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We performed a systematic study of alloying effects on the site preference, elastic properties and phase
stability of L1, y’-Cos(Al, W) in terms of the first-principles calculations. Up to twenty-one transition
metal elements (Sc, Ti, V, Cr, Mn, Fe, Ni, Y, Zr, Nb, Mo, Tc, Ru. Rh, Pd, Hf, Ta, Re, Os, Ir and Pt) were
considered in this work. We find that Sc, Ti, V, Cr, Mn, Y, Zr, Nb, Mo, Tc, Hf, Ta, Re and Os favor to occupy
the Al site, and Fe, Ni, Ru. Rh, Pd, Ir and Pt favor to occupy the Co site, except for Y, Fe and Ru, other
transition metal elements can stabilize the L1, y’-Co3(Al, W) at 0 K. By using stress-strain method, the
elastic properties including bulk modulus, shear modulus and Young’s modulus were evaluated. It is
verified that the elastic properties of L1, y’-Cos(Al, W) depend on not only volume change but also
electron density as well as electronic configurations. The thermodynamic results of phase stability of L1,
y'-Co3(Al, W) reveal that Hf, Ti and Ta are the promising alloying elements to improve the stability of L1;
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1. Introduction

The demands for higher-temperature capabilities motivate the
continuous development of advanced superalloys for aircraft en-
gine. The y’-strengthened Co—Al—W-base alloys have attracted
extensive interests [1] because they are less prone to freckling
formation [2] and possess higher melting temperatures than Ni-
based superalloys [3,4]. However, the metastability of y’-Cos(Al,
W) limits the further development of Co—AIl—-W superalloys in the
practical application [5]. In order to alter the situation, numerous of
experiments had been carried out to exploring the effects of various
alloying elements on the y’-Cos(Al, W). For instance, it is found that
Ta, followed by Ti, Nb, W and Hf effectively increase the solvus
temperature of y’-Cos(Al, W) [4,6—10]. Cr, Mn and Fe tend to
distribute to y matrix and simultaneously decrease the volume
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fraction of the y’ precipitate [7,8]. Despite all that, the in-depth
understanding of alloying effects on the site occupation, strength-
ening mechanism of y’-Cos(Al, W) is quite finite, especially in ex-
periments. Theoretically, Chen et al. [11,12] studied the site
preference of transition-metal (TM) elements in the y’-Cos(Al, W).
But the results appear to conflict with the recent atom probe to-
mography (APT) observation [13—15], which may due to the or-
dered superalloys model adopted previously [11,12]. The special
quasi-random structures (SQSs) model is believed to be more
suitable for studying the partially disordered y’-Co3(Al, W) [16,17].
By using the SQSs model, Xu et al. [18] investigated the effects of Ta
on the electronic structure and mechanical properties of y’'-Cos(Al,
W) phase, showing a well agreement between the calculated and
the experimental results.

In the present study, to explore the effect of alloying elements
on the properties of y’-Cos(Al, W), the following elements are
considered, viz., Sc, Ti, V, Cr, Mn, Fe, Ni, Y, Zr, Nb, Mo, Tc, Ru. Rh, Pd,
Hf, Ta, Re, Os, Ir and Pt. The site preference of TM in the Cos(Al, W) is
firstly investigated to determine the structural configuration of TM-
substituted Cos(Al, W). Secondly the elastic properties and phase
stability of these TM-substituted structures are calculated. Last but
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not least, the bonding characteristic is analyzed to gain an insight
into affecting mechanism of TM in the Co3(Al, W) phase. The pre-
sent work provides a theoretical foundation for further develop-
ment of novel y/y’ Co-based superalloys.

2. Computational methods and details
2.1. Reaction and stable formation energies

The L1,-type y’-Cos(Al, W) shows a formula AsB with space
group Pm-3m. The A atoms are located at the face centers, and the B
atom is located at the cube corner. In order to compare the
experimental composition (Co—10Al-11W (at.%) [1]), a SQSs
supercell with 32 atoms constructed by Jiang et al. [ 16] was adopted
in present study, as shown in Fig. 1. Only one TM atom was selected
for doping in the structure to obtain a comparable TM component
with the experiment. In the structure of Co3(Al, W) as shown in
Fig. 1, there are seven nonequivalent positions (Al;/Al,, Co3/Co4/Cos5
and Wg/W5) for the substitution by TM.

