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with Boron, Carbon, and Zirconium Microalloying

Additions

Felix Theska,* Wilson F. Tse, Bernd Schulz, Richard Buerstmayr, Steven R. Street,

Michael Lison-Pick, and Sophie Primig*

Cast and wrought Ni-based superalloys are materials of choice for harsh
high-temperature environments of aircraft engines and gas turbines. Their
compositional complexity requires sophisticated thermo-mechanical processing.
A typical microstructure consists of a polycrystalline y-matrix, strengthening
Ni3(Al,Ti) v’ precipitates, carbides (MC, MgC, and M»3Cg), borides (M,B, M3B,,
and MsBs), and other inclusions. Microalloying additions of B, C, and Zr com-
monly improve high-temperature strength and creep resistance, although
excessive additions are detrimental. Grain boundary (GB) segregation may
improve cohesion and displace embrittling impurities. Finely dispersed carbides
and borides are desired to control grain size via GB pinning. However, excessive
decoration of GBs may lead to failure during processing and in-service. Hence, a
systematic review on the roles of B, C, and Zr in cast and wrought Ni-based
superalloys is required. The current state of knowledge on GB segregation and
precipitation is reviewed. Experimental and modeling results are compared
across various processing steps. The impact of GB precipitation on mechanical
properties is most well researched. Co-precipitation in proximity to GBs inter-
acting with local microstructure evolution and mechanical properties remains
less explored. Addressing these gaps in knowledge allows a more complete
understanding of processing—microstructure—propetties relationships in

1. Introduction

High-performance components in aero-
space and oil and gas applications must
endure harsh environments at high tem-
peratures for several thousands of hours
of service.'! Cast and wrought Ni-based
superalloys are engineering materials
designed to achieve a unique property
profile of high-temperature strength, creep,
and corrosion resistance. This is enabled by
their compositional complexity and sophis-
ticated  manufacturing  processes.[*%
Primary and scrap materials are combined
in a sequence of melting, remelting, and
thermo-mechanical processing to achieve
the desired composition, microstructure,
and shape of components.”™! A typical
property profile for static components in
aircraft engines is a yield strength
>900 MPa, elongation >30%, and creep
rupture strength in 1000h of >100 MPa
at operation temperatures of ~800 °C.['%13!
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Efficiency improvements for the next
generation of gas turbine engines will
require materials design using the highest
alloyed Ni-based superalloy grades to unlock
superior high-temperature strength.™*'% This makes cast and
wrought processing more challenging due to macro-segregation,
increased flow stresses, and cracking.[*® Furthermore, desirable
increases in recycling rates for both economic and sustainability
reasons create additional compositional complexity.*~**)

A schematic of the typical microstructure of cast and wrought
Ni-based superalloys is shown in Figure 1. L1,-ordered, coherent
Ni3(ALTi) y’ precipitates embedded in equiaxed grains of a
face-centered cubic (fcc) y-matrix provide high-temperature
strength via coherency strengthening.”®** Grain boundaries (GBs)
can be decorated by GB-y/2*! carbides (MC, M¢C, and
M,3Cq),1#2*#) andjor borides (M,B, M;B,, and MsB;).27
Other inclusions present may be oxides (Al,O3 and ZrO,), nitrides
(TiN), sulfides (MgS, ZrS, and MoS), or carbonitrides and sulfo-
carbides.*" B, C, and Zr are microalloying additions to optimize
high-temperature strength and creep properties via GB segrega-
tion.’? During vacuum induction melting (VIM), electro-
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Figure 1. Schematic of a typical microstructure of a cast and wrought Ni-based superalloy, e.g., René 41. y' precipitates are found in the grain interior and

at GBs. Carbides and borides are found at GBs and in the grain interior.

slag remelting (ESR), and vacuum arc remelting (VAR), these
elements are “gettering” embrittling impurities such as S, P, and
O to improve ductility and strength.*>* In the solid state, B, C,
and Zr can improve GB cohesion and displace detrimental
impurities.’>#4344 Excessive additions promote the formation
of borides and carbides, which can be beneficial (e.g., Zener-
Smith pinning & GB serrations)*>*™* or detrimental (e.g., GB
embrittlement & GB incipient melting),*’*°>¥! and thus lead to
failure during manufacturing or in-service.***>*>")

GBs and their composition are important topics as ~20% of
publications registered by Scopus on superalloys also include
GBsand B, C, or Zr. It is necessary to emphasize that the present
review focuses on the roles of B, C, and Zr in cast and wrought
processed Ni-based superalloys for static or rotating gas turbine
engine components. Their required manufacturing processes,
microstructures, and properties are considerably different from
those of other superalloys, such as directionally solidified or
powder metallurgically (PM) processed superalloys, which are
optimized for creep and fatigue performance.[*"® While it is valu-
able to explore the impact of B, C, and Zr on defect and eutectic
formation in cast microstructures, they are not the focus of this
review, and more details on cast and directionally solidified
superalloys may be found elsewhere.’***# However, defect struc-
tures altered by microalloying may be passed on to subsequent
processing and thus potentially impact the effectiveness of
homogenization, hot working, and heat treatment. For example,
carbide clusters and porosity may promote forge cracking and
void nucleation.>"*1#73% This highlights the complexity of the
detailed roles of B, C, and Zr in cast and wrought Ni-based super-
alloys. A comprehensive review on their microalloying is cur-
rently missing. Several other reviews on Ni-based superalloys
are available. Challenges in the processing of cast and wrought
Ni-based superalloys are comprehensively presented by
Hardy et al.™® However, the impact of B, C, and Zr was not
discussed. Yang et al.*" reviewed inclusions in cast and wrought
Ni-based superalloys but acknowledged that more research is
required to gain a more complete understanding of their
thermodynamic and kinetic properties. Welding and additive
manufacturing (AM) of Ni-based superalloys have been reviewed
extensively,!®*®% but process conditions and phase transforma-
tion kinetics vary considerably from cast and wrought
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processing. The impact of B, C, and Zr on the creep resistance
of Ni-based superalloys is studied most frequently.”**~%% While
some of these insights are transferrable, significant differences
in thermo-mechanical history to cast and wrought processing
must be acknowledged. First-principles and thermodynamic
modeling have helped to rationalize the roles of microalloying
elements at GBs.l23673843.66.67 However, computational con-
straints and necessary model simplifications may limit their
explicit applicability to industrial processing. Direct experimental
observations of GB segregation remain challenging, but recent
advances in characterization and data analysis methods enable
a more detailed understanding of the roles of microalloying
elements.®*7Y Nanoscale secondary ion mass spectrometry
(Nano-SIMS), electron energy loss spectroscopy (EELS), or atom
probe microscopy (APM) allow quantitative characterization,
including light elements, such as B and C."? Energy-dispersive
X-Ray spectroscopy (EDXS) or electron probe micro-analysis
(EPMA) can be applied to characterize heavy elements.”*”*

This review attempts to summarize current knowledge on the
roles of the microalloying elements B, C, and Zr. A systematic
approach is required to understand these elements within the
complex processing—microstructure—property relationships of
cast and wrought Ni-based superalloys. We first introduce each
microalloying element individually with its electronic structure
and roles during cast and remelting processes. In the solid state,
GB segregation and GB precipitation are reviewed, both covered
by experimental findings and modeling work. Then, the com-
bined impact of B, C, and Zr is reviewed with regard to solid-state
micro-segregation, phase transformations, processability, and
properties. Finally, important areas for future research with
respect to cast and wrought processing of Ni-based superalloys
are presented before concluding remarks are made.

