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Abstract
The microstructures and mechanical properties of welds consisting of 20-mm-thick thermo-mechanically rolled and directly 
quenched S1100MC ultra high-strength steel (UHSS) plates were investigated. The welds were produced by means of metal 
active gas (MAG) welding and electron beam welding (EBW). Different heat inputs of the welding processes influenced the 
microstructure and thus the mechanical properties including impact toughness, hardness, and tensile properties. The micro-
structure of the MAG weld obtained when using undermatched solid filler wire consisted mainly of acicular ferrite (AF), 
and it appeared more polygonal when the heat input exceeded 2 kJ/mm with spray arc in the filler pass. The coarse-grained 
heat-affected zone (CGHAZ) showed different microstructures depending on the thermal cycles of the respective welding 
processes. Fresh martensite formed in the CGHAZ of the last welding pass at both the bottom and the top surfaces, as there 
was no reheating from any subsequent pass. The microstructure obtained with EBW without any filler material consisted of 
martensite and tempered martensite in the fusion zone. Martensite with small prior austenite grain (PAG) size significantly 
increased the hardness of the fine-grained heat-affected zone (FGHAZ) compared to the CGHAZ and fusion zone. Uniaxial 
tensile testing of EBW specimens indicated higher tensile strength of the weld than of the base metal, as the specimens 
fractured at the base metal. In contrast, fracture of MAG specimens occurred at the weld. Hence, the tensile strength of the 
MAG weld consisting of undermatched filler metal was obviously lower than the tensile strength of the base metal. However, 
the ferritic MAG weld possessed higher impact toughness than the martensitic EBW weld.
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1  Introduction

Structural steels with yield strength beyond 700 MPa are 
generally classified as UHSS [1]. The continuous improve-
ment of UHSS has shifted their mechanical properties 
toward higher limits. Therefore, these steels provide con-
siderable advantages in terms of structural design and safety 
[2], weight reduction, and lower fuel consumption [3]. Con-
sequently, products made from UHSS cause less emissions 

[4]. However, in order to ensure these advantages, the weld-
ability and the post-weld performance of UHSS must be 
evaluated in detail. The microstructure, which is mainly 
influenced by the welding process and its actual parameters, 
plays a key role for achieving acceptable mechanical proper-
ties of UHSS welds [5].

Thermo-mechanical rolling has nowadays been estab-
lished as common process for producing UHSS. Steels pro-
duced by thermo-mechanically controlled processes com-
prise less carbon and higher microalloying elements than 
quenched and tempered steels, which may cause precipita-
tion hardening [6]. Precipitation hardening is one of the most 
effective strengthening mechanisms in metallic materials, as 
high-density precipitations can effectively inhibit dislocation 
movement or twining, which is beneficial to increase the 
strength of steel [7].

Arc welding processes are widely used for joining UHSS, 
and the yield strength of commercial filler metals has already 
exceeded 1000 MPa [8]. Multi-pass arc welding of thick 
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components causes microstructural changes in both the weld 
metal (WM) and the heat-affected zone (HAZ), which fur-
ther affect the mechanical properties of the weldment [9, 10]. 
Although both laser and electron beam welding processes 
have limitations in terms of weldment dimensions, these 
processes show high potential for joining UHSS [11–13]. 
Compared to traditional arc welding processes, high-energy 
density welding processes have advantages such as high pen-
etration depth and low specific heat input, which reduces the 
width of the HAZ and thermal distortion as well as residual 
stresses. The weld zone of an EBW joint is about six times 
thinner than the weld zone of a MAG joint [14]. However, 
it strongly depends on the weld joint design and properties 
of the GMAW process. Such as, narrow gap welding [15] 
and modified spray arc [16] can reduce noticeably size of 
weld metal deposition. In addition, structural steels, high-
alloyed steels, non-ferrous metals, and even gas-sensitive 
special metals can be successfully welded using EBW [17]. 
However, the short cooling time (i.e., high cooling rates) 
may increase the hardness [18], decrease the toughness [19], 
and cause inhomogeneous properties of the fusion zone [20].

