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Vacuum electron beam welding (EBW) process was employed to butt weld 10-mm-thick HG785D high-
strength steels. The penetration into the steel was adjusted by beam current. Microstructures at weld metal
and heat-affected zone (HAZ) regions were comparatively observed. Mechanical properties of the EBWed
joints including Vickers hardness, tensile and Charpy impact tests were evaluated. The results indicated
that microstructures at the weld metal consisted of coarse lath martensite and a small amount of acicular
martensite, while that in the HAZ was tempered sorbite and martensite. The grain size in the weld metal
was found to be larger than that in the HAZ, and its proportion in weld metal was higher. The hardness in
the weld metal was higher than the HAZ and base metal. The tensile strength and impact toughness in the
HAZ was higher than that in the weld metal. All the behaviors were related to microstructure evolution
caused by higher cooling rates and state of base metal. The fracture surfaces of tensile and impact tests on
the optimized joint were characterized by uniform and ductile dimples. The results differed significantly
from that obtained using arc welding process.
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1. Introduction

Because of its low coefficient of thermal expansion, high
yield strength and tensile strength, HG785D steel has been
extensively used in the heavy steel structure components, such
as shipbuilding, pressure vessel, crane frame and high-speed
train. The weldability of the steel was investigated because of
its high carbon content and large amount of alloying element.
The tendency of welding crack and coarse martensite would
easily increase especially for thick plates if the inappropriate
welding process was employed.

The conventional welding methods for HG785D steel were
mainly gas metal arc welding (GMAW) (Ref 1). But the
welding speed was relatively low, which may cause wider heat-
affected zone (HAZ) and coarse microstructures as well as
deformation and residual stress. As a result, welding efficiency
was low and could not meet the need. Therefore, new joining
techniques for the steel were expected to be explored (Ref 2). If
advanced joining techniques for the steel were successfully
implemented, it could reduce the manufacturing time and the
need for skilled labor, which led to a decrease in costs
associated with the welding process and thus improved the joint
quality.

Electron beam welding (EBW) process, as a mature
advanced manufacturing technology, has demonstrated the
great potential for thick plate welding in a single pass due to its
higher power density at a shorter interaction time (Ref 3-7). The
welded specimen is characterized by a higher depth-to-width
ratio, narrower fusion zone and HAZ. The chance of grain
coarsening was expected to reduce and thereafter distortion of
thick plate because of considerably lower heat input compared
to conventional arc welding processes (Ref 8, 9). In addition,
the use of EBW process in a vacuum environment could
prevent contamination of the molten pool from oxidation and
other defects caused by involvement of atmospheric elements.
Wiednig et al. (Ref 10) used EBW process to successfully
realize 50-mm-thick-walled components made from nickel base
alloy 625 and cast martensite 9% chromium steel without pre-
and post-heating. The joints with good mechanical properties
were obtained, and all quality requirements were fulfilled. Liu
et al. (Ref 11) studied the effects of heterogeneity in the EBWed
Ti6Al4 V alloy and found that the heterogeneous microstruc-
tures formed at the weld decreased the mechanical properties
compared to uniform microstructure of base metal. Lakshmi-
narayanan et al. (Ref 12) investigated the microstructures and
mechanical properties of EBWed 4-mm-thick AISI ferritic
stainless steel joints. The coarse ferrite grains in the base metal
were found to transform into fine equiaxed axial grains and
columnar grains because of rapid solidification. In addition, the
results obtained from EBW of thick plated Inconel 718 and
titanium alloys also confirmed the feasibility that accept-
able joints without obvious defects and good quality were
achieved (Ref 13, 14). The microstructures and mechanical
properties in weld metal and HAZ were usually comparatively
investigated since the great differences of microstructures and
mechanical properties existed between the two zones caused by
thermal cycle (Ref 15).

In our previous study (Ref 1), the GMAW of HG785D steel
was studied. The microstructures and mechanical properties
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between HAZ and weld metal were analyzed. HAZ had lower
impact toughness and higher hardness compared to weld metal.
To the best of our knowledge, electron beam welding of
HG785D steel has not been investigated before. Therefore, in
this work, EBW characteristics of HG785D steel were exam-
ined and its feasibility was investigated. After preliminary
trials, microstructures and mechanical properties between HAZ
and weld metal were comparatively characterized. In addition,
the difference between electron beam welding and conventional
arc welding was discussed.

2. Experimental

The materials used in the study were HG785D high-strength
steels with dimensions of 350 mm9 150 mm9 10 mm. The
nominal tensile strength was 785 MPa. The base metal was in
quenched and tempered state. The chemical compositions are
listed in Table 1. The plates were degreased by acetone and
polished by abrasive paper before electron beam welding.

