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Abstract: Nickel-based superalloys exhibit excellent high temperature strength, high temperature
corrosion and oxidation resistance and creep resistance. They are widely used in high temperature
applications in aerospace, power and petrochemical industries. The need for economical and effi-
cient usage of materials often necessitates the joining of dissimilar metals. In this study, dissimilar
welding between two different nickel-based superalloys, Inconel 718 and Inconel 600, was at-
tempted using rotary friction welding. Sound metallurgical joints were produced without any un-
wanted Laves or delta phases at the weld region, which invariably appear in fusion welds. The weld
thermal cycle was found to result in significant grain coarsening in the heat effected zone (HAZ) on
either side of the dissimilar weld interface due to the prevailing thermal cycles during the welding.
However, fine equiaxed grains were observed at the weld interface due to dynamic recrystallization
caused by severe plastic deformation at high temperatures. In room temperature tensile tests, the
joints were found to fail in the HAZ of Inconel 718 exhibiting good ultimate tensile strength (759
MPa) without a significant loss of tensile ductility (21%). A scanning electron microscopic examina-
tion of the fracture surfaces revealed fine dimpled rupture features, suggesting a fracture in a ductile
mode.

Keywords: superalloys; dissimilar welding; friction welding; microstructure; mechanical properties

1. Introduction

Technological advancements in various industrial sectors have placed a high de-
mand for materials with superior performance in harsh working conditions. Although
ceramic materials display excellent resistance to environmental degradation, they are not
suitable for use in most of the structural applications because of their low fracture tough-
ness and poor performance under tensile loading conditions. On the other hand, refrac-
tory metal alloys show impressive high temperature strength but suffer from poor oxida-
tion resistance. Hence, nickel-based superalloys have emerged as the primary choice for
structural applications at elevated temperatures because of their good high temperature
mechanical properties and excellent environmental resistance [1].

Several Ni-based superalloys based on a solid solution and precipitation strengthen-
ing have been developed over the years to suit a wide range of applications from gas
turbines to high temperature furnace accessories. These alloys find extensive use in rocket
engines, aero engines and the industrial power turbine [2]. Inconel 600 is a solid solution
strengthened Ni-based superalloy with as much as 72% (wt.) nickel [3,4]. The alloy finds
extensive use in pressurized water reactors. On the other hand, Inconel 718 is a precipita-
tion strengthened Ni-based superalloy. Strengthening in this alloy is primarily due to the
precipitation of y”” (NisNb) while an amount of v’ (Nis(Al, Ti)) is also present [2-5]. Inconel
718 shows excellent formability, weldability and can perform well over a wide tempera-
ture range from sub-zero temperatures to 650 °C [6]. Employing different materials with
specific properties in different locations of a single fabricated component is economical
and effective in terms of its operational performance. However, the fabrication of such
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multi-material components calls for dissimilar metal joining. In fact, with the availability
of more and more new materials with diverse properties, dissimilar welding is assuming
greater significance and use in various industrial sectors [7].

