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Abstract

This study systematically examines the influence of precipitation on the microstructural and mechanical properties of
Inconel 718 superalloy in as-received, solution heat-treated, peak-aged, and overaged conditions. Cold, warm, and hot
deformation tests were performed at 25 °C, 400 °C and 800 °C using a constant strain rate of 5.55x107 s™'. The results
indicated dynamic strain aging during warm deformation at 400 °C in all investigated conditions. However, at temperatures
above 400 °C, a pronounced reduction in strength was observed, accompanied by a corresponding increase in elongation
for most conditions. Notably, the solution heat-treated samples exhibited anomalous behavior, showing an increase in Rp,,
after deformation at 800 °C. This suggests the occurrence of dynamic precipitation during hot deformation in the solution

heat-treated samples.
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1. Introduction

Superalloys, a class of high-performance alloys,
are widely employed in applications demanding
resistance to elevated temperatures, particularly in the
aerospace sector. Inconel 718, a nickel-based
superalloy, offers exceptional high-temperature
strength, corrosion and oxidation resistance, thermal
fatigue resistance, and favorable forgeability and
weldability, primarily due to its precipitation
hardening behavior [1]. These attributes make it a
material of choice for critical engine components such
as compressor and turbine disks [2, 3]. Global market
research indicates that the aircraft engine market size
was approximately 80 billion USD in 2019. Due to the
increase in air travel, this figure is expected to exceed
85.4 billion USD by 2027 [4]. More than 50% of an
aircraft engine’s weight consists of Inconel 718
superalloy [5]. In their research, Pulidindi [6] reported
that Inconel 718 accounted for over 54% of the nickel
superalloy market share, which exceeded 4 billion
USD in 2019, making it the most widely used nickel
superalloy worldwide.

The formation of various phases in the Inconel
718 superalloy has been extensively studied leading to
the identification of several critical strengthening and
secondary phases. These phases include: (a) the '
phase (Ni,(AlLTi)), characterized by a FCC crystal
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structure; (b) the metastable y” phase (NisNb),
possessing a BCT structure; and (c) the equilibrium &
phase (Ni,Nb) which exhibits an orthorhombic crystal
structure. In addition, various carbide phases such as
MC, MC and M,,C, type carbides, may precipitate
during the ageing process at between 600-1050 °C
[7]. The y" phase precipitates within the matrix over a
temperature range of approximately 600 °C to 900 °C,
whereas the & phase typically forms at elevated
temperatures ranging from 750 °C to 1020 °C [8]. The
transformation of the y” phase into the 6 phase takes
place during heat treatment within the temperature
range of 700 °C to 900 °C [9].

Plastic deformation influences the kinetics of
precipitates which significantly affect material
properties. The properties of alloys depend on the
morphologies of precipitates, particularly when
subjected to solution treatment or pre-aging. Studies
show that alloys subjected to pre-aging at elevated
deformation temperatures exhibit reduced strength,
primarily as a result of precipitate coarsening. In
contrast, solution heat-treated alloys demonstrate
higher strength, attributed to increased dislocation
density and dynamic precipitation [10, 11].
Microstructural changes caused by plastic
deformation at elevated temperatures and aging
significantly influence mechanical properties across
various temperature ranges. Studies show that aging
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treatments improve hardness and tensile strength,
while prolonged aging reduces impact strength and
tensile ductility [12]. In Ni-based superalloys, serrated
flow behavior observed in the stress-strain response at
elevated temperatures is attributed to the phenomenon
known as dynamic strain aging (DSA). These
serrations observed on the stress-strain diagrams due
to interaction between dislocations and solute atoms
[13, 14].

