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Abstract: Inconel 718 is a Ni—Fe-based superalloy widely used in aerospace engines because of its excellent mechanical properties. However,
the inferior stability of the y” phase limits the application of Inconel 718, which coarsens rapidly at temperatures greater than 650°C. Further
improving the temperature tolerance of Inconel 718 requires optimization of the phase configuration via modification of the alloy’s chemical
composition. Given the aforementioned objective, this work was conducted to study the precipitation behavior and thermal stability of the
strengthening phases with various structures in modified Inconel 718 alloys by tailoring the Al/Ti ratio. With increasing AUTi ratio, three
particle configurations were formed: y'/y"” composite, isolated y’, and y'/y"/y’ composite particles. The results of aging tests demonstrate that the
isolated y' and the y'/y"/y’ composite structure exhibited better thermal stability at temperature as high as 800°C. The isolated y’ exhibited a re-
duced coarsening rate compared with the y'/y"/y’ composite particles because the isolated ¥’ phase was rich in Al, Ti, and Nb. However, the y'/y”
composite particles coarsened and decomposed rapidly during aging at temperatures greater than 700°C because of the lower stability resulting
from the larger number of y” particles. The obtained results provide necessary data for the compositional optimization of novel 718-type alloys.
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1. Introduction

Inconel 718 is one of the most widely used Ni—Fe-based
superalloys in acrospace engines because of its excellent cor-
rosion resistance, high strength, and good weldability. Its su-
perior high temperature mechanical strength is attributed to
the major y"-Ni;Nb precipitates (DO0,, structure) with a lens-
like shape and few y'-Ni;Al precipitates (L1, structure) with
an ellipsoidal shape[1-3]. However, the metastability of the
v" phase makes it transform into a stable orthorhombic &-
Ni;Nb phase during long-term exposure at temperatures
greater than 650°C [4-6]. The formation of the 8-Ni;Nb
phase results in deterioration of the properties of the alloy,
which affects the future application of this material in ad-
vanced turbine disks [7-9]. With the development of the avi-
ation industry, stricter requirements are being imposed on
turbine engines [10], necessitating the development of
wrought superalloys with enhanced stability at high temper-
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atures [11].

Researchers [12—17] have previously attempted to im-
prove the structural stability of Inconel 718 and to design
novel modified 718 alloys for use at temperatures greater
than 650°C via composition modifications. In the case of In-
conel 718 alloy, Al is critical to the formation of the y’ phase
and can increase the y' solvus and fraction; Ti plays an im-
portant role in the formation of the y” phase. By comparison,
Nb exhibits no obvious ability to promote the precipitation of
v'; however, Nb can dissolve into the y' lattice and improve
the thermal stability of the y' phase [18]. Previous works
[15-17,19-21] have attempted to regulate the constituents of
the y” and vy’ phases by adjusting the relative Al, Ti, and Nb
contents. Enhancing the Al + Ti content and Al/Ti ratio can
not only change the y’ solvus and proportion of y” and y'
phases [18] but also inhibit the formation of § and n phases
[21-22]. More important, the morphology of strengthening
precipitates appears to change with compositional modifica-
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tions [23-24]. Cozar and Pineau [25] first discovered y"/y’
particles with a compact morphology by changing the com-
position of Inconel 718 superalloy such that cubic y’ precipit-
ated in the middle, whereas y” formed at the six y'/y inter-
faces. Similar works [26-27] have confirmed that modified
Inconel 718 superalloys with compact morphology exhibit
enhanced thermal stability because the compact precipitates
grow more slowly. For other cases, y” and y' precipitates can
form y'/y" and sandwich-like y"/y'/y" coprecipitates [25].
However, these coprecipitates can also suffer rapid coarsen-
ing at temperatures greater than 650°C because of the exist-
ence of the y” phase; this problem remains to be solved.

