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a b s t r a c t
This study was performed to investigate the microstructural and mechanical properties of friction-stirwelded and post-heat-treated Inconel 718 alloy. Friction stir welding (FSW) was performed at a rotation
speed of 200 rpm and welding speed of 150 mm/min; heat treatment was performed after welding at
720 ◦ C for 8 h in vacuum. As a result, the grain size due to FSW was signiﬁcantly reﬁned from 5 to 20 m
in the base material to 1–3 m in the stir zone; this was accompanied by dynamic recrystallization, which
resulted in enhancements in the mechanical properties as compared to the base material. In particular,
applying heat treatment after FSW led to improvements in the mechanical properties of the welds—the
microhardness and tensile strength increased by more than 50% and 40%, respectively, as compared to
FSW alone.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Inconel 718, an age hardenable alloy, is widely used in aircraft
engines, power plants, and gas turbines due to its good properties
such as creep and corrosion resistance and high strengths at high
temperatures [1,2]. In general, to manufacture these parts, fusion
welding processes such as the application of CO2 and Nd–YAG lasers
and electron beam welding have been employed in recent times
[3–5]. However, employing fusion welding processes with the
Inconel 718 alloy leads to some problems such as boron/niobium
segregation, formation of Laves phase, and liquation cracking in
the weld or heat affected zones (HAZs) due to the higher heat input
[6,7]. Therefore, in order to solve these problems, it is necessary
to make it possible to employ friction stir welding (FSW), which
requires lower heat inputs, for welding in the solid state.
Precipitation on Ni-based superalloys plays an important role in
improving mechanical properties such as hardness, strength, and
creep rupture life [4–6]. In particular, it has been reported previously that the precipitations of gamma double prime (␥ ) in the
grains and M23 C6 carbides in the grain boundaries are effective
in improving mechanical properties [4]. However, researches on
precipitations with friction-stir-welded Ni-based superalloys have
rarely been reported until now [8]. Therefore, in this study, FSW
of an age hardenable alloy Inconel 718 was performed in order to
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investigate the microstructural and mechanical properties of the
resulting friction stir welds, and the relationship between precipitation and mechanical properties was evaluated after conducting
post-heat treatment.

2. Experimental procedures
The chemical composition of the Inconel 718 alloy used in this study is shown in
Table 1. A 150 mm × 32.5 mm × 2 mm sheet of the sample was prepared. FSW was
conducted using a WC-Co tool with shoulder diameter of 15 mm, probe diameter
of 6 mm, and length of 1.8 mm. Further, in order to obtain sound welds, the tool
was tilted at 3◦ forward from the vertical, and argon gas was utilized to prevent
surface oxidation during the welding. FSW was performed at a tool rotation speed
of 200 rpm, a tool down-force of 39.2 × 103 N, and a traveling speed of 150 mm/min.
After the FSW, in order to investigate the effect of precipitates on the mechanical properties, post-heat treatment was performed at 720 ◦ C (heated up 10 ◦ C/min
from room temperature) for 8 h in vacuum of 1 × 10−5 Torr; the samples were then
cooled in a furnace from 720 ◦ C to room temperature. A schematic for the post-heat
treatment is shown in Fig. 1.
In order to observe macrostructures and microstructures on the welds, a solution
comprising 15 ml HCl, 10 ml HNO3 , and 10 ml CH3 COOH was prepared, and samples
were etched on the surface after polishing with abrasive paper. Furthermore, in
order to evaluate the dispersion of MC carbides in the microstructure, scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) analysis were
conducted. Also, to evaluate dispersed precipitates such as ␥ , ␥ , and MC carbides in
the post-heat-treated specimens, transmission electron microscopy (TEM) analysis
was employed. TEM observations were obtained at an acceleration voltage of 200 kV.
For the evaluation of mechanical properties, Vickers microhardness tests and tensile
tests were conducted. Vickers hardness tests were conducted on the cross-section
of the welding zone with a load of 9.8 N and dwell time of 15 s. Two tensile test
specimens were used for the tensile tests—to evaluate both the transverse tensile
strength of the friction stir welds as well as the longitudinal tensile strength of the
stir zone, as shown in Fig. 2.
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Table 1
Chemical composition of Inconel 718 alloy.
Ele.

Ni

Cr

Fe

Mo

Nb

C

Mn

Si

S

Al

Ti

Mass%

52.60

18.60

18.44

3.06

5.30

0.053

0.23

0.06

0.003

0.53

1.01

Fig. 3. (a) An external shape and (b) macrostructure of the weld zone. Adv. and Ret.
indicate the advancing and retreating sides, respectively.

