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Electron Beam Welding — Dissimilar Joints of Steels

and Nickel Alloys

Abstract: Because of differences in physical and chemical properties of materials be-
ing joined as well as due to phenomena such as the formation of intermetallic phases,
the making of dissimilar joints poses significant problems for the welding industry.
Owing to its high power density, achievable high welding rates and the possibility of
obtaining high metallurgical purity, electron beam welding is one of the most suit-
able methods enabling the reduction of adverse phenomena taking place during the
welding of dissimilar joints. The research work discussed in the paper involved the
making of joints using steel grades 25HM and 304 with nickel alloy (Inconel 600) and
the performance of metallographic tests, tensile tests, bend test and hardness mea-
surements. The electron beam welding method used to the make welded joints dis-
cussed in the paper meets the criteria specified in the PN-EN ISO 15614-11 standard.
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Introduction

Present-day solutions increasingly often require
the fabrication of joints made of materials char-
acterised by significantly varying physicochemical
solutions. Demand for dissimilar joints is typical
of the power, shipbuilding, aviation, space and de-
fence industries as well as in railway engineering.
Dissimilar joints are applied to reduce the cost of
materials and the weight of elements as well as to
improve operational properties and increase resist-
ance to adverse environmental conditions [1-2].
Typically, dissimilar joints include joints of
structural unalloyed steels with corrosion-resis-
tant steels and/or with nickel alloys. The joining
of materials characterised by significantly varying
physicochemical properties poses numerous prob-
lems. Maladjusted process parameters can lead to
the formation of joints whose properties may pre-
clude the practical application of the former. Major
problems accompanying the fabrication of dissim-
ilar joints include the formation of brittle interme-
tallic phases, the limited intersolubility of chemical
elements as well as varying melting points, thermal

expansion coefficients or thermal conductivity and
galvanic corrosion-related problems or suscepti-
bility to cracking [1-4].

Because of its characteristics, a method, which
enables the obtainment of high-quality similar
and dissimilar joints is electron beam welding. Al-
though the aforesaid technology has been indus-
trially applied for many years (as the welding heat
source), it continues to develop dynamically both
in terms of research and industrial practice [3-6].

Depending on the geometry of the focused elec-
tron beam and an electron gun operating mode
(stationary or oscillating beam) it is possible to
modify a heat input (within a wide range) and the
dilution of materials, which enables the joining of
elements made of dissimilar metallic materials or
alloys and of various thicknesses and shapes. The
performance of the joining process under vacuum
conditions enables the obtainment of joints char-
acterised by very high metallurgic purity. Electron
beam welding provides both the high quality of
welded joints and the high efficiency of the join-
ing process [3-6].

mgr inz. Piotr Sliwinski, dr inz. Marek St. Weglowski, mgr inz. Krzysztof Kwiecinski - Sie¢ Badawcza Lukasiewicz -
Gornodlaski Instytut Technologiczny, Centrum Spawalnictwa, Grupa Badawcza Spawalno$¢ i Konstrukcje Spawane
(Lukasiewicz Research Network — Upper Silesian Institute of Technology — Welding Centre, Research Group for Materials

Weldability and Welded Structures)

No. 3/2023

BULLETIN OF THE INSTITUTE OF WELDING 13




[@)ovne |

Overview of reference publications

Welded joints made of steels and nickel alloys be-
long to the best tested types of dissimilar joints as
they have been commonly used in the power in-
dustry for decades [8]. Joints of certain nickel al-
loys and high-strength structural steels are also
applied in the aviation and space industries [9].
The use of dissimilar welds helps reduce costs of
components and obtain more favourable prop-
erties of structures exposed to high temperature,
high pressure and corrosive environments. Be-
cause of conditions accompanying construction
or repair works performed in power systems, the
most common methods applied to join structures
are arc-based processes (e.g. direct joining of two
materials involving the use of a nickel alloy-based
filler metal (e.g. Inconel 82 and 182) or prefabri-
cated bimetallic elements). Table 1 presents the
comparison of the primary properties of nickel
and iron.

