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Dissimilar welding of Inconel 713LC superalloy and high strength AISI 4140 steel was conducted using
Electron Beam (EB) welding process. The present research study focuses on the effect of post-weld heat
treatment (PWHT) on the produced dissimilar joints’ microstructure, mechanical properties and corrosion
behavior assessment. PWHT was accomplished at 650°C for 2, 4 and 6 h, following air cooling. The
microstructure study was carried out by light optical (LOM) and scanning electron microscopy (SEM),
coupled with energy-dispersive spectroscopy (EDS) analysis. The mechanical behavior of the EB joints was
investigated via Vickers hardness testing. For the assessment of the EB joints’ corrosion resistance,
potentiodynamic polarization tests were performed in 3.5 wt.% NaCl solution, at various temperatures. The
corrosion products evaluation was carried out by both x-ray Diffraction (XRD) and scanning electron
microscopy (SEM). PWHT leds to the microstructure modification of both Inconel 713LC and AISI 4140 in
the dissimilar welding zones. The heat treatment holding time increment resulted in the development of
more uniform mechanical response among base metals and fusion/heat affected zones, whereas corrosion

resistance became progressively weaker.

Keywords corrosion, electron beam welding, microstructure,
microalloyed steel, Ni-based superalloy, post-weld

heat treatment

1. Introduction

The joining of dissimilar materials has progressed signifi-
cantly in the recent past owing to their accrued demand in
aerospace, nuclear, chemical and thermal power plants. The
variable applications of the dissimilar joints are directed by the
in-service requirement, wherein the involvement of each
material is localized for the optimal utilization of their
properties, the economic feasibility of the materials and ease
of fabrication (Ref 1, 2).

Dissimilar welding exhibits significant advantages in the
case of turbocharger, a structure that consists of a turbine and a
compressor, both mounted onto a common shaft. Waste energy
from the exhaust turns the turbine, causing the impeller to
provide compressed air to the engine. Turbocharger can be used
in both gasoline and diesel engines for increasing the overall
efficiency, as the turbocharger delivers horsepower through an
output shaft, using almost all the exhaust energy. The materials
needed for the construction of the turbocharger should present
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high tensile and fatigue strength, good hardenability, high level
of creep resistance and ductility, both because of the extreme
temperature working conditions and the applied critical
mechanical stresses (centrifugal, torsional and bending forces
development) (Ref 3-5).

The turbocompressor rotor can be manufactured with
combinations of dissimilar materials in order to improve
mechanical performance and decrease the cost of production.
Its construction can be based on the dissimilar welding of a Ni-
based superalloy impeller, with a shaft made from a quench &
tempered microalloyed steel, in order to combine their excellent
performance under high temperature (Ref 6). Nevertheless,
their fusion is a very difficult task, due to the significant
difference in chemical composition and mechanical properties
of these two types of materials, which can lead to the formation
of solidification internal cracks, porosity, inclusions and
microstructural segregation. On the other hand, those defects
could be relatively faced through post-weld heat treatment
(PWHT), which could be beneficial in improving both joint
strength and fracture toughness.

Although there is a lot of work regarding nickel-based
superalloys and stainless steels dissimilar welding studies (Ref
7, 8), the research carried out in the field of dissimilar welding
between nickel-based superalloys and microalloyed steels is
relatively limited (Ref 4, 5), especially in case of Electron
Beam welding (EBW). A similar type of joint between Inconel
713LC and AISI 4140 steel could be used in various industrial
high-temperature applications, such as aerospace, power plants,
automotive, marine, petrochemical plants, etc.

EBW produces high-quality joints, as during the welding
process high energy density (=~ 10° W/cm?) is developed (Ref
9, 10) and it is often used for advanced materials and complex,
critical parts such as turbine rotors. It is carried out in a high
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vacuum chamber, thus producing high-quality joints because of
the very low rate of oxidation (Ref 11). Also, it intensifies the
degassing process occurring during the phases’ melting. When
a beam power density above 10° W/cm? is obtained, a deep
welding effect is observed (keyhole), enabling to weld thick-
walled parts in a single pass, which in the case of steel can
reach a thickness of 200 mm. It allows deep penetration and
creates homogeneous, narrow V-shaped welds, with small heat-
affected zones (HAZ), due to high cooling rates. It should be
noticed that in the case of dissimilar welding, the small weld
bead size of EB welds minimizes the mixing of dissimilar
metals, thus minimizing the limits of the brittle zones arising
from the base metals’ chemical variation (Ref 12, 13).

