Coe11Tie15Cr alloy (henceforth all compositions are given
in at.%), subsequently named CTC-1, was arc-melted under Ar back-
filled atmosphere using raw elements of 99.9 % purity. The rod-
shaped sample was turned over and re-melted several times to
improve compositional homogeneity. The subsequent heat treat-
ment comprised a solution and homogenization step for 100 h at
1150 #C followed by a precipitate aging heat treatment for 100 h at
900 #C. These heat treatments were conducted in one step in a
vacuum tube furnace using heating and cooling rates of 5 K min$1.
Hereafter this heat treatment is referred to as standard heat
treatment. For the atom probe tomography (APT) measurements, a
smaller sample was re-heated to 900 #C for about 15 min and
quenched in water to avoid g0 precipitation in the matrix channels
upon cooling and, therefore, provide compositions characteristic
for the aging temperature.

The microstructure was investigated by using scanning electron
microscopy (SEM) using a Zeiss Crossbeam 1540 EsB in conjunction
with a back-scattered electron detector. Prior to microstructural
examination, standard sample preparation was conducted, which
consisted of grinding by SiC paper up to 4000 grit and polishing
using a diamond suspension.

Additionally, transmission electron microscopy (TEM) was car-
ried out in a Philips CM200 instrument at 200 kV acceleration
voltage. The TEM sample was prepared from the standard annealed
state. The disc with a diameter of 3 mm was cut to a thickness of
"0.5 mm beforemechanically grinding and polishing to a thickness
of "100 mm. The final thinning was performed with a Struers Ten-

uPol-5 electropolishing unit and Struers Electrolyte A2. The elec-
trolyte was cooled to a temperature of $5 to $20 #C using liquid
Nitrogen.

The large grain size of several hundred mm in the arc-melted
sample impeded powder diffraction experiments, as an insuffi-
cient number of grains would contribute to diffraction. As a
consequence, to measure the lattice constants of g and g0, high
resolution X-ray diffraction experiments (HRXRD) were carried out
at room temperature on a specimen in the standard heat treated
state at Bruker AXS GmbH in Karlsruhe using a Bruker D8 DISCOVER

horizontal diffractometer. The instrument was operated using
monochromatic CuKa1 radiation and equipped with a energy
discriminating LYNXEYE XE fast linear detector to cut off the influ-
ence of Co fluorescence. Reciprocal Space Maps (RSM) were ac-
quired from an individual grain in the sample around the 001
superlattice reflection of the g0 superstructure and the 002 funda-
mental reflectionwhich is caused by both g and g0. This grainwith a
suitable orientation with respect to the sample surface (i.e. (001)
lattice planes as parallel as possible to surface) was identified by
looking for the highest intensity in a f$ j scan at the expected 002
Bragg angle 2q of "50.6#. Using a series of coupled X-ray tube and
detector movements, u and 2q were then scanned (each ±1.5#)
around the 001 and 002 reflections to record the RSMs. The 002
mapwas then added up to obtain intensity vs reciprocal lattice vector

curves consisting of overlapping peaks from the g and g0 phases.
Three pseudo-Voigt functions (a linear combination of Gauss and
Lorentz profile) were necessary for fitting the profile to take ac-
count for the asymetric peak shape which arises from the differ-
ence in the lattice parameters of g and g0 and the tetragonal
distortion of the g phase due to the coherency stresses [28].

Differential scanning calorimetry (DSC) was performed on the
alloy in the heat treated state to determine phase transformation
temperatures. Heating and cooling rates of 5 K min$1 were used.
The characteristic temperatures were determined by averaging the
corresponding peak onsets in both the heating and cooling curves.

An isothermal section of the CoeTieCr phase diagram at 900 #C
was calculated by the CALPHAD method [29] using the ThermoCalc

software package and the TCNI8 database [30].
Atomprobe tomography (APT) sampleswere prepared fromgrain

interiors using a dual beam FIB system (FEI Helios Nanolab 600/600i)
by the conventional liftout technique [31]. For reducing Ga implan-
tation, a low energy (2 keV) Ga beam was used for final shaping of
the APT tips. APTanalysis was performed using a reflectron equipped
local electrode atom probe (LEAP 3000 XHR, Cameca Instruments) in
pulsed laser mode. The reflectron is a magnetic flight path extension
device which increases the spread among neighboring mass-to-
charge peaks, hence, enhancing chemical resolution. Using a reflec-
tron substantially improves the precision of chemical analysis in
materials containing many related alloying elements [32e35]. Laser
pulses of 532 nmwavelength, 12 ps pulse length, 0.4 nJ pulse energy
and 200 kHz frequency were applied, while the specimen base
temperature was kept at "40 K. Data reconstruction and analysis
was performed using the Cameca IVAS 3.6.8 software package. The
first "106 ions were not considered for data analysis due to residual
Ga ions implanted during FIB milling.

