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Abstract: Inconel 718 is the most popular nickel-based superalloy and is extensively used in aerospace, automotive, and energy indus-
tries owing to its extraordinary thermomechanical properties. The effects of different two-step solid solution treatments on microstructure
and o phase precipitation of Inconel 718 alloy were studied, and the transformation mechanism from y” metastable phase to 6 phase was
clarified. The precipitates were statistically analyzed by X-ray diffractometry. The results show that the 6 phase content firstly increased,
and then decreased with the temperature of the second-step solid solution. The changes in microstructure and & phase were studied by
scanning electron microscopy and transmission electron microscopy. An intragranular 6 phase formed in Inconel 718 alloy at the second-
step solid solution temperature of 925°C, and its orientation relationship with y matrix was determined as [100]5//[01 T]7 and
(010)¢//(111),. Furthermore, the Vickers hardness of different heat treatment samples was measured, and the sample treated by second-step

solid solution at 1010°C reached the maximum hardness of HV 446.84.

Keywords: Inconel 718 alloy; two-step solid solution treatment; & phase; y"—0 transformation

1. Introduction

Applied since the 1960s, Inconel 718 alloy has emerged as
the most successful nickel-based wrought superalloy for aer-
oengines [1]. This precipitation-strengthened nickel-iron-
based alloy possesses better forging and welding properties
than other wrought superalloys [2—4]. Additionally, it exhib-
its excellent fatigue and creep rupture properties. The com-
bination of these desirable mechanical properties and its flex-
ible machinability has made Inconel 718 the globally pre-
ferred material for elevated temperature applications and
static/rotating loads, such as in turbine disks, compressor
disks, guide vanes, fastening bolts, and pipes [5—7].

Inconel 718 alloy is a typical precipitation-strength-
ened superalloy with y”-NisNb (D0y,) and L1, ordered y'-
Ni3(AlTi) phases precipitated on y matrix (face-centered cu-
bic, FCC) [8-9]. During certain heat treatments and long-
term service, 6-Ni;Nb (D0,) precipitates along grain bound-
aries and within grains. The main precipitates of Inconel 718
alloy are y”, v/, and § phases, which have a decisive influence
on its processing and service properties [10—11]. In particu-
lar, y" phase is metastable and can transform into a noncoher-
ent, stable 6 phase with an orthorhombic structure when ex-
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posed to temperatures exceeding 650°C for extended periods
[12-15]. Precipitating an appropriate amount of & phase at
the grain boundary can inhibit grain growth and improve the
ductility of the material. However, intracrystalline & phase is
a harmful phase, resulting in significant hardening and in-
creased brittleness of the material. Therefore, studying the
precipitation behavior of § phase and the transformation
mechanism of y” to & phase during heat treatment is neces-
sary to improve the properties of materials [16—17].
Research on Inconel 718 alloy focuses on the comparat-
ive analysis of existing heat treatment systems, evolutions of
precipitation phase, and performance after aging [18-23]. Bai
et al. [24] and Rao et al. [25] revealed that solution temperat-
ure has a significant impact on the microstructure and prop-
erties of Inconel 718 alloy. With increasing solution temper-
ature, the & phase content increases first and then decreases.
In addition, increasing the solution temperature can signific-
antly improve the stress fracture life and fracture ductility of
the alloy. An et al. [26] found that after two-stage solid solu-
tion treatment, the grain growth is effectively controlled, and
the 6 phase precipitation is promoted. Cao efal. [9] and
Theska efal [27] further observed that during two-stage
aging, coarse y" phases also form with the precipitation of
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fine y” phases. In addition, conventional aging heat treatment
at 900°C can result in the precipitation of coarse y” phase.
With duration of aging, the coarse y” phase is completely re-
placed by the 6 phase [28]. In summary, solid solution and
aging treatments have an important and complex influence on
the 6 phase precipitation in Inconel 718 alloy.

