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Review on microstructure and strength-enhancing charac-

teristics of superalloy GH4350

Jin Jufeng'? Zhao Xinbao®3,

L3 Zhang Ze 13

Zhao Qianmin??,

Yue Quanzhao?, Gu Yuefeng

! Institute of Superalloys Science and Technology, School of Materials Science and Engineering, Zhejiang University, Hangzhou 310027,

Zhejiang, China; 2 Polytechnic Institute, Zhejiang University, Hangzhou 310027, Zhejiang, China; 3 State Key Laboratory of Silicon and Ad-

vanced Semiconductor Materials, Zhejiang University, Hangzhou 310027, Zhejiang, China

Abstract: GH4350, or AEREX 350, is a Ni-based wrought superalloy developed for high-performance fasteners operating up to 750 <C.
It is valued for its high tensile strength, fatigue resistance, stress rupture and relaxation resistance, corrosion resistance, low thermal
expansion, and notch sensitivity. GH4350’s strength is largely derived from the incorporation of solid solution strengthening elements

and the precipitation of y’ phases, along with a minor presence of 1 phases. However, the alloy’s microstructure is sensitive to heat

treatment, as y' phases can transform into 1 phases under certain conditions, potentially reducing its performance. This transformation
is influenced by specific heat treatment parameters, including temperature and time. This review provides an overview of GH4350’s
chemical composition characteristics, heat treatment strategies and strength-enhancing characteristics, aiming to deepen understanding
of the factors behind its remarkable high temperature properties and to guide the development of new alloys or enhancements to boost

its temperature capabilities.

Key words: fastener wrought superalloy GH4350; high temperature strength; chemical composition; heat treatment; 1 phase

High-temperature alloy materials are extensively utilized in
sectors such as aerospace, energy, and metallurgy due to their
capacity to retain superior mechanical properties and structural
stability under extreme thermal conditions, where conventional
materials would fail due to oxidation, creep, and fatigue™.
Typical high-temperature alloy materials include Ni-based sup-
eralloys, Co- based superalloys, Al- and Cr-based high-temper-
ature alloys and Pt—Al high-temperature alloys®>®l. The de-
mands of the modern aerospace industry, particularly for aero
engines, require enhanced thrust-to-weight ratios and greater
fuel efficiency at elevated temperatures, thereby necessitating
the development of increasingly advanced high-temperature al-
loy materials!*2,

Ni-based wrought superalloys are a class of advanced high-
temperature alloy materials that exhibit remarkable high tem-
perature properties including resistance to oxidation, fatigue,
and creep, and are extensively utilized in diverse industrial sec-
tors, including aerospace, energy, and marine shipping®®l.

Fasteners, which are used extensively in the aerospace industry,
represent a crucial category of Ni-based wrought superalloys.
Their primary function is to join multiple separate components
into a single unit, making fasteners an indispensable element in
modern industry!%

GH4350 stands out as a high temperature Ni-based wrought
superalloy used in fasteners due to its ability to withstand ser-
vice temperatures of up to 750 °CI*131. Consequently, it must
exhibit high tensile and yield strength, along with strong re-
sistance to fatigue, stress rupture, and stress relaxation*71,
Additionally, corrosion resistance, low thermal expansion and
notch sensitivity are critical factors in fastener applications,
particularly at elevated temperatures*®® The production of
high-quality superalloy ingots is crucial for achieving the re-
markable properties required for such demanding applications.
Single-melting techniques such as vacuum induction melting
(VIM), vacuum arc remelting (VAR) and electro slag remelting
(ESR) are utilized to produce high-quality superalloy ingots
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with fewer oxides, such as AlL,O; particles®®l. To further en-
hance ingot quality, particularly by reducing inclusions, the du-
plex-melting processes (e.g., VIM+VAR, VIM+ESR) or triple-
melting (VIM+VAR+ESR) processes are employed in the melt-
ing of GH4350 master ingots®!219,

Following alloy smelting, the microstructure is refined
through a combination of cold and hot working techniques
along with heat treatment, which are designed based on the
chemical composition and microstructure characteristics, to
further improve the properties of the alloy™™. Previous research
has confirmed that in GH4350, the addition of Co, W and Mo
contributes to solid solution strengthening in the face-centered
cubic (FCC) y phase while the addition of Al, Ti, Nb and Ta
forms y' phase which is distributed throughout the y phase ma-
trix for precipitation strengthening!t2131820.21 Tn addition to the
v’ phase, the formation of the hexagonal close-packed (HCP) n
phase is notable. This phase develops during heat treatments
and is sensitive to temperature and time?*??, Understanding the
morphology and distribution of 1 phase is pivotal, as these fac-
tors can determine whether its presence is beneficial or detri-
mental to the alloy's properties!?®27],

This review takes a detailed examination of the chemical
composition of GH4350 and various heat treatments, character-
ized by different microstructures, such as the distribution of y’
and n phases. It aims to offer valuable insights for optimizing
chemical composition and enhancing the existing properties of
GH4350 with the goal of further increasing its service temper-
atures.

1 Chemical compositions and phase constitutions

1.1 The chemical compositions of alloy GH4350

The microstructures of several commonly used Ni-based
wrought superalloys for fasteners are summarized in Fig. 1.
GH4350, with a service temperature of 750 °C, is derived from
the Co-based superalloys MP35N and MP15912281 As illus-
trated in Fig. 1(a), the y' phases are spherical, with an average
diameter of 38 nm, and are uniformly distributed throughout the
v matrix™®. Additionally, plate-like or needle-like 1 phases pre-
dominantly precipitate at grain boundaries, with a smaller frac-
tion of finer n phases forming within the grains*#*%, In contrast,
Alloy 718, as depicted in Fig. 1(b) and (c), is primarily strength-
ened by Y phases, with a minor presence of spherical y'
phases™™. Also, short rod-like & phases and a small amount of
blocky MC carbides are presented on grain boundaries™!. Al-
loy 718 Plus, shown in Fig. 1(d), is mainly strengthened by y’

phases, accompanied by minor precipitations of  or  phases?’l.

Furthermore, as illustrated in Fig. 1(e), Waspaloy alloy exhibits
a bimodal distribution of y’ phases, comprising spherical pri-
mary ' phases and secondary y’ phases within the matrix, with
carbides forming along grain boundaries as a result of heat
treatments™™¥. A similar distribution of ¥’ phases is observed in
GH4698, as shown in Fig. 1(f)FY.

These microstructure differences stem from differences in

chemical composition as listed in Table 1. GH4350 contains
solid solution strengthening elements like W and Mo, as well
as precipitation strengthening elements Al and Ti, leading to the
precipitations of vy’ phase and n phase. Furthermore, GH4350
adds Ta to improve its mechanical properties. Some reports
that the volume fraction of the y’ phase of the alloy samples
aged at 850 °C for 4 h is approximately 18 %%, Obviously,
GH4350 differs from other wrought Ni-based superalloys in el-
emental compositions. Alloy 718 adds more Nb and Iess
(Al+Ti), which leads to precipitations of more y” phases and
less ¥ phases®*4. The volume fraction of y" phase in a
wrought alloy 718 is reported nearly 3 times higher than that of
the v’ phase, estimated at 17.8 % and 6.5 %, respectively. How-
ever, at temperatures above 650 °C, the y"' phase transforms into
the less desirable d phase, which negatively impacts alloy per-
formance. Alloy 718 Plus addresses this issue by increasing Al
and Ti content and adjusting the Al/Ti ratio®®l. This modifica-
tion promotes y' phase precipitation, along with a small amount
of n or & phase and raises the service temperature by 55°C
629.3637] Similar to GH4350, optimized additions of Co and W
aim to enhance mechanical properties, thermal stability, and
stress rupture properties through solid solution strengthen-
ingl29:3],

Increasing the volume fraction of the y’ phase in superalloys
like alloy 718Plus can enhance their service temperature, how-
ever, good processing characteristics are also crucial in wrought
superalloys alongside high temperature performance. As shown
in Table 1, Waspaloy, lacking Nb, contains three times more Ti
than alloy 718Plus, totaling about 5 wt% (Al+Ti), resulting in a
v’ phase volume fraction of around 30 % and enables it to with-
stand temperatures up to 750 °C, higher than alloy 718Plus®®
411 But its processing properties are less favorable compared to
alloy 718Plus due to the higher volume fraction of y’ phase and
faster y’ phase precipitation®. A similar issue is likely present
in GH4698 which has about 4.5 wt% (Al+Ti) content despite
its significant y" phase volume fraction that improves service
temperature, it may also face challenges in processing charac-
teristics. The relatively lower (Al+Ti) content in GH4350 com-
pared to other alloys listed in Table 1 may be intended to mod-
erate y' phase formation, preventing an excessive increase in
deformation resistance, and thus allowing GH4350 to maintain
a favorable combination of strength and deformability.

1.1.1 Solid solution strengthening elements

The Ni-based y phase of the matrix characterized by a FCC
crystal structure can dissolves some alloying elements primar-
ily including Co, Cr, Mo, and W. These solute elements interact
with matrix and cause lattice misfit and modulus misfit which
will impede dislocation movement and enhance the perfor-
mance of superalloys 243,

The solid solution strengthening effect of each element i
(Aosss;) has been quantitatively evaluated in Ni-X; binary alloy
systems by many researchers and they believe that the solid so-
lution strengthening effect results from the interaction of solute
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atoms with dislocations**°%. On this basis, Aosss; can be cal-
culated by®-%2l;

AfTsssl’:KiC}/2 (1)
where K; and ¢; are strengthening constant and atomic percent-
age of solute element i, respectively.

In the case of multi-component Ni-based superalloys, the

total solid solution strengthening effects (Aosss) can be assessed

by the method of Gypen and Deruytterel>?):

1/2

Adsss=(Xi AfTSSSiZ) (2
Combining Eq. (1) and Eq. (2), the Aosss is expressed as:
Aosss=( ZinZCi)l/z 3)

Fig. 1 Typical microstructures of Ni-based wrought superalloys. (a) Microstructure of GH4350. (b) and (c) Microstructure of alloy 718. (d) Micro-
structure of alloy 718Plus. (¢) Microstructure of Waspaloy alloy. (f) Microstructure of GH4698. (adapted from Refs,[1415.29.3054])

Table 1 Chemical compositions of typical Ni-based wrought superalloys for fasteners(wt%)[?235415]
Ni-based Ni Cr Co Mo w Nb Al Ti Fe C P+B Ta
718 Bal. 19 / 3.0 / 5.15 0.6 0.9 18.5 0.04 0.01 /
718 Plus Bal. 18.0 9.1 2.7 1.0 5.4 1.45 0.75 9.5 0.020 0.011 /
Waspaloy Bal. 19.0 13.5 4.0 / / 1.9 3.0 / 0.07 0.005 /
GH4698 Bal. 14.68 / 3.05 / 2.09 1.68 2.7 0.47 0.048 / /
GH4350 Bal. 17 25 3 2 1.2 1.0 2.2 / =0.025 =0.025 4

K; can be determined by analyzing 0.2 % flow stress experi-
mental data on the solution strengthening of Ni-X; binary al-
loysl®-%2], The results are shown in Fig. 2. Elements with larger
K; generally indicate a greater potential for solid solution
strengthening such as Mo, W, Ta and Nb. It is reasonable for
major precipitation strengthening element Al to obtain a low
strengthening constant.

