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The effect of 2 at.% Ru addition on the elemental partitioning and microstructural evolution of a base Co-
8.8Al-7.3W at.% superalloy, consisting of a y-(fcc) matrix with y’-(L1; structure) precipitates is studied
using scanning electron microscopy and atom-probe tomography. Ruthenium partitions to the y’-pre-
cipitates in the Co-9.4A1-7.5W-2.1Ru at.% alloy with a partitioning coefficient, KK/U/Y = 1.27, after aging at
900 °C for 16 h, in contrast to the behavior observed in Ni-base superalloys and theoretically predicted
for Co-base superalloys, for which Ru partitions preferentially to the y-phase. The addition of ruthenium
does not significantly affect the y’ volume-fraction or the coarsening kinetics of the vy’ precipitates
compared to the base ternary alloy. The addition of Ru also leads, however, to a rapid discontinuous
transformation of (y plus y’), which initiates at the grain boundaries after 128 h aging at 900 °C; (y plus
v') is transformed into a lamellar phase mixture containing CosW (DO0qg), fcc solid-solution (vy), and
Co(ALW) (B2). After 256 h aging at 900 °C in the Ru-containing alloy, some grains have completely
transformed, although regions of y plus y’ persist. The base ternary Co—Al—W alloy does not exhibit a
discontinuous transformation and contains a (y plus ') microstructure up to 1024 h of aging at 900 °C.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The relatively recently discovered +y/(L1, structure)-
strengthened Co-base superalloys, based on the Co—Al—-W system
[1], have generated a great deal of interest for the potential of these
alloys to surpass the high-temperature performance of Ni-base
superalloys, which contain 10-12 alloying elements and are
capable of operating to 1150 °C [2]. The ternary Co—Al—W system
suffers, however, from a low y’-solvus temperature relative to those
of commercial Ni-base superalloys [3,4]| and the two-phase (y plus
v') field is generally thought to be metastable at elevated temper-
atures [5,6]. Recent efforts have focused on stabilizing the (y plus
vY') microstructure and increasing the y’-solvus temperature by
adding strong y’-forming elements such as Ti and Ta [7—12], which
possess among the highest partitioning coefficients reported for
quaternary and quinary Co—Al—W-based systems. The partitioning
coefficient, l(iy// ¥, is defined herein as the ratio of the concentration

* Corresponding author.
** Corresponding author.
E-mail addresses: dunand@northwestern.edu (D.C. Dunand), d-seidman@
northwestern.edu (D.N. Seidman).

http://dx.doi.org/10.1016/j.actamat.2016.07.014
1359-6454/© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

of an element i in the y’-precipitate phase to its concentration in
the y-matrix. Higher values of KiW Y, typically above 2, are corre-
lated with large negative free energies of formation of CosX (L1;)
[13]. Partitioning behavior and volume fraction are not, however,
the sole indicators of microstructural stability. The addition of
10—20 at.% Ni to ternary Co—Al—W expands the (y plus y’) phase-
field [14], thereby stabilizing the (y plus y’) phase-field consider-
ably, despite modest increases in the y’ volume-fraction (¢) and
solvus temperature, and weak partitioning of Ni to y’ [13,15]. A
fully-optimized commercial Co-base superalloy will contain a
number of refractory alloying elements working in concert to
promote improved high-temperature performance, necessitating a
firm understanding of the behavior of each potential alloying
element. The main objective of this article is to determine experi-
mentally the effects of Ru additions on the partitioning behavior
and microstructure of y’-strengthened Co-base superalloys.

In Ni-base superalloys, Ru has been investigated as a less-costly
replacement for Re, and has been shown to partition preferentially
to the y-phase, with K{ZY ranging from 0.2 to 0.6 [16—21]. There is
evidence that the presence of Ru in the y-matrix of nickel-based
superalloys acts to inhibit the formation of deleterious topologi-
cally close-packed (TCP) phases, which form at high temperatures
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[16,21—28]. To date only four studies mention the effects of Ru in
the y’-strengthened Co-base systems: (i) a first-principles study of
site-preference in y’-Co3(Al,W) indicates that Ru has a weak pref-
erence for the Co-site [29]; (ii) a subsequent study on the substi-
tutional formation energies of Ru and Re on both sides of the y/y’
interface in Co—Al—W reported that Ru partitions to the y-matrix
with a K,}’;/Y value of about 0.006 at 900 °C; this value was obtained
by calculating substitutional formation energies at 0 K for incor-
porating Ru atoms into model y- and y’-configurations on either
side of the heterophase interface, which does not include entropic
effects [30]. This predicted trend of y-partitioning is qualitatively
comparable to the behavior observed in Ni-base systems containing
Ru [16,18,23]. Finally, (iii) experimental differential scanning calo-
rimetry (DSC) measurements demonstrate that the addition of
2 at.% Ru to a Co-9AI-10W alloy reduces the y’-solvus temperature
by 8 K and increases the y-solidus temperature by 5 K, when
compared to the base ternary alloy [13]. If Ru additions in Co-base
superalloys promote a similar stabilizing effect as observed in Ni-
base alloys, the addition of small concentrations of Ru may
inhibit TCP-formation in vy, thereby promoting the stability of (y
plus v’') phase field. The small reduction in the y’-solvus tempera-
ture may be mitigated by Ti and/or Ta additions, which are known
to improve significantly the y’-solvus temperature of these alloys
[8,31]. In this article we investigate experimentally, for the first
time, the partitioning effect of Ru, as well as its effect on the (y plus
v') phase-field stability in a Co-8.8AI-7.3W alloy.