Inconel 718 alloy is usually delivered in a solid solution
state for practical applications, and solid solution and aging
treatments are carried out again after subsequent welding or
machining, resulting in a two-step solid solution and aging
heat treatment [29]. In addition, the two-step solid solution
can promote the formation of & phase, control its morpho-
logy and distribution, and obtain alloys with different 6 phase
contents. Therefore, the effects of second-step solid solution
temperature on the precipitation of & phase and the trans-
formation of y” to 6 phase were studied. In this work, the ex-
perimental solid solution time was selected as the holding
time of the two-step solid solution treatment, and the holding
time of each group was the same. The second-step solid solu-
tion temperature was determined according to the precipita-
tion temperature of the & phase. Given that 960°C is the peak
temperature of § phase precipitation, the second-step solid
solution temperature must be higher or lower than this tem-
perature. A small temperature interval was used to observe
and control the effect of solution temperature on the precipit-
ation and transformation of  phase.

In this study, the effect of two-step solution treatment on
the microstructure and 6 phase precipitation of Inconel 718
alloy was systematically investigated. The evolution of &
phase and its effect on Vickers hardness during the two-step
solution treatment were studied. In addition, the transforma-
tion mechanism of y" metastable phase to ¢ phase was clari-
fied. The results provide a significant reference for optimiz-
ing the microstructure and heat treatment of Inconel 718.

2. Experimental

The experimental material was commercially forged In-
conel 718 alloy produced by Baoshan Iron & Steel Corpora-
tion, China, using vacuum induction melting and vacuum arc
remelting techniques, followed by homogenization at 1200°C
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for 24 h. The chemical composition of the material is shown
in Table 1. After multipass high-temperature forging deform-
ation, a bar with a diameter of 65 mm was finally obtained.
The samples were subjected to two-step solid solution and
aging treatment to study the effects of the & phase on the al-
loy. For the two-step solid solution, the first step was per-
formed at a solution temperature of 980°C for 1 h, followed
by water cooling (WC). The second step was performed at
temperatures of 925, 940, 954, 968, 980, and 1010°C for 1 h
each, followed by air cooling (AC). After the solid solution
treatment, an aging treatment was carried out. The temperat-
ure was held at 720°C for 8 h, followed by furnace cooling
(FC) to 620°C for 8 h and AC. All these treatments were car-
ried out in a box furnace, and the detailed settings are listed in
Table 2. The samples subjected to the two-step solid solution
treatment were distinguished by the second-step solid solu-
tion temperature, and the comparison samples without two-
step solid solution treatment were named “AGE.”

After mechanical grinding and polishing, the samples with
different treatments were corroded at room temperature for
8 min in the corrosive solution of 5 g of CuCl, + 100 mL of
HCI + 100 mL of CH;CH,OH. The microstructure and pre-
cipitate morphology after heat treatment were characterized
by a Leica-DMI 5000 M optical microscope (OM) and
SUPRASS SAPPHIRE field emission scanning electron mi-
croscope (SEM). The heat-treated samples were thinly sliced
into 0.3 mm-thick pieces and then mechanically grounded to
50-70 um. Double spray thinning was performed with a
solution of 5vol% HCI1O, and 95vol% CH;CH,OH for trans-
mission electron microscopy (TEM) characterization. The
morphology, composition, and crystal structure of the precip-
itated phase were characterized by JEM-2100 F TEM with an
operating voltage of 40 V and temperature of —20°C. X-ray
diffraction (XRD) with a scanning step of 0.02° was meas-
ured by a SMARTLAB X-ray diffractometer to determine
the type of precipitates. The particle size and volume fraction
of precipitates were quantitatively analyzed with Nano Meas-
urer and Image J software. The hardness of the samples was
tested five times using an MHV-50Z/V2.0 digital Vickers
hardness tester with a load of 49 N and holding for 10 s, and
the measurements were averaged.

Table 1. Chemical composition of Inconel 718 alloy wt%
Ni Cr Nb + Ta Mo Ti Al C S P ¢} N Fe
52.63 19.00 5.05 3.09 1.02 0.51 0.02 <0.01 <0.01 <0.01 <0.01 Bal.