In the literature, investigating thermomechanical
and heat treatment processes of Inconel 718
superalloy is of great importance. Consequently, there
is a need to further expand the application areas of
these alloys. By systematically correlating the
deformation regime with precipitation behavior and
strength, the paper offers novel insights into how hot
deformation history can be optimized to tailor
performance in service environments. This integrated
approach bridges a critical gap in the literature, where
the combined effects of deformation temperature and
aging on precipitation kinetics and mechanical
response have remained comparatively
underexplored. This study has been carried out to
address these needs and to establish the optimal
relationship between microstructure and mechanical
properties in these alloys. In addition, tensile
deformation investigations conducted at elevated
temperatures show that DSA occurs in Inconel 718
superalloy, accompanied by a shift from planar to
wavy slip as the ageing duration increases. These
findings are assessed to evaluate the effect of different
microstructures on cold, warm, and hot deformation
behavior.

2. Materials and methods

The material utilized in the current experimental
study is Inconel 718, a high performance superalloy
selected to investigate its deformation behavior under
various heat-treated conditions. Specifically, the study
evaluates the deformation behavior under cold, warm,
and hot conditions in the as-received (A1), solution
heat-treated (A2), peak-aged (A3), and overaged (A4)
microstructural states. The elemental composition of
Inconel 718 is provided in Table 1. The tensile test
samples were prepared in accordance with the ASTM
E8 standard.

The tensile samples, excluding those in the Al
condition, were heat-treated at 1050°C for 2 h,
followed by water quenching to attain a
supersaturated solution. A subset of the A2 samples
was subsequently subjected to aging at 810 °C for 8 h,
whereas another subset underwent ageing at the same

Table 1. Elemental composition of Inconel 718
Elements C Si Mn P S

temperature for an 80 h. Figure 2 shows schematic
presentation of heat treatment process. These ageing
times were chosen to represent the A3 and A4
conditions. The Al, A2, A3, and A4 samples were
subjected to tensile testing at a constant strain rate of
5.55x10™ s7! and temperatures of 25 °C, 400 °C and
800 °C utilizing a universal testing machine with a
100 kN load capacity. Engineering stress-strain curves
were obtained for each test condition, from which the
ultimate tensile strength (R ), 0.2% offset yield
strength (Rp,,), elongation (%), and the increase in
strength resulting from work hardening (dy) were
subsequently evaluated.
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Figure 1. Schematic presentation of heat treatment process

Microstructural characterization of the Inconel
718 superalloy was conducted using optical
microscopy and SEM. This characterization was
carried out on Al, A2, A3 and A4 samples following
mechanical testing at 25 °C, 400 °C and 800 °C. The
samples were initially ground using silicon carbide
abrasive papers, followed by polishing with diamond
suspension to obtain a scratch free surface suitable for
microstructural ~ examination. To reveal the
microstructure, all samples were etched using a
solution composed of 2 ml nitric acid (HNO,), 2 ml
hydrochloric acid (HCI) and 1 ml hydrofluoric acid
(HF).

3. Results and discussion

Figure 2(a) and Figure 3(a) illustrate the optical
and SEM microstructure of Inconel 718 superalloy in
the as-received (A1) condition, revealing an austenitic
matrix composed of equiaxed grains accompanied by
finely dispersed precipitates. Following solution heat
treatment (A2) conducted at 1050 °C for 2 h, the
precipitates dissolved and entered into the solid
solution, reducing their quantity (Figure 2(b) and
Figure 3(b)). In the peak-aged (A3) condition,

Nb Ni

(Wt%) 0.024 | 0.06 | 0.09 | 0.008 | 0.003
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uniformly distributed precipitates ranging from small
to medium in size were observed (Figure 2(c) and
Figure 3(c)), significantly enhancing the alloy’s
strength [15]. Further aging led to the dissolution of
smaller precipitates, reducing their number, while
overaging (A4) resulted in the formation of larger
precipitates (Figure 2(d) and Figure 3(d)). This
coarsening phenomenon has been extensively
reported and documented in the literature [16].
Figure 3 presents the results of EDS line scan
analysis conducted on the A4 samples tested at
ambient temperature. Elemental distribution profiles
of Ni, Nb, and Mo along the scanned line are depicted
in Figure 3(e), revealing two distinct phases: a Ni
enriched matrix and a Nb and Mo enriched precipitate
phase. Nb and Mo exhibited a pronounced increase in
concentration from the Ni-rich matrix toward the
precipitate, whereas Ni displayed an inverse trend. In
light of both the present findings and relevant
literature, the presence and distribution of these
elements suggest the formation of y” phase, 6 phase
and MoC carbides during the overaging process.
Figure 4 illustrates the evolution of precipitates in
A2 samples subjected to testing at 25 °C, 400 °C, and

