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ABSTRACT

The two-stage aging treatment with different initial loading stresses were car-

ried out in the Inconel 718 alloy after solution annealing process to investigate

the stress relaxation and age hardening behaviors on basis of microstructural

evolution. The result showed that the stress relaxation behavior mainly occurred

in the first aging stage and the corresponding mechanism changed from diffu-

sion creep with initial loading stress of 100 MPa into dislocation slip with initial

stress of 600 MPa. Simultaneously, the influence of initial stress on yield

strength was counteracted balanced the creep recovery and dislocation hard-

ening, resulting in nearly constant value if yield strength. During the secondary

aging stage, the strength of the purely aged sample is 3% higher than that of the

high initial stress sample, and the precipitated phase morphology distribution is

more uniform. The stress relaxation occurred in the secondary aging stage was

negligible, irrespective of initial stress status. In condition, the application of

initial stress gave rise to the precipitation behavior, which presented faster

growth and coarsening with increasing initial stress value. As a comparison, the

distribution of precipitates in sample without loading stress relatively more

homogeneous and revealed denser, leading to higher yield strength compared

with other samples with initial stress.

Introduction

Superalloy is a kind of metal material with good high

temperature strength, and other fantastic compre-

hensive properties under above 600 �C [1]. As a

representative superalloy, Inconel 718 alloy is an

aging precipitation-hardening nickel-based superal-

loy. During the aging process of Inconel 718 alloy,

there are mainly three precipitation phases of c’’
phase, c’ phase, and d phase, which are precipitated

from the c matrix [2, 3]. The c’’ phase Ni3Nb;DO22ð Þ
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is the main strengthening phase of Inconel 718 alloy,

which is generally disk-shaped [4]. The c’ phase is the
secondary strengthening phase of Inconel 718 alloy,

the main component is Ni3 Al;Tið Þð Þ, which is gener-

ally spherical and has a face-centered cubic LI2
structure [5, 6]. The d phase is a stable coherent phase

with an orthorhombic DOa crystal system structure

and the chemical formula is Ni3Nbð Þ [7, 8].
Inconel 718 generally adopts a standard heat

treatment process including a combination of solid

solution strengthening and two-stage aging precipi-

tation strengthening to ensure the required mechan-

ical properties, microstructure and dimensional

accuracy of the parts [9, 10]. During solution heat

treatment, in order to ensure that the supersaturated

solid solution is fixed and not be decomposed, a

faster quenching speed is generally adopted. How-

ever, a great amount of quenching residual stress will

be introduced. During the subsequent aging heat

treatment stage, the strengthening phase will gradu-

ally precipitate inside the grain to obtain the desired

precipitation hardening and mechanical properties.

In addition to microstructure evolution, thermally

activated creep and stress relaxation also occur

simultaneously during aging process [11, 12]. Fruitful

works have been reported on the relaxation of

residual stress via aging treatment. Rahimi [13]

established a numerical model to describe the stress

relaxation behavior of Inconel 718 alloy during aging

heat treatment. Aba-Perea [12] found that the com-

bination of plastic relaxation and early creep relax-

ation of Inconel 718 alloy resulted in 60% relaxation

of quenching stress in the heating stage of aging.

Actually, it has been reported that the variation of

stress field inside superalloy play a crucial role on the

precipitated behavior of strengthened phases. Qin

[15] found that the external stress strongly promote

the nucleation and precipitation of the c’’ phase in the

early stages of aging. As a whole, the related articles

of superalloys mainly focus on the establishment of

aging-stress relaxation model [13, 14], precipitated

kinetics of strengthening phase [15–17] and charac-

teristics of residual stress [12]. However, the research

on the relationship between stress relaxation and age

hardening behavior is limited.

This paper studies the stress relaxation aging

behavior and strength evolution in Inconel 718 alloy

during the two-stage aging process. Different loading

stresses are applied to the alloys to determine the

effect of initial stress on the high temperature

relaxation characteristics during the aging process.

The purpose of this study is to reveal the interaction

between age hardening and stress relaxation behav-

ior, and to provide guidance for the control of

residual stress and the strengthening of precipitates

in superalloys.