The reaction energy (Eg) is introduced to study the alloying ef-
fect on the site preference in the Cos(Al, W), which is defined as the
energy difference between Cos(Al, W) with one of nonequivalent
positions (i) substituted by TM and TM-free Cos(Al, W) by Ref. [19]:

(2)
3pco + uw = E¢ (CosW)

{ tco + i = EY (CoAl)

Taking the case of TM doping Al; position as example, the
negative E’g” means that the energy of the right side of the equation
(i.e., Cox4AI4W4 + TM — Co24AI3W4TM + Al) is lower than that of
the left side, indicating the possibility of TM doping Al position. On
the other hand, if the reaction energy for the Al;-doped case is
lower than those for other i-doped cases, it implies that the TM
tends to occupy Al; positions.

As long as the site preferences of alloying elements in L1, Cos(Al,
W) were determined, the relative phase stability could then be
evaluated by the stable formation energy (4H™), which is defined
with respect to the convex hull consisting of set of potential stable
binary and unary structures (i.e., hcp-Co + B2—CoAl + DOqg-
CosW + TM) at the fixed composition. It is noteworthy that the
pure TM instead of CosTM is chose to constitute the convex hull due
to the sufficient dilute concentration of TM and the uncertain ex-
istence of Co3TM. Taking the case of TM doping Al; position as
example, AHSTM(All) is written as [20]:

AHM(Aly) =EP (C03 (A13/8W4/8TM1/8>) - Z:umix (3)
1

Z“”‘“’XZQ / 32EP(Co)+3 / 32EP(CoAl) + 4 / 32EP(CosW) + 1 / 32EP(TM) (4)

Ey = [EP(Co3 (AL W) + ;| — [EF (Co3 (AL W) + gy (1)

where E? is the static energy of TM-substituted Cos(Al, W), Ef is the
static energy of TM-free Cos(Al, W), u; and ugy, are the chemical
potential of Co, Al, W and TM atoms. Under Co-rich conditions, ¢,
is assumed to be the static energy of Co [19], whereas u,; and puyy,
are calculated by the following relationships [18]:

,j![cdl,f?l

Fig. 1. Crystal structure of L1,-ordered Cos(Al, W). There are seven nonequivalent
positions (Al;/Al,, Cos/Cos/Cos and Wg/W5) for the substitution by TM.

If the stable formation energy is positive, AH™ > 0, it means
that TM-substituted Cos(Al, W) phase is difficult to be formed,
compared with the four-phase mixture (hcp-Co, B2—CoAl, D019-
Co3W, pure-TM). When 4H!™ <0, it means that TM-substituted
Cos(Al, W) phase likely to be formed, in addition, a more negative
AHSTM of a crystal phase indicate that the crystal is more stable.

2.2. Elastic properties

The elastic constants (Cj) are calculated using the stress-strain
method [21]. The cell shape and volume are fixed during the re-
laxations of ionic positions, and only the forces acting on ions can
be relaxed. Based on the Hooke’s law, the elastic stiffness constants
are defined as:
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03 G G G3 Gy G35 Gap
o; = Ciioe; = =

! z]: LA Ca1 Cop Ci3 Cag Cgs Cye
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(5)

where o; and ¢; represent the stress vector and the strain vector,
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respectively. For a given set of strains, e = (e1,¢;,¢3,¢4,¢5,€g)
where ¢1, 3, e3 refer to normal strains and e4, 5, eg refer to shear
strains, are imposed on a crystal to generate the small de-
formations. One set of stress ¢ = (01,02,03,04,05,06) can be
determined on the deformed lattice from first principles calcula-
tion. Due to the crystal symmetry, the independent elastic constant
matrix C for L1,-type structure were calculated according to the
following equation:

