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The metallurgical and mechanical properties of electron beam welded Ni based superalloy Inconel 625
and UNS S32205 duplex stainless steel plates have been investigated in the present study. Interface
microstructure studies divulged the absence of any grain coarsening effects or the formation of any sec-
ondary phases at the heat affected zone (HAZ) of the electron beam (EB) weldments. Tensile studies
showed that the fracture occurred at the weld zone in all the trials and the average weld strength was
reported to be 850 MPa. Segregation of Mo rich phases was witnessed at the inter-dendritic arms of
the fusion zone. The study recommended the use of EB welding for joining these dissimilar metals by
providing detailed structure – property relationships.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Dissimilar welds of nickel based superalloys and duplex stain-
less steel grades have significant advantages in geothermal and
marine applications owing to their excellent mechanical properties
and resistance to corrosion. Cal Energy, an independent power pro-
ducer of electricity through geothermal power plant employed the
pipes of Inconel 625 and Duplex stainless steel. It was vivid that
the pipes of Inconel 625 were employed in high temperature and
duplex stainless steels were operated in low temperature environ-
ments [1].

Richard [2] reported the typical use of bimetallic combinations
of Inconel 625 and duplex stainless steel in the piping systems for
sub-sea manifolds. The authors reported that use of less expensive
material i.e. duplex stainless steel which brought down the cost
without compromising the efficiency. Vandervoort [3] investigated
the bimetallic joints of Inconel 625 and austenitic stainless steel
obtained from Gas Tungsten Arc Welding (GTAW), Gas Metal Arc
Welding (GMAW) and Shielded Metal Arc Welding (SMAW) pro-
cesses. The authors reported that all the weldments offered better
strength and toughness at low temperatures (4 K).

Sridhar et al. [4] investigated these bimetallic joints obtained
from continuous current gas tungsten arc welding (CCGTAW) pro-
cess employing two different filler metals such as ER2209 and
ERNiCrMo-3. The authors reported that the use of ERNiCrMo-3
filler resulted in the formation of detrimental laves phases which
severely deteriorated the mechanical properties. Further the
authors added that the multi-pass welding resulted in the reheat-
ing zones and the slow cooling rates were the factors that resulted
in adverse metallurgical and mechanical properties.

As claimed by researchers [5,6], the welding of two metals
involving different compositions and coefficients of thermal
expansion is cumbersome as the resultant weldments have
greater susceptibility to heat affected zone (HAZ) liquation crack-
ing, solidification cracking and residual stresses. The probability
of obtaining these metallurgical problems is greater for the con-
ventional welding processes such as GTAW, GMAW and SMAW.
Moreover the selection of filler metal is also crucial issue in
employing these techniques. Mismatching in composition of the
base and filler metal tends to lower the yield strength due to
the agglomeration of large amount of residual stresses during
the joining process.

Electron Beam Welding (EBW) is one of the widely used joining
techniques for thicker sections and enjoys several advantages
including the absence of secondary phases, higher depth to width
ratio, reduced residual stress and distortion and the possibility of
automation. Kuo [5] reported that due to higher cooling rates, finer
grains with good weld mechanical properties could be established
while employing EB welding compared to arc welding processes.
Devendranath Ramkumar et al. [6] carried out the investigations
on the electron beam welded super-duplex stainless steel UNS
S32750. The authors reported the absence of grain coarsening
effects at the region adjacent to the fusion zone owing to the faster
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Fig. 1a. Microstructure showing the base metal of (a) Inconel 625 (b) UNS S32205.
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Fig. 1b. Cross-section macro-graph of EB welded Inconel 625 and UNS S32205.
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cooling rates. The formation of coarser ferrite morphology with the
presence of inter and intra-granular austenite and the absence of
Widmänstatten side plates of austenite during EBW was reported
by the authors. Sun and Karppi [7] reported that EB welding
reduces or overcomes the problems such as uneven heat dissipa-
tion, formation of brittle phases to certain extent, and hence pro-
duces satisfactory joints compared to other joining techniques.
The authors addressed that as EB welding employed low total-heat
input per unit length of weld, this technique can also reduce the
residual stresses substantially, as compared to arc welding. Patter-
son and Milewski [8] observed the cracking at the fusion zone of
dissimilar joints of Inconel 625 and AISI 304L while employing
both autogenous GTA and PCGTA welding process. The authors
claimed that the cracking susceptibility was due to the segregation
of elements S, P and Nb to the interdendritic phase.