AISI 4140 is a medium carbon microalloyed steel that
mainly contains Mn, Cr and Mo. Due to its high strength and
toughness, good fatigue behavior and machinability, the alloy is
widely used in important structural components such as
generator spindle, crane weight-on-wheel, automotive crank-
shafts, oil drill pipe joints of deep well, armor materials and
other applications (Ref 14, 15).

Inconel 713LC is a high strength nickel-chromium alloy that
is utilized for jet engine gas turbine blades. It presents excellent
resistance to thermal fatigue and good castability while offering
high rupture strength in the temperature range of 930°C. Its
good weldability characteristics are associated with the sluggish
precipitation kinetics of the primary strengthening body-
centered tetragonal Ni;Nb, y” phase (Ref 16, 17). This sluggish
age-hardening response results in relatively low strength, and
high ductility heat affected zone (HAZ) during the initial aging
treatment, permitting relaxation of residual stresses and hence
leading to a reduction in strain-age cracking tendency (Ref 18,
19). During solidification that occurs while welding with fusion
methods, in addition to primary y-dendrites, eutectic phases
such as NbC and Laves [(Ni, Cr, Fe), (Nb, Mo, Ti)] are also
formed. More specifically, the brittle intermetallic Laves phases
is formed according to the eutectic reaction “L — 7y + Laves”
that occurs at the eutectic temperature of 1198°C. Various
researchers have mentioned that the most important cause of
failure and crack initiation under mechanical stresses is the
evolution of those laves eutectic phases in the weld zone (Ref
20-22).

Furthermore, the observed inhomogeneity in the microstruc-
ture and, as a result, in the mechanical properties along the
dissimilar welded joints is a serious issue that is mainly
governed by the chemical composition of the metals and the
heat input. During the welding process, AISI 4140 steel in
Q&T condition does not anymore consists of tempered
martensite in the HAZ, as needle-like martensite is nucleated
and grows as a result of the fast austenitization near the fusion
zone (FZ). The consequent rapid cooling rate is a fact that
impairs the HAZ mechanical properties, especially ductility and
toughness. On the other hand, Inconel 713LC, except for the
above mentioned issues with Laves formation, also presents
chemical segregation issues in the FZ, due to the different
composition of the alloys’ joint, where secondary phases, such
as carbides, nitrides and Laves can be formed and deteriorate
the properties of the weld (Ref 23-25).

Consequently, post weld heat treatment (PWHT) is recom-
mended for dissimilar joints of nickel-based superalloys with
microalloyed steels, in order to improve the metallurgical
structure and/or properties, reduce the steel HAZ hardness,
decrease welding distortion and relieve residual stress (Ref 26).
One-stage post weld heat treatment could lead not only the
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stress relief and the precipitation of the gamma and double
prime, thus enhancing the mechanical response of 713LC, but
also to the simultaneously tempering of steel, thus decreasing
its hardness and generally improving the uniform mechanical
response of the joint. It could also lead to the decrement of the
segregation phenomena of alloying elements (Nb, Mo) on the
FZ, thus avoiding the formation of brittle phases, such as
Laves, carbides or nitrides.

The present investigation focuses on the dissimilar EBW
between a cast Inconel 713LC turbocharger impeller and an
AISI 4140 shaft, thus combining the high mechanical strength,
impact toughness, creep and oxidation resistance of the former
with the high fatigue strength, fracture toughness and lower
cost of the latter. Furthermore, the investigation of the
optimized implementation of post-weld heat treatment was
carried out to enhance the microstructure-properties relation-
ship. Finally, the dissimilar joints’ corrosion resistance was also
evaluated through potentiodynamic polarization.

2. Experimental

2.1 Materials and Welding Procedure

Dissimilar joints of Inconel 713LC to AISI 4140 (German
Grade: 42CrMo4) low alloy steel were carried out via electron
beam welding. The chemical composition of both materials is
given in Table 1. Composition of Inconel 713LC was given by
the manufacturer of the impeller.