2. Experimental procedures
2.1. Alloy preparation and heat treatment

The base Co-8.8Al-7.3W alloy employed was synthesized via
induction melting from pure elements. A portion of this ternary
base alloy was used to produce an 8 g button with a nominal
composition of Co-9.7A1-7.1W-2.1Ru at.% by arc-melting it together
with a high-purity Ru powder, enclosed in high-purity Al foil,
thereby preventing a loss of Ru during arc-melting. The button was
arc-melted five times, flipping after each melting step to ensure
thoroughly mixing the alloy. Sections of both the ternary and
quaternary alloys were vacuum-encapsulated in quartz ampoules,
which are backfilled with argon and subjected to a two-stage heat-
treatment to promote chemical homogeneity: (i) homogenization
in the y(fcc) phase-field at 1300 °C for 24 h; (ii) solution treatment
at 1150 °C for 4 h followed by a water quench. The specimens were
then re-encapsulated and aged at 900 °C followed by water-
quenching. Specimens of the Ru-containing alloy were aged for 0,
4,16, 64, 128, and 256 h, while specimens of the base ternary alloy
were aged for 4, 64, 256, and 1024 h.

2.2. Characterization and analysis methods

Characterization of the microstructure and bulk composition of
this alloy was performed utilizing a Hitachi SU8030 scanning
electron microscope (SEM) equipped with a cold-field-emission
source, operating at 10 kV with an 8—10 mm working distance.
An as-quenched sample as well as all aged samples were polished
mechanically and then chemically-etched at room temperature,
using a solution of 33% acetic acid, 33% hydrochloric acid (12.1 M),
and 1% hydrofluoric acid by volume in de-ionized water. The bulk
Ru-containing alloy composition was measured using energy
dispersive spectroscopy (EDS) using the same SEM as noted above,
and is Co-9.4Al-7.5W-2.1Ru at. %. Representative electron micro-
graphs used to quantify precipitate morphology were recorded for
grains exhibiting a <100>-type orientation perpendicular to the
electron-beam’s axis; the Yy’-precipitates appear as squares or

rectangles in the 2D cross-section. Between 300 and 600 pre-
cipitates for each aging condition were hand-traced using NIH
Image] (version 1.48) and the area A of each y’-precipitate was used
to calculate a circular areal-equivalent radius, R = \/A/w. The y’-
precipitate volume fraction, ¢Y'(t), and the areal y’-precipitate
number density, Na(t), for each aging condition were stereologically
determined using the line-intercept method applied directly to
SEM micrographs [32]. The precipitate number density per unit
volume, Ny(t), was then calculated using the stereological rela-
tionship [32]

__Na
T 2<R>

Ny (1)
where <R> is the mean areal-equivalent radius.

To determine the compositions of the y’- and y-phases (and by
extension, the partitioning behavior), APT specimens were pre-
pared by cutting aged samples into ~1 cm-long rectangular prisms
with a 0.4 x 0.4 mm? cross-sections [33]. Specimens were elec-
trochemically polished at room temperature using solutions of 20%
chromic acid and 30% hydrochloric acid (12.1 M) in de-ionized
water for coarse polishing and 2% perchloric acid, 1% chromic
acid, and 1% hydrochloric acid in 2-butoxyethanol by volume for
fine polishing; electropolishing was performed at 5.5—20 V dc [34].
APT was performed using a LEAP 4000X-Si system employing an
ultraviolet (wavelength = 355 nm) picosecond laser with a pulse
energy of 20 pJ, a specimen base temperature of 25 + 1 K, a
detection rate of 5%, and a pulse repetition rate of 250 kHz. Data
analyses were performed using the IVAS 3.6.6 software package
(Cameca, Madison, WI). The y’-precipitates were identified and
studied quantitatively using the proximity histogram [35,36] and
envelope methods [37,38].

3. Results and discussion

Y'-precipitates were not observed in the as-solutionized sam-
ples and the bulk of these samples appeared homogeneous within
the spatial resolution of the SEM-EDS (~1 um). Contrast indicative
of dendrite cores and interdendritic regions was not observed via
SEM in the as-solutionized sample, although some residual
microsegregation may be expected. In the base Co—Al-W alloy, a
two-phase (y plus y') microstructure, with no evidence of other
phases, even at GBs, is observed up to 1024 h aging at 900 °C, which
is the longest aging time investigated. In the Ru-containing alloy, a
(y plus y") microstructure is observed after 4, 16, and 64 h of aging
at 900 °C. After 128 h of aging the microstructure of the Ru-
containing alloy is dominated by colonies consisting of lamellar
structures emanating from vy/y’ grain boundaries, which are
growing at the expense of the two-phase (y plus y’) grains; after
256 h of aging many of the (y plus y’) grains are consumed by this
lamellar structure. Despite the appearance of this discontinuous
transformation at longer aging times, regions of the (y plus y')
microstructure persist for all aging conditions investigated,
permitting a quantitative analysis of the y’- morphology. The
microstructural evolution of this alloy is discussed as follows: (1)
regions containing solely a (y plus ') microstructure; and (2) re-
gions consisting of the discontinuously transformed lamellar
structure.