Table 2. Heat treatment settings of Inconel 718 alloy

Sample First-step solid solution Second-step solid solution Aging
AGE None
G925 925°C, 1 h, AC
G940 940°C, 1 h, AC
G954 980°C, 1 h, WC 954°C, 1 h, AC 720°C, 8 h, FC to 620°C, 8 h, AC
G968 968°C, 1 h, AC
G980 980°C, 1 h, AC

G1010

1010°C, 1 h, AC
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3. Results and discussion

3.1. Effect of second-step solid solution temperature on
microstructure of the alloy

For comparative analysis, the microstructure of Inconel
718 alloy was observed after different heat treatments. Fig. 1

«

shows the microstructure images of AGE. After a single
solution and aging treatment, the alloy consists of typical
equiaxed grains, some twins in y-matrix, and short rod-like &
precipitates at grain boundaries [30-32]. According to the
calculation, the average grain diameter is 9-11 pum, the grain
size grade is 10-11, and the d phase content is 1.67vo0l%.

Fig. 1. Microstructure of Inconel 718 alloy after single solution and aging treatment: (a) OM image, (b) SEM image.

The microstructure evolution after different two-step sol-
id solution treatments is shown in Fig. 2. Except for the
change in grain size, no significant difference in microstruc-
ture is observed. The average grain diameter and grain size
grade of Inconel 718 alloy under different heat treatment
conditions were calculated based on the intercept method, as
shown in Table 3. As the second-step solid solution temper-

ature increases from 925 to 1010°C, the average grain dia-
meter of Inconel 718 alloy increases first, then decreases and
finally stabilizes. Meanwhile, the grain size grade does not
change much. These results demonstrate that the applied two-
step solid solution treatment is adequate, and the grains of y-
matrix do not overgrow with the increase in the second-step
solid solution temperature.

Fig. 2. OM images of Inconel 718 alloy with different two-step solid solution treatments: (a) G925, (b) G940, (c) G954, (d) G968,

(e) G980, and (f) G1010.

Fig. 3 shows the SEM images of Inconel 718 alloy after
different two-step solid solution treatments and aging treat-
ments. In each state, the & phase is still distributed along the
grain boundaries in the form of short rods or needles, but its
content differs. Table 4 shows the statistical results from the
semiquantitative analysis of & phase content in Inconel 718
alloy after different two-step solid solution treatments ob-
tained from the image analysis software Image-Pro. After
treatment with second-step solid solution temperature at 925,

940, 954, and 968°C, the & phase content becomes higher
than that of AGE state. In addition, the 6 phase content in-
creases gradually with the second-step solid solution temper-
ature before 954°C and then decreases gradually with the in-
crease in the second-step solid solution temperature. After the
two-step solid solution treatment at 980°C, the & phase on the
local grain boundaries dissolves again. After the two-step
solid solution treatment at 1010°C, the d phase dissolves in a
large amount. This phenomenon is consistent with the trans-
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Table 3. Average grain diameter and grain size grade of In-
conel 718 alloy after different two-step solid solution treat-
ments

Sample  Average grain diameter / um  Grain size grade
G925 5.6-7.9 11-12

G940 11.8-15.9 9-10

G954 7.9-11.2 10-11

G968 11.2-13.5 9-10

G980 11.2-15.9 9-10

G1010  12.5-15.9 9-10

formation of Inconel 718 alloy that dissolves and precipitates
with temperature and time [33]. The precipitation peak of the
0 phase appears approximately at 950°C, then begins to dis-

Int. J. Miner. Metall. Mater., Vol. 31, No. 10, Oct. 2024

solve at 980°C and completely dissolves at 1020°C.

The microstructure under metallographic and scanning
electron microscopy reveals that from 925 to 1010°C, the
second-step solid solution temperature has no significant ef-
fect on the grain size grade and morphology of Inconel 718
alloy. The grain size grade does not change much, and the 6
phase precipitation increases first and then decreases. Ana-
lysis of the variation of average grain diameter and 6 phase
content shows that the average grain diameter gradually in-
creases with the second-step solid solution temperature. Ow-
ing to d phase precipitation, the grain growth is inhibited, and
the grain diameter tends to be stable. Given that the & phase
precipitation is the highest in G954, which greatly inhibits
grain growth, the average grain diameter of G954 is small,
and the grain size grade is high.