Cii G2 Gs O 0 0
Gy G G3 O 0 0
_1...1G G2 G3 0 0 0
C=e"+0190 0 0 Cu 0 O (6)
0 0 0 0 GCs O
0 0 0 0 0 Ce

where Cis an 6 x 6 elastic stiffness constant matrix with Cj;, and =1
represents the (pseudo) inverse of the sets of strains. More details
are described in Ref. [22]. After the substitution of TM, the cubic
lattice of Cos(Al, W) may be slightly distorted, resulting in the in-
crease of independent Cj. To ensure the comparability of our
calculated results, average G were used here as:

Ci1=(C11+Co2+C33) /3, S11=(S11+S2+533)/3 (7)
Ci2=(C12+C13+(3)/3, S12 = (S12+513+523)/3 (8)
Caa=(Cag+ Cs5 +Ce6)/3, Sas = (Saa+Ss5 +Se6)/3 9)

where §;; are elastic compliance constants obtained from the in-
verse of C; matrix. The aggregate properties of polycrystals (i.e.,
bulk (B), shear (G), Young’s (E) moduli and Poisson’s ratio (»)) can
calculated by Refs. [23—25]:

By =(Cq1+2C13)/3, Br=1/(3511 +6512) (10)
Gy =(C11 — C12+3C4q)/5, Gr=5/(4511 — 4512 +3) (11)
By = (By +Bg)/2 (12)
Gy = (Gy +Gg)/2 (13)
Ey = (9ByGh) / (3By + Gh) (14)
v=3By — 2Gy/2(3By + Gy) (15)

2.3. Details of first-principles calculations

All calculations were performed by the projector augmented
wave (PAW) method [26], which is implemented in the Vienna Ab
initial Simulation Package (VASP) [27,28]. The Perdue-Burke-
Ernzerhof (PBE) [29] was used to describe the exchange and cor-
relation functional. The standard valence shells and electronic
configurations were used for all the mentioned elements. A 450 eV
kinetic energy cutoff of wave function was used. The Brillouin zone
sampling was performed with a I'-centered 7 x 7 x 7 k-point mesh.
Reciprocal space integration was performed by means of the
Methfessel-Paxton technique [29] with a smearing width of
0.15 eV. Throughout the calculations, the convergence thresholds of
total energy and the maximum force acting on ions were set to
10~% eV/atom and 1072 eV/A, respectively. The spin polarization
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Fig. 2. The calculated reaction energy for the Cos(Al, W) doped with 3d-, 4d- and 5d-
TM elements. (square, round and triangle mean that TM occupies the sites of Co, Al and
W, respectively.)

was considered because of the ferromagnetic nature of Co.

3. Results and discussion
3.1. Site preference and structural stability

Fig. 2 plots the calculated reaction energy EZ for the Cos(Al, W)
doped with 3d-, 4d- and 5d-TM to evaluate the relative site pref-
erence. Note that only the minimum reaction energy for the TM
doping the different nonequivalent positions of Cos(Al, W) was
shown in Fig. 2. As seen, the TM elements locating at the left side of
periodic table (i.e., IVa and Va subgroup) show lower Ei, values than
those at the right side of periodic table (ie., VIl subgroup). By
comparing the EZ, values, it is concluded that Sc, Ti, V, Cr, Mn, Y, Zr,
Nb, Mo, Tc, Hf, Ta, Re and Os prefer to occupy the Al site, and Fe, Ni,
Ru, Rh, Pd, Ir and Pt prefer to occupy the Co site. The W site is
energetically unfavorable for occupation since it shows a maximum
Eg after TM doping. Our results reproduce the experimental ob-
servations by atom probe tomography and channeling enhanced
microanalysis [13,15,30—32] that Ti, V, Mo, Ta, Cr favors the Al/W
site, and Ni favors the Co site. The agreement indicates the reliable
of the present work. After confirming the lowest-energy structure
for TM-substituted Cos(Al, W), their structural properties including
equilibrium volume (Vq), total energy (E:r) were calculated and
are tabulated in Table 1. The predicted Veq and Egr of Co3(Al, W)
well agree the previous theoretical and experimental results
[1,18,33] with an average deviation less than 3%.

