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Abstract

Ni-base superalloys are the most widely used high-temperature materials in
aerospace industry. With the development of national defense science and technology,
a new generation of turbine blade material that could operate at higher temperature
is desired. However, the using temperature of current Ni-base superalloys reach up to
their melting point, leaving little room for further improvement. Recently, researchers
have discovered y’ phase in the Co-Al-base and Co-V-base alloys, which are similar
to y’-NizAl in Ni-base superalloys. This discovery has attracted extensive interests in
Co-base superalloys. As a critical strengthening phase, the structural stability and
elastic properties of of y’ phase directly determine the mechanical properties of
Co-base superalloys. However, it is often blinding to select the alloying elements to
stabilize y* phase by “trial and error methods” in experimental studies, and it is
difficult to measure the elastic properties and thermodynamic properties of y’ phase
by experiments. Therefore, in order to guide the design and development of Co-base
superalloys strengthened by y’ phase, it is important to theoretically study the alloying
effects on the phase stability and elastic properties of y’ phase, and also establish the
thermodynamic database of y* phase.

In this thesis, electronic structure, elastic properties and thermodynamic
properties of ¢’ phase in Co-Al-base and Co-V-base superalloys have been
investigated by first-principles calculations. This thesis focus on the following aspects:
effects of W concentration on the elastic properties of y’-CosAl, the phase stability of
v’-CosV at finite temperatures and effects of alloying elements on the phase stability
and elastic properties of y’-CoszV. These work are sumarized as follows:

The effects of W concentration on the elastic properties, thermodynamic
properties of y’-Coz(AliWy) (x = 0, 0.25, 0.5, 0.75, 1) are investigated using
first-principles calculations combined with quasi-harmonic debye model. It is found
that elastic modulus of y’-Cos(Al;xWy), including bulk modulus, shear modulus and

Young’s modulus, increase with increasing W concentration, while the degree of



elastic anisotropy decreases with increasing W concentration. In addition,
v’-Cos(Al1xWy) experiences a ductile-to-brittle transition as the W concentration is
increased. These changes of elastic propreties of y’-Cos(Al1.x\W,) could be explained
by changes in charge density distribution.

The electronic structure, elastic properties and thermodynamic properties of
CosV phase with D019, DOy, L1, and hP24 structures are investigated using
first-principles calculations combined with quasi-harmonic debye model. The results
show that: in the temperature range of 0~1300 K, CosV phase exists in hP24 structure
while CosV phase with L1, structure is metastable. The stability of CozV phase with
different structures is closely related to the hybridization near the Fermi levels of
electronic structure. CoszV phase with DOy, DO0,,, L1, and hP24 structures are
mechanically stable. CozV phase with L1, and hP24 structures are intrinsically brittle
material, while CozV phase with DOig and DO, structures are intrinsically ductile
materials.

The site preference of transition elements (Sc, Ti, Cr, Mn, Fe, Ni, Y, Zr, Nb, Mo,
Tc, Ru, Rh, Pd, Hf , Ta, W, Re, Os, Ir, Pt) in y’-Co3V are investigated, and the effects
of transition elements on phase stability and elastic properties of y’-CozV are also
studied. The results show that: Zr, Y, Hf, Ta, Sc, Ti, W, Mo, Re, Cr, and Tc tend to
occupy V site while Mn, Os, Fe, Ru, Ir, Ni, Pd, Rh and Pt tend to occupy Co site. Ti,
Ta, Hf, Nb, Zr, Sc, W, Ir, Pt, Rh, and Ni could effectively stabilize y’-CosV. It is
found that changes in elastic properties of y’-CoszV caused by alloying elements X are
closely related to the density and distribution of valence electrons of X in the

microstructure.

Keywords: Co-base superalloys; First-principles calculations; Electronic structure;

Thermodynamic properties; Elastic properties
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Table 1.1 Chemical compositions of commercial Fe-based superalloys (wt. %)

Alloy  Ni Cr Co Mo Al Ti Cb C Other
Rex 78 18 14 -- 3.5 -- 0.75 -- 0.1 3.5Cu
G18B 13 13 10 2 -- -- 3 0.4 2.5W
16/28/6 25 16 -- 6 -- -- -- 0.08  0.15N
N 155 20 21 20 3 -- -- 1 0.15 0.15N

2.5W

12—k Co iR & &Rt GER 1/ H)
Table 1.3 Chemical compositions of commercial Co-based superalloys®* (wt. %)

Alloy Ni Cr Al Ti Mo W Ta B Zr C Other
FSX-414 105 295 -- - - 7 - 0012 -- 0.25 2Fe
Stellite21 2 28 - - 55 -- - - - 03 -
Stellite31 10 20 - -- - 15 - - -- 0.1 --
MarM302  -- 215 - - - 10 9 0.005 0.015 085 --
MarM5090 10 234 -- 025 -- 7 35 - 035 06 -
Haynes-188 22 22 - -- - 145 - -- -- 0.1 3Fe
0.90La

1950 4, Damara &M 1 HA R, $FiEAEBOGE T 4RO EZ N5
2o BN AL s n TGN P T 5 ) DA R A k> A 3 AR I
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DLAER IS MG R 0 Al Ti BO7R NS Chester T. Simstogk #% 245 B ) %
W il & e VIR R 30 P iR EEAIN L L2, ST HA N A,
vy PARSAS SEAL ) Ni 2 mi & e THR KRR, IR T Fe 2k, Co EmilR &
S AN IR R B 2R R . X — I, B Ni RS SR A H 2 T
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