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ARTICLE INFO ABSTRACT

Keywords: The effects of reducing the W concentration (and concomitantly mass density) of Co-10Ni-6Al-xW-6Ti at% Co-
Cobalt alloys based superalloys, with a y(f.c.c.) plus y/(L12) microstructure, is investigated for a series of alloys with W
Superalloy concentrations of 6 at% (baseline alloy), 4 and 2 at% (W-reduced) and 0 at% (W-free). The y’(L1,) solvus
Intermetallic

temperature decreases strongly (by 46 °C per 1 at% reduction in W), while the liquidus and solvus temperatures
decrease mildly (3-5°C per 1at% W reduction) as measured by differential scanning calorimetry. Scanning
electron microscopy was used to image phase formation in all alloys. When aging at 900 or 1000 °C for 256 h,
the W reduction does not result in the appearance of additional phases within the grains beyond the y(f.c.c.) and
v’(L1,) phases present in the original alloy. Grain-boundary precipitates are present for all alloy compositions:
W-rich or W-free precipitates after aging at 1000 °C, and coarsened y’(L15) precipitates after aging at 900 °C. The
composition of grain boundary precipitates were measured with energy-dispersive X-ray spectroscopy. Vickers
microhardness values decrease with decreasing W content, due to a reduction in y’(L1,) precipitation and re-

L1,, grain boundary

duced solid-solution strengthening.

1. Introduction

The study of Co-based superalloys strengthened by coherent y’(L15)-
precipitates is accelerating as interest grows for their use in high-tem-
perature structural applications, such as jet-engine turbine blades and
discs and turbine blades for land-based natural gas-fired engines for
generating electricity. It was long thought that the y’(L1,)-precipitate
phase, analogous to the primary strengthening phase in Ni-based su-
peralloys [1-3], could not form in Co alloys [3]. Sato et al. discovered
in 2006, however, that a y(f.c.c.) plus y’(L15) two-phase microstructure
forms in the Co-Al-W system [4] with a y’(L1,) composition near
Co78(W12.0-12.5Al5 0_10.0) When aged at 900 °C [4,5]. Cobalt-superalloys
have solidus and liquidus temperatures 50-150 °C higher than con-
ventional Ni-based superalloys [4] and hence they have the potential to
surpass the high-temperature capabilities of Ni-based alloys.

However, alloy mass density is a major challenge for most Co-su-
peralloys based on the composition utilized by Sato et al. [4], because
W (mass density of 19.3 gecm ™) is required at high concentrations,
7-10 at% (20-27 wt%), resulting in superalloy mass densities in excess
of 9.0gem™2 [6]. By comparison, the mass density of Ni-based
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superalloys ranges from 8.4 to 9.1 g cm 3, with the highest values for

alloys containing 4-6 wt% W and other high-mass density alloying
additions: for example, 6-9 wt% Ta (16.4 gcm_3) and 3-6 wt% Re
(21.0¢g cm ™ 3) [7-9]. The lowest mass densities for Ni-based superalloys
are ones with 0 wt% W, with smaller Re (1.5-3.0 wt%) and Ta (6 wt%)
concentrations, when 7-10 wt% Mo (10.2 g cm ™) is added for addi-
tional solid-solution strengthening. Therefore, reducing the high W
content of Co-superalloys is necessary to match the mass density of
current Ni-based superalloys. Makineni et al. [23,24] have developed
W-free Co-Ni-Al-Mo-Nb superalloys with a mass density as low as
8.4 g cm ™3, by replacing W with 5 at% Mo (10.2 g cm ~ ) and 2 at% Nb
(8.6 g cm ™ 3). The removal of W is accompanied, however, by a strong
reduction in the y’(L1,)-precipitate solvus temperature. Depending on
Ni content, these alloys have solvus temperatures ranging from 866 °C
for alloys containing 0 at% Ni to 990 °C for alloys with 30 at% Ni. Al-
ternatively, Ti has been shown to be an effective substitute for W in Co-
Al-W-Ti [10-12] and Co-Ni-Al-W-Ti [15] alloys, increasing the y’(L1,)-
solvus temperature and reducing mass density; e.g., 1137 °C and
8.8 g cm 3, respectively, for a Co-10Ni-5A1-5W-8Ti at% alloy.