3.1. Evolution of (y plus ') microstructure

3.1.1. Growth and coarsening of y'-precipitates within regions
exhibiting only a (v plus ') microstructure

Fig. 1 displays SEM micrographs of y’-precipitates (rectangular
cross-sections) against a background of chemically-etched -
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Fig. 1. SEM micrographs of chemically-etched regions of Co-9.4Al-7.5W-2.1Ru at.%
containing a two-phase (y plus y’') microstructure after aging at 900 °C for: (a) 4, (b)
16, (c) 64, (d) 128, and (e) 256 h.

matrix. Micrographs were recorded at a constant magnification of
60 kx and an accelerating voltage of 10 kV for each aging condition.
For comparison, Fig. 2 exhibits micrographs of the (y plus y’)
microstructure for the case of the ternary Co—Al—W base alloy. All
micrographs are recorded for grains oriented along <100>-type
directions with respect to the surface normal, ensuring that the
observed microstructure provides a consistent 2D cross-sectional
view of the temporal evolution of the 3D precipitate morphology.
After 4 h of aging, the y’-precipitates are homogeneously distrib-
uted throughout the bulk and already exhibit a cuboidal
morphology with their alignment occurring along a <100>-type
direction, which is similar to aged and coherent y’-precipitates in
Ni-base superalloys. After 256 h, individual y’-precipitates exhibit a
larger aspect ratio than the near 1:1 square y’-precipitate cross-
sections observed at 4 h of aging, suggesting that a coagulation
and coalescence mechanism is occurring among adjacent cuboids,
as previously described for an aging study of a model Ni—Al—-Cr
system compared with Ni—Al-Cr—W [39]. With increasing aging
times, several morphological trends are observed: (i) the y’-pre-
cipitates are coarsening, resulting in a continuous increase in the
mean radius, <R(t)>, and concomitantly a continuous decrease in
the precipitate number density, Ny, addressed quantitatively below;
and (ii) the alignment of cuboidal y’-precipitates becomes more
pronounced, with the ¢y’-precipitates becoming more densely

Fig. 2. SEM micrographs of Co-8.8A1-7.3W at.% displaying chemically-etched regions
containing a representative two-phase (y plus y’) microstructure after aging at 900 °C
for: (a) 4, (b) 64, (c) 256, and (d) 1024 h.

packed, arranged in long chains oriented along orthogonal <100>-
type directions. The alignment of y’-precipitates in coarsening al-
loys is called rafting, which is observed in both unstressed and
stressed specimens. Load-free directional coarsening has been
previously observed in Ni—Al and Ni—Al—Cr as well as commercial
Ni-base superalloys [39—42]. In Ni-base superalloys, strong 7y’-
precipitate forming elements, such as Al and Ti, tend to occur in the
interdendritic regions, while refractory elements, such as W and Ru,
tend to be enriched in the dendrite cores [43—45]. As a result, y’-
precipitates form preferentially in inter-dendritic regions, resulting
in stresses arising from the lattice parameter mismatch due to the
thermal expansion coefficients of the two phases. This dendritic
stress is thought to be a primary driving force for load-free direc-
tional coarsening [42,46,47]. In the case of Co-base superalloys, W
is a strong y’-precipitate former; it is thus possible that the situa-
tion is reversed from the case of Ni-base superalloys, with y’-pre-
cipitates instead forming preferentially in the dendritic cores; this
subject is beyond the scope of this article. The y’-precipitate vol-
ume fractions of both the base Co—Al-W and quaternary Co—A-
I-W—Ru alloys for a given aging time, ¢"'(t), were calculated
directly from the SEM micrographs, Fig. 3. At 64 h of aging at 900 °C,
the values of ¢Y'(t) for Co—Al-W and Co—Al-W—Ru are 24.4 + 1.8
and 25.2 + 1.8%, respectively. After 256 h, Y (t) is 24.8 + 1.8% for
Co—Al-W and 26.6 + 1.5% for Co—Al-W—Ru, respectively. The
values of $Y'(64 h) and ¢*'(256 h) are the same within error for both
Co—Al-W and Co—Al-W—Ru, suggesting that ¢ (t) is asymptoti-
cally approaching its equilibrium value, $¢¢ for both alloys. Addi-
tionally, the average value of ¢Y'(t) for times greater than 16 h, at
900 °C, is 26.7 + 2.3 for Co—Al-W and 25.7 + 1.8 for the Ru-
containing alloy, respectively; the values are equivalent within er-
ror, suggesting that the addition of 2 at.% Ru to the base alloy does
not affect strongly ¢°%. The larger values of ¢ (t) observed at 4 h
aging: 42.8 + 1.5% for Co—Al—W and 29.4 + 1.5% for Co—Al-W—Ru,
may be due to an artifact caused by over-etching the y-matrix,
resulting in additional exposed planes of y’-precipitates if the
polish-relief depth approaches <R(t)>. For chemically-etched
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Fig. 3. Volume fraction of v’ for the Ru-containing and ternary alloys plotted against
aging time at 900 °C, as determined via SEM micrographs. The dashed line denotes
$y/(t) = 26%, the mean value starting from 16 h of aging for the Ru-containing sample.