Cui et al. [21] reported that increasing the cooling time 
of the CGHAZ of high-strength steels changes the micro-
structure from martensite to bainite. Qi et al. [22] investi-
gated microstructural changes inside the CGHAZ caused by 
the secondary thermal cycle in multi-pass welding. Due to 
the secondary thermal cycle necklace-type martensite-aus-
tenite (M-A) constituents, martensite, granular bainite, and 
AF are formed at 840 °C in the intercritical coarse-grained 
heat-affected zone (ICR-CGHAZ). For thermal cycles with 
peak temperature of 760 °C than of 840 °C, this zone was 
found to have lower toughness. Thus, increasing the peak 
temperature increases slightly the toughness in the inter-
critical CGHAZ. Keehan et al. [23] investigated mechanical 
properties of 20-mm-thick all weld metal test blocks. The 
blocks were produced by manual metal arc welding using 
filler metal having 922 MPa yield strength. They stated that 
the tensile strength and in particular the yield strength of the 
weld metal decrease with increasing cooling time. Addition-
ally, Kovács and Lukács [24] simulated the section of HAZ 
of S1300 including ICR-CGHAZ using a physical simula-
tor. In spite of the applied cooling time of 5 s, the hardness 
of the different HAZ sections did not reach the base metal 
hardness values.

The comparative analysis of microstructures, residual 
stresses, and mechanical properties after welding of UHSS 
produced by thermo-mechanically controlled processing 
and quenching and tempering has also been the subject of 
several studies [6, 11, 18, 25]. Schaupp et al. [6] proposed 
that local residual stresses in both the weld metal and the 
HAZ are mainly affected by phase transformations due to 
high heat input. Sisodia et al. [25] reported that the low heat 
input and high welding speed of EBW process induce more 
compressive residual stresses near the weld toe and HAZ for 
S960M steel than for S960QL steel. The problem of extreme 
hardness increase in the fusion zone of laser-welded UHSS 
was reported by Sun et al. [11] and Guo et al. [18].

In the present study, the microstructure and the mechani-
cal properties of UHSS joints produced by MAG welding 
with an undermatched filler material and by EBW were com-
pared. The results were evaluated and discussed in terms of 
phase transformation behavior and mechanical properties.

2 � Experimental

2.1 � Materials

Plates of thermo-mechanically rolled and directly quenched 
20 mm-thick UHSS S1100MC were used as base metal. 
The dimensions of the plates to be welded with MAG 
and EBW in PA position were 500  mm × 150  mm and 
300 mm × 150 mm, respectively. Böhler alform 960IG solid 
filler wire was used for MAG welding, but no filler metal 
was used for EBW. Chemical compositions, carbon equiva-
lent values (CEV — according to EN ISO 1011–2) (https://​
www.​voest​alpine.​com/​weldi​ng/​Weldi​ng-​Calcu​lator), and 
mechanical properties of the base metal and of the filler wire 
are listed in Table 1.

2.2 � Welding equipment

In the MAG process, the Fronius TPS 400i power source 
was used. The welding torch was mounted on the arm of 
a six-axis articulated ABB IRB 140 robot. MAG welding 
was carried out in five passes using plates with an X-shaped 
weld bevel and Ar + 18 vol.% CO2 as shielding gas without 
any preheating. The interpass temperature in the welding 

Table 1   Chemical composition and mechanical properties of base metal S1100MC [26] and filler wire 960-IG [27]

Elements (wt.%) C Si Mn Cr Ni Mo CEV Yield strength-
Rp0,.2 (MPa)

Tensile 
strength-Rm 
(MPa)