2. Boron

2.1. Segregation

B exhibits a relatively small covalent radius of 0.082nm (for
comparison, the covalent radius of Ni is 0.121 nm).”> °B and
"B are the only naturally stable isotopes, and most chemical
and metallurgical properties are dictated by the electron
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configuration of its three valence electrons (2s* 2sp') in sp’
hybridization. B additions have been shown to achieve desirable
properties in Ni-based superalloys and therefore may be added
intentionally. During melting and casting, B additions may
improve the fluidity.” However, solidification cracking may
occur due to incipient melting point depression, as shown by
differential thermal analysis (DTA) or differential scanning
calorimetry (DSC).’” Limited solute exchange between liquid
and solid phases promotes eutectic solidification microstructures
and deteriorates the creep resistance.'®*7® In the solid state,
low solid solubility of B in Ni and its affinity to segregate to
GBs are well documented.*®””#! Such micro-segregation is
driven by changes in the reduction of interfacial free energy
(equilibrium segregation) or vacancy annihilation from
atom-vacancy complexes (nonequilibrium  segregation).*?
Improvements to hot workability and creep resistance were
reported by Decker et al.®?! Decker & Freeman® also proposed
that B and Zr prevent the agglomeration of M,;Cg carbides and y’
precipitates at GBs. As result, linking of micro-cracks into net-
works is hindered and creep resistance is improved.
Cottrell® considered small amounts of B beneficial in suppress-
ing GB embrittlement in Ni, Fe, and NizAl. This was attributed to
the electronic properties of B. Floreen & Davidson'®! suggested
that the primary effect of B is the displacement of GB embrittling
elements, such as O, and thus, reducing the interfacial energy.
This can suppress micro-cracking at GBs.

Direct experimental verification of B micro-segregation
remains challenging. For example, SIMS or nano-SIMS maps
are suitable for comparative studies.[®**”°! Figure 2a shows an
example of SIMS mapping to reveal the impact of GB serrations
limiting B segregation in Alloy 263."%) As result, serrated GBs
were found less susceptible to GB liquation cracking during
welding. Quantitative, three-dimensional mapping can be
obtained from APM as demonstrated in Figure 2b.[08¢#7]
This example showcases the direct local compositional measure-
ment across a y-matrix/y’ precipitate phase boundary in proxim-
ity to a GB in Astroloy. Advanced APM analysis techniques have
been developed that allow the direct quantification of the inter-
facial excess.®8#% Other relevant analytical methods are field ion
microscopy (FIM), which is closely related to APM, or Auger elec-
tron spectroscopy (AES) on free surfaces. However, the quantifi-
cation of interfacial excess across boundaries of phases with
different solute solubilities, e.g., B at the y-matrix/carbide inter-
face remain to be explored.

First-principles calculations have been the most successful
technique for assessing the impact of GB segregation on the
mechanical properties. The interaction of dislocations with
GBs as well as GB sliding, e.g., during creep, can be assessed
using molecular dynamics.®®>®* Cleavage energy and (partial)
cohesive energy are calculated to gauge the resistance against
GB decohesion.’**#*3! Table 1 provides a brief summary of
first-principles calculations on B in Ni.2®**%! For example,
GB segregation energies of around —1.2 eV atom ™" correlate well
with the experimentally observed affinity of B toward GB
segregation.*843449596 ganyal et al.P®) calculated changes in
GB segregation and cleavage energies of a %5(012) boundary
in Ni for B, C, S, Cr, and Hf. S was shown to be the most detri-
mental, and B the most promising element by changing the cleav-
age energy by —11 and +6%, respectively. Razumovskiy et al.*’!
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Figure 2. a) SIMS maps of B in a hot rolled Alloy 263 with serrated and
GBs. Adapted with permission.”® Copyright 2011, Springer Nature.
b) APM reveals GB segregation of B with near-atomic resolution in
Astroloy. Adapted with permission.B% Copyright 2007, Cambridge
University Press.
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Table 1. Overview of B impacting the GB segregation, GB strengthening,
and partial cohesive energies.

GB segregation GB strengthening Partial cohesive References
energy [eV atom '] energy [eV atom '] energy [eV atom ]

_ —0.4 - 36,38]
-7 0.7 () 08to 1.6 [38,43,44]
0to —2.3 -1.0 - [95]
—04t0 —1.8 - - [96]

calculated the segregation and partial cohesive energies for
the same type of GB. B, Zr, and Hf were found to increase the
bond strength, while S and Bi were found to be the most detrimen-
tal. Some constraints of these models include calculations at
temperatures of 0K, observation of few unit cells,*® few 100s
of atoms,*” or the use of periodic supercells reaching ~20 atomic
layers.***31 However, satisfying agreement between experimental
studies and first-principles calculations is reported.’®>”°

2.2. Boride Precipitation

B additions exceeding ~0.01 wt% may promote the formation of
borides.*%*%7) Borides are formed with metal formers M such
as Mo, Ti, Cr, Co, and Ni. In Ni-based superalloys, M,B, M3B,,
and M;Bj; are commonly observed.[2830-39:65:98] Their structural
and compositional information are summarized in Table 2.
Exemplary unit cells and their typical blocky morphologies
observed in scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) micrographs are provided in
Figure 3.30406499-10U M B is the least frequently reported boride
in Ni-based superalloys and may be Cr- or Mo-rich, depending on
the superalloy composition.!**¢>#1%8 M, B exhibits polytypes of a
C16 body-centered tetragonal crystal structure (see Figure 3a)
and a C, face-centered orthorhombic crystal structure.?®%!
Mo-rich M,B as shown in Figure 3b has been reported in poly-
crystalline Ni-based superalloys using FIM and APM.‘%8
Intergrowth of variants and high concentrations of stacking
faults have been observed in M,B experiencing rapid thermal
gradients during AM or welding.”®%! During long-term expo-
sure, M,B borides are considered to be stable against decompo-
sition by first-principles calculations, thermo-kinetic modeling,
and experimental observations.!*®81-102

M;B, and MsB3 borides are more commonly reported in
Ni-based superalloys.[2?3%3930103-105) Mo rich M;3B, borides
have a D5, tetragonal crystal structure (see Figure 3c) that can
be constituted by the general L,SB, structure where L represents
elements with larger atomic radii such as W, Mo, and Ti, while S
represents elements with smaller atomic radii such as Cr, Co,

www.aem-journal.com

and NiP%19%1%! Their blocky morphology is shown in
Figure 3d.B% In cast IN939 and Udimet 700, M5B, borides have
been linked to the formation of eutectic pools once the incipient
melting temperature is exceeded P! Similarly, constitutional
liquation during high heating rates is reported in welding
literature.'””) This can be detrimental to the hot workability
and demonstrates the necessity for proper homogenization treat-
ments between (re-)melting and wrought processing.