Table 1. Primary properties of nickel and iron [10, 11]

Parameter Nickel Iron
Ionisation energy, eV 7.60 7.80
Melting heat, J-kg™! 1.7.10° 2.7-10°
Melting point, °C 1455.00 | 1536.00
Boling point, °C 2730.00 | 2860.00
Thermal conductivity, W-m*-K™! 90.90 80.00
Thermal expansion coeflicient, K' | 13.4.10¢ | 11-10°
Density, kg-m~ 8908.00 | 7870.00
Coeflicient of elasticity, GPa 200.00 210.00
Resistivity, uQ2-m 0.0693 1.386

Researchers state that general issues concerning
dissimilar joints are related to post-weld stress-
es, creep resistance, ageing as well as structural
changes occurring in the weld and in the heat af-
fected zone (HAZ). In addition, intermetallic com-
pounds of iron and nickel (e.g. Fe;Ni, FeNi and
FeNi, - see Fig. 1) as well as of other chemical ele-
ments formed (in the weld) in the transition zone
between metals affect plasticity and susceptibili-
ty to cracking and corrosion. Cracking process-
es triggered by the creep of the metal in joints [8,
12-16] or by corrosion [17, 18] usually take place
along grain boundaries, i.e. between the weld and
the HAZ (on the steel side). For this reason, partic-
ular attention should be paid to the above-named
areas when testing mechanical properties and the
corrosion resistance of such joints.

In dissimilar joints containing materials of var-
ious crystalline structures (as is the case with
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Fig. 1. Diagram of the Fe-Ni phase equilibrium [19]

joining ferritic steels with austenitic nickel alloys),
wetting between the base material and the liquid
weld metal is not as good as in similar joints. The
nucleation of the weld metal is heterogonous and
takes place on the partially melted grain of the heat
affected zone (HAZ). Because of such a manner
of crystallisation, crystal nuclei may not be char-
acterised by preferred orientations (as is the case
with similar joints). As a result, the fusion line is
characterised by random disorientation between
grains of the base material and those of the weld.
The foregoing is significant importance in terms
of subsequent transformations during the cool-
ing process, particularly as regards the formation
of type I boundaries (favouring crack formation).

Unlike type I boundaries, type II boundaries
are parallel in relation to the fusion line, usually
less than 100 pm deep inside the weld. As men-
tioned above, such an orientation of crystallites re-
sults from differences in the crystalline structure
between materials. Cracking in dissimilar joints
usually takes place near the fusion line, along the
transition zone of martensite (adjacent to the fu-
sion line) as well as along type II boundary in the
weld material.

Similar to the welding of similar joints, during
the welding of ferritic steels characterised by high
susceptibility to cracking the application of pre-
heating may help reduce an increase in HAZ hard-
ness. The heat treatment [20] of dissimilar joints
may provide beneficial results including the elim-
ination of stresses present in the material, the ho-
mogenisation of the chemical composition of the
weld and, in cases where one of the materials is
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ferritic steel characterised by susceptibility to hard-
ening, the tempering of the steel.

Figure 2 presents an exemplary microstructure
of a welded joint made of steel grade X60 and alloy
Inconel 625 with the filler metal (also Inconel 625).

Because of its limitations, the electron beam
welding of dissimilar joints made of steels and
nickel alloys can be applied to make bimetallic
prefabricated products easily joinable using oth-
er methods. Welds made using the EBW method
are characterised by a narrow width in comparison
with their height. In addition, the electron beam
welding process makes it possible to decrease the
number of beads when welding thicker elements
and reduce the phenomenon of hot cracking (be-
cause of low linear energy).