Experimental program

Materials and experimental procedures

The material chosen for this study is industrial

Inconel 718 superalloy, whose main chemical com-

position, supplied by the manufacturer, is provided

in Table 1. The as-received materials were machined

into a [20 9 300 mm rod-shaped sample to solution

heat treatment at 970 �C for 1 h, and then water

quenched. The as-quenched sample was made into a

stress relaxation sample with ASTM standard [18]

dimension shown in Fig. 1. Subsequently, the stress

relaxation test at two-stage aging treatment was

applied and the corresponding parameter are shown

in Fig. 2. Finally, the samples after aging treatment

were air-cooled to room temperature, followed by

tensile experiment. In order to determine the aging

hardening effect and strength evolution caused by

the precipitated in the stress-relaxation-aging stage,

the interrupted stress relaxation test was conduct

followed by tensile test at ambient temperature. The

interrupted stress relaxation test was carried out on

an Instron 8862 machine with constant strain level

within a specified aging time followed by unloaded

and cooled in air to room temperature. Finally, the

aging samples were subjected to tensile test on an

Instron 3369 machine at room temperature.

Stress-relaxation aging treatment

During the stress relaxation experiment, the temper-

ature is strictly controlled within ± 1 �C through

three thermocouples connected at the gauge length of

the sample, and an extensometer was installed to

control the strain of the sample. The test procedure is

shown in Fig. 2. In the first stage of stress relaxation

aging, the sample was firstly held for 10 min and

then loaded to the specified stress level at a rate of the

2.83 MPa/s (i.e., 100–300–600 MPa), during which

constant strain was used to study the stress relaxation

behavior. After the first stage of heat treatment, the
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furnace temperature was reduced to 620 �C at a rate

of 50 �C/h. During the cooling process, the sample

were controlled by constant stress. When the furnace

temperature reached 620 �C, the control mode of the

sample was changed to constant strain control again

until the end of the test. The control method of the

intermittent stress relaxation test was also strictly in

accordance with the above process.

Microstructural characterization

Electron backscatter diffraction (EBSD) observation

was performed on samples under different initial

loading stresses. The samples were prepared with 10

vol% HClO4 and 90 vol% CH3OH solution under the

voltage of 15 V for 15–20 s. The distribution of grain

boundary disorientation was examined on a FEI

Quanta-200 field emission gun scanning electron

microscope (SEM) equippedwith an EBSDdetector. In

this study, a step size of 1.4 lm was utilized, and the

collected data was analyzed by OIM software. Fur-

thermore, TEM observation was carried out on some

representative samples after stress relaxation aging

test. For TEM observation, the sample were mechani-

cally polished to 60 lm, followed by twin-ject elec-

tropolishingwith chemical solution (i.e., 5 vol%HClO4

and 95 vol%CH3OH) at-30 �Cand checked on a JEM-

3010 transmission electron microscope.

Result

Stress relaxation behavior during the aging
stage

Stress relaxation curves with different initial stresses

Figure 3 shows the stress relaxation curves of super-

alloy samples with different initial stresses. Based on

the variation of temperature, the stress change in the

entire two-stage aging process can be divided into

three stages, indicated as first aging stage, cooling

stage and secondary aging stage, respectively (Fig. 3a).

During the first stage, the stress was relaxed rapidly

and is closely related to the value of initial stress. It is

worthwhilementioning that the stress relaxation curve

at the onset of the first aging stage, which was signifi-

cantly different from that of traditional reported result

with an obvious threshold stress [13]. Then there is a

constant stress control stage where the temperature

cooling from 720 to 620 �C, during which the stress

remains constant. Finally, there was the steady-state

stress process in secondary aging stage. The stress in

this stage did not relax and shows a stable and slightly

increasing trend.

Table 1 Main chemical

composition of Inconel 718

alloy

Elements Ni Cr Fe Mo Nb Al C Ti

(wt %) Balanced 18.90 18.60 3.06 5.10 0.45 0.04 0.90

Figure 1 Dimensional

drawing of the stress

relaxation tensile specimen

(Unit: mm).