Cr-rich MsB; borides have a D8, tetragonal crystal structure
(see Figure 3e) and may be represented as the general L,SB;
structure.?**) GB precipitation of MsB; in polycrystalline Ni-
based superalloys has been shown to improve their ductility.?*%*
Micromechanical testing revealed that this is due to interlocked
GB serrations, as shown in Figure 3f. However, MsB; has
been observed to decompose or coarsen during long-term
high-temperature exposure.[54’1°8] Du et all'%® reported in
Equation (1), a decomposition reaction whereby MsB; captures
Cr and C and releases Mo and B in order to form M,;Cg carbides

(Cr,Mo)sB; + (Cr, C) — (Cr, Mo),;Cs + (Mo, B) (1)

First-principles calculations by Sanyal et al.*”) also showed
that the susceptibility to oxygen-induced GB embrittlement
was lower at CrsBs/Ni interfaces.’”] Xia et al.'%% calculated the
shear moduli, Young’s moduli, and hardness for the above-
mentioned borides. Generally, a trend of M3B, > MsB3; > M,B
is followed for elements substituting M as Cr > W > Mo. For
example, Cr3B, and CrsB; would exhibit the highest hardness,
while Mo,B and W,B would exhibit the lowest hardness.

3. Carbon

3.1. Segregation

The covalent radius of C with 0.077 nm is considerably smaller
than that of B.'*19 12C and '3C are the only stable isotopes. Its
chemical and metallurgical properties are dictated by its electron
configuration of four valence electrons (2s® 2p®), which allow for
different hybridizations: sp in poly-ine, sp® in hexagonal, and sp’
in cubic coordination. Low solid solubility and the tendency to
segregate toward GBs in Ni-based superalloys are frequently
reported [404957,64111-113]

C is a multipurpose minor alloying element commonly added
to cast and wrought Ni-based superalloys in a typical range of
0.02-0.18 wt% to reduce processing defects and enhance high-
temperature mechanical properties such as creep resistance
and stress rupture to failure.®*! During melting and casting proc-
essing, such as VIM, C additions improve the purity by removing
tramp elements such as O and S.**''* Similar to B additions,
improvements to fluidity during casting have been reported.!'*)

Table 2. Overview of three commonly observed borides in polycrystalline Ni-based superalloys.

Phase Space group Crystallographic parameters Structure References

M,B I 4/m ¢ m (140) a=0.557 nm, c=0.474 nm C16 (Mo,Cr),B 28,81,98]
Fddd (70) a=1.471nm, b=0.741 nm, ¢ =0.425 nm C, CrB

MsB; P 4/mbm (127) a=0.576 nm, ¢ =0.304 nm D5, (Mo,Cr);B, [29,30,48]

M;B; I 4/m ¢ m (140) a=0.546 nm, ¢ =1.064 nm D8, CrsBs [29,30,54]
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Figure 3. a) Unit cell of C16-ordered M,B boride,® b) M,B borides observed at GBs and grain interiors in a René 41 superalloy. Adapted with
permission.!*% Copyright 2022, Elsevier. c) Unit cell of Mo-rich M3B; boride,"® d) TEM micrograph of blocky M3B, borides. Adapted under the terms
of the CC BY 4.0 license.*® Copyright 2014, Springer Nature. e) Unit cell of Cr-rich MsB; boride,"® f) MsB; borides decorating GBs in a B-containing

STAL15-CC prototype superalloy. Adapted under the terms of the CC BY 4.0 license.®® Copyright 2017, Elsevier.

C may promote the y + ' eutectic,'">""* which can result in hot
tearing and stress relief cracking,™ or shrinkage porosity.[''”)
Cottrell®¥ found C segregation to have an embrittling effect
in NizAl and first assumed excessive GB segregation of C may
result in the formation of graphite-like structures; however,
experimental verification remains lacking. Instead, TEM EELS
analyses, as shown in Figure 4a,d, show that GB segregation
of C can depend on the character and morphology of GBs.""!
This example demonstrates discontinuous C segregation at ser-
rated GBs before the onset of carbide precipitation, correlating
with an increased cracking resistance. APM studies of
GBs showed that C segregation is consistently lower than B
segregation.***7 64111112 The example in Figure 4e—g provides

Adv. Eng. Mater. 2022, 2201514 2201514 (5 of 19)

an atom probe reconstruction of a GB in an AM Ni-based
superalloy.''!] Here, B segregation reaches up to 7 at%, while
C segregation reaches only about 1at%. GB segregation of C
and other impurities is also believed to act as nucleation sites
for fan-shaped GB-y’ impacting the hot deformation behavior
of cast and wrought Ni-based superalloys.'**%2 However,
the detailed nucleation mechanism has not been experimentally
verified yet.

First-principles calculations studying GB segregation of C in
Ni or Ni-based superalloys are less frequently found when
compared to B. Table 3 provides a brief overview.**>%¢) GB
segregation energies calculated by Yamaguchi et al.”® and
Ebner et al.” are lower than those of B and correlate well with

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 4. a,b) TEM micrograph and EELS map of discontinuous C segre-
gation before M,;C¢ precipitation at a serrated GB, ¢,d) TEM micrograph
and EELS map at a GB without serrations in Alloy 263. Adapted with
permission.*?! Copyright 2012, John Wiley and Sons. e,f) APM reconstruc-
tion of a GB in a polycrystalline AM Ni-based superalloy, g) 1D concen-
tration profile shows C and B segregation. Adapted under the terms of the
CC BY 4.0 license."" Copyright 2021, Elsevier.

Adv. Eng. Mater. 2022, 2201514 2201514 (6 of 19)

www.aem-journal.com

Table 3. Overview of C impacting the GB segregation, GB strengthening,
and partial cohesive energies.

GB segregation GB strengthening Partial cohesive References
energy [eV atom '] energy [eV atom '] energy [eV atom ']

0to —0.8 —0.2 - [95]
—0.1to —0.8 - - [96]

experimental APM observations. Sanyal et al.*® calculated a
small and detrimental change in GB cleavage energy. The GB
strengthening energy (provided in ref. [95] as embrittling potency
energy) is also considerably lower than that of B. Therefore, the
significance of C in cast and wrought Ni-based superalloys may
be attributed to the precipitation of carbides instead of GB seg-
regation. Some model constrains are mentioned in Section 2.1
and satisfying agreement between experimental studies and first-
principles calculations is reported.>°!