To estimate the relative phase stability of TM-substituted Co3(Al,
W) listed in Table 1, the stable formation energy (4H™) was
calculated based on Egs. (3) and (4). The result is shown in Fig. 3. A
negative value of 4H™ indicates that the phase can be steadily
synthesized. More negative AHSTM , more stable the phase exists. As
seen from Fig. 3, all the TM-substituted structures own positive
AHSTM values, suggesting they are metastable at 0 K. Despite all that,
comparing to the TM-free Cos3(Al, W) (67.48 meV/atom), the addi-
tion of TM except Y, Fe and Ru significantly decreases the 4H™. It
implies that these TM elements improve the stability of Cos(Al, W),
especially Ti, Ta, Hf, Nb, V and Zr. It is worth noting that Y, Fe and Ru
will be abandoned in the subsequent studies since they are unbe-
neficial to enhance the phase stability of Co3(Al, W).
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Table 1

Calculated and experimental equilibrium volumes (Vq), total energies (E¢), reac-
tion energy (Ei,) and stable formation energy (AHSTM ) of TM-substituted Cos(Al, W),
which TM occupies the minimum EL value site. (Veq, E¢o are given in eV/atom, while
Ej, AHM are given in meV/atom).

Compound Designation site Vg Etor E& 4 HSTM
Coz4(AlLsW4) Pure 11320 -7.491 67.475

11.337¢ -7.476° 44.871°

11.327°

11.654°
Co24(Al3W4Sc)  Sca Al, 11531 -7560 —-19.647 47.366
Cop4(AI3W4Ti)  Tip Al, 11360 -7.635 —46.577 20433
Co24(Al3W,4V) Vai Al, 11286 -7.661 35474 31536
Cop4(AlsW4Cr)  Crp Al, 11246 -7.657 —12.611 54.399
Coz4(AlsW4Mn)  Mng, Al, 11249 -7.623 -3.563 63.447
CoysFe(Al4W,4)  Feco Cos 11404 -7.527 4.276 71.283
Coz3Ni(Al4W,4)  Nigo Co; 11402 -7450 —5.334 61.676
Coz4(AlsW,Y) Yai Al, 11.654 -7.527 20.070 87.080
Cop4(Al3W4Zr)  Zry Al, 11527 -7.642 28558 38.452
Co24(AlsW4Nb)  Nbpy; Al, 11426 -7.700 -33.171 33.839
Coz4(AlsW4Mo0) Mog; Al, 11368 -7.708 -21.201 45.809
Cop4(Al3W4Tc)  Tcay Al, 11336 -7.681 -11.516 55494
Coz3Ru(AlsW4)  Rugo Cos; 11455 -7.553 8.594 75.604
Coz3Rh(AI4W,4)  Rhgo Cos; 11508 -7.508 —5.646 61.364
Cop3Pd(Al4W,4)  Pdc, Coz 11478 -7.436 6.172 73.182
Cop4(Al3W4Hf)  Hfy Al, 11511 -7.693 -38.260 28.750
Coz4(AlsW4Ta)  Taa Al, 11431 -7.756 —-41.284 25.726
Coz4(AlsW4Re)  Regp Al, 11349 -7.754 19539 47471
Co24(Al3W40s)  Osp Al, 11344 -7.701 -4119 62.891
Coaslr(AlsWy) Irco Cos; 11504 -7.561 —10.352 56.658
Coz3Pt(Al4W,4)  Pteo Cos 11552 -7.482 —-13.505 53.505

@ Calculation data [18].
b Experimental data [33].
¢ Experimental data [1].