800 °C. Figure 4(a) depicts precipitates occurred
under static conditions, whereas Figures 4(b) and 4(c)
present precipitates developed dynamically during
deformation. These results indicate that precipitation
occurred and progressed through coarsening with
increasing test temperature. Microstructural analysis
revealed the formation of fine, complex or spheroidal
precipitates ranging from 1 to 5 um within the grains
following testing at 400 °C. Upon increasing testing
temperature to 800 °C, both the size and volume
fraction of these complex or spheroidal precipitates
were observed to increase, as shown in Figure 4(c).
Similar observations have been reported in previous
studies investigating dynamic precipitation behavior
in Inconel 718 superalloy [16, 17]. Point EDS analysis
was conducted on the A2 samples subjected to tensile
testing at 400 °C, as shown in Figure 4(d). The
elemental composition analysis revealed that points 1
and 3 contain Nb, Ti, and C; point 2 is composed of
Nb, Ni, Cr and C; points 4 and 6-8 exhibit the
presence of Nb, Mo, Ni, Cr and C; while point 5
consists of Nb, Ni, Cr and C. The detection of these
elements suggests the formation of the y' phase, the
metastable y” phase, the equilibrium & phase and MC

Figure 2. Bright field optical microstructures of Inconel 718 superalloy samples subjected to tensile testing at room

temperature: (a) Al, (b) A2, (c) A3 and (d) A4 samples
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Figure 3. SEM microstructures of Inconel 718 superalloy samples subjected to tensile testing at room temperature: (a) Al,
(b) A2, (c) A3, (d) A4 samples and (e) line scan EDS analysis of the over aged condition

type precipitates such as Cr,,C,, Mo,C and Nb,Ti(C) with the findings reported by Peikang et al. [18].
in the Inconel 718 superalloy under A2 conditions These precipitate particles can significantly affect the
following high temperature deformation, consistent properties of the Inconel 718 superalloy by enhancing
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(d)

Mass percent (%)

Spectrum [} Al Ti Cr Fe Co Ni Cu Nb Mo
Al 15.69 0.11 4.64 0.00 0.63 0.58 0.34 0.31 77.71 0.00
2 15.52 0.29 2.87 8.87 8.30 1.69 19.95 0.77 41.73 0.00
3 14.35 0.08 6.26 1.31 0.68 0.56 0.41 0.49 75.85 0.00
4 6.93 0.51 0.48 16.17 16.31 0.91 51.58 0.00 4.86 2.23
5 19.08 0.38 4.13 8.07 6.83 0.63 19.75 0.36 40.76 0.00
6 9.88 0.66 0.72 16.38 14.76 1.72 49.24 0.00 4.84 1.79
7 13.24 0.55 1.18 15.94 11.55 1.39 49.02 0.00 4.91 2.22
8 8.95 0.53 0.66 15.75 15.23 1.21 50.07 0.28 5.16 2.16

09 30.04 0.28 31.98

Mean value: 12.96 0. 2 13 1
Sigma: 4.06 0.21 2.20 6.83 6.28 0.49 22.56 0.28 31.87 1.13
Sigma mean: 1.44 0. 0 0 0

Figure 4. Microstructures of A2 samples following mechanical testing at (a) 25 °C, (b) 400 °C and (c) 800 °C and (d) EDS

analysis of the A2 sample tested at 400 °C

yield strength through mechanisms such as
dislocation-dislocation interactions and dislocation-
precipitate interactions.