Fracture 
elongation-
A5 (%)

voestalpine alform® 1100 x-treme 0.13 0.3 1.6 0.6 0.3 0.6 0.67  ≥ 1100 1120–1300 8
Böhler alform® 960IG 0.12 0.80 1.90 0.45 2.35 0.55 0.79  ≥ 930  ≥ 980  ≥ 14
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experiments was ~ 90 °C. In the EBW process, the demagnet-
ized plates were butt-welded using a pro-beam EBG 45–150 
k14 electron beam welding machine with a maximum elec-
tron gun power of 45 kW. Prior to welding, the milled sur-
faces at the joint were cleaned and each plate was demagnet-
ized to avoid beam deflection due to residual magnetization. 
The welding parameters and the derived nominal heat inputs 
for MAG multi-pass welding and for EBW single-pass weld-
ing are listed in Table 2. The nominal heat input was cal-
culated by the equation, Q = (U × I)/s with given parameter. 
The macrostructure of the welds with schematic illustra-
tions, which include the welding pass sequence, and the top 
view of weldments are shown in Fig. 1.

2.3 � Microstructure characterization

Specimens extracted from the welded plates for microstruc-
ture examinations were ground, polished, and etched for 15 s 
using 3 vol.% Nital (HNO3 + ethanol) solution. The micro-
structures of the specimens were analyzed using light optical 
microscopy (LOM), scanning electron microscopy (SEM), 
and electron backscatter diffraction (EBSD). A Zeiss Axio 
Observer optical microscope and a TESCAN MIRA-3 field 
emission scanning electron microscope (FESEM) equipped 
with an EDAX-Ametek EBSD and Hikari detector were 
used for detailed microstructure characterizations. EBSD 
analyses were performed for determining the grain bound-
ary misorientation and the morphology (size and shape) of 
different phases within the weld zones. The orientation maps 
for EBSD were applied with the step size of 50 nm and the 
acceleration voltage of 20 kV. Orientation imaging micros-
copy (OIM) analysis software (version 8.0) was used for 
postprocessing the data. Misorientation angles larger than 
15° were assigned to high angle grain boundary. Fine grains 
were identified from inverse pole figure (IPF) maps, image 

quality (IQ), phase analysis, and kernel average misorienta-
tion (KAM) with 5° misorientation criteria.

2.4 � Mechanical testing

Microhardness measurements were carried out using an 
automated EMCO-TEST DuraScan G5 hardness tester. The 
HV0.2 hardness indentations in x- and y-direction were con-
ducted with the dwell time of 10 s and with step sizes of 
0.2 mm for the EBW specimen and 0.3 mm for the MAG 
specimen, respectively. Hardness tests were performed on 
half the cross-section of the MAG specimen and on the 
entire cross-section of the EBW specimen including base 
metal, HAZ, and WM. Notch impact testing at − 40  °C 
and − 20 °C was performed using three specimens extracted 
from the center of the fusion zone. The 1-mm-deep notch 
was located at the top surface of each specimen according 
to DIN EN ISO 9016 [31]. Moreover, specimens for tensile 
testing oriented perpendicular to the welding direction were 
machined out of the joints. Tensile tests according to DIN 
EN ISO 6892–1 [32] were performed on three samples at 
room temperature using a 400 kN Amsler UPM F29 tensile 
testing device. The constant testing velocity was 4 mm/min.

3 � Results and discussion

3.1 � Microstructure of weld metal

For investigating the effect of the heat input on the micro-
structure of each weld, four different regions were consid-
ered: (A) the top and the bottom regions of the weld metal 
of the MAG specimen, i.e., the 4th and 5th welding pass; (B) 
the reheated and non-reheated CGHAZ of the MAG speci-
men; (C) the fusion zone of the EBW specimen; and (D) 

Table 2   Welding parameters of MAG [28] multi-pass welding and EBW [29] single-pass welding

Welding processes MAG Pass number Welding current (A) Welding voltage (V) Wire 
speed 
(m/
min)

Welding speed (s) (mm/s) Nominal 
heat 
input 
Q (kJ/
mm)