The addition of a large amount of Co is one distinguishing
feature of GH4350 compared to other Ni-based wrought super-
alloys. As shown in Fig. 2, adding Co atoms contribute to solid
solution strengthening. In addition, as a matrix element, Co fa-
cilitates the transformation of part of the y matrix from FCC to
HCP which induces a strengthening effect by the presence of
two distinct crystal structures creating a barrier to dislocation
motion during cold working!®%57 Another important impact
of Co addition is its influence on stacking defects. Co reduces

stacking fault energy which inhibits the cross-slip motion of
dislocations, thereby suppressing dislocation annihilation and
improving the ability of twinning, leading to enhanced strain
hardening capability of the superalloys®®.

In addition, firstly, solid solution strengthening elements are
effective only if they successfully enter the matrix. Therefore,
these elements must preferentially partition to the y matrix. Al-
loying elements can be categorized into two groups based on
their partitioning coefficient k", as defined below:

“)

where ¢ and ¢, represent the atomic fractions of element i in
the y" and y phases, respectively. Elements such as Co, Cr, Mo,
and W are typically enriched in the y phase (with k<1), whereas
elements like Al, Ti, and Ta tend to be enriched in the y’ phase.
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(with k>1)[59691,

Secondly, these solid solution strengthening elements must
form a stable solid solution in the y matrix, which can continu-
ously hinder dislocation movement. To maintain their strength-
ening effect, especially at high temperatures, these elements
should not diffuse extensively. This requires a low diffusion
rate in the matrix. The diffusion coefficient of element i in the
v phase at temperature 7, denoted as D; Ni, is given as fol-

lows[61-641:
i Ni_pyi Ni oM
T ~Po ©Xp (%)
RT
where Di; N and O™ are the pre-exponential factor and the

activation energy for interdiffusion of element i in Ni, respec-
tively.

For example, when calculating the diffusion coefficients of
the elements at 800°C, the results in Table 2 demonstrate that

the diffusion coefficients vary significantly among the elements.

Specifically, the diffusion coefficients of Nb, Ta, Ti, and Al are
higher, while those of Cr, Co, Mo, and W are lower. As a result,
the latter elements diffuse more slowly at high temperatures,
thereby better maintaining the solid solution strengthening ef-
fect.

Table 2 diffusion coefficient calculation of typical ele-

ments at 7= 800 °C[61.62:65.66]

element DN (m¥s)  O™N(kJ/mol) DN e (ms)
Cr 5.2x10% 289 4.45%10°!8
Co 1.8x10* 282 3.38x10°18
Mo 1.15x10* 281 2.41x10°'8
W 8.6x10°6 264 1.21x10°'8
Nb 8.8x10° 257 2.72x10°"7
Ta 2%10° 251 1.21x107"7
Ti 4.1x10* 275 1.69x10°
Al 4.3x10* 272 2.48x10°"7

In addition to the incorporation of Co, the GH4350 alloy also
contains W and Mo, with a combined total mass fraction of 5%.
Both W and Mo exhibit relatively high solid solution strength-
ening constants, indicating their significant contribution to the
solid solution strengthening of the alloy'®. These elements pri-
marily partition to the y matrix phase, and their diffusion coef-
ficients at high temperatures are relatively low, which mini-
mizes their tendency to diffuse out of the matrix. As a result,
they effectively maintain the solid solution strengthening effect,
thereby significantly enhancing the alloy's strength at elevated
temperatures.

1.1.2 Precipitation strengthening elements

Al, Ti and Nb are typical y' phase formers and y’ phase re-
mains stable at high temperatures, effectively hindering dislo-
cation motion. An increase in Al, Ti and Nb content increases
the y' phase volume fraction, which further enhance the alloy’s
strength. GH4350 contains a combined weight percentage of

4.5 % of Al, Ti and Nb which signifies a significant potential
for precipitation strengthening within the alloy.

In addition to Al, Ti and Nb, Ta also plays a vital role in
strengthening the y’ phase and represents a notable difference
in the composition of GH4350 compared to other Ni-based
wrought superalloys. Ta is not commonly found in Ni-based
wrought superalloys but is frequently used in Ni-based single
crystal superalloys. This discrepancy arises because excessive
y'-phase-forming elements can increase the deformation re-
sistance in Ni-based wrought superalloys, thereby diminishing
their cold or hot workability[®8. Conversely, Ni-based single
crystal superalloys are cast directly without undergoing cold or
hot working processes, allowing for the inclusion of higher
amounts of y'-phase-forming elements.

The Ta content can varies from 3 wt% to 12 wt% and the total
amount of main y’- phase-forming elements(Al+Ti+Ta) could
exceed up to 20 wt%[%7%, As a result, the volume fraction of y’
phase of Ni-based single crystal superalloys can surpass 60
wt%l*74, Researchers have shown that Ta inhibits the coales-
cence of the y' phase during isothermal long-term aging,
thereby improving the microstructure stability of the y’ phase
and increasing its volume fraction™ 78, Additionally, Ta can
enhance oxidation and thermal corrosion resistance of superal-
loys in certain conditionst®8,

The addition of Al, Ti, Nb and Ta of GH4350 actively con-
tributes to maintaining the structural integrity and stability of
the y' phase, effectively inhibiting its dissolution or structural
alterations at elevated temperatures. Consequently, the y’ phase
continues to impede dislocation motion at high temperatures,
thereby strengthening the alloy. This enhancement in y’ phase
stability is pivotal for ensuring the alloy retains its desired prop-
erties.

Fig. 2 Strengthening constants for solid solution strengthening in Ni.
(adapted from Ref. BY)
1.2 The precipitation phases of GH4350
Many studies have demonstrated that the precipitation phases
of GH4350 are y' phase and 1 phase [12-1520-2228.56,688182] 'The
crystal structure of n phase is shown in Fig. 3(a). Apparently, the
stacking sequence is ABACABAC...... which is a typical kind of
HCP crystal structure. Fig. 3(b) and (c) indicates the microstruc-
ture of ¥’ phase and m phase by transmission electron microscope
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(TEM) and the chemical compositions of them of alloy K4750
respectively. The energy dispersive spectrometer (EDS) results
show that the n phase are primarily composed of Ni, Al, Ti, Nb,
which are close to the chemical composition of ¥’ phase.
1.3 Heat treatment of GH4350
1.3.1 Homogenization of as-cast GH4350

Due to their high degree of alloying, wrought superalloys
often experience severe dendritic segregation during solidi-
fication, leading to poor hot workability®!. To eliminate the
segregation, an appropriate homogenization heat treatment
process is essential and is the first step to obtain the target
microstructure!®-#. In the as-cast state of GH4350 prepared
by VIM+VAR, significant elemental segregation occurs with
Nb, Ti and Ta elements enriched in the inter-dendrites, and
Cr, Mo and Al elements enriched in the dendrites™. This
segregation is accompanied by the precipitation of Laves
phases and acicular phases in the inter-dendrites, while

a b

dispersed y' phases are also precipitated during the cooling
process™™l. To mitigate these issues, a homogenization heat
treatment at 1180 °C for 40 h with furnace cooling has been
proposed, successfully eliminating elemental segregation
and detrimental phases™*!l. Achieving a uniform microstruc-
ture with consistent elemental composition requires a rela-
tively long heat treatment time, and researches on homoge-
nization heat treatments are limited. Therefore, careful de-
sign of the melting and homogenization processes is crucial.
1.3.2 Solid solution heat treatment of GH4350

Precipitation phases can be detrimental if they form ex-
cessively during solidification, as they can act as sources of
cracks. However, these phases are also crucial for precipita-
tion strengthening. Therefore, a comprehensive understand-
ing of the control of precipitation phases in GH4350 is es-
sential. Scanning electron microscope (SEM) observations
of samples solution-treated at various temperatures for 1h

Ni Cr Ti

n
Al Nb Fe
200nm Mo w C

Fig. 3 Crystal structure and chemical composition of n phase. (a) Crystal structure of n phase. (b) The TEM image of y’ and n phase and (c) the

corresponding EDS mapping of alloy K4750. (adapted from Refs. 85871

are shown in Fig. 4. The y' phases begin to dissolve at 1010 °C

which aligns well with the solvus temperature of y’ phases

reported in other literatures*284,

As indicated in Fig. 4, the n phase is significantly reduced

a b
2um 2um
e f
2um Spum

at 1055 °C. When the temperature rises to 1080 °C, only spo-

radic n phase can be observed and it is completely dissolved
at 1095 °C.

d
Spm
h
10pm 50um

Fig. 4 SEM observations of samples solution-treated at different temperatures for 1 h. (a)~(h) are solution-treated at 830 °C, 950 °C, 980 °C, 1010 °C,
1020 °C, 1055 °C, 1080 °C and 1095°C respectively. (adapted from Ref. [621)

If the alloy is solid-solution treated below the solvus tem-

perature of the 1 phase, such as at 1050 °C, the precipitation of

the n phase at grain boundaries may be utilized to control grain

size like & phase?*%!, As the temperature increases from 800 °C
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to 1070 °C, the recrystallized grain size increases slightly from
approximately 10 um to 14 pm while further increasing tem-
perature from 1080 °C to 1095 °C, the grain size increases sig-
nificantly, approaching 100 pum, due to the lack of n phase pin-
ning at the grain boundaries®. Most reported solid-solution

temperatures of GH4350 are above the solvus temperature of

12131521,

the n phas 6889 1t appears that controlling grain size

with the n phase is not the primary focus of the solid-solution
treatment but the complete dissolution of 1 phase into the ma-
trix is the ultimate goal. This approach may help to prevent the
continued growth of the 1 phase during solid solution heat treat-
ment?2,

1.3.3 Aging treatment of GH4350

Aging treatments are performed after solid solution to opti-
mize the precipitations of y' and 1 phases®®. The lower limit
temperature of y' phase precipitation is determined to be be-
tween
650 °C and 700 °C based on variation in hardness over aging
time and temperature (Fig. 5(a)) for solution-treated GH4350
alloy281,

During aging treated at 788 °C, the n phase is observed at the
grain boundaries (Fig. 5 (b), point C,), indicating that the lower
limit for n phase precipitation is approximately 788 °C. When
the aging temperature is further increased to 816 °C, maximum
hardness is achieved at both solid solution temperatures. As
seen at point D, in Fig. 5(b), both y" and 1 phases are present.

