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Abstract
The development of thermomechanically controlled processed (TMCP) high-strength steel (HSS) has significantly contrib-
uted to designing and developing the intricate structural components. It has broader applications in the cranes and lifting 
process industry (base frame, crane jibs, and crane columns), trailers, agricultural and forestry machinery, earth-moving 
equipment, etc. However, the development of new-grade steels with higher tensile strength led to higher requirements for 
welded joints, and the associated weldability issues have inspired detailed studies on electron beam welding (EBW) with 
different beam oscillations. Beam oscillation application with EBW processes improves the welding efficiency, weld quality, 
weld geometry, keyhole, etc., affecting the welded joints mechanical and microstructural properties. Thus, the present study 
investigates the impact and comparison of various beam oscillations on the microstructural and mechanical properties of 
EB-welded S1100M steel. The influence of welding parameters on the microstructure of welded joints was analyzed using 
a scanning electron microscope (SEM) and electron backscattered diffraction (EBSD). The analysis focused on evaluation 
of grain sizes, morphologies, distributions, and crystallographic orientations of different phase constituents in fusion zone 
(FZ) and heat-affected zone (HAZ). The mechanical properties were analyzed using hardness, tensile, and Charpy V-notch 
impact tests. The texture in the FZ is typically random, while the HAZ typically exhibits a strong rolling texture. In general, 
the cooling rate in EBW is very fast, possibly resulting in a fine-grained structure and reduced formation of coarse second-
phase particles in the weld zone. The elliptical beam oscillation showed the highest hardness in HAZ 450 HV10. Elliptical 
beam oscillation slightly improves the welded joint’s tensile strength, and the impact test showed mixed fracture behavior.

Keywords  Electron beam welding · Beam oscillations · S1100M · TMCP steels · Microstructural characterization · 
Electron backscatter diffraction · Mechanical property

1  Introduction

The development of high-strength steels (HSSs) has sig-
nificantly contributed to the diverse fields of application 
in many industries [1]. With growing global concern over 
climate change and environmental issues, the steel manufac-
turer focuses on sustainability through decarbonization and 
recycling. Furthermore, steel is 100% recyclable and one of 
the most reused materials in the world [2]. As a result of the 
concern mentioned above, the steelmaking industry is focus-
ing on continuous cutting-edge research and development 
for steel production with outstanding mechanical proper-
ties like improved toughness and high strength with reduced 
weight. As a result, there is a growing demand for HSSs with 
lower thickness and mechanical properties [1]. The attractive 
features of high-strength steels are achieved through devel-
oping novel steel production routes, advancements in steel 
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manufacturing technology, and, more importantly, appropri-
ate alloying with microalloying elements. Some production 
routes are normalizing, quenching, and tempering (Q + T), 
thermomechanically controlled processing of steels, etc. [1]. 
Nowadays, these steels are available up to a yield strength 
level of 1300 MPa and are classified as ultra-high-strength 
structural steels (UHSSSs) [3–5]. Because of their light-
weight and higher load carrying capacity, thermomechani-
cally control processed (TMCP) steels are more widely used 
in a variety of broad applications such as offshore industries, 
earth-moving equipment, and extensive applications in the 
high-loaded elements of traveling cranes, special bridge 
structures, timber trailers [6], vehicle industries, ship build-
ing [7], oil industry [8–12], etc. “Hot rolled flat products 
made of high yield strength steels for cold forming— Part 
2: Technical delivery conditions for thermomechanically 
rolled steels” under EN 10149–2 [13] specifies TMCP steels 
with yield strength up to 960 MPa. However, ultra-high-
strength structural grades of TMCP steels are now available 
up to 1100 MPa. Due to the controlled rolling production 
methodology involved, these steels usually have high yield 
strengths and good toughness properties because of their 
fine-grained tempered martensitic (TM) and partially bai-
nitic (B) microstructures [8]. TM-rolled steels require sig-
nificantly less alloying elements, especially less carbon, than 
normalized steels (NS) or Q + T steels. This steel has high 
resistance to cold cracking, good formability, and low carbon 
content or equivalent (CEV) [14, 15]. Furthermore, these 
steels comprised more microalloying elements (Nb, Ti, V) 
and other alloying elements. These alloying elements form 
carbides and nitrides, which provide grain refinement and 
precipitation-hardening effects [16]. Ti–rich nitrides cause 
smaller grain sizes in the coarse-grained heat-affected zone 
(CGHAZ) due to their high thermal stability [17, 18]. In 
the case of TMCP steels, the reduced carbon content results 
in a softer and finer-grained microstructure in the heat-
affected zone (HAZ) [19, 20]. Thus, it imparts good weld-
ability with welding technique like electron beam welding 
(EBW). Kopas et al. [21] conducted a comparative study on 
the mechanical properties and microstructural characteris-
tics of gas metal arc welding (GMAW) and EBW on TMCP 
steel (min. yield strength of 770 MPa grade). Their results 
showed that the EBW process resulted in better mechani-
cal properties for the welded joint, primarily attributed to a 
narrower HAZ. Mazur et al. [22] underlined the important 
significance of selecting an appropriate welding process 
to achieve optimal mechanical properties in high-strength 
low-alloyed steels, emphasizing the need to minimize heat 
exposure, and softening in the HAZ. All the characteristics 
mentioned above of this steel make it more reliable and can 
be applied in welded structures [8].