Madhusudan Reddy and Srinivasa Rao [9] investigated the sim-
ilar and dissimilar welds of AISI 430, AISI 304 and AISI 2205 by fric-
tion and EB welding processes. The authors reported that the
weldments obtained from EB welding process acquainted for bet-
ter notch tensile strength. Further they reported the presence of
residual stresses at the fusion region due to the delta ferrite. Venk-
ata Ramana et al. [10] investigated the residual stress distribution
of EB welds of Maraging steel and medium carbon steel. The
authors reported that in the bimetallic welded joints, the magni-
tude of stresses could be lowered in the softer parent metal due
to its stress absorbing nature. Shakil et al. [11] investigated the dis-
similar welds of Inconel 625 and AISI 304L by EBW process. The
authors had observed micro-cracks in the fusion zone which was
reasoned to the segregation of S, Nb and Mo. Moreover the authors
claimed that the EB weld process parameters required to be opti-
mized for attaining proper welds.

It is evident from the literatures that electron beam welding is a
successful technique to obtain dissimilar joints with good mechan-
ical and metallurgical properties. In spite of the industrial applica-
tions demanding the need for joining Inconel 625 and UNS S32205,
limited studies have been carried out on these bimetallic joints.
The novelty of this study is the use of electron beam source for
joining Nickel based superalloy and Duplex stainless steel. This
study addressed in detail the structure – property relationships
of EB weldments using the optical microscopy (OM) and scanning
electron microscopy (SEM) techniques. Also the line mapping anal-
ysis was carried out across the weldments to understand the
elemental movement during the process. The outcomes of this
study will be highly beneficial to the industries demanding the
need of these bimetals especially in geothermal and marine
applications.

2. Experimental procedure

2.1. Base metals and welding procedure

The as-received base metals were cut to the dimensions of
20 � 20 � 5 mm to carry out chemical composition analysis using
wet spectroscopic methods. The nominal chemical composition
of the base and filler metals employed in the present investigation
is represented in Table 1. The microstructure of the base metals
Inconel 625 and UNS S32205 is shown in Figs. 1a and 1b. Further

 

 

Table 1
Chemical composition of the base/filler metals.

Base/filler metal Composition (% Weight)

C Mn Cr Mo Fe N

Inconel 625 0.022 0.169 22.80 9.33 4.24 2

UNS S32205 0.028 1.32 23.16 3.19 Rem. –
the base metals of dimensions 170 mm � 50 mm � 5 mm were
sliced using the Wire-cut Electrical Discharge Machining (WEDM)
process to carry out welding.
b Ni N Others

.98 Rem. – Si – 0.104; Cu – 0.157; P – 0.004; S – 0.010;
Al – 0.101; Co –<0.005; Ti – 0.235; Ta –<0.02

5.20 0.149 Si – 0.372; P – 0.026; S – 0.005



Table 2
Process parameters employed in EBW.

Process Parameters Unit Value

Accelerating voltage kV 90
Beam current mA 25
Beam focus mA 1060
Travel speed mm/min 1200
Heat input kJ/mm 0.1125

(a) 
(b) 

(c) (d) 

Fig. 2a. Microstructure of EB welded Inconel 625 and UNS S32205.
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The weld process parameters were established based on the
iterative trials and the parameters chosen for the current study
are shown in Table 2. Ensued to welding, the EB weldments were
subjected to gamma ray Non-Destructive Testing (NDT) technique
to determine for any surface/sub-surface defects. It was well
observed from the study that the weldments obtained from the
EB welding process was absolutely free from porosity, inclusions,
cracks, under-cuts etc. Based on the NDT results, the welded spec-
imens were further subjected to different metallurgical and
mechanical characterization, and are outlined in the subsequent
chapters.

