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Abstract
Inconel 617 is widely used in nuclear industry, due to its excellent elevated temperature mechanical and chemical prop-
erties. In this study, austenitic super alloy Inconel 617 has been subjected to electron beam surface melting using an 
indigenously developed electron beam welding unit (80 kV, 12 kW) for microstructural homogenization and understand-
ing its effect on corrosion resistance property. Electron beam surface melting has been carried out at a gun voltage of 
60 kV, current of 30 mA, and scan speed of 1000 mm/min inside a vacuum chamber with a vacuum level of 1.6 × 10−5 mb. 
Surface melting induced by EBM led to development of refined microstructural features consisting of γ dendrites and 
precipitates of Ni3 (Al, Ti) in the interdendritic regions, which further improved microhardness of the Electron Beam (EB) 
treated surface. The effect of electron beam melting on the kinetics of aqueous corrosion has been determined in acidic 
3.56 wt% NaCl media. The improvement in corrosion resistance can be attributed to the microstructural refinement 
leading towards the redistribution and homogenization of alloying elements and surface purification.
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1  Introduction

Excellent high temperature oxidation resistance, corrosion 
resistance, and high temperature phase stability make 
solid solution strengthened nickel-base superalloy more 
popular as a next generation candidate structural mate-
rial in nuclear reactors such as Pressurized Water Reactors 
(PWR) and Very High Temperature Reactor (VHTR) [1–5]. 
Inconel 617 is a class of Ni based superalloy with the fol-
lowing major alloying elements: Chromium, Molybde-
num, Titanium, Cobalt, Aluminum, Iron, Cooper etc. Addi-
tion of chromium, and molybdenum is responsible for 
the higher corrosion and oxidation resistance, whereas, 
presence of higher amount of nickel with combination of 
cobalt imparts high ductility, with the desired mechanical 

strength for this specific application [3, 5]. However, under 
severe service conditions, defects occur on the surface 
of these materials due to the simultaneous presence of 
stresses (residual, tensile, or both), high pressure, pres-
ence of highly aggressive environment and erosion [6–8]. 
This problem can be overcome by tailoring the surface 
microstructure and/or composition without altering the 
fundamental bulk properties of the substrate materials 
[8]. Surface modification processes have been employed 
to minimize corrosion, reduce frictional energy losses, 
increase fatigue life, improve wear resistance, and enhance 
chemical stability at high temperature and for decorative 
purpose [9, 10]. Among the different surface engineering 
techniques, laser surface melting was reported to improve 
hardness and corrosion resistance of a few structural 
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materials in simulated nuclear environments [10–12]. In 
quest for higher energy efficiency, electron beam surface 
melting has been found to be more attractive than the 
laser beams or other additive manufacturing techniques, 
pertaining to applications in nuclear, bio-medical, auto-
mobile and aerospace industries due to the formation 
of contamination free surface [13]. Several studies had 
reported the positive impact of electron beam process-
ing on surface mechanical properties of several struc-
tural materials like Inconel 625 and Inconel 718 due to 
microstructural refinement and homogenization [14–16]. 
However, no literary evidence is available detailing on the 
specific microstructural changes related to the effect of 
electron beam melting of Inconel 617 superalloy on its 
corrosion resistance property. This is a critically important 
piece of information for a material to be deployed in highly 
aggressive nuclear environments. In the present study, a 
detailed investigation of the effect of electron beam sur-
face melting on the microstructures, surface mechanical 
and electro-chemical properties of Inconel 617 have been 
undertaken.

2 � Materials and experimental procedures

2.1 � Test materials

In this study, commercially pure nickel based austenitic 
super alloy (Inconel 617) has been chosen as the substrate 
material. Material was then solution annealed at 1120 °C 
(2048 °F) for 30 min followed by oil quenching prior to the 
machining of the test specimens. The chemical composi-
tion of these materials is given in Table 1.