The EBW process usually has several advantages over the 
conventional arc welding processes like narrow fusion zone 

(FZ) and HAZ, lower linear heat input, low distortion, higher 
welding speed, higher penetration depth in single pass weld, 
higher energy density, quality weld, and higher strength [23, 
24]. In the EBW process, we frequently use static beams with 
ideal parameters for welding the various materials. However, 
beam oscillation has been commonly applied in the high-
energy beam welding of various alloys. Beam oscillations 
caused a dynamic power distribution around the beam’s sta-
tionary position, resulting in increased heat flow inside the 
keyhole and broader fusion and HAZ. It helps in improving 
the mixing and restricting the segregation in the weld pool 
[25, 26], and thus, it helps to enhance weld size, penetration 
depth, and, therefore, mechanical characteristics; the formation 
of homogenous structures, particularly in the case of dissimi-
lar material–welded joints; and the avoidance of flaws such 
as porosity [27] and cold and hot cracks [28–30]. The other 
significant benefits of beam oscillation are a reduction in the 
undercutting at the weld root, lowering hardness in the FZ 
and HAZ, etc. [31]. Trushnikov et al. [32] investigated the 
dependence of the weld profile on the changing distribution of 
bombarding electrons in the keyhole produced by oscillations. 
They found that the shape of the weld pool changed signifi-
cantly. Dinda et al. [33] found that beam oscillation resulted 
in welds with homogeneous microstructures and decreased 
hardness when welding plain carbon steel to Fe-7%Al alloy. 
Furthermore, welded joint yield strength and ultimate tensile 
strength were unaltered. Ol’shanskaya et al. [34] demonstrated 
that beam oscillation directly affects the growth of the primary 
and secondary structures of the weld metal as the shape of 
the welded joint changes. Tümer et al. [35] showed that dur-
ing the impact test of an EB-welded joint, FZ did not provide 
a sufficient toughness value due to its higher hardness and 
untempered martensite microstructure.

As a result, in this paper, it is exciting to investigate the 
concept of beam oscillations by applying the EBW process 
to produce S1100M steel joints. Autogenous EBW joints 
were made with a normal EBW process or no oscillation, 
with circular and elliptical beam oscillation, and the test 
results were compared to analyze the effect of beam oscil-
lation on the mechanical and microstructural properties of 
the welded joints. Several investigations on the influence of 
beam oscillation on the welded joint of various dissimilar 
materials and alloys have previously been presented; how-
ever, there needs to be more studies with ultra-high-strength 
structural steels.

2 � Experimental procedures

2.1 � Material

The base material (BM) used in the study was S1100M, 
thermomechanically rolled steel with a thickness of 15 mm. 
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The plates with the dimension of 150 × 50 mm (L × W) were 
cut, and the joining faces of the plates were machined pre-
cisely by the milling machine to the maximum allowable air 
gaps of 0.20 mm along the welded joint to be produced to 
secure precise fit for the welding. The base material’s chemi-
cal composition (based on the manufacturer material certifi-
cate) and mechanical properties [36] are shown in Tables 1 
and 2, respectively.

Based on the data in Table 1, the calculated carbon equiv-
alent (CEV) for the S1100M steel according to standard EN 
1011–2 [37] was 0.68.