2.2. Metallurgical and mechanical characterization of dissimilar
weldments

The as-welded samples were cut to different coupons using
WEDM process to investigate the metallurgical and mechanical
properties. Microstructure examination and hardness measure-
ment was carried out on the cross-sectioned coupons termed as
‘‘composite zone’’ (covering all the zones vis-à-vis parent metals
and the weld zone of EB weldment) whose dimensions are
28 mm � 10 mm � 5 mm obtained by keeping the weld as center.
Standard metallographic procedures including polishing with
emery sheets of SiC with grit size varying from 220 to 1000 fol-
lowed by disc polishing using alumina and distilled water were
employed on these coupons to obtain a mirror finish of 1 l on
the weldments. Electrolytic etching (10% oxalic acid; 6 V DC sup-
ply; Current density 1.6 A/cm2) was employed to reveal the grain
structure of the different zones of the weldments. Micro-hardness
studies were carried out on the coupons both in transverse and
longitudinal direction to portray the variations across the weld-
ment. Hardness measurements were carried out using Vicker’s
Micro-hardness tester employing a standard load of 500 gf for a
dwell period of 10 s and at regular intervals of 0.25 mm. Transverse
tensile studies were carried out on the coupons prepared as per the
ASTM: E8/8M standards using Instron universal testing machine.
The cross-head velocity was set to 2 mm/min to produce a strain
rate of 3.3 � 10�4 s�1. This strain rate is well in the range as pre-
scribed by ASM International handbook of Mechanical Testing
and Evaluation [12]. To study the response of the weldments to
sudden loads, Charpy V-notch impact studies were also carried
out on the sub-sized samples (55 mm � 10 mm � 5 mm) fabri-
cated as per ASTM: E23-12c standards. Notches were made in such
a way that the fracture occurred only within the weld fusion zones.

3. Results

3.1. Base metals

Microstructure studies showed that the base metal Inconel 625
contained the elongated, coarser austenitic grains with the pres-
ence of twin boundaries and some inter-metallic tiny, dark phases;
whereas a dual phase microstructure was observed at UNS S32205
containing almost equal amounts of ferrite (54%) and austenite
(46%) as inferred from the ferrite measurement study through
Fischer Ferritoscope. The average tensile strength of the base
metals was observed to be 915 MPa (Inconel 625) and 840 MPa
(UNS S32205). Similarly the impact toughness was found to be
165 J for Inconel 625 and 220 J for UNS 32205.

3.2. Macro and microstructure examination

Cross-sectional macrograph of EB welds Inconel 625 and UNS
S32205 is shown in Fig. 1b. It is evident that proper fusion with
narrow bead was obtained on employing the EB welding tech-
nique. No visible cracks were observed during and after welding.
The microstructures at the different zones are represented in
Fig. 2a. It was well inferred from the interfacial microstructures
shown in Fig. 2b that there were no significant grain changes
observed at the regions adjacent to the fusion zone. Both the cellu-
lar and dendritic growth was observed at the fusion zone. Also the
fusion zone adjacent to Inconel 625 side was observed to have fine,
equiaxed grain growth. The interface microstructures were further
investigated using SEM/EDAX analysis and are shown in Fig. 3. The
fusion zone and the HAZ of Inconel 625 showed the presence of
white, tiny phases which are enriched with Nb and Ti content. Sim-
ilarly the fusion zone adjacent to UNS S32205 side was observed to
have secondary phases with higher amounts of Mo.