3.2. Carbide Precipitation

Besides borides, carbides are one of the most common interme-
tallic compounds that can be found at GBs of cast and wrought
Ni-based superalloys. Three different carbides are commonly
observed: 1) Primary MC carbides, 2) secondary M¢C carbides,
and 3) secondary M,3Cg carbides.[*®

Primary MC carbides are predominantly formed during the
solidification process. They commonly consist of Bl-ordered
TiC with a NaCl crystal structure as illustrated in Figure 5a,b.
M can also represent Ta, Hf, Zr, Nb, V, Cr, Mo, and w1231
Most of the MC carbides share the same crystal structure as
TiC except for MoC and WC that exhibit a hexagonal crystal
structure. The formation from refractory metals, such as Ti,
Mo, and W, imparts their high thermal stability, while the
NaCl or hexagonal crystal structure is embrittling. During
hot deformation, various phenomena around MC carbides
including fragmentation,”'*1%] nucleation of recrystallized
grains,"**'?”) and Zener-Smith pinning*>**’ have been
observed. M¢C and M,;Cg are secondary carbides formed
primarily via solid-state phase transformations during thermo-
mechanical processing."***% Mo-rich M¢C carbides have a
E9; ordered A3B;C crystal structure and tend to form blocky, dis-
crete particles between 815 and 1100 °C,[%*27128] 45 shown in
Figure 5c¢,d. They have been observed to form in Ni-based super-
alloys with a combined (Mo + W) content of over 6wt%.["*®]
Depending on the superalloy composition, Ni, Co, Cr, Fe,
Mn, Al, and V tend to substitute for A and Mo or W substitute
for B. However, Nb, Ti, Ta, and Zr may also be observed. MsC
also have been described as n carbides and can adopt stoichiome-
tries, such as A,B,C and A,B,C.[128131:133.134] Thermodynamic
models may assume four sublattices for improved description
of substitutional and interstitial species.'*! M¢C is usually
not considered detrimental to processability and can provide ben-
eficial GB pinning.!"**) More recently, Jiang et al.*”! discovered
nano-twinning in M¢C as potential strengthening mechanism
within such carbides. Cr-rich M,3Cg¢ carbides are more
commonly observed. Their crystal structure is D8, ordered
Cr,3Cs, as shown in Figure 5e. A TEM micrograph and corre-
sponding selected area electron diffraction (SAED) pattern

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.aem-journal.com

Figure 5. a) Unit cell of B1-ordered MC carbide,"*® b) SEM micrograph of MC carbides at GBs of a polycrystalline Ni-based superalloy. Adapted under the
terms of the CC BY 4.0 license.®®! Copyright 2016, Elsevier. c) Unit cell of E9; ordered M¢C carbide,"*"! d) SEM micrograph of blocky, discrete M¢C
carbides decorating a GB. Adapted with permission.?®! Copyright 2021, Elsevier. ) Unit cell of D8, ordered My3Cg carbide,"? f) TEM micrograph of
near-continuous, film-like M,3Cg decorating a GB; SAED pattern is shown as inset. Adapted with permission.’? Copyright 2012, Elsevier.

provide the typically observed morphology and crystal structure
in Figure 5f. While Cr usually substitutes for M in M,3Cg, other
elements such as Al, Ti, Co, Ni, Mo, Ta, and W may be found,
depending on the superalloy composition.!?®13%139 They are
formed in lower temperature ranges between 760 and
1090 °C.1*'*? 1t has also been observed that significant amounts
of C can be substituted by B, resulting in a M,3(C,B)s
stoichiometry.?®>*

Unlike MC, M,3C, tends to form near-continuous GB films
that can be detrimental to mechanical properties due to GB
embrittlement.*”°?°3 The M,;C; precipitation kinetics are also
considerably faster compared to MgC.'**! During hot deforma-
tion, Zener—Smith pinning!*’”! and merging of M,3Cq carbides
have been observed.™* Cr-rich, D10, ordered M,C; carbides

Adv. Eng. Mater. 2022, 2201514 2201514 (7 of 19)

are uncommon in cast and wrought Ni-based superalloys but
are observed during welding and casting of Co-based
superalloys."** ¥ An overview of the crystal structures of
MC, M¢C, and M,;C¢ carbides is provided in Table 4.

Table 4. Overview of the three commonly observed carbides in
polycrystalline Ni-based superalloys.

Phase Space group Crystallographic Structure References
parameters

MC  Fm-3m (225) a=0432nm B1 (Ti,ZnC [63,140]

MC Fd-3m (227) a=1114nm E9; NizMo;C [26,141]

MyCe Fm-3m(225) a=1064nm D8, (Cr,Mo)(CB)s  [52,142]

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Most MC and M,;Cg carbides are believed to form from C
segregation at GBs. However, MC carbides also have been
observed as an important “C reservoir” promoting the formation
of secondary carbides via the decomposition reactions (2)
and (3).'219°151 While this provides C required to form
M¢C or M,;C, the released Ti may also promote the formation
of y’ precipitates. More complex carbide decomposition reactions
are involved in the formation of topologically close packed (TCP)
phases during long-term high-temperature exposure that is not
considered here.

MC + y — matrix — MgC + ¢/ (2)

MC + y — matrix — My;Cq + 7/ (3)

4, Zirconium

4.1. Segregation

Zr exhibits a covalent radius of 0.160 nm, which is considerably
larger than the radii of B, C, and Ni.1091907, N7y 271 and **7r
are stable isotopes. Chemical as well as metallurgical properties
are dictated by the electron configuration of its four valence elec-
trons (4d* 5s%). However, the relatively low number of d electrons
may not provide strong bonds, and the low electronegativity of
1.4 favors oxidation to Zr"* instead. Due to its metallic proper-
ties, the role of Zr in cast and wrought Ni-based superalloys is
assumed to be different from B and C and remains somewhat
controversial. Generally, GB segregation and solubility of Zr
in various precipitates have been reported.**-6476:111,152.153]
During VIM, one important mechanism is “gettering” of S
and O to mitigate their harmful effects.***** In combination
with C, this may result in the formation of sulfo-carbides,?#
although these phases may not be retained at GBs in cast and
wrought Ni-based superalloys. Similar to B and C, Zr additions
may promote the formation of a y + y’ eutectic during the casting
process.""1*3156 This may result in weak intergranular coales-
cence and promote hot tearing. In the solid state, Zr is commonly
associated with B as GB strengtheners. GB segregation of
Zr is frequently observed in Ni-based superalloys with Zr
additions.**6*1111121 1 sych alloys, it may dissolve into
carbides, as shown by an SEM micrograph and EDXS map in
Figure 6a,b.">? The resulting carbide refinement can be benefi-
cial in mitigating the brittleness of carbides. White et al.">¥
reported improvements in creep ductility due to Zr forming
precipitates assumed to be ZrS. Besides carbides, Zr may also
dissolve in y’ precipitates. More details on co-precipitation will
be discussed in the next section. A comparison between B, C,
and Zr GB segregation is presented Figure 6c—e.[''? Using trans-
mission Kikuchi diffraction (TKD), high-angle GBs (HAGBs) can
be identified during focused ion beam (FIB) site-specific sample
preparation.>”**® Hariharan et al.'*? used this approach to
quantify the interfacial excess at HAGBs for standard
IN738LC and Si-modified IN738LC. This showed that Zr appears
less sensitive to the GB misorientation, when compared to B, C,
or Si. Some of the current authors found that Zr GB segregation
weakly correlates with the Zr content in a René 41 superalloy,
indicating that it is instead dissolved in y’ precipitates.”*"!
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Després et al.**'"! showed a similar behavior in AD730 during