The cast Inconel 713LC turbocharger impeller and the
quench & tempered AISI 4140 shaft, with a diameter of 36 mm
were jointed through butt welding (Fig. 1). The joint should be
able to withstand temperature variations and centrifugal loading
without experiencing significant deformation, which could alter
the balance, introduce noise or reduce assembly life. In order to
locate the parts radially (coaxial location), the blade disk and
the turbine shaft were aligned by fitting a cylindrical protrusion,
formed at the forehead of the turbine shaft, into a fitting hole,
formed in a turbine blade disk.

The dissimilar bars presented a diameter of 36 mm and were
fused by EBW on the entire periphery.

The EBW process involved placing the shaft and the turbine
wheel in the vacuum chamber and focusing the electron beam
on the joint to be welded. Before welding, the end surfaces of
the bars were polished using SiC sandpapers and were then
cleaned with acetone to remove any grease/organic contami-
nations or dirt residues. The bars rotations speed was kept
constant at 14.5 rpm. The weld process parameters were
established based on the iterative trials and the parameters
chosen for the current study are shown in Table 2.

2.2 Post-weld Heat Treatment (PWHT) Modification

The welded samples were sectioned transversely to the
welding direction, using a precise Struers Accutom-2 micro-
tome. PWHT was accomplished at 650°C for 2, 4 and 6 h,
following air cooling (Fig. 2). This modification targeted in
stress relief minimization, tempering of martensite of AISI
4140 HAZ, eliminating unwanted developed phases (Laves or
d) and simultaneously precipitating gamma prime (y") and
double prime (y”) (Ref 27, 28). PWHT was performed in an
inert atmosphere, thus avoiding partial oxidation phenomena.
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Table 1 Chemical composition of base metals (wt.%)

Base metal C Cr Al Mo Nb Ti Si Mn S P Ni Fe
Inconel 713LC 0.048 12.26 6.36 4.58 1.64 0.715 0.067 0.002 0.004 0.005 Balance e
AISI 410 0.40 1.12 0.02 0.18 .- 0.33 0.93 0.031 0.025 0.17 Balance

Inconel 713 LC

AISI 4140

AISI 4140 Inconel 713 LC

Fig. 1 Dissimilar EBW Inconel 713LC turbocharger impeller with an AISI 4140 shaft

Table 2 EBW process parameters

Process parameters Unit Value
Accelerating voltage KV 50
Beam current mA 145
Beam focus A 3.30
Travel speed mm/min 1640
Rotation speed rpm 14.5
Heat input kJ/mm 0.2656

2.3 EB Joints Characterization

The welded samples under investigation, after being
impregnated in a low viscosity epoxy resin, in 30 mm diameter
cylindric mold under vacuum, were cut via micro-saw and then
ground and polished down to 1 um diamond past on a lapping
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disk, according to conventional metallographic preparation
procedures.

The polished specimens were chemically etched through
two different solutions to reveal the microstructure. Specifi-
cally, AISI 4140 was etched in a Nital 2% solution and Inconel
713LC was etched locally in Kalling’s No.2 solution (5 g
CuCl,, 100 mL ethanol, 100 mL HCI). The microstructural
observation was initially carried out in an Olympus BX41M
optical microscope and then, with a Jeol 6380 LV scanning
electron microscope, using both secondary and backscattered
electron detectors. To determine the phases’ composition of the
EBW joints, microanalyses were accomplished with an Oxford
INCA energy dispersive spectrometer (EDS) connected to the
SEM. The identification of the precipitates was also accom-
plished through the use of x-ray Diffraction (Bruker D8-Focus
diffractometer ~ with  nickel-filtered =~ CuKa  radiation
(A = 1.5406 A), at 40 kV and 40 mA). To assess the mechan-
ical properties of the dissimilar joint Vicker hardness testing
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Fig. 2 PWHT at 650°C for 2, 4 and 6 h, following air cooling

was conducted using an HV-50Z hardness tester, implementing
196N for 15 s. The EB fusion zone, the heat-affected zone and
base metals were covered during the hardness test, and then
correlated with the microstructural observations.