model Ni—Al—Cr and Ni—Al—Cr—W alloys, Sudbrack et al. measured
experimentally utilizing atomic force microscopy (AFM) polish-
relief depths ranging from several to tens of nm [4], which is on
the order of <R(t)>, for ternary Co—Al—W aged at 900 °C for 4 h,
7.98 + 7.0 nm. The value of ¢4 for Co—Al-W—Ru observed in this
study, 25.7 + 1.8%, is small compared to the high volume fractions
(50—70%) reported in the literature, which may be due to the
smaller tungsten concentrations of 7.3 at.% W for the base ternary
alloy and 7.1 at.% for the quaternary alloy [3,48,49]. For each aging
condition, <R(t)> was calculated from all the measured radii, R. The
values of <R(t)> are plotted versus aging time, Fig. 4a, for the base-
ternary and Ru-containing alloys. For the aging times studied the
values of <R(t)> of y’-precipitates in the ternary Co—Al-W and
quaternary Co—Al-W—Ru alloy are equivalent within error,
although <R(t)> measured for the ternary Co—Al-W alloy for a
given aging time is consistently larger than <R(t)> measured for
the Ru-containing alloy, suggesting that diffusion is decelerated by
the addition of Ru: <R(t)> at 64 h is 49.18 + 18.6 nm for Co—Al-W
and 40.61 + 13.73 nm for Co—Al-W—Ru; and at 256 h, <R(t)> is
81.68 + 33.6 nm and 63.40 + 18.98 nm for Co—Al-W and Co—A-
|-W—Ru, respectively. The data were further analyzed using a
nonlinear multivariable regression procedure [50] to solve for the
unknown quantities in:

<R(t)>P — <R(tg) >P = K(t — tg); (2)

where tg is defined as the aging time at the onset of quasi-
stationary coarsening, p is the temporal exponent, and K is the
associated rate constant [50]. This method is strongly preferred
over simply plotting <R(t)>> versus t because it is free of assump-
tions about the value of the temporal exponent and the other two
quantities. For our analysis we set t, equal to 64 h because of the
aforementioned observation that by this time the Yy’ volume-
fraction is asymptotically approaching ¢4, implying that the sys-
tem has achieved at least quasi-stationary coarsening as required
by the Lifshitz-Slyozov-Wagner (LSW), Kuehmann-Voorhees (KV),
and Philippe-Voorhees (PV) models [39,51,52]. The quantity <R(t)>
is proportional to t%34 = 991 for the Co-8.8A1-7.3W alloy and t®3! *
002 for the Ru-containing alloy; the error is obtained from the
nonlinear multivariable regression analysis. The values of the
temporal exponents calculated for Co—Al-W and Co—Al-W—Ru
are, within error, the value 1/3 predicted for 1/p as predicted by the
KV model for a ternary alloy [51] and the PV model for a quaternary
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Fig. 4. Temporal evolution of (a) mean radius, <R(t)>; and (b) number density, N(t), of
y'-precipitates measured from within regions containing a two-phase (y plus y’)
microstructure aged at 900 °C for Co-9.4Al-7.5W-2.1Ru at.% and Co-8.8Al-7.3W at.%.

alloy [52], therefore implying that both alloys exhibit diffusion-
limited coarsening behavior. The resulting coarsening rate con-
stants K are 5.5 x 1072% and 2.7 x 10~2® m?s. Fig. 4b depicts the
temporal evolution of Ny, which decreases as t~994 * 011 for the
ternary CoAIW alloy and t~12 * 932 for the quaternary alloy; the
error in the temporal exponent is determined from the nonlinear
multivariable regression analysis of the experimental data. The
values of Ny calculated for both Co—Al—W and Co—Al—-W—Ru are in
good agreement with the LSW [53] model’s prediction of t~!, and
also consistent with the quasi-stationary coarsening equation
described by KV for a ternary alloy [51]:

~ ¢Eq -1
B 4.74I(t 3)

The PV model for multicomponent alloys also predicts a rate
constant of t~! for the temporal evolution of Ny in the quasi-
stationary coarsening regime, but the prefactor K is fairly compli-
cated for systems containing four or more elements [52]. Recently,
experimental measurements of the interdiffusivity of Al and tran-
sition metal solutes, including W and Ru, in f.c.c. cobalt were used
to calculate the activation energy, Q, and pre-exponential factor, Dg
[54]. Applying the results of these calculations from the archival