As indicated in Fig. 5(c) through (f), the growth and mor-
phology of the n phase vary with different heat treatments. Ini-
tially, the plate-like n phase precipitates at the grain boundaries
(Fig. 5(c) and (d)). With increasing aging temperature and time,

20pum lpm

the 1 phase progressively grows from the grain boundaries to
the grains, forming a Widmanstétten morphology structure (Fig.
5(e) and (f)).

In conclusion, the precipitation and distribution characteris-
tics of the n phase are significantly affected by the aging heat
treatment. A comprehensive understanding of the effect of heat
treatment on y' and m phases precipitation is required to develop
a rational heat treatment strategy.

1.4 Phase transformation behaviors

From the perspective of phase stability, the  phase is a more
stable at temperatures of 650 °C or above, which is confirmed
by thermodynamic calculations of the phase stability of Ni-
monic 263 that show the y’ phase is stable up to 750 °C while n
phase is stable up to 957 °CP®Y, Long-term thermal exposure
further supports this, as the n phase predominates throughout
the matrix, and nearly all y’ particles dissolve when the alloy is
exposed to 870 °C for 8000 h®?l,

The chemical compositions of the y" and 1 phases are similar
with their primary distinction being their crystal structures. The
¥’ to m transformation occurs through the introduction of stack-
ing faults into the y’ phase formed by the systematic passage of
Shockley partials(®88791-%1 A shown in Fig. 6, theoretically, if
one A layer is added by the introduction of extrinsic stacking
faults in y' between B layer and C layer, the stacking sequence
will become ABACABAC ... which is actually identical to the
stacking sequence along the close packed planes (0001) in n
phase. Experimental observations, as shown in Fig. 7(a)~(d),
indicate that the n phase grows at the expense of ¥’ phase, with
y' precipitation-free zones (PFZs) forming around each n pre-
cipitate. The above information suggests a close relationship
between n phase formation, the y' phase, and stacking

5/ D

_Apm 2um

Fig. 5 Microstructures corresponding to different heat treatment and their associated hardness values. (a) Variation of hardness with aging time for

solution-treated GH4350 at various temperatures. (b) Variation of hardness with aging temperature for solution-treated GH4350 and the
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corresponding microstructures for several typical points (A to D). (c) and (d) are both solid solution-treated at approximately 1050 °C for 1h
but aging-treated at 750 °C for 1h and at 899 °C for 4h+816 °C for 4h respectively. (e) and (f) are solid solution treated at 1100 °C for 1h+
aging-treated at 1000 °C for 3h and (e) is grain boundary area while (f) is grain interior. (adapted from Refs. [22281)

Fig. 6 Illustration of the y' to n transformation by the introduction of

extrinsic stacking faults. (adapted from Refs. 86871

faults. Additionally, Fig. 7(e)~(h) demonstrates that stacking
faults, induced by numerous paired dislocations, appear to elon-
gate and eventually transform into the growing n phase at the
expense of ¥’ phase.

More precise evidence in experiment indicates that two-layer
extrinsic faults found in ¢y’ phase (Fig. 8(a) and (b)) are formed
by the passage of two identical 1/6<112> shockley partials on
consecutive {1 1 1} planes and n phase forming elements (i.e.,
Ta, Nb, Ti) are segregated along superlattice extrinsic stacking
faults(SESFs) confirmed by high spatial resolution energy dis-
persive X-ray spectroscopy(EDX) mapping (Fig. 8(c))®*®4.

These observations indicate that stacking faults in the v’
phase may serve as local nucleation sites for the n phase. Fig.
9(a) and (b) shows that the nucleation and growth of n phase
have two paths which n phase directly precipitates within extra-
large y' (EL-y") when the coalescence of y’ phases reaches a crit-
ical stage or 1 phase precipitates at the interface between small

“ A o b
PFZ Dissolving v’
' 4
200nm
- m T
c d
PFZ —_
Y n
PFZ
Ipm  100nm

MC carbides and EL-y" with both MC carbides and 1 embedded
within EL-y™9,

Interestingly, as shown in Fig. 9(c) and (d), both paths share
a common feature: they both lead to the formation of stacking
faults. Notably, MC carbides are segregated with Ti and the nu-
cleation and growth of n phase in the second path (with MC-II
carbide) occur more rapidly than in the first path (without car-
bide)! %, This suggests that MC-II carbide is a more effective
provider of 1 phase-forming elements compared to EL-y" in this
study.

Based on the preceding discussion, two criteria for the for-
mation and growth of the n phase can be concluded: (1) stack-
ing faults initially serve as nucleation sites, and (2) sufficient n
phase-forming elements must be present during nucleation and
growth. To better regulate the microstructure and, consequently,
the properties of superalloys, further research into the mecha-
nisms of 1 phase nucleation and growth is necessary. This will
enhance our understanding and control over 1 phase develop-
ment.

2 Roles of n phase

To address the need for higher operating temperatures in fas-
teners, increasing the amount of y’ phase strengthening ele-
ments may enhance high-temperature performance. However,
at temperatures above 650 °C, the vy’ to n phase transformation
occurs, leading to a decrease in the y’ phase volume fraction and
consequently reducing its reinforcing effect. Therefore, under-
standing the impact of the ) phase on the properties of superal-
loys is crucial.

f
SF SF
P
% Dislocation
200nm 500nm
n h In
SF
SF
>00nm Dislocation 200nm

Fig. 7 Typical micrographs of n phase growing by consuming y’ phase of various superalloys. (a) Alloy K4750. (b) Alloy GH4350. (c) Alloy A286.
(d) Alloy 718 plus. (e)~(h) are TEM images of stacking faults and n phase in K4750. (adapted from Refs. [68:87:95.91)
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a b SESF c
nm Nanoholes
HAADF 4nm Al Co
Ni Ti Cr
[001]
[1T1] _2nm Nb Ta w

Fig. 8 More precise evidence of y’ phase to 1 phase transformation in experiment. (a) High angle angular dark field-scanning transmission electron

microscope (HAADF-STEM) images of a grid-like ordering along a SESF inside a y' precipitate; (b) Shockley partials at leading SESF showing

by burgers circuit analysis. (c) EDX elemental map of a vertical SESF showing segregation along the fault. (adapted from Ref. [*)

b
EL-y’ ,
v Y
n
"
n
l HAADF 200nm 200nm EL-y
SF d SFs
EL-y' SFs
200nm 100nm

Fig. 9 Two paths of n phase formation. (a) Precipitate directly within EL-y'. (b) Precipitate at the interface of small size MC carbides and EL-y'. (c)

and (d) are the formation of stacking faults in both paths, respectively. (adapted from Ref. “)

As previously discussed, the 1 phase initially precipitates at
the grain boundaries (intergranular) and evolves into a Wid-
manstitten morphology with increased time and temperature
(intragranular). Researchers have identified four distinct forms
of the ) phase—needle-like, plate-like, granular, and short rod-
like (Fig. 10), each of which impacts the properties of superal-
loys differently[2%,

Rod-like

Needle-like

Plate-like

Granular

Sum Sum

Fig. 10 Needle-like, plate-like, granular and short rod-like 1 phase.
(adapted from Ref. 1)

This characteristic affects the morphology of grain bounda-
ries, significantly impacting superalloy strengthening. It is re-
ported that the discontinuous precipitation of plate-like n phase
exerts a pinning effect on the grain boundary, leading to the for-
mation of grain boundary serrations whose magnitude is in-
creased with the increase of the inclination angle with respect
to the grain boundaries®?%], Grain boundary serrations, inter-
granular and intragranular n phase influence the properties of
superalloys.

2.1 The effects of n phase on crack initiation and propa-

gation

Serrated grain boundaries induced by n phase can en-
hance the creep resistance by reducing cavitation and
crack propagation rates and they also appear to retard the

propagation of intergranular cracks to some extent during
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fatigue test?>?%], This suggests a potential beneficial effect
of the n phase-induced serrated grain boundaries in im-
peding crack propagation along grain boundaries.

Additionally, small n phases at grain boundaries typically do
not initiate cavities during creep though dislocations piled up
ahead of them!®”). As shown in Fig. 11(a), 2 to 3% area fraction
of n phase which extended from grain boundaries across the
PFZs may be beneficial to creep strength and ductility by con-
straining grain boundary cavity growth®l. These findings col-
lectively indicate that the n phases whether in small sizes at
grain boundaries or within a limited area fraction may not nec-
essarily have a detrimental effect on creep properties. Instead,
in certain configurations, they may exhibit a neutral or even a
beneficial role in enhancing creep strength and ductility by im-
peding cavity growth along grain boundaries.

However, as illustrated in Fig. 11(b) and (c), cracks tend to
form around the n phases, indicating intergranular n phase may
act as brittle sites at the grain boundaries, thus serving as sites
for crack initiation during creep tests?”). During the fatigue pro-
cesses, stress concentration as a result of dislocations accumu-
lation and networks formation at the edges of n precipitates can
induce the initiation and propagation of micro-cracks®. These
observations suggest that the impact of 1 phases on crack initi-
ation and propagation varies depending on specific conditions,
such as loading type (creep or fatigue) and microstructural char-
acteristics, underscoring the complexity and multifaceted na-
ture of the n phase in superalloys.

Understanding the circumstances under which the n phase
acts as a crack initiation site or stress concentrator versus when
it potentially impedes crack propagation is crucial. This under-
standing will greatly aid in optimizing superalloy designs to
harness beneficial effects or mitigate detrimental influences of
the 1 phase on properties.

a b c
- Cracks
Cracks n
n Cracks
4um 2um n N 4um

Fig. 11 The role of n phase during creep test. (a) Two grain boundary
cavities whose growth appears to be constrained by impingement
on m phase platelet. (b) and (c) are backscattered electron
micrographs of STAL15-CC alloy after creep at 850 °C showing
secondary cracks forming around m layers at grain boundaries.
(adapted from Refs. [2427)

2.2 The effects of n phase on dislocation hindering

As a precipitation phase, 1 phase is expected to contribute to
precipitation strengthening similar to the y' phase. For instance,
with aging time extending from 25 h to 100 h, the ultimate ten-
sile strength (UTS) of alloy ATI 718Plus significantly improves
from 797 MPa to 860 MPa with an increased volume fraction

of plate-like/needle-like 1 phases®. Notably, during this

period, the volume fraction of ¢’ phase decreases from approx-
imately 32 % to 28 %%l This suggests that the strengthening
effect of the y' phase is comparatively weaker. Consequently,
the observed enhancement in tensile properties is attributed to
the precipitation of a significant amount of plate-like and nee-
dle-like  phases. TEM observations further confirm that the
improved UTS is due to the hindrance of dislocation motion at
grain boundaries and within grains near the n phases (Fig. 12(a)
and (c)).