4 —

n ; A SEAEES b% Gassa
Fig. 3. SEM images of Inconel 718 alloy after different two-step solid solution treatments: (a) G925, (b) G940, (c¢) G954, (d) G968,

(e) G980, and (f) G1010.

The content of each precipitated phase under different heat
treatment conditions was quantitatively calculated by XRD
phase analysis to study the effects of second-step solid solu-
tion temperature on precipitates. Fig. 4 shows the XRD pat-
tern of Inconel 718 alloy after different two-step solid solu-
tion treatments and aging. In addition to the main peaks of
austenite (y phase, y' phase, and y" phase), the diffraction
peak of 6-Ni;Nb phase is found to be around 45.6°. Other
precipitates cannot be detected. Given that the é phase has
redissolved under 1010°C, its diffraction peak cannot be de-
tected.

Table 4. Volume fraction of 6 phase after different two-step
solid solution treatments

Sample Volume fraction of § phase / %
AGE 1.67
G925 2.47
G940 2.89
G954 3.79
G968 2.71
G980 1.60
G1010 0.90

The XRD pattern of Inconel 718 alloy shows the diffrac-
tion peaks of 6 and y phases. However, the strongest diffrac-
tion peak (112) of y” phase overlaps with the diffraction peak
(111) of y phase. Given that y’ phase is an ordered phase of y
phase and the contents of y” and y' phases are low, the inde-
pendent diffraction peaks of y” and y' phases cannot be ob-

. 2 . . + Austenite
SPEEET v 5NiND
=) a———
- e ——
*E ko~ A~
ro- 46
. w00
<
~ * *
Zz |AGE___jw/) A At
g[G5 Aw A A
ERCZO W . A At
G954 M. L A Nn ]
G968 Ny A A
G980 i i A N
G1010__J A A An
30 40 50 60 70 30 90 100

207 (°)
Fig. 4. XRD diffraction patterns of Inconel 718 alloy under
different heat treatment conditions.
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served. In addition, the diffraction peaks of NbC cannot be
observed due to its small content. The following relationship
can be obtained by XRD direct comparison [34]:

Wabe + Ws + W, + W, + W, =11 @)

I
=2 Y
W, +W, p, n R:

W ,0_6 1 . II.6 @
2% )
I
Wine _ Proc RIIIBC (3)
Ws oo 1 (1
ety

where Wywe, Ws, Wy, W, and W, are the weight percentages
of NbC, 9, v", ', and vy phases, respectively. pac, ps, and p,
are the densities of NbC, 6, and y phases, respectively.
I, I°,and I are the integral intensities of the diffraction
peaks of NbC, d, and y phases, respectively. n and m are the
numbers of the diffraction peaks of & and y phases, respect-
ively. The integral intensity of the diffraction peaks of vy
phase in Eq. (2) includes that of the diffraction peaks of y’
phase. R; is a value that calculates the integral intensity of the
diffraction peak of a phase and is related to the specific phase.
Assuming that the R; value of y phase is equal to that of y'
phase, R; can be expressed as follows:

1 _
R = ;P,»ngo(@)e ™ 4

where v is the unit cell volume, and F is the structure factor
calculated according to Inconel 718 alloy composition, &
phase composition, and NbC. P is the multiplicity factor, p(6)
is the angular factor, ¢ *" is the temperature factor.

The relationship between austenite lattice constant and
precipitate content in Inconel 718 alloy is [35]:

a=dap—
(1.9647 X 10°W;) + (2.4093 x 10’6Wy~) +(0.8435 % 10’6Wy/)
m(m—0.01526W; —0.01508 - 0.01718W,,)

&)
where «a is austenite lattice constant and a, = 0.3608 nm.