2.2 � Experiments

2.2.1 � Electron beam welding (EBW)

The welding was performed by using the electron beam 
welding robotized device PZ EZ 30 STU complex (First 
Welding Company, Bratislava, Slovakia) equipped 
with two electron beam guns with a power of 30  kW 
for each gun, a vacuum chamber with dimensions of 
1800 × 2360 × 3150  mm, and volume of 13.4 m3 and 
the pumping system allowing reaching the vacuum of 
5 × 10−2 Pa within 25 min, and the vacuum in an electron 
gun was 10−5 Pa. The vacuum pressure in the chamber was 
9.8 × 10−5 Pa. Before welding, the samples were cleaned 
with acetone and dried. Prior to welding, the samples were 
demagnetized to prevent beam deflection. The samples 

were placed on a workbench in the vacuum chamber. Jigs 
were used to prevent deformation. The EBW trials were 
conducted to obtain the optimal parameters (Table  3) 
with the full penetration for the normal EBW, with circu-
lar and elliptical beam oscillation. Focusing current (If) 
of 920 mA and accelerating voltage of 55 kV were used. 
The working distance was 200 mm. A circular and ellip-
tical oscillation pattern with a frequency of 500 Hz was 
applied. The oscillation pattern was set up using the M631 
Arbitrary Waveform Generator, where the diameter of the 
oscillation circle was adjusted through peak-peak voltage 
(Vpp) of about 200 mV. In the case of elliptical oscillation, 
the dimension was set through peak-peak voltage (Vpp) of 
about 400 mV in length and 200 mV in width. Then, the 
experiments were done with different oscillations while 
the accelerating voltage (Ua) in kilovolt, beam current (Ib) 
in milliampere, and welding velocity (v) in millimeters per 
second were kept constant. The calculated welding linear 
heat input was 0.462 kJ/mm.

2.2.2 � Microscopic test

The samples for light optical microscope (LOM), scanning 
electron microscope (SEM), and electron backscattering 
diffraction (EBSD) observations were sectioned trans-
versely through the weld. For LOM and SEM microscopy, 
the sectioned samples were polished with different grades 
of SiC polishing papers, followed by diamond polishing 
[38]. The specimens were then etched for 10 s with 2% 
Nital. The metallographic observations were done using an 
Axio Observer D1m (Zeiss) inverted LOM for BM, HAZ, 
and FZ. A Zeiss Sigma FE-SEM with an EBSD detector 
was used for SEM and EBSD characterizations. Additional 
polishing with colloidal silica was conducted before the 
EBSD measurements. A step size of 0.05 µm was utilized.

Table 1   Chemical composition of base material

Steel Chemical compositions of the investigated base material (wt.%)

C Si Mn P S Cr Cu Ni Mo V Ti Nb B CEV

S1100M 0.13 0.32 1.62 0.009 0.0015 0.63 0.047 0.32 0.62 0.066 0.011 0.037 0.0014 0.68

Table 2   Mechanical properties of base material

*Measured in the laboratory

Material Mechanical properties of the investigated base material

Rp0.2, MPa Rm, MPa A5, % CVN-40 °C, J HV10

S1100M 1100 1120–1300 8 27 383 ± 3*

Table 3   The EBW optimal parameters

Steel Welding parameters

Oscillation type Accelerating volt-
age (Ua), (kV)

Beam current 
(Ib) (mA)

Welding velocity 
(v) (mm/s)

Focussing cur-
rent (If) (mA)

Frequency (Hz) Channel voltage A-B 
(mV)

S1100M Normal EBW 55 280 30 920 —
Circular EBW 55 280 30 920 500 200–200
Elliptical EBW 55 280 30 920 500 200–400
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2.2.3 � Hardness and tensile test evaluation

The hardness tests were conducted using a Reicherter 
UH250 universal macrohardness tester with a load of 10 kg 
and a 10-s dwell time in accordance with EN ISO 6507–1 
[39]. For tensile tests, sub-size specimens according to the 
ASTM E8/E8M [40] were machined from the transverse 
(perpendicular to the welding direction) of the EB-welded 
butt joint. The tensile strength of all welded specimens was 
determined using a MTS 322 testing machine at room tem-
perature. The samples were milled and etched to see the frac-
ture along the welded specimens by viewing FZ and HAZ 
from the welded plates.