The effect of n phase on dislocation hindering is also re-
ported in a research of stress relaxation behavior of GH4350, it
is concluded that the enhanced stress relaxation resistance at
800 °C is attributed to the dislocation blocking by 1 phases, as
shown in Fig. 12(d)®*®). This study also compares the stress re-
laxation resistance of Waspaloy and GH4350 at various temper-
atures. At 600 °C, dislocations are still impeded by intragranu-
lar 1 phases (Fig. 12(b)), however, the larger size and higher
mass fraction of Y’ phases in Waspaloy are key factors in hin-
dering the movement of dislocations while the amount of intra-
granular 1 phases in GH4350 is rather small, thus n phases con-
tribute little to the relaxation resistance at this temperature,

leading a better stress relaxation resistance of Waspaloy

than that of GH4350[%%,
a  Plate-like b
lFedle—like n
lym 200nm
c d
Dislocation

Dislocation 500nm _500nm

Fig. 12 Bright-field TEM observations of ) phases and the dislocations.
(a) Grain boundary 1 phases and the dislocations in the grain, (c)
is the high magnifications of (a). (b) and (d) are microstructures
of GH4350 after relaxation at 600 °C and 800 °C respectively.
(adapted from Refs.[52%)

3 Conclusions

1) GH4350 incorporates significant amounts of Co, Mo, and
W to enhance solid solution strengthening, as quantified
through modeling, and maintains a moderate (Al+Ti+Nb) con-
tent to balance precipitation strengthening with deformability.
The addition of Ta not only stabilizes and increases the volume
fraction of the y’ phase but also improves oxidation and thermal
corrosion resistance.

2) The primary precipitation phases in GH4350 are y’ and 0,
which can be controlled through heat treatment at various tem-
peratures and durations. A homogenization heat treatment at
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1180 °C for 40 h with furnace cooling effectively removes ele-
mental segregation and undesirable phases, providing a foun-
dation for subsequent phase control.

3) The lower temperature limit for y' phase precipitation is
between 650 <€ and 700 <C, with a solvus temperature around
1010 °C. For n phase, precipitation begins at approximately
788 °C. As temperature and time increase, 1 phase precipitates
from grain boundaries into the grains, developing a Wid-
manst&iten morphology, and eventually dissolves completely at
temperatures nearing 1080 <C. Solid solution heat treatment be-
low this temperature may be able to control grain size through
the undissolved n phase.

4) The vy’ to n phase transformation occurs because 1 phase
is more stable above 650 <C. Both phases share similar ele-
mental compositions and transformable crystal structures, facil-
itated by the introduction of stacking faults. This transformation
is accelerated in the presence of effective n phase-forming ele-
ments providers, such as MC-type carbides, surrounding the y’
phase.

5) Small quantities of n phase with needle-like, plate-like,
granular, and short rod-like morphologies can improve proper-
ties such as creep resistance, tensile strength, fatigue resistance,
and stress relaxation resistance by reducing cavitation, crack
propagation, and hindering dislocation movement. Conversely,
a large volume of 1 phase with Widmanstétten morphology can
negatively impact mechanical properties, as the brittleness of
phase and associated stress concentrations lead to crack initia-
tion and growth, ultimately depleting y’ phase and diminishing
its strengthening effect.

References

1  PANY, WEN M. Ab-initio calculations of mechanical and ther-
modynamic properties of TM (transition metal: 3d and 4d)-doped
Pt3AI[J]. Vacuum, 2018, 156: 419-426.

2 PANY,PUDL,LIY Q,etal. Origin of the antioxidation mecha-

nism of RuAl(1 1 0) surface from first-principles calculations[J]. Ma-

terials Science and Engineering: B, 2020, 259: 114580.

3 PANY, YANG F. Influence of pressure on the structural, elastic
and thermodynamic properties of o- and - PtAl high temperature al-
loys[J]. Journal of Materials Research and Technology, 2024, 28: 381-
389.

4 PANY. Vacancy-induced mechanical and thermodynamic proper-
ties of B2-RuAl[J]. Vacuum, 2017, 143: 165-168.
5 LIANGL, XUM, CHENY, et al. Effect of welding thermal treat-

ment on the microstructure and mechanical properties of nickel-based
superalloy fabricated by selective laser melting[J]. Materials Science
and Engineering: 4,2021, 819: 141507.

6  PICKERING E J, MATHUR H, BHOWMIK A, et al. Grain-
boundary precipitation in Allvac 718Plus[J]. Acta Materialia, 2012,

60(6-7): 2757-2769.

7 CHENT W, WANG P T, KANG Y C, et al. Grain boundary ser-
ration tuning and its effect on hot workability of a wrought superal-
loy[J]. Journal of Alloys and Compounds, 2023, 960: 170620.

8  FECHT H, FURRER D. Processing of Nickel-Base Superalloys

for Turbine Engine Disc Applications[J]. Advanced Engineering Mate-
rials, 2000, 2(12): 777-787.

9 PANYY. Exploring the phase stability, mechanical and thermody-

namic properties of FeCrAl ternary alloy[J]. Journal of Materials Re-
search and Technology, 2023, 26: 8813-8821.

10  MELHEM G N. Encyclopedia of Aluminum and Its Alloys, Two-
Volume Set (Print) [M]. 1st ed. Boca Raton: CRC Press, 2018.

11 LIK, YANGY, WANG Z, et al. Micro-segregation and homoge-

nizing treatment of GH350 ingot[J]. _Journal of Iron and Steel Re-
search International, 2012, 24(7): 54-58. (in Chinese)
12 ASGARI S. Age-hardening behavior and phase identification in

solution-treated AEREX 350 superalloy[J]. Metallurgical and Materi-
als Transactions 4, 2006, 37(7): 2051-2057.

13 NAJAFI H, ASGARI S. Strain hardening mechanisms in aged
AEREX350 superalloy[J]. Materials Science and Engineering: A
2005, 398(1-2): 204-208.

14 JIANG H, YANG J, DONG J, et al. Stress Relaxation Behavior

Comparison of Typical Nickel-Base Superalloys for Fasteners[C]//

Proceedings of the 9th International Symposium on Superalloy 718 &

Derivatives: Energy, Aerospace, and Industrial Applications. Cham:
Springer International Publishing, 2018: 789-804.
15 WANG Y, DONG J, ZHANG M, et al. Stress relaxation behavior

and mechanism of AEREX350 and Waspaloy superalloys[J]. Materials
Science and Engineering: A, 2016, 678: 10-22.
16 JIANG H, DONG J, ZHANG M, et al. Stress Relaxation Mecha-

nism for Typical Nickel-Based Superalloys Under Service Condi-
tion[J]. Acta Metall Sin, 2019, 55(9): 1211-1220. (in Chinese)

17 FERREROJ G. Candidate materials for high-strength fastener ap-
plications in both the aerospace and automotive industries[J]. Journal
of Materials Engineering and Performance, 2005, 14(6): 691-696.

18 SPS TECHNOLOGY. Superalloys Developed by SPS Technolo-

gies for Aerospace Fasteners [EB/OL].
19 DUJ, LV X, DONG J, et al. Research progress of wrought super-
alloys in China[J]. Acta Metall Sin, 2019, 55(9): 1115-1132. (in Chi-

nese)

20 SAMIEE M, ASGARI S. Influence of solution treatment on pre-
cipitation behavior of a Ni—Co alloy[J]. Scripta Materialia, 2007, 57(2):
93-96.

21 FARVIZI M, ASGARI S. Effects of cold work prior to aging on

412


https://www.sciencedirect.com/science/article/pii/S0042207X18313605
https://www.sciencedirect.com/science/article/pii/S0921510720300878
https://www.sciencedirect.com/science/article/pii/S0921510720300878
https://www.sciencedirect.com/science/article/pii/S2238785423030636
https://www.sciencedirect.com/science/article/pii/S0042207X17306334
https://www.sciencedirect.com/science/article/abs/pii/S0921509321007760
https://www.sciencedirect.com/science/article/abs/pii/S0921509321007760
https://www.sciencedirect.com/science/article/pii/S1359645412000808
https://www.sciencedirect.com/science/article/pii/S0925838823019230
https://onlinelibrary.wiley.com/doi/abs/10.1002/1527-2648(200012)2:12%3C777::AID-ADEM777%3E3.0.CO;2-R
https://onlinelibrary.wiley.com/doi/abs/10.1002/1527-2648(200012)2:12%3C777::AID-ADEM777%3E3.0.CO;2-R
https://www.sciencedirect.com/science/article/pii/S2238785423023116
https://www.sciencedirect.com/science/article/pii/S2238785423023116
https://www.taylorfrancis.com/chapters/edit/10.1201/9781351045636-140000240/aerospace-fasteners-use-structural-applications-george-nadim-melhem
https://www.taylorfrancis.com/chapters/edit/10.1201/9781351045636-140000240/aerospace-fasteners-use-structural-applications-george-nadim-melhem
http://www.chinamet.cn/Jweb_gtyjxb_cn/CN/Y2012/V24/I07/54
http://www.chinamet.cn/Jweb_gtyjxb_cn/CN/Y2012/V24/I07/54
https://link.springer.com/article/10.1007/BF02586125
https://link.springer.com/article/10.1007/BF02586125
https://www.sciencedirect.com/science/article/pii/S0921509305002388
https://link.springer.com/chapter/10.1007/978-3-319-89480-5_53
https://link.springer.com/chapter/10.1007/978-3-319-89480-5_53
https://www.sciencedirect.com/science/article/pii/S0921509316311595
https://www.sciencedirect.com/science/article/pii/S0921509316311595
https://www.ams.org.cn/EN/10.11900/0412.1961.2019.00121
https://link.springer.com/article/10.1361/105994905X75466
https://link.springer.com/article/10.1361/105994905X75466
https://www.pccfasteners.com/assets/local/documents/product-literature/superalloy_brochure.pdf
https://www.pccfasteners.com/assets/local/documents/product-literature/superalloy_brochure.pdf
https://www.ams.org.cn/EN/10.11900/0412.1961.2019.00142
https://www.sciencedirect.com/science/article/pii/S1359646207002266

Rare Metal et al. / Rare Metal Materials and Engineering, 2022, 51(03): 07 ? 2-02 7 7

microstructure of AEREX™350 superalloy[J]. Materials Science and

Engineering: A,2008, 480(1): 434-438.
22 KERMAIJANI M. Influence of double aging on microstructure
and yield strength of AEREX™ 350[J]. Materials Science and Engi-

neering: A, 2012, 534: 547-551.