Because its lattice structure is identical to that of the y
matrix, the y' phase exists in a coherent state, and is more
thermally stable than the y” phase [28-29]. One of the meth-
ods is to form another sandwich-like structure of y'/y"/y’, in
which the growth and coarsening of the intermediate y” phase
are suppressed by y’ phase on the both sides. The other idea is
to convert the y” strengthening alloy into a predominantly y’
strengthening alloy. These two structures are expected to
achieve higher thermal stability of the developed Inconel 718
superalloys.

In the present paper, to evaluate the thermal stability of
precipitates with various morphologies, three precipitates—
v'/y" composite, isolated y’, and y'/y"/y' composite precipit-
ates—were obtained by modifying the Al/Ti ratio of Inconel
718 alloy; their precipitation behaviors and thermal stabilit-
ies were compared via aging treatments. On the basis of the
experimental results, the dependence of the precipitation
mechanisms on the Al/Ti ratio was discussed and the rela-
tionships between morphology, chemical composition, and
thermal stability of the y” and y’ phases were investigated.
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2. Experimental

The experimental materials were processed through the
powder metallurgy spark plasma sintering (SPS) route. To
obtain samples with different Al/Ti ratios, Al (3NS5 purity,
~48 um), Ti (4N purity, ~ 48 um), and conventional 718 al-
loy powder (~48 um) were mixed in different weight ratios
and stainless steel balls were put into the stainless steel con-
tainer for grinding. The weight ratio between the balls and
mixed powders was chosen as 10:1. All of the aforemen-
tioned operations were performed under an argon atmo-
sphere. A planetary ball mill was used for mechanical alloy-
ing. After being ground for 5 h, the powders were collected,
pressed into a cylindrical shape in a graphite die, and then
sintered under vacuum in an SPS machine. The temperature
was increased to 800°C at a rate of 100°C/min and then to
higher temperatures at a rate of 50°C/min. When the temper-
ature was ramped to 1100°C, the mixed powders were main-
tained at a pressure of 40 MPa for 10 min. The cylindrical
specimens 20 mm in height and 20 mm in diameter were ob-
tained by SPS sintering; their chemical compositions are
shown in Table 1. After SPS, samples were removed for ho-
mogenization at 1190°C for 24 h and then cooled to room
temperature in air. A heat treatment procedure for conven-
tional 718 alloy was adopted for all of the modified alloys as
follows: solution treatment (samples were kept at 980°C for
1 h and then cooled to room temperature in air) + double
aging (samples were kept at 720°C for 8 h, then cooled to
620°C in the furnace, and kept at 620°C for 8 h next, then
cooled to room temperature in air). To investigate the thermal
stability of the precipitates with different structures, the spe-
cimens were subjected to an aging treatment at 700 or 800°C
for different periods.

Table 1. Chemical compositions of the explored modified Inconel 718 alloys processed by SPS wt%
Specimen Ni Cr Co Mo Nb Al Ti Fe
Al/Tiratio = 1:1 50-55 19.72 0.09 2.92 4.97 0.78 0.78 Bal.
AV/Ti ratio = 2:1 50-55 19.72 0.09 291 4.97 1.56 0.80 Bal.
AV/Ti ratio =~ 3:1 50-55 19.70 0.09 291 4.96 2.32 0.82 Bal.

To characterize the microstructure of the modified Incon-
el 718 alloys after heat treatment, SiC abrasive papers were
used to polish the surfaces of the specimens; the surfaces of
the specimens were then treated by chemical etching. The
composition of the adopted etchant was 5 g CuCl, + 100 mL
HCI1 + 100 mL CH;CH,0H, and the etching time was 5 min.
The morphologies of precipitates were observed by scanning
electron microscopy (SEM), and the magnified morpholo-
gies and chemical composition of the local phase were char-
acterized by energy-dispersive spectroscopy (EDS). The
magnified morphologies were further observed by transmis-
sion electron microscopy (TEM). For the preparation of the
TEM specimens, 0.3 mm-thick sheets were cut from the heat-

treated superalloy samples; the foils were ground to a thick-
ness of 50 mm using SiC abrasive paper, and electro polish-
ing was performed using an electrolytic solution (5vol%
HCIO, + 95vol% CH;CH,OH). All specimens were tilted to-
ward the {001} zone axis for detection of the y” and y’ pre-
cipitates.