Figure 2 Schematic diagram of sample preparation and testing

procedure.
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In addition, the stress relaxation results are nor-

malized as shown in Fig. 3b. Obviously, the stress

relaxation behavior depends on the value of initial

stress during the first stage, while the stress relax-

ation behavior in the secondary aging stage is hardly

affected by it. When the initial stress was 100 MPa,

marginal relaxation was observed in the sample.

Moreover, the stress reduction monotonically

increased up to 8.3% in the first aging stage, while

inversely decreased the secondary aging. As result,

the stress was only relaxed by 1.3% after two-stage

aging treatment. At low stress levels, the sample

hardly undergoes stress relaxation. With the initial

stress loading to 300 MPa, the stress reduction

increased to 18.7% during the first aging stage, and

the stress reduction was 15.4% after the steady-state

relaxation during the secondary aging stage. When

the initial stress was loaded to the vicinity of yield

strength (i.e., 600 MPa), the sample undergoes sig-

nificant stress relaxation in the first-stage aging stage,

and corresponding the stress reduction was 35%.

Finally, as the stress during the secondary aging stage

increased slightly, the stress reduction after two-stage

aging was 31.4%.

Stress relaxation mechanism with different initial stresses

As we all know, stress and temperature can change

or control the creep mechanism. Broadly speaking,

stress relaxation is a special form of creep [19]. The

essence of stress relaxation is the gradual transfor-

mation of elastic strain into permanent plastic strain,

while the total strain remains constant, thus satisfy-

ing the following equation [20, 21]:

etol ¼ ee þ ep þ ec ð1Þ

det
dt

¼ dee
dt

þ dec
dt

ð2Þ

Since the total strain is constant, according to

Hooke’s

law, ee ¼ r=E then:

dec
dt

¼ � dee
dt

¼ � dr
Edt

¼ _e ð3Þ

where etol is the total strain, ee is the elastic strain, ep is

the plastic strain caused by the initial loading stress, S

is the creep strain, and E is the elastic modulus of the

material. The stress relaxation is a thermal activation

process, which conforms to the Arrhenius and Nor-

ton equations. The relationship between strain rate,

stress and temperature can be expressed as:

_e ¼ Arn exp � Q

RT

� �
ð4Þ

where A is a dimensionless constant for a given

materials,r is the applied stress, Q is the deformation

activation energy, R is the gas constant, generally

8.314 J mol-1 K-1, T is the absolute temperature, and

n is the stress exponent, which can be obtained by the

logarithmic strain rate and the slope of the logarith-

mic stress. Then there are:

ln _e ¼ lnA exp � Q

RT

� �
þ n lnr ð5Þ

According to the relationship between the steady-

state creep strain rate and the stress value in the

equation, the value of n for a specific material can be

obtained. The expression is:

Figure 3 a Stress relaxation curves, b the curves shown in a normalized by the initial stresses during two-stage aging condition; the

temperature is indicated by the dashed line and r0 is the initial loading stress.
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n ¼ o ln _e
o ln r

ð6Þ

The stress relaxation mechanism at high tempera-

ture usually includes atomic diffusion, dislocation

slip and climbing and so on. Stress exponent n is

frequently used to analyze the stress relaxation

mechanism [22]. n = 1 indicates diffusional creep

[23, 24]; When n = 2–3, diffusion and dislocation

climbing occur simultaneously [25, 26]; When n ran-

ges from 4 to 9, the relaxation process is dominated

by dislocation slip mechanism [27, 28]. Figure 4

shows the value of the power-law stress exponent n

during the first-stage aging process calculated

according to Eqs. (4) and (6). When the initial loading

stress is 100 MPa, 300 MPa, 600 MPa, the calculated

stress exponent n values are 1.26, 7.35 and 8.07,

respectively. These n values indicate that under low

stress loading conditions, the stress relaxation

mechanism is dominated by diffusion creep. When

the initial stress increases, the stress relaxation

mechanism gradually shifts to a dislocation slip

mechanism. The dislocation caused by the change of

the initial loading stress can significantly change the

stress relaxation mechanism of Inconel 718 alloy.