2.2.4 � Impact toughness tests

The Charpy V-notch (CVN) pendulum impact tests were 
performed using Heckert equipment on sub-size specimens 
at − 40 °C in accordance with EN ISO 148–1 [41] standards 
to evaluate the impact energy of BM, HAZ, and FZ. Three 
Charpy V-Notch sub-size specimens with 10 × 5 × 55 mm 
dimensions were tested at − 40 °C for BM, HAZ, and FZ.

3 � Results of the examinations

3.1 � Microscopic characterisation

Figure 1a–c shows light optical, scanning electron, and elec-
tron back scattering diffraction (EBSD) micrographs of the 
as-received S1100M base material, respectively. Base mate-
rial microstructure mainly consists of tempered martensite 
(TM) and martensite laths. Tempered martensite contains 
dispersed cementite precipitates embedded within laths.

The transverse cross section of the welded joint for the 
normal EBW, with circular beam oscillation and with ellip-
tical beam oscillation, is shown in Fig. 2a–c, respectively. 

The fusion zone (FZ) and different heat-affected sub-zones 
are shown in Fig. 2c.

From Fig. 2a–c, we can see that the overall width of the 
welded joint surface area of normal EBW and elliptical 
oscillation is nearly the same, but in the case of the ellipti-
cal oscillation, the beam cross section is wider throughout 
the bottom of the joint due to the mixing and stirring of the 
molten material, while in a normal EBW joint, it is more 
like a taper. The circular oscillating joint is the narrowest 
of all three.

Figures 4, 5, and 6 show the SEM and EBSD micro-
graphs of the FZ and different heat-affected sub-zones 
for the normal EBW, with circular beam oscillation and 
with elliptical beam oscillation. From Figs. 4a, 5a, and 6a, 
it can be seen that FZ of normal, with circular and with 
elliptical beam oscillation, processed EBW consisted of 
lath martensitic (M) microstructures. The microstructure 
of the FZ strongly depends on the heat input and the cool-
ing rate during welding. In normal EBW without oscil-
lation, the heat input is more uniform and concentrated 
at the weld interface, leading to a smaller heat-affected 
zone. Circular or elliptical oscillation methods involve the 
movement of the electron beam, which can spread the heat 
distribution over a wider area. This can cause more heat-
ing of the adjacent material, leading to a larger HAZ com-
pared to the more localized heat input of normal EBW. 
Additionally, in normal EBW, the rapid heating and sub-
sequent rapid cooling can result in a smaller HAZ due to 
the shorter duration of exposure to elevated temperatures 
compared to oscillation techniques, where the material 
may experience longer heat exposure and slower cooling 
rates. Thus, beam oscillation changes the heat input rate 
to the material and consequently affects the evolution of 
the microstructure. Existence of fine carbide precipitates 
together with negligible fraction of martensite/austenite 
(M/A) island is also revealed in Figs. 4a, 5a, and 6a. Dur-
ing EBW, the high heat input and subsequent rapid cool-
ing can cause carbides to precipitate within the martensite 

Fig. 1   Base material (S1100M) microstructure: a optical, b SEM, and c inverse pole figure (IPF) micrographs
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laths. M-A constituents result from rapid heating and sub-
sequent cooling with carbon enrichment during welding 
cycle [42]. The determination of Ms and Mf temperatures 
for the S1100M steel was determined using JMatPro® 
software as shown in Fig. 3.

Figures 4b, 5b, and 6b represent the inverse pole figure 
(IPF) maps of FZ for EBW specimens with normal, cir-
cular, and elliptical oscillation. It is observed that beam 
oscillation (both circular and elliptical) resulted in equi-
axed grain within fusion zone, attributed to heat mixing 
and the evolution of random texture. Beam oscillation dur-
ing electron beam welding promotes equiaxed grain for-
mation within the fusion zone by enhancing heat mixing 
and disrupting the preferential growth of columnar grains, 
leading to a more uniform distribution of temperature and 
random grain orientation [43].