3. Results and discussion

3.1. Thermal stability of precipitates with varied struc-
tures

3.1.1. y'¥" coprecipitates (Al/Ti ratio = 1:1, wt%)
After the standard solution + two-stage aging heat treat-
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ment, intragranular coprecipitation was observed in the mod-
ified alloy with an Al/Ti ratio of 1:1 (Wt%), as illustrated in
the dark-field TEM image in Fig. 1(a). The average particle
size was calculated to be approximately 20 nm. The typical
diffraction pattern along the [001], direction (Fig. 1(b))
clearly indicates the bimodal super lattice diffraction patterns
of the y” and ¥’ phases on the y matrix; thus, these coprecipit-
ates can be described as spherical y' particles covered by one
or two y" particles on its surfaces.

Afterwards, the samples were aged at 700°C for 100 h to

explore the evolution of the coprecipitates; the correspond-
ing SEM morphology is shown in Fig. 2(a). The intragranu-
lar particles exhibit a nearly spherical morphology, which is
actually a composite structure; the average particle size in-
creased slightly from ~20 to ~30 nm, indicating that the y'/y"-
coprecipitates were still stable after aging at 700°C for 100 h.
When the aging time was extended to 1000 h, the y'/y"-
coprecipitates decomposed and the y” precipitates coarsened
to larger disk-like shapes, whereas the y' precipitates re-
mained fine and spherical (Fig. 2(b)).

5 1/nm

Fig. 1. Dark-field TEM morphology and diffraction pattern of the intragranular particles after solution + two-stage aging cycles in
the modified Inconel 718 alloy (Al/Ti ratio = 1:1): (a) dark-field TEM morphology of the y'/y" coprecipitates; (b) diffraction pattern
along the [001], orientation; the super lattice reflection for spherical y’ precipitates is encircled in white, and the y” phase is encircled

in white and green.
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Fig. 2. SEM morphologies of the intragranular particles after aging at 700°C for different times in the modified Inconel 718 alloy
(Al/Ti ratio = 1:1): (a) spherical y'/y"’ coprecipitates aged for 100 h; (b) coarsened disk-like Y’ and spherical y’ particles aged for 1000 h.

To further verify the thermal stability of the y'/y"-
coprecipitates, the prepared sample after the standard solu-
tion + aging treatment was aged at 800°C for 100 h; the SEM
and TEM morphologies are shown in Figs. 3(a) and 3(b), and
the corresponding composition of the ¥’ phase indicated by
arrow in Fig. 3(a) is presented in Fig. 3(c). The y” phase grew
faster than the y' phase at 800°C; therefore, the vy'/y”
coprecipitates decomposed rapidly into two independent
phases of y” and vy', respectively. The y” phase grew large,
whereas the ¥’ phase remained tiny. The average particle size
of the y” phase increased from 20 to 200-500 nm, whereas

the vy’ phase remained fine and spherical.

Interfaces play an essential role in the thermal stability of
precipitates for the modified Inconel 718 alloys [29]. Previ-
ous studies [28,30-31] confirmed that the atoms at both sides
of the interfaces of y"/y', y'/y, and y"/y are perfectly matched
to each other; therefore, the interfaces are completely coher-
ent, which effectively hinders the diffusion of Al, Ti, and Nb
atoms at the interfaces. According to the formation mechan-
ism of precipitates [32], the growth of wide faces of plate-like
precipitates is inhibited at fully coherent or semi-coherent in-
terfaces. Therefore, the coarsening of the y” phase in the ver-
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Fig. 3. SEM (a) and dark-field TEM (b) morphologies of the intragranular particles in the modified Inconel 718 alloy (Al/Ti ratio =
1:1) after aging at 800°C for 100 h; (c) the EDS result of the y’ phase in (a).