The authors of work [18] investigated the cor-
rosion-resistance of a joint made of alloy Inconel
617 and corrosion-resistant steel AISI 310. The
use of the EBW process triggered the segregation
of chemical elements in the weld and led to the
formation of precipitates in interdendritic areas.
The weld was characterised by lower corrosion
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resistance and resistance to pitting corrosion than
those of base materials. Such a situation was in-
duced by the formation of precipitates in the weld,
i.e. the areas where corrosion defects were initiat-
ed. An increase in the welding rate was accompa-
nied by the improvement of corrosion resistance
(including resistance to pitting corrosion), which
resulted from the formation of the finer dendrit-
ic microstructure.

The authors of publication [21] demonstrat-
ed that the EBW technology can be used to weld
50 mm thick elements made of cast steel CB2 and
nickel alloy-based cast (A625) without preheating
and post-weld heat treatment. The adjustment of
appropriate welding parameters enabled the ob-
tainment of full penetration and favourable me-
chanical properties of the joint. Microstructural
and strength-related tests revealed the satisfac-
tion of all quality-related requirements concerning
the microstructure of the weld and its mechan-
ical properties. A very thin layer characterised
by higher hardness (located in the HAZ, on the
side of cast steel CB2) did not significantly affect
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Fig. 2. Microstructures of dissimilar joints made of pipeline steel X60 and Inconel 625: a) microstructure of the weld
made using filler metal Inconel 625, b) fusion line and c) and d) SEM photographs of the fusion line [17]
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the mechanical properties of the joint. The tensile
strength of the specimen subjected to heat treat-
ment amounted to 551 MPa, whereas that of the
specimen not subjected to heat treatment amount-
ed to 524 MPa. Figure 3 presents the cross-section
of the electron beam welded joint and that of the
joint obtained using the MM AW method. The dis-
tribution of hardness in the specimens is present-
ed in Figure 4.

Alloy 625

Alloy 625

Fig. 3. Electron beam welded joint (left) and the joint ob-
tained using the MMAW process (right) [21]
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Fig. 4. Hardness distribution in the electron beam welded
joint before and after heat treatment [21]

Publication [22] presents results of tests involv-
ing dissimilar joints made of corrosion-resistant
duplex steel grade UNS S32205 and alloy Inco-
nel 625 using the electron beam welding process.
The joints obtained in the tests were free from im-
perfections, their tensile strength amounted to
850 MPa, whereas the rupture took place in the
weld. The joints did not reveal any increase in hard-
ness. The heat affected zones were not character-
ised by significant grain refinement or any other
negative metallurgical effects. The tensile tests con-
firmed that damage was located in the weld zone,
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which was primarily because of the segregation
of phases rich in molybdenum. The toughness of
the welds was lower in comparison with the val-
ues typical of the base materials. Figure 5 presents
the cross-section of the joint.

L0

Y Inconel 625

Fig. 5. Cross-section of the joint made of steel grade UNS
$32205 and alloy Inconel 625 [22]

The electron beam welding [23] of joints made
of alloy Inconel 625 and steel grade AISI 304L us-
ing optimised process parameters enabled the ob-
tainment of a homogenous joint characterised by
full penetration and the uniform distribution of
chemical elements in the weld. The area near the
terminal crater contained a few microcracks along
dendrite boundaries, which was primarily caused
by the segregation of sulphur compounds in those
areas. Cross-sectional microhardness measure-
ments revealed that the hardness in the weld tend-
ed to increase on the side of steel grade AISI 304L,
towards base alloy Inconel 625.

Tests and results

Welding and braze welding processes were per-
formed at the Welding Centre of the Upper Sile-
sian Institute of Technology (of the Lukasiewicz
Research Network) using a CVE EB 756 system
(Cambridge Vacuum Engineering). Macro and mi-
crostructural tests were performed using an Eclipse
MA200 light microscope (Nikon) provided with
a DS-Fi2 digital camera (Nikon). Vickers hardness
tests were performed using an automated hardness
tester (KB Priftechnik).

The method applied to join steel with nickel al-
loys was butt welding without the use of the fill-
er metal.

