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Abstract: Due to the gradually prominent impact of fracture characteristics and serrated yielding in the application of nickel-based

superalloys, the hot tensile properties of Inconel 718 superalloy were studied, including fracture behavior, mechanical properties, and

plastic behavior. The experiments adopted three heat treatment regimes and two tensile directions. Results show that various heat
treatments make grain sizes different. The larger-sized grains make the vertical surface uneven, which also decrease the number of
grain boundaries and carbides, restricting the occurrence of dimples and ultimately reducing the material plasticity. The reduced grain
boundaries can decrease dislocations, increase the demand for thermal activation energy, and transform the serration mode of serrated
yielding. In addition, various heat treatments also make precipitates different. Carbides can promote the formation of dimples. The
needle-shaped 0 phase precipitates at grain boundaries and twin boundaries, and slightly inclines towards the rolling direction.
Therefore, its pinning effect is outstanding along the transverse direction, which can affect the dimple aggregation and the dislocation
movement, ultimately exhibiting anisotropy in fracture characteristics, mechanical properties, and serrated yielding.
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1 Introduction

Inconel 718 superalloy is an aging precipitation-strength-
ening nickel-based superalloy. Except for excellent high-
temperature mechanical properties, its uniqueness includes
good welding performance, corrosion resistance, oxidation

2 Therefore, Inconel 718

resistance, and thermal stability[
superalloy is widely used in critical safety and high-temper-
ature structural components in advanced manufacturing indus-
tries, such as aerospace, nuclear energy, marine, defense,
chemistry, petroleum, natural gas, power generation, and
vehicles® ™. Nowadays, the particular and harsh environment
is placing higher demands on the performance of materials as
advanced manufacturing industries rapidly and continuously
develop.

The crack generation and fracture characteristics are the key
factors affecting material properties in the application process
of nickel-based superalloys. Numerous scholars have studied
the fracture characteristics of metal materials. Liu et al®
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discussed the impact extent of the microstructure and material
parameters on the macroscopic fracture toughness and the

1™ analyzed the

ductile crack propagation mechanism. Lin et a
influence of initial microstructure on the fracture character-
istics of nickel-based superalloys.

The serrated flow, a plastic instability behavior, is one of
the most challenging complexities during high-temperature
plastic deformation™. The serrated yielding, one kind of
dynamic strain aging (DSA) of materials, indicates this plastic
instability phenomenon. It is worth noting that DSA has an
indispensable impact on performance in practical applications.
It may even be a strengthening and toughening process. How-
ever, its importance had been largely ignored, particularly in
classic textbooks on physical metallurgy, mechanical proper-
ties, and dislocation theory. Research on the microstructural
cause of serration yielding is numerous in light metals and
steel” ' but rare in nickel-based superalloys.

Due to the complex loading conditions in practice, the
uniaxial tensile experiments were conducted to simplify
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loading. Heat treatment is a general method to alter
mechanical properties. Therefore, this work investigated the
effect of heat treatment and tensile directions on the hot
tensile properties of Inconel 718 superalloy, including fracture
behavior, mechanical properties, and plastic behavior.
Microstructure analysis can help to explore the causes of the
above effect. This research can provide feasible methods for
regulating the properties of nickel-based superalloys.

2 Experiment

The hot-rolled Inconel 718 superalloy sheets were used in
this experiment, with the chemical composition shown in
Table 1. The thickness of hot-rolled sheets was 3 cm. The
initial microstructure of the Inconel 718 superalloy, as shown
in Fig.1, consisted of y matrix, lamellar twin, dispersed block-
shaped carbide, boride, y” phase, ' phase, and Laves phase.
The average grain sizes were similar on different observation
surfaces. In Fig. 1, ND, TD, and RD mean normal direction,
transverse direction, and rolling direction, respectively.

This study applied three heat treatment regimes according
to the SAE AMS 5383F 2018 standard. Table 2 lists the
details. In Fig.2, the bulk specimens with the size of 11 mmx
10 mm prepared by wire cutting were prepared for
microstructure observation. The tensile specimens were
prepared for tensile property test. The uniaxial tensile
experiments were conducted at the deformation temperature
of 650 °C and the strain rate of 0.001 s on the Gleeble3800
thermal simulator. The tensile directions included TD and RD.

Table 1 Chemical composition of Inconel 718 superalloy (wt%)

C P Cr Ni Mo Ti Nb B Al Fe

0.08 0.003 19.00 52.50 3.01 0.90 5.10 0.003 0.50 Bal.