Figure 1 shows the experimental setup of electron beam
welding process. The edges of the plates were carefully
machined to obtain a square butt joint. The welding process
was performed by EBW machine with 60-kV capacity. The
vacuum degree in the experiments was 3910�2 Pa. Full
penetration in single pass was achieved by preliminary trials to
optimize the welding parameters. After that, the beam current
was varied during the welding process while other parameters
were kept constant. The welding parameters used in the study
were: accelerating voltage of 60 kV, focus current of 585 mA,
welding speed of 650 mm/min. Electron beam current was
varied from 75 mA to 90 mA by increment of 5 mA.

Table 1 Chemical compositions and mechanical properties of HG785D steel

Elements Mechanical properties

C Si Mn Ni Cr Mo Nb P S Tensile strength Elongation Impact energy (220 �C)

0.12 0.40 1.8 0.75 0.70 0.50 0.06 0.025 0.015 880 MPa 15% 92 J

Fig. 1 Experimental setup of electron beam welding process

Fig. 2 Dimensions of the specimens used for tensile and impact
tests: (a) tensile test and (b) impact test

Fig. 3 Cross sections of electron beam-welded HG785D joints produced with different beam currents: (a) 75 mA, (b) 80 mA, (c) 85 mA and
(d) 90 mA

Journal of Materials Engineering and Performance Volume 25(12) December 2016—5523



After the EBW process, typical cross sections of the welded
specimens were cut. Standard grinding and polishing prepara-
tion procedures were then utilized. The appearances and cross
sections were observed using an optical microscope (OM). For
electron backscattered diffraction (EBSD) analysis, the pol-
ished samples for optical observation were then electropolished
with a mixed solution of HClO4 and C2H5OH (1:9) at a voltage
of 10 kV and dwell time 20 S. A thin foil was cut from

specimen and grinded to about 40 lm in thickness, followed by
twin-jet electropolishing to obtain transmission electron micro-
scopy (TEM) sample. TEM analysis was performed with a
Tecnai G2 F30 which was operated at a nominal voltage of
300 kV. Vickers hardness measurement was performed across
the EBW joints. A test load of 10 Kgf and a dwell time of 30 s
were utilized. Figure 2 shows the dimensions of the specimens
used for tensile and impact tests. The tensile tests were
performed at room temperature using Instron 5569 at a
crosshead speed of 1 mm/min. Joint strength was calculated
via the tensile testing of at least three specimens. The impact
toughness of the weld metal and HAZ was evaluated by Charpy
impact test. To evaluate the impact toughness of the weld metal
and HAZ, the notch was machined at the weld metal as well as
in the HAZ, respectively. Impact testing was performed at
�20 �C using a pendulum-type impact testing machine. The
amount of energy absorbed in fracture was recorded, and the
absorbed energy was defined as the impact toughness of the
material.

Fig. 4 Optical microstructure morphologies of HG785D steel elec-
tron beam-welded joints: (a) base metal, (b) weld metal and (c) HAZ

Fig. 5 EBSD micrographs showing the crystal orientation in the
HG785D steel joints: (a) base metal, (b) weld metal and (c) HAZ
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3. Results

3.1 Weld Appearance

Figure 3 shows typical appearances of HG785D steel
EBWed joints made with different beam currents. Small and

incomplete penetration was observed when using small beam
current, as shown in Fig. 3(a). With the increase in beam
current, the penetration increased. Visually acceptable without
obvious defects were achieved when the beam current was
80 mA. The weld with high depth-to-width ratio was success-
fully achieved in this case. Excessive penetration was observed
with further increase in current. However, undercut was
produced with the increasing beam current of more than
85 mA as shown in Fig. 3(c) and (d). The defect would be
detrimental to the mechanical properties and should be avoided
in the optimized joints. Therefore, the joint produced at the
optimized beam current of 80 mA was analyzed in the
following part based on the appearance.