Aging hardening behavior with different
initial stresses

For precipitation-strengthened Inconel 718 alloy,

aging heat treatment is one of the main means to

improve its strength. During the aging process, not

only the relaxation of the stress field, but also the

aging strengthening of the precipitated phases will

arise. Figure 5 shows the changes in yield strength

with time under different initial loading stresses. At

the beginning of the first aging stage, the yield

strength increased rapidly, whilst the strength of

aged samples under loading condition was signifi-

cantly lower than that of pure aged samples. In the

remaining part of the first aging stage, the strength

gradually increases with prolonging the aging time,

while the influence of initial loading stress on yield

strength drastically weakened. Finally, the yield

strength of the two samples after first aging present

nearly the same. During the secondary aging pro-

cessing, the strength increased slowly with time.

Compared with the strength of the purely aged

samples, the presence of the initial loading stress

inhibits the strength of the material. After the final

two-stage aging, the pure aging sample has a higher

yield strength. Table 2 shows the specific yield

strength and stress relaxation values at different

aging stages.

Microstructure characterization

In order to depict the microstructure characteristics of

sample after aging treatment, the sub-structure and

crystallographic variation were detected by EBSD

technique and the corresponding resulting are shown

in Figs. 6 and 7. Due to the relatively low aging

temperature, there’s not enough grain growth or

recrystallization, which means that the grain size was

nearly the same at that of virgin state (20 ± 0.5 lm).

Figure 6 shows that with the increase of initial

Figure 4 The creep stress exponent n value with different initial

loading stresses in the first aging stage. The upper left corner is the

schematic diagram of the ln (r)-ln (de/dt) relationship in sample

when the initial stress is 100 MPa.

Figure 5 Change of yield strength during stress relaxation aging

process.
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loading stress, the volume fraction of low angle grain

boundary (LAGB) increased from 4.8% to a saturated

value of 11.8% in the case of 300 MPa, followed by a

sudden reduction to 7.3% as loading stress increased

to 600 MPa. Actually, the loading stress of 0–300 MPa

is smaller than the yield strength (587 MPa), while

the stress of 600 MPa has exceeded.

Furthermore, Fig. 7 was a schematic diagram of the

misorientation angle distribution of the samples

under different initial loading stresses after stress

relaxation aging. The peak in the misorientation

angle shown in Fig. 7 was at the

60�\ 111[misorientation, corresponding to the R3
misorientation relationship in the coincidence site

lattice (CSL). The change of the relationship between

the R3 twin boundary and the initial loading stress is

consistent with the high angle change trend. With

initial loading stress increased, the volume fraction of

R3 twin boundary decreased from 28.9 to 19.5% in the

case of 100 MPa, and then increased to 25.3% at the

initial stress of 600 MPa. When the initial loading

stress below the yield strength, less effect on the R3
twin boundary. The variation of initial loading stress

scarcely influenced the characteristics of R3 twin

boundary, while the volume fraction increases with

the initial loading stress near the yield strength.

Besides, the TEM morphology were exhibited in

Figs. 8 and 9 to delve into the evolution of the pre-

cipitated phases during the first aging stage with

different initial loading stresses. Figure 8a–d were the

morphologies of the precipitates when the initial

loading stress was 0 MPa (purely aged state),

100 MPa, 300 MPa, and 600 MPa, respectively. Fig-

ure 8e–h corresponds to the dark field image with

initial loading stress of 0 MPa (purely aged state),

100 MPa, 300 MPa, and 600 MPa. It can be seen that

the initial loading stress promotes the growth of the

c’’ phase after the first aging stage. In contrast to the

precipitates of purely aged sample in Fig. 8a, the c’’
phase in the sample with an initial loading stress of

600 MPa was larger in size, ranging from around

14–22 nm, while smaller in density. As to the sample

with initial loading stress of 300 MPa, it was found

that dislocation slip has occurred during the first

aging stage (Fig. 9a), consistent with the result of

Fig. 4. Furthermore, some dislocation was observed

to be pinned by d phase that located at grain

boundary, as shown in Fig. 9b.