RD
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The optical microscope (OM) was used to observe the
microstructure of the bulk specimens and tensile specimens
under different circumstances. The scanning electron
microscope (SEM) was used to observe the fracture surface of
tensile specimens. The Image Pro Plus software was used to

calculate the size of grain and dimple.
3 Results and Discussion

3.1 Fracture behavior

y" and y’ phases precipitate in the microstructures of Inconel
718 superalloy after HST, ST, and DA, as shown in Fig.3. The
particle-shaped ¢ phases after DA are less than those after
HST and ST, because the precipitation temperature of 6 phase
ranges from 780 °C to 980 °C. The grain size after HST
significantly increases. After tensile test, the fracture surface is
at an angle of 45° to load direction (Fig. 3b), which is a
characteristic of pure shear fracture. The grains in Fig.3d-3i
are elongated slightly along the load direction. In addition,
individual microcrack diffuses or coalesces vertically to load
direction around the fracture surface. After HST, the vertical
surface is uneven in macro-perspective. The larger-sized
grains reduce the grain constraints on the specimen surface'",
resulting in grain rotation, dislocation formation, and surface
fluctuation. Numerous apparent intergranular microcracks
cover the surface, which are initiated at the triple junction of
grain boundaries or precipitates. However, the surfaces are flat
in macro-perspective, and the size and coverage area of the
microcrack reduce after ST and DA. After ST, some
transgranular fracture characteristics originate in cracks
inside the grain. The transgranular cracks appear in stress
concentration areas, such as near the precipitate coalescence
bands (as shown in partial enlargement drawings). Compared
with TD tension, the RD tension makes microcracks denser

Fig.1 Initial microstructure (a) and average grain size distribution (b) on ND, TD and RD surfaces of Inconel 718 superalloy

Table 2 Details of various heat treatments

Name

Detail

Heating at 5 °C/s to 1100 °C, 1100 °C, 1 h/air cooling (homogenization)+954 °C, 1 h/air cooling (solution treatment)+
720 °C, 8 h/furnace cooling at 50 °C/h to 620 °C/620 °C, 8 h/air cooling (double aging)

ST 954 °C, 1 h/air cooling+720 °C, 8 h/furnace cooling at 50 °C/h to 620 °C/620 °C, 8 h/air cooling

DA 720 °C, 8 h/furnace cooling at 50 °C/h to 620 °C/620 °C, 8 h/air cooling

HST
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Fig.3 Microstructures (a—c) and macroscopic and microscopic tensile fracture morphologies (d—i) of Inconel 718 superalloy after different heat
treatments along TD (d—f) and RD (g—i)
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Fig.4 Fracture cross-section morphologies of Inconel 718 super-

alloy under different conditions

sources. This reason is that numerous large-sized grains
makethe mechanical properties uneven in loading areas!*",
and several slip systems further are activated. The fracture
surfaces after ST and DA both have massive fibrous regions.

The fracture surfaces are flat and have almost no radiant

and microcrack size smaller. However, the anisotropy is little
after DA.

In Fig. 4, the fracture surface includes fibrous region, ra-
diant region, and shear lip according to the macrostructure
characteristics. Their relative proportion and distribution depend
on the material plasticity. The shear lip does not appear in the
fracture cross-section morphology of all specimens. The frac-
ture surfaces after HST consist of fibrous and radiant regions.
The radiant edges all converge together, forming two fracture

edge. Therefore, the brittle fracture occurs when larger-sized
grains exist.

In Fig.5, all fracture surfaces have dimples, microvoids, and
slip bands. Some dimples have typical characteristics, such as
serpentine sliding, blade-type edge, and tearing. Carbide
fragments may exist at the bottom of dimples. Therefore,
dimples are likely to occur at carbides. There are some
cleavage characteristics after HST, and some transgranular
fracture characteristics after ST and DA. The cleavage
characteristics are crack jumping caused by less plasticizing
effect™, characterized by the flat local area. Some minorsized
dimples and voids even cover cleavage characteristics. It is
generally accepted that void nucleation, growth, and coales-
cence are the essence of ductile fracture, ultimately mani-
festing as dimples on the fracture surface!”'®. With the
increase in grain size, the number of grain boundaries, car-
bides, and dimples decreases, and the dimple depth increases.
The fracture-characteristic size of both dimples or cleavage
characteristics after TD tension is slightly larger than that after
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Fig.5 Local morphologies of fracture surfaces of Inconel 718 superalloy under different conditions

RD tension. The fracture cross-section morphology exhibits a
ductile-brittle mixed fracture characteristic.
3.2 Mechanical properties

According to the engineering stress-engineering strain
curves in Fig. 6, the specimens undergo elastic deformation,
yielding, work hardening, necking, softening, and fracture.
Among those curves, the softening is most pronounced after
DA, followed by ST, and finally HST. Based on the average
grain size data in Fig.3, the yield strength decreases sequen-
tially with the increase in average grain size. The plasticity
after DA is better than that after HST or ST, manifesting as
great overall and necking-stage strain. In conclusion, the
Inconel 718 superalloy reaches and the expected mechanical
properties after DA, and has better strength and plasticity
along TD.