Figure 5 presents the properties of Inconel 718
superalloy in the A1, A2, A3 and A4 conditions. The
Al samples revealed a R of 1463 MPa and a Rp,, of
1414 MPa. In contrast, the A2 samples demonstrated
the lowest strength, with a R of 787 MPa and a Rp,,
of 332 MPa, following heat treatment at 1050 °C for
2 h and subsequent water quenching. An enhancement
in both R and Rp,, was observed in the A3 samples
following ageing at 810°C for 8h. However,
extending the ageing duration to 80h at the same
temperature resulted in a reduction in R and Rp,, in
the A4 samples. It was further noted that the Al
samples exhibited a percentage elongation of 10%.
This value significantly increased to 53% (the highest
observed) following solution heat treatment of A2
samples. The A3 samples, aged at 810 °C for 8 h,
demonstrated intermediate ductility with an
elongation of 19%. A slight increase in elongation to
20% was observed in the A4 samples after ageing at
810 °C for 80 h. Variations in strength and ductility of
Inconel 718 can be attributed to the formation of

distinct precipitate phases, including the y' phase, the
metastable y” phase and the equilibrium 6 phase [7].
During artificial ageing, the y" and y” phases begin to
precipitate, with their volume fractions increasing as
ageing time progresses. This precipitation enhances
the strength of the Inconel 718 superalloy while
reducing its ductility. However, prolonged ageing
promotes the formation of coarser & phase
precipitates, which results in a reduction in strength
but a corresponding increase in percentage elongation
[2, 19]. Piotr et al. [20] reported that ageing at 650 °C
-750 °C leads to peak strength; however, extended
ageing times results in property degradation due to
precipitate coarsening. Similarly, Slama et al. [21]
demonstrated that over ageing reduces hardness
because of the loss of coherent strengthening
precipitates.

Figure 5 also presents the test results of Inconel
718 superalloy at 25 °C, 400 °C and 800 °C under A1,
A2, A3 and A4 conditions. Both Rm and Rp,, of the
Al, A3, and A4 samples exhibited a progressive
decline with increasing temperature across the range
of 25-800 °C. However, the A2 samples exhibited an
increment in Rp,, when tested at 800 °C. This
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Figure 5. (a) Rp,,, (b) R, and (c) percentage elongation values of Inconel 718 samples tested at various temperatures

behavior is attributed to dynamic precipitation
occurring during high temperature tensile testing at
800 °C, which lies within the optimal precipitation
range of the y” phase. The dynamic precipitation is
facilitated by deformation-induced nucleation and
enhanced atomic diffusion under these thermal and
mechanical conditions. These results are consistent
with the findings reported by Zhang et al. [22] and
Theska et al. [23] who demonstrated that fine y”
precipitates preferentially form along dislocation lines
and subgrain boundaries because of plastic
deformation at 800 °C. They concluded that dynamic
precipitation contributes to impede dynamic
recrystallization by exerting a pinning effect on grain
and subgrain boundaries. Dynamic precipitation in
solution heat-treated Inconel 718 superalloy during
hot tensile testing at 800 °C is characterized by the
accelerated formation of y” precipitates (along with
limited formation of y’ and § phases) facilitated by
strain-enhanced atomic diffusion and dislocation-
assisted nucleation mechanisms. This phenomenon
exerts a pronounced influence on both the mechanical
behavior and microstructural evolution of the alloy,
thereby representing a critical consideration in the
design of hot deformation processing routes. As

evidenced by the preceding analysis, the dynamic
precipitation of y” during deformation contributes to
enhanced strength retention, even under elevated
temperature conditions. However, the R for the same
sample continues to decrease from 787 MPa at 25 °C
to 566 MPa at 800 °C. This is due to thermal
softening, precipitate coarsening and dynamic
recovery which limit further strengthening, so the
material fails at a lower stress than might be expected.
Also, at 800 °C dislocations can move and rearrange
easily, therefore the material cannot significantly
strengthen after initial yielding, so R _ remains low
[24, 25].