Fig. 1. Schematic of the post-heat treatment cycle. Tpr–h indicates the temperature
at which precipitation heat treatment was performed.

3. Results
The top view and macrostructure of the friction-stir-welded
Inconel 718 alloy are shown in Fig. 3. The specimen was welded
at a welding speed of 150 mm/min without causing any defects on
the surface, as shown in Fig. 3(a). Furthermore, the specimen was
penetrated to 1.7 mm from the top without causing any defects in
the weld zone; however, a band structure was observed at the center of the stir zone, as shown in Fig. 3(b). These results are similar to
those obtained previously with Inconel 600 and Inconel 625 [8,9].
The temperature hysteresis curve during the FSW is shown in Fig. 4.
The temperature was measured on the backside of the plate at the
center of the stir zone. The maximum temperature in the stir zone

Fig. 4. Temperature hysteresis in the stir zone during the FSW.

Fig. 2. Conﬁguration of (a) transverse (weld joint) and (b) longitudinal (stir zone) tensile specimens used in this study.
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Fig. 5. (a) SEM image and (b) EDS spectrum of the band structure observed at center of the stir zone.

was approximately 740 ◦ C, and it was cooled from 740 to 100 ◦ C in
30 s, as shown in Fig. 4.
The results of the SEM and EDS analyses of the band zone are
compared with those for the normal stir zone, as shown in Fig. 5. In
Fig. 5(a), the band zone is distributed at the center of the stir zone
with a width of 5 m. From the EDS results, in the band structure,
the tungsten element that was primarily dispersed in the tool was
detected; however, in the normal stir zone, tool elements such as
that in the band zone were not detected, as shown in Fig. 5(b). Similar results were previously obtained in a research conducted on
materials with a high melting point [8–10]. Therefore, it is considered that the band structure occurred as a result of tool wear due
to the higher friction load between material and tool during FSW.
The microstructures of the friction-stir-welded Inconel 718
alloy are shown in Fig. 6. At the initial state, the base material comprised grains ranging between 5 m and 20 m in size; further,
annealing twins and MC carbides (arrows in the microstructure)
were distributed in the grains and in the grains and grain boundaries, respectively, as shown in Fig. 6(a). On the other hand,
the stir zone consisted of more reﬁned grains than those in the
base material—their sizes ranged between 1 and 3 m—as shown
in Fig. 6(b). Further, MC carbides similar to those at the base
material were observed, but they were more reﬁned. In the case
of thermo-mechanically affected zones (TMAZ), deformed grains
were observed at the boundary between the base material and stir
zone; however, HAZs were not observed in the microstructure due
to the absence of grain growth, as shown in Fig. 6(c).

The results of the SEM and EDS analyses of MC carbides observed
at the base material and stir zone are shown in Fig. 7. In the base
material, MC carbides ranging between 2 and 5 m in size were
dispersed at the grain boundaries and in the grains, as shown in
Fig. 7(a); these were estimated to NbC, (Nb, Ti)C and (Nb, Ti, Cr)C,
as shown in Fig. 7(c). In the case of the stir zone, the MC carbides
were more reﬁned than those of the base material, as shown in
Fig. 7(b); however, it also consisted of NbC and (Nb, Ti, Cr)C, as
shown in Fig. 7(c).
The TEM image of the stir zone of the post-heat-treated Inconel
718 alloy and the diffraction patterns are shown in Fig. 8. In the
stir zone, grains of submicron size were evenly distributed without
any dislocation due to the post-heat treatment. Further, intermetallic phase and MC carbides were dispersed in the grains and grain
boundaries with its size of 100–200 nm; these were identiﬁed as
Ni3 Nb (␥ ), M6 C, and M23 C6 from the diffraction patterns.
The microhardness distribution of the friction-stir-welded and
post-heat-treated joint is shown in Fig. 9, as a comparison with
that of as-friction-stir-welded joint. The Vickers hardness of the
base material was in the range 265–285 Hv, with an average hardness of 273 Hv. In contrast, the microhardness of the stir zone was
signiﬁcantly higher than that of the base material, ranging between
335 and 370 Hv, with an average microhardness of 352 Hv; this is
due to the grain reﬁnement in the stir zone. These observations are
similar to those for Inconel 600 and 625 alloys [8,9]. A signiﬁcant
increase in the microhardness was observed in all joint positions
after the post-heat treatment. As a result, the microhardness in the
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Fig. 6. Microstructures of (a) the base material, (b) stir zone, and (c) thermo-mechanically affected zone (TMAZ) in the friction stir welds.

stir zone reached 525 Hv (490–540 Hv), which is higher than that
for the as-friction-stir-welded condition. It is considered that this
higher microhardness is due to the combined effect of grain reﬁnement and formation of precipitates by the post-heat treatment in
the stir zone.