The 0.2 % flow stress was determined from compressive tests at
25 #C, 600 #C, 750 #C, 850 #C, 900 #C, 1000 #C and 1050 #C, and a

strain rate of 10$4 s$1. For the sake of a better comparison,
compression tests on two alloys from Ref. [36], Coe9Ale8W and
Coe12Ti (both containing 0.1 at.% B), were conducted also at 850 #C
and 1000 #C.

3. Results & discussion

In the following the microstructure parameters of the alloy CTC-
1 are presented, before the lattice misfit is discussed on the basis of
the HRXRD and TEM investigations. Subsequently the
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thermophysical properties and elemental partitioning behavior are
addressed before the mechanical properties are compared to other
alloys in terms of the compressive yield strength.

3.1. Microstructure

SEM and TEM micrographs of alloy CTC-1 after standard heat
treatment are shown in Fig. 1. According to image analysis the g0

precipitates have an average edge length of "450 nm and occupy a
volume fraction of "66 %.

It was possible to completely solutionize alloy CTC-1, so that no
primary precipitates prevailed in the standard heat treated state.
Additionally to the g0 precipitates which formed during aging, tiny
g0 precipitates were found in the g channels that formed during the
furnace cooling. Neither cellular precipitates nor allotropic trans-
formations were observed, as it was the case in a
Coe22Cre5Tie1.5Mo alloy reported by Bhowmik et al. [25].
Compared to the ternary Coe9Ale7.5 W alloy presented in Ref. [1],
the precipitates have a more cubic morphology indicating a larger
lattice misfit. The microstructure of CTC-1 is very similar to the one
observed for typical single crystal cast Ni-base superalloys, i.e. cubic
g0 precipitates with sharp edges and corners and very narrow g

channels between the g0 cubes, inwhich dislocations would have to
squeeze during deformation. In Ref. [36], a binary Coe12Ti alloy
was shown to exhibit irregular shaped precipitates after the same
aging heat treatment, caused by a too high misfit. This observation
indicates that Cr is effective in lowering the g=g0 lattice misfit of
CoeTi alloys. Apparently a Cr-content of ⪆ 10 at.% is necessary in the
system CoeTieCr, as an alloy with only 5 at.% Cr still exhibited
irregular shaped precipitates, similar to those in binary CoeTi alloys
(also compare micrographs in supplementary material).

3.2. Lattice misfit

This is confirmed by the HRXRDmeasurements. Fig. 2 shows the

reciprocal space map of the 001 g0 superlattice reflection and the
002 fundamental reflection caused by both g and g0 together with
the corresponding summed profiles. Note that Fig. 2a) is magnified
by a factor of five with respect to Fig. 2b). Obviously, the distinct
broadening of the 002 reflection in both qz and qx directions is
exclusively caused by the g phase as the 001 superlattice reflection
of the g0 phase is very symmetric. The asymmetry of the 002
reflection directly results from the different lattice parameters of g0

and g, which correspond to slightly different peak positions of the
respective phases with respect to qz. The portion of the reflection
which is caused by g is asymmetric too, though. This is also an
indirect consequence of the difference in the g and g0 lattice pa-
rameters: the g unit cell is elastically distorted so that the lattice
parameter parallel to the g=g0 interfaces ag;k is strained and ap-

proaches the larger g0 lattice parameter, whereas the lattice
parameter perpendicular to the interfaces ag;⊥ shrinks with respect
to its unconstrained state (see also Fig. A.1).