Ny (t)
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literature to the aging temperature employed in this study, 900 °C,

magnitude. The small difference between the interdiffusion co-
according to the Arrhenius relationship:

efficients of Ruand W in f.c.c. Co may explain partially the observed
negligible effect of Ru additions on the coarsening kinetics of y’-
- Q precipitates compared to the base Co—Al-W alloy in the present
D = Do exp (‘ﬁ) (4) study. It is important to distinguish between the interdiffusivity of a
single solute species in pure f.c.c. cobalt and that of a species in a
multicomponent alloy; with three or more elements, because the
rate constants are more complicated as they depend on the terms of
an n x n diffusion matrix, where n is the number of species [52]. It
has been determined experimentally utilizing APT experiments and
lattice kinetic Monte-Carlo (LKMC) simulations for several model
Ni—Al—Cr alloys that the off-diagonal terms of the diffusion matrix

where D is the interdiffusion coefficient, R is the ideal gas constant,
and T is the absolute temperature, yields D values of (7.40 + 9.01) x
1078 m?s~! for W, (6.79 + 30.2) x 107 m?s~' for Ru, and
(1.09 + 1.6) x 1018 m?s~! for Al in f.c.c. cobalt at 900 °C. Notably, the
difference in the interdiffusion coefficients for Ru and W is small
compared to that of Al, which is larger by more than one order of
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Fig. 5. Temporal evolution of the scaled y’-precipitate size distributions (PSDs) measured for Co-9.4Al-7.5W-2.1Ru at.% within regions containing a two-phase (y plus y’) after aging

at 900 °C for: (a) 4 h, (b) 16 h, (c) 64 h, (d) 128 h, and (e) 256 h. Line plots represent the stationary-state predictions of Brailsford and Wynblatt [57] (solid line), the modified LSW
model [53] (dashed line), and Akaiwa and Voorhees [58] (dotted line) models for the corresponding Yy’ volume fractions.
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carry flux, and thus cannot be disregarded [55]. Hence, the coars-
ening kinetics of a multicomponent system is not accurately
captured by only considering the slowest-diffusing species, as is
commonly done, because they involve complex solute-vacancy
interactions.

Precipitate size distributions (PSD) were created for each alloy
and aging condition by plotting on the abscissa axis the normalized
equivalent radius, R/<R(t)>, and on the ordinate axis the number of
v’'-precipitates for a given interval width (20% of the normalized
radius) divided by the total precipitate count and the scaled interval
width [56]. This method normalizes the area under each histogram
to unity, permitting direct comparison among PSDs for different
aging times. Experimental PSDs are presented in Figs. 5 and 6 and
compared to the predictions of the Brailsford-Wynblatt (BW) [57],
the modified LSW [53], and the Akaiwa-Voorhees (AV) models [58],
using the experimental values of ¢*'(t) determined for each aging
condition. The AV model is utilized to simulate PSDs for all but the
ternary specimen aged 4 h at 900 °C, with a measured ¢’ = 42.8%,

as this model does not account for precipitate overlap during
coarsening, which leads to errors in the simulations for values of ¢’
greater than about 30% [58]. Of the three models investigated, the
modified LSW and BW distributions appear visually to provide a
better qualitative agreement with the experimental PSDs. The PSDs
are evolving continuously with increasing aging time, gradually
shifting from a left-skewed to a more right-skewed PSD, suggesting

that the PSDs for both alloys have not yet achieved their equilib-
rium shapes.

3.1.2. Atom-probe tomographic analyses of y'-precipitates

APT was performed on a specimen aged for 16 h. The resulting
3D reconstruction, Fig. 7a, consists of 9 x 10® atoms and contains
three partial y’-precipitates in a y-matrix. Proximity histograms
demonstrating the partitioning behavior between the y- and vy’-
phases are also displayed. The measured compositions of the y- and
Y’'-phases, determined by averaging the concentration values away
from the y/y’interface, the so-called far-field (ff) values, are re-
ported in Table 1. One standard deviation was determined
employing counting statistics, which was determined from:

Cl(‘lN* Cl) (5)
T

where o is the statistical counting uncertainty, Cj is the measured
concentration of species i at a given distance from the interface, and
Nr is the total number of type i atoms collected in the sampled
region. We find that Co, Al, and W are similar in their behavior to
what is reported in the archival literature for other model Co-base
systems [10,15,59,60]. Tungsten partitions strongly to y’-phase
precipitates (KW ¥ =227 +0.15), Co partitions to the y-matrix
(Kgo/ 7 =0.89+0.01), and Al partitions to y’-phase precipitates
(I(YAI/ Y=113 « 0.07). In Co—Al-W—Ru we find that Ru partitions to
the ' phase, KEU/Y =1.27 £ 0.18, in contrast to the behavior pre-
dicted via first-principles calculations for a 192 atom Co—Al-W
supercell model containing Ru additions [30]. Ruthenium parti-
tioning preferentially to the y’-phase is also opposite to its behavior
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Fig. 6. Temporal evolution of the scaled y’-precipitate size distributions measured for Co-8.8A1-7.3W at.% after aging at 900 °C for: 4 h, 64 h, 128 h, 1024 h. Line plots represent the
stationary-state predictions of Brailsford and Wynblatt [57] (solid line), the modified LSW [53] (dashed line), and Akaiwa and Voorhees [58] (dotted line) models for the corre-