Top views of the tensile-tested specimens are shown in Fig. 10.
The base material was elongated over the entire gage length and
fractured at the center of the specimen, as shown in Fig. 10(a).
However, the friction-stir-welded joint and post-heat-treated
friction-stir-welded joint were preferentially elongated at a part of

Fig. 7. (a–b) SEM images and (c) EDS spectra of the base material and the stir zone.
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Fig. 8. TEM image and selected area electron diffraction (SAED) pattern of the post-heat-treated Inconel 718 alloy. SZ in this ﬁgure indicates stir zone.

the base material and fractured, respectively, due to the effects of
the increased strength at the stir zone by the grain reﬁnement and
precipitates, respectively, as shown in Fig. 10(b–c). The stir zone
specimen was also elongated and fractured at its center, as shown
in Fig. 10(d–e).
The tensile properties of the post-heat-treated and as-frictionstir-welded conditions of the friction-stir-welded joint of the
Inconel 718 alloy are shown in Fig. 11. Initially, the ultimate tensile
strength (UTS) of the base material was 886 MPa in, with an elongation of 52%. The application of FSW led to a slight increase in the
UTS, while elongation decreased as compared to the base material;
as a result, the UTS on the transverse direction of the welded materials was 961 MPa, and the elongation was 32%. In the case of the
stir zone specimens, the UTS was 1135 MPa, which is signiﬁcantly
higher than that of the base material, while the elongation was 28%.
In the case of the post-heat-treated friction-stir-welded joint, the
UTS was 1426 MPa, i.e., there was a notable signiﬁcant increase in
the strength; however, the elongation decreased to 16%, as compared to the base material. In the case of the post-heat-treated
friction-stir-welded stir zone specimen, the UTS was 1570 MPa; this
represent a higher strength than that of the heat-treated FSW joint,
with an elongation of 15%.

Fig. 9. Distributions of the Vickers microhardness of Inconel 718 FSW joint in comparison with the post-heat-treated and as-friction-stir-welded conditions.

Fig. 10. Top views of specimens subjected to tensile tests. Transverse directions:
(a) base material, (b) FSW joint, and (c) post-heat-treated friction-stir-welded joint
specimen. Longitudinal direction: (d) friction-stir-welded stir zone and (e) postheat-treated friction-stir-welded stir zone specimen.
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Fig. 11. Tensile properties of the post-heat-treated and as-friction-stir-welded conditions of Inconel 718 alloy. (1) and (2) in ﬁgure indicate the increase in strength
from that of the base material and the as-friction-stir-welded stir zone, respectively.
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stir zone, the microhardness ranged from 335 to 370 Hv; this represents an increase of more than 30% when compared to the base
material, as shown in Fig. 9. These increases in the microhardness
were caused by the grain reﬁnement in the stir zone, where grain
sizes ranged between 1 and 3 m in diameter, as compared to the
base material grain sizes ranging between 5 and 20 m, as shown
in Fig. 6. In general, the grain size inﬂuenced mechanical properties such as hardness and strength; in this manner, the effect of the
grain reﬁnement is clearly indicated in this study.
The results of the tensile tests also accurately showed the
increase in strength due to the grain reﬁnement. In transverse tensile tests of the joint, the base material was ﬁrst deformed and
fractured due to its coarsened grain size as compared to case of the
stir zone joint (see Fig. 10). In the case of longitudinal tensile-tested
specimens in the stir zone, the strength signiﬁcantly increased
to 25% more than that of the base material. As a result, the UTS
increased from 886 MPa in the base material to 1135 MPa in the
stir zone, as shown in Fig. 11. In this manner, these results also
clearly show the effect of the grain reﬁnement.
4.3. Effect of precipitates due to post-heat treatment