2.4 EB Joints Potentiodynamic Corrosion Tests

To evaluate the corrosion behavior of the EB joints,
potentiodynamic corrosion tests were performed in an elec-
trolyte of 3.5 wt.% NaCl, at 25, 50 and 80°C (& 2°C). The
solution was prepared by using distilled water and analytical
grade NaCl. The selected samples—extracted from the EB
zone—as the working electrode, a saturated calomel electrode
(SCE) as the reference electrode, and graphite as the counter
electrodes were combined in a conventional three-electrode
cell. The experiments were conducted in accordance with
ASTM G5 (Ref 29), using an Amel Potentiostat/Galvanostat
Model 2551, with VApeak software. An open circuit potential
was established within 15 min, before the electrochemical tests.
After that, a polarization test was performed at a scanning rate
of 0.1 mV/s from — 250 to + 1600 mV. The produced poten-
tiodynamic curves were used to designate the corrosion
potential, corrosion current density and the slope of the anodic
and cathode curve of the tested materials.

The phase identification of the corrosion products was
carried out using a Bruker D8-Focus diffractometer with nickel-
filtered CuKa radiation (A = 1.5406 A), at 40 kV and 40 mA.
SEM analysis was also used in order to detect the morphology
and the composition of the developed corrosion products, on
the surface of the corroded samples.
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3. Results and Discussion

Single pass EB welding was used to join the Inconel 713LC
superalloy and AISI 4140 steel. The weld samples were shown
in Fig. 1. The observed surfaces were free of solidification or
liquation cracks and porosity. The maximum width of HAZ was
detected near the surface, whereas was decreased in relation
with the weld depth, as the heat input to the weld surface
decreased along the weld depth.

Characteristic micrographs of the as-welded, EBW fusion
zone, along with the heat-affected zones and the corresponding
base metals, obtained through optical and scanning electron
microscope in polished sections, are presented in Fig. 3.
Regarding the microstructural features of Inconel 713LC base
metal (BM), coarse grains of the gamma austenitic matrix with
the presence of twins were observed. Borides and carbides rich
in Nb were also detected dispersed in the austenitic matrix.
Most of the precipitates were observed at the fusion boundary
of Inconel 713LC alloy and weld zone. During the temperature
increment, the nickel-based superalloy is partially melted and
interacted with the weld fusion zone, leading to interdiffusion
phenomena and the development of various precipitates.

Mixed (Ti,Nb)C carbides were identified both in the base
metal and HAZ, especially in grain boundaries, with the form
of a continuous film. The initial grain boundary phases were not
fully dissolved into the austenitic matrix during heating, leading
to the formation of a low melting point eutectic and melting of
the grain boundary region.
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Fig. 3 Representative micrographs, under OM and SEM, in conjunction with EDS analyses of Inconel 713LC and AISI 4140 dissimilar

welding zones (BM, HAZ and FZ)

Finally, larger precipitates, with cuboidal or parallelepipedal
form, with a side length in the range of 10-20 um, were also
observed near the FZ, with a composition similar to Laves
phase, a hexagonally close-packed phase that is generally
accepted to be of the form (Ni, Cr, Fe),(Nb,Mo,Ti).

On the other hand, although the microstructure of AISI 4140
base metal mainly consists of tempered martensite in the form
of the lath blocks (packets and prior austenite grain boundaries)
in the HAZ due to rapid cooling, martensitic modification has
been carried out leading to the development of the needle-like
structure.

376—Volume 33(1) January 2024

FZ has been developed with the form of mixed dendritic
structure, consisting of columnar or elongated and equiaxed
sub-structures, highly enriched in Ni, Fe and Cr, perpendicular
to the beam direction, whereas some solidification lines were
also observed (Fig. 4). The microstructural observations do not
identify any defects or the solidification cracks either in the
fusion zone or in the HAZ region.

Except for the main dendrite structure, finer irregular-shaped
particles of similar composition with the corresponding Laves
phases observed in the HAZ, were also identified in the
interdendritic solidifying regions. The development of Laves

Journal of Materials Engineering and Performance
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Fig. 4 Backscattered electron micrographs of dissimilar FZ

phases requires 10-30% of Nb. As a result, segregation, a time-
dependent phenomenon is necessary for the nucleation incep-
tion of Laves phase. These remaining interdendritic Laves
phases have been rapidly solidified during EBW, because of the
high cooling rate and their size has been kept low, as the
segregation of elements has been prevented.