In order for Co-based superalloys to be adopted in the aerospace
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industry, they must have densities at least as low as conventional Ni-
based superalloys. Tungsten (19.3 g cm ™~ 3) is the highest density ele-
ment in Co-based superalloys and therefore understanding the role of W
in y’(L1,)-precipitation (and thus strength) is critical to the long-term
success of these alloys. Pyczak et al. has shown that reduction of W in
the ternary Co-Al-W system significantly reduces y’(L1,)-precipitate
volume fraction where reducing W from 11 to 8 at% leads to a drop in
volume fraction from 73% to 34% [14]. Furthermore, for the same
decrease in W yielded a drop in y’(L15)-solvus temperature from 1036
to 960 °C [14]. The present research investigates the effect of de-
creasing W content, up to its complete removal, in a series of Co-10Ni-
6Al-xW-6Ti at% alloys (x = 6, 4, 2, 0). The intent of the present work is
to build off on current understanding of W in the Co-Al-W ternary
system [14,16] by investigating the higher order Co-Ni-Al-W-Ti system.
Co-Al-W was alloyed with Ti [10-12] and Ni [15] because both of these
additions are known to stabilize the y’(L1,) two-phase microstructure.
By replacing W with Ni and Ti, the overall alloy density will be reduced
while maintaining strength. The microstructural stability of the y’(L15)-
precipitate phase is investigated employing isothermal aging treatments
at 900 and 1000 °C for 256 h. Phase compositions of y’(L1,)-precipitates
and grain boundary (GB) precipitates are measured utilizing energy-
dispersive X-ray spectroscopy (EDS). Room temperature Vickers mi-
crohardness measurements are utilized to compare mechanical prop-
erties. This work aims to further the understanding of low W Co-based
superalloys and the role of W on the precipitation kinetics of the y’(L15)
phase.

2. Experimental methods

Button ingots of ~ 50 g were produced with nominal compositions
of Co-10Ni-6Al-xW-6Ti at% (x = 6, 4, 2, 0), which correspond to Co-
10Ni-3A1-xW-5Ti wt% (x = 19, 13, 6, 0). The alloys are herein denoted
as 6W, 4W, 2W and OW, respectively, with their concentrations given in
at%. The alloys were produced using high purity Co (99.9%), Al
(99.999%), Ni (99.995%), Ti (99.995%) and a Co-10Ni-9Al-9W cast
master alloy arc-melted under a partial Ar atmosphere; the ingots were
flipped four times between each melting step to guarantee a homo-
genous distribution of the constituent elements. Bulk compositions
were measured using inductively-coupled plasma atomic-emission
spectroscopy (ICP-AES) using ~ 1 g samples (Table 1).

The OW, 2W and 4W alloys were homogenized in a high-vacuum
furnace at 1200 °C for 24 h followed by furnace cooling. Due to a higher
W content, the 6W alloy was homogenized at a higher temperature,
1240 °C for 24 h, and then furnace-cooled. The samples utilized to in-
vestigate the high-temperature stability of the y’(L1,)-precipitates were
wrapped in a Ta foil and encapsulated in quartz tubes, which were
flushed with Ar and evacuated, then aged at 900 °C or 1000 °C for
256 h, and quenched into ice water. The 900 °C and 1000 °C aging
temperatures were chosen to match Pyczak et al.'s study on the effect of
W in a ternary Co-Al-W alloy [14]. Similarly, the 256 h aging time was
chosen to be comparable to the 200 h used by Pyczak et al. and is
sufficiently long to observe the precipitation and potential decom-
position of the y’(L15)-phase.

Vickers microhardness measurements were performed at ambient

Table 1
Bulk compositions of Co-10Ni-6Al-xW-6Ti at% alloys as measured by ICP-AES. Data for
Co-10Ni-6Al-6W-6Ti is taken from Ref. [13].

Alloy Concentration (at%)

Co Ni Al W Ti
10Ni-6A1-OW-6Ti 78.1 10.0 5.8 - 6.2
10Ni-6Al1-2W-6Ti 75.9 10.0 5.9 2.0 6.1
10Ni-6A1-4W-6Ti 73.9 10.1 5.7 3.9 6.2
10Ni-6A1-6W-6Ti 71.6 10.1 5.2 6.7 6.4

482

Materials Science & Engineering A 700 (2017) 481-486

temperature utilizing a Struers Duramin-5 microhardness tester, with
an applied load of 1kg and a dwell time of 5s. Measurements were
made across multiple grains on samples that were polished to a 1 pm
finish.