In Ref. [36], we had already shown how an equivalent cubic
lattice parameter ag;cub for the g phase can be estimated under the

assumption of isotropic material behavior. Equation (A.4) is an
extension of this procedure which uses all the elastic constants of
the matrix phase or an approximation for them. For details see
Appendix A. A magnified version of the 002 diffraction profile with
a linear scale can be found in Fig. 3. It is observed that the lattice

parameter of g0 is 3.5892 Å (qzðg0Þ ¼ 5:5722 nm$1) and, using the
elastic constants for fcc Co taken fromRef. [37], the equivalent cubic

lattice parameter ag;cub is 3.5700 Å (qzðg⊥Þ ¼ 5:6341 nm$1,

qzðgkÞ ¼ 5:5801 nm$1). The g=g0 lattice misfit d can then be

calculated by

d ¼ 2,
ag0 $ ag;cub
ag0 þ ag;cub

(1)

and is found to be 0.54 % for alloy CTC-1. This value is very close to
the 0.53 % which was reported for a Coe9.2Ale9W alloy by Sato
et al. [1]. Compared to binary CoeTi alloys, which were reported to
have a lattice misfit of 0.75e1.67 % [26,36], d of the present alloy
CTC-1 was significantly reduced, so that cubic shaped g0 pre-
cipitates can form. The observation that Cr is effective in reducing
the lattice misfit of CoeTi alloys is in consistence with the findings
reported in Ref. [26]. However, their results suggest that the addi-
tion of Cr is even more effective in reducing the lattice misfit than
what is found in this study. A lattice misfit of 0.54 % would probably
still be considered too high in the case of Ni-base superalloys,
which typically exhibit values of "$0.1 %. Nevertheless, the g0

morphology in CTC-1 is cubic and the g and g0 peaks in Figs. 2b) and
3 are not separated, but still very continuous, which indicates a high
degree of coherency.

Another indicator for coherent g=g0 interfaces is the large width
of the 002 reflection with respect to qx in Fig. 2b): this corresponds
to strongly tilted or bent g lattice planes close to the g=g0 interface.
If the precipitates were incoherent a) the separation of the g0 and g

peaks would be more distinct, b) the tetragonal distortion of the g

matrix phasewould not be present, i.e. the corresponding reflection
would be symmetric in terms of qz and c) the width of the g peak
with respect to qx would be smaller (similar to the g0 superlattice
reflection in Fig. 2a) as no bending of lattice plane was to be
expected.

To confirm that the g=g0 interfaces are coherent, TEM in-
vestigations in conditions in which interfacial dislocations should
be visible were performed. Two of the acquired bright field images
obtained in the same grain in two perpendicular two beam con-
ditions are shown in Fig. 4. No misfit dislocations could be found in

Fig. 1. Microstructure of CTC-1 after aging for 100 h at 900 #C. a) Backscattered
electron micrograph, b) TEM dark field image.
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the present sample. The two imageswere taken near the [100] zone
axis. However, the observations did not change when the sample
was tilted further away from the zone axis. The conclusion that
coherency is still given despite a comparatively high lattice misfit is
conceivable due to two reasons: Positive misfit alloys typically
show a decrease of d with increasing temperature, i.e. d would be
smaller than 0.54 % at the aging temperature of 900 #C. This is
contrary to negative misfit alloys (which includes the most Ni-base
alloys) where d usually gets even more negative with increasing
temperature.

Another reason for coherent precipitates despite a compara-
tively high lattice misfit could arise from a difference in elastic
properties. Fig. 5 illustrates the Young's modulus of fcc-Co and fcc-
Ni in the different crystallographic directions. It is evident that both
crystals show a similar elastic anisotropy. Ni is elastically stiffer
than Co in all directions. As a consequence, the stresses sk that are

caused by a certain lattice misfit in Ni are higher than the ones that

would form in Co. Equation (A.7) can be used to estimate these
stresses. In the present alloy CTC-1 these stresses amount to
625 MPa (using the elastic constants for fcc Co from Ref. [37]). The
same degree of tetragonal distortion in Ni would involve misfit
stresses of 955 MPa (using the elastic constants for fcc Ni from
Ref. [38]). This observation indicates that the lattice misfit that Co-
base superalloys can bear without losing coherency could be higher
than the one in Ni-base superalloys. It would also imply that the

Fig. 2. High resolution X-ray diffraction results. Reciprocal space mapping of a) the g0 001 superlattice reflection and b) the g=g0 002 fundamental reflection. Additionally, the
logarithm of the summed up intensities over qx and qz is included.

Fig. 3. Diffraction profile obtained by adding up the 002 reciprocal space map over qz.

Fig. 4. TEM bright field micrographs of the standard annealed state taken near the
[100] zone axis in two beam conditions in which potential misfit dislocations should
be visible: a) g(020), b) g(002).
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optimum lattice misfit for achieving the best properties would be
different for Co-base alloys.