2.2 � Experimental procedures

In the present study, rectangular shaped Inconel 617 with 
the dimensions of 50 mm × 25 mm × 5 mm was machined 
from heat treated material and was used as substrate. 
The substrates were carefully ground using belt grinder 
of roughness value 25 µm and cleaned with ethanol and 
acetone prior to melting. An indigenously developed 
electron beam welding machine with a maximum accel-
erated voltage of 80 kV was used for melting of Ni-based 
Austenitic super alloy, Inconel 617. Surface melting was 

carried out at an accelerated voltage of 40 kV, current 
of 30 mA and scan speed of 1000 mm/min inside a vac-
uum chamber (1.6 × 10−5 mb). Followed by melting, the 
samples were cut into rectangular shape of dimensions 
10 mm × 10 mm × 5 mm and further mechanically polished 
with proper care. For the microstructural observation, sam-
ples were etched using acidic Aqua Regia (a mixture of 
nitric acid and hydrochloric acid in a molar ratio of 1:3). 
Light microscope (LEICA DMI3000 M) was employed to 
investigate the surface microstructure at low magnifica-
tion. Surface roughness evaluation of both pre-and post-
electron beam melted (EBM) region was performed by 
using a 3D non-contact optical profilometer (New view NV 
600, M/S Zygo Corporation, USA). Cross sectional region 
of this melted specimen was mechanically polished and 
etched for the microstructural observations on both the 
substrate and electron beam melted zones by the optical 
and scanning electron microscopes respectively (LEICA 
DMI3000 M and ZEISS GEMINI SEM 500). A detailed inves-
tigation of the phases at both substrate and electron beam 
melted region were carried out by X-ray diffraction (XRD) 
technique (D8 Advances, Bruker AXS, Germany). Micro-
hardness of both these regions was measured using a 
load of 50 gf applied for 10 s. Finally, the top surface of 
the melted samples was thoroughly ground and polished 
for corrosion test and analysis in aqueous medium. Before 
that the samples were rinsed with acetone to remove any 
dirt on the surface, and except the reaction area, entire 
sample was coated by a polymeric film to prevent reac-
tion with the electrolyte. The electrochemical characteri-
zation was carried out by potentio-dynamic polarization 
test using a PS6 Meinsberger Potentiostat/Galvanostat 
connected to a standard three electrode cell comprising 
the sample as the working electrode, a saturated calomel 
reference electrode and a platinum counter electrode. The 
electrolyte used was acidic 3.5 wt% NaCl solution (3.5 Wt% 
NaCl + Acetic acid, pH 3.15).

3 � Results and discussion

3.1 � Characterization of the melt zone

Presence of defects like porosity, gas holes, and pin holes 
are observed in small quantity inside the melt zone of 

Table 1   Chemical composition 
of Inconel 617 (wt%) used in 
the present study

Mat. C Mn P S Si Ni Cr Mo Co Al B Cu Ti Fe

Inconel 617 0.08 0.37 0.003 0.004 0.35 55.12 20.68 8.18 10.89 0.94 0.003 0.16 0.24 2.98
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electron beam melted surface due to the presence of dis-
solved gas, local evaporation of material because of high 
temperature and presence of low melting point species 
(Al) in trace quantity in addition to the presence of high 
surface tension associated with a large thermal gradient 
[17].

Once, the intrinsic gas bubbles are generated due to 
processing in vacuum, it is impossible to eliminate them 
from electron beam melted zone, leading to the forma-
tion of gas holes [18]. In the present study, it was how-
ever, observed that optimization of process parameters 
leads to formation of defect free melt zone. Figure 1 shows 
the optical microstructure of the top surface of melted 
Inconel 617 at various magnifications, where, no such vis-
ible defects are observed in the aforesaid melt processing 
conditions. Due to the surface tension gradient arising by a 
large thermal gradient, ripple formation on the surface is a 
commonly observed phenomenon which causes roughen-
ing of the surface. The average surface roughness (Ra) of 
the melt zone was found to be increased to a little extent 
(13.5 µm) as compared to as-received substrate (12.2 µm). 
From the negligible difference in surface roughness 
between electron beam melted surface and as-received 
substrate, it may be concluded that the electron beam 
melting operation using the present set of parameters 
may be applied on finished component. Figure 2a and b 
show the 3-dimensional surface roughness profile of (a) 
as-received and (b) electron beam surface melted Inconel 
617 derived from the optical profilometer. A detailed 
comparison between Fig. 2a and b shows that the surface 
waviness decreases in the melt zone as compared to as-
received sample, the average surface roughness value 
does not vary significantly.