Scanning electron microscopy (SEM) images and energy-dispersive
X-ray spectroscopy (EDS) composition measurements were recorded
using a Hitachi S-3400N-II SEM equipped with an Oxford INCAx-act
SDD EDS detector. The samples used for SEM imaging were polished to
a 1 pm finish and imaged in an unetched condition. The volume frac-
tion, ¢, for y’(L1,)-precipitates was measured by the line-intercept
method [17] on SEM images recorded near a {100}-type plane. Dif-
ferential scanning calorimetry (DSC) experiments were performed
under He to measure the y’(L1,)-solvus temperatures of the OW, 2W,
and 4W alloys aged at 900 °C for 16 h. Single cycle experiments at a
heating rate of 5°Cmin~! were used to identify the y’(L1,)-solvus,
solidus, and liquidus temperatures during heating. All data for the 6W
alloy, with the exception of the 900 °C micrographs and microhardness
measurements, were taken from our prior work [13].

3. Results and discussion
3.1. Microstructure

After 256 h of aging at 900 °C (Fig. 1), the 2W, 4W and 6W alloys
form a vy(f.c.c.) plus y’(L1,) microstructure, while only a single-phase
y(f.c.c.) microstructure is present in the W-free (OW) alloy. The 4W and
6W alloys contain large volume fractions (58 + 5 and 73 + 2%, re-
spectively) of highly-aligned cuboidal y’(L1)-precipitates most of
which, in the 6W alloy, are coalesced and form lath-shaped structures.
The 2W alloy aged at 900 °C contains aligned y’(L1,)-precipitates, but
at a much smaller volume fraction (19 + 2%) than the 4W and 6W
alloys, which have coarsened in the < 100 > -type direction to form
elongated precipitates. The morphological evolution of the y’(L15)-
precipitates at 900 °C in the 4W and 6W alloys is comparable from what
has been observed in the Co-Al-W system [14] where the y’(L1,)-pre-
cipitates retain their cuboidal shape. The elongated round y’(L1,)-pre-
cipitates observed in the 2W alloy is more comparable to Co-Al-W-Ti
alloys aged at 1000 °C for 1000 h [11]. The volume fraction of the Co-
Ni-Al-W-Ti samples drops 13.5% per one at% W, which matches almost
exactly the 13% per one at% W measured in the Co-Al-W system by
Pyczak et al. [14] (aged at 900 °C) and 14% per one at% W measured by
Ooshima et al. [16] (aged at 850 °C).

After 256 h of aging at 1000 °C, only the 4W and 6W alloys exhibit a
y(f.c.c.) plus y’(L1,) microstructure, while the 0 W and 2W alloys con-
sist of only a single-phase y(f.c.c.). The 4W and 6W alloys aged at
1000 °C have smaller y/(L1,) volume fractions than when aged at
900 °C: 27 = 4 and 37 * 2% compared to 58 £ 5 and 73 * 2%, re-
spectively (Table 2). The y’(L1,) precipitates are larger in the alloys
aged at 1000 °C than at 900 °C, indicative of coarsening, (Ostwald Ri-
pening) and are rounded rather than cuboidal. The precipitates in both
the 4W and 6W alloys are highly coalesced, forming large precipitates
formed from multiple smaller precipitates. Small volume fractions of
the Co-24W-5Ni-1Al-13Ti phase, with a needle-like morphology (which
typically correspond to the DO;o-CosW phase) were found in the grain
interior of the 4W (~3vol%) and 6W (~1-2vol%) alloys aged at
1000 °C, which are visible in Fig. 2. No phases other than the y(f.c.c.),
with and without y’(L1,)-precipitates, were observed at grain interiors
for the remainder of the alloys and aging conditions. The morphological
evolution of the y’(L1,)-precipitates at 1000 °C in the 4W and 6W alloys
is comparable to Co-Al-W-Ti alloys aged at 1000 °C for 1000 h [11]. The
volume fraction of the Co-Ni-Al-W-Ti samples drops only 5% per 1 at%
W which is lower than the samples aged at 900 °C as well as the 13%
and 14% per 1 at% W measured in the Co-Al-W system aged at 900 °C
[14] and 850 °C [16].
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Fig. 1. Backscattered scanning electron micrographs of the y(f.c.c.) plus y’(L1,) microstructure in all alloys aged at 1000 °C for 256 h.