23 LIJ,WUY,LIUY, et al. Enhancing tensile properties of wrought
Ni-based superalloy ATI 718Plus at elevated temperature via morphol-
ogy control of n phase[J]. Materials Characterization, 2020, 169:

110547.

24 SHINGLEDECKER J P, PHARR G M. The Role of Eta Phase
Formation on the Creep Strength and Ductility of INCONEL Alloy 740
at 1023 K (750 °C)[J]. Metallurgical and Materials Transactions A

35 KENNEDY R L. Allvac 718Plus, Superalloy for the Next Forty
Years[C]// Superalloys 718, 625, 706 and Various Derivatives (2005).
TMS, 2005: 1-14.

36 HASSAN B, CORNEY J. Grain boundary precipitation in Inconel

718 and ATI 718Plus[J]. Materials Science and Technology, 2017,
33(16): 1879-1889.
37 KIENL C, MANDAL P, LALVANI H, et al. Role of the Secondary

Phase n During High-Temperature Compression of ATI 718Plus®[J].
Metallurgical and Materials Transactions 4, 2020, 51(8): 4008-4021.
38 GOKEN M, KEMPF M. Microstructural properties of superalloys

investigated by nanoindentations in an atomic force microscope[J].

Acta Materialia, 1999, 47(3): 1043-1052.

2012, 43(6): 1902-1910.

25 QI Q,ZHANG H, LIU C, et al. On the microstructure evolution
during low cycle fatigue deformation of wrought ATI 718Plus alloy[J].
Materials Science and Engineering: A, 2020, 798: 140132.

26 HONGHU,KIMIS, CHOIB G, et al. The effect of grain bound-

ary serration on creep resistance in a wrought nickel-based superal-

loy[J]. Materials Science and Engineering: A,2009, 517(1): 125-131.

27 KONTIS P. Influence of composition and precipitation evolution
on damage at grain boundaries in a crept polycrystalline Ni-based sup-
eralloy[J]. Acta Materialia, 2019.

28 ASGARI S. Structure and strain hardening of superalloy
AEREX350[J]. Journal of Materials Processing Technology, 2001,
118(1-3): 246-250.

29 ALABBAD B, TIN S. Effect of grain boundary misorientation on

1 phase precipitation in Ni-base superalloy 718Plus[J]. Materials
Characterization, 2019, 151: 53-63.

30 ZHAOYY, PENG J, ZHANG X, et al. Effect on solution holding
time on microstructure and mechanical properties of GH4698 superal-
loy[J] Heat Treatment of Metals, 2016, 41(8): 56-59. (in Chinese)

31 DEVAUX A, NAZE L, MOLINS R, et al. Gamma double prime

precipitation kinetic in Alloy 718[J]. Materials Science and Engineer-
ing: A, 2008, 486(1-2): 117-122.

32 HOSSEINI E, POPOVICH V A. A review of mechanical proper-
ties of additively manufactured Inconel 718[J]. Additive Manufactur-
ing, 2019, 30: 100877.

33 SLAMA C, ABDELLAOUI M. Structural characterization of the
aged Inconel 718[J]. Journal of Alloys and Compounds, 2000, 306(1-
2): 277-284.

34 ZHANGM, MA C C, CHUN X, et al. Effect of Precipitate Phases

and Grain Size on Mechanical Properties of Inconel 718 Superalloy

After Various Heat Treatments[J]. Rare Metal Materials and Engineer-

39 KINZEL S, GABEL J, VOLKL R, et al. Reasons for Volume Con-
traction after Long-Term Annealing of Waspaloy[J]. Advanced Engi-
neering Materials, 2015, 17(8): 1106-1112.

40 LIU G, XIAO X, VERON M, et al. The nucleation and growth of
n phase in nickel-based superalloy during long-term thermal expo-
sure[J]. Acta Materialia, 2020, 185: 493-506.

41 AGNOLIA, LE GALL C, THEBAULT J, et al. Mechanical Prop-
erties Evolution of y'/y" Nickel-Base Superalloys During Long-Term

Thermal Over-Aging[J]. Metallurgical and Materials Transactions A4,
2018, 49(9): 4290-4300.

42 WANG M X, ZHU H, YANG G J, et al. Solid-solution strength-
ening effects in binary Ni-based alloys evaluated by high-throughput
calculations[J]. Materials & Design, 2021, 198: 109359.

43 KOUH, LI W, MA J, et al. Theoretical prediction of the tempera-
ture-dependent yield strength of solid solution strengthening Nickel-

based alloys[J]. International Journal of Mechanical Sciences, 2018,

140: 83-92.

44 BUTT M Z. Solid-solution hardening in dilute and concentrated
alloys[J]. Philosophical Magazine Letters, 1989, 60(4): 141-145.

45 GYPEN LA, DERUYTTERE A. The combination of atomic size

and elastic modulus misfit interactions in solid solution hardening[J].
Scripta Metallurgica, 1981, 15(8): 815-820.

46 KRATOCHVIL P, LUKAC P, SPRUSIL B. On solid solution
hardening in crystals with randomly distributed solute atoms[J]. Czech-
oslovak Journal of Physics, 1973, 23(6): 621-626.

47 LABUSCH R. A Statistical Theory of Solid Solution Harden-
ing[J]. physica status solidi (b), 1970, 41(2): 659-669.

48 FLEISGHER R L. Solution hardening[J]. Acta metallurgica, 1961,
9(11): 996-1000.

49 FLEISCHER R L. Substitutional solution hardening[J]. Acta met-
allurgica, 1963, 11(3): 203-209.

ing, 2024, 53(8): 2131-2136.

50 MISHIMA Y, OCHIAI S, HAMAO N, et al. Solid Solution

413


https://www.sciencedirect.com/science/article/pii/S0921509307014335
https://www.sciencedirect.com/science/article/pii/S0921509307014335
https://www.sciencedirect.com/science/article/pii/S0921509311013621
https://www.sciencedirect.com/science/article/pii/S0921509311013621
https://www.sciencedirect.com/science/article/pii/S1044580320320180
https://link.springer.com/article/10.1007/s11661-011-1013-4
https://www.sciencedirect.com/science/article/pii/S0921509320311990
https://www.sciencedirect.com/science/article/pii/S0921509309003876
https://www.sciencedirect.com/science/article/pii/S135964541830990X
https://www.sciencedirect.com/science/article/pii/S0924013601009839
https://www.sciencedirect.com/science/article/pii/S1044580318331607
https://www.sciencedirect.com/science/article/pii/S1044580318331607
https://kns.cnki.net/kcms2/article/abstract?v=sZ39k5Pv5zt4pSTNf2AJ_Wd6KHmWIsCXrBwL9xyjRyh3vV44P2HJz_3uc39NBnfk4zeLfNsH6taL5LA7Mpsr1gbt9hGB_2dcP9tM2jexsV4M-_wP0crVjW6WcuuK-zlMTNN-cJtw-m7oflEHGTlB16ZPIWRDOd-FB1VpK29DfChC2KaZXfBaukPRqEawNPW8&uniplatform=NZKPT&language=CHS
https://www.sciencedirect.com/science/article/pii/S0921509307016073
https://www.sciencedirect.com/science/article/pii/S0921509307016073
https://www.sciencedirect.com/science/article/pii/S221486041930226X
https://www.sciencedirect.com/science/article/pii/S221486041930226X
https://www.sciencedirect.com/science/article/pii/S0925838800007891
http://rmme.ijournals.cn/rmmeen/article/abstract/20230684
http://rmme.ijournals.cn/rmmeen/article/abstract/20230684
https://www.researchgate.net/profile/Saad-Shather/post/What-etchant-can-I-use-for-718Plus-Ni-Based-superalloy/attachment/5aa840114cde266d58912fa4/AS%3A603830798532608%401520975889568/download/Superalloys_2005_1_14.pdf
https://www.tandfonline.com/doi/abs/10.1080/02670836.2017.1333222
https://link.springer.com/article/10.1007/s11661-020-05837-7
https://www.sciencedirect.com/science/article/pii/S1359645498003772
https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.201500159
https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.201500159
https://www.sciencedirect.com/science/article/pii/S1359645419308778
https://link.springer.com/article/10.1007/s11661-018-4778-x
https://www.sciencedirect.com/science/article/pii/S0264127520308959
https://www.sciencedirect.com/science/article/pii/S0020740317334768
https://www.tandfonline.com/doi/abs/10.1080/09500838908206449
https://www.sciencedirect.com/science/article/pii/003697488190257X
https://link.springer.com/article/10.1007/BF01593912
https://link.springer.com/article/10.1007/BF01593912
https://onlinelibrary.wiley.com/doi/abs/10.1002/pssb.19700410221
https://www.sciencedirect.com/science/article/pii/0001616061902425
https://www.sciencedirect.com/science/article/pii/0001616061902425
https://www.sciencedirect.com/science/article/pii/0001616061902425

Rare Metal et al. / Rare Metal Materials and Engineering, 2022, 51(03): 07 ? 2-02 7 7

Hardening of Ni3Al with Ternary Additions[J]. Transactions of the Ja-

and Engineering: A, 2016, 676: 411-420.

pan Institute of Metals, 1986, 27(9): 648-655.
51 ROTHH A, DAVIS C L, THOMSON R C. Modeling solid solu-

tion strengthening in nickel alloys[J]. Metallurgical and Materials
Transactions A, 1997, 28(6): 1329-1335.
52 MISHIMA'Y, OCHIAI S, HAMAO N, et al. Solid solution hard-

ening of nickel—role of transition metal and B-subgroup solutes—{[J].
Transactions of the Japan institute of metals, 1986, 27(9): 656-664.
53 GYPEN LA, DERUYTTERE A. Multi-component solid solution
hardening[J]. Journal of Materials Science, 1977, 12(5): 1034-1038.
54 CHENYT,YEHAC, LIMY, et al. Effects of processing routes

on room temperature tensile strength and elongation for Inconel 718[J].
Materials & Design, 2017, 119: 235-243.

55 CHEN X M, NING M T, HU H W, et al. Characterization of hot
deformation behavior and optimization of hot workability for GH4698
superalloy[J]. Materials Characterization, 2023, 201: 112916.

56 HOSSEINIFAR M, ASGARI S. Static recrystallization behavior
of AEREX350 superalloy[J]. Materials Science and Engineering: A,
2010, 527(27): 7313-7317.