In addition, the relationship between the contents of y” and
v’ phases in Inconel 718 alloy is [36-37]:
ooy ©)
w,

The content of each precipitated phase in Inconel 718 al-
loy can be measured by the above relationships, and the res-
ults are shown in Table 5. Given that the 6 phase has dis-
solved in the G1010 sample and the corresponding XRD dif-
fraction peaks cannot be found, the weight percentage of the
d phase is not calculated.

The weight percentage of the  phase first increases and
then decreases with the increase in the second-step solid
solution temperature, and this trend is consistent with the
statistical results of semiquantitative analysis by Image Pro
software. The content of y” phase decreases first and then in-
creases, and those of y' and y phases remain unchanged.

Table 5. Weight percentage of each precipitate under differ-

ent heat treatment conditions wt%

Sample W W W, W,

AGE 2.10 9.44 2.36 86.10
G925 3.28 8.90 2.23 85.59
G940 3.56 8.70 2.17 85.57
G954 4.78 8.17 2.04 85.01
G968 3.45 8.79 2.20 85.56
G980 2.27 9.38 2.35 86.01

These results show that the different second-step solid solu-
tion temperature mainly affects the precipitation of y” and o
phases, and the contents of y” and 6 phases have opposite
trends.

The TEM images of Inconel 718 alloy with different heat
treatment states are shown in Fig. 5. Fig. 5(f) illustrates that
the elliptical precipitates in y matrix are y' and y” phases.
Compared with those in the original forged state, the size and
content of precipitated y” phase significantly increase after
the two-step solid solution treatment. Coarsened y” phase is
observed in Fig. 5(c) and (d). The coarsening kinetics of y"”
precipitates theoretically follows the classical LSW model
[38-39]. After y" phase nucleation inside the grain, the Ni
and Nb around y” phase are still supersaturated, and y” phase
continues to grow. However, due to the high content of &
phase precipitated at the grain boundaries in G925 and G954,
some 0 phases grow into the y matrix by consuming Ni and
Nb. As a consequence, the supersaturation of these two ele-
ments in the matrix is minimized. In this case, the growth of
v" phase is inhibited. According to Ostwald ripening law,
abundant interfaces between precipitates and parent phases
lead to excessive interfacial energy. For interfacial energy re-
duction, the coarsening of y” phase occurs; that is, small -
sized y” phase dissolves into the matrix, providing forming
elements and conditions for the coarsening of large-sized y"”
phase. In the forged state, the 6 phase content in the AGE and
G1010 samples is low so the Ni and Nb contents in the mat-
rix remain high. Instead of coarsening, the y” phases contin-
ue to nucleate and grow. Therefore, coarsening is not ob-
served in the heat-treated samples in Fig. 5(a), (b), and (e).

3.2. Precipitation behavior of 6 phase

3.2.1. Nucleation and growth of & phase

The high-magnification bright-field (BF) TEM images of
Inconel 718 alloy were obtained to study the evolution of &
phase morphologies near the grain boundaries of Inconel 718
alloy after different two-step solid solution treatments as
shown in Fig. 6. Red and yellow arrows represent grain
boundaries (GBs) and needle-like 6 phases, respectively. For
the AGE sample, many elliptical black spots appear in the
matrix, and rod-shaped precipitated particles nucleate at the
grain boundaries. As shown in the SAED image in Fig. 6(a),
this precipitation at grain boundaries is the 6 phase. The ori-
entation relationship between the 6 phase and y matrix is
[Oli]y// [102];. In general, the & phase precipitates incoher-
ently on the y-matrix along {111} planes. Vacancies, disloca-
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Fig. 5. TEM images of Inconel 718 alloy with different heat treatm
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Z=[001]

ent states: (a) as forged state, (b) AGE, (c) G925, (d) G954, and

(e) G1010; (f) TEM image of G925 and selected area electron diffraction (SAED) image of y"" and ' phases.

tions, stacking faults (SFs), and grain boundaries in the y
matrix are commonly applied as the preferential nucleation
sites of the & phase [40]. Among them, grain boundaries can
provide good thermodynamic and kinetic conditions and re-
duce the activation energy for the nucleation of the § phase.
Therefore, the & phase always preferentially nucleates at
grain boundaries and grows along grain boundaries under Nb

diffusion. In Fig. 6(b), some needle-like & phase appears in
G925 and grows from the grain boundaries into y grain. In
addition, the growth direction of the needle-like 6 phase
forms a large angle with grain boundaries [28]. Needle-like &
phase often forms a large angle with the grain boundaries be-
cause it cannot find a suitable phase plane parallel to the grain
boundaries.