Line mapping analysis was carried out at the interface of both
the metals and the results are shown in Fig. 4. It was inferred that
the elements Fe, Cr had been moved from the UNS S32205 to the
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Fig. 2b. Microstructure showing the dissimilar welds of Inconel 625 and UNS S32205.
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Fig. 3. Interface micrographs of the dissimilar weldments of Inconel 625 and UNS S32205 using SE Microscopy.
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weld zone whereas the elements Ni, Nb and Mo were moved from
Inconel 625 to the weld zone. Also the line mapping analysis across
the weld zone was carried out and shown in Fig. 5b. SEM analysis
showed the weld zone containing the dendrites and arms with the
presence of secondary phases. The line mapping analysis showed
that the dendritic body was observed to have fewer amount of
Mo and the phases occupying the inter-dendritic arms containing
Mo rich precipitates. It was further established by the point analy-
sis shown in Fig. 5a.

3.3. Mechanical characterization

3.3.1. Hardness measurements
Hardness measurements were carried out in both longitudinal

as well as in transverse direction of the weldment. The average
hardness of the entire weldment in the longitudinal direction
was observed to be 258 HV and, the average hardness value at
the weld zone was observed as 240 HV. Similarly the average hard-
ness values of 227, 225 and 218 HV were observed at the fusion
zone adjacent to the Inconel 625, middle zone and the fusion zone
adjacent to UNS S32205 respectively. The hardness plots both in
transverse and longitudinal section of the weldment is shown in
Fig. 6.

3.3.2. Tensile and impact studies
Tensile properties were ascertained to establish the response of

the EB weldments to the gradually increasing load. The test results
portrayed that the weldments undergo failure at the weld zone in
all the trials [Fig. 7a] and the average tensile strength and 0.2%
proof strength were reported to be 850 and 345.5 MPa [Table 3].
SEM morphology of the fractured EB welds revealed the presence
of micro-voids running in the fibrous, shiny tearing ridges
[Fig. 7b]. Further Charpy V-notch impact studies were carried out
on the coupons prepared as per the ASTM E23-12C standards. It
was observed from the impact tests [Fig. 8a] that the EB welds
had undergone severe rupture and were broken into two equal
halves. The average impact toughness of the EB weldments was
established to be 26 J. SEM fractograph of the impact tested sample
showed the scarce voids with the cleavage facets appearing to have
beach sand ridges [Fig. 8b]. Also the presence of secondary phases
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Fig. 4. Line mapping analysis along the weld interface of (a) UNS S32205 and (b) Inconel 625.
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Fig. 5a. SEM/EDAX point analysis on the weld zone of the EB welded Inconel 625 and UNS S32205.
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was observed at the void spaces and also in the cracked
boundaries.
4. Discussion

Macrostructure studies inferred that the narrow bead with
complete fusion of Inconel 625 and UNS S32205 could be achieved
successfully by EB welding technique. Microstructure studies also
clearly conveyed the absence of grain coarsening effects at the
HAZ of UNS S32205 and Inconel 625. This could be reasoned to
the controlled, lower high heat inputs and faster cooling rates
developed during EBW process. Fine equiaxed cellular and den-
dritic grain growth was observed at the fusion zone. The middle
of the fusion zone showed fine, uniform equiaxed cellular structure
which shall be attributed to more uniform and symmetric cooling
compared to the sides or edges of the fusion zone. Moreover the
columnar dendritic formation shall be due to the lower thermal
conductivity of Inconel 625 (9.8 W/m�C at 20 �C) in comparison
to UNS S32205 (14 W/m�C at 20 �C) which resulted in small heat
dissipation in this area. Similarly no solidification cracking was
observed at the fusion as well as in the adjacent zones which
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Fig. 5b. Line mapping analysis on the weld zone of EB welded Inconel 625 and UNS S32205.
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Fig. 6. Hardness profile of EB weldments (a) longitudinal and (b) transverse section of the weld.
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clearly indicated that the process parameters employed in the
study were optimal. Ferrite measurements were carried out at dif-
ferent locations of EB weldments using Fischer Ferritoscope. It was
inferred that the bottom and top of the weld zone contained 10.5%
and 4.9% respectively. Also these results clearly portrayed that the
solidification mode was either completely austenitic (A) or austen-
itic – ferritic (AF).