3.2. Grain boundary phases

The GB morphology of the 2W, 4W, and 6W alloys consist of
coarsened y’(L1,)-precipitates after aging at 900 °C for 256 h (Fig. 2).
The OW alloy does not contain y’(L1,)-precipitates (or any other phases)
in the grain interior or at the GB. After 256 h of aging at 1000 °C, all
alloys' GBs develop micron-sized precipitates. The GB precipitates in the
OW alloy have a composition of Co-8Ni-1Al-13Ti at%, and are probably
CosTi-type (L1,) precipitates [18], located within 0.5 mm of the sam-
ple's surface (Fig. 3), which may indicate that these precipitates form
due to the evaporation of Al from the specimen's surface during aging.
The 2 W alloy contains a small amount of a similar W-free GB pre-
cipitate phase (Co-8Ni-1Al-12Ti at%, with widths of 18-30 um, not
displayed) as well as W-rich Co-5Ni-1Al-11W-21Ti GB precipitates
(Fig. 2); many of the GBs are, however, also precipitate-free. The 4W
and 6W alloys also contain W-rich GB precipitates, which cover nearly
the entire grain boundary area.

The compositions of the W-rich GB precipitates in the 2W, 4W, and
6W alloys vary with bulk alloy's composition (Fig. 4). The concentration
of Ti in the precipitate phase decreases from 21 at% in the 2W alloy to
12 at% in the 6W alloy. Conversely, the W concentration increases from
11 at% in the 2W alloy to 33 at% in the 6W alloy, indicating that Ti is
partially substituting for W in the GB precipitates with decreasing bulk
W concentration. The atomic ratio Co:(W plus Ti) is 2:1 in the 2W and
4W alloys and 7:6 in the 6W alloy. The GB-precipitates in the 2W and
4W alloys may therefore be a CosW-type phase (D019)[19] or possibly a
CosTi-type (L1,)-phase [18]. The needle-like morphology of the

Table 2

precipitates and the high W-content make D0,¢ more likely [20]. The W
concentration of the GB precipitate phase more than doubles from 14 at
% in the 4W alloy to 33 at% in the 6W alloy. The 7:6 ratio of Co to W
plus Ti indicates a possible transition from D09 to Co,(W,Ti)e p-type
structure [4,19,21]. Similar GB p-type phases have been observed in
other Co-Ni-Al-W-Ti alloys [13]. The GB precipitates do not extend
significantly into the grains and do not destabilize the y(f.c.c.) plus
v’(L1,) microstructure after 256 h of aging. The effect of these GB
precipitates on the mechanical properties and microstructure during
loading is unknown and requires further research.

3.3. y’(L13)-Solvus, solidus, and liquidus temperatures

The y’(L15)-solvus temperature as well as the solidus and liquidus
temperatures as a function of W content are summarized in Fig. 5. The
concentration of W in the bulk alloy has a significant influence on the
v’(L1,)-solvus temperature; for a decrease of 1 at% W, the solvus tem-
perature decreases by 46 °C. This solvus decrease is higher than 25 °C
[14] and 18.5 °C [16] per 1 at% W previously observed in the Co-Al-W
system. The y’(L1,)-solvus in the OW alloy was not observed utilizing
DSC analyses. The samples used in the DSC measurements were aged at
900 °C, where no y’(L1,)-precipitates were observed in the OW alloy
(Fig. 1). Since no y’(L1,)-precipitates were present in the sample, the
DSC analysis was not able to measure the solvus temperature. The Co-Ti
binary phase diagram suggests that L1,-Co3Ti should form at a tem-
perature below ~800 °C; the solvus temperature is between 770 and
820 °C for the Ti concentration present in the OW alloy [18]. The

Volume fraction, ¢, Vickers microhardness, and mass density of the Co-10Ni-6Al-xW-6Ti alloys after aging at 900 “C and 1000 °C for 256 h.