During the secondary aging stage, the TEM mor-

phology of precipitated phases in Fig. 10 (a–c) and

(d–f) presents purely aged sample, as well as the

sample with initial loading stress of 600 MPa in

Inconel 718 alloy. It can be found that the c‘‘ phase
maintains a good coherent relationship with the

matrix, and a small quantity of dislocations were

observed inside the matrix, while a mass of disloca-

tions were aggregated and entangled at the grain

boundaries. Compared with the purely aged sam-

ples, the density and size of the c’’ phase with initial

loading stresses showed distinct differences.

Table 2 Yield strength and

stress relaxation values during

the aging stage under different

initial loading stresses

Initial loading stresses r0 ¼ 0MPa

Yield strength

Yield strength r0 ¼ 600MPa

stress relaxation values

First aging stage 1090 MPa 1086 MPa 390 MPa

Secondary aging stage 1206 MPa 1169 MPa 412 MPa

Figure 6 EBSD grain boundary orientation distribution of

samples during two-stage aging with different initial loading

stresses, a purely aged state, b 100 MPa, c 300 MPa, d 600 MPa.
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Figure 7 Distribution of

misorientation angles of two-

stage aging specimens under

different initial loading

stresses, a purely aged state,

b 100 MPa, c 300 MPa,

d 600 MPa. The inserted

images inside each

figure indicate the rotated axis

distribution corresponding to

the misorientation angle range

57.5–62.5.

Figure 8 TEM schematic diagram of samples with different initial

loading stresses after the first aging stage. a Purely aged sample,

b Sample with initial loading stress of 100 MPa, c Sample with

Initial loading stress of 600 MPa, d Dark field image of purely

aged sample, e Dark field image of the sample with initial loading

stress of 100 MPa, f Dark field image of the sample with initial

loading stress of 600 MPa.
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Discussion

Stress relaxation mechanism
during the aging process

The stress relaxation of alloys under conditions of

aging temperature and loading stress is usually

attributed to the creep deformation issued from the

movement of dislocations [29, 30],and the change of

microstructure is the main reason for the variation of

stress relaxation mechanisms in Inconel 718 alloy

with different initial stresses. As to the samples with

identical heat treatment and different initial loading

stresses, the variation of stress as a function of time

showed a typical three-stage stress relaxation

behavior (Fig. 3), that is, the rapid stress relaxation at

the first aging stage, the constant stress at the cooling

stage and the steady-state stress at the second aging

stage.

During the first aging process, the degree of stress

relaxation with low initial stress and high initial

stress was significantly different, which means that

the potential stress relaxation mechanism of Inconel

718 alloy changed with the increase of initial stress.

When the initial stress applied to the materials was

100 MPa, which was much smaller than the yield

strength and hence existed as the long-range stress

field among the material. Accordingly, the disloca-

tion density was small and dislocation cannot slip

[31]. In this situation, the diffusion velocity of atoms

increased and the stress relaxation mechanism was

diffusion creep.

With the initial stress increased to 300 MPa, a cer-

tain elastic strain will be generated during the initial

stage of aging process, and the corresponding

Figure 9 TEM schematic diagram of samples with initial stress of

300 MPa after the first aging stage. a Dislocation distribution, b

Dislocation pile-up around d phase.

Figure 10 TEM schematic diagram of samples with initial stresses of a–c 0 MPa and d–f 600 MPa after two-stage aging. Where a d

precipitation phase morphology, b e dark field image, c f pinning effect of d phase to dislocation movement.
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internal elastic stress was relatively large. Subse-

quently, the elastic strain generated inside the mate-

rial gradually changes into plastic strain through the

deformation mechanism such as atomic diffusion or

dislocation motion [32], and the dominant mecha-

nism of stress relaxation changes from diffusion

creep into dislocation slip.

When the initial loading stress approaches the

yield strength (i.e., r0 = 600 MPa), dislocation slips

across obstacles by the combined effect of external

stress and thermal activation [33], and the stress

relaxation mechanism is dominated by dislocation

slip. In this case, the dislocation propagated during

plastic deformation, leading to the intersection and

tangle of dislocation via different slip systems, as

well as the formation of dislocation cell [34]. Mean-

while, dynamic recovery occurred and resulted in the

dislocation annihilation and rearrangement [35].