The HAZ can be divided into three sub-regions, such 
as coarse-grained HAZ (CGHAZ), fine-grained HAZ 
(FGHAZ), and intercritical HAZ (ICHAZ). In HAZ adja-
cent to FZ (i.e., CGHAZ zone), martensitic microstructure 
with average prior austenite grain (PAG) size of ~ 24 µm is 
observed in normal EBW specimen (Figs. 4d, 5d, and 6d), 
while circular and elliptical oscillation exhibits PAG of ~ 11 
and 9 µm, respectively. Other than PAG grain size, no more 
morphological changes noticed between three welding con-
ditions (Figs. 4c, 5c, and 6c).

In the ICHAZ zone, extremely fine martensitic micro-
structure with an average PAG size of ~ 6 µm is observed in 
normal EBW specimen (Figs. 4f, 5f, and 6f), while circular 
and elliptical oscillation exhibits a PAG of ~ 3.3 and 2.8 µm, 
respectively. In the FGHAZ zone, the average PAG grain 
size of all three conditions exhibits ~ 2 µm.

Fig. 2   Light optical micrographs of the weld cross section. a Normal EB. b Circular oscillation. c Elliptical oscillation. 1—fusion zone (FZ), 
2—coarse-grained HAZ (CGHAZ), 3—fine grained HAZ (FGHAZ), 4—intercritical HAZ (ICHAZ)

Fig. 3   Estimation of Ms and Mf 
temperature for S1100M steel



	 Welding in the World

Overall, microstructural observation of EBW specimens 
with and without oscillation conditions clearly showed a 
substantial variation of grain size across the welded joint for 
all the welded samples. Such heterogeneity in microstructure 
can be attributed to temperature gradients attained during 
EBW. Based on the observed variation of the grain size, 
the CGHAZ and ICHAZ of EBW with elliptical oscillation 
specimen microstructure exhibit finer PAG size. Thus, ellip-
tical oscillation provides more control overheat distribution 

and promotes better mixing of molten metal compared to 
circular oscillation or normal EBW, leading to finer prior 
austenite grain boundaries. Furthermore, while beam oscil-
lation can have a profound effect on the grain size distri-
bution within the HAZ, its impact on the FZ is relatively 
minimal. The rapid solidification kinetics in the FZ tend 
to dominate over any additional refinement that oscillation 
might offer. Consequently, while there may be some minor 
variations or localized effects, overall, the grain size in the 

Fig. 4   S1100M SEM and EBSD IPF micrographs of normal EBW specimen without any oscillation: a, b FZ; c, d CGHAZ; e, f ICHAZ; and g, 
h FGHAZ, respectively

Fig. 5   S1100M SEM and EBSD IPF micrographs of EBW specimen with circular oscillation: a, b FZ; c, d CGHAZ; e, f ICHAZ; and g, h 
FGHAZ, respectively
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FZ remains largely unaffected by the type of beam oscilla-
tion employed.

3.2 � Macrohardness

The macrohardness value was measured over the welded 
joint transverse cross section below 0.2 mm from the top 
edge of a simple macro test specimen in the y-direction 
(transversal) and the spacing of 0.5 mm between the inden-
tation points in the x-direction after surface preparation 
with grinding and polishing. Evaluation was performed 
according to the EN 15614–1 standard [44], which implied 
HVmax = 450 HV (HV10 or HV5) hardness for the welded 
joints (including HAZ) of quenched and tempered high-
strength steels belonging to the third group of EN ISO/TR 
15608 (quenched and tempered steel) [45] and HVmax = 380 
HV10 for the thermomechanically treated steels belonging 
to the second group of EN ISO/TR 15608 (thermomechani-
cally treated fine-grain steels) [45]. However, these criteria 
are not valid for this 1100 MPa grade because it is not con-
sidered in this classification system.

Figure 7 depicts the macroindentations of various loca-
tions (BM, HAZ, and FZ) along the specimens for the 
S1100M joints for normal EBW, circular beam, and ellipti-
cal beam oscillation.