3.2 Microstructures

Figure 4 shows optical micrographs taken at different regions
of the EBWed joint welded at the beam current of 80 mA. As
shown in Fig. 4(a), the as-received base metal mainly consisted
of fine tempered sorbite. After the EBW process, weld metal
microstructure was found to exhibit coarse lath martensite with
small amount of acicular martensite indicated in Fig. 4(b). The
HAZ microstructure was, however, evolved to martensite
mingled with some tempered sorbite. From these observations,
it could be inferred that the grain size grew up moving from base
metal to weld metal when the microstructure changed from fine
tempered sorbite to coarse lath martensite. In order to reveal the
feature of crystal orientation, EBSDmapping was performed and
the results are shown in Fig. 5. In the figure, different color
indicated grain misorientation was greater than 15� and single
color region represents the crystals with the same orientation. It
was clearly visible that the grain size in the weld metal was far
larger than that in the HAZ as shown in Fig. 5(b). According to
Hall–Petch equation, yield stress ry is related to grain size d,
ry ¼ r0 þ kyd1=2, where ro is friction stress and ky is a material-
dependent constant known as the H-P slope that measures the
relative strengthening contribution of grain boundaries, and d is
the average grain size (Ref 16). Therefore, the strength in the
HAZ was expected to be higher than that in the weld metal.

Figure 6 shows histogram of grain size distribution corre-
sponding to weld metal and HAZ. The average effective grain
size in these two regions was 5.623 lm and 3.217 lm,
respectively. It suggested the average effective grain size in
the weld metal was much larger than that in the HAZ. In
addition, it could be found from histogram that the proportion
of large grain size was higher in the weld zone than that in the

Fig. 6 Histogram of grain size distribution: (a) weld metal and (b) HAZ

Fig. 7 Grain boundary characterization distribution maps: (a) weld
metal, (b) line between HAZ and weld metal, and (c) HAZ
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HAZ. It was attributed to the nucleation and transformation of
martensite in the weld metal. The microstructure transformation
was inhibited in the HAZ due to low heat input.

Figures 7 and 8 show grain boundary characterization
distribution maps and grain orientation distribution of the
misorientation angles. Red line indicated the locations of low-
angle grain boundaries (LAGBs) with misorientation between
2� and 15�, and black line indicated the locations of high-angle
grain boundaries (HAGBs) with misorientation greater than
15�. The volume fraction of LAGBs accounted for 38% via the
statistics distribution of grain orientation in the weld metal,
while 30% in the HAZ. Small angle boundaries with refining
tempered sorbite existed in the HAZ, making it contain high
density dislocation and tiny substructure. The presence of these
in the HAZ effectively prevented crack propagation, leading to
high mechanical properties.

3.3 Mechanical Properties

3.3.1 Hardness Distribution. Figure 9 shows Vickers
hardness profile distribution across HG785D steel EBWed
joint. The schematic of measurement points is shown in the
inset of Fig. 9. The hardness of the as-received base metal was
approximately 297 HV. The average hardness at the HAZ
increased to the range of 300–325 HV since some base metals
were transformed to martensite. The hardness at weld metal
was the highest among three regions, with maximum value of
400 HV. This variation was closely associated with the
microstructure transformation shown in Fig. 4. The slight
difference of hardness value among the top, middle and bottom
of the welds was observed, which was related to the different
thermal gradient in thickness. Therefore, cooling rate was
varied giving rise to the different microstructure distribution.

3.3.2 Tensile Strength. Figure 10 shows the fracture
location of EBWed joints with the optimized parameter of
beam current of 80 mA. The average tensile strength reached
869 MPa (elongation rate of 12%), which was 98.8% of that of
base metal. All the joints fractured at the weld, indicating it was
the weak region at the joint. This was closely associated with
the microstructure evolution as discussed in section 3.2.
Fracture Fracture surface of the tensile specimens obtained at
different beam currents was observed and the results are shown
in Fig. 11. The fracture surface of joint welded at beam current
80 mA was characterized by uniform and ductile dimples as
shown in Fig. 11(a) and (b). It indicated the joint failure was
ductile fracture. In comparison, when the beam current was

Fig. 8 Misorientation angle distribution of grain boundary: (a) weld metal and (b) HAZ

Fig. 9 Hardness profile distribution of electron beam-welded
HG785D steel joint

Fig. 10 Tensile testing curve and fracture location on joint welded
at beam current of 80 mA
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85 mA, partially cleavage fracture which is arrowed in
Fig. 11(c) and magnified in Fig. 11(d) was observed at the
fracture surface of the joint besides some shallow dimples. It
suggested the presence of undercut defect produced with higher
beam current could cause a sharp decrease in joint strength and
brittle fracture behavior.

3.3.3 Impact Toughness. Charpy impact toughness of the
EBWed joint was evaluated, and the result is shown in Fig. 12.
The average impact toughness of HAZ and weld metal at
�20 �C were 78 and 46 J, respectively. It was clear that the
HAZ exhibited higher impact toughness than the weld metal.
Figure 13 displays the fracture surfaces of impact tested
specimens at the HAZ and the weld metal, respectively. The
fracture surface of weld metal exhibited flat and cleavage
characteristics. However, the fine dimples were observed from
the fracture surfaces of HAZ.