3.2. Alloying effects on mechanical properties

In order to explore alloying effects on the mechanical properties,
the elastic properties of TM-substituted Cos(Al, W) were calculated,
including elastic constants (Cj), bulk modulus (B), shear modulus
(G), Young's modulus (E), Poisson’s ratio (v). The results are listed in
Table 2, as well as the available theoretical and experimental data

[18,34] for comparison. A good agreement is found for our
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Fig. 3. The calculated stable formation energy of TM-substituted Cos(Al, W).

calculated results and those from the previous studies [18,34].
Although the elastic constants are remarkably changed by the
addition of TM, it is shown that all of the L1, TM-substituted Cos(Al,
W) are mechanically stable, since their G values meet the Born
criteria [35] which is represented by:

C11>0,C44 > 0,Cq > [C2], (Ciq +2C42) > 0 (16)

In an effort to seek the effect trend of TM on the elastic prop-
erties of Cos(Al, W), Fig. 4 plots the elastic properties as a function
of volume changes for TM-substituted Cos(Al, W). It is indicated
that the doped structure with small volume change will result in a
large change in bulk and shear moduli. The addition of alloying
elements preferred to occupy Co sites increases the volume of
Cos(Al, W) while the addition of those preferred to occupy Al sites
does opposite. This phenomenon can be explained by the effect of
the relative metallic atomic radii of TM as compared to Co/Al atom.
Generally, these metallic atoms (Ni, Rh, Pd, Ir and Pt) have larger
radii than Co but smaller than Al. Therefore, the volumes of com-
pounds expand when the alloying elements occupy Co sites but
shrink when the alloying elements occupy Al sites.

For all the TM occupying Co sites, it is found that both B and G
increase almost linearly with the volume change as shown in
Fig. 4(a)—(b). But for the TM occupying Al sites, the 3d and 5d TM
decrease these moduli of Co3(Al, W) with the increase of the vol-
ume, while the 4d TM shows an opposite influence. This suggests
that the volume change could not be the exclusive effect on the
elastic properties. According to an empirical relationship related to
the bulk modulus (B) per molar volume (V;;) and electron density,
/B/Vm has a linear relationship with the electron density [36,37].
This suggests that the electron density may be the other one key
factor, which can be calculated vian = Zg/Vy, where Zg is the bond
valence. The total number of valence electrons N contained in
A1_x_yBxCy is calculated by N = (1—-x—-y)naVs +xngVp +yncVc
where n4, ng and n¢ are the electron density, and V,, Vg and V- are
the molar volume of element A, B and C, respectively. For the L1,
TM-substituted Cos3(Al, W), the electron density n can be deduced
by:

23 4 4 1
nme, =N / V= (ﬁnCo Veo +35Ml Vai +§nWVW +35MM VTM)

X / VTM o

(17)

24 3 4 1
nm, =N / V= (ﬁ”a) Veo +§nAlVAl +§nWVW +§HTMVTM)

X /VTMA,

(18)

24 4 3 1
nmv,, :N/V = (ﬁn@v@ +§nAIVAI +§nWVW +§nTMVTM)
X /VTMW

where the electron densities (n¢,, ny;, ny and ngy) are calculated
from equilibrium volume and valence of pure elements [38].
Fig. 4(c) illustrates the n dependence of \/B/Vy for the TM-
substituted-Co3(Al, W). To facilitate visualization, the values were
linearly fitted respectively for elements of each period, in which the
arrow represents the direction of volume reduction according to

