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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.
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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 structur-
al stability under extreme thermal conditions, where conven-
tional materials would fail due to oxidation, creep, and fa-
tigue!' . Typical high-temperature alloy materials include
Ni-based superalloys, Co- based superalloys, Al- and Cr-based
high-temperature alloys and Pt—Al high-temperature alloys"™*
%) The demands of the modern aerospace industry, particularly
for aero engines, require enhanced thrust-to-weight ratios and
greater fuel efficiency at elevated temperatures, thereby ne-
cessitating the development of increasingly advanced
high-temperature alloy materials'".

Ni-based wrought superalloys are a class of advanced
high-temperature alloy materials that exhibit remarkable high
temperature properties including resistance to oxidation, fa-

tigue, and creep, and are extensively utilized in diverse indus-
trial sectors, including aerospace, energy, and marine ship-
ping[sfg]
space industry, represent a crucial category of Ni-based

. Fasteners, which are used extensively in the aero-

wrought superalloys. Their primary function is to join multiple
separate components into a single unit, making fasteners an
indispensable element in modern industry''**

GHA4350 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 °C!"'"**1. Consequently, it must
exhibit high tensile and yield strength, along with strong re-
sistance to fatigue, stress rupture, and stress relaxation'*"”.
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-
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markable properties required for such demanding applications.
Single-melting techniques such as vacuum induction melting
(VIM), vacuum arc remelting (VAR) and electro slag remelt-
ing (ESR) are utilized to produce high-quality superalloy in-
gots with fewer oxides, such as Al,O4 particles[z’g]. To further
enhance ingot quality, particularly by reducing inclusions, the
duplex-melting processes (e.g., VIM+VAR, VIM+ESR) or tri-
ple-melting (VIM+VAR+ESR) processes are employed in the
melting of GH4350 master ingots'™'>'").

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 re-
search 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 matrix for precipitation strengthening!'>">'****!]
In addition to the y' 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 factors can determine whether its
presence is beneficial or detrimental to the alloy's proper-
ties!™ 27,

This review takes a detailed examination of the chemical
composition of GH4350 and various heat treatments, charac-
terized by different microstructures, such as the distribution of
v’ and 1 phases. It aims to offer valuable insights for optimiz-
ing chemical composition and enhancing the existing proper-
ties of GH4350 with the goal of further increasing its service
temperatures.

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 MP159!">**), As
illustrated in Fig. 1(a), the y' phases are spherical, with an av-
erage diameter of 38 nm, and are uniformly distributed
throughout the y matrix'"”!. Additionally, plate-like or nee-
dle-like n phases predominantly precipitate at grain bounda-
ries, with a smaller fraction of finer n phases forming within
the grains!"*"”!. In contrast, Alloy 718, as depicted in Fig. 1(b)
and (c), is primarily strengthened by y” phases, with a minor
presence of spherical y' phases'*. Also, short rod-like & phas-
es and a small amount of blocky MC carbides are presented on
grain boundaries!'”. Alloy 718 Plus, shown in Fig. 1(d), is
mainly strengthened by y’ phases, accompanied by minor pre-
cipitations of 1 or & phases[zg]. Furthermore, as illustrated in
Fig. 1(e), Waspaloy alloy exhibits a bimodal distribution of vy’

phases, comprising spherical primary y’ phases and secondary
y' phases within the matrix, with carbides forming along grain
boundaries as a result of heat treatments''*. A similar distribu-
tion of y' phases is observed in GH4698, as shown in Fig.
1(H)P.

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 y’' phase and mn phase. Furthermore,
GHA4350 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 %!"*. Ob-
viously, GH4350 differs from other wrought Ni-based super-
alloys in elemental compositions. Alloy 718 adds more Nb
and less (Al+Ti), which leads to precipitations of = more y"
phases and less y' phases”' . The volume fraction of y”
phase in a wrought alloy 718 is reported nearly 3 times higher
than that of the y’ phase, estimated-at 17.8 % and 6.5 %, re-
spectively. However, at temperatures above 650 °C, the y”
phase transforms into the less desirable 6 phase, which nega-
tively impacts alloy performance. Alloy 718 Plus addresses
this issue by increasing Al and Ti content and adjusting the
AU/Ti ratio?. This modification promotes ' phase precipita-
tion, along with a small amount of n or 6 phase and raises the
service temperature by 55°C ****¥"], Similar to GH4350, op-
timized additions of Co and W aim to enhance mechanical
properties, thermal stability, and stress rupture properties
through solid solution strengthening>".