As was mentioned above, it is well known that the most
important cause of failure and crack initiation under mechanical
stresses is the evolution of those Laves eutectic phases in the
weld zone. Furthermore, regarding the HAZ of AISI 4140 steel,
after the welding process did not anymore consist of tempered
martensite, as need-like structures were nucleated and grown
due to the fast austenitization and the consequent rapid cooling,
thus decreasing ductility and toughness. Consequently, one
stage PWHT was applied at different times to improve the
metallurgical structure and/or properties, reduce the steel HAZ
hardness, decrease welding distortion, and relieve residual
stress.

The microstructural characteristics of the EB fusion zone,
along with the corresponding heat-affected zone and the base
metals are presented in Fig. 5. According to the results,
implementing the post-weld heat treatment and increasing the
holding time, the needle-like martensite changed progressively
to plate morphology. The coarse and interconnected Laves
particles, precipitated in the HAZ, have progressively dissolved
and their size has been significantly diminished. Moreover, due
to the Laves phases dissolution MC carbides, rich in Nb,
evolved both inside the grains and the grain boundaries.

Concerning the FZ, the PWHT modification at 650°C did
not affect its columnar dendritic structure (Fig. 6).

The fine dendritic structure has been developed with well-
separated interdendritic regions with lower Nb concentration, a
fact that led not only to the formation of finer and discrete
Laves phase, but also to the partial dissolution of Nb into the
matrix and to the consequent development of precipitates rich
in Nb (y” and carbides). The Laves phase size minimization at
the grain boundaries of the inter-dendritic regions was bene-
ficial for reducing embrittlement phenomena and for improving
the ductility and strength of the FZ.
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The above observations were also confirmed by the results
of the fusion zone x-ray Diffraction patterns analysis, presented
in Fig. 7. Except for mixed (Ti,Nb)C and NbC carbides, other
carbides such as MgC, M»3Cg were also identified in the fusion
zone regardless of the heat treatment. The peaks in the case of
MC type carbides seem to be strengthened, especially in the
case of PWHT for 6 h, simultaneously with the corresponding
decrement of those of Laves phases. The greater the duration of
the PWHT, the higher the decomposition of the laves phases, a
fact that led to Nb dissolution in the interdendritic regions and
to the consequent formation of another type of precipitates
(carbides and 7).

The hardness profile of the EB joint, along with the
corresponding base metals, carried out at a depth zone of 4 mm
on either side, is presented Fig. 8. The peak hardness of 530
HV was identified at the HAZ of AISI 4140 steel, in the as-
welded sample. Due to the heating and cooling cycle under the
welding process, as mentioned earlier, the tempered martensite
in the HAZ changed morphology to needle-like martensite. As
the PWHT time increased the hardness of the HAZ got
normalized due to tempering of needle-like structures. This led
to morphologies of prior austenite grains, divided into several
packets which consist of parallel blocks composed of laths
arranged parallel to each other. On the other hand, in the case of
Inconel 713LC, the PWHT led to increased hardness, both in
BM and HAZ. The increase in hardness, especially after 4 and
6 h, was attributed to the partial decomposition of brittle Laves
phases and the volume fraction increment of the main
strengthening phases y” and y”, as well as of the secondary
carbides rich in Nb. The hardness rise has been usually
observed in the very early stage of ageing (approximately 60%
increase over the first 4 min at 760°C) (Ref 30), while that
increment has been mainly attributed to the development of
spherical y” precipitates (after a step of ageing for 4 h at 680°C)
(Ref 31).