A progressive increase in elongation was also
observed in the Al, A3 and A4 samples with
increasing test temperature up to 800 °C. This
behavior is attributed to the occurrence of dynamic
recovery and recrystallization processes, which
progressively reduce the constraints on grain
boundary mobility present at room temperature,
thereby enhancing ductility at elevated temperatures.
In contrast to the Al, A3 and A4 samples, the A2
samples exhibited a reduction in elongation with
increasing test temperature up to 800 °C, indicating an
inverse trend in ductility behavior under elevated
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temperature conditions. It is well established that A2
samples retain higher concentrations of Ni, Al, Ti and
Nb in solid solutions because of the rapid cooling rate
associated with solution heat treatment, which limits
the time available for the formation of equilibrium
precipitates. Extensive studies have demonstrated that
elevated cooling rates following solution heat
treatment (such as those achieved by water
quenching) effectively suppress the diffusion-
controlled precipitation of strengthening phases.
Consequently, alloying elements such as Ni, Al, Ti
and Nb, which would otherwise participate in the
formation of y’' and d precipitates during slower
cooling processes, predominantly remain in solid
solution [26, 27]. However, during hot tensile testing
at 800°C, the A2 samples underwent dynamic
precipitation, resulting in an increment in strength
accompanied by a reduction in elongation. For
instance, the A2 samples exhibited an approximate
46% enhancement in Rp, at a testing temperature of
800 °C compared to those tested at 25°C. This
pronounced enhancement in strength indicates the
significant contribution of dynamic precipitation in
the A2 condition under high temperature deformation.
Also, short-range order or clustering effects in the
matrix can momentarily increase resistance to
dislocation motion. This gives a high initial yield
strength [24, 25].

Figure 6 presents the engineering stress—strain
curves of A2 samples tested at 25°C, 400 °C and
800 °C under a 5.55x10™*s™! strain rate. As seen from
Figure 5 that the A2 samples tested at 400 °C
exhibited serrated flow behavior, characteristic of the
PLC effect. The underlying mechanism of PLC in
Inconel 718 is attributed to dynamic strain aging,
arising from the interaction between dislocations and
solute atoms, primarily Ni, Nb, and C, which remain
in solid solution following the solution heat treatment.
At elevated temperatures such as 400 °C, the diffusion
rates of solute atoms increase significantly, enabling
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Figure 6. Engineering stress—strain curves of A2 samples
evaluated at various testing temperatures

them to interact more readily with mobile
dislocations. This interaction leads to the temporary
pinning of dislocations, resulting in the characteristic
serrated or jerky appearance of the stress-strain curve,
which arises from the repeated pinning and unpinning
of dislocations during plastic deformation [28, 29].

Literature studies [30, 31] have reported the
occurrence of different types (A, B and C) PLC
deformation bands in superalloys, each distinguished
by their dynamic characteristics. As illustrated in
Figure 6, the stress—strain response of the A2 samples
subjected to testing at 400 °C exhibits feature
indicative of a type-B PLC effect. Type-B serrations,
characterized by rapid and successive oscillations
superimposed on the overall stress—strain curve, arise
from the intermittent nucleation of localized
deformation bands. These bands typically initiate at
non-propagating or sporadically propagating peak
stresses and are followed by the formation of
additional bands either in adjacent regions or at a
distance from the initial site. Type-B serrations can
evolve from type-A serrations at higher stress levels
or may manifest directly during plastic deformation at
elevated temperatures and lower strain rates, relative
to the conditions associated with type-A behavior. In
practical applications, a combination of type-A and
type-B serrations may be observed concurrently,
resulting in a mixed-mode serrated flow behavior [28,
32]. This phenomenon can be ascribed to the
intensified interaction between dislocations and
precipitates, Ni clusters, or solute atoms at 400 °C.