AM. Zr additions may improve GB cohesion, decrease diffusion,
and reduce carbide agglomeration.!"*?

The impact of Zr on GB cohesion has been researched
using first-principles calculations.*#°>°%1>%! Table 5 provides a
summary of reported energies. Razumovskiy et al*® and
Yamaguchi et al®® found similar cohesive energies in Ni.
Xue et al.'*! found that Zr significantly reduces the GB energy.
Interestingly, they also reported the potential of Zr to cosegre-
gate with Ta, Re, or Cu toward 25[001] GBs."*” The GB
segregation energy for Zr is similar to B and considerably lower
than that of C. However, its GB strengthening energy is similarly
low as that reported for C. The partial cohesive energy is lower
than reported for B. Thus, Zr tends to exhibit a strong affinity
toward GBs, similar to B, but its strengthening or cohesive
benefit may be lower than that of B. Instead of directly affecting
GBs via micro-segregation, the role of Zr is dominated by its
dissolution in, promotion, or suppression of GB precipitates,
as outlined in the following section. More recent studies
could calculate larger volumes reaching 15 unit cells.">*1¢%
Overall, satisfying agreement with experimental studies is
reported.*81

4.2. Precipitation of Zr-Rich Phases

Sulfides and sulfo-carbides may result from Zr reacting with
tramp elements, but Zr additions may also promote the precipi-
tation of other phases. A commonly observed Zr-rich phase is
ZrC as shown in Figure 7a,b. It has an NaCl crystal structure
similar to that of MC carbides, but is thermodynamically more
stable.™*® Hence, Zr can stabilize MC carbides and prevent
decomposition into detrimental TCP phases during long-term
high-temperature exposure.” Zr also impacts the growth and
morphology of GB precipitates. Tsai et al.*>? reported carbide
refinement by Zr additions. This correlates well with Zhou
et al."®! reporting a change of MC carbide morphology from script
like to blocky due to Zr additions. In a variant of IN718, Zr addi-
tions may promote a blocky Laves phase morphology.” The affinity
of Zr toward O can result in the formation of ZrO,. Figure 7c,d
provides an examples of monoclinic m-ZrO, occasionally found
in polycrystalline Ni-based superalloys.2t*1162266) A number of
studies on PM processed Ni-based superalloys report on
710,118 Here, its role as nucleation site for MC carbides
may depend on individual superalloy composition and thermo-
mechanical processing. Després et al.'""! showed that Zr partitions
into m-ZrO, as result of a reaction reducing Al,O; inclusions
during AM. Zr can also promote the formation of y’
precipitates.**¢*13317] This is shown exemplary in Figure 7e/(f,
where Zr may replace the Ni sites y’ precipitates, yielding a stoi-
chiometry of (Ni,Zr);(ALTi).

A brief overview of precipitates commonly promoted by Zr is
provided in Table 6. Their crystallographic parameters may
depend on the exact superalloy composition and precipitate stoi-
chiometry. For example, this is a well-known impact on the lattice
mismatch of y’ precipitates to the y-matrix.*****33171 I com-
parison to TiC, the lattice parameter of ZrC is noticeably
larger,"" 1401681 and variations in the lattice parameters of
m-ZrO, follow a similar trend.*117%
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Figure 6. a) SEM micrograph of carbides in a fine-grained Ni-based superalloy, b) EDXS mapping reveals Zr segregation in carbides if Zr content.
Adapted with permission.l'>? Copyright 2014, Elsevier. c) TKD map of an APM specimen shows a HAGB with 30.3° misorientation, d) APM reconstruc-
tion with Ni atoms in green and a 0.6 at% Zr iso-concentration surface, e) Interfacial excess from APM reconstructions reveal Zr GB segregation is less

sensitive than B or C. Adapted under the terms of the CC BY 4.0 license.l"'l Copyright 2019, American Physical Society.
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Table 5. Overview of Zr impacting the GB segregation, GB strengthening, 5§, Combined Impacts of Boron, Carbon, and
and partial cohesive energies.

Zirconium
GB segregation GB strengthening Partial cohesive References  5.1. Solid-State Microsegregation
energy [eV atom '] energy [eV atom '] energy [eV atom ]
2.1 -0.1 2.1 38] The selection of common commercial cast and wrought Ni-based
02to —1.0 _ (-) 3.3 [43] superalloys in Table 7 highlights their compositional complexity.
1310 —2.2 B B [159] However, this selection cannot be regarded exhaustive as ongo-
ing superalloy design, and development efforts produce many
C
(a)

.(;m) ZrQ).
D(Ti.Nb)(C,N)

()

(Ti,Nb)(C,N)
R:31

(e)

Figure 7. a) Unit cell of B1-ordered ZrC,['%® by SEM micrograph of MC and ZrC in IN100. Adapted with permission.I"®® Copyright 1986, Elsevier. c) Unit
cell of C43 ordered m-ZrO,,'7% d) crystallographic phase map of y’ precipitates, (Ti,Nb)(C,N), and m-ZrO, in AD730. Adapted under the terms of the
CC BY 4.0 license.l"™ Copyright 2021, Elsevier. e) Unit cell of L1, ordered (Ni,Zr)s(Al,Ti) 7’ precipitates,'”" f) atom probe reconstruction of nanoscale
GB-y/ enriched in Zr in AD730. Adapted with permission./*? Copyright 2021, Elsevier.
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Table 6. Overview of three commonly observed Zr-rich precipitates in polycrystalline Ni-based superalloys.

Phase Space group Crystallographic parameters Structure References
ZrC Fm-3m (225) a=0.467 nm B1 (Ti,Zr)C [168]
m-ZrO, P121/c1 (14) a=0.513nm, b=0.520nm, ¢=0.531 nm a =y =90°, p = 80.82° C43 71O, [170]
y' precipitates P m -3m (221) a=0.357nm L1, (Ni,Zr)3(ALTi) [171]

Table 7. Overview of common commercial cast and wrought Ni-based superalloys.'>'727'74 Contents of major alloying elements are comparable,

differences are dominated by C, B, and others.