In conventional fusion welding, it is often difficult to match the properties of the weld
metal and the heat affected zone (HAZ) with the optimized properties of the base metal
achieved through complex thermo-mechanical treatments. The as-cast microstructure of
the weld metal and undesirable microstructural changes in the HAZ often limit the per-
formance of a fusion welded joint. Moreover, in fusion welds, the segregation of alloying
elements during solidification often results in the formation of some undesirable brittle
intermetallic phases. For example, pulsed Nd-YAG laser welds in Inconel 718 were re-
ported to show inferior tensile properties in a direct aged condition due to the presence
of an Nb-rich Laves phase in the weld fusion zone [8]. In y” strengthened nickel-based
superalloys, the segregation of Nb and other alloying elements led to Laves formations
during the terminal stages of the solidification. The presence of a low melting Laves phase
in Inconel 718 castings is known to cause HAZ liquation cracking (microfissuring) during
fusion welding [9]. Most of the fusion welding problems, such as solidification and sub-
sequent segregation effects, can be avoided by resorting to solid-state welding techniques
such as rotary friction welding. Friction welding involves intense frictional heating be-
tween the surfaces that are in relative motion, which results in a severe plastic deformation
of the materials at the weld interface. The mechanical intermixing of the materials caused
by severe plastic deformation and enhanced diffusion due to high temperatures result in
a strong metallurgical bonding at the weld interface [10]. It was reported that friction
welds in Inconel 718 were free from a Laves phase and other weld defects, which invari-
ably form in fusion welds [11,12]. The friction welds were reported to show a fine grained
structure at the weld interface and responded well to post-weld direct aging treatment.
Smith et al. have reported that the grain boundary liquation and subsequent low melting
grain boundary phase formation were not observed in the Inconel 718 welds prepared by
a linear friction welding technique [13]. This was attributed to the lower peak tempera-
tures during the friction welding and small precipitate sizes in the parent alloys. Grain
refinement as a result of the dynamic recrystallization resulted in the significant increase
in the hardness at the weld interface compared with the base metals. Dynamic recrystal-
lization and the grain boundary sliding play a competitive role in the development of the
weld metal grain structure during friction welding [14]. Grain boundary sliding due to
the finer grain size in the recrystallized weld metal has resulted in a lower axial force
during rotary friction welding of Inconel 718 alloy tubes. In another study, defect free
dissimilar Inconel 600 and 304 L friction welded joints were prepared from cylindrical
rods of a 12 mm diameter [15]. The dissimilar 600-304 L friction welded joints displayed
no significant drop in tensile strength from room temperature to 450 °C while a drastic
drop in the tensile strength was observed above 450 °C. All of the specimens failed in the
base metal during the tensile testing indicating the soundness of the welds. In this work,
dissimilar welding of Inconel 718 to Inconel 600 was attempted using rotary friction weld-
ing. The weld microstructural characteristics were investigated in detail. Room tempera-
ture tensile tests were also performed on the welds. To the best of the authors” knowledge,
dissimilar welding of Inconel 718 to Inconel 600 has not been tried before using friction
welding.

2. Experimental Techniques

Inconel 718 and Inconel 600 rods (20 mm diameter and 100 mm length) in solution
treated and mill annealed conditions, respectively, were used in the present investigation.
The chemical compositions of these alloys are listed in Table 1. The base metals were face
turned and cleaned with acetone before friction welding to remove surface oxides and
other contaminants. Friction welding experiments were conducted on a continuous drive
rotary friction welding machine (ETA Technology, Banglore, India) of 150 kN capacity.
The Inconel 718 was held in the non-rotating vice and the Inconel 600 in the rotating chuck.
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Theoretically, there should not be any difference on which side, rotating or non-rotating,
a particular alloy is held but in a practical sense it does have a minor effect. The rotating
side of the base alloy, because of the forced convection of the ambient air around its sur-
face, cools down faster compared with the other alloy that remains stationary. The faster
cooling in turn could affect the microstructure in the rotating alloy depending on its sen-
sitivity to such a minor temperature drop. The friction welding experimental procedure
has been detailed elsewhere [16]. The welding parameters are listed in Table 2.

Table 1. Chemical composition of the Inconel 718 and Inconel 600.

Alloy/wt.% Ni Cr Nb Mo Ti Al C Fe Others
Inconel 718 52.5 19 5.7 3 0.9 0.5 0.08 Bal. 0.18 Cu
Inconel 600 72 16 - - - - 0.15 Bal. 0.2 Cu, 0.15 Si, 0.5 Mn

Table 2. Friction welding parameters.

Friction Pressure Friction Welding Speed  Upset Pressure = Upset Time
(MPa) Time (s) (rpm) (MPa) (s)
60 3 1500 80 6

The base metals and the welded joints were suitably sectioned, polished using stand-
ard metallographic techniques and electrolytically etched using a solution consisting of
10 gm oxalic acid and 90 mL distilled water. Electrolytic etching was carried out at 3 V for
15 s. A microstructural examination at a low magnification was carried out using a Nikon
SMZ745T stereo microscope (Nikon Instruments Inc., New York, NY, USA). Microstruc-
tural studies at high magnifications were carried out using a TESCAN VEGA 3LMYV scan-
ning electron microscope (SEM, TESCAN USA, Warrendale, PA, USA) equipped with en-
ergy dispersive spectroscopy (EDS) (Oxford Instruments, Abingdon, UK). The accelerat-
ing voltage employed during the SEM investigation was 20 kV. Grain size measurements
were carried out by analyzing corresponding optical and SEM micrographs using Image]
software. Vickers microhardness measurements were carried out across the weld region
using a diamond pyramid indenter (Shimadzu, Tokyo, Japan) under a load of 50 g applied
for 15 s. The center to center distance of the indentations during the hardness measure-
ments was 0.5 mm. Transverse weld specimens of 25 mm gauge length and 4 mm diame-
ter were machined from the friction welded rods. Tensile tests were carried out on base
metal and weld specimens using a servo hydraulic testing machine (Instron, Norwood,
MA, USA) at a constant displacement rate of 0.5 mm/min. Tensile tests were performed
as per the ASTM-E8-04 standard specimen configuration. An average of the test results
obtained from the three specimens was taken during the hardness and tensile investiga-
tions of the samples. Fracture surfaces of the failed tensile specimens were examined un-
der SEM using a secondary electron imaging mode.