Plates made of steel grades 304 25HM (80 mm
x 200 mm) were put together in the butt config-
uration with plates made of alloy Inconel 600 us-
ing a special positioning grip ensuring the proper
clamp of the plates to be joined (Fig. 6).
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Fig. 6. Positioning grip fixed on the work table of the electron beam welding machine

The first stage, aimed at the initial adjustment of
process parameters, involved the melting of sheets
made of steel grades 25HM and 304 as well as of
nickel alloy Inconel 600. The accelerating voltage
amounted to 120 kV, the focal length amounted
to 420 mm (the beam being focused on the sur-
face), whereas the pressure in the working chamber
amounted to 1x10. Variable process parameters
were the travel rate (restricted within the range
of 500 mm/min to 2000 mm/min) and the beam
current (restricted within the range of 5 mA to
20 mA). The visual inspection of penetrations led
to the narrowing of the range of parameters used
when making test joints.

The subsequent stage involved the welding of the
plates using configurations and parameters pre-
sented in Table 2. Before welding, joints 1 through
8 were preheated to a temperature of 250°C using
the oscillating debunched electron beam.

Figures 7-12 present cross-sections of dissimi-
lar welded joints along with photographs of micro-
structures in designated joint areas and hardness
distribution. The test specimens were subjected

to grinding, polishing and etching in Nital (steel
25HM) and/or electrolytic etching in the aqueous
solution of nitric acid (40 : 60 HNO,: H,O - steel
304 and nickel alloy).

The tensile tests were performed in accordance
with the requirements specified in the PN-EN ISO
4136:2022-12 standard [24], whereas the bend tests
were performed in accordance with the require-
ments of the PN-EN ISO 5173:2010/A1:2012 stan-
dard [25]. The test results are presented in Table 3.

Analysis of test results

The microstructure of steel grade 25HM contained
ferrite and pearlite, whereas the microstructure of
welded joint 1 was composed primarily of martens-
ite in the weld and in the HAZ near the fusion line
as well as of the mixture of martensite and ferrite in
the HAZ, deep inside the base material. The simi-
lar structure was observed in the HAZ of joints 7, 8
and 9. An increase in the welding rate (joint 7: 500
mm/min and joint 9: 1000 mm/min) without pre-
heating resulted in a significant hardness increase

Table 2. Parameters used in the welding of the Fe-Ni joints

Specimen Materials Accelerating voltage, Beam Work table Focal length, Pressure in the
current, travel rate, chamber,
no. used kv . mm

mA mm/min mbar
1 25HM 120 7 500 420 1-10*
2 600 120 12 1000 420 1-10*
3 304 120 12 1000 420 1-10*
4 304-600 120 8 500 420 1-10*
5 304-600 120 12.5 1000 420 1-10*
6 304-600 120 16 2000 420 1-10*
7 25HM-600 120 8 500 420 1-10*
8 25HM-600 120 7 500 420 1-10*
9 25HM-600 120 11.5 1000 420 1-10*
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Fig. 7. Joint 4 (304-600): a) joint cross section, b) hardness distribution in the joint, c) microstructure of the HAZ of steel
304, d) microstructure of the weld and e) microstructure of the HAZ of nickel alloy Inconel 600
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Fig. 8. Joint 5 (304-600): a) joint cross section, b) hardness distribution in the joint, c) microstructure of the HAZ of steel
304, d) microstructure of the weld and e) microstructure of the HAZ of nickel alloy Inconel 600
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Fig. 9. Joint 6 (304-600): a) joint cross section, b) hardness distribution in the joint, ¢) microstructure of the HAZ of nickel
alloy Inconel 600, d) microstructure of the weld and e) microstructure of the HAZ of steel 304
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Fig. 10. Joint 7 (600-25HM): a) joint cross section (view inverted horizontally), b) hardness distribution in the joint,
¢) microstructure of the HAZ of nickel alloy Inconel 600, d) microstructure of the weld and e) microstructure of the HAZ

of steel 25HM
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Fig. 11. Joint 8 (600-25HM): a) joint cross section (view inverted horizontally), b) hardness distribution in the joint,
¢) microstructure of the HAZ of nickel alloy Inconel 600, d) microstructure of the weld and e) microstructure of the HAZ

of steel 25HM
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Fig. 12. Joint 9 (25HM-600): a) joint cross section, b) hardness distribution in the joint, c) microstructure of the HAZ of
steel 25HM, d) microstructure of the weld and e) microstructure of the HAZ of nickel alloy Inconel 600
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Table 3. Mechanical test results concerning the Fe-Ni welded joints