The as-received base metal S1100M had a measured mac-
rohardness of approximately 383 ± 3 HV10. The macrohard-
ness at the center of the FZ for the normal EBW was 399 
HV10, while that for circular beam oscillation was 403 HV10, 
which has a nearly similar macrohardness. However, the hard-
ness of FZ for the elliptical oscillation was 410 HV10. The 

elliptical beam oscillation showed the highest macrohardness 
in HAZ 450 HV10, normal EBW showed 441 HV10, and cir-
cular oscillation measured 436 HV10. The average measured 
hardness for FZ in the elliptical oscillation (407 HV10) case 
was nearly similar to normal EBW (410 HV10) and circular 
oscillation (412 HV10), but for HAZ in the case of elliptical 
oscillation joint (437 HV10) was higher than both normal 
EBW (406 HV10) and circular oscillation (428 HV10). The 
use of circular beam oscillation in the EBW of S1100M steel 
joints caused a nearly similar average hardness in FZ and a 
slightly higher HAZ than normal EBW. However, elliptical 
oscillation yielded the highest average HAZ hardness among 

Fig. 6   S1100M SEM and EBSD IPF micrographs of EBW specimen with elliptical oscillation: a, b FZ; c, d CGHAZ; e, f ICHAZ; and g, h 
FGHAZ, respectively

Fig. 7   S1100M, macrohardness; normal EBW, circular, and elliptical 
beam oscillation
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the three processes (normal EBW, circular oscillation, and 
elliptical oscillation). The highest hardness in CGHAZ during 
elliptical oscillation, as well as the overall average HAZ hard-
ness, can be attributed to the finer grain size achieved through 
elliptical oscillation, which facilitates more precise control 
overheat distribution and, in turn, promotes better mixing of 
molten metal, leading to finer prior austenite grain boundaries 
compared to circular oscillation or normal EBW process. It 
is evident from the measured results that in all three cases of 
the EB-welding process, the average hardness of FZ and HAZ 
exceeded that of the BM. This increase in hardness can be 
correlated to the formation of fresh martensite microstructure 
in FZ and refined PAG size within HAZ.

3.3 � Tensile properties

Tensile test results for EB-welded joints with different beam 
oscillations are shown in Table 4.

According to the material data sheet [36], the tensile 
strength of the BM was given in the range of 1120–1300 
MPa. From our test results, it can be clearly seen that in 
all three cases of welded joints (normal EBW, circular, and 
elliptical beam oscillated joints), the strength values pass 
the minimum threshold of the given range provided in the 
material data sheet. The average tensile strength is nearly 
similar in the case of normal EBW and with circular beam 
oscillation joints. However, a considerable increase in tensile 
strength (2.5%) of elliptical oscillation welded joints was 
observed compared to the normal EBW and circular oscil-
lation joint, which can be marked in Table 4. This slight rise 
in the tensile strength may be due to the higher average hard-
ness of HAZ in the elliptical oscillated welded joint and also 
due to the refinement of the microstructures in the FZ and 
HAZ, as shown in Figs. 5 and 6. Also, it is crucial to remark 
that the elliptical welded joint’s tensile strength reached the 
maximum range of strength level provided. The fracture 
location of joints for all three methods is shown in Fig. 8.

In all three cases of welding conditions, fracture in tested 
specimens took place in the base material section of the 
tensile test specimens, which can be seen in Fig. 8. From 
Fig. 2c, it is evident that the overall width of the welded 

joint covers a larger surface during the elliptical oscillation 
of the beam compared to the normal and circular oscil-
lation, which also results in more profound fusion at the 
joint surface. This helped to increase interfacial bonding 
and enhanced strength in the elliptical oscillated EB-welded 
joint. However, we can also observe from the microstruc-
tural analysis results that the variations of the grain size, the 
CGHAZ, and the ICHAZ of EBW with elliptical oscillation 
specimen microstructure exhibit a finer PAG size. Thus, all 
the factors mentioned above together contribute to increased 
tensile strength.

3.4 � Charpy V‑notch impact test

The Charpy V-notch impact test was used to quantify the 
toughness of the welded joints at the base material’s guar-
anteed operating temperature [33]. According to the material 
data sheet [36], the required minimum impact energy (CVN) 
(transverse direction test) for S1100M steel was 27 J at − 40 

Table 4   Tensile properties of 
EB-welded joints

Steel Tensile results of EB-welded joints

Process Sample No Tensile 
strength (MPa)

Average tensile 
strength (MPa)

Fracture location

S1100M Normal EBW 1 1164 1164 Base material
2 1164 Base material

Circular 1 1165 1165 Base material
2 1164 Base material

Elliptical 1 1191 1192 Base material
2 1192 Base material

Fig. 8   Tensile fracture location. a Normal EBW, b circular beam 
location, and c elliptical beam oscillation joints (camera photo)
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°C. The notches in the Charpy specimens were incised using 
the wire EDM cutting process with 3 mm diameter wire 
in FZ and HAZ. The macroscopic fracture surfaces of the 
selected Charpy V-notch test specimens tested at − 40 °C are 
presented in Fig. 9.