Alloy Aging temperature for 256 h (°C) ¢ (%) Vickers microhardness (GPa) Mass density (g cm ™)
10Ni-6Al-OW-6Ti 900 - 1.80 + 0.07 8.20 * 0.01
1000 - 2.16 = 0.07
10Ni-6Al1-2W-6Ti 900 19+2 2.25 + 0.03 8.54 = 0.01
1000 - 2.60 + 0.05
10Ni-6Al-4W-6Ti 900 58 =5 2.83 £ 0.07 8.86 * 0.04
1000 27 =4 2.67 + 0.06
10Ni-6Al-6W-6Ti 900 73+ 3 3.02 + 0.05 9.17 * 0.02
1000 372 2.86 + 0.05
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Fig. 3. Backscattered scanning electron micrographs of a grain boundary triple point in
the OW alloy after 256 h of aging at 1000 °C. GB precipitates are shown in darker contrast
while the y(f.c.c.)-matrix is shown in lighter contrast.

extrapolated y’(L1,)-solvus temperature for the OW alloy is 845 °C,
which is slightly higher than anticipated from the Co-Ti binary phase
diagram because of the additional alloying elements, Ni and Al. Solidus
and liquidus temperatures are less affected by a reduced W content than
the y’(L1y)-solvus temperature. For a 1 at% reduction in the bulk W
concentration, the solidus and liquidus temperatures decrease by 3 and
5 °C, respectively.

For comparison, the solvus temperatures are in the range of
1260-1330 °C [22] for current Ni-superalloys and 866-990 °C for W-
free Co-superalloys with varying Ni concentrations [23]. Additionally,
the solidus temperature for the ternary Co-9.2A1-9.0W at% alloy, ori-
ginally investigated by Sato et al., is ~1450 °C, which is 130-150 °C
higher than the values for the OW-6W alloys and 50-150 °C higher than
typical Ni-superalloys [4]. Reducing the W concentration decreases the
mass density and the addition of Ti increases the y’(L1)-solvus tem-
perature, with the tradeoff being lower solidus and liquidus tempera-
tures. Additional alloying with the relatively low mass density re-
fractory elements, such as Mo (10.28 g cm ~ ), may offset some of the
melting temperature penalty, while maintaining a weight savings from
the W reduction [7,23,24].

10Ni-6AI-6W-6Ti

484

Fig. 2. Backscattered scanning electron micrographs
of grain boundaries meeting at triple points in 2W,
4W, 6W alloys after 256 h of aging at 900 and
1000 °C.
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Fig. 4. Energy dispersive spectroscopy (EDS) composition of W-rich (closed symbols) and
W-free (open symbols) grain boundary (GB) precipitates in all alloys aged for 256 h at
1000 °C. Data for Co-10Ni-6Al-6W-6Ti is taken from [13].

3.4. Mass density

Reducing the W concentration substantially decreases the mass
density of Co-10Ni-6Al-xW-6Ti at% alloys: for each 1 at% W decrease,
the alloy's mass density decreases by 2% or 0.15 g cm ™2 (Fig. 6). The
0 W alloy has a low mass density of 8.2 g cm ™ but it does not contain
the desired y(f.c.c.) plus y’(L1,) microstructure at 900 or 1000 °C,
thereby limiting strongly its usefulness as a structural high-temperature
alloy. The 2W alloy has a mass density of 8.5 gcm ™2 and it contains
0.19% volume fraction of y’(L1,)-precipitates at 900 °C, but zero at
1000 °C because of its low solvus temperature (923 °C). The 4W and 6W
alloys contain large y’(L1,) volume fractions (0.58 and 0.73) at 900 °C.
And still contain 0.27-0.37 vol fraction of y’(L1,) at 1000 °C, given
their higher solvus temperatures, with mass densities of 8.9 and
9.2 g cm 2 for 4W and 6W alloys, respectively. The 4W alloy is within
the mass density range (8.4-9.1 g cm ™) of conventional mass density-
reduced Ni-based superalloys [7-9], while the 6W alloy is slightly
above this range.
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3.5. Microhardness

The room temperature Vickers microhardness values increase near
linearly with increasing W concentration of the bulk alloy (Fig. 7). After
256 h of aging at 900 °C, the Vickers microhardness increases from
1.8 + 0.2 GPa in the OW alloy to 3.0 + 0.1 GPa in the 6W alloy. A
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Fig. 7. Room temperature Vickers microhardness data of all alloys after 256 h of aging at
900 and 1000 °C. Hollow symbols are for alloys where y’(L1,) precipitates were not ob-
served by SEM, though finer precipitates may be present. Data for Co-10Ni-6Al-6W-6Ti
aged at 1000 °C is taken from [13].