Increasing the volume fraction of the y' phase in superalloys
like alloy 718Plus can enhance their service temperature,
however, 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 y" phase volume fraction of around 30%
and enables it to withstand temperatures up to 750 °C, higher
than alloy 718Plus®* *'"\. But its processing properties are less
favorable compared to alloy 718Plus due to the higher volume
fraction of ¥’ phase and faster y' phase precipitation™. A sim-
ilar 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 characteristics. The relatively lower (Al+Ti)
content in GH4350 compared to other alloys listed in Table 1
may be intended to moderate y' phase formation, preventing
an excessive increase in deformation resistance, and thus al-
lowing '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 inter-



act with matrix and cause lattice misfit and modulus misfit
which will impede dislocation movement and enhance the
performance of superalloys'**!.

The solid solution strengthening effect of each element i
(Aosss;) has been quantitatively evaluated in Ni-X; binary al-
loy systems by many researchers and they. believe that the

solid solution strengthening effect results from the interaction

of solute atoms with dislocations'**". On this basis, Adggs;
[51,52].

L 1R
Aogssi=Kc;

can be calculated by

M

where K; and ¢; are strengthening constant and atomic per-
centage of solute element 7, respectively.

In the case of multi-component Ni-based superalloys, the
total solid solution strengthening effects (Aosss) can be as-
sessed by the method of Gypen and Deruyttere™:

12
Aogss=( X AUSSSiz)
Combining Eq. (1) and Eq. (2), the Aosss is expressed as:
Aosss=( ZiKizci)l/z
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Fig. 1 Typical microstructures of Ni-based wrought superalloys. (a) Microstructure of GH4350. (b) and (c) Microstructure of alloy 718. (d) Mi-

crostructure of alloy 718Plus. (e) Microstructure of Waspaloy alloy. (f) Microstructure of GH4698. (adapted from Refs.

[14,1 5,29,30,54])

Table 1 Chemical compositions of typical Ni-based wrought superalloys for fasteners(wt%)>>>*>"

Ni-based Ni Cr Co Mo W Nb Al Ti Fe C P+B Ta
718 Bal. 19 / 3.0 / 515 06 09 185 0.04 0.01 /
718 Plus Bal. 180 9.1 2.7 1.0 54 145 075 95 0.020 0.011 /
Waspaloy Bal.  19.0 135 4.0 / / 1.9 3.0 / 0.07 0.005 /
GH4698 Bal.  14.68 / 3.05 / 209 1.68 2.7 047 0.048 / /
GH4350 Bal. 17 25 3 2 1.2 1.0 22 / =0.025 =0.025 4

K; can be determined by analyzing 0.2 % flow stress ex-
perimental data on the solution strengthening of Ni-X; binary
alloys”*”\. The results are shown in Fig. 2. Elements with
larger K;generally indicate a greater potential for solid solu-
tion 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 sup-
eralloys. As shown in Fig. 2, adding Co atoms contribute to
solid solution strengthening. In addition, as a matrix element,
Co facilitates 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"****". Another im-
portant impact of Co addition is its influence on stacking de-
fects. Co reduces stacking fault energy which inhibits the
cross-slip motion of dislocations, thereby suppressing disloca-
tion annihilation and improving the ability of twinning, lead-
ing to enhanced strain hardening capability of the superal-
loyst™™:

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.



Alloying elements can be categorized into two groups based

on their partitioning coefficient k", as defined below"”:

kY=

1

“)

o
J.".<|- <

where c,-yr 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. (with k>1)P*%,

Secondly, these solid solution strengthening elements must
form a stable solid solution in the y matrix, which can contin-
uously hinder  dislocation movement. To maintain their
strengthening . effect, especially at high temperatures, these
elements should not diffuse extensively. This requires a low
diffusion rate in the matrix. The diffusion coefficient of ele-

ment i in the y phase at temperature 7, denoted as D; Ni, is
; [61-64].
given as follows :
i, Ni__ i, Ni 0N
Dy "'=Dj " exp <? ®)

where Df; 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 effect.