(19)
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Table 2
Calculated elastic constants Cj;, bulk modulus B, shearing modulus G, Young's modulus E, B/G, Poisson’s ratio v and universal anisotropy index AY of L1, TM-substituted Cos(Al,
W).
Compound Designation T 5 [ B G E B/G v AV
Coo4(AlsWy) Pure 304 181 177 222 116 296 1.92 0.278 1.48
284° 163 174% 203 114° 288 1.78° 0.260%
271° 172° 162° 205" 101° 260° 2.03" 0.290°
Coo4(Al3W4Sc) Scal 323 182 176 229 122 311 1.88 0.274 1.08
Coo4(AlsW4Ti) Tial 336 190 183 239 126 323 1.89 0.275 1.11
Co24(AlzW4V) Val 360 184 188 243 139 349 1.75 0.260 0.72
Co24(AlsW,4Cr) Cral 373 182 192 245 145 364 1.69 0.253 0.61
Coo4(AlzW4Mn) Mnp; 358 175 182 234 138 345 1.70 0.254 0.69
C023Ni(Al;Wy) Nico 294 174 171 214 113 287 1.90 0.276 1.45
Co24(AlsW.Zr) Zral 331 183 178 232 125 318 1.86 0.272 1.00
Coo4(Al3W4ND) Nba; 360 183 186 242 138 348 1.76 0.261 0.69
Coa4(Alz W4Mo) Moa; 372 181 186 245 142 358 1.72 0.257 0.56
Co24(AlsW4Tc) Tcal 377 179 189 245 145 364 1.69 0.252 0.52
Coz3Rh(Al4W,) Rhco 305 189 176 227 113 291 2.01 0.287 1.65
Coo3Pd(Al4Wy) Pdco 295 181 172 219 110 283 1.99 0.284 1.63
Coo4(AlsW4Hf) Hfal 333 187 178 235 124 317 1.89 0.275 1.03
Coz4(AlsW,4Ta) Tan 369 190 187 250 139 352 1.80 0.265 0.68
3527 187¢ 1817 242° 1327 3357 1.83¢ 0.270%
Coo4(AlsW4Re) Real 383 184 192 250 147 369 1.69 0.253 0.55
C024(AlsW40s) Osal 378 179 189 245 146 366 1.68 0.252 0.51
Coaslr(AlsWy) Irco 318 197 178 237 116 299 2.05 0.290 1.56
Coo3Pt(Al4Wy) Ptco 307 192 177 230 113 291 2.04 0.289 1.69
2 DFT calculation data [18].
b Experiment data [33].
6.1 -
(c) E BRe
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Fig. 4. The elastic properties of the L1, TM-substituted Cos(Al, W): (a) Correlation between Bulk modulus change and equilibrium volume change; (b) Correlation between Shear
modulus change and equilibrium volume change; (c) Correlation between (B/V;,)®> and electron density n, B in GPa, and Vy, in 10~ m?/mol.

Fig. 4(a). In Fig. 4(c), the change tendency of /B/Vy, for the Co-
occupied elements (black dotted line) is consistent with that for
the 4d Al-occupied elements (red line), and it is also true for the
case of the 3d Al-occupied elements (black line) and the 5d Al-
occupied elements (blue line). The monotonically proportional
relationship between electron density n and /B/Vp explains the
difference in variation observed from Fig. 4(a)—(b).

On the other hand, the B/G ratio is an indicator of brittle/ductile
behavior of materials. A high B/G value indicates a tendency for
ductility while a low B/G value indicates brittleness. The critical
value between ductility and brittleness is considered to be 1.75
[39]. From Table 2, one can find that the addition of TM occupying
Co sites increases the value of B/G compared to TM-free Cos(Al, W),
meaning the increase of ductility by doping TM. In addition, the
Cauchy pressure (Ci2—Cya4) is proposed to reflect the bonding na-
ture [40]. A positive Cauchy pressure indicates a metallic bonding,
while a negative one indicates the covalent bonding. Moreover, the
larger the Cauchy pressure, the greater the toughness of materials.

To clarify the inherent correlation between ductile-brittle and
bonding nature, Fig. 5 plots the B/G ratio versus (C12—Ca4) for the
L1, TM-substituted Cos(Al, W). Apparently, the B/G values are lin-
early proportional to (Ci2—Ca4), indicating the ductile feature is
largely contributed from the metallic bonding nature. The more the
proportion of metallic bonding, the more ductile the TM-
substituted Cos(Al, W) exhibit. In particular, adding TM elements
preferred to occupy Co sites (i.e., Rh, Pd, Ir, and Pt) is the most
effective way to enhance the ductility of Co3(Al, W) as seen in Fig. 5.
That is, occupying the A site of L1,-type AsB is more inclined to
form the metallic bonding, while occupying the B site is more in-
clined to form the covalent bonding.