Superalloy wt%

Ni Cr Co Mo Ti Al Fe C B Others
Waspaloy 19 13.5 4.3 3.0 14 2.0 0.070 0.006 0.09 Zr
René 41 19 1 10 3.1 15 5.0 0.090 0.006 -
René 65 16 13 4 3.7 2.1 1.0 - 0.016 4.0W, 0.7 Nb, 0.05 Zr
Haynes® 263® Bal. 20 20 6 24 0.6 0.7 0.060 0.050 -
Haynes® 282® 20 10 8.5 2.1 1.5 1.5 0.060 0.005 -
Udimet 700 15 18.5 5 3.4 43 - 0.080 0.030 -
Udimet 720 18 14.8 3 5 2.5 - 0.030 0.030 0.03 Zr, 1.25W
RR1000 15 18.5 5 3.6 3.0 - 0.027 0.015 2.0 Ta, 0.06 Zr, 0.5 Hf

noncommercial prototype superalloys. C, B, and “others” repre-
sent the microalloying additions. For example, Waspaloy, René 65,
and RR1000 contain considerable amounts of Zr additions.
Comparing the C contents of Udimet 720 and René 65 versus
Udimet 700 and René 41 shows considerable differences in Zr
and B additions. Low B contents may be found in Haynes 282,
while comparatively high B contents may be found in Haynes 263.
As outlined in the sections earlier, microalloying elements may
be necessary to mitigate hot workability, high-temperature
strength, and creep strength and more recently developed grades
such as RR1000 and René 65 exhibit remarkably complex
compositions.

A comparison between Udimet 720 and Udimet 720LI allows
to further rationalize the roles of B and C. Both superalloys
contain y’ precipitates, MC, and M,3C; carbides, and M;3;B,
borides have been reported occasionally.ms'l%] Cr, C, and B
are reduced in Udiment 720LI to remove carbide and boride
stringers and thus improve hot workability and high-temperature
strength.'’*”7] However, C and B additions in PM Udimet 720
can improve the creep rupture life.l'”®) Considerable composi-
tional variations between superalloys developed in different
geographic regions reflect versatile applications and processing
routes. Large-scale power generation applications favor cast and
wrought processable superalloys, such as GH4141 (sim. René 41)
with somewhat more B, C, and Zr additions.'*'”®! High-
performance gas turbine engines require PM superalloys, such
as EP741NP developed in Russia, with low C contents and addi-
tional carbide or oxide formers instead.'8%'82

Table 1, Table 3, and Table 5 highlight the unique properties
of B, C, and Zr in GB segregation and precipitation. However,
information on the combined impact of microalloying elements
on the mechanical properties of Ni-based superalloys is more
sparse. Benhadad et al."® showed competitive segregation

Adv. Eng. Mater. 2022, 2201514 2201514 (11 of 19)

between C and B and C and P in a 718-type superalloy. The com-
plexity is highlighted by Alam et al.,!"®" providing evidence of C
clustering instead of site competition in a similar superalloy.
Detrois et al.’® showed that Si contamination in Ni-based super-
alloys could offset the cohesive benefit of B microalloying.
Moreover, different Zr additions, e.g., in Waspaloy and
RR1000, make recycling challenging when primary materials
and scrap from various other superalloys are combined.!'”'®!
It is often economically unviable or even thermodynamically
impossible to remove additions in such low quantities.*'®

A more generalized understanding of GB segregation is there-
fore helpful. Formulations on GB segregation are compiled by
Flewitt & Wild.*?! Equilibrium segregation is driven by a reduc-
tion of the interfacial-free energy.'®”! In binary systems, the
amount of solutes is estimated using the Langmuir-McLean
approach,'®'¥”! or its expanded form by Seah & Hondros.!"®®!
The maximum excess solute concentration has been derived by
Cahn & Hilliard."®*) However, in compositionally complex alloys,
this may not provide satisfying results. Instead, a regular ternary
model consisting of metallic alloying elements M and impurities I
within a matrix can be assumed.'*”! Competitive segregation of
M and I sharing the same sites at a GB yields Equation (4)."*"

X! AG;
i _ B ! 4
1-X7 — X, ‘eXp(RT) ()

Here, Xi(p and XiB are concentrations of species i=M or I
at the GB @ or in bulk B, respectively. R and T refer to the
universal gas constant and absolute temperature, respectively.
AG =AG +a’ X\u® and AGy=AGy’+a’ X are then
defined with o as preferential interaction coefficient.
Noncompetitive segregation of M and I occupying different sites
at a GB yields Equation (5).**¥
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Y? AG;
i _ B 1

1

Here, Y;” represents the concentrations of i = M or I in their
respective sites. Saturation @ at a GB is achieved when
Y®=7Yy,". With b=X,” and a=Xy,”, and f as preferential
interaction coefficient yields AG; =AG+ ' Yy®/b and
AGp=AGy’+ ' Y% /a. Attractive interaction between M and
I is described by a or > 0. As result, M and I may promote
GB segregation of each other, such as M attracts I to GBs, or
vice versa.

Indeed, numerous examples for complex GB co-segregation
can be found in experimental and numerical studies. For exam-
ple, S and P have been found to attract Mo and Nb toward GBs in
Inconel 718.%%! In particular, the co-segregation of P and Mo
was later confirmed by studies on 718 Plus."*" More recently,
CALPHAD (calculation of phase diagrams) by Wang &
Kamachali’®! quantitatively demonstrated the temperature
dependence of GB co-segregation in highly alloyed systems.
First-principles calculations by Xue et al."** could show that GB
segregation of Zr also result in the co-segregation of Zr-Ta,
Zr-Re, and Zr—Cu in superalloys.

Enthalpy and entropy of GB segregation are determined using
bond-breaking models,!'**'*”! while elastic strains are derived
from the atomic mismatch.'"*®'%®] More recent formulations
of heat of formation, surface energy, and heat of segregation
are provided by Bozzolo et al.l"**2!l Following Fick’s diffusion
equations,’®) GB segregation concentration profiles take the
shape of an error function if kinetics are considered.*?
Estimations are improved by using the finite difference method
or considering contribution from volume diffusion, dislocation
pipe diffusion, and dislocation enrichment.2%22%%!

Nonequlibrium segregation may be divided into thermally
induced, neutron irradiation-induced, and stress-driven
segregation.?? However, this is less relevant during cast and
wrought processing due to thermo-mechanical profiles much
closer to equilibrium conditions.?**?%! Thermally induced non-
equilibrium segregation is the result of solute-vacancy complexes

www.aem-journal.com

migrating toward GBs acting as vacancy sinks. This depends on
vacancy energy, coordination number, vacancy-solute interaction
energy,?°2%”) as well as atomic mismatch.*%®! Stress-driven non-
equilibrium segregation is the result of vacancies generated at
>0.4 T, (with T, as homologous melting temperature) may
limit GB segregation by improving solubility of solutes in the
grain interior.?°*?'”! However, this is of particular interest dur-
ing welding and post-weld heat treatments.*'!