1 179.5 17.05 4.7 5 0.61
2 310 28.95 8.3 5 1.79
3 314 29 8.3 5 1.82
4 298.5 29.05 8.3 4 2.17
5 280 26 8 5 1.46

EBW Diameter of 
deflection 
(mm)

Beam current (mA) Acceleration voltage (kV) Oscil-
lation 
fre-
quency 
(kHz)

Welding speed (mm/s) Nominal 
heat 
input 
(kJ/mm)

0.5 63 120 1 12 0.63
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the CGHAZ of the EBW specimen. The associated cool-
ing time according to EN ISO 1011–2, t

8∕5 , was estimated 
with the voestalpine weld calculator utilizing 0.9 shape fac-
tor (https://​www.​voest​alpine.​com/​weldi​ng/​Weldi​ng-​Calcu​
lator). t

8∕5 was 8.9 s for the 5th MAG welding pass, 18.3 s 
for the 4th welding MAG pass, and 3.0 s for the EBW weld, 
respectively. The recommended t

8∕5 cooling time range for 
the 960-IG is between 3 and 15 s and interpass temperature 
should be below 150 °C according to data sheet [33]. How-
ever, the recommendations are generally difficult to comply 
with, since the MAG process aims at a high material deposi-
tion rate, i.e., also a high energy input. The microstructures 
of the 4th and 5th welding pass are depicted in Fig. 2. While 
the weld metal in the 5th pass consisted of very fine AF, 
the microstructure in the 4th pass was mainly polygonal fer-
rite. The average heat inputs of the 4th and the 5th pass were 
2.17 kJ/mm and 1.46 kJ/mm, respectively. The polygonal 
ferrite (PGF) structure, which formed in the 4th pass, can be 
attributed to the effect of spray arc with higher arc force and 

lower welding speed than in the 5th pass. Furthermore, the 
ferrite structure is promoted by high peak temperature and 
long cooling time due to the comparatively high heat input. 
The gradual transformation of AF to PGF with increasing 
heat input was also reported by Kim et al. [34]. However, a 
decrease in hardness must be expected in regions with PGF 
[35].

In contrast to the ferrite-dominated microstructure of 
the MAG weld, the EBW microstructure consisted of mar-
tensite and tempered martensite (Fig. 3). The tempered mar-
tensite in the single-pass EBW process can be attributed 
to the phenomenon of auto-tempering during slow cool-
ing in a low temperature range. Martensite can be formed 
by diffusionless transformation even at low temperatures 
when austenized low alloy steel is rapidly cooled. Carbon 
atoms that were completely dissolved in the austenite prior 
martensite transformation become supersaturated in the 
body-centered cubic matrix after martensite formation. In 
vacuum-based EBW processes, heat is dissipated mainly 

Fig. 1   Cross-sections images/
schematic illustrations and top 
views of a MAG [28] and b 
EBW [30] joints
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by thermal radiation without convection. Therefore, and 
according to the Stefan-Boltzmann law, heat is dissipated 
fast by radiation at higher temperatures and rather slowly at 
lower temperatures, i.e., within the range of martensite start 
(Ms) temperature. Even at low temperatures and very high 
cooling rates, the mobility of carbon in ferrite is sufficient 

for formation and growth of cementite within the formed 
martensite lamellar [30]. Due to higher contents of alloy-
ing elements in UHSS, the Ms temperature is higher [18]. 
Hence, larger amount of martensite forms at higher tempera-
tures during the cooling process, which further enhances and 
promotes the auto-tempering behavior.