3.3 Plastic behavior

The serrated yielding phenomena and unique plastic

behavior occur under some heat treatment conditions. Fig.7a

shows four types of serration modes"”. Their differences
focus on the frequency and amplitude of stress drops. In
Fig. 7b and 7c, the serrated yielding phenomena after hot
rolling and HST can be classified as B-type and A-B mixed-
type serrations, respectively. The serrated yielding phenomena
are almost absent after ST and DA.

Researchers believe that DSA occurred due to the pinning
effect caused by the segregation of diffusive solute atoms
U8 Serrated vyielding is a
resonance phenomenon with the equilibrium state between
solute atom migration and dislocation mobility. With the
increase in thermal activation energy, the diffusion rate

towards mobile dislocations

changes, the equilibrium state shifts, and the serration mode
may be transformed from A-type to B-type and then to C-type.
Finally, the serration disappears. As the grain size increases,
the proportion of grain boundaries decreases, the quantity of
dislocations decreases, and the demand for thermal activation
energy increases. As shown in Fig. 7, the as-received
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Fig.6 Engineering stress-engineering strain curves of Inconel 718 superalloy under different conditions: (a) TD; (b) RD (AS denotes as-received specimens)
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Fig.7 Common serration modes (a)!'”); partial enlargement drawings of engineering stress-engineering strain curves along TD (b) and RD (c)

marked in Fig.6a and Fig.6b, respectively

Needle-shaped J phase

TD

Fig.8 Schematic diagrams of dimples at fracture surfaces along different tensile directions: (a) TD; (b) RD

specimens (denoted as AS) have B-type serrations. After HST,
the serration mode transfers to A-B mixed type due to the
increased grain size. After ST and DA, the slightly decrease in
grain size and the increase in precipitates make the demand
for thermal activation energy decrease. The thermal activation
energy reaches the equilibrium state effortlessly under the
same tension conditions. Ultimately, the serration is absent. In
addition, the serration mode along RD is more inclined
towards B-type than that along TD.

3.4 Material anisotropy

In most alloys, microvoids form at the secondary-phase
particles. Sometimes, secondary-phase particles can be found
at the bottom of the dimples"”
in Fig. 3. Therefore, carbides can promote the formation of

dimples. Compared with dimples under various conditions in

, such as block-shaped carbides

Fig. 8, some dimples aggregate together along RD after TD
tension, while some dimples are elongated along TD after RD
tension. This phenomenon corresponds to the microstructure
characteristics near the fracture surfaces in Fig.3. Specifically,
the main microcrack characteristics are large in size after TD
tension and higher in density after RD tension. This phenom-
enon occurs after HST and ST, but is not significant after DA.
After HST and ST (Fig.3a—3b), the composition phases both
include the ¢ phase. The needle-shaped J phase appears at
grain and twin boundaries, while the particle-shaped J phase
appears within grains. The needle-shaped J phase has an angle
of 35° to RD. Since the fracture mode is mainly intergranular
fracture, the pinning effect of the needle-shaped J phase is

more evident along TD than RD. It can affect the dimple
aggregation and the dislocation movement, ultimately
exhibiting anisotropy in fracture characteristics, mechanical
properties, and serrated yielding. Due to the less J phase after
DA, the anisotropy is not significant.

Due to the larger-sized microcracks, the
characteristic is larger-sized after TD tension, including
dimples and cleavage characteristics. In addition, dislocation
movement along TD is more restricted than that along RD.

fracture

The above analysis explains the excellent plasticity after RD
tension in Fig. 6. Moreover, the equilibrium state of serrated
yielding along TD tension requires a higher thermal activation
energy than RD tension. Therefore, the serration mode along
RD is more inclined towards B-type serration than that along
TD.

4 Conclusions

1) Various heat treatment conditions can make fracture
characteristics different for Inconel 718 superalloy. After HST,
the larger-sized grains promote unevenness on the vertical
surface, reduce the number of grain boundaries and carbides,
and hinder the occurrence of dimples. The fracture cross-
section morphology exhibits a ductile-brittle mixed fracture
characteristic. After ST and DA, the dimples almost cover the
fracture surface.