tical direction of the disk plane becomes difficult, whereas
the y” phase can grow to a larger size along the parallel direc-
tion of the disk plane. In the y'/y" coprecipitate composite
structure, the y” phase still grows along the parallel direction
of the disk plane. Because of the different coarsening rates of
the y” and y' phases, the coherency of the y"/y" interface is
destroyed during the long-term aging process; thus, the y'/y"”
coprecipitate composite structure disappears. As a result, the
y'/y" composite structure remains unstable at temperatures
greater than 650°C.
3.1.2. Isolated y' phase (Al/Ti ratio = 2:1, wt%)

After the standard solution + two-stage aging cycles, fine

100 nm

spherical precipitates were observed in the modified alloy
with an Al/Ti ratio of 2:1 (wt%), as shown in Fig. 4(a). The
average particle size of the precipitates is approximately 10
nm. The selected-area diffraction pattern ([001],, Fig. 4(b))
confirms that only the L1,-y" superlattice diffraction pattern is
observed, whereas the reflections corresponding to the y”
phase are missing, indicating that the y” phase is not present
in this modified alloy. The specimens were aged at 700°C for
100 to 1000 h to investigate the thermal stability of the y’
phase and to detect the possible precipitation of the y” phase;
the corresponding SEM morphologies are shown in Fig. 5.
During the aging process from 100 to 1000 h, the intragranu-
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Fig. 4. Dark-field TEM morphology and diffraction pattern of the intragranular particles after solution + two-stage aging cycles in
the modified Inconel 718 alloy (Al/Ti ratio = 2:1): (a) dark-field TEM morphology of the isolated spherical Y’ particles; (b) the corres-
ponding diffraction pattern along the [001], direction; the super lattice reflection for spherical y’ precipitates is encircled in white.
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Fig.5. SEM morphologies of the intragranular spherical y’ particles after aging at 700°C for (a) 100 h and (b) 1000 h in the modi-

fied Inconel 718 alloy (AV/Ti ratio = 2:1).

lar particles remained spherical, whereas the average size in-
creases from ~30 nm for 100 h (Fig. 5(a)) to ~50 nm for
1000 h (Fig. 5(b)). Therefore, the y" phase disappeared when
the Al/Ti ratio was changed to 2:1, and the results show that
the isolated spherical Y’ phase exhibits improved thermal sta-
bility at 700°C compared with the y'/y” coprecipitates.

To further evaluate the thermal stability of the isolated y’
phase for temperatures higher than 700°C, the samples after
standard solution + aging treatment were annealed at 800°C
for 100 to 500 h, during which the y’ phase retained its spher-
ical shape and its average particle size increased from ~60 nm
at 100 h (Fig. 6(a)) to ~100 nm at 500 h (Fig. 6(b)). In com-
parison with aforementioned aging results at 700°C, the isol-
ated y' phase coarsened more rapidly at this case. According
to the EDS analysis presented in Fig. 6(c), the y’ phase in this
modified alloy with an Al/Ti ratio of 2:1 (wt%) is rich in Al
(4.7, wt%), Ti (3.3, wt%), and Nb (10.6, wt%) compared
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with the alloy with a modified Al/Ti ratio of 1:1. Previous
studies have confirmed that Nb has a certain solubility in the
y' phase [18,33]; thus, increasing the proportion of the v’
phase in the alloy leads to an increase in the total content of
Nb in the ¥’ phase, thereby reducing the amount of Nb in the
matrix, and preventing the formation of the y” phase. Nb re-
duces the coarsening rate of the y' phase because of its nature
of sluggish diffusion kinetics as well as its high melting
point. Therefore, the dissolution of Nb in the y’ phase and the
disappearance of the y” phase impart the isolated spherical y'
phase with improved thermal stability at enhanced temperat-
ures.
3.1.3. y'"/y' composite structure (Al/Ti ratio = 3:1, wt%)
The Al/Ti ratio was increased to 3:1 (wt%), and the
samples after the standard solution + aging treatment were
aged at 700°C from 100 to 1000 h; the corresponding SEM
morphologies of the precipitates are shown in Fig. 7(a)