similar increase in strength is realized after 256 h of aging at 1000 °C,
where the microhardness increases from 2.2 + 0.1-2.9 = 0.1 GPa from
increasing the bulk W concentration from 0 to 6W. The microhardness
increase is probably due primarily to an increased volume fraction of
y’(L1,)-precipitates, though increased solid-solution strengthening or
atomic clusters due to W in the y(f.c.c.)-matrix cannot be ruled out. The
microhardness of the OW alloy aged at 1000 °C is 0.4 GPa higher than
the same alloy aged at 900 °C, which may indicate that small y’(L15)-
precipitates or even atom clusters, which are not visible utilizing SEM,
formed during quenching. Similarly, the difference in microhardness
between the 2W alloy aged at 900 °C and 1000 °C, 2.25 vs 2.6 GPa,
respectively, may also be attributed to small y’(L15)-precipitates in the
latter, which are not visible by SEM, versus the larger precipitates
formed at 900 °C. The microhardness values of the 4W and 6W alloys
aged at 1000 °C are 6% smaller than for the same alloys aged at 900 °C
because of a smaller volume fraction of y’(L1,)-precipitates. The mi-
crohardness of a ternary Co-9.5A1-7.5W (at%) alloy aged at 900 °C for
16 h has been measured to be 2.9 GPa [25] which is comparable to the
4W and 6W alloys aged at 900 °C in this study and higher than the OW
and 2W alloys aged at 900 °C.

Overall, while decreasing the bulk W content reduces alloy mass
density, a concomitant decrease in the y’(L15) volume fraction, due to a
decreased solvus temperature, and a concomitant decrease in strength
is problematic for high-temperature alloy design. The present research
has focused on using Ti as a partial replacement for W to increase
y’(L1,) stability. An alternative approach would be to use Ta and Nb,
which are known to be potent solvus temperature raisers [26-28], al-
though the advantages in mass density reduction would not be as sig-
nificant. Additionally, +y’(L1,)-strengthened Co-Ni-Al-Mo-Nb alloys
containing 5 at% Mo and 2 at% Nb, with densities of 8.4 g cm ™3, have
been developed to replace W containing alloys entirely [23,24]. Future
development of Co-based superalloys will most likely focus on some
combination of Ti, Ta, Nb, and Mo additions to achieve higher solvus
temperatures, while maintaining mass densities competitive with Ni-
based superalloys. Additionally, Co-based superalloys display a positive
y(fce)/y/(L1,) lattice parameter mismatch (the exact value is dependent
on composition), which has been suggested to improve creep strength
[29] due to rafting of y’(L1,)-precipitates parallel to the tensile direc-
tion during mechanical loading, which is opposite to the behavior of Ni-
based superalloys [30] and may ultimately provide a distinct advantage
for these new Co-based alloys in certain applications.
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4. Summary

A series of Co-10Ni-6Al-xW-6Ti (x = 6, 4, 2, 0) at% alloys were cast
and aged at 900 and 1000 °C for 256 h to obtain a y(f.c.c.)-matrix plus
y’(L1,)-precipitates microstructure. The effect of reducing the W con-
centration on the aged microstructure (y’(L1,) stability and GB phases)
and the resulting microhardness were investigated. The following
conclusions are reached.

o All alloys in the Co-10Ni-6Al-xW-6Ti series, when aged below their
solvus, form a vy(f.c.c.) plus y’(L1,) microstructure, without any
additional phase(s) being present within the bulk grains.

® Grain-boundary precipitates with W-free (found in OW and 2W al-
loys) and W-rich (found in 2W, 4W and 6W alloys) compositions
form upon aging at 1000 °C, whereas only coarsened y’(L1,)-pre-
cipitates are present at grain boundaries after aging at 900 °C.

® For each 1 at% reduction in W content the y’(L15)-solvus tempera-
ture decreases by 46 °C, with an order of magnitude smaller effect
on the liquidus and solidus temperatures.

e For each 1 at% reduction in W content the mass density of the Co-
based superalloys decreases by 0.15 g cm ™2 or 2%.

® Reducing the W-concentration decreases the microhardness values,
due to reductions in precipitation strengthening (due to a smaller
y’(L1,) volume fractions) and solid-solution strengthening caused by
a decrease in the W concentration of the alloys.
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