Fig. 6. BF TEM images of Inconel 718 alloy: (a) TEM image of AGE and SAED image of y and 6 phases; (b) TEM image of G925.

With the increase in the second-step solid solution tem-
perature, the 6 phase precipitates gradually and its content in-
creases. Aggregation occurs during its growth. The plate-like
0 phases grown along the same orientation are connected to
each other to form a special “linear arrangement” form [41].
In the two-step solid solution treatment, a small amount of
elongated needle-like & phase is found in the grain, as shown
in Fig. 7(a). As illustrated in the SAED image in Fig. 7(b), the
orientation relationship between the intragranular & phase and
y matrix is [100]5//[011], and (010)y/(111),. This finding
shows that the y” phase is absent in the intracrystalline part
around the § phase grown in the grain or grain boundaries.
This phenomenon can be explained in two ways. First, given
that the forming elements of & phase and y” phase are the
same and the precipitated & phase consumes a large amount
of Ni and Nb, the y” phase cannot be formed near the 6 phase.

Second, when the & phase saturates the grain boundaries and
a large amount of Ni and Nb have been occupied by the y"”
phase, the y" phase is changed by SFs and transforms into the
0 phase to continuously precipitate & phase in the grain.
3.2.2. Transformation from y"” to 6 phase

Coarsened y” phase and intracrystalline o phase were
found in the G925 and G954 samples but not found in the
other heat-treated samples. Given that the aging time and
temperature of each group are consistent, this coarsening be-
havior of y" phase could promote the precipitation of  phase
inside the grain. The structure of the y” phase changes due to
the SFs after coarsening, and the y” phase transforms to the &
phase, resulting in the formation of d phase at the interior of
austenite grain.

Fig. 8 shows the high-resolution transmission electron mi-
croscopy (HRTEM) and inverse fast Fourier transform
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Fig. 7. (a) TEM images of intracrystalline 6 phase in G925, and (b) the corresponding SAED image of y and 6 phases.

(IFFT) images of y” phase in G925. Atomic mismatches and
SFs are found around the y” phase particles. The existence of
these defects provides the possibility for the transformation
of the y” phase to the & phase.

— 2

Fig.8. HRTEM and IFFT images of " phase in G925.

v" phase is a body-centered tetragonal D0,, structure [28],
and its unit cell can be seen as two stacked cells of L1, struc-
ture along a cubic axis, featuring an inverted domain bound-
ary in the middle. Nb atoms occupy eight corners and body
center positions, and Ni atoms occupy face center and edge
center positions parallel to the c-axis. The unit cell structure
is shown in Fig. 9(a). In the DO, structure, the close-packed
surface is (112), and each six-layer close-packed surface
completes a stacking cycle. The distance of each layer is
equivalent to a 1/3 (121) slip distance. The atomic layer
stacking order is A,B,C,A,B,C,AB,C;...

A large distortion occurs when the y” phase precipitates

(b) o
©al
©

| | ‘ © () 1
¢ % ¢. "0 0 0 e,
© © © © © 6x ou

from the y matrix, resulting in dislocation on the close-
packed surface (112) of the y” phase. These close -packed
surfaces in the y” phase further result in SFs, and the stacking
sequence is A;B,C;A,B,C,AB;C,... When a dC-type dislo-
cation slips across the B, plane, the atoms of B, plane move
the displacement of a/6 [112], where a is austenite lattice
constant, resulting in a new stacking order of
AB,C,A,B,CA,C,A B,CA;B,C,... The SFs are formed by
these four continuous CACA stacking As-type structures,
which are the structural characteristics of the & phase, that is,
the transformation of the y” phase to the & phase [28,38].
Fig. 9(b) explains the nucleation mode of & phase at SFs in y”
phase.