Fig. 2   Microstructures of (a, b) 
5th and (c, d) 4th MAGµm weld-
ing passes

Fig. 3   Microstructures of EBW 
welds at (a, b) face and (c, d) 
root regions

1203Welding in the World (2022) 66:1199–1211
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Comparing the weld metals obtained with both welding 
processes in terms of microstructural transformations leads 
to the following observations: first, due to the composition 
of the filler metal and the relatively long cooling time of 
the weld metal, martensitic microstructures are not expected 
to form during MAG welding. Second, EBW causes very 
rapid cooling, which promotes the formation of martensite in 
the fusion zone consisting of solidifying base metal. There-
fore, the formation of bainite and of derivative phases in 
the microstructure is suppressed. However, different heat 
inputs of the EBW and MAG welding processes as well as of 
the MAG welding passes resulted in local differences in the 
microstructure with respect to the PAG. Since the solidifica-
tion from the fusion line to the weld centerline occurs with 
different retardation on the face side compared to the root 
side in EBW welding, the face side has a longer cooling time 
than the root area; due to this fact, the PAGs increased from 
the root to the face side [30].

Selected areas of the weld metal microstructures of the 4th 
and 5th MAG welding pass and of the face area of the EBW 
weld were used for further examinations and for plotting the 
IPF orientation maps, phase fraction maps and KAM maps 
are shown in Fig. 4.

While comparatively fine AF was observed in the 5th 
MAG welding pass (Fig. 4a), coarser AF and predominantly 
PGF were observed in the 4th pass (Fig. 4d). The maps indi-
cate that the EBW fusion zone (Fig. 4g) consists of lath and 
tempered martensite in different orientations. Figure 4b–h 
show the phase distribution of the weld metals. Small blocks 
of retained austenite (phase fraction of 2.4%, Table 3) are 
mainly present in the 4th MAG welding pass within regions 
of AF and PGF. Wang et al. reported that retained austenite 
occurs in the microstructure of high-strength weld metals 
when the annealing temperature is slightly higher than the 
Ac1 temperature [36]. This is due to the redistribution of 
alloying elements and the enrichment of Mn and Ni in the 
retained austenite. The distribution of retained austenite in 
the weld metal was inhomogeneous, as its phase fraction was 
significantly higher in the 4th pass (high heat input), than 
in the 5th pass (low heat input). The presence of consider-
able amounts of retained austenite in the microstructure of 
high-strength steels may also improve the toughness and the 
resistance to hydrogen embrittlement [37].

KAM maps were used for studying the local stress distri-
bution inside the microstructure [38]. KAM maps illustrate 
high misorientation in the EBW specimen (yellow and red 
areas in Fig. 4i), which indicates that EBW causes relatively 
high concentrations of (residual) stresses. However, the mar-
tensitic microstructure of the EBW fusion zone exhibits a 
more homogeneous stress distribution than the microstruc-
tures of the MAG weld. The coarser microstructures of the 
4th (Fig. 4c) and the 5th (Fig. 4f) MAG welding pass show 

local concentrations of high misorientations, which may also 
indicate partial stress relief in the microstructure.

3.2 � Microstructure of heat‑affected zone

Light optical micrographs at lower magnification from the 
root, middle, and face regions of the HAZ of EBW and MAG 
welds are shown in Fig. 5. Different heat input, thermal 
cycles, and exposure time at peak temperature caused dif-
ferent widths of the HAZ. In addition, different sections of 
the HAZ are distinguished depending on the exposure time 
at certain temperatures: CGHAZ (coarse-grained), FGHAZ 
(fine-grained), ICHAZ (intercritical), and SCHAZ (subcriti-
cal). The CGHAZ of the 5th MAG welding pass has about 
1.6 mm in width (Fig. 5a), while the comparatively narrow 
CGHAZ formed in EBW has only about 0.5 mm at the face 
area (Fig. 5d–f). In other words, the CGHAZ obtained with 
the MAG arc welding process is about three times wider 
than the HAZ obtained with the high-power density EBW 
process.