57 LIK, HAN G, DENG B. Influence of aging treatment on micro-

structure and properties od cold-drawn alloy GH350[J]. Acta Aero-
nautica et Astronautica Sinica, 2012, 33(06): 1156-1162. (in Chinese)
58 YANGCL,ZHANG Z J, ZHANG P, et al. Synchronous improve-

ment of the strength and plasticity of Ni-Co based superalloys[J]. Ma-
terials Science and Engineering: A, 2018, 736: 100-104.
59 GIESE S, BEZOLD A, PROBSTLE M, et al. The Importance of

Diffusivity and Partitioning Behavior of Solid Solution Strengthening
Elements for the High Temperature Creep Strength of Ni-Base Super-
alloys[J]. Metallurgical and Materials Transactions A, 2020, 51(12):
6195-62006.

60 FAYMAN Y. C. y-y' Partitioning Behaviour in Waspaloy[J]. Ma-
terials Science and Engineering, 1986, 82,203-215.

61 KARUNARATNE M S A, REED R C. Interdiffusion of Niobium
and Molybdenum in Nickel between 900 -1300 °C[J]. Defect and Dif-
fusion Forum, 2005, 237-240: 420-425.

62 JUNG S B, YAMANE T, MINAMINOYY, et al. Interdiffusion and

its size effect in nickel solid solutions of Ni-Co, Ni-Cr and Ni-Ti sys-

tems[J]. Journal of Materials Science Letters, 1992, 11(20): 1333-1337.

63 HEC,LIUL, HUANGT, et al. Effect of aging temperature on the
secondary y' precipitation in a model Ni based single crystal superal-
loy[J]. Journal of Alloys and Compounds, 2020, 836: 155486.

64 PROBSTLE M, NEUMEIER S, FELDNER P, et al. Improved

creep strength of nickel-base superalloys by optimized y/y' partitioning

behavior of solid solution strengthening elements[J]. Materials Science

65 KARUNARATNE M S A, CARTER P, REED R C. Interdiffusion
in the face-centred cubic phase of the Ni-Re, Ni-Ta and Ni-W systems
between 900 and 1300°C[J]. Materials Science and Engineering: A
2000, 281(1-2): 229-233.

66 KARUNARATNE M S A, CARTER P, REED R C. On the diffu-

sion of aluminium and titanium in the Ni-rich Ni-Al-Ti system be-
tween 900 and 1200°C[J]. Acta Materialia, 2001, 49(5): 861-875.
67 CHENGY, ZHAO X, YUE Q, et al. Research Progress of Effects
of Mo and W on Ni-based Single Crystal Superalloys[J]. Rare Metal
Materials and Engineering, 2023, 52(7): 2599-2611.(in Cninese)
68 ASGARI S, SHARGHI-MOSHTAGHIN R, SADEGHAHMADI

M, et al. On phase transformations in a Ni-based superalloy[J]. Philo-
sophical Magazine, 2013, 93(10-12): 1351-1370.
69 XIAW, ZHAO X, YUE L, et al. A review of composition evolu-

tion in Ni-based single crystal superalloys[J]. Journal of Materials Sci-

ence & Technology, 2020, 44: 76-95.

70 LONG H, MAO S, LIU Y, et al. Microstructural and composi-
tional design of Ni-based single crystalline superalloys — A review[J].
Journal of Alloys and Compounds, 2018, 743: 203-220.

71 ALIM A, LOPEZ-GALILEA I, GAO S, et al. Effect of y' precip-

itate size on hardness and creep properties of Ni-base single crystal
superalloys: Experiment and simulation[J]. Materialia, 2020, 12:
100692.

72 YANG W, YUE Q, CAO K, et al. Negative influence of rafted vy’
phases on 750 °C/750 MPa creep in a Ni-based single crystal superal-
loy with 4% Re addition[J]. Materials Characterization, 2018, 137:
127-132.

73 SHUIL, JINT, TIAN S, et al. Influence of precipitate morphology

on tensile creep of a single crystal nickel-base superalloy[J]. Materials
Science and Engineering: A, 2007, 454-455: 461-466.
74 WU J, JIANG X, WANGYY, et al. Effects of Ta on microstructural

stability and mechanical properties of hot corrosion resistant Ni-based
single crystal superalloys during long-term thermal exposure[J]. Mate-
rials Science and Engineering: A, 2021, 806: 140829.

75 COSTAAM S, OLIVEIRA J P, SALGADO MV, et al. Effect of

Ta and Nb additions in arc-melted Co-Ni-based superalloys: Micro-

structural and mechanical properties[J]. Materials Science and Engi-

neering: A, 2018, 730: 66-72.

76 PENG P, LU L, LIU Z, et al. Investigation on the influence of Ta
on the microstructure evolution of Ni-based superalloy DZ411 during
directional solidification, heat treatment, and long-term aging[J]. Jour-
nal of Alloys and Compounds, 2022, 920: 165886.

77 XUY, WANG T, LV X. Effect of Ta and Mo point preference on

414


https://www.jstage.jst.go.jp/article/matertrans1960/27/9/27_9_648/_article/-char/ja/
https://www.jstage.jst.go.jp/article/matertrans1960/27/9/27_9_648/_article/-char/ja/
https://link.springer.com/article/10.1007/s11661-997-0268-2
https://link.springer.com/article/10.1007/s11661-997-0268-2
https://www.jstage.jst.go.jp/article/matertrans1960/27/9/27_9_656/_article/-char/ja/
https://link.springer.com/article/10.1007/BF00540987
https://www.sciencedirect.com/science/article/pii/S0264127517300886
https://www.sciencedirect.com/science/article/pii/S1044580323002747
https://www.sciencedirect.com/science/article/pii/S0921509310008634
https://hkxb.buaa.edu.cn/CN/abstract/abstract14774.shtml
https://hkxb.buaa.edu.cn/CN/abstract/abstract14774.shtml
https://www.sciencedirect.com/science/article/pii/S0921509318310669
https://www.sciencedirect.com/science/article/pii/S0921509318310669
https://link.springer.com/article/10.1007/s11661-020-06028-0
https://www.sciencedirect.com/science/article/pii/0025541686901084
https://www.sciencedirect.com/science/article/pii/0025541686901084
http://cdap.sliit.lk/handle/123456789/212
http://cdap.sliit.lk/handle/123456789/212
https://link.springer.com/article/10.1007/BF00729354
https://www.sciencedirect.com/science/article/pii/S0925838820318508
https://www.sciencedirect.com/science/article/pii/S0921509316310565
https://www.sciencedirect.com/science/article/pii/S0921509316310565
https://www.sciencedirect.com/science/article/pii/S0921509399007054
https://www.sciencedirect.com/science/article/pii/S1359645400003906
http://rmme.ijournals.cn/rmme/article/abstract/20220469?st=search
http://rmme.ijournals.cn/rmme/article/abstract/20220469?st=search
https://www.tandfonline.com/doi/abs/10.1080/14786435.2013.773106
https://www.tandfonline.com/doi/abs/10.1080/14786435.2013.773106
https://www.sciencedirect.com/science/article/pii/S1005030220300268
https://www.sciencedirect.com/science/article/pii/S1005030220300268
https://www.sciencedirect.com/science/article/pii/S0925838818302263
https://www.sciencedirect.com/science/article/pii/S2589152920301095
https://www.sciencedirect.com/science/article/pii/S1044580317330802
https://www.sciencedirect.com/science/article/pii/S0921509306025901
https://www.sciencedirect.com/science/article/pii/S0921509306025901
https://www.sciencedirect.com/science/article/pii/S0921509321000988
https://www.sciencedirect.com/science/article/pii/S0921509321000988
https://www.sciencedirect.com/science/article/pii/S0921509318307354
https://www.sciencedirect.com/science/article/pii/S0921509318307354
https://www.sciencedirect.com/science/article/pii/S0925838822022770
https://www.sciencedirect.com/science/article/pii/S0925838822022770

Rare Metal et al. / Rare Metal Materials and Engineering, 2022, 51(03): 07 ? 2-02 7 7

the y' phase of Co-Al-W superalloy[J]. Rare Metal Materials and En-
gineering, 2023, 52(11): 3939-3946. (in Chinese)
78 LAIY, NING L, ZHAO L, et al. Effects of Ta and Co on Micro-

structural Stability of a Novel High Strength and Hot Corrosion Re-
sistant Single Crystal Superalloys[J]. Rare Metal Materials and Engi-
neering, 2024, 53(3): 748-756. (in Chinese)

79 PARK SJ,SEO SM, YOOY S, et al. Effects of Al and Ta on the

high temperature oxidation of Ni-based superalloys[J]. Corrosion Sci-
ence, 2015, 90: 305-312.

80 HANFF, CHANG J X, LI H, et al. Influence of Ta content on hot
corrosion behaviour of a directionally solidified nickel base superal-
loy[J]. Journal of Alloys and Compounds, 2015, 619: 102-108.

81 TOMASELLO C M, PETTIT F S, BIRKS N, et al. Precipitation
Behavior in AEREX(TM) 350[C]// Superalloys. TMS, 1996:145-51.
82 WAN W, HAN G, DENG B. Influence of solution treatment on
microstructure of AEREX350 alloy[J]. Journal of Iron and Steel Re-
search International, 2010, 17(3): 67-71.

83 DONG J, LI L, LI H, et al. Effect of extent of homogenization on

the hot deformation recrystallization of superalloy ingot in cogging
process[J]. Acta Metall Sin, 2015, 51(10): 1207-1218. (in Chinese)

84 LIANG X, ZHANG R, YANG Y, et al. An Investigation of the
Homogenization and Deformation of Alloy 718 Ingots[C]//Superalloys
718, 625, 706 and Various Derivatives (1994). TMS, 1994: 947-956.
85 ZHANG X, CHEN J, YANG W, et al. Identification of precipitates

in the as-cast microstructure and its evolution behavior during homog-
enization of a difficult-to-deform GH4141 superalloy[J]. Rare Metal
Materials and Engineering, 2024, 53(1): 136-147. (in Chinese)

86 HAGIHARA K, NAKANO T, UMAKOSHI Y. Plastic defor-

mation behaviour in Ni3Ti single crystals with D024 structure[J]. Acta
Materialia, 2003, 51(9): 2623-2637.

87 HOU K, OU M, WANG M, et al. Precipitation of 1 phase and its
effects on stress rupture properties of K4750 alloy[J]. Materials Sci-
ence and Engineering: A, 2019, 763: 138137.

88 YANG Z, CHEN Z, LIN Y, et al. Effect of the aging and recrys-

tallization annealing treatment on the forged mixed grain structure of

Ni-based superalloy[J]. Rare Metal Materials and Engineering, 2023,
52(9): 3147-3152. (in Chinese)

89  WAN W, HAN G, DENG B. Influence of aging treatment on pre-
cipitation behavior of 1 phase in Ni-Co-Cr alloy[J]. Journal of Iron and
Steel Research International, 2010, 17(1): 64-69.