3. Results and Discussion
3.1. Microstructure

Optical and scanning electron micrographs of Inconel 718 and Inconel 600 base met-
als are shown in Figure 1. The optical micrograph (Figure 1a) of Inconel 718 reveals fine
equiaxed grains with an average grain size of 24.5 + 11 um. The Inconel 718 contained
some coarse second phase particles predominantly at the grain boundaries (Figure 1c),
which were identified based on EDS analysis as MC carbides containing Nb and Ti (Figure
le). These MC carbides remained undissolved during solution treatment and could re-
strict grain growth [2,17]. The Inconel 600 showed a fully equiaxed grain structure with
an average grain size of 38.5 + 22 um (Figure 1b). An EDX analysis revealed that the In-
conel 600 contained some TiN second phase particles, which were present both within the
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grains and at the grain boundaries (Figure 1d,f). Similar TiN second phase particles in the
Inconel 600 microstructure have also been reported elsewhere [4].
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Figure 1. Optical and scanning electron micrographs of Inconel 718 (a,c) and Inconel 600 (b,d). (e,f) show EDS spectra

obtained from second phase particles present in Inconel 718 and Inconel 600, respectively.

A macrograph of the weld (longitudinal section) is shown in Figure 2. No macro-
scopic defects were observed at the weld interface. A mechanical intermixing zone con-

sisting of very fine recrystallized grains was observed at the weld interface. Next to this
zone, some coarse grains were observed in the HAZ on either side.
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(a) 8

Figure 2. Macrograph of Inconel 718/Inconel 600 dissimilar friction weld.

The HAZ microstructures of Inconel 718 and Inconel 600 are shown in Figure 3a,b,
respectively. The average grain sizes in the HAZ of Inconel 718 and of Inconel 600 were
found to be 359 + 127 um and 268 + 86 um, respectively. During friction welding, intense
heating occurs at the weld interface and high temperatures (close to 0.8 Tm) are attained.
As a result, some grain growth occurs in the HAZ [18]. It may be noted that Inconel 718
showed more prominent grain coarsening in the HAZ compared with the Inconel 600.
During friction welding, the thermal cycles experienced by the materials placed on the
stationary and rotating sides can be significantly different (in this work, Inconel 718 was
placed on the stationary side). Furthermore, the width of the HAZ and the level of grain
coarsening in the HAZ are also dependent on the base metal thermal conductivity as well
as the presence or absence of any grain boundary pinning second phases [19]. These fac-
tors explain why the HAZ grain coarsening was more prominent on the Inconel 718 side.

Figure 3c,d show the optical and SEM micrographs of the weld interface, respec-
tively. As can be seen from the results of the EDS line scan (Figure 3e,f), the interface re-
gion showed some mechanical intermixing and very fine dynamically recrystallized
grains. The width of this region was observed to vary from the weld center to the outer
surface (the width was higher at the weld center, ~300 um). Such a dynamically recrystal-
lized region with some mechanical intermixing is typical of friction welds and is known
to be caused by severe plastic deformation at high temperatures [20,21]. The average grain
size in the mechanical intermixing zone was found to be 5.2 + 2.1 um. It can be seen from
the EDS line scan data that the composition of the mechanical intermixing zone was close
to the composition of the Inconel 718. This suggests that the Inconel 718 underwent plastic
deformation to a greater extent compared with the Inconel 600 during friction welding.
The absence of strengthening precipitates in solution treated Inconel 718 and the differ-
ences in weld thermal cycles experienced by the materials placed on the stationary and
rotating sides during friction welding can account for this.
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Figure 3. (a,b) heat effected zone (HAZ) micrographs of Inconel 718 and Inconel 600, respectively, showing grain coarsen-

ing. (c,d) optical and SEM micrographs of the weld interface, respectively. (e,f) results of the EDS line scan across the weld
interface.