Thermal cycles of subsequent MAG welding passes 
caused reheating and microstructural transformations 
(Fig.  5a–c). Hence, a complex microstructure forms in 
multi-pass welds. Combinations of CGHAZ and ICHAZ 
may occur when the CGHAZ is heated by secondary thermal 
cycles to temperatures between Ac1 and Ac3. This region, 
which contains martensite, tempered martensite, and low-
temperature transformation products such as M-A constitu-
ents and bainite, is called intercritical coarse-grained HAZ 
(ICR-CGHAZ) [22, 39, 40].

The microstructure of the CGHAZ is shown in Fig. 6. 
Measurements using thermocouples revealed that this region 
was exposed to peak temperature of 1150 °C during the 
welding process. Therefore, temperature- and time-depend-
ent growth of austenite grains occurred [4]. Due to the short 
cooling time (i.e., the rapid cooling rates), the microstruc-
ture of the CGHAZ obtained with MAG and EBW consists 
of martensite (M) and tempered martensite (TM) of differ-
ent prior austenite grain (PAG) size. Since grain growth is 
a temperature- and time-dependent event, the PAG size is 
generally smaller for EBW than for MAG welds.

Figure 7 shows the ICR-CGHAZ subjected to multiple 
thermal cycles during MAG multi-pass welding. In multi-
pass welding of thick steel cross-sections, the CGHAZ is 
typically tempered at 750–850 °C [41]. Necklace-type M-A 
constituents are constantly formed in the ICR-CGHAZ of 
high-strength steels [42]. The size and distribution of M-A 
constituents is influenced by the PAG and thus by the time 
and temperature of tempering [43]. Microstructural changes 
in the ICR-CGHAZ are evident, as the grains are about ten 
times larger than the grains in the ICHAZ. Depending on the 
particular peak temperatures of subsequent welding passes, 
the matrix consisted predominantly of bainite (B) with M-A 
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constituents at the boundaries (Fig. 7c). M-A constituents, 
which can be formed by rapid heating and subsequent cool-
ing due to carbon enrichment during thermal welding cycles, 
influence the toughness of the ICR-CGHAZ [44]. The dete-
rioration of toughness of the ICR-CGHAZ can be due to 
enrichments of carbon and manganese in M-A constituents, 
which may promote the detachment of M-A constituents 

Fig. 4   IPF maps, phase fraction maps, and KAM maps of MAG and EBW welds: (a–c) 5th MAG pass, (d–f) 4th MAG pass, (g–i) EBW weld

Table 3   Phase fractions for EBW and MAG welds determined using 
EBSD

Phase (%) EBW MAG (5th pass) MAG (4th pass)

Ferrite – 98.1 96.2
Austenite 0.1 0.2 2.4
Martensite 99.9 1.7 1.4

1205Welding in the World (2022) 66:1199–1211



1 3

Fig. 5   Microstructure of the 
entire HAZ of the (a–c) MAG 
and (d–f) EBW welds

Fig. 6   Microstructure of the 
CGHAZ of the (a) MAG and 
(b) EBW welds
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from the matrix and initiate the nucleation of cleavage cracks 
[22, 40]. However, a high secondary peak temperature can 
increase the impact energy/toughness of the ICR-CGHAZ 
due to bainitic transformations beyond 800 °C [22].

3.3 � Hardness

Due to differences in thermal characteristics of arc weld-
ing and high-power density welding processes, the phase 
transformations in the fusion zone and in the HAZ, and thus 
also the hardness distribution of the joints are significantly 
affected. Due to the repeated heat input and the slow cool-
ing rate as well as the chemical composition of the filler 
metal, softening is inevitable in the MAG process both in 
the weld metal and in certain zones of the HAZ. Moreover, 
the transformations that occur in the weld metal of such 
steels as a function of the cooling time lead to a decrease in 
hardness with increasing heat input [13] and vice versa, i.e., 
to an increase in hardness with decreasing heat input [9]. 
Since the rapid cooling of the EBW process supports the 
chaotic martensite structure in this steel grade, this leads to 
higher hardness values in the FZ and HAZ than in the base 
metal, so that similar hardness values for UHSS welded by 
the laser welding process have been reported in previous 
studies [12, 13].