Element Content / wt%
AL (K) 4.7

Ti (K) 3.3

Cr (K) L6

Fe (K) 3.0

Ni (K) 76.8

Nb (K) 10.6

Fig. 6. SEM morphologies of the intragranular y' particles after aging at 800°C for (a) 100 h and (b) 500 h in the modified Inconel

718 alloy (AV/Ti ratio = 2:1); (c) the EDS result of the y’ phase in (a).
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(100 h) and Fig. 7(b) (1000 h), respectively. The intragranu-
lar strengthening particles remain spherical, similar to the
isolated vy’ in the modified alloy with an Al/Ti ratio of 2:1
(Wt%), and the particle size reaches ~60 nm after 1000 h. The
dark-field TEM image of the spherical precipitates is presen-
ted in Fig. 8, where a particle is defined as an ellipsoidal
phase embellished with a disc-shaped core in the middle. The
selected-area electron diffraction (SAED) pattern along the
[001], direction indicates the superlattice reflections of both
L1,-y" and DO0,,-y"; thus, this composite precipitate is determ-
ined as y'/y"/y', where a thin y” phase exists on ellipsoidal y’
particles. In comparison with the modified Inconel 718 alloy
with an Al/Ti ratio of 1:1 (wt%), the composite y'/y"/y" pre-
cipitates in this alloy appear to have smaller sizes after aging
at 700°C for 1000 h (Fig. 7(b)); thus, the y'/y"/y" composite
structure exhibits improved thermal stability compared with
the y'/y" composite structure aged at 700°C.

The samples after standard solution + aging treatment are
subjected to aging at 800°C from 100 to 500 h, and the cor-
responding SEM morphologies of the intragranular phase are
shown in Fig. 9, where the composite y'/y"/y' precipitates re-
main spherical after the aging treatment at 800°C. Further-
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more, the y'/y"/y' composite precipitate only increases in
particle size; no decomposition occurs during the aging pro-
cess. Under the same aging conditions at 800°C, the amount
of spherical Yy’ precipitates increases when the Al/Ti ratio is
increased from 2:1 to 3:1; this effect is induced by the in-
crease in the Al concentration [32]. Otherwise, the compos-
ite y'/y"/y' precipitates showed faster coarsening behavior
than the isolated y' phase at 800°C.

The composite structure and matching interfaces between
the precipitates are believed to play an essential role in the
thermal stability. In Inconel 718 alloy, Al atoms are segreg-
ated at the y'/y" interface [34-35] and the segregation of Al
atoms suppresses the diffusion of Nb from the y’ to the y”
phase, and inhibits Al from the y” to the y' phase; thus, the
precipitates retain their stable composite structure [36].
Meanwhile, more Nb dissolves into the y' phase because of
the increase in Al concentration, and the diffusion of Nb in
the ¥’ phase is restricted by the matching interface between y”
and y'; therefore, the y" growth is limited by adjacent y" and
the coarsening process of the y'/y"/y' composite precipitate is
mainly controlled by the y’ phase. In addition, the coherency
relationship between y"/y, y'/y, and y"/y' also promotes the

Fig. 7.
(b) 1000 h in the modified Inconel 718 alloy (Al/Ti ratio = 3:1).

.

100 nm

SEM morphologies of the intragranular spherical composite precipitates (y'/y"/y') after aging at 700°C for (a) 100 h and

Fig. 8. Dark-field TEM morphology and the selected-area electron diffraction pattern after aging at 700°C for 1000 h in the modi-
fied Inconel 718 alloy (AVTi ratio = 3:1): (a) dark-field TEM morphology of the spherical composite precipitates (y'/y"'/y"); (b) the
SAED pattern along the [001], direction; the super lattice reflection for both y" and y".
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Fig. 9. SEM morphologies of the intragranular spherical composite precipitates (y'/y"/y") after aging at 800°C for (a) 100 h and (b)
500 h in the modified Inconel 718 alloy (AV/Ti ratio = 3:1); (c) the EDS result of the y' phase.

stability of the y'/y"/y" precipitates. This stability, combined
with the aforementioned reasons, is responsible for the com-
posite precipitate (y'/y"/y") exhibiting greater thermal stabil-
ity than the coprecipitate (y'/y").