2) The serrated yielding phenomenon is a resonance
phenomenon with the equilibrium state between solute atom
migration and dislocation mobility. The as-received specimens
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have B-type serrations after tensile experiments. After HST,
the larger-sized grains lead to the decrease in grain boundaries
and dislocations, increasing the demand for thermal activation
energy, and ultimately returning the serration mode to the A-B
mixed type. After ST and DA, the slight decrease in grain size
and the increase in precipitates make the demand for thermal
activation energy decrease. The thermal activation energy is
sufficient to make serration absence after the same tensile
experiments.

3) Block-shaped carbides can promote the formation of
dimples. After HST and ST, the needle-shaped J phase
precipitates at grain and twin boundaries. It slightly inclines
towards the RD at angle of 35°. Therefore, the pinning effect
of the needle-shaped J phase is more pronounced along TD
than RD. It can affect the dimple aggregation and the
dislocation movement, ultimately exhibiting anisotropy in
fracture characteristics, mechanical properties, and serrated
yielding.

References

1 Sohrabi M J, Mirzadeh H M. Vacuum[J], 2018, 54: 235

2 Nayak K C, Date P P. IOP Conference Series: Materials Science
and Engineering[J], 2020, 967: 012011

3 Kotkunde N, Badrish A, Morchhale A et al. International
Journal of Material Forming[J], 2020, 13: 355

4 Wen Z X, Hou N X, Dou Z X et al. Journal of Materials Sci-
encelJ], 2008, 43: 5878

5 Zhang J G, Chen X, Li Z et al. Rare Metal Materials and
Engineering[J], 2023, 52(6): 1985

6 Liu Y, Zheng X Z, Osovski S et al. Journal of the Mechanics
and Physics of Solids[J], 2019, 130: 21
7 LinY C, Yang H, Xin Y C et al. Materials Characterization[J],
2018, 144: 9
8 Wei S L, Moriarty D P, Xu M et al. Acta Materialia[J], 2023,
242: 118430
9 Fu S H, Cai YL, Yang S L et al. Chinese Physics Letters[J],
2016, 33: 026201
10 Geng Y X, Zhang D, Zhang J S et al. Materials Science and
Engineering A[J], 2020, 795: 139991
11 Zhao L, Qi X Y, Xu L Y et al. Fatigue & Fracture of
Engineering Materials & Structures[J], 2021, 44: 533
12 Gwon H, Kim J H, Kim J K et al. Materials Science and
Engineering A[J], 2020, 773(31): 138861
13 Zhu Q, Wang C J, Qin H'Y et al. Materials Characterization[J],
2019, 156: 109875
14 Sakthivel T, Laha K, Nandagopal M et al. Materials Science and
Engineering A[J], 2012, 534(1): 580
15 Koga N, Noguchi M, Watanabe C. Materials Science and
Engineering A[J], 2023, 880: 145354
16 He C J, Hu P, Xing H R et al. Rare Metal Materials and
Engineering[J], 2023, 52(8): 2746
17 Zhang Y T, Lan LY, Zhao Y. Materials Science and Engineering
A[J], 2023, 864: 144598
18 Hartel M, Illgen C, Frint P et al. Metals[J], 2018, 8(2): 88
19 Zhong Qunpeng, Zhao Zihua. Fractography[M]. Beijing: Higher
Education Press, 2006: 156 (in Chinese)

HALIERT Inconel 718 SR A & W ZL4FIE N 5E A E AR AI 2 A

(KRR RS MEVRNE S TRESRE, L KJE 030024)

B F. T W RARREAIE A AR B el A S AT R, RIS T Inconel 718wl A @ M IRL A RE, BLARITRAT N
IR REMEBEAT Y. I SEIRIEH] 1 3 A HE B FEAN 2 M T ). S5 RARMY, ANFERHE LT A R RO 2 . KRG ki
FEAWTII AT 4, IF Hgd> 1 i S BRAC RS, RG] 7R AN, SRR T AORE . R D S g IR B G
P 2R PR RERI TR, IR 2R 534, PP ATV AR o BA T LM RER) S IR, EDIR 6 AHTE B A 22
AR, PRSI AL TR BRI, BRIR OARTEAR IR A ETILALN 3, R X ARG AR IS Bl AL R, IR AR W R . Ak
REAN O 1 e AR 7 T 2 L 2% 1) e

KA miRGE: WIRRHE, PR SRR AR

EZE® e 5k &, &, 199844, Midd, KERHEREMEFRIZS TR, (1 KJE 030024, E-mail: 5202214110025@

stu.tyust.edu.cn