The decreased waviness of the surface due to electron 
beam melting is attributed to uniform melting of the 

surface region and its spreading causing micro-smooth-
ening of the surface.

Figure 3 shows the optical micrograph of as-received 
Inconel 617 used in the present study as substrate. This 
micrograph reveals the presence of austenitic grains with 
the annealing twins [19]. The grain size distribution is bi-
modal in nature which is evident from the presence of 
both the fine and coarse austenitic grains throughout the 
microstructures due to the solution annealing operation 
done on the materials during the heat treatment [20, 21]. 
The heat-treated alloy shows a very little and fine disper-
sion of precipitated particles in a matrix of a deformable 
metal. The precipitated particles act as barriers to dislo-
cation motion, thus causing strengthening of the heat-
treated alloys [19–22].

Figures  4a–c show the light micrographs of the (a) 
cross section of electron beam melted Inconel 617 and 
high magnification view of (b) zone 1 and (c) zone 2. From 
Fig. 4a it is evident that the melted region is separated 
from the substrate with a solid–liquid interface bound-
ary. The melt zone consists of the presence of columnar 
dendritic structure [7, 23–25]. This microstructural change 
occurs during the electron beam melting due to the rapid 
solidification rate (RSS) inside the melting pole, which 
resulted in micro segregation, and grain size reduction 
along with decreasing number of grain boundaries, and a 
higher amount of strength and hardness of the structural 
materials in those conditions as compared to as-received 
substrate [15]. The microstructure of the melt zone near 
to the solid–liquid interface (cf. Figure 4c) consists of very 
fine columnar dendritic morphology with a very low sec-
ondary dendritic spacings. The columnar dendritic struc-
ture changes to dendrites away from the interface. Direc-
tional solidification occurs with the formation of columnar 
grains, which are followed by the formation of the tree 

Fig. 1   Optical micrographs 
of the top surface of electron 
beam surface melted Inconel 
617 showing the a melt track 
at low magnification, b Magni-
fied view inside the melt track
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shape dendritic microstructures, which have a pronounced 
effect on the corrosion behavior [15, 26]. Coarsening of 
the grains have a resilient impact on the corrosion resist-
ance of the structural materials due to reduced number 
of defects, plastic deformation and segregated impurities 
[27, 28]. Grains are oriented in the melt zone in various 
directions due to the presence of larger number of nuclea-
tion sites inside the melted region which varies from mate-
rials to materials [15, 29, 30]. From the development of the 
dendritic arm spacing, it is understood that the constitu-
tional super cooling in the intervening liquid metal zone 
is reduced at a very low level [16, 29]. It has been reported 
that the microstructure is columnar and dendritic through-
out the melted zone of electron beam melted Inconel 617 

Fig. 2   3-D surface topography of a as-received and b electron beam surface melted Inconel 617

Austenitic Grains

Annealing Twins

Fig. 3   Optical micrograph of the as-received Inconel 617 used in 
the present study
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Fig. 4   Optical micrographs of the a cross-section of electron beam melted Inconel 617 and b, c the same at high magnifications from zone 1 
and zone 2 respectively

Fig. 5   Scanning electron 
micrographs of the cross-sec-
tion of electron beam melted 
Inconel 617 showing a interfa-
cial region and b top surface

a b

Columnar grains along with dendrites 
are observed in higher magnification

Secondary cellular dendritic 
structure with various orientation

Base material
Interfacial boundary
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[15, 27–29]. Such microstructural changes offer adequate 
improvement of mechanical properties as well as the cor-
rosion resistance of the structural materials.