Table 2 diffusion coefficient calculation of typical ele-

ments at 7= 800 °C[6!:62:6>66]

element  DiN (m%s) - O™N(KkI/mol) DN (m/s)
Cr 5.2x10™ 289 4.45x107"8
Co 1.8x10™ 282 3.38x10™®
Mo 1.15x10™ 281 2.41x107"®
W 8.6x10° 264 1.21x107"®
Nb 8.8x10° 257 2.72x107"
Ta 2x107 251 1.21x10™7
Ti 4.1x10™* 275 1.69x10™"7
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
strengthening constants, indicating their significant contribu-
tion to the solid solution strengthening of the alloy[67]. These
elements primarily partition to the y matrix phase, and their
diffusion coefficients at high temperatures are relatively low,
which minimizes their tendency to diffuse out of the matrix.
As a result, they effectively maintain the solid. solution

strengthening effect, thereby significantly enhancing the al-
loy'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 ¥’ 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
v'-phase-forming elements can increase the deformation re-
sistance in Ni-based wrought superalloys, thereby diminishing
their cold or hot workability”®*.. 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%'*>""!. As a result, the volume frac-
tion of y' phase of Ni-based single crystal superalloys can
surpass 60 wt%!”' ™. Researchers have shown that Ta inhibits
the coalescence of the y’ phase during isothermal long-term
aging, thereby improving the microstructure stability of the y’
phase and increasing its volume fraction'* . Additionally, Ta
can enhance oxidation and thermal corrosion resistance of
superalloys in certain conditions””*".

The addition of Al, Ti, Nb and Ta of GH4350 actively con-
tributes to maintaining the structural integrity and stability of
the ' phase, effectively inhibiting its dissolution or structural
alterations at elevated temperatures. Consequently, the 7y’
phase continues to impede dislocation motion at high temper-
atures, thereby strengthening the alloy. This enhancement in'y’
phase stability is pivotal for ensuring the alloy retains its de-
sired properties.
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Fig. 2 Strengthening constants for solid solution strengthening in Ni.



(adapted from Ref. P
1.2 The precipitation phases of GH4350

Many studies have demonstrated that the precipitation phases
of GH4350 are y' phase and n phase ['>71320222836.688182) e
crystal structure of 1 phase is shown in Fig. 3(a). Apparently,
the stacking sequence is ABACABAC...... whichis a typical
kind of HCP crystal structure. Fig. 3(b) and (c) indicates the
microstructure of y’ phase and n phase by transmission electron
microscope (TEM) and the chemical compositions of them of
alloy K4750 respectively. The energy dispersive spectrometer
(EDS) results show that the 1 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 solid-
ification, leading to poor hot workability!®. To eliminate
the segregation, an appropriate homogenization heat treat-
ment 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 in-

ter-dendrites, and Cr, Mo and Al elements enriched in the
dendrites!"'. This segregation is accompanied by the pre-
cipitation of Laves phases and acicular phases in the in-
ter-dendrites, while dispersed y' phases are also precipitated
during the cooling process''". To mitigate these issues, a
homogenization heat treatment at 1180 °C for 40 h with
furnace cooling has been proposed, successfully eliminat-
ing elemental segregation and detrimental phases'".
Achieving a uniform microstructure with consistent ele-
mental composition requires a relatively long heat treat-
ment time, and researches on homogenization heat treat-
ments are limited. Therefore, careful design 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 precipi-
tation strengthening. Therefore, a comprehensive under-
standing of the control of precipitation phases in GH4350 is
essential. Scanning electron microscope (SEM) observa-
tions of samples. solution-treated at various temperatures
for 1h

Fig. 3 Crystal structure and chemical composition of 1 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. !
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'>*!),
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As indicated in Fig. 4, the n phase is significantly re-
duced

86.87) )

at 1055 °C. When the temperature rises to 1080 °C, only
sporadic n phase can be observed and it is completely dis-
solved at 1095 °C.