In this study, the PLC effect was also detected in
the A1, A3, and A4 samples following tensile testing
at 400 °C (see Figure 7). This behavior indicates a
different concentration of free Ni, Al, Ti, and Nb
atoms retained in the solution of the Al, A2, A3 and
A4 samples depending on the heat treatment
conditions. The serrated flow behavior in Inconel 718
is closely associated with the amount of solute atoms
present in the y matrix. As the concentration of solute
atoms increases, dislocation pinning by diffusing
solute atoms becomes more prominent, resulting in
enhanced serration intensity and frequency in the
stress-strain curve.

At moderate solute concentrations, DSA is
maximized, leading to pronounced serrated behavior.
However, when the solute content reaches levels
where precipitate nucleation and growth begin (e.g.,
y'/y" formation during aging), the availability of
solute atoms for dislocation pinning decreases.
Consequently, serrated flow becomes weaker and may
eventually disappear in overaged conditions, where
significant precipitation and coarsening limit solute
mobility [33, 34]. As also seen in Figure 7 that
solution heat-treated A2 sample exhibits serrated
behaviour with high ductility at 400 °C, since y'/y”
precipitates have not yet formed. Due to dynamic
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Figure 7. Engineering stress—strain curves of Al, A2, A3
and A4 samples evaluated at 400 °C

strain aging mechanisms, it shows more pronounced
serrated flow behavior compared to peak-aged A3 and
overaged A4 samples. In peak-aged samples, these
effects diminish, and in the overaged condition, the
reduction becomes even more due to precipitation of
v'/y" phase.

The significantly more pronounced serrated flow
behavior observed in A2 sample, compared to
samples Al, A3, and A4 samples, indicates a much
higher amount of solute atoms but fewer precipitate
particles, which are not sufficiently strong to produce
a net increase in work hardening. During testing at
800 °C, these solute atoms dynamically precipitated,
thereby increasing the Rp, , strength of A2 sample.

The increase in strength resulting from work
hardening (8y) was quantified for the A1, A2, A3 and
A4 samples to assess the extent of the PLC effect,
which a mechanism referred to as DSA [35]. Work
hardening contribution to strength was quantified by
subtracting Rp,, values from R values for the Al,
A2, A3 and A4 samples, under uniaxial tensile testing
conducted at 25 °C, 400 °C, and 800 °C, as illustrated
in Figure 8.

The increase in strength resulting from work
hardening in the A2 samples exhibited a decreasing
trend with increasing test temperature, particularly at
400°C. In contrast, the increase in strength
attributable to work hardening of the Al, A3 and A4
samples exhibited a slight increase at 400 °C,
followed by a reduction as the test temperature was
further increased to 800 °C. The reason why the
solution heat-treated A2 sample exhibits a decrement
in strength resulting from work hardening at 400 °C is
that there are not enough precipitate obstacles in its
microstructure, allowing dislocations to move and
rearrange ecasily at this temperature (dynamic
recovery) [26].

Figure 9 presents the SEM fractographic analysis
of the A1, A2, A3 and A4 samples tested at 25 °C. The
A2 samples exhibited a transgranular fracture mode

T T T
0 100 200 300 400 500 600 700 go0 900
Testing Temperature { C)