For the detailed investigation of the microstructure of 
the electron beam melted Inconel 617, the microstruc-
tures of the solid liquid interface have been analyzed in 
detail. Figure 5a shows the scanning electron micrograph 
of the solid–liquid interface as an evidence of the pres-
ence of defect free interface. The high magnification view 
of the near interface microstructure in Fig. 5b shows that 
the columnar grains are oriented in different directions. 
In addition, there is presence of very fine grains grow-
ing from the main column like dendrites but for a very 
short distance and without the presence of any second-
ary arms.

A detailed X-ray diffraction analysis of the as-received 
and electron beam melted Inconel 617 (cf. Figure 6) shows 
the presence of carbide and carbonitride along with the 

gamma and gamma prime (γ/γ′) [(Ni/Ni3(AlTi))] phases. A 
significant narrowing of the gamma and gamma prime 
(γ/γ′) phases was also noticed in the X-ray diffraction 
profile possibly because of a large residual micro-stress 
introduced in the structure [31, 32]. Average lattice strain 
developed in the material was calculated from the analysis 
of peak broadening using Scherer’s formula [33]. In addi-
tion to different mass fraction of individual mass constitu-
ent, there is also a visible change in the texture. A detailed 
inspection of the lattice strain, relative intensity and tex-
ture coefficient introduced in the Inconel 617 at both pre 
and post EBM conditions are summarized in Table 2.

From Table 2 it is noted that lattice strain is reduced 
due to surface melting as compared to as-received sub-
strate. The reduction in lattice strain is attributed to solu-
tionization of γ′ precipitates after electron beam melting, 
due to slow cooling associated with this processing. The 
increase in relative intensity (I/I0) of γ/γ′ peaks from 48.42 
for as-received Inconel 617 to 100 for electron beam 
melted Inconel 617 further corroborates that γ′ content 
is diminished due to electron beam melting. The texture 
coefficient along (111) plane is also found to increase to 
0.92986218 for electron beam melted Inconel 617 from 
0.631502681 for as-received one.

From the texture coefficient change, it may be con-
cluded that there is preferred texturing along (111) plane 
due to electron beam melting of Inconel 617 [34, 35].

3.2 � Properties of the melt zone

A detailed evaluation of mechanical (surface micro-hard-
ness) and electrochemical (aqueous corrosion resistance) 

Fig. 6   X-ray diffraction patterns of the top surface of as-received 
and electron beam surface melted Inconel 617

Table 2   Summary of the lattice 
strain, relative intensity and 
texture coefficient of γ phase in 
as-received and electron beam 
surface melted Inconel 617

Sample ID Lattice strain Relative intensity (I/I0) of 
γ/γ′ at θ = 59.80°

Texture coef-
ficient (along 111 
plane)

As-received Inconel 617 0.39 ± 0.07 48.43 ± 0.002 0.63 ± 0.002
EBM Inconel 617 0.32 ± 0.06 100 ± 0 0.93 ± 0.001

Table 3   Summary of microhardness of as-received and electron 
beam surface melted Inconel 617

Materials Average micro 
hardness at pre-
EBM condition

Average micro 
hardness at post-
EBM condition

Differences

Inconel 617 243 ± 4.9 VHN 315 ± 4.2 VHN 72
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properties of the melt zone was carried out to understand 
the effect of surface melting on the properties of the sur-
face. The average microhardness of the as-received and 
electron beam melted Inconel 617 are summarized in 
Table 3.

From Table 3 it may be noted that there is a marginal 
improvement in the microhardness value due to electron 
beam melting. The increase in microhardness of the Elec-
tron Beam (EB) treated surface is higher on account of 
the fine microstructural features. As the microstructure 
of the EB treated surface reveals, it has a dendritic micro-
structure with a distribution of two distinct phases [13, 
36]. The hardness of the EB treated surface is expected to 
be controlled by the mean free length available for dis-
locations travelling within either of the two phases. It is 
well known in eutectic microstructures that the interla-
mellar spacing controls the strength and hardness of the 
material, with finer interlamellar spacing based materi-
als bearing higher hardness and strength compared to 