3.3. Hardness test

The Vickers hardness of Inconel 718 alloy with different
two-step solid solution treatment states is shown in Fig. 10.
Compared with that at the as-forged state, the hardness is sig-
nificantly increased after the solid solution treatment. With
the increase in the second-step solid solution temperature, the
hardness first decreases and then increases. The hardness of
the sample treated by the second-step solid solution at
1010°C reaches a maximum value of HV 446.84. In this
case, the 6 phase mostly dissolves into the matrix after solu-
tion treatment at 1010°C. The large amount of & phase dissol-
ution leads to an increase in Ni and Nb in the matrix, which in
turn increases the amount of y” phase precipitation. Al-
though the grain size is the largest at 1010°C, the great
strengthening effect of the y” phase makes up for the de-
crease in hardness caused by grain growth. Therefore, the

®© 0 6 © o ¢©
?Bl°
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© © © ©
02 © © ©

©
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Fig. 9. Schematic of 6 phase formation mode: (a) unit cell of y”” phase with D0,, structure; (b) arrangement of Nb atoms in consec-
utive close-packed planes of y"’ phase after the passage of an a/6 [112] partial dislocation.
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Fig. 10. Vickers hardness of Inconel 718 alloy with different
two-step solid solution treatments.

hardness is the largest at 1010°C.

Owing to the significant strengthening effect and high
content of the y” phase, the overall hardness does not change
much under the different two-step solid solution treatments.
Given that the & phase is not a strengthening phase, an in-
crease in its content consumes Nb, leading to a decrease in
the precipitation of the y” phase. This phenomenon manifests
as a decrease in hardness. The hardness of G980 and AGE
does not change much mainly because the contents of 6 and
v" phases in the two specimens are almost same and the hard-
ness of G980 is HV 432.35. According to the results in
Table 4, in the range of 925-960°C, the higher the second-
step solid solution temperature, the more conducive to &
phase precipitation, resulting in the decrease of y” phase pre-
cipitation. The two-step solid solution treatment in this tem-
perature range also causes y” phase coarsening, resulting in a
reduction in precipitation strengthening manifested as a de-
crease in hardness. At a high second-step solid solution tem-
perature over 980°C, the 6 phase dissolves back into the mat-
rix, and the y” phase precipitates increase after aging. There-
fore, the precipitation strengthening effect is enhanced as
manifested by an increase in hardness. In addition, the in-
crease in hardness after the second-step solid solution treat-
ment between 980 and 1010°C is significantly higher than
that between 925 and 960°C, indicating that the significant
dissolution temperature of the & phase of Inconel 718 alloy is
in the range of 980—-1010°C under this composition.

4. Conclusions

The effects of a new two-step solid solution treatment on
the microstructure and precipitates of Inconel 718 alloy were
studied. The evolution of § phase during the two-step solid
solution treatment was examined, and the transformation
mechanism from y” metastable phase to 6 phase was clari-
fied. This study provides the following key findings that con-
tribute to a comprehensive understanding of Inconel 718 al-
loy precipitation during the two-step solid solution treatment.

(1) With the increase in the second-step solid solution
temperature, the average grain diameter of Inconel 718 alloy
decreases first, then increases and finally stabilizes. This

Int. J. Miner. Metall. Mater., Vol. 31, No. 10, Oct. 2024

trend is due to the pinning effect of the & phase precipitated
on the grain boundaries.

(2) The number of & phases with short rod shape at the
grain boundaries and needle shape in the grain interior in-
crease first and then decrease with the increase in the second-
step solid solution temperature. The hardness of the material
treated at 1010°C reaches a maximum value of HV 446.84.

(3) Intragranular 6 phase appears in the sample subjected
to the second-step solid solution treatment at 925°C, and the
orientation relationship with y matrix is [100]5//[011], and
(010)3//(111),. The formation of this intragranular & phase,
that is, the transformation from y” metastable phase to o
phase, was explained by SF theory.
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