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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-stir-
welded 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
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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.
ransmission electron microscopy (TEM)

. Introduction

Inconel 718, an age hardenable alloy, is widely used in aircraft
ngines, power plants, and gas turbines due to its good properties
uch as creep and corrosion resistance and high strengths at high
emperatures [1,2]. In general, to manufacture these parts, fusion
elding processes such as the application of CO2 and Nd–YAG lasers

nd electron beam welding have been employed in recent times
3–5]. However, employing fusion welding processes with the
nconel 718 alloy leads to some problems such as boron/niobium
egregation, formation of Laves phase, and liquation cracking in
he weld or heat affected zones (HAZs) due to the higher heat input
6,7]. Therefore, in order to solve these problems, it is necessary
o make it possible to employ friction stir welding (FSW), which
equires lower heat inputs, for welding in the solid state.

Precipitation on Ni-based superalloys plays an important role in
mproving mechanical properties such as hardness, strength, and
reep rupture life [4–6]. In particular, it has been reported previ-
usly that the precipitations of gamma double prime (�′′) in the
rains and M23C6 carbides in the grain boundaries are effective

n improving mechanical properties [4]. However, researches on
recipitations with friction-stir-welded Ni-based superalloys have
arely been reported until now [8]. Therefore, in this study, FSW
f 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 precip-
itation 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 mechani-
cal 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 CH3COOH 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.

dx.doi.org/10.1016/j.jallcom.2010.06.016
http://www.sciencedirect.com/science/journal/09258388
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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
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Fig. 3. (a) An external shape and (b) macrostructure of the weld zone. Adv. and Ret.
indicate the advancing and retreating sides, respectively.
ig. 1. Schematic of the post-heat treatment cycle. Tpr–h indicates the temperature
t which precipitation heat treatment was performed.

. Results

The top view and macrostructure of the friction-stir-welded
nconel 718 alloy are shown in Fig. 3. The specimen was welded
t a welding speed of 150 mm/min without causing any defects on
he surface, as shown in Fig. 3(a). Furthermore, the specimen was
enetrated to 1.7 mm from the top without causing any defects in
he weld zone; however, a band structure was observed at the cen-
er of the stir zone, as shown in Fig. 3(b). These results are similar to

hose obtained previously with Inconel 600 and Inconel 625 [8,9].
he temperature hysteresis curve during the FSW is shown in Fig. 4.
he temperature was measured on the backside of the plate at the
enter 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 t

as approximately 740 ◦C, and it was cooled from 740 to 100 ◦C in
0 s, as shown in Fig. 4.

The results of the SEM and EDS analyses of the band zone are
ompared with those for the normal stir zone, as shown in Fig. 5. In
ig. 5(a), the band zone is distributed at the center of the stir zone
ith a width of 5 �m. From the EDS results, in the band structure,

he tungsten element that was primarily dispersed in the tool was
etected; however, in the normal stir zone, tool elements such as
hat in the band zone were not detected, as shown in Fig. 5(b). Sim-
lar results were previously obtained in a research conducted on

aterials with a high melting point [8–10]. Therefore, it is consid-
red that the band structure occurred as a result of tool wear due
o the higher friction load between material and tool during FSW.

The microstructures of the friction-stir-welded Inconel 718
lloy are shown in Fig. 6. At the initial state, the base material com-
rised grains ranging between 5 �m and 20 �m in size; further,
nnealing twins and MC carbides (arrows in the microstructure)
ere distributed in the grains and in the grains and grain bound-

ries, respectively, as shown in Fig. 6(a). On the other hand,
he stir zone consisted of more refined grains than those in the
ase material—their sizes ranged between 1 and 3 �m—as shown

n Fig. 6(b). Further, MC carbides similar to those at the base

aterial were observed, but they were more refined. In the case

f thermo-mechanically affected zones (TMAZ), deformed grains
ere observed at the boundary between the base material and stir

one; however, HAZs were not observed in the microstructure due
o the absence of grain growth, as shown in Fig. 6(c).
d structure observed at center of the stir zone.

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, intermetal-
lic phase and MC carbides were dispersed in the grains and grain
boundaries with its size of 100–200 nm; these were identified as
Ni3Nb (�′′), M6C, and M23C6 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 hard-
ness 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 (

tir zone reached 525 Hv (490–540 Hv), which is higher than that

or the as-friction-stir-welded condition. It is considered that this
igher microhardness is due to the combined effect of grain refine-
ent and formation of precipitates by the post-heat treatment in

he stir zone.

Fig. 7. (a–b) SEM images and (c) EDS spectra
rmo-mechanically affected zone (TMAZ) in the friction stir welds.

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

of the base material and the stir zone.
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of the post-heat-treated Inconel 718 alloy. SZ in this figure indicates stir zone.
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Fig. 8. TEM image and selected area electron diffraction (SAED) pattern

he base material and fractured, respectively, due to the effects of
he increased strength at the stir zone by the grain refinement and
recipitates, respectively, as shown in Fig. 10(b–c). The stir zone
pecimen was also elongated and fractured at its center, as shown
n Fig. 10(d–e).