Figures 9 and 10 present the comparative diagrams of the
potentiodynamic polarization tests, carried out in an electrolyte
of 3.5 wt.% NaCl, at 25 and 80°C (& 2°C) in EB joints, before
and after PWHT, at 2, 4 and 6 h.
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Fig. 5 Representative micrographs of Inconel 713LC and AISI 4140 dissimilar welding zones (FZ, HAZ and BM), after PWHT at 650°C for 2,

4,and 6 h

According to the results, the increase in PWHT holding time
led to a lower Open Circuit Potential (OCP). Furthermore, as
the immersion temperature increased, the 1., in all cases was
gradually increased, indicating that the corrosion rate also
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increased, since the temperature is the driving force for ion
diffusion, and the corrosion rate accelerated with the temper-
ature rise. That weaker corrosion behaviour of PWHT samples
should be attributed both to tempering results on AISI 4140
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Fig. 6 Backscattered electron micrographs of FZ after PWHT at 650°C for 6 h
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Fig. 7 XRD patterns of the dissimilar FZ with and without PWHT

steel microstructure (segregation of carbon, carbides precipita-
tion, etc.) and the precipitation phenomena on Inconel 713LC
(fine precipitation of y’, y”" and carbides, especially in HAZ).
Comparing the mechanical behavior with the corresponding
corrosion response of the as-welded and PWHT samples, it
should be mentioned that the better the hardness assessment,
the weaker the corrosion resistance. This general behavior
should be attributed to the abovementioned phenomena, which
present an advert effect on mechanical properties and corrosion
resistance. Secondary precipitates of both alloys, y" and y” in
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Inconel 713LC and stable and metastable carbides in AISI
4140, by carbon segregation to lattice defects, such as
cementite and epsilon carbide, can improve the uniform
mechanical response of the dissimilar welding by the increase
of hardness of Inconel 713LC and the corresponding decrease
on AISI 4140 steel. However, the presence of the above
secondary precipitates impairs the corrosion resistance of both
alloys.

The corrosion products composition and morphology devel-
oped during potentiodynamic polarization on EBW surface in
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Fig. 12 Comparative XRD patterns of corroded samples in 3.5 wt.% NaCl aqueous at 80°C

3.5 wt.% NacCl, at 25°C and 80°C, were investigated via x-ray
diffraction (Figs. 11 and 12) and scanning electron microscopy,
respectively (Fig. 13). Regarding the XRD results of the
corroded samples the main products in all cases were mainly
related to the stable and unstable ferrous oxides and hydrox-
ides, indicating that AISI 4140 steel was mainly corroded,
whereas Inconel 713LC was barely attacked during corrosion
testing. Regarding AISI 4140 steel, its corrosion products were
a mixture of lepidocrocite (y-FeOOH) magnetite (Fe;0,4), and
hematite (a-Fe,O3). The composition of corrosion products did
not alter significantly due to temperature variations.

The distribution of the corrosion product in the AISI 4140
steel HAZ-FZ interface was also investigated by SEM. The
main corrosion products originated from AISI 4140 steel. In the
presence of chloride ions, the produced ferrous hydroxide
reacted with chloride first to produce unstable hydrochloride
and then was further oxidized into FeOOH as an intermediate
transition product. Magnetite (Fe;O4) was detected in the form
of large-sized agglomerates, while needle-like or rod-like
aggregate morphologies rich in chloride ions were identified
as lepidocrocite (y-FeOOH). On the other hand, the FZ rich in
chromium and nickel seemed to suffer less. In the case of
exposing the FZ at higher temperature, the morphology of
pitting cavities (Fig. 13d) was observed in areas rich in Nb,
indicating the presence of secondary precipitates, which were
partially removed. However, the nickel solid solution in the FZ,
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with about 35 wt.% of nickel and 15 wt.% of chromium,
presented higher resistance and suffered less from dealloying.

4. Conclusions

In the present research study, the dissimilar welding between
Inconel 713LC and microalloyed AISI 4140 steel by EB
method, as well as the influence of the post-weld heat treatment
modification on the microstructure-properties relationship were
investigated. Post-weld heat treatment modification at 650°C
resulted in a more uniform mechanical response with increasing
the holding time, whereas corrosion resistance became pro-
gressively weaker. PWHT led to the improvement of both
Inconel 713LC hardness, via y* and y” nucleation and growth
and the microstructure of AISI 4140 via tempering effects and
modification of needle-like martensite in the HAZ to lath
morphology. On the other hand, the increase of PWHT holding
time led to a lower OCP and higher I, values, indicating that
the corrosion resistance decreased. The greater the duration of
the PWHT, the higher the corrosion rate, since the presence of
the above secondary precipitates, y¥* and y” in Inconel 713LC
and stable and metastable carbides in AISI 4140, impaired the
corrosion resistance of both alloys.
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