3.2. Mechanical Properties

Figure 4 shows the Vickers hardness profile across the dissimilar weld. The mechan-
ical intermixing zone at the weld interface was observed to show high hardness, which
can be attributed to its fine grain size (due to dynamic recrystallization during friction
welding). The HAZ of the Inconel 718 showed considerably lower hardness compared
with the Inconel 718 base metal. On the other hand, the HAZ of the Inconel 600 did not
show any significant difference in hardness compared with the Inconel 600 base metal.
The drop in HAZ hardness on the Inconel 718 side is attributable to significant grain coars-
ening. Furthermore, the low hardness in the HAZ of the Inconel 718 suggests that the
thermal cycles involved in friction welding did not result in any precipitation of strength-
ening phases [22,23].
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Figure 4. Vickers microhardness profile across the Inconel 718/Inconel 600 dissimilar friction weld.

Typical room temperature tensile plots of the two base metals and the dissimilar fric-
tion weld are shown in Figure 5. The average yield strength, ultimate tensile strength and
% elongation values are presented in Table 3. Figure 6 shows that the failure location of
the transverse tensile specimen corresponded to the dissimilar Inconel 600/Inconel 718
friction welded joint. All of the weld specimens were found to fail in the HAZ of the In-
conel 718 close to the weld interface. The weld specimens showed lower yield and tensile
strengths compared with the Inconel 718 base metal. However, compared with the Inconel
600 base metal, the weld strength was not much inferior. With respect to % elongation,
the weld specimens were inferior compared with both the Inconel 718 and the Inconel 600
base metals. The fracture surfaces of the Inconel 718 base metal, Inconel 600 base metal
and Inconel 718/Inconel 600 dissimilar friction weld exhibited dimple features as can be
seen in Figure 7a—c, respectively. Dimple fracture features suggest a ductile mode of frac-
ture that occurred by nucleation and a growth of microvoids. These microvoids then
joined together to produce larger voids until the remaining cross-sectional area of the ten-
sile specimen became too small to support the applied load and finally a ductile fracture
took place. It is interesting to note that the HAZ area of the Inconel 718 displayed good
ductility in spite of the grain growth due to the thermal cycle experienced. Further studies
involving post-weld ageing would be useful in analyzing the mechanical performance of
Inconel 718/Inconel 600 dissimilar friction welds.

f room temperature tensile testing (average properties from three tests in each case).

Sample

Yield Strength (MPa) Ultimate Tensile Strength (MPa) Elongation (%)

Inconel 718 base metal
Inconel 600 base metal

485+7 940 +2 30£2
390 +8 7805 34+1

Inconel 718/600 dissimilar friction weld 416 +10 759 + 11 21 +4
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Figure 5. Typical engineering stress-strain curves of the Inconel 718 and Inconel 600 base metals
and dissimilar friction welded joints.

Figure 6. Failure location of the transverse tensile specimen corresponding to the dissimilar Inconel 600/Inconel 718 friction
welded joint.
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Figure 7. Tensile fracture surfaces: (a) Inconel 718 base metal, (b) Inconel 600 base metal, (c) Inconel 718/Inconel 600 dis-

similar friction weld.

ii.

iii.

iv.

4. Conclusions

In this work, the rotary friction welding of solution treated Inconel 718 to mill an-
nealed Inconel 600 was successfully carried out. Microstructural characteristics and room
temperature tensile properties of the dissimilar friction welds were investigated. Based on
the experimental findings, the following conclusions can be drawn:

Friction welding can be readily used for joining Inconel 718 to Inconel 600. The welds
did not suffer from major cracking problems. The welds were also free from undesir-
able elemental segregation and Laves formations.

No major undesirable microstructural changes took place in the HAZ of the Inconel
718 or Inconel 600 during friction welding. However, both of the alloys underwent
some grain coarsening next to the weld interface.

The dissimilar weld was characterized by a narrow mechanical intermixing zone at
the interface. In this zone, severe plastic deformation at high temperatures resulted
in dynamic recrystallization leading to very fine equiaxed grains. Consequently, this
zone displayed significantly higher hardness.

In an as-welded condition, Inconel 718/Inconel 600 dissimilar friction welds showed
impressive room temperature tensile properties. The weld failed in the HAZ of the
Inconel 718 due to significant grain coarsening.
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