3.3. Thermophysical properties

The DSC measurements on the heat treated state revealed that
the g0 solvus temperature is 1135 #C, i.e. it is by"150 #C higher than
in comparable CoeAleW alloys [1,36]. However, the solidus
(1153 #C) and liquidus temperatures (1327 #C) are by far lower. A
ternary Coe9Ale8W alloy for instance has solidus and liquidus
temperatures of 1446 #C and "1460 #C respectively [36]. As re-
ported in Ref. [36], a binary Coe12Ti alloy has a g0 solvus temper-
ature of 1022 #C and a melting range of 1217e1337 #C, i.e. the
addition of Cr caused an increase of the g0 solvus, but a decrease of
the solidus and liquidus temperatures. Similar to the Co-Ge-W al-
loys discussed in Ref. [39] and analogue to the Ni-Ge system dis-
cussed in Ref. [40], the low melting temperatures of alloy CTC-1 in
combination with the ability to form g0 precipitates could be
exploited for potential braze alloys for Co-base superalloys.

The aforementioned binary Coe12Ti alloy only exhibited a g0

volume fraction of approximately 20 %, i.e. the addition of Cr also
increased the percentage of g0 significantly to more than "60 %.
Alloys that contained 5 and 10 at.% Cr, contained g0 fractions of"30
and "45 % respectively. SEM micrographs of these alloys can be
found in the supplementary material.

3.4. Phase composition

For better understanding why the addition of Cr leads to such an
increase of the g0 volume fraction APT measurements were con-
ducted. The reconstruction of the data for Cr is shown in an atom
map in Fig. 6a. A 9.6 at.% Ti iso concentration surface is included to
visualize the g=g0 interface. We observe that Cr is enriched inside
the g phase. The concentration profile in Fig. 6b was obtained using
proximity histograms for the denoted isoconcentration surface. It is
evident that Ti is strongly enriched in the g0 phase, whereas Cr
preferentially partitions into the g phase. The phase compositions
were measured in subvolumes at least 5 nm distant from the
interface and containing at least "106 atoms. They are given in
Table 1 together with the respective nominal composition c0. The g0

phase approximates a Co3(Ti,Cr) stoichiometry, suggesting that Cr
occupies the Ti sublattice in Co3Ti.

To the authors' knowledge, the only work on phase diagrams
and reactions in the Co-rich corner of the CoeTieCr ternary system
[41] is based on old and partly contradicting studies [42,43]: Ac-
cording to [42], the present composition Coe11Tie15Cr is situated
in a gþ l3 or two-phase region, where l3 is a C14 Laves phase.
However, apart from g and g0 no further intermetallic phases were
found in the present alloy CTC-1. Reference [43] correctly suggests a
g=g0 two-phase region (g0 is designated f in their work), though
their data were assessed at 1000 #C.

To check the applicability of current databases on the CoeTieCr
system, a 900 #C isothermal section of the ternary phase diagram
was calculated using the TCNI 8 database (see Fig. 7). Additionally,

Fig. 5. Surface representing the Young's modulus of Co (inner blue solid) and Ni (outer
red mesh) in different crystallographic directions calculated using the elastic constants
of fcc-Co [37] and fcc-Ni [38]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) Atom probe tomography elemental map and (b) corresponding concentra-
tion profile across the g=g0 interface.

Table 1

Nominal composition c0 , g=g
0 compositions cg and cg0 as measured by APT (in at.%)

and elemental partitioning coefficient kg
0=g

i
.

c0/at.% cg/at.% cg0 /at.% k
g0=g
i

Co 74 72.7 74.6 1.03
Ti 11 5.1 14.1 2.76
Cr 15 22.2 11.3 0.51
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the nominal composition of CTC-1, the measured composition of g
and g0, and the corresponding tie-line are included in the diagram.
It can be seen that the solubility of Cr in the g0 phase is strongly
underestimated by the calculation. Also in Ref. [44] a Cr-solubility
of <4.5 at.% was found as compared to the 11.3 at.% which was
observed in this study. However, the data reported in the earlier
publication were acquired from a sample that had been aged at
1050 #C for 48 h which somewhat restricts comparability. The
thermodynamic calculation shown in Fig. 7 also predicts a C15
Laves phase to be stable for the given composition at an aging
temperature of 900 #C, which was not experimentally observed in
our current study.

It could be argued that the microstructure and APT in-
vestigations were not performed in thermodynamic equilibrium.
However, even after aging the alloy for 500 h at 900 #C e which
corresponds to a very high homologous temperature of " 0:8 Tm e

no additional phases were observed. This fact and the coarsened
precipitates observed after the relatively long aging time of 500 h
both suggest that g and g0 may actually form a two-phase equi-
librium in this alloy at 900 #C. Micrographs of the long term aged
state can be found in the supplementary material.