others. This is on account of the increase in the geometri-
cal obstacles to the dislocation motion presented by the 
lamellar boundaries to dislocation [37, 38]. In our work, 
we believe the improvement in hardness of the EB treated 
surface is due to the low mean free length available for 
dislocation motion and this is on account of the fine 
microstructural features. On account of the complexity of 
the microstructure, evident from the Figs. 4b and 5a, it is 
difficult to attribute a single microstructural length value 
to describe the microstructure. However, if one takes a 
look at the microstructures in Fig. 5a and b, the spacing 
between the white phases is on the order of 2–5 µm and 
this can be chosen as an approximate representative of 
the mean free length for dislocation motion. Clearly this 
value is significantly lower than the grain size of the as-
received Inconel 617 and thus causes an increase in the 
hardness of the material.

The corrosion resistance property of as-received and 
electron beam melted Inconel 617 was evaluated in 
3.56 wt% NaCl solution (acidic) using potentiodynamic 
polarization technique. Figure 7 shows the potentiody-
namic polarization plots of as-received and EB melted 
Inconel 617 in an acidic 3.56 wt% NaCl solution. The CPP 
diagram represents an active–passive behavior in both as-
received and EB melted specimen.

The summary of corrosion parameters in terms of cor-
rosion potential (Ecorr), pitting potential (Epit) and corrosion 
rate obtained from the CPP diagram, are summarized in 
Table 4. An evaluation of these data indicate that Ecorr of 
the electron beam melted surface shifts towards noble 
direction as compared to as-received substrate. As Ecorr 
is the potential at which rate anodic dissolution is equal 
to the rate of cathodic reduction, the increase of its mag-
nitude indicates lower susceptibility to corrosion of the 
electron beam melted surface [39].

The improvement in corrosion resistance can be attrib-
uted to the refinement of the microstructure. Ralston and 
Birbilis have conducted an exhaustive review of the effect 
of grain size on corrosion resistance of materials. Based 
on their review, Ralston and Birbilis concluded that grain 

Fig. 7   Potentiodynamic polarization behavior of as-received (red 
color) and electron beam surface melted Inconel 617 (black color) 
in a 3.56 wt% acidic NaCl Solution (pH 3.15)

Table 4   Summary of the corrosion parameters derived from potentiodynamic polarization study of as-received and electron beam surface 
melted Inconel 617

Materials Icorr (A/cm2) Ecorr. (V) Epit. (V) Corrosion rate (mm/year)

EBM Inconel 617 (7.0 ± 0.001) × 10−6 − 0.45 ± 0.001 (4.0 ± 0.001) × 10−1 (8.0 ± 0.002) × 10−2

As-received Inconel 617 (2.5 ± 0.002) × 10−5 − 0.55 ± 0.002 (3.8 ± 0.001) × 10−1 (2.9 ± 0.001) × 10−1
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refinement leads to improvement in corrosion resist-
ance in passivating environments and a converse of the 
same is observed in corroding environments [40]. Thus 
fine grained microstructures are more resistant to corro-
sion in passivating environments [40, 41]. In the present 
study, we clearly observe an improvement in corrosion 
performance following electron beam treatment. The 
passivating current density i.e. Ipass for EB treated Inconel 
617 at 4.5 × 10−5 A/cm2 is lower compared to that of the 
as-received Inconel 617 at 10−3 A/cm2. The lowering of 
the passivation current density is clearly indicating the 
improved passivation tendency of the EB treated material. 
While we suspect surface purification after high energy 
electron beam irradiation due to selective ablation for 
commonly observed impurities in the base material, we 
believe microstructural refinement to have a greater bear-
ing on the corrosion performance [42, 43]. Furthermore, 
it also possible that EB melting is leading to redistribu-
tion and homogenization of alloying elements which 
in turn could reduce the galvanic coupling tendency of 
the alloying elements with respect to the matrix. Indeed 
electrochemical studies on 1050 Al alloys following equal 
channel angular processing have demonstrated improve-
ment in corrosion performance. The improvement in cor-
rosion performance following ECAP was attributed to a 
refinement of size of the silicon containing impurities 
which were creating micro-galvanic couples between the 
Al matrix and silicon containing mixed oxide [44]. Since 
it is well known that galvanic corrosion is higher when 
the ratio of the area of the cathode to anode is high, size 
refinement of the cathodic precipitates following ECAP 
leads to a reduction of galvanic corrosion. In the current 
case, an evaluation of the distribution of elements before 
and after EB treatment reveals very interesting results [44, 
45].