sponding y’ volume fractions.
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Fig. 7. Elemental y/y’ partitioning of Co-9.4Al-7.5W-2.1Ru at.% after 16 h of aging at
900 °C: (a) top-view cross-section of APT reconstruction consisting of 9 million ions
collected and containing three partial y’ precipitates described by 9 at% W iso-
concentration surface. (b) Proximity histogram, averaged among the three partial y’
precipitates, of constituent elements where the zero value (0) of the interface is
defined as the inflection point of the majority species, Co. (c) Higher resolution portion
of Ru proximity histogram. The dashed horizontal line represents the bulk Ru con-
centration of 2.1 at.%.

observed experimentally in multi-component Ni-base superalloys
[16,19,20,23] as well as in Ni—Al-Ru and Ni—Al—Re—Ru alloys

[17,18,61], whose values of I({L{Y are consistently below unity, in the
range 0.2—0.6.

Our results demonstrate that Ru partitions to the y’-phase in
regions exhibiting a (y plus y’) microstructure. The partitioning
coefficients K}'(,/ Y for representative quaternary Co—Al—W—X alloys
reported in the archival literature are displayed in Fig. 8 for com-
parison. The effect of Ru is obtained indirectly using our investi-
gation of Ru partitioning, along with the experimental result [13]
that the addition of 2 at. % Ru to a Co-8.9A1-9.8W alloy reduces the
v’/-solvus temperature by 8 K; this result is in agreement with the
observed trend that quaternary elemental additions that exhibit
weak y’-phase partitioning (1 > K;W> 2) have a limited effect on
the v’ solvus-temperature. This is in contrast to those elemental
additions exhibiting strong partitioning to either y (Cr, Fe, Mn),
which decrease the y’ solvus-temperature by up to 20 K, or to y’ (Ti,
Ta, Nb), which increase the ¥y’ solvus-temperature by 50—80 K
[3,710,13,62]. Tungsten also partitions to y’-precipitates
[13,15,59,63] and it has a positive effect on the Yy’ solvus-
temperature of ternary Co—Al-W; Pyczak et al. [63] measured
experimentally the vy’ solvus-temperatures of Co-8.5A1-7.4W at.%,
Co-8.5A1-8.7W at.%, and Co-8.9A1-10.3W at.%, reporting a decrease
in Yy’ solvus-temperature of about 20 K per 1 at.% reduction of W
[63]. This observation putatively suggests a y’ solvus-temperature
of 1329 K for a Co-8.9Al-12W at.% alloy, which would be analo-
gous to the series of C0-8.8-9.8-2X at.% alloys studied by Omori
et al. [13]. The experimental value of the partitioning coefficient is
strongly dependent on a number of factors, including alloy
composition, the presence of additional alloying elements, aging
time, and aging temperature. Qualitatively, experimental studies
have demonstrated that Ti [3,7,10,13,62], Ta [3,7,10,13,60,62], Nb
[3,13], V[13], Mo [13,60], W [13,15,59,63], Hf [ 7], Ir [62], Ni [3,13,15],
and Ru (present study) partition to the y’-phase, while Cr [3,13], Mn
[13], and Fe [3,13] partition to the y-phase in Co-base alloys. Less
well-understood, but important for future studies, are synergistic
effects among quaternary, quinary, and higher order alloying ad-
ditions, because as many as 10 to 12 alloying elements may be
necessary for a Co-based alloy that has long-term stability at very
elevated temperatures.

A lever rule diagram [43], Fig. 9, was constructed using the bulk
average composition, Cf’“"‘, for every elemgnt i measured using EDS
and the y- and y’-compositions (C;Y and CiY , respectively) measured
utilizing APT for the 16 h aged sample. The y’-volume-fraction, ¢,
was determined by calculating the slope using a linear regression
analysis, employing the mass-balance equation:

b= (@) ) ®

From Fig. 9, we determined a ¢, value of 24.8 + 1.8%, which
agrees within experimental error with the value measured ste-
reologically employing SEM micrographs (25.41 + 0.04%), Fig. 3.
This close agreement between the two characterization techniques
lends credence to the veracity of our phase compositions reported
using APT, with only three partial y’-precipitates contained in the
3D reconstruction.