Fig. 11 Fracture surfaces of tensile testing on joints welded at different beam currents: (a) 80 mA, (b) magnified view of rectangle in (a), (c)
85 mA and (d) magnified view of rectangle in (c)

Fig. 12 Impact toughness of HAZ and weld metal

Fig. 13 Fracture surfaces of impact toughness: (a) weld metal and (b) HAZ
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4. Discussion

Based on the aforementioned results, it is feasible for EBW
process to weld thick plated HG785D steel in appropriate
welding parameters and the joint exhibited good mechanical
properties. No solidification cracking was observed at the weld
metal or HAZ, which was usually evidenced when using arc
welding (Ref 17, 18). Microstructure studies also indicated the
absence of grain coarsening effects at the HAZ.

Electron beam welding is known for its higher cooling rates,
higher depth-to-width ratio. During the electron beam welding
process, the weld metal was heated to a high temperature
resulting in the rapid growth of austenite since base metal was
in quenched and tempered state. Upon fast cooling, the
microstructure in the weld seam was rapidly transformed into
the coarse martensite. While HAZ did not grow at the same
time with the action of low heat input, small part of it was
transformed into the martensite while large part still remained
the tempered sorbite. As a result, the mixed structure of
martensite and refined tempered sorbite existed in the HAZ.
That was the main reason for the formation of different
microstructure in weld metal and HAZ and thereafter the
mechanical properties.

To further confirm the difference between the HAZ and the
weld metal, TEM analysis concerning microstructure at two
different zones were performed and the results are shown in

Fig. 14. Lath-like characteristics of martensite was clearly
observed from the TEM image, where dense and mingled
dislocation lines were found in the martensite crystal as arrowed
in the figure. The ductility and toughness of martensite was
dependent on the submicrostructure which hindered the nucle-
ation and propagation of cracks (Ref 19), while in the HAZ,
granular carbide was observed in the ferrite matrix as shown in
Fig. 14(b), which was typical morphology of tempered sorbite.
The incomplete transformation was confirmed, and the presence
of sorbite improved the toughness of the HAZ. Therefore,
embrittlement of HAZwas avoided. Goodmechanical properties
shown in Fig. 10 and 12 were thus achieved. With the combined
effect, the tensile strength and impact toughness of HAZ was
higher than that of weld metal. It suggested the inhomogeneous
microstructure along the welded joint had a direct relationship
with themechanical properties. Themicrostructure, hardness and
strength in HAZ and weld were also investigated by Zhu et al.
(Ref 20-22). Good agreement was established for the correlated
strength and experimental observation of microstructure.

The aforementioned results were significantly different from
the obtained results when using GMAW process. Figure 15
shows the EBSD mapping taken at the GMAWed HG785D
steel joint. The case was just the opposite of that in the EBW
process. The microstructure at the weld metal was uniform and
dense. While the microstructure at HAZ was heated and
changed into coarse martensite due to larger heat input

Fig. 14 TEM images taken at different areas: (a) weld metal and (b) HAZ

Fig. 15 EBSD micrographs of MAG-welded joint: (a) HAZ, (b) weld metal
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compared to the EBW process. Therefore, the hardness at the
HAZ was higher than that of weld metal. Impact toughness of
weld metal was found to be better than that of HAZ.

5. Conclusions

The microstructure and mechanical properties between weld
metal and HAZ in EBWed HG785D steel joints were
comparatively investigated. From this investigation, the fol-
lowing conclusions could be drawn:

1. Electron beam welding of 10-mm-thick HG785D steel was
successfully achieved. Visually acceptable joints without
obvious defects were obtained by adjusting beam current.
The strength of joint welded at optimized parameters could
reach 869 MPa, which was 98.8% of that of base metal.

2. The microstructure at the weld metal consisted of coarse
lath martensite and a small amount of acicular martensite,
while that in the HAZ was tempered sorbite and marten-
site. The grain size in the weld was found to be larger
than that in the HAZ, and the proportion of large grain
size in the weld zone was higher than that in the HAZ.

3. The hardness in the weld metal was higher than the HAZ
and base metal. The tensile strength and impact tough-
ness in the HAZ was higher than that in the weld metal.
The fracture surfaces of tensile test and impact test on
the optimized joint were characterized by uniform and
ductile dimples, while flat and cleavage or shallow dim-
ples were observed at the non-optimized joint.
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