The fracture surfaces of the selected specimen from the 
BM, HAZ, and FZ performed at − 40 °C under various weld-
ing conditions like normal EBW, circular, and elliptical 
beam oscillation were examined using SEM. The results are 
shown in Fig. 10a–g. Ductile fracture surfaces are character-
ized primarily by the presence of dimples and microvoids, 
whereas brittle surfaces typically exhibit cleavage facets, 
river patterns, and a transcrystalline nature [9, 46]. The BM 
fractured surfaces (Fig. 10a) show a ductile fracture pattern 
characterized by the presence of dimple morphology across 
various locations of the fractured surface. The HAZ tested 
fractured surface of normal EBW (Fig. 10b) exhibits a duc-
tile pattern featuring typical small dimples and microvoids. 
However, in the case of circular and elliptical oscillation 
(Fig. 10c, d), the fracture surfaces predominantly present the 

brittle behavior characterized by cleavage fractures with a 
river pattern (Fig. 10d).

In the case of the FZ, the fractured surface resulting 
from normal EBW and circular beam oscillation (Fig. 10e, 
f) predominantly shows brittle characteristics. However, for 
the elliptical beam oscillation, the fractures exhibit a mixed 
type, characterized by presence of both cleavage fractures 
and dimples (Fig. 10g).

The comparison of the CVN values for the normal EBW 
joints, circular beam, and elliptical beam oscillated joint 
from the investigated S1100M material are presented in 
Table 5, along with the average (Avg.) CVN, corrected 
CVN, and toughness (J/cm2). To compare Charpy test 
results with normal size specimens, a correction needs 
to apply to account for the reduced thickness. There are 
several articles in which sub-size Charpy specimens were 
investigated, and the correction method was adopted for 
the reduced-size Charpy specimens. Schneider et al. [47] 
analyzed the toughness of S960MC structural steel with 
a thickness of 8 mm. In the study, they used sub-size 

Fig. 9   Selected specimen macrofractured surfaces at − 40 °C: BM a S1100M steel; HAZ b normal EBW, c circular beam, and d elliptical beam 
oscillation joints; FZ e normal EBW, f circular beam, and g elliptical beam oscillation joints (macrophoto)
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specimens with a dimension of 10 × b × 5 mm, where b 
is the reduced width of the specimens. So, the correction 
of the reduced-size Charpy specimen test results can be 
obtained using the methods in which the test results are 
multiplied by a factor of 10/b. Guo et al. [48] in their study 
related to the laser beam welding of S960 high-strength 
steel used the same correction method for the reduced sub-
size Charpy test specimens.

Accordingly, we have followed a similar approach in apply-
ing corrections to the energies we measured on 5-mm-thick 
specimens, i.e., by multiplying the absorbed energies by a factor 
of 2 (i.e., 10/5), and the corrected CVN and corrected CVNavg 
and corrected toughness values are presented in Table 5.

The average impact energy of the three sub-size speci-
mens of the investigated base material steel plates was 28 

Fig. 10   Fractured surfaces for the selected specimens after Charpy impact testing at − 40 °C, BM a S1100M steel; HAZ b normal EBW, c circu-
lar beam, and d elliptical beam oscillation joints; FZ e normal EBW, f circular beam, and g elliptical beam oscillation joints

Table 5   Measured CVN values 
of EB-welded S1100M joints 
at − 40 °C

Oscillation types Zone Measured Charpy V-notch impact test values of EB-welded 
S1100M joints

Avg., J Corr. Avg., J Avg. toughness 
(Corr), J/cm2

Remark

Base material - 28 55 137 Ductile
Normal EBW HAZ 39 78 195 Ductile

FZ 10 20 52 Brittle
Circular oscillation HAZ 12 24 58 Brittle

FZ 11 22 53 Brittle
Elliptical oscillation HAZ 9 18 45 Brittle

FZ 23 46 109 Mixed
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J, and the corrected CVN value was 55 J during the impact 
test.