3.1.3. Discontinuous transformation at long aging times

After 128 h aging, the discontinuously transformed regions,
initiating at grain boundaries, exhibit significant growth, Fig. 10. By
256 h aging, the formerly two-phase (y plus y’) microstructure is
>90% transformed. The discontinuous region consists of three
phases, whose measured compositions are given in Table 1. These
phases are identified as alternating lamellae of Co-rich y(fcc)-ma-
trix, Co3W (taken to be DO1g) phase, as well as a blocky-phase CoAl
(taken to have the B2 structure) phase, which is observed within
the discontinuous region and along grain boundaries, Fig. 10.
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Table 1
Compositions of observed phases in Co-9.4Al-7.5W-2.1Ru at.% alloy. All values are in at. %.
Region (aging time) Phase(s) Measurement method Co Al w Ru
y plus ¥’ (16 h) y (fec.) APT 83.41 + 0.07 8.88 + 0.07 5.79 + 0.13 1.86 + 0.15
g APT 74.30 + 041 10.08 + 0.54 13.15 + 0.61 2.36 +0.27
Discontinuously-transformed region (256 h) y (fec) APT 85.20 + 0.21 8.44 +0.14 520 +0.12 1.15 + 0.05
CosW (D01g) APT 74.91 + 0.39 1.82 + 0.12 21.57 + 027 1.69 + 0.09
CoAl (B2) EDS? 47 35 3 15

¢ The error attributed to EDS measurements is taken to be +1 at. %.
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Fig. 8. Change in y’-solvus of Co-9Al-10W-2X compared to Co-9AI-10W measured by
differential scanning calorimetry (DSC) versus the natural log of the partitioning co-
efficient. The horizontal dashed black line denotes the solvus temperature of Co-9Al-
10W at. % reported in Ref. [13]. Elements represented by solid black circles: Kiw v
and the change in y'-solvus were reported in Ref. [13]. KIYr/ Y was reported by Ref. [62]
incorporating DSC results from Ref. [13]. Kﬁ‘fY is from the present study of Co-9.4Al-
7.5W-2.1Ru, incorporating DSC results from Ref. [13] for Co-8.8A1-9.8W-2Ru at.%.
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Fig. 9. Graphical representation of the lever rule (Eq. (6)); volume fraction calculated
via APT composition measurements of y- and y’-phases and the composition of the
bulk alloy measured via EDS. The error associated with the EDS measurements is
assumed to be 1 at.%.

Phase identification is inferred from the measured compositions
and the Co—Al—-W phase diagram at 900 °C [ 1] and the Co—Al phase
diagram [64], as well as morphological characteristics; for verifi-
cation, the crystallographic structure will be confirmed experi-
mentally by diffraction techniques. The y-matrix composition
measured by LEAP tomography;, is nearly identical to that present in
the y/y’' region, Table 1. This suggests that the discontinuous

Fig. 10. Discontinuously-transformed microstructure at 128 h at 900 °C: (a) trans-
formed colony spreading into bulk (y plus y’) from the grain boundary; (b) trans-
formed regions spreading outward from grain boundary (c) grain boundary containing
Ru-rich CoAl-type precipitates. (d) close-up of interface between (y plus y’) region and
discontinuous lamellar region containing y and D0;9 phases.

transformation reaction does not affect the mean vy-matrix
composition, but rather the two other phases, DO1g and B2, which
are created solely by the decomposition of the y’-precipitates. For
the D019 needle-shaped precipitates, LEAP tomographic measure-
ment, Fig. 11, indicate that Co comprises ~75 at.% of its composition,
suggesting that the ~4 at.% of Al and Ru present in this phase are
most likely involved in replacing W on its sublattice. The phase
composition is then anticipated to be Co3(W,Al, Ru). The B2 phase
has a blocky morphology and is observed both along the GB and
within the bulk discontinuously transformed region, usually in
contact with DOjg needle-like precipitates. The larger B2 pre-
cipitates are ~1 um in diameter, which is sufficiently large to be
investigated via SEM-EDS. The measured composition of this phase,
Table 1, is 47Co-35A1-3W-15Ru at.%. It is probable that this phase is
an off-stoichiometric version of CoAl(B2), based on similar obser-
vations and phase compositions in other Co-base systems; notably
49.2C0-29.5A1-1.9W-2.0Ta-17.5Ir at. % measured in a bulk Co-8.6Al-
9.7W-1.0Ta-1.7Ir at. % alloy aged at 900 °C for 400 h [62], which
compares favorably with our EDS measurements, Table 1. The
intermetallic CoAl structure at 900 °C can contain a range of Co
concentrations from 47 to 60 at.% Co, implying phases with the
compositions Cog7(Al, Ru, W)s3 to Cogp(Al, Ru, W)4o. Additionally,
because EDS detects x-rays generated not only from a sample’s near
surface region, but rather from the entire interaction volume (up to
1 um?>). It is possible that some of the phase compositions measured
utilizing EDS are due to a signal from the surrounding y-matrix if a
v/CoAl interface exists within the subsurface interaction volume.
Turnbull [65] developed an approximate model for predicting
the growth velocity of discontinuous lamellae, which he applied to
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a Co—Cr—Ti—Mo—V alloy exhibiting discontinuous growth of
alternating bands of y(f.c.c.) and CosTi [66]. Applying the Turnbull
model, the growth velocity, V, of discontinuous lamellae of y- and
D019 phases is given by:

Ch—Ct\ Dgd.
vz< & S (7)