5.2. Solid-State Phase Transformations

Comprehensive overviews of aerospace materials, their proper-
ties, and processing are provided by Sims et al.*?*) Donachie
& Donachie,'® Campbell,®! and Reed.*! B, C, and Zr can result
in the precipitation of borides (M,B, M3B,, and M;B;), carbides
(MC, M¢C, M;C, and M;C;), or other Zr-rich inclusions (ZrC,
Zr0O,, and ZrB,). Geometrically close-packed (GCP) phases, such
asy’, y”, n, and 8, are embedded in the y-matrix. Their stability is
determined by Ni, Al, Ti, and Nb in each superalloy, whereas y" and
y" precipitates provide high-temperature strength.!'>*!77-212213]
1 and 8 are similar in composition and structure, but contribute
to Zener—Smith pinning and thus grain size control.*'**'>! TCP
phases are formed by Co, Cr, Mo, and W. Due to their brittleness,
they are detrimental to mechanical properties. Examples are o, p,
and Laves phases.[”"*'2'8 Fe and Co predominantly remain in
solid solution in the y-matrix, and their impact on solid solution
strengthening is estimated using Gypen—Deruyttere model.**>*2"!
Furthermore, carbide clusters may act as void nucleation sites and
excessive porosity can promote forge cracking.>"*!#7%

Figure 8 presents an empirical study of microstructural
features influenced by B, C, and Zr microalloying additions. It
is classified into carbides (e.g., MC, or MsC, or M;,3Cs), borides
(e.g., M,B, or M3B,, or MsB3), or both. It must be noted that proc-
essing conditions, characterization methods, and major alloying
elements are not considered and may limit the wider applicability
of these diagrams. A more intuitive and interactive representa-
tion is provided in the supporting material as a 3D scatter plot.
Figure 8a reveals two domains in the C and B contents. Carbides

(@)1.00 (b) 0.075 () 1.00
Carbides Carbides ®@
preferred @ ® ) preferred ®e ®
0.75 R ® 0.75 ® ©
bj (b
o —_ 0.050 € &
< ® Borides 9 & & = ®
& 0.50 ® preferred s ® > @ i 0.50 @ ®
o ® IN] @ @ @)
® o 0.025 TN ® ®
0.25 ® 0o® © oy 0.25 &
@0 @ @ @ @ @ Borides 0 @ © T}
& ® ® " preferred @g%g @
0.00 0.000 . 0.00
0.00 0.10 0.15 0.00 0.05 0.10 0.15 0.000 0.025 0.050 0.075
B (at.%) B (at.%) Zr (at.%)
O Carbides O Borides Both Iso-line
Figure 8. Preferences for carbide and boride formation, depending on a) C and B, b) Zr and B, and ¢) C and Zr

contents [12,26-28,40,47,48,54,56,

are referred to the supporting information.
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57,63-65,80,81,104,106,108,111,137,143,221-224] £y 3 more intuitive representation and a table of the used references, readers
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are predominantly preferred above the isoline, below which bor-
ides and both, carbides and borides, are preferred. The formation
of borides with increasing B content appears trivial; however, it is
remarkable that a similar trend is followed by various grades of
superalloys. A minimal amount of B may be beneficial due to GB
segregation*®”” 81 a5 well as the capability of some carbides to
dissolve small amounts of B.***?! Figure 8b reveals similar
domains between Zr and B contents. Above the isoline, carbides
are preferred, below which borides are preferred. This is due to
the capability of Zr to form or dissolve in carbides.'*%!>?
With increasing B concentration, borides, or both, carbides
and borides, are promoted. Figure 8c shows the C and Zr con-
tents and no clear trend in the preference for carbide or boride
formation. This may be due to the capability of Zr to promote the
formation or dissolve in GB precipitates.'*"*>2) However, other
elements such as Cr and Mo promoting the formation of car-
bides should be considered as well.

5.3. Processability and Properties

Most studies focus on the roles of B, C, and Zr in creep resis-
tance,”***Y fatigue crack growth,52*>24¢1 casting 11159
and welding!**”'#*%*7] or AM processes.””-6218%24824 Fewer
studies provide in-depth knowledge about these elements during
cast and wrought processing.!2¢-2740-222]

Fluidity improvements are recorded for B and C during
casting and (re-)melting.”'**! The formation of detrimental
eutectics, such as y+y’, is most severe for Zr, B, or com-
bined 'O 113116151 75 and B both hinder solute exchange

www.aem-journal.com

between liquid and solid phases, and Zr promotes the formation
of y/ precipitates.'®!"7¢ Thus, homogenization treatments must
be adjusted before hot working can be carried out. Solid-state
micro-segregation of B, C, and Zr, and impurities may be com-
petitive processes.’”>%°¢183 For example, B may replace P at
GBs or O at phase boundaries and offset their embrittling
effect.?”%! Alloying elements such as Mo and Cr may also com-
pete to segregate to GBs.’>*”) Their segregation can precede the
formation of GB carbides or borides.[***"! However, detailed
knowledge of these mechanisms remains lacking. Micro-
mechanical testing of individual GBs!***** correlates well with
first-principles calculations?®*#?>%! assigning B a positive effect
on GB strengthening. GB serrations introduced by GB precipi-
tates can improve the ductility,* but void formation around GB
carbides can be detrimental.**? However, hot working condi-
tions are much more difficult to reproduce with in situ experi-
ments, and thus, fewer studies are available to date.

GB co-precipitation results in complex GB microstructures as
illustrated in Figure 9. GB-y’, carbides, and borides can decorate
GBs concurrently and thus introduce various new interfaces.
Some examples are y-matrix/GB-y’, y-matrix/carbide, y-matrix/
boride, GB—y’/carbide, and GB-y’/boride phase boundaries.
However, local composition and mechanical properties of these
interfaces remain widely unexplored. A consistent understand-
ing of these microstructural features and their properties across
different superalloy grades is essential. This requires additional
studies on the roles of GB segregation and (co-)precipitation in
cast and wrought Ni-based superalloys.