3.3. Electronic structure

The charge density difference (CDD) was introduced to study the
bonding electrons to gain an insight into the effect of TM elements
on the mechanical properties of L1,-Co3(Al, W). The CDD is defined
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Fig. 5. Correlation between B/G and Cy5—Cyq4 for the L1, TM-substituted Cos(Al, W).

as the charge density difference between self-consistent and
nonself-consistent calculations. Fig. 6 illustrates the CDD in the
(001) plane for four typical TM-substituted structures (i.e., Rea,
Scal, Irco, Pdco) because the Rea; and the Irc, show the maximum
shear moduli while the Sca; and the Pd¢, yield the minimum ones.

As seen from Fig. 6(a), there has a noticeable directional distri-
bution of charge density between the Co—W and Co—Al bonds in
the TM-free Cos(Al, W). It implies that the covalent-like bonding is
pronounced in this spatial orientation. For Rea; (Fig. 6(b)), the
Co—Re bonds are distorted in shape and are stronger than the

Co—Al bonds. Moreover, the angular shape of charge density is
sustained. This strong covalent hybridization and the relevant
angular shape of charge density enhance the stiffness of chemical
bonds, leading to a remarkable increase of shear moduli. For Sca
(Fig. 6(c)), the addition of Sc decreases the quantity of transfer
electrons between Co and Sc atoms, but increase the electron
density between Co and Al atoms. Under this circumstance, the
shear modulus of Scp; is thus lower than that of Rep. For the TM
occupying Co sites (i.e., Irco and Pdc,), however, the situation is
rather different. For Irc, (Fig. 6(d)), the addition of Ir lead to the
charge density asymmetrical distribution around the Co—W and
Ir-W directions. Such asymmetrical electronic distribution
weakens the covalent strengthening effect, and thus results in a
lower shear modulus for Irc, than that for TM-free Cos(Al, W). For
Pdc, (Fig. 6(e)), the addition of Pd also lead to the charge density
asymmetrical distribution, but the CDD around the Pd atom are
excessively diluted, weakening the Ir—W bonds, resulting in a sig-
nificant decrease in the shear modulus.

For asymmetric electronic structures, the anisotropy of supercell
can be quantified by the universal anisotropy index [41]:

AU:SGV/GR+BV/BR—6 (20)

where GV, GR, BV and BR are calculated with Egs. (10)—(13). The
larger value of AY, the more anisotropic. The calculated values of AY
are listed in Table 2. By associating the anisotropy index with the
shear modulus for each compound, we found an inversely pro-
portional relationship between them, a larger degree of anisotropy
of CDD generally indicates a smaller shear modulus.

3.4. Phase stability at high temperatures

The mechanical properties of the Co—Al-W-based superalloy
cannot be stably maintained at high temperatures. Suzuki et al. [42]
considered that the straitness of phase region of y’-Cos(Al, W) is the
primary reason of this phenomenon. As the annealing time

Fig. 6. The calculated charge density difference (CDD) in the (001) plane for TM-free and TM-substituted L1,-Cos(Al, W); (a) TM-free; (b) Re occupying Al site; (c) Sc occupying Al

site; (d) Ir occupying Co site; (e) Pd occupying Co site.
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increase, the y'-Cos3(Al, W) phase will decomposed to D019 or B2
phase. The decomposed products is depended on the initial alloy
composition [5]. In the current case that the proportion of W is
higher than Al, y’-Cos(Al, W) phase is mainly decomposed into DO1g
phase. Accordingly, D019 phase was considered as the competitive
phase against L1, phase to evaluate the phase stability at finite
temperatures.