Joint no. Material of Average tensile g;i g;:::ipl:l:;ee Bend test Bending pin | Max. hardness,
the joint strength, MPa weld? diameter, mm HVo0.1
1 25HM 531.7 NO No cracks 15 515
2 600 654.6 YES No cracks 10 202
3 304 703.3 YES No cracks 10 213
4 304-600 611.0 YES No cracks 10 211
5 304-600 576.1 YES No cracks 10 219
6 304-600 521.7 YES No cracks 10 226
7 25HM-600 544.3 NO No cracks 15 581
8 25HM-600 542.8 NO No cracks 15 534
9 25HM-600 542.0 NO No cracks 15 673

0f92 HVO.1. In turn, the application of preheating
up to a temperature of 250°C (in relation to joint
8, welded at a rate of 500 mm/min) reduced the
maximum hardness by 47 HV0.1. The preheating
temperature and the welding rate did not affect
the tensile strength of the dissimilar joints made of
steel 25HM and nickel alloy Inconel 600. Because
of the high content of nickel from alloy Inconel
600, the weld of the dissimilar joints (25HM-600)
was characterised by the austenitic structure. The
welds were characterised by the columnar-dendrit-
ic structure and a low hardness of approximately
250 HVO0.1. The significant difference between the
hardness in the HAZ of steel grade 25HM and the
material of the austenitic weld (approximately 300
HVO0.1) led to the formation of a structural notch.

Because both steel grade 304 and nickel alloy
Inconel 600 have the austenitic structure, the dis-
similar joints of the above-named alloys were also
characterised by the above-named type of struc-
ture. In the similar joint made of steel grade 304
as well as the dissimilar joints involving the nickel
alloy, in the HAZ|, near the fusion line, on the side
of the steel it was possible to observe significant
amounts of ferrite § (visible as the lattice of irreg-
ular dark precipitates). At higher temperature, the
presence of ferrite delta could trigger the forma-
tion of brittle phase o, the presence of which neg-
atively affects the strength of joints. An increase
in the welding rate (joint 4: 500 mm/min, joint 5:
1000 mm/min and joint 6: 2000 mm/min) was ac-
companied by an increase in the maximum mea-
sured hardness and a decrease in average tensile
strength. The bend tests of the specimens sam-
pled from joint 4 led to the formation of weld face
cracks. The distribution of hardness in the dissim-
ilar joints made of steel grade 304 and nickel al-
loy Inconel 600 was uniform. The nickel alloy was
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characterised by hardness restricted within the
range of approximately 200 HV0.1 to 230 HVO0.1,
whereas the hardness of steel grade 304 amounted
to approximately 170 HV0.1. The hardness in the
weld was lower and restricted within the range of
130 HVO0.1 to 160 HVO.1.

Conclusions

The above-presented tests and results led to the for-

mulation of the following conclusions:

o The electron beam welding technology ena-
bles the obtainment of joints made of steels and
nickel alloys and characterised by satisfactory
properties.

« The joints made of steel grades 25HM and 304
and of nickel alloy Inconel 600 were character-
ised by high tensile strength and satisfied qual-
ification requirements in accordance with the
PN-EN ISO 15614-11 standard [26].

« The welding of steel 25HM triggered a high in-
crease in hardness in the HAZ areas of the joints,
yet, during the tensile test, the rupture took place
in the base material, on the side of the steel. The
bend tests did not reveal the presence of cracks
in the weld face or weld root areas. The structural
notch formed during the welding process could
adversely affect the fatigue strength of the joints.
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