Figure 8 shows microhardness maps of MAG and EBW 
joints. Hardness differences across base metal, HAZ, and 
fusion zone are obvious. The average hardness of the base 
metal is about 380 HV0.2. The spray arc-related high energy 
input during the 4th MAG welding pass caused high peak 

temperature and slow cooling of the comparatively wide 
weld pool. Hence, PGF of the 4th pass was different to the 
AF of the 5th pass. Due to this difference in morphology, the 
average hardness of the weld metal was significantly lower 
for the 4th pass (about 310 HV0.2) than for the 5th pass (about 
345 HV0.2). In comparison, the average hardness of the EBW 
fusion zone is about 420 HV0.2, which is approximately 10% 
higher than the average hardness of the base metal. This is 
mainly due to the fully martensitic microstructure which 
forms at the high cooling rate of the EBW process.

The HAZ of the 5th MAG welding pass close to the sur-
face consisted of untempered martensite with high average 
hardness of about 420 HV0.2, which is comparable to the 
hardness of the EBW fusion zone. The hardness of the HAZ 
next to the last weld bead subjected to reheating was about 
400 HV0.2. The HAZ of the root and filler beads consisted 
of tempered martensite and M-A constituents, which have 
partly lower hardness than the base metal. This is mainly due 
to multiple thermal cycles that annealed the already depos-
ited weld metal during subsequent welding passes at low 
peak temperatures.

CGHAZ and fusion zone of the EBW joints have almost 
identical microstructures, and there were no significant 
differences in hardness. Smaller PAG size and martensitic 
phases resulted in high peak hardness (about 460 HV0.2) of 
the FGHAZ. The SCHAZ, which does not show any metal-
lographic indicator, is typically exposed to peak tempera-
tures of 450–700 °C [41, 45]. Recovery phenomena and 
decomposition of martensite could occur in this temperature 
range. When the steel is heated above the martensite start 

Fig. 7   Microstructure of the 
ICR-CGHAZ of the MAG weld
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(Ms) temperature, carbides are assumed to precipitate from 
the martensitic phase and agglomerate at the grain bounda-
ries. The dislocation density of the microstructure may 
decrease and phase transformations [20] depending on the 
peak temperature and exposure time may occur [46]. Since 
high dislocation densities [47] and high volume fractions 
of carbides [7] tend to increase the hardness of martensitic 
steel, the actual low hardness of the SCHAZ could be mainly 
attributed to the reduction in dislocation density. The low 
heat input of the EBW process resulted in a very narrow 
SCHAZ. However, since the SCHAZ has similar hardness in 
both MAG and EBW (about 360 HV0.2), it can be concluded 
that the heat input does not affect the hardness but the width 
of the SCHAZ.

3.4 � Tensile properties

The average tensile properties of the MAG and EBW joints 
are listed in Table 4. Both the yield strength and the ten-
sile strength of the EBW joint are higher than the minimal 
nominal strength values of the base metal. Consequently, 
fracture occurred in the base metal with an average fracture 

elongation of 20.6% in the EBW samples. Compared to the 
minimum nominal strength of the base metal, the strength 
of the MAG joint was lower. Furthermore, the fracture 
took place in the weld metal due to the use of undermatched 
filler metal. However, the strength similar to the initial 
strength of the filler wire (yield strength ≥ 930 MPa and 
tensile strength ≥ 980 MPa, Table 1) was achieved.