4. Discussion
4.1. Grain reﬁnement due to friction stir welding (FSW)
The application of FSW to the Inconel 718 alloy led to grain
reﬁnement. As a result, the grains in the stir zone, whose diameters were between 1 and 3 m, were more signiﬁcantly reﬁned than
those of the base material, whose diameters ranged between 5 and
20 m, as shown in Fig. 6. The grain reﬁnement can be explained
in terms of dynamic recrystallization by severe deformation and
heat input during FSW. In other words, during FSW, the strain
rates (stored energy) due to the plastic ﬂow in the stir zone are
high and friction heat is present between the material and tool
[11–13]. Furthermore, in this study, the peak temperature at the
center of the stir zone was measured as 740 ◦ C, which is sufﬁcient
for recrystallization the Inconel 718 alloy, as shown in Fig. 4. Moreover, the cooling time from peak temperature (740 ◦ C) to a lower
temperature (100 ◦ C) was approximately 30 s, which is sufﬁcient
for protection from the grain growth after the recrystallization, as
shown in Fig. 4. Therefore, along with the high strain rate, sufﬁcient
heat input and fast cooling times during FSW easily lead to grain
reﬁnement.
The material used in this study, Inconel 718 alloy, has low stacking fault energy of FCC metals [14]. In general, these materials can
easily undergo dynamic recrystallization, as compared to materials with high stacking fault energies such as Al alloys; on the other
hand, it is difﬁcult to rearrange the dislocation by dynamic recovery
[15,16]. In other words, materials with low stacking fault energies
can lead to recrystallization nuclei more easily than materials with
high stacking fault energies. Furthermore, if the higher dislocation
density is accompanied by severe deformation during the FSW,
the formation of dense recrystallization nuclei is signiﬁcantly promoted. Therefore, recrystallization nuclei can be simultaneously
created at the grains and grain boundaries having higher densities
at dislocations. In this manner, it can be stated that grain reﬁnement
can be obtained by the FSW.
4.2. Enhancement in mechanical properties due to FSW
Mechanical properties such as microhardness and tensile
strength were enhanced by FSW. This can be explained on the basis
that after FSW, the grain sizes in the stir zone are smaller than those
in the base material. In the case of microhardness, the base material microhardness ranged between 265 and 285 Hv, whereas, in the

The Inconel 718 alloy is strengthened by the formation of precipitates such as MC carbides and intermetallic phases at elevated
temperatures [17,18]. These precipitates play an important role in
enhancing mechanical properties such as hardness, strength, and
creep rupture life [4–6]. As the experimental result, the post-heat
treatment after FSW led to the formation of precipitates in the specimen. In particular, in the post-heat-treated stir zone, precipitates
such as Ni3 Nb (␥ ), M6 C, and M23 C6 were observed in the grains
and at the grain boundaries, similar to those at the Inconel 625
alloy [8], as shown in Fig. 8. Furthermore, these precipitates were
dispersed at the grain boundaries and in the grains; with a size of
100–200 nm, they had a signiﬁcantly ﬁne structure.
In the post-heat-treated Inconel 718 alloy as well, an enhancement in mechanical properties such as microhardness and tensile
strength was observed due to precipitates, despite the slight grain
growth by the post-heat treatment. At the FSW joint, the microhardness of the base material and stir zone was 273 and 352 Hv on
an average, respectively, as shown in Fig. 9. In contrast, in the postheat-treated friction-stir-welded joint, the microhardness of the
base material and stir zone was greater than that of the frictionstir-welded joint, as shown in Fig. 9—370 Hv (base material) and
435 Hv (stir zone). The friction-stir-welded and post-heat-treated
friction-stir-welded joints exhibited tensile strengths of 961 and
1426 MPa, respectively, as shown in Fig. 11. Therefore, in this manner, the effect of precipitation strengthening due to the post-heat
treatment has been accurately shown.
5. Conclusions
FSW was successfully performed on the Inconel 718 alloy at a
welding speed of 150 mm/min in without leading to any defects in
the welds. As a result, the application of FSW led to grain reﬁnement from 10 m, on an average, in the base material to 1–3 m in
the stir zone, and it was accompanied by dynamic recrystallization.
This grain reﬁnement was effective in enhancing and improving mechanical properties—microhardness signiﬁcantly increased
from 273 Hv in the base material to 352 Hv in the stir zone. The
tensile strength also increased from 886 MPa in the base material to 1135 MPa in the stir zone, which implies fracture in the
base material at the joint. Furthermore, the mechanical properties
were enhanced by post-heat treatment due to the formation of precipitates such as MC carbides and intermetallic phase at elevated
temperatures. As a result, the post-heat-treated specimen showed
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signiﬁcantly increased for microhardness distribution than the FSW
joint at approximately 40%; the tensile strength was also more than
30%. Such enhancements in the mechanical properties were caused
by the formation of precipitates during the post-heat treatment.
Therefore, in this manner, Inconel 718 alloy can exhibit enhanced
mechanical properties if post-heat treatment is performed after
FSW.
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