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. 2

If the alloy is solid-solution treated below the solvus
temperature of the n phase, such as at 1050 °C, the precipita-
tion of the n phase at grain boundaries may be utilized to con-
trol grain size like & phase®*™. As the temperature increases

from 800 °C to 1070 °C, the recrystallized grain size increases

slightly from approximately 10 pm to 14 pm while further in-
creasing temperature from 1080 °C to 1095 °C, the grain size
increases significantly, approaching 100 um, due to the lack of
n phase pinning at the grain boundaries™®*. Most reported sol-

id-solution temperatures of GH4350 are above the solvus



[12,13,15,21,

temperature of the n phase 68891 1t appears that con-

trolling grain size with the n phase is not the primary focus of
the solid-solution treatment but the complete dissolution of i
phase into the matrix is the ultimate goal. This approach may

help to prevent the continued growth of the n phase during

solid solution heat treatment'??.

1.3.3 Aging treatment of GH4350

Aging treatments are performed after solid solution to op-
timize 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
alloy'>*!.

During aging treated at 788 °C, the 1 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 temper-
atures. 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. In-
itially, the plate-like n phase precipitates at the grain bounda-
ries (Fig. 5(c) and (d)). With increasing aging temperature and
time, the 1 phase progressively grows from the grain bounda-
ries to the grains, forming a Widmanstitten 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 n phase is a
more stable at temperatures of 650 °C or above, which is con-
firmed by thermodynamic calculations of the phase stability of
Nimonic 263 that show the y’ phase is stable up to 750 °C
while 1 phase is stable up to 957 °CP"". 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**.

The chemical compositions of the y' and n phases are simi-
lar with their primary distinction being their crystal structures.
The y' to n transformation occurs through the introduction of
stacking faults into the y’ phase formed by the systematic pas-
sage of Shockley partials®®*"?" %I As shown in Fig. 6, theo-
retically, if one A layer is-added by the introduction of extrin-
sic stacking faults in y’ between B layer and C layer, the
stacking sequence will become ABACABAC ... which is ac-
tually 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 y’ phase, with y' precipitation-free zones (PFZs)
forming around each m precipitate. The above information
suggests a close relationship between n phase formation, the y'
phase, and stacking
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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 cor-
responding 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. (¢) and (f) are solid solution treated at 1100 °C for 1h+ ag-

ing-treated at 1000 °C for 3h and (e) is grain boundary area while (f) is grain interior. (adapted from Refs. (2%
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Fig. 6 Illustration of the y' to m transformation by the introduction of

extrinsic stacking faults. (adapted from Refs. (57}

faults. Additionally, Fig. 7(e)~(h) demonstrates that stacking
faults, induced by numerous paired dislocations, appear to
elongate and eventually transform into the growing n phase at
the expense of y’ 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 dispersive X-ray spectroscopy(EDX) map-

. . [93,94]
ping (Fig. 8(c)) .

These observations indicate that stacking faults in the 7y’
phase may serve as local nucleation sites for the n phase. Fig.
9(a) and (b) shows that the nucleation and growth of 1 phase
have two paths which n phase directly precipitates within ex-
tra-large y' (EL-y") when the coalescence of y' phases reaches
a critical stage or m phase precipitates at the interface between

 be

‘PFZ Dlssolvmg Y

l

small MC carbides and EL-y" with both MC carbides and n
embedded within EL-y™*",

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
nucleation and growth of n phase in the second path (with
MC-II carbide) occur more rapidly than in the first path
(without carbide)*”. This suggests that MC-II carbide is a
more effective provider of m phase-forming elements com-
pared to EL-y’ in this study.

Based on the preceding discussion, two criteria for the for-
mation and growth of the mn phase can be concluded: (1)
stacking faults initially serve as nucleation sites, and (2) suffi-
cient 1 phase-forming elements must be present during nucle-
ation and growth. To better regulate the microstructure and,
consequently, the properties of superalloys, further research
into the mechanisms of 1 phase nucleation and growth is nec-
essary. This will enhance our understanding and control over n
phase development.

2 Roles of n phase

To address the need for higher operating temperatures in
fasteners, increasing the amount of y’ phase strengthening el-
ements may enhance high-temperature performance. However,
at temperatures above 650 °C, the y’ to n| phase transformation
occurs, leading to a decrease in the y’ phase volume fraction
and consequently reducing its reinforcing effect. Therefore,
understanding the impact of the n phase on the properties of
superalloys is crucial.

Fig. 7 Typical micrographs of n phase growing by consuming vy’ 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 1 phase in K4750. (adapted from Refs, (857959
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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. )

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 n 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 m phase—needle-like, plate-like, granular, and short
rod-like (Fig. 10), each of which impacts the properties of
superalloys differently™**.