The tensile properties of the post-heat-treated and as-friction-
tir-welded conditions of the friction-stir-welded joint of the
nconel 718 alloy are shown in Fig. 11. Initially, the ultimate tensile
trength (UTS) of the base material was 886 MPa in, with an elon-
ation of 52%. The application of FSW led to a slight increase in the
TS, while elongation decreased as compared to the base material;
s a result, the UTS on the transverse direction of the welded mate-
ials was 961 MPa, and the elongation was 32%. In the case of the
tir zone specimens, the UTS was 1135 MPa, which is significantly
igher than that of the base material, while the elongation was 28%.

n the case of the post-heat-treated friction-stir-welded joint, the
TS was 1426 MPa, i.e., there was a notable significant increase in

he strength; however, the elongation decreased to 16%, as com-

ared to the base material. In the case of the post-heat-treated
riction-stir-welded stir zone specimen, the UTS was 1570 MPa; this
epresent a higher strength than that of the heat-treated FSW joint,
ith an elongation of 15%.

ig. 9. Distributions of the Vickers microhardness of Inconel 718 FSW joint in com-
arison 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) post-
heat-treated friction-stir-welded stir zone specimen.
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rial to 1135 MPa in the stir zone, which implies fracture in the
ig. 11. Tensile properties of the post-heat-treated and as-friction-stir-welded con-
itions of Inconel 718 alloy. (1) and (2) in figure indicate the increase in strength
rom that of the base material and the as-friction-stir-welded stir zone, respectively.

. Discussion

.1. Grain refinement due to friction stir welding (FSW)

The application of FSW to the Inconel 718 alloy led to grain
efinement. As a result, the grains in the stir zone, whose diame-
ers were between 1 and 3 �m, were more significantly refined than
hose of the base material, whose diameters ranged between 5 and
0 �m, as shown in Fig. 6. The grain refinement can be explained

n terms of dynamic recrystallization by severe deformation and
eat input during FSW. In other words, during FSW, the strain
ates (stored energy) due to the plastic flow in the stir zone are
igh and friction heat is present between the material and tool
11–13]. Furthermore, in this study, the peak temperature at the
enter of the stir zone was measured as 740 ◦C, which is sufficient
or recrystallization the Inconel 718 alloy, as shown in Fig. 4. More-
ver, the cooling time from peak temperature (740 ◦C) to a lower
emperature (100 ◦C) was approximately 30 s, which is sufficient
or protection from the grain growth after the recrystallization, as
hown in Fig. 4. Therefore, along with the high strain rate, sufficient
eat input and fast cooling times during FSW easily lead to grain
efinement.

The material used in this study, Inconel 718 alloy, has low stack-
ng fault energy of FCC metals [14]. In general, these materials can
asily undergo dynamic recrystallization, as compared to materi-
ls with high stacking fault energies such as Al alloys; on the other
and, it is difficult to rearrange the dislocation by dynamic recovery
15,16]. In other words, materials with low stacking fault energies
an lead to recrystallization nuclei more easily than materials with
igh stacking fault energies. Furthermore, if the higher dislocation
ensity is accompanied by severe deformation during the FSW,
he formation of dense recrystallization nuclei is significantly pro-

oted. Therefore, recrystallization nuclei can be simultaneously
reated at the grains and grain boundaries having higher densities
t dislocations. In this manner, it can be stated that grain refinement
an be obtained by the FSW.

.2. Enhancement in mechanical properties due to FSW

Mechanical properties such as microhardness and tensile

trength were enhanced by FSW. This can be explained on the basis
hat after FSW, the grain sizes in the stir zone are smaller than those
n the base material. In the case of microhardness, the base mate-
ial microhardness ranged between 265 and 285 Hv, whereas, in the
d Compounds 505 (2010) 144–150 149

stir zone, the microhardness ranged from 335 to 370 Hv; this rep-
resents 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 proper-
ties 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 ten-
sile 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

The Inconel 718 alloy is strengthened by the formation of pre-
cipitates 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 spec-
imen. In particular, in the post-heat-treated stir zone, precipitates
such as Ni3Nb (�′′), M6C, and M23C6 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 enhance-
ment 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 micro-
hardness 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 post-
heat-treated friction-stir-welded joint, the microhardness of the
base material and stir zone was greater than that of the friction-
stir-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 man-
ner, 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 refine-
ment 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 improv-
ing 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 mate-
base material at the joint. Furthermore, the mechanical properties
were enhanced by post-heat treatment due to the formation of pre-
cipitates such as MC carbides and intermetallic phase at elevated
temperatures. As a result, the post-heat-treated specimen showed



1 oys an

s
j
3
b
T
m
F

A

t

R

[
[

[
[

50 K.H. Song, K. Nakata / Journal of All

ignificantly increased for microhardness distribution than the FSW
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herefore, in this manner, Inconel 718 alloy can exhibit enhanced
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