Line mapping analysis was carried out to infer the elemental
movement during the welding process. The elements Ni, Nb and
Mo from Inconel 625 side and Fe, Cr from the UNS S32205 were
migrated to the weld zone. It is well understood from Fig. 4(a)
and (b) that the fusion zone obtained from the EBW process
resulted in enrichment of the aforementioned elements. The
results of line mapping analysis on the fusion zone shown in
Fig. 5b observed to have the presence of Ni, Fe at the dendritic
and inter-dendritic regions; whereas the element Mo was found
to be greater at the inter-dendritic zones compared to dendritic
cores. It is also well supported by the SEM/EDAX point analysis
which indicated the presence of Mo, Nb rich phases segregated
at the dendritic arms appeared as tiny, white splats [Fig. 5a]. This
could be explained as Mo and Nb have large radii in comparison
to the other elements in the molten pool, causing segregation dur-
ing the terminal solidification. It was evident from Fig. 3 the forma-
tion of Nb, Ti rich phases which appeared as tiny splats at the
fusion and HAZ zone of Inconel 625.

Hardness measurements showed the weld hardness was
slightly plummeted compared to the base metals. The hardness
measurements at the transverse sections indicated that the
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Fracture occurred at weld zone 

Fig. 7a. Tensile studies on the EB weldments of Inconel 625 and UNS S32205
showing the fracture at the weld zone in the trials.

Table 3
Tensile properties of the dissimilar weldments of Inconel 625 and UNS S32205.

Property Unit Trial 1 Trial 2 Trial 3 Average

Maximum load kN 26.03 26.21 26.01 26.095
Ultimate tensile strength MPa 850.0 851.0 849.0 850.0
0.2% Proof strength MPa 345.71 343.26 347.37 345.45
Ductility % 20.43 24.24 23.97 22.88
Fracture zone – Weld zone

Inconel 625 UNS S32205 

Fig. 8a. Impact tested EB weldments of Inconel 625 and UNS S32205 observing the
fracture at the weld zone.
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average hardness at the fusion zone adjacent to Inconel, middle of
the weld and fusion zone adjacent to UNS S32205 were observed to
be 227, 225 and 218 HV respectively which is slightly lower as
compared to the parent metals. The lower hardness values at the
fusion zone shall be reasoned to the presence of tensile residual
stresses developed during EBW process and also this might be
due to the differences in chemical composition and coefficients
of thermal expansion of the base metals. As reported by Joseph
et al. [13], if the energy input to welding speed ratio increases
the hardness value of the weld zone would decrease. Moreover
solid solution strengthening elements such as Mo and Nb could
not dissolve completely during solidification and caused
Shiny tVoids 

Fig. 7b. SEM fractograph of the tensile tested EB
segregation which also augmented for the same. The hardness at
the weld interface of Inconel 625 was found to be 286 HV, which
may be reasoned to the formation of enriched amount of Nb, Ti rich
phases and is well observed from the microstructure studies.

Similarly the tensile studies showed that in all the trials, the
failure occurred at the fusion zone. The average ultimate tensile
strength and proof strength of the EB welds were reported to be
850 MPa and 345.5 MPa with the average ductility of 22.9%. It is
inferred from the tensile studies that the weld strength was found
to be greater than one of the parent metals, UNS S32205
(840 MPa). Hence it is proven that the EB welds of Inconel 625
and UNS S32205 resulted in joints with higher or almost same
strength as base metal. This outcome has been considered to be
the major breakthrough from the study. The tensile results of EB
welds were greater compared to the earlier works of the authors
who reported the GTA weldments of Inconel 625 and Duplex
earing ridges 

weldments of Inconel 625 and UNS S32205.
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Fig. 8b. SEM fractograph of the impact tested EB welds.