Under the coupled influence of plastic deformation

and dynamic recovery, the dislocations distributed in

the vicinity of cell wall gradually arranged neatly to

form a substructure, and the cell structure finally

turned into a subgrain (Fig. 6).

During the cooling stage, the stress remains con-

stant by stress control. Then in the secondary aging

stage, the stress relaxation curve shows a similar

trend of slight increase in stress, and the stress

relaxation behavior was not affected by the initial

loading stress (Fig. 3). During this process, the driv-

ing force of dislocation creep was insufficient due to

the decrease of temperature compared with the first

aging stage. Studies [36, 37] have shown that only a

small amount of atomic diffusion and slight plastic

deformation occurs at relatively low temperatures,

but the increase of available vacancies and paths at

grain boundaries promotes diffusion creep. Due to

the simultaneous occurrence of age hardening, the

stress relaxation resistance at this stage increases

significantly. Because of the increase in stress relax-

ation resistance and the decrease in temperature, the

stress relaxation behavior of the alloy during the

secondary aging stage was hardly affected by the

initial loading stress. In addition, the stress fluctua-

tions during the secondary aging stage was also

observed and can be ascribed to that the temperature

decrease makes the thermal activation more difficult

to occur and the external stress required for disloca-

tions movement increases, leading to the increase of

flow stress [38].

Precipitation behavior and aging hardening
during stress relaxation process

As is well known, the essence of stress relaxation is

considered as a process that elastic deformation

gradually transforms into plastic deformation [39]. In

the case of constant temperature, the increase in ini-

tial stress was not only favorable to the generation of

plastic deformation, but also promoted the formation

of precipitates. For Inconel 718 precipitation

strengthening alloy, the increase in precipitation

strengthening effect is mainly related to the charac-

teristics of c’’ phase, such as volume fraction and size

as well as the anti-phase boundary energy [40, 41]. As

a result, the stress relaxation process was coupled

with the precipitation of c’’ phase and aging hard-

ening, which concurrently influenced the variation of

mechanical properties during aging process.

Analysis of microstructural evolution and mechanical

properties during the first aging stage

The precipitation behavior of strengthening phase in

Inconel 718 alloy significantly depended on the heat

treatment. During the rapid cooling process after

solution treatment, the time is insufficient for the pre-

cipitation of strengthening phase c’’ and c’ inside c
matrix, resulting in the relatively lower strength. As

the heat treatment processed into the first stage, the

strengthening phase c’’ was precipitated adequately

due to the existence of abundant nucleation sites.With

prolong of aging time, the amount of c’’ phase

increased, which was the main reason of improved

yield strength via the pinned effect.

Moreover, the stress relaxed rapidly at the onset of

the first aging stage, while still revealed a relatively

discrepancy at different initial loading stress levels, as

shown in Figs. 3a and 5. As higher stress can facilitate

the formation of precipitates during the creep aging

process, the nucleation rate of the precipitated phase

increases rapidly.However, due to its short time, the c‘‘
phase has no time to grow up, and the yield strength

presented slightly lower than that of the pure aging

state. In this process, the supersaturation of the c’’
phase is close to the equilibrium value [16].

In the remaining part of the first aging stage, the

volume fraction of c’’ phase of the purely aged and

stress relaxation state samples gradually stabilized.

With prolong aging time, number of c’’ phase nucle-

ation sites in purely aged sample increased, whilst the

13822 J Mater Sci (2021) 56:13814–13826



existence of the initial loading stress increases the size

of the c’’ phase as shown in Fig. 8. Eventually, the

strengthening effect of abundant precipitates in stress

relaxation sample was counteracted by the coarsening

process and the yield strength of the two samples

presents nearly the same. Correspondingly, a sche-

matic diagram of the interaction between precipitates

and dislocations with different initial loading stresses

during the stress relaxation aging process is proposed

in Fig. 11.

Comprehensive analysis of microstructural characteristics

and mechanical performance during the secondary aging

stage

Although the applied initial stress hardly influenced

the yield strength of the first aging stage, it will obvi-

ously affect the characteristics (number and size of

nucleation) of the precipitated phases, and further

affect the corresponding strengthening behavior dur-

ing the secondary aging stage. In comparisonwith first

aging stage, the secondary aging stage dominantly

controlled the growth rate of c’’ phase, which slowed

down due to the decrease of aging temperature. This

influence not only ensures the precipitation of the

strengthening phase, but also prevents the coarsening

of precipitated phase. As a result, the c’ phase precip-
itated as fine particles at this stage to produce a

strengthening effect.