3.5 � Impact toughness

The results of the Charpy V-notch impact toughness tests are 
shown graphically including error bars (negative and positive 
extreme values) in Fig. 9. The average impact toughness of 
the EBW specimens is lower than the average impact tough-
ness of the MAG specimens. That is mainly attributed to the 
EBW microstructure providing high strength and hardness 
in the fusion zone. For the EBW samples, energy absorption 
of 19.6 ± 1.7 J and 20.3 ± 1.7 J was determined at − 40 °C 
and − 20 °C, respectively. Since these values are below the 
minimum of 27 J required at − 20 °C, the EBW joints in 
the as-welded condition do not meet the requirements with 
respect to impact toughness. Post-weld processing of the 

Fig. 8   Hardness maps of (a) 
MAG [28] and (b) EBW joints 
[30]

Table 4   Tensile properties of 
MAG [28] and EBW [30] joints 
of S1100MC steel

Welding process Yield strength Rp0,2 
(MPa)

Tensile strength Rm 
(MPa)

Fracture elongation 
A5 (%)

Fracture location

MAG 1019 ± 3 1142 ± 1 11.8 ± 0.6 Weld metal
EBW 1174 ± 15 1247 ± 2.2 20.6 ± 0.8 Base metal
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EBW joints, such as post-weld heat treatment, would be 
needed to meet the requirements. Impact toughness tests of 
the MAG welds were performed with specimens extracted 
between the 3rd and the 5th MAG welding pass. Since the 
microstructure of these weld passes is predominantly AF, 
the MAG weld has superior energy absorption of 50 ± 0.8 J 
and 55 ± 1.9 J at − 40 °C and − 20 °C, respectively.

As shown in Fig. 10, fracture surfaces of EBW and 
MAG specimens tested at − 20 °C (energy absorption of 
22 J and 56 J) were examined using SEM. Owing to the 
fundamentally different microstructures of the MAG and 
EBW welds, the macroscopic appearance of the fracture 
surfaces (Fig. 10a and d) differs considerably. The MAG 

specimen shows lateral expansion of 1.9 mm due to duc-
tile fracture and plastic deformation in the peripheral area 
(Fig. 10b). Quasi-cleavage fracture with ductile fracture 
columns occurred at the edges of the specimen (Fig. 10c). 
In contrast, the EBW specimen exhibits a predominantly 
brittle fracture surface without distinct macroscopic lateral 
expansion. However, local ductile fracture occurred at the 
crack initiation area (Fig. 10e), which is partially charac-
terized by the presence of fine dimples. Brittle fracture 
of the martensitic fusion zone and numerous secondary 
cracks were observed in the region of crack propagation 
(Fig. 10f).

Fig. 9   Impact toughness of 
EBW [30] fusion zone and 
MAG [28] weld metal

Fig. 10   Fracture surfaces of 
Charpy V-notch specimens of 
(a, b, c) MAG and (d, e, f) EBW 
welds
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4 � Conclusions

The present work investigates microstructures and mechani-
cal properties of joints of 20 mm-thick S1100MC UHSS 
plates produced by means of EBW without filler and MAG 
welding with undermatched filler wire. Based on the results, 
the following conclusions can be drawn:

(1)	 Fine-grained ferrite was dominant in the microstructure 
of the MAG weld. The morphology of the ferrite was 
mainly influenced by the heat input. Moreover, reheat-
ing the weld metal due to multi-pass welding formed a 
large amount of necklace-type M-A constituents par-
ticularly in ICR-CGHAZ.

(2)	 The MAG weld, consisting mainly of fine-grained AF, 
possessed acceptable impact toughness. Tensile stress 
and yield stress of the weld metal produced using the 
undermatched filler wire were slightly lower than those 
of the base metal.

(3)	 Heat distribution and hence PAG varied from the face 
to the root of the EBW weld. The FGHAZ consisted of 
martensite with rather small PAG. This zone exhibited 
the highest hardness within a very narrow region along 
the joint.

(4)	 Due to the martensitic microstructure of the EBW 
fusion zone, the energy absorption of the EBW weld 
was below the required minimum of 27 J at − 20 °C. 
However, since the tensile strength of the fusion zone 
was higher than the minimal nominal strength of the 
base metal, fracture occurred entirely in the base metal.
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