The quasi-harmonic Debye model [43] was adopted to compute
the Gibbs free energies of the L1,-and DOqg-type of TM-substituted
Cos(Al, W). All thermodynamic calculations were performed by
Gibbs2 package [44]. The relevant data of the D09 TM-substituted
Cos(Al, W) is provided in the Supplementary. The stability of TM-
substituted Cos(Al, W) can be accessed by Gibbs free energy dif-
ference which is defined as:

4G=Gpg,, — G131, (21)
where Gp;, and Gpog,, are the Gibbs free energies of the L1;-and
DO01o-type structures, respectively. If 4G <0, then the DOyg structure
is preferred, and if 4G > 0, then the L1 structure is preferred, but it
doesn’t mean that L1,-type TM substituted Cos3(Al, W) can be stably
existed in the temperature range of 4G>0. Fig. 7 shows the
calculated AG values as a function of temperatures for TM-
substituted Cosz(Al, W). It is obvious indicated that the AG values
along whole temperature range of TM-free Cos(Al, W) is negative. It
implies that it is energetically favorable of D01g structure instead of
L1, structure, and thus demonstrates the metastability of L1,-
Cos(Al, W) in experiments [5]. On the other hand, the TM-
substituted Co3(Al, W) shows higher AG than the TM-free one. It
means that the addition of TM, especially Hf, Ti, Ta, Sc, Zr, Nb and
Mo, is beneficial to improve the stability of Cos(Al, W) at finite
temperatures. Our conclusion is consistent with the recent exper-
imental observations [6—9] that these strong y’-former elements
can increase the solvus temperature of y’ phase.

In order to estimate the structural stability at high temperatures,
the volume thermal expansion coefficient o were calculated. Fig. 8
depicts the calculated o of both TM-free and TM-substituted L1;-
Cos(Al, W) at finite temperatures. In general, the value of a in-
creases sharply up to ~300 K for all the alloying Cos(Al, W) and
show a similar tendency as the increasing temperature. Dis-
tinguishingly, the value of o of Mn, Ir, Sc, Rh, Pt and Ni is much
higher than other TM, which becomes more significant at high
temperatures. It means that the addition of Mn, Ir, Sc, Rh, Pt and Ni
would cause the remarkable expansion of y’ phase, and further
indicates these elements would not be good candidates for
improving the structural stability of y’-Co3(Al, W).

4. Conclusions

The alloying effect of transition-metal (TM) elements on the site
preference, elastic properties and phase stability of L1, y’-Cos(Al,
W) have been studied from first-principles calculations. Twenty-
one TM elements, namely, Sc, Ti, V, Cr, Mn, Fe, Ni, Y, Zr, Nb, Mo,
Tc, Ru. Rh, Pd, Hf, Ta, Re, Os, Ir and Pt, have been considered. The
main results are summarized as follows:

1. Sc, Ti, V, Cr, Mn, Y, Zr, Nb, Mo, Tc, Hf, Ta, Re and Os prefer to
occupy the Al site, while Fe, Ni, Ru, Rh, Pd, Ir and Pt prefer to
occupy the Co site. All TM-substituted structures are metastable
at 0 K. Despite all that, comparing to the TM-free Co3(Al, W), the
addition of TM can improves the stability of Co3(Al, W), espe-
cially the Ti, Ta, Hf, Nb, V and Zr.

2. The bulk moduli BY® and shear moduli G'’Y of the TM-
substituted Cos(Al, W) change as a function of volume changes
and electron density. When TM occupying the Al sites, strong

covalent bonding and symmetrical distribution of charge den-
sity can enhance the shear moduli. In the case of occupying the
Co sites, the covalent strengthening effect is weakened by
asymmetrical charge distribution, resulting in a decrease in
shear moduli.

3. The addition of TM, especially Hf, Ti, Ta, Zr, Nb and Mo, would
increase the relative phase stability of y’-Cos(Al, W) at high
temperatures. In addition, the volume thermal expansion co-
efficients of y’-Cos(Al, W) after alloying Mn, Ir, Sc, Rh, Pt and Ni
are very sensitive to temperature, and as a result, would not be
good candidates for improving the structural stability of y’-
Cos(AlL W).
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Fig. 7. The calculated AG of TM-substituted Cos(Al, W); (a)3d TM elements; (b)4d TM
elements; (c)5d TM elements.
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