3.2. Role of Al/Ti ratios on precipitation behavior

Al is a y'-forming element and can increase the ¥’ solvus
and fraction [37]; thus, the Al concentration has a critical in-
fluence on the precipitation behavior of the y" and y” phases
in Inconel 718 alloy [38]. With an increase of the Al content,
the y" and y’ phases changed into isolated or composite pre-
cipitates with improved structural stability compared with
that of conventional Inconel 718 alloy at elevated temperat-
ures. The experimental results demonstrate that a higher
Al/Ti ratio results in a larger amount of fine, spherical precip-
itates. Engel-Brewer theory proposed that the number of s
and p valence electrons determined the crystal structure of the
compound [39]. Analysis of the ratio between the concentra-
tion of electrons and atoms indicates that the precipitation of
the L1,-y’ phase can occur in a certain range of electron/atom
(e/a) ratios and that the most effective ratio is 3.0. Because
the e/a ratio of Al is 3.0, Al promotes the formation of the y’
phase [40]. Simultaneously, the addition of Al reduces the
lattice parameters of the matrix and the metastable phase, res-
ulting in a decrease in interfacial energy. Therefore, increas-
ing Al addition can convert the Inconel 718 alloy into a pre-
dominantly y" strengthening alloy, with improved thermal
structural stability.

When AV/Ti ratio = 1:1, the y" generates first, forming an
Nb-rich region nearby so that the y” nucleates in the same

direction on both sides of y' particle and finally forms y’/y"
coprecipitates. When Al/Ti ratio = 2:1, the increase of the Al
content induces the formation of more y' phase. Because the
Al atoms in the y' lattice can be replaced by Ti and Nb, more
Nb is dissolved in the ¥’ phase (Table 2), resulting in a de-
crease in the Nb content in the matrix to reduce y” formation;
in this case, only isolated y' phase forms after aging because
of the increased Al/Ti ratio of 2:1. At this point, the Al and
Nb contents reach a relative equilibrium state, enabling the v’
phase to exist without the formation of the y” phase. When
Al/Ti ratio = 3:1, the excessive Al content reduces the Nb
concentration in the ¥’ phase to some extent, which leads to a
portion of the Nb in the forming y"-phase precipitates; thus,
another composite y'/y"/y" structure is formed. Here we pro-
pose a hypothesis for the y” formation mechanism. At the be-
ginning of the aging stage, the fresh spherical y’ phase is rich
in more Nb; as a result, the lattice distortion and internal en-
ergy of the y' phase increases because of the large atomic size
and number of Nb atoms. To stabilize the y’ phase, some Nb
atoms dissolve into the matrix, which reduces the lattice dis-
tortion of the y’ phase. The increase of the Nb content in the
matrix promotes the formation of some y” phase. However,

Table 2. Chemical compositions of the formed y' phase in the
modified Inconel 718 alloys with different Al/Ti ratios after the

samples were aged at 800°C for 100 h wt%
Specimen Al Ti Nb
Al/Tiratio ~ 1:1 0.3 1.2 8.2
Al/Ti ratio =~ 2:1 4.7 33 10.6
Al/Ti ratio ~ 3:1 1.5 1.6 9.2
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the formation mechanism of this structure is still not clear and
further research is needed. Nonetheless, it is speculated that
changing the Al/Ti ratio can lead to the formation of an isol-
ated y' strengthening phase but its formation only occurs
within a certain ratio range. A comparison of the composi-
tion with that of ATI 718Plus [41] suggests that the transition
of the strengthening phase depends on the Al/Ti ratio, espe-
cially the Al content.