The mole fraction of g0 can be calculated from the phase com-
positions by using the lever rule based on the mass balance
equation

c
!

0 ¼ ð1$ fmÞ, c
!

g þ fm, c
!

g0 (2)

where fm is the g0 mole fraction. As the difference in atomic den-
sities between g and g0 is marginal, fm equals the g0 volume fraction

fv. In Equation (2) the compositions of the compound ( c!0) and the

individual phases ( c!g, c
!

g0 ) are represented as vectors in compo-
sitional space, i.e. they contain the concentration ci of the individual
elements i as entries. Transposing the equation gives

!

c
!

0 $ c
!

g

"

¼ fm,
!

c
!

g0 $ c
!

g

"

(3)

i.e. if ðci;0 $ ci;gÞ is plotted versus ðci;g0 $ ci;gÞ and linear regression is

performed, the slope provides the fraction of g0. For alloy CTC-1, this
method gives fvzfm ¼ ð66:0±0:8Þ %, which is in perfect agreement
with image analysis.

A customary measure for the preferential enrichment of a
certain element i in g or g0 is the elemental partitioning coefficient

k
g0=g
i

¼ ci;g0=ci;g, which is also included in Table 1. It is found that the

partitioning behavior of Ti and Cr in this alloy system is not as
pronounced as it is observed in Ni-base superalloys. In Ref. [45] the
partitioning behavior of different elements in typical Ni-base su-

peralloys has been summarized. The partitioning coefficient kg
0=g

Cr

was found to be around 0.2 and k
g0=g
Ti

z6, i.e. the preferential par-

titioning of these elements is more than twice as pronounced
compared to the present alloy CTC-1. However, values almost
identical to the ones observed in this study have been reported for

CoeAleW based alloys, where k
g0=g
Cr z0:57 [46] and k

g0=g
Ti

z2:5 [47].

As a summary, it can be stated that the addition of Cr at the
expense of Co increases the g0 volume fraction despite its prefer-
ential partitioning into the g phase. This was also found for
CoeAleW base alloys [46].

3.5. Mechanical properties

The mechanical properties in terms of the flow stress are shown
in Fig. 8. A distinct increase of the flow stress of alloy CTC-1 above
600 #C is observed. This is contrary to results reported in Ref. [26],
where no anomalous increase in flow strength was found for
CoeTieCr alloys. Furthermore these authors detected that the
addition of Cr causes a decrease in yield strength, whereas in the
current study a strong increase is found compared to a Coe12Ti
alloy. The inferior yield strength they observed might be due to the
different heat treatment or be caused by an overly high Cr content
of 17.4e21.8 at.% which in turn might favor the formation of addi-
tional intermetallic phases (e.g. c), discontinuous coarsening or an
allotropic transformation as observed by Bhowmik et al. for a Mo-
containing but otherwise very similar alloy [25]. Unfortunately the
structural and mechanical characterization in Ref. [26] were not
conducted on the same alloys, which impedes the identification of
the most likely reason for the observed difference.

Additionally, Fig. 8 shows that the yield strength of a conven-
tional carbide and solid solution strengthened Co-base superalloy
Mar-M 509 (Coe3Ce0.25Tie27.1Cre10.2Nie0.3Zre1.2Tae2.3 W) is
surpassed by CTC-1 over the whole temperature range. The flow
stress of alloy CTC-1 is in the same range as that of a Co-9Al-8W
alloy, though the peak strength of the flow stress is seemingly
shifted towards slightly higher temperatures. As seen in 8b), the
mechanical response of alloy CTC-1 is even better, if the strength is
normalized by the alloy density (CTC-1: 8.10 g/cm3, Coe9Ale8W:
9.45 g/cm3, Coe12Ti: 8.30 g/cm3, Mar-M 509: 8.85 g/cm3 [27]) and
is superior to the properties of the other alloys included here over
the whole temperature range.