90 WANG G, SONG W, LIANG J, et al. Effect of heat treatment on

microstructure and tensile properties of a new type of Ni-base superal-

loy designed for additive manufacturing[J]. Rare Metal Materials and

Engineering, 2024, 53(3): 787-795. (in Chinese)

91 ZHAO ] C, RAVIKUMAR V, BELTRAN A M. Phase precipita-
tion and phase stability in Nimonic 263[J]. Metallurgical and Materi-
als Transactions A, 2001, 32(6): 1271-1282.

92 KIMIS, CHOI B G, HONG H U, et al. Influence of thermal ex-

posure on the microstructural evolution and mechanical properties of a
wrought Ni-base superalloy[J]. Materials Science and Engineering: A
2014, 593: 55-63.

93 SMITHT M, ESSER B D, ANTOLIN N, et al. Segregation and n

phase formation along stacking faults during creep at intermediate tem-
peratures in a Ni-based superalloy[J]. Acta Materialia, 2015, 100: 19-
31.

94 SMITH T M, ESSER B D, ANTOLIN N, et al. Phase transfor-
mation strengthening of high-temperature superalloys[J]. _ Nature
Communications, 2016, 7(1): 13434,

95 TANG L, ZHANG H, GUO Q, et al. The precipitation of 1 phase
during the solution treatments of Allvac 718Plus[J]. Materials Charac-
terization, 2021, 176: 111142.

96 SEIFOLLAHI M, RAZAVI S H, KHEIRANDISH Sh, et al. The
Mechanism of 1 Phase Precipitation in A286 Superalloy During Heat
Treatment[J]. Journal of Materials Engineering and Performance,

2013, 22(10): 3063-3069.

415


http://rmme.ijournals.cn/rmme/article/abstract/20220877?st=search
http://rmme.ijournals.cn/rmme/article/abstract/20220877?st=search
http://rmme.ijournals.cn/rmme/article/abstract/20230115?st=search
http://rmme.ijournals.cn/rmme/article/abstract/20230115?st=search
https://www.sciencedirect.com/science/article/pii/S0010938X1400482X
https://www.sciencedirect.com/science/article/pii/S0010938X1400482X
https://www.sciencedirect.com/science/article/pii/S0925838814022105
https://www.tms.org/superalloys/10.7449/1996/Superalloys_1996_145_151.pdf
https://link.springer.com/article/10.1016/S1006-706X(10)60075-1
https://link.springer.com/article/10.1016/S1006-706X(10)60075-1
https://www.ams.org.cn/EN/10.11900/0412.1961.2015.00419
https://www.tms.org/superalloys/10.7449/1994/Superalloys_1994_947_956.pdf
https://www.tms.org/superalloys/10.7449/1994/Superalloys_1994_947_956.pdf
http://rmme.ijournals.cn/rmme/article/abstract/20230481?st=search
http://rmme.ijournals.cn/rmme/article/abstract/20230481?st=search
https://www.sciencedirect.com/science/article/pii/S1359645403000600
https://www.sciencedirect.com/science/article/pii/S1359645403000600
https://www.sciencedirect.com/science/article/pii/S0921509319309232
https://www.sciencedirect.com/science/article/pii/S0921509319309232
http://rmme.ijournals.cn/rmme/article/abstract/20220676?st=search
https://link.springer.com/article/10.1016/S1006-706X(10)60047-7
https://link.springer.com/article/10.1016/S1006-706X(10)60047-7
http://rmme.ijournals.cn/rmme/article/abstract/20230109?st=search
http://rmme.ijournals.cn/rmme/article/abstract/20230109?st=search
https://link.springer.com/article/10.1007/s11661-001-0217-4
https://link.springer.com/article/10.1007/s11661-001-0217-4
https://www.sciencedirect.com/science/article/pii/S0921509313012501
https://www.sciencedirect.com/science/article/pii/S1359645415006308
https://www.nature.com/articles/ncomms13434
https://www.nature.com/articles/ncomms13434
https://www.sciencedirect.com/science/article/pii/S1044580321002722
https://www.sciencedirect.com/science/article/pii/S1044580321002722
https://link.springer.com/article/10.1007/s11665-013-0592-1

53 WA SRR TR EHAE: (A & RAMRLS TR SF L oiie 416+

RETE SRS S GH4350 BN G EF SR F R iRid

SEE 2, BEE S, ORER S, Emed T, AR, GRS
(1. WL K% SRESWA MEESE TR, WL il 3110027)
(2. WHT K% TR, WL B 3110027)

(3. WHT K% Bkt SR A H s s, Wil Al 3110027)

# ZE: GH4350(AEREX 350):& —Fh S [E £ F R T @i &4, mim IR BRIk 750°C: GH4350 R & mbihi i B Ay, aedigy
55\ PUNLIWIRL, BUS RSN i, RS AR RECRER CTRURYE . %A 4 3 B E AR DL y TR ARG, TR y AT
[l 2T /D8 M. BFFARAR I, %6 4 ROROW 2 Mt B A 2 4% A C0 5 TR BE AT ()1 20 B0k, v MEESESL AL F AR A R S5 8y
n A, T AT BRI A AR TERE . ARLEBMER T GHA350 MITe s dLsiir i SZAE BT O OMSE A RFAE LR B0 RS 5, B R AR
SHERMMRIER, HiESFHNE SRR EENITR, W — DR ARG

R KA &R & 4GH4350; EiRthae; TCRAR, PUEHL; il

EE RN & EE, B, 2000 F4, fit, #riiRs CRIMZERE, Wit AiM 3110027, HiE: 0571-64219632, E-mail: jinjufeng@zju.edu.cn

416



Journal of Alloys and Compounds T2 U HE 4

Ms. Ref. No.: JALCOM-D-25-02954R1

Title: Morphology control of n phase in enhancing high-temperature tensile property of superalloy GH4350

Journal of Alloys and Compounds

Dear Professor Zhao,

I have the pleasure of informing you that your paper has been accepted for publication in the Journal of Alloys and Compeounds.
"What happens next?

1. Our production department will create a proof of your article, which will be shared with you for approval.

2. We will send you a link to your post-acceptance online author forms. These forms include the publishing agreement for you to
complete as well as confirming whether your article is to be published open access or subscription. We kindly request you complete
the forms as soon as possible upon receipt of the link.

If we need any further information from you during the typesetting process, we will let you know.

For further information about the proofing process, please click this link:
https://service.elsevier.com/app/answers/detail/a_id/6007/p/10592/supporthub/publishing/related/ "

Thank you for submitting yeur work to this journal.

Yours sincerely,

Elisabetta Gariboldi

Editor
Journal of Alloys and Compounds

ZETres:ihi X

Doi: https://doi.org/10.1016/j.jallcom.2025.180231

BTSSR

B View PDF Download full issue
ks

Journal of Alloys and Compounds R

Volume 1024, 20 April 2025, 180231 .1 No articles found

Keywords Morphology control of n phase in enhancing
inureducten high-temperature tensile property of
superalloy GH4350

4. Discussion Jufeng Jin ®®, Xinbao Zhao ® ¢ & B, Qianmin Zhao °®, Jiachen Xu °, Yunpeng Fan °, Wei Liu °,

Quanzhao Yue °, Wanshun Xia ® & B, Xiao Wei ° ¢, Yuefeng Gu ® ¢ & B, Ze Zhang ° ©

Outline Recommended articles

Highlights

Abstract

2. Experimental procedures

3. Results

5. Conclusion

CRediT authorship contribution statement Show more v

Declaration of Competing Interest + Addto Mendeley o Share 99 Cite

Acknowledgements https:/fdoi.org/10.1016f] jallcom.2025.180231 ~ Get rights and content 2
Data availability ® Full text access

References

Show full outline v Highlights

Temperature-dependent n-phase distribution is quantified through

Figures (17
9 [7) statistical analytics.

A temperature-mediated n-phase morphology control strategy is

- 2]
e
. 7 EE established.

i i Plate-like n-phases boost tensile strength via dislocation hindering
= E- I . mechanism.

L e .


https://doi.org/10.1016/j.jallcom.2025.180231

FIE

s n . Journals & Books @ Help  Q Search 2 Myaccount R Signin

“|  ScienceDirec

'
ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds 11 58
. Supports open access CiteScore Impact Foctor
Articles & Issues +  About Publish v Order journal » Q. Search in this journal Submit your article » Guide for authors
About the journal Article publishing options
An Interdisciplinary Journal of Materials Science and Solid—State Chemistry and Physics Open Access

General Perspective

- The Journal of Alloys and Compounds is an international peer-reviewed medium that disseminates original work Article Publishing Charge (APC): USD 3,660 (excluding taxes).

for the advance of the science of materiols comprising compounds and alloys. Its ... The amount you pay may be reduced during submission if
applicable.

Review this journals o policy

View full aims & scope

AKX
AL A E R e SCRR TS IR A OB R IR A A S /N A 2

< Journal of Alloys and... ¢+ @®

_ FEEDBACK

Journal of Alloys and Compounds

ISSN: 0925-8388

Review: &

MR Z2K

MATERIALS SCIENCE, MULTIDISCIPLINARY
MREZ: R83K

METALLURGY & METALLURGICAL
ENGINEERING /£ T# 2 K

Mega-Journal

Web of Science: SCIE



AL IR B X PRI 45 SRR B -
EXR1:

FRESR =

S 22260200 mE- 25k
orED: SRS CHI RO

FWHEE: Study on Microstructure and Tenzile Properties of Mickel-Based Wrought Superalioy GHAZED

e, | O EEIERERE SR HNEEER T, SRR AR DERRG
|| R, B ASHE- SR HIEE STENT L, FRAMES. 99k SUNTRMETSS 50

R 1L IRiESEE, BUEFIERET (), EEEENEE
© | 2. eETIERRITIERErEES (%ﬂ?ﬁﬁ%l . EET:EETEEHE‘M ﬁm%‘ﬁﬂ

= EEFG: | A (5

= SR EEsisEmns
FIRER b4

=5 32260200 =E: 25
wIrEe: T S S o 1 35 RS AR

FWEEH Study on Microstructure and Tensile Properties of Micksl-Based Wrought Superalloy GHA35D

TS e TS E CEESECHANEY, B ERES RSN T e B e

TEREL spesewsnmmn, FAE SERETT WIESES SSUSEE STARHIER, S oG0S

1. EHESESCE, D, SE S,
TTFRIMREEEL | ey, BRSNS, BRASRE () 1 () ; BAAEERAES E20VEEE

a

= BEF: | A (5T

- EESR Emms



SR =

£S5 72260200 mE. =5
HER: SESTTRESScHIsC R R

FWIEH: Study on Microstructure and Tensile Properties of Mickel-Based Wrought Superalloy GHA350
pe g p