The aforementioned results reveal that the thermal stabil-
ity of precipitates depends on the morphology and elemental
compositions. Because the y’/y" interface is coherent, the
y'/y" coprecipitates exhibit good thermal stability within a
short aging time. With the extension of the aging time, the
coherency the crystallographic relationship at the interface is
destroyed because of the different coarsening rates of the y’
and y" phases, and the y'/y" composite structure decomposes.
The aging results demonstrate that the y'/y"/y’ composite pre-
cipitates are more stable than the y'’/y” composite precipitates
and that the coarsening of the y'/y"/y" composite structure is
mainly controlled by the y' phase. On the one hand, the y'
phase in the y'/y"/y" composite structure contains more Nb
(Table 2), which inhibits the growth of the y” phase. On the
other hand, the Al atoms enriched at the y'/y" interfaces
hinder the atomic diffusion of Nb, which restrains the growth
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m&:‘
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of the y" phase.
3.3. Coarsening behavior of the isolated y' and y'/y"' /v’

Previous studies [42—45] in the traditional Inconel 718 al-
loy have shown that the coarsening of the y”” and y' phases is
controlled by atomic diffusion, following the
Lifshitz—Slyozov—Wagner (LSW) theory [7]. Similarly, the
coarsening of isolated spherical y' phase and composite struc-
ture precipitates (y'/y"/y") still follows the LSW theory, as
shown in Fig. 10; that is, a relationship exists between the
precipitate phase size (d,’, where d, is the average particle dia-
meter after aging for time #) and the aging time (#). As the
aging temperature increases, the coarsening rate of the pre-
cipitate increases rapidly (Figs. 10(a) and 10(b)). At the same
aging temperature, the coarsening rate of the isolated y’ phase
is lower than that of the composite precipitates (y'/y"/y")
(Figs. 10(c) and 10(d)) because the isolated y' phase has a
higher Nb content than the Yy’ phase in the y'/y"/y’' composite
precipitates (Table 2); the Nb content can effectively lower
the y' coarsening rate [46]. In addition, increasing the Al con-
tent promotes the formation and growth of the y' phase; thus,
the coarsening rate of the isolated y' is lower than the y'/y"/y’
composite precipitates with Al/Ti ratios increasing from 2:1
to 3:1.

—=— 800-500-Al : Ti = 3:1 (b)
e 700-1000-Al : Ti = 3:1

| —=— 700-1000-Al : Ti = 3:1 (d)
s~ 700-1000-Al : Ti = 2:1

0 200 400 600 800 1000
t/'h

Fig. 10. Coarsening curves of the Yy’ and y'/y"/y’ precipitates of the modified Inconel 718 alloy with different Al/Ti ratios: (a) aging
at 800°C for 500 h and aging at 700°C for 1000 h (AV/Ti ratio = 2:1); (b) aging at 800°C for 500 h and aging at 700°C for 1000 h
(AV/Ti ratio = 3:1); (c) aging at 800°C for 500 h (Al/Ti ratio = 3:1 and 2:1); (d) aging at 700°C for 1000 h (Al/Ti ratio = 3:1 and 2:1).

4. Conclusions

The precipitation behavior and thermal stability of precip-

itates with various morphologies in modified Inconel 718 al-
loy were investigated by aging at 700—-800°C for 100—-1000 h.
The following conclusions have been reached.
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(1) Three types of precipitates configuration are formed
through modification of the Al/Ti ratios: y'/y" coprecipitates,
isolated spherical ', and Y'/y"/y’ composite precipitates,
which are obtained in modified Inconel 718 alloy with Al/Ti
ratios of 1:1, 2:1, and 3:1 (wt%), respectively.

(2) The isolated vy’ and y'/y"/y' composite precipitates ex-
hibit better thermal stability at temperature as high as 800°C.
The isolated y' phase exhibits a lower coarsening rate com-
pared with the y'/y"/y" composite particles because the isol-
ated y' phase is rich in Al, Ti, and Nb. The y'/y" coprecipit-
ates coarsen and decompose quickly during thermal aging at
temperatures greater than 700°C because of the lower stabil-
ity resulting from the larger number of y” particles.
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