If there is a continuous g=g0 two-phase region between
CoeCo3(Al,W) and CoeCo3(Ti,Cr), the two g0 strengthened alloying
systems might well complement each other. In CoeAleW alloys,
the substitution of Al and W by Ti and Cr (in certain ratios) might
help to increase the g0 solvus temperature and volume fraction,
reduce themass density and shift the yield strength towards higher
temperatures while maintaining a sufficiently high solidus tem-
perature. Additionally it might be possible to include Cr in g0

strengthened Co-base superalloys without adding Ni, which is not
possible in CoeAleW alloys, because other phases form at the
expense of g=g0 [11,48]. However, it might nontheless be of interest
to investigate such alloys, because in that way the positive misfit
can be retained, while it strongly decreases when Ni is added

Fig. 7. Calculated isothermal section of the CoeTieCr phase diagram at 900 #C
including nominal alloy composition and measured compositions of g and g0 (open
symbols), which indicate a larger g0 single phase region (dashed line).
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[46,48]. The positive misfit in turn might be beneficial for the creep
properties [49,50]. Additionally it might be of advantage, because
according to [51] the addition of Ni to Co-base alloys is accompa-
nied by a decrease of the anti phase boundary and superlattice
intrinsic stacking fault energies.

4. Summary & conclusions

A g0 strengthened, low-density Coe11Tie15Cr superalloy CTC-1
with a g0 solvus temperature above 1100 #C is presented. It was
found that by the addition of Cr, the g=g0 lattice misfit can be
reduced sufficiently (0.54 %) to form an advantageous cubic pre-
cipitate morphology and coherent interfaces. The lower elastic
stiffness of Co as compared to Ni increases the maximum tolerable
and also the optimal g=g0 lattice misfit for Co-base superalloys
compared to in Ni-base superalloys.

Despite preferential partitioning of Cr into the g phase, it in-
creases the g0 volume fraction to more than 60 %. The solubility of
Cr in the g0 phase is significantly higher than previously published
data show. The alloy's yield strength shows a distinct increase
above 600 #C and surpasses the one of Coe9Ale8W, even more so
when normalized by mass density (9.4 g/cm3 for Coe9Ale8W,
8.1 g/cm3 for the new alloy presented here).
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Appendix A. Coherency Stresses and Tetragonal Distortion

A schematic of the interfacial stresses and the tetragonal
distortion is shown in Figure A.1. The strain state in dependence of
the stress is described by

εij ¼ Sijklskl (A.1)

where Sijkl is the elastic compliance tensor.

Fig. A.1. Schematic of coherency stresses and tetragonal distortion of the g matrix
phase.

The peak fitting above gives the lattice constant of the g0 phase
and the two lattice parameters of the tetragonal distorted g phase
ag;k and ag;⊥. Assuming plane stress in the matrix, i.e. no stresses

perpendicular to the interfaces (s11 ¼ s22 ¼ sk, s33 ¼ s⊥ ¼ 0) gives

εk ¼ skðS11 þ S12Þ ¼
ag;k $ ag;cub

ag;cub
(A.2)

and

ε⊥ ¼ 2skS12 ¼
ag;⊥ $ ag;cub

ag;cub
(A.3)

for the strain parallel (εk) and perpendicular (ε⊥) to the interfaces.

The equivalent cubic lattice parameter ag;cub can be obtained by

dividing Equation (A.3) by Equation (A.2) and solving for ag;cub:

ag;cub ¼
ðS11 þ S12Þag;⊥ $ 2S12ag;k

S11 $ S12
(A.4)

Thus, the coherency stresses sk can be calculated directly using

Equation (A.2) or (A.3) or from the degree of tetragonal distortion R:

R ¼
ag;k

ag;⊥
¼

ag;cub

#

1þ εk

$

ag;cubð1þ ε⊥Þ
¼

1þ εk

1þ ε⊥

(A.5)

Adding 1 to Equations (A.2) and (A.3) and dividing the former by
the latter equals Equation (A.5):

R ¼
1þ εk

1þ ε⊥

¼
skðS11 þ S12Þ þ 1

2skS12 þ 1
(A.6)

Solving this for sk gives the magnitude of the coherency stresses

Fig. 8. Comparison of the a) yield strength and b) density normalized yield strength
versus temperature curves of CTC-1 (Coe11Tie15Cr), Coe9Ale8W, Mar-M 509
(Coe3Ce0.25Tie27.1Cre10.2Nie0.3Zre1.2Tae2.3 W) and Coe12Ti, including data
from Refs. [27,36]. Compositions are given in at.%.

C.H. Zenk et al. / Acta Materialia 135 (2017) 244e251250



in the g channels in dependence of tetragonal distortion and elastic
constants:

sk ¼
1$ R

2RS12 $ S12 $ S11
(A.7)

Appendix B. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.actamat.2017.06.024.
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