Rod-like

Sum

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

L401)

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 formation of grain boundary serrations whose magnitude
is increased with the increase of the inclination angle with re-
spect to the grain boundaries**’". Grain boundary serrations,
intergranular and intragranular n phase influence the proper-
ties of superalloys.

2.1 The effects of 1 phase on crack initiation and prop-

agation

Serrated grain boundaries induced by 1 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 fatigue test”*%. This suggests a potential benefi-
cial effect of the n phase-induced serrated grain bounda-
ries in impeding crack propagation along grain bounda-
ries.

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 duc-
tility by constraining grain boundary cavity growth®". These
findings collectively indicate that the m phases whether in
small sizes at grain boundaries or within a limited area frac-
tion may not necessarily 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 impeding cavity growth along grain bounda-
ries.

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 processes, stress concentration as a result of disloca-
tions accumulation and networks formation at the edges of n
precipitates can induce the initiation and propagation of mi-
cro-cracks™!. These observations suggest that the impact of 1
phases on crack initiation and propagation varies depending
on specific conditions, such as loading type (creep or fatigue)
and microstructural characteristics, underscoring the complex-
ity and multifaceted nature 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
understanding will greatly aid in optimizing superalloy de-
signs to harness beneficial effects or mitigate detrimental in-
fluences of the 1 phase on properties.

Fig. 11 The role of n phase during creep test. (a) Two grain boundary
cavities whose growth appears to be constrained by impinge-
ment on n phase platelet. (b) and (c) are backscattered electron
micrographs of STAL15-CC alloy after creep at 850 °C showing
secondary cracks forming around n layers at grain boundaries.
(adapted from Refs. 24?7

2.2 The effects of ) phase on dislocation hindering

As a precipitation phase, n phase is expected to contribute
to precipitation strengthening similar to the y' phase. For in-
stance, with aging time extending from 25 h to 100 h, the ul-
timate tensile strength (UTS) of alloy ATI 718Plus signifi-

cantly improves from 797 MPa to 860 MPa with an increased
% Nota-
bly, during this period, the volume fraction of y' phase de-
creases from approximately 32 % to 28 %’ 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

volume fraction of plate-like/needle-like 1 phases

amount of plate-like and needle-like n phases. TEM observa-
tions further confirm that the improved UTS is due to the hin-
drance 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 tem-
peratures. At 600 °C, dislocations are still impeded by intra-
granular n phases (Fig. 12(b)), however, the larger size and
higher mass fraction of y’ phases in Waspaloy are key factors

in hindering the movement of dislocations while the amount
of intragranular v phases in GH4350 is rather small, thus n
phases contribute little to the relaxation resistance at this tem-

Plate-like |0

perature, leading a better stress relaxation resistance of

Waspaloy than that of GH4350!"".

Fig. 12 Bright-field TEM observations of n phases and the disloca-
tions. (a) Grain boundary n phases and the dislocations in the
grain, (c) is the high magnifications of (a). (b) and (d) are micro-
structures of GH4350 after relaxation at 600 °C and 800 °C re-

spectively. (adapted from Refs.!'>)

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)
content to balance precipitation strengthening with deforma-
bility. 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 n,



which can be controlled through heat treatment at various
temperatures and durations. A homogenization heat treatment
at 1180 °C for 40 h with furnace cooling effectively removes
elemental segregation and undesirable phases, providing a
foundation for subsequent phase control.

3) The lower temperature limit for y’ phase precipitation is
between 650 °C 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-
manstitten morphology, and eventually dissolves completely
at temperatures nearing 1080 °C. Solid solution heat treatment
below this temperature may be able to control grain size
through the undissolved n phase.

4) The v’ 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, fa-
cilitated by the introduction of stacking faults. This transfor-
mation is accelerated in the presence of effective 1
phase-forming elements 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 prop-
erties such as creep resistance, tensile strength, fatigue re-
sistance, and stress relaxation resistance by reducing cavita-
tion, crack propagation, and hindering dislocation movement.
Conversely, a large volume of n phase with Widmanstitten
morphology can negatively impact mechanical properties, as
the brittleness of n phase and associated stress concentrations
lead to crack initiation and growth, ultimately depleting vy’
phase and diminishing its strengthening effect.
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