The average corrected Charpy V impact energy for HAZ 
of the normal EBW joint is 78 J, which shows that it pro-
duced a significant increase in the average toughness value 
in HAZ, which was around 3.3 times higher compared to 
circular oscillated EB-welded HAZ toughness value (24 J) 
and 4.3 times higher than elliptical oscillated EB-welded 
HAZ toughness (18 J). The average hardness of the HAZ 
for the normal EBW process was the lowest (406 HV10) 
among the three different methods used: normal, circular, 
and elliptical oscillated beam oscillations, indicating the 
maximum toughness in the HAZ of the normal EBW joints. 
However, several other factors, like favorable grain boundary 
orientation and finer precipitate dispersion, may have con-
tributed to the higher toughness in the HAZ of the normal 
EB-joint. Also, the EB weld has a very narrow HAZ, and it 
is sometimes tough to make the notch always into the same 
part of the HAZ.

The average corrected CVN values for FZ were observed 
to be highest in the case of an elliptical oscillated joint (46 J), 
which was 2.3 times higher than a normal EB-welded joint 
and two times higher than a circular beam oscillated joint. 
With the help of the elliptical beam oscillation’s dynamic 
heating and cooling pattern, the fusion zone’s thermal gra-
dient can be minimized, and thus, the weld joint toughness 
is maintained.

4 � Summary and conclusions

The following conclusions can be drawn from our 
investigations:

–	 The EBW of S1100M steel was successfully performed 
in normal EBW with circular and elliptical oscillations, 
and the mechanical and microstructural results were 
compared.

–	 The FZ of the normal EBW process, with circular and 
elliptical beam oscillation process EBW, consisted of lath 
martensitic (M) microstructures.

–	 SEM investigation of the FZ of all three EBW processes 
revealed the presence of fine carbide precipitates and a 
small fraction of martensite/austenite (M/A) island.

–	 From the inverse pole figure (IPF) maps of FZ for EBW 
specimens with normal, circular, and elliptical oscilla-
tion, it was observed that beam oscillation (both circu-
lar and elliptical) resulted in equiaxed grain within the 
fusion zone, attributed to heat mixing and the evolution 
of random texture.

–	 In HAZ adjacent to FZ (i.e., CGHAZ zone), martensitic 
microstructure with average prior austenite grain (PAG) 
size of ~ 24 µm is observed in normal EBW specimen 

(Figs. 4d, 5d, and 6d). At the same time, circular and 
elliptical oscillation exhibits PAG of ~ 11 and 9 µm, 
respectively. Besides PAG grain size, no more morpho-
logical changes were noticed between the three welding 
conditions.

–	 Based on the observed grain size variation, the CGHAZ 
and ICHAZ of EBW with elliptical oscillation specimen 
microstructure exhibit finer PAG size.

–	 Overall, the microstructural observation of EBW speci-
mens with and without oscillation conditions showed a 
substantial grain size variation across the weld joint for 
all the welded samples.

–	 The as-received base metal S1100M had a measured 
macrohardness of approximately 383 ± 3 HV10.

–	 The average measured hardness for FZ in the elliptical 
oscillation (407 HV10) case was nearly similar to normal 
EBW (410 HV10) and circular oscillation (412 HV10).

–	 In the case of HAZ for the elliptical oscillation joint, 
the average hardness (437 HV10) was higher than both 
normal EBW (406 HV10) and circular oscillation (428 
HV10).

–	 The FZ incised specimen of Charpy V-notch impact 
tests for the elliptical oscillated joint demonstrates a sig-
nificant increase in toughness value, which is approxi-
mately 2.3 times and two times higher than the normal 
EB-welded and circular beam oscillated joint toughness 
value, respectively.

–	 The Charpy V-notch impact tests for HAZ of the normal 
EBW joint are 78 J, the highest among all the three cases.

–	 Fractographic analysis indicates that the BM and normal 
HAZ exhibit ductile characteristics, while the circular and 
elliptical HAZ display brittle behavior. Furthermore, the 
FZ demonstrates varying responses, with normal EBW 
and circular oscillation inducing brittle fractures, while 
elliptical oscillation results in a mixed fracture pattern.

Furthermore, the EBW with beam oscillation specially 
with elliptical beam oscillation study demonstrated positive 
application feasibility for high-strength structural steel; how-
ever, further research with different parameters, patterns, and 
techniques is required to analyze its more exclusive benefits 
in terms of improved mechanical properties.
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