Figure 8. The increase in strength is attributed to work
hardening (0y) in Al, A2, A3 and A4 samples

characterized by micro void coalescence, as
evidenced by the presence of dimpled surface
morphology (Figure 9b). This fracture morphology is
indicative of the high elongation observed prior to
failure [36]. In contrast, the Al and A3 samples aged
at 810 °C for 8 h exhibited a mixed fracture mode,
with the coexistence of dimples and cleavage facets
evident in Figures 9a and 9c. This observation aligns
with the elongation data of the Al and A3 samples,
both of which demonstrated the lowest ductility
among the tested conditions. The reduced elongation
is attributed to embrittlement arising from the
interaction between dislocations and precipitates [37].
Prolonged ageing at 800 °C for 80 h led to a greater
prevalence of dimpled fracture features on the surface
of the A4 samples (Figure 9d), accompanied by an
increase in elongation. This behavior is attributed to
the coarsening of precipitate particles along
dislocation lines, which facilitated enhanced ductility.
The A4 samples also exhibited prominent deep cusps
on the fracture surface, attributed to the detachment of
coarsened precipitates from the matrix, induced by the
application of tensile loading. Precipitate particles
were identified on the fracture surfaces of the A1, A2,
A3 and A4 samples. For instance, point EDS analysis
of the A3 samples revealed the presence of complex
Ni—Al-Nb-Ti—Cr—Mo precipitates (Figure 9e¢).
Figure 10 presents the SEM fractography of A2
samples tested at 25°C, 400°C and 800°C. The
fracture surfaces of the A2 sample exhibited a
combination of dimples and cleavage facets across all
testing temperatures, as shown in Figures 10a—c.
Conversely, the A2 samples exhibited a transition
from ductile transgranular features to intergranular
fracture zones as the testing temperature was elevated
from 25°C to 400°C and 800°C. This is due to grain
boundary weakening and coarsening of precipitates
such as y', y" and MC type precipitates such as Cr,,C,,
Mo,C and Nb,Ti(C) which can form in Inconel 718
superalloy as a function of the applied heat treatment
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(e)

Mass percent (%)

Spectrum C Al Ti Cr
1 16.09 0.11 3.93 10.42
2 14.07 0.73 0.62 12.29
3 12.97 0.17 1.57 22.55
4 6.84 0.28 2.94 25.26
5 10.30 0.65 1.03 14.94
6 17.69 0.41 0.47 13.06
7 8.47 0.59 0.46 13.22
8 16.43 0.65 0.81 12.04
9 14.79 0.67 0.64 14.05

Mean value: 13.07 0.47 1.38 15.32

Sigma: 3.76 0.24 1.24 5.08

Sigma mean: 1.25 0.08 0.41 1.69

Fe Co Ni Cu Nb Mo
11.93 0.62 14.97 0.29 41.64 0.00
11.24 1.63 52.12 1.48 4.22 1.59
21.98 0.83 31.90 0.00 6.41 1.62
21.96 1.23 34.92 0.53 4.76 1.29
11.66 2.:00 50.89 1.87 4.65 2.02
12.39 2.27 46.85 0.74 3.97 2.15
13.31 2.72 53.50 0.65 4.90 2.18
11.46 1.48 50.02 0.59 4.84 1.67
11.38 1.60 49.88 0.72 4.44 1.82
14.14 1.60 42.78 0.76 8.87 1.59

4.48 0.67 12.95 0.57 12.31 0.66
1.49 0.22 4.32 0.19 4.10 0.22

Figure 9. Fracture surfaces of (a) A1, (b) A2, (c) A3 and (d) A4 samples tested at 25 °C, along with (e) point EDS analysis

of the precipitates

and cooling rate [38]. Also, the solution heat-treated
structure is weaker than the aged microstructure in
terms of oxidation resistance and thermal stability.
During deformation of the A2 samples at 400°C and
800°C, oxidation may develop along the grain

boundaries, which facilitates crack propagation and
increases brittleness [39]. Point EDS analysis
confirmed the presence of complex Ni—Al-Nb-Ti—
Cr—Mo-rich precipitate phases in the A2 samples, as
illustrated in Figure 10d.
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Figure 10. Fracture surfaces of A2 samples tested at (a) 25 °C, (b) 400 °C and (c) 800 °C, (d) point EDS analysis of the

indicated precipitates on the fracture surface

4. Conclusion

In this study, the influence of precipitation on the
deformation behavior of Inconel 718 superalloy was
systematically investigated under Al, A2, A3 and A4
conditions. Uniaxial tensile tests were conducted at
temperatures of 25 °C, 400 °C and 800 °C under a
constant strain rate of 5.55x10* s7'. The
corresponding results are summarized as follows.