- EEm. FEEVESRET AR S S CHAIS FEEIR RS, BET RS = ST,

ECEESEReE, SNl BeEn SXeETS SRSTetsR., SrsisSoalE, EEEE

| ITESeTRERASES, LSRR SEE;
1 BEEES, BEIET

* FEZ R
= BHEF: | A (5%

= THESR: EesirsmsE

TREE R SER THEER
- A (GE%) e
o A (GEF) EmEE

- A (G EmsiEEn



K5 TG132.3
=g, apan

FAAARHS . 10335
= = 22260209

[k A= VA9

W SEXHEEA S GHA350 A4 fnhr M g AT

x

TR E: Study on Microstructure and Tensile Properties

of Nickel-Based Wrought Superalloy GH4350

HAF A4

"W T

(AR IR

LRI ZNESIE MEHSH T
ERIAZDATECE MR TR

W F¢ U7 I BRI ELGE

A ALY = H il AR E A

FIr £ % B TR B
WA HH: —O—HRENANH




BB ettt I
ABSTRACT ... e 1111
= [ SO \Y
B T e 1
L1 BB BEAIE X oot 1
12 BEHRAEETHEEA L ROFIE LRI oo 3
1.3 GHA4350 B4 AT LLLLEEAL oo 5
1.3.1 BEVETEALTEZE oottt 5

1.3.2 JUIE TR TE Z oottt e 7
1.3.3 1 FEAEZL B cevveeceecee ettt 7

134y M N AEI AT EE AT A oo 9

1.4 GH4350 FALE AT THE SR oo 11
141 AT IE oo 11

142 BIVEFVALTE oo 12

143 BEREFALIE oo 13

BRI DR e i 1T - - c IO 16
151 A ZE S B AR FIE BT T oo 16

1520 GBI FAE T oot 16

1.6 GH4350 47 B BEFF T HE B oo 17
L7 BT I 2L et 18
BT MBI IE e s 20
2.1 SIBEAEREEI B oo 20
211 BEA BB e 20

2.1.2 BAAELTALIE (oo 21

213 FFERFELA oo 21

R R o TR 22



WL R B F i X

2.3 BEBETIR J7 7 vt 24
2.4 BIEEHMR G RAE T IE oo 25
241 AR EFE R BBE D oo 25
242 BB TE D HT oot 25
243 HBE F BB DI oo 26
244 BB F BB DT oo 27
2.5 Y M LU R A G BRI B oo 28
F=F AAEN GH4350 A2 HLWRHHR oo 29
3 Bl B e 29
32 AU T ERNBERL R IIIAE oo 29
33 EBERAEN 62 EmARTHEEAZ o, 33
3.3.1 GH4350 A4 B B oot s 33
332 AR AR T HE T Z e 38
333N AR EVE B2 G EI BT oo 39
3.4 BRI A A HAEEITIAE oo, 43
35N AT FE G I WHLE oo 50
I I 2K = =< O RO 50
352 WA RN ATEBRALIE .ottt 53
3.6 TR AR T A2 HA B A e 56
3.7 ARZE NS et 61
FWE GH4350 2B HERBEBEENRBER oo, 62
B.1 BB e s 62
42 EF A A RAEEZENRACE R IR s 62
43 @A N AREREN 6T E LRI s 65
44 @5 oA RAERT B2 WT RAT AT oo, 66
4.5 & Fn A oA RRAE AT GHA350 & i 4 8 R T ALH BT R v, 68
4.6 FR AR A AT PEBE BT BT oo 76
4.6.1 TR AR TR AIEELL oo 76

4.6.2 AT AL RSTBE S AL PE BE oo 79



BT FKZE/NEE oot 83
BHE ZBWERBE oo 85
5.1 B e 85
5.2 B oo e 86
B STHR oo 87



BE

#E

GH4350 2 — M= XN L EHAEETHEEA L, BémRuBE . ET
IR A7 A S T A, SF R & SR K R K, ElrRtR, AEH—FRE
FERIREZE 800 °C, Zha T RRB N MmmEt. BAEBRBUUR yHITEBRURETR
B, B yHEATHEE R AT D& n M, ZEERAELRPHEEE-HE S K
EE, nEHERRVEREGEXBH A FUHEZ—, S TREHNZARBAAE
%%X,H%%%ﬁkﬁ%GMﬁOﬁ%OTﬁ@@u&?%ﬂﬂo@?nﬁ%%ﬁ
Meetat B ENERW, AR AL AT R8s RARE AE Ak BT
%é%oH%,E%nﬁ%ﬁﬁﬁﬁ%%ﬁﬁﬁﬁﬁﬁﬁ%&m%%%Gmwoéﬁ
800 °C 157 i 41 14 M & B9 X AL 2 5 AL

AXLL GH4350 AH R EAF, EXHIUARBERER W IWEMLE, RAHRT
TR “EE-H R RS B b4 BMARK I, & THEE DAL E 800 °C
AR, BT RHMARG R MR ABRNE, REUTEES®:

(1) 1180°C/30h 3447 k4L 32 & % GH4350 A& 4 WAL AT, Hik%E A M. Z
HANTIZ AN ST, HRELRALRMRET ARER,

(2) BE AT AR EHA, GH4A350 &4 0 F 4 L4 in /L & T 1000°C. % B
BEA WHEEMEER, BT EEEERESHE, 752 30 um~500 um # Z &k
HEHREE LT AR RART «HEBEEEATERNALE 14 um, T4
ATATH N AT ET#—FAUE 12 pm, ELHE n HERGERE KGR R4

N

(3 n HETEAAFHREA, AR EN D EW R E R B, BLET —
REBRETFER n HAGREERE&EFRARER, FEFETHREARKE
WAER, #—FEEAME KRR E, TEER n MR HRAEEHERE y4H
BAAATH, EIIAE T E R

(O WLy RIKFE LA, BERFRAR n BHLERL yYHAZKX, R85
W, TREBANY B; ARk n HLEATALH, FLRIBRFAAMRALY
B, MMARnHESEHREFRAL A THBALY RELA, £ 800 °CH AL E 7



WL R B F i X

13%.

() WA HAIHEHFRE, REXHHEAEE. EATTNHRIAN =
BEA T, BTG EE TR E B EER .

(6) Lt 70 pm 486 E 30 um B, Hall-Petch & (R 4 JF A 52 E R F+, [
BB AR EREMEEREN EHKEE D, BERAFWR n HARXEFREARE
EFRRM, MUBERHFRE; MBELE—FHANE 4 pm i, BRREEHEIHER
#z0An |, Hall-Petch Ak, FEB nHBSERAREBEAYEER, Ry BEA
TR, —#B4FARERRBEE P RUBERSER, EE2LLZATHIE—FRD
EREMNEREKELZRA,

X # W REMAARERHNERSGS: BREAT: WAMRAE; nAE; A X
AE



ABSTRACT

ABSTRACT

GH4350 is a nickel-based wrought superalloy for fasteners, characterized by high tensile
strength, fatigue resistance, stress relaxation resistance, and corrosion resistance, coupled with
a low thermal expansion coefficient. Its superior comprehensive properties make it promising
for elevated temperature applications up to 800 °C. The alloy primarily achieves high strength
through grain refinement strengthening, solid solution strengthening, and 7y’ phase
precipitation strengthening. However, minor 1 phase precipitation accompanies y' phase
formation during heat treatment, with its evolution governed by temperature-time parameters.
Tensile properties constitute one of the critical mechanical characteristics for wrought
superalloys, bearing significant implications for the safe service of fasteners. This necessitates
in-depth investigation into the tensile properties and deformation mechanisms of GH4350 at
800 °C. The n phase exhibits dual effects on alloy performance: while its morphological
distribution can enhance strength by impeding dislocation motion, it may also serve as crack
initiation sites. Consequently, elucidating the precipitation kinetics of n phase and precisely
controlling its distribution characteristics emerge as the key scientific challenges for
optimizing the high-temperature tensile performance of GH4350 alloy at 800 °C.

This study focuses on self-melted GH4350 and systematically investigates the effects of
different "solution-aging" heat treatment regimes on the alloy's microstructure after
homogenization heat treatment and deformation processing. Based on typical microstructures,
tensile tests at 800 °C were conducted to reveal the correlation mechanism between
microstructure and tensile properties. The main conclusions are as follows:

(1) Through duplex-melting and homogenization treatment at 1180 °C for 30 h, dendritic
segregation and as-cast precipitates in GH4350 alloy are effectively eliminated. This
homogenization process provides a microstructural foundation for subsequent forging, hot
rolling, and cold rolling.

(2) Recrystallization behavior analysis indicates that the recrystallization onset
temperature of GH4350 exceeds 1000 °C. When the solution treatment temperature exceeds
the dissolution temperature of the n phase, gradient grain structures ranging from 30 um to
500 um are obtained without residual n phase by adjusting the solution temperature and time.
Solution treatment below the dissolution temperature refines grains to 14 pum, while pre-
precipitation of the n phase further reduces grain size to 12 um. However, this process

increases the residual n phase content and decreases grain size uniformity.
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(3) The precipitation kinetics of the n-phase exhibit significant dependence on aging
temperature. By adjusting the primary aging temperature, the n-phase morphology transitions
from short rod-like at grain boundaries to plate-like structures, eventually forming an
intragranular Widmanstitten structure at high temperatures. Further application of low-
temperature secondary aging can stabilize the plate-like n-phase morphology while promoting
the strengthening precipitation of y', achieving dual-phase synergistic strengthening.

(4) The crack propagation mechanism study reveals that both short rod-like and plate-
like m phases induce y’ phase free zones, leading to local softening and failing to hinder crack
propagation. Short rod-like n phase aligned along grain boundaries accelerates intergranular
cracking, while plate-like n angled to grain boundaries enhances crack resistance, boosting
800°C tensile strength by 13%.

(5) Plate-like n-phase strengthens grain boundaries, promoting deformation transfer to
the grain interior. The intragranular deformation mechanism exhibits a strong coupling effect
among dislocation pair shearing, stacking fault shearing, and the Orowan bypass mechanism.

(6) Refining grain size from 70 um to 30 pm boosts yield strength by nearly 10% via the
Hall-Petch effect, while reduced deformation per grain boundary increases calibrated
elongation. Plate-like n phases retain crack-blocking ability, maintaining ultimate tensile
strength. Further refinement to 14 um increases grain boundary density, intensifying sliding
and negating Hall-Petch strengthening. Concurrent n phase degeneration to short rods reduces
crack resistance, lowering both yield and ultimate tensile strengths, though further reduced
deformation per grain boundary sharply improves calibrated elongation.

KEY WORDS: Nickel-based wrought superalloy; fasteners; grain size; aging heat treatment;

n phase; tensile properties; deformation mechanism
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