Continuing to focus on GB-y’, GB-carbides, and GB-borides in
Figure 9, their reported chemical and physical properties remain

Phase boundary
Interface cohesion

1 l y-matrix / GB-y'

y-matrix / M,,C,
y-matrix / M;B
y-matrix / MC

y-matrix / M B,
y-matrix / M,B,
y-matrix / M,B

y 7 Interface

QO  Grain boundary ) GBey
@ B
() GB-carbide
@ C
@O B-boride
@) Zr

Figure 9. Microstructural model of varios potential phases and interfaces in cast and wrought Ni-based superalloys. GB-y’, GB-carbides (MC, M¢C,
M23Ce), and GB-borides (M,B, M3B,, and MsBs) result in complex GB microstructures, and their interfaces may impact segregation of B, C, and
Zr. The interface cohesion is determined by local composition of their respective interfaces to the y-matrix.
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controversial. As superalloy composition and processing
conditions affect phase compositions,****** reliable phase
identification, e.g., between Mo-rich M¢C, M;B,, and M;B, is
challenging.8%%%%2>>25¢1 Some local mechanical properties are
reported for y’ precipitates, intragranular carbides, or the

S-phase in superalloys, 2% and are invaluable for
precise mechanical modeling 261263 Quantitative
experimental methods”>%7158264267) - and  data  analysis

approaches!®88%184268 eyist for GB segregation. However, little
to no quantitative information is reported for the local composi-
tion of phase boundaries in the proximity of GBs. First-principles
calculations to verify local electronic structures of y-matrix/GB-y’,
y-matrix/GB-carbide, or y-matrix/GB-boride are sparse.*®*”]
However, properties of these phase boundaries are important
to assess GB strength. Various phases decorating GBs introduce
additional interfaces in the proximity of GBs. As the composition
of GB-y’/, carbides, and borides vary considerably, their interfaces
have the potential to exhibit different types and degrees of seg-
regation on the atomic scale. The development of experimental
and data analysis approaches to address these shortcomings may
not only be applicable to cast and wrought Ni-based superalloys
but may be employed to solve similar challenges in Fe-based and
Al alloys.[2*241]

6. Conclusions
6.1. State of Knowledge

Processing—microstructure—property relationships in cast and
wrought Ni-based superalloys with B, C, and Zr microalloying
additions are dominated by GB segregation, precipitation, and
complex co-precipitation/segregation phenomena.

GB segregation of B can be considered as beneficial to GB
strength and cohesion, based on experimental and first-
principles calculations. Compared to C and Zr, B exhibits the
strongest affinity toward GB segregation. However, excessive
GB segregation of B may result in the precipitation of borides,
such as M,;B, M;3B,, or MsBj. Cr-rich MsB; can improve ductility
via GB serrations, while Mo-rich M3;B, is associated with
detrimental GB incipient melting and eutectic formation. Less
frequently observed is M,B that can be Cr or Mo-rich and
may exhibit detrimental or beneficial effects to mechanical
properties.

GB segregation of C is considered to have no significantly det-
rimental impact on GB strength and cohesion. Compared to B
and Zr, its relative affinity to GB segregation is lower. Thus,
C predominantly results in the precipitation of carbides, such
as MC, M4C, or M,3Cs. MC carbides exhibit opposing properties:
GB pinning at elevated temperatures may be beneficial for grain
size control. However, this can also result in inhomogeneous
grain size distributions or act as crack nucleation sites. Mo-rich
MC forms discrete GB precipitates that are less brittle than MC
or M;,3Cg. They are the most suitable in grain growth control but
are observed in Mo- or W-rich Ni-based superalloys, such as
René 41 and Haynes 282. Cr-rich M,;Cy are more commonly
observed than MC and tend to form near-continuous films at
GBs. Beneficial as well as detrimental properties are reported
and ascribed to their detailed morphology.
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GB segregation of Zr is often expected to impact GB strength
and cohesion similarly to B. However, experimental results
reveal much more complex mechanisms. The formation of
eutectics and promotion of GB-y’ precipitates may be detrimental
to ductility and processability. However, Zr may also refine car-
bides, such as MC to mitigate their brittleness. Zr may be used
for “gettering” of detrimental tramp elements, such as O, S, and
D. Its strong affinity toward O promotes the formation of ZrO,
that may be a nucleation site for carbides, borides, and y’
precipitates.

Challenges in future cast and wrought Ni-based superalloy
design center around finding compromises in superalloy
complexity, processability, and recyclability. Here, more detailed
characterization of structure and composition of (co-)precipitates
in the proximity of GBs is required. The interaction of co-
precipitation and segregation across phase boundaries is less
well documented and requires for a more complete understand-
ing of the microstructure—properties relationships in advanced
cast and wrought Ni-based superalloys.

6.2. Future Prospects

In the foreseeable future, cast and wrought Ni-based superalloys
will likely remain the workhorse for high-temperature compo-
nents in gas turbine engines. In their ongoing development,
the following should be considered:

Compositional complexity: Mitigating high-temperature
strength and processability via microalloying elements B, C,
and Zr adds to the complexity of Ni-based superalloys. An
advanced understanding of even more complex microstruc-
ture—property relationships across different superalloy grades
is therefore required to optimize GB segregation and
precipitation.

Recycling: Improving recycling rates requires the combination
of scraps of different superalloy grades, such as Waspaloy,
René 41, and Haynes 282 with varying contents of B, C, and
Zr. However, controlled recovery and isolation of microalloying
elements are economically challenging. Enabling the recycling of
a wider range of end-of-life products and scraps requires the
advanced understanding of the roles of these elements across
different superalloys.

Therefore, future work needs to address challenges in GB
segregation and precipitation in cast and wrought Ni-based
superalloys.

Local composition of phase boundaries: Crystallography and
local composition of GBs with y-matrix/y-matrix interfaces are
challenges in current research. Most Ni-based superalloys
exhibit highly complex GB microstructures with co-precipitat-
ing phases and added complexity in terms of segregation at
various phase boundaries. Quantifying and modeling the local
composition of such phase boundaries is required for a more
detailed understanding of the mechanical properties during
manufacturing and in-service of cast and wrought Ni-based
superalloys.

Characterization techniques: While atom probe microscopy is
suitable to determine the local composition of interfaces,
captured volumes are limited. Enabling larger volumes can
improve statistically relevant measurements. High-resolution
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TEM imaging and local compositional mapping may be
advantageous due to structural and compositional information
captured from the same specimen. However, quantification of
light elements, such as B and C remain challenging.

Data analysis techniques: Advances in interfacial excess map-
ping or employing machine learning reveal new details about GB
segregation. However, this should be extended from y-matrix/
y-matrix interfaces toward phase boundaries, e.g., y-matrix/
carbides or y-matrix/borides.

Characterization of composition and structure of GB precip-
itates are more matured. However, future work should address
the following current shortcomings:

Compositional characterization: Quantitative high-resolution
characterization is challenging but necessary for reliable phase
identification. While structure and composition of some borides
and carbides can be similar, their mechanical properties and
high-temperature stability may vary considerably.

Mechanical properties: The impact of y’ precipitates, carbides
and borides on the mechanical properties should be explored in
more detail. That includes their roles in strengthening and crack
initiation in the vicinity of GBs during cast and wrought
processing.
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