In continuation, the as-received Inconel 617 has been 
found to have a distribution of precipitates as shown in 
Fig. 8. These precipitates appear to be primarily TiN based 
precipitates as evident from the spot Energy Dispersive 
X-Ray Spectroscopy (EDS) analysis. The spot EDS pattern 
taken from the matrix shows that it is rich in nickel and 
chromium unlike the precipitates which are rich in tita-
nium and nitrogen.

The elemental maps obtained from the as received 
Inconel 617 as shown in Fig. 9 provides further evidence 
for the chemical composition of the precipitates. The pre-
cipitates clearly overlap with the elemental map of tita-
nium indicating that these are titanium rich precipitates. 
These precipitates thus can bear a tendency to create 
micro-galvanic couples with the matrix which is nickel 
and chromium rich.

It is interesting to note that following EB treatment, the 
number of these precipitates have come down as shown in 

Fig. 8   Spot Energy Dispersive X-Ray Spectroscopy (EDS) analysis on as-
received Inconel 617 a, b spot on precipitates and its corresponding 
EDS pattern, c, d spot on matrix and its corresponding pattern
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Fig. 10. Figure 10 shows that the titanium rich precipitates 
have reduced in number. This implies that the number of 
micro-galvanic couples would reduce and in turn would 
enhance the corrosion resistance of the EB treated sam-
ples vis-à-vis the as-received Inconel material. Thus the 
EB treatment on account of its ability to refine the micro-
structure and redistribute or refine the secondary phases 
is causing an improvement in the corrosion resistance of 
the material [46–48].

Further investigations are carried out on the cor-
roded surfaces of both as-received and electron beam 
melted Inconel 617. Scanning electron microscope 

has been employed to study the surface dissolu-
tion at higher magnifications, as shown in Fig. 11. It 
is observed that the surface dissolution is prominent 
under the corrosive environment for as-received 
Inconel 617, which is however low for electron beam 
surface melted Inconel 617. Pits are formed due to the 
attacks of the chloride ions at both as-received and EB 
treated Inconel 617 [49]. From the appearance of sur-
face dissolution along with the pit formation, it may be 
concluded that the electron beam melting operation 
helps to mitigate the attacks of corrosive species on 
the surface of Inconel 617.

Fig. 9   The elemental maps obtained from the as received Inconel 617 reveals the presence of titanium rich precipitates
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Fig. 10   The elemental maps obtained from the EB treated Inconel 617 reveals evidence of the reduction of titanium rich precipitates com-
pared to the as-received Inconel 617

Fig. 11   Scanning electron microscopic observation on the corroded surfaces a as-received Inconel 617 and b Electron beam surface melted 
Inconel 617
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4 � Conclusions

In this present study, a detailed characterization on micro-
structural, surface hardness and corrosion properties 
of EB treated Inconel 617 has been carried out. Surface 
melting leads to the formation of fine columnar structure 
at the solid–liquid interface followed by which there is 
presence of columnar dendritic morphology near to the 
surface. There is a significant improvement in microhard-
ness following EB treatment of Inconel 617 due to the low 
mean free length available for dislocation motion and 
this is on account of the fine microstructural features in 
the EB treated material compared to the as-received sub-
strate. The corrosion resistance of the EB treated surface 
of Inconel 617 was also found to be improved in terms 
of shifting in corrosion potential towards noble direction 
and decrease in corrosion rate, possibly because of grain 
refinement, microstructural homogenization and surface 
purification by high energy electron beam irradiation.
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