In terms of the variation of mechanical performance

(see Fig. 5), the application of initial loading stress

slightly influenced the aging strengthening behavior.

As shown in Table 2, the yield strength of the specimen

after two-stage aging with an initial loading stress of

600 MPa was 3% lower than that of the specimen with

0 MPa. Moreover, it is also found that the character-

istics of c’’ phase changed with initial stress in sample

after the first aging stage (Figs. 8 and 9). It should be

noted that the c’’ phase still maintains the discrepan-

cies in quantity and density after secondary aging

stage (see Fig. 10). Consequently, higher initial stress

will introduce larger creep, which will lead to faster

growth and coarsening of precipitates after two-stage

aging treatment, and intensified dislocation move-

ment (see Fig. 10f), which is manifested as a difference

in strength.

Overall, there is ting change in the low-angle and

high-angle grain boundary content at a low initial

loading stress of 100 MPa (see Fig. 6a, b) compared

with that of the purely aged samples, indicating that

recovery creep hardly occurs. Hence, the dislocations

caused by creep strain are basically negligible, and

the existence of initial stress will generate a larger

lattice space and facilitate the diffusion of atoms,

which manifests that the stress relaxation mechanism

was mainly diffusion creep.

As the initial loading stress increased to 300 MPa,

the low-angle grain boundary fraction increased from

4.8 to 11.8% (see Fig. 6a, c), indicating that recovery

and primary strain hardening have reached a balance

to some extent. However, a small amount of dislo-

cations are activated, which leads to an increase in

the number of sub-structure (see Fig. 6a, c). In other

words, the stress relaxation mechanism was trans-

formed into dislocation slipping and climbing.

Figure 11 Schematic diagram of a the relationship between stress relaxation behavior and age hardening behavior, b the evolution of the

precipitated phase morphology with different initial loading stresses during the aging process.
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When the initial loading stress increases to 600 MPa,

more dislocations are activated and begin to move

under the combined effect of temperature and loading

stress, leading to the increases of sub-structure (see

Fig. 6a, d). At this time, the stress relaxation mecha-

nism is dominated as dislocationmovement, therefore

more elastic deformation has transformed into plastic

deformation, which leads to a rapid decrease in stress.

In addition, although the amount of sub-structure

increasedwith the application of initial stress, the yield

strength of purely aged state presented a relatively

higher value due to the significant aging precipitation

strengthening effect of the purely aged state. On the

other hand, the decrease in the number and density of

precipitated phases leads to weakened pinning effect

of the dislocations, making the dislocations easier to

move and stress relaxation faster.

Conclusions

The stress relaxation behavior and age hardening

behavior of Inconel 718 alloy with different initial

stress status were investigated after two-stage aging

treatment. On basis of the comprehensive analysis on

microstructural evolution and mechanical perfor-

mance, the following conclusions can be obtained:

(1) The stress relaxation behavior of Inconel 718

alloy mainly occurred in the first aging stage.

With the initial loading stress increased from

100 to 600 MPa, the corresponding stress relax-

ation mechanism changed from diffusion creep

into dislocation creep, ascribing to the transfor-

mation of elastic strain into plastic strain by

atomic diffusion or dislocation movement. The

stress relaxation behavior of Inconel 718 alloy is

closely associated with the initial stress level

during the first aging stage.

(2) The stress relaxation occurred in the secondary

aging stage was nearly negligible with constant

value of stress change, irrespective of initial

stress status.

(3) The precipitated behavior of c’’ phase strictly

depended on the initial stress status. With

increasing initial stress value, dislocation creep

was obviously facilitated, leading to relatively

faster growth and coarsening of precipitated

phase after two-stage aging treatment. As a

comparison, the distribution of precipitated

phase in sample without initial stress showed

relatively more homogeneous and denser, giv-

ing rise to a high yield strength.
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