1. In the as-received (A1) condition, Inconel 718
superalloy exhibited an austenitic matrix composed of
equiaxed grains with finely dispersed precipitates.
After solution heat treatment (A2), the precipitates
dissolved into the solid solution, reducing their
quantity. In the peak-aged condition (A3), uniformly
distributed precipitates ranging from small to medium
size were observed, significantly enhancing the
alloy’s strength. Further aging led to the dissolution of
smaller precipitates, reducing their number, while
overaging (A4) resulted in the formation of larger
precipitates.

2.The Rp,, of the A1, A3, and A4 samples showed
a continuous decline with increasing test temperature
from 25°C to 400°C and 800°C. In contrast, A2

samples exibited an increase in Rp,, as the test
temperature was raised to 800 °C. This enhancement
suggests a more pronounced occurrence of dynamic
precipitation in the A2 samples under elevated
temperature deformation. However, the R for the
same sample continued to decrease as the test
temperature increased to 800°C. This is due to thermal
softening, precipitate coarsening, and dynamic
recovery, which limit further strengthening, causing
the material to fail at a lower stress than might be
expected.

3. SEM fractographic analysis revealed that the A2
samples exhibited a transgranular fracture
characterized by microvoid coalescence, evidenced
by the presence of dimples, after testing at 25 °C.
However, the fracture surfaces of Al and A3 samples
subjected to aging at 810°C for 8 h. exhibited a
combination of dimples and cleavage facets.
Prolonging the aging duration to 80 h at the same
temperature led to an increased prevalence of dimpled
morphology on the A4 samples, indicating enhanced
ductile fracture characteristics.

4. The fracture surfaces of A2 samples tested at
25°C, 400°C and 800 °C exhibited a mixed-mode
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fracture characterized by both dimples and cleavage
facets. Conversely, the A2 samples showed a
transition from ductile transgranular features to
intergranular fracture zones as the testing temperature
increasede from 25 °C to 400 °C and 800 °C. This is
due to grain boundary weakening and coarsening of
precipitates.
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UTICAJ HLADNE, TOPLE I VRUCE DEFORMACIJE NA MIKROSTRUKTURU I
MEHANICKA SVOJSTVA SUPERLEGURE INCONEL 718

Tugay Dogan, Siileyman Giindiiz', Demet Tastemiir

Univerzitet Karabuk, Tehnoloski fakultet, Karabuk, Turska
Apstrakt

Ova studija sistematski ispituje uticaj precipitacije na mikrostrukturna i mehanicka svojstva superlegure Inconel 718 u
pocetnom stanju (as-received), nakon termicke obrade, u stanju maksimalnog starenja i prestarelom stanju. Ispitivanja
hladne, tople i vruce deformacije izvedeni su na temperaturama od 25 °C, 400 °C i 800 °C, primenom konstantne brzine
deformacije od 5.55%107* s. Rezultati ukazuju na dinamicko starenje usled deformacije tokom tople obrade na 400 °C u
svim ispitivanim uslovima. Medutim, na temperaturama iznad 400 °C zabelezeno je znacajno smanjenje cvrstoce, praceno
odgovarajucim povecanjem istezanja u vecini stanja. Posebno je uoceno anomalno ponasanje kod termicki tretiranih
uzoraka, koji su pokazali povecanje Rp,, nakon deformacije na 800 °C. Ovaj rezultat ukazuje na pojavu dinamicke
precipitacije tokom tople deformacije u termicki tretiranim uzorcima.

Kljucne reci: Superlegure; Dinamicko starenje usled deformacije; Mikrostruktura; Mehanicka svojstva
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