Where C is the bulk concentration of solute species i, Ci is the
concentration of solute i in the yy-lamellar, Dy is the diffusivity along
the heterophase interface beween lamellae, d is the thickness of
this interfacial region ~1 nm, and S is the interlamellar spacing
within the discontinuous region. Taking V as the constant growth
velocity of discontinuous lamellae traversing the average
maximum distance between the cell and the heterophase interface
as measured from SEM micrographs, 32 + 14 pum, during 128 h at
900 °C. Substituting our value for W, the dominant solute species in
the transformed D0g lamellae, taking C}V = 7.5 at.%, CEV =5.8 at.%,
and S = 0.92 pm, we obtain a value of 2 x 10722 m® s~ ! for the
diffusivity of W times the value of d along the heterophase inter-
face, Dgd. The archival literature values for grain boundary diffu-
sivity in Co alloys are sparse; Dgd of W in a Co-5at.% W alloy at
800 °C and pure Co at 700 °C are 6 x 1072%and 2 x 1002 m3 s,
respectively [67]. Note the value obtained from our calculation is a
bulk average, whereas the extent of the discontinuous trans-
formation varies from cell-to-cell and grain-to-grain. Nevertheless,
our value of 2 x 10722 m® s~! at 900 °C is with an order of
magnitude of the diffusivity along grain boundaries in a Co alloy:
6 x 1072 m® s! for a Co-5at% W alloy at 800 °C, and
2 x 10723 m?® s~ for pure Co at 700 °C [67], suggesting that W
diffusion along heterophase interfaces may be a source of the
observed rapid microstructural transformation occurring in this
alloy.

The average composition over several 100 x 100 um regions on
the surface of the bulk cross-section was measured using EDS for
the specimen aged 168 h at 900 °C. The average composition of the
(y plus ¥') containing regions is 81.4Co-8.6Al-7.8W-2.2Ru at.%,
compared to 80.5C0-9.4A1-7.9W-2.2Ru at.% for discontinuously-
transformed regions and to the composition of the material in the
as-solutionized state, 81.0C0-9.4Al-7.5W-2.1Ru at.%; these mea-
surements are within error, taken to be +1 at.%, for our EDS mea-
surements. The rapid kinetics of the transformation between 128
and 256 h of aging indicates that the three-phase discontinuously
transformed region is more thermodynamically stable than the
two-phase (y plus y’) microstructure for the alloy composition
investigated. One possibility is that the addition of Ru results in a
bulk composition that is no longer within the very small (y plus y’)
phase-field reported in the Co—Al—W ternary system [1] and that
adjusting the balance of the W and Al concentrations in the alloy
results in a more stable y’-phase. Furthermore, alloying with strong
v’ forming-elements, such as Ti or Ta, is necessary to obtain a stable
v plus v’ microstructure.

4. Conclusions

The microstructural evolution of a quaternary Co-9.4Al-7.5W-
2.1Ru at.% model superalloy aged at 900 °C was investigated and
compared to a ternary base alloy with the composition Co-8.8Al-
7.3W at.%. SEM was utilized to determine the mean radius and
volume fractions of the y/(L1,)-precipitates and to assess the sta-
bility of the two-phase (y plus y’) microstructure. LEAP tomography
was employed to determine the partitioning behavior of the
constitutive elements between the (f.c.c) y-matrix and the y/(L15)-
precipitates. The following conclusions are reached:

e Ruthenium partitions slightly to the y/(L1;) -phase in Co-9.4Al-
75W-21Ru  at%, with a  partitioning coefficient
K{;{Y =1.27 +0.18, after 16 h aging at 900 °C, displaying the
opposite tendency to that observed in Ni-base superalloys and
predicted by a first-principles calculation at 0 K for Co—Al-©
W—Ru [30].
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e Co, Al, and W exhibit similar partitioning behaviors in the
investigated Co—Al-W—Ru alloy to those observed in the
archival literature for other model Co-base systems:

(Kiy/ Y =2.27+0.15), (K" =0.89+0.01), and (K}/¥ =1.13+0.07).

Regions of (v plus y’) persist for 256 h at 900 °C in the Co—A-
1-W—Ru alloy, permitting the measurement of y’-precipitate
radii, Fig. 4, and volume fraction, Fig. 3, as a function of aging
time. Ruthenium additions do not affect significantly the vol-
ume fraction or coarsening kinetics of the y’(L1;)-phase when
compared to the base Co—Al—-W ternary alloy.

A discontinuous transformation of the (y plus y’) microstructure
is observed after 128 h of aging at 900 °C in the Ru-containing
alloy. The transformed three-phase region nucleates at y-
grain-boundaries, which consumes the two-phase (y plus Y')
region. It contains the same vy(f.c.c.) Co-rich solid-solution (Co-
8.44A1-5.20W-1.15Ru at.%), needle-like precipitates with the
D09 structure (Co-1.82A1-21.57W-1.69Ru at.%) and blocky pre-
cipitates with the B2 structure (Co-35A1-3W-15Ru at.%). Only (y
plus y’) phase regions are observed, utilizing SEM, for the
ternary Co—Al—W alloy aged for 1024 h at 900 °C.
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