K. Devendranath Ramkumar et al. / Materials and Design 68 (2015) 158–166 165 
 

 

stainless steel [4]. The fine, equiaxed grains observed in the fusion
zone facilitated favorably for more dislocations and pinning actions
during the tensile loading which probably improved the strength
of the EB weldments. Also the ferrite measurement results nur-
tured the presence of minimum and maximum amounts of ferrite
in the EB fusion zone improved the weld strength. The presence of
ferrite refines the grain size of the solidified metal, which results in
better mechanical properties and cracking resistance [14]. How-
ever, the reason for fracture occurring at the EB weld zone could
be well attributed to the segregation of Mo rich phases at the
inter-dendritic zones. It could be understood from the ferrite mea-
surement studies that the EBW resulted in higher amounts of aus-
tenite. As reported by Perricone and Dupont [15], the austenite
grains did not readily diffuse Mo and resulted in segregation. The
authors further reported the solubility of Mo was lesser in the Fe
based alloys.

It was inferred from the impact test results that the EB welds
resulted in toughness value of 26 J which was much lower as com-
pared to the base metals. SEM fractograph of the impact tested
weldment corroborated the presence of scarce voids and cleavage
facets dominated in the fractured surface which clearly inferred
that the mode of fracture was brittle in nature. Also the visual
examination showed that the weldments were broken into two
halves upon impact loading. As noticed from the SEM/EDAX anal-
ysis, the Mo rich phases were segregated at the inter-dendritic
regions and would be reasoned for low energy absorption. This
could be well reflected in the SEM fractograph in terms of the sec-
ondary phases nucleated from the voids and in the cracked grain
boundaries. Several researchers [6,16,17] investigated the EB weld-
ing of duplex/super-duplex stainless steel which resulted in the
formation unbalanced ferrite – austenite ratio in the weld zone
and contributed for lower impact toughness. Draugelates et al.
[18] reported that higher cooling rates suppress the diffusion-con-
trolled processes in austenite reformation. Low heat input would
normally result in undesirable proportion of ferrite in weld and
in corresponding loss of toughness [19]. As reported by Muthu-
pandi et al. [16], the Cr2N precipitation could be favored during
EB welding due to faster cooling rates. Even though it was not
explicitly observed in the SEM/EDAX analysis, TEM analysis is
required to confirm the presence of this phase which was not
reported in the present study. Segregation was noticed at the
fusion zone which may also cause a decrease in impact toughness
values. Similar observations were reported by Yılmaz and Tümer
[20]. As reported by Khodir et al. [21], reduction in toughness val-
ues was observed in high strength 3–9% Ni-steel alloys metals
when the nickel content was gradually increased from 3% to 5%.
In the present study, the SEM/EDAX analysis showed the higher
amounts of Ni in the EB fusion zone which also impoverished the
toughness.

In a nutshell, this study articulated the EBW of dissimilar metals
involving Inconel 625 and UNS S32205 for the first time. The
results portrayed the absence of grain coarsening effects and other
metallurgical problems at the regions adjacent to the fusion zone.
Tensile studies reported the weld strength of EB weldment was
greater compared to other GTA welding process [4]. However the
impact toughness of EB weldments was impoverished which needs
further investigations by varying the process parameters or doing
post weld heat treatments.
5. Conclusions

This study reported the dissimilar welds of Inconel 625 and UNS
S32205 obtained by EB welding process and the following conclu-
sions are deduced.

(1) Successful, defect free joints of Inconel 625 and UNS S32205
duplex stainless steel could be obtained by Electron beam
welding process.

(2) There was no significant grain coarsening or other negative
metallurgical effects observed at the heat affected zones.
The formation of fine, cellular dendritic structure at the EB
fusion zone was due to the controlled low heat input and
higher cooling rates developed during the process.

(3) Tensile studies corroborated the failures occurred at the
weld zone which was predominantly due to the segregation
of Mo rich phases. However the weld tensile strength was
greater than or equal to the strength of UNS S32205.

(4) Impact toughness of the EB weldments was impoverished
due to the presence of secondary phases at the fusion zone.
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