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Abstract Owing to excellent corrosion resistance, antifriction
property, and economic efficiency, H62/Q235B explosive clad
plates have been widely used in various fields. Therefore, de-
tailed and systematic study into themicrostructure andmechan-
ical properties of this clad material is necessary. In this paper,
the composition, microstructure, and mechanical properties of
H62/Q235B explosive clad plates were analyzed by optical
metallographic observation, mechanical tests, scanning elec-
tron microscope (SEM) observation, and energy dispersive
spectrometer (EDS) analysis. The results showed that the bond-
ing interface of this clad plate was periodical wavy, and the
interface was bonded in two ways, one through wide transition
layer with a width up to 280 μm while the other by narrow
transition layer with a width less than 20 μm. The major struc-
tural components in the transition layer were supersaturated
solid solutions. The microhardness of the transition layer was
higher than that of base metals, and the microhardness of the
base plates in the region near the bonding interface was affected
by both force and heat. The shear strength of the H62/Q235B
clad plate showed an obvious characteristic of anisotropy.
Furthermore, the clad plate tended to crack along the transition
layer when it was stretched because of the discontinuity of
plastic deformation across H62/Q235B interface.
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1 Introduction

With the continuous development of industrial technologies,
single metal materials struggle to meet the requirements of
various production and applications for higher performance
[1]. Clad plates which consist of dissimilar metal components
can not only make use of the physical and chemical properties
of two component materials, but also reduce the amount of
precious metals used [2]. They show a dual advantage of high
performance and low cost, therefore have been extensively
applied in various fields, such as petrifaction, electric, trans-
portation, nuclear energy, etc. [3]. Explosive cladding is a
processing method for bonding heterogeneous metal plates.
Based on the impact effect and high energy released by the
high-speed detonation of explosives, the bonding surfaces of
metal materials to be welded are collided, thus leading to
severe plastic deformation and localized melting. As a result,
a thin metallurgical bonding layer is formed [4–10]. This
method shows strong applicability to materials, strong bond-
ing strength, and favorable cycling processability [11]. In ad-
dition to these, it also presents high efficiency and capacity of
welding large-area clad plates once, for which the method has
been widely applied in the production and processing of clad
plates [12, 13].

Copper and copper alloy present favorable corrosion resis-
tance, antifriction property, and thermal conductivity as well
as excellent vibration resistance and ability to resist impact
loads [14]. Although having so many advantages, the difficul-
ties in welding due to the special characteristics such as high
heat conductivity, great expansion factor, and large solidifica-
tion shrinkage percentage restrict the application of copper
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and copper alloy [15]. In order to obtain excellent welding
joints, various welding methods are adopted, such as arc
welding, ultrasonic welding [16, 17], laser welding
[18–20], laser-arc hybrid welding [21], cold pressure
welding [22], braze welding, electron beam welding [23,
24], and friction stir welding [25–28]. Characterized by
the advantages of copper and copper alloy, much atten-
tion has been paid to the researches and applications of
the exploded metal clad plates which use them as the
flyer plates. Mróz et al. [29] analyzed the properties of
the explosive welded Al/Cu bimetallic bars, and they
found that the microhardness of the fused intermediate
layer was much higher than those of the Al layer and
the Cu layer. Durgutlu et al. [30] researched the bond-
ing abilities of copper and steel with explosive welding
using different welding parameters, and they found that
wavy interfaces were more likely obtained in case of
using higher explosive ratio and wider stand-off dis-
tance. Xue et al. [31] studied the explosive cladding
technology of large-area copper-steel clad plates using
numerical simulation. They obtained that the bonding
rate of clad plates could reach up to about 100 % under
reasonable plate thickness, charge quantity, and gap.
And the mechanical properties of these clad plates met
the requirements. Based on proper technological param-
eters, Zhai et al. [32] explosively welded B30 cupro-
nickel and Q345A steel and studied the mechanical
properties and microstructure. Results showed that the
tensile strength and the shear strength of this clad plate
reached to 483 and 222 MPa, separately; thus, it pre-
sented excellent microstructure and mechanical proper-
ties. Bian et al. [33] explored the feasibility of explo-
sive cladding for copper and high-nitrogen steel through
numerical simulation and experimental study and obtain-
ed the optimal technological parameters. Through nu-
merical simulation on the temperature fields in the
bonding zone of copper/iron explosive clad plates, Qu
et al. [34] investigated the melting rate of metals at the

bonding surface of Cu/Fe composite plate jointed by
explosive welding.

H62/Q235B clad plates have been widely utilized in vari-
ous fields, including electric, metallurgy, machinery, nuclear
energy, transportation, and defense industry owing to their
excellent corrosion protection, abrasion resistance, machining
property, electrical/thermal conductivities, and low cost. By
means of studies, Li et al. [35] obtained the reasonable tech-
nology for producing H64/Q235B kelmet boards through ex-
plosive cladding. Liu et al. [36] intensively studied the bond-
ing mechanism of H62/Q235B explosive clad plates. Taking
H62/Q235B explosive clad plate as the material, this
study investigated the morphology, microstructure, com-
ponent distribution, and mechanical properties of the
bonding interface. Compared with previous studies, the
submitted work focused more on the inhomogeneity of
both mechanical properties and microstructure of the
H62-brass/Q235B-steel clad plates. The H62-brass/

Table 1 Chemical composition of H62-brass

Material Cu Fe Pb Sb P Others Zn

ωt/% 60.5∼ 63.5 ≤0.15 ≤0.08 ≤0.005 ≤0.01 ≤0.5 Balance

Table 2 Chemical composition of Q235B-steel

Material C Si Mn S P Cr Ni Fe

ωt/% ≤0.2 ≤0.35 ≤0.7 ≤0.045 ≤0.045 ≤0.03 ≤0.03 Balance

Fig. 1 Cross section of metallographic specimen of H62/Q235B clad
plate

Fig. 2 Schematic of shear test specimen of H62/Q235B clad plate
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Q235B-steel clad plates discussed in this work would be used
to manufacture chemical vessels and devices and therefore
would be subjected to multiple bending process. The defor-
mation and strain rate of clad plates would be highly hetero-
geneous during bending process and this might be beneficial
to local shear failure. In order to minimize the risk of local
failure, mastering the detailed information about the inhomo-
geneity of the mechanical properties of H62-brass/Q235B-
steel clad plates is of great importance. So the aim of this work
is to lay the foundation for controlling the incompatible defor-
mation in the subsequent machining process (bending,
reelpipe, etc.) of this clad plate and provide data for the opti-
mization of these processing technologies.

2 Experimental materials and methods

2.1 Experimental materials

The clad plate studied in this study was composed of H62-
brass (Table 1) as the flyer plate and Q235B-steel (Table 2) as

the base plate. After explosive cladding, the generated plate
was 24.5 mm in total thickness. Thereinto, the flyer plate and
base plate were 10 and 14.5 mm thick, respectively.

2.2 Experimental methods

A me t a l l o g r a p h i c s p e c imen w i t h t h e s i z e o f
10 mm×10 mm×24.5 mm was obtained from the H62/
Q235B clad plate through wire electrical discharge machining
(see the cross section in Fig. 1). After polished, the H62 flyer
plate was etched with ferric nitrate corrosion solution (5 g
FeNO3, 25 ml HCl, and 75 ml H2O), while the Q235B base
plate was etched with 4 % nitric acid alcohol. Then, the
bonding interface of the clad plate was observed using
a metallographic microscope, and the microstructure and
components of it were analyzed using a scanning elec-
tron microscope (SEM) and an energy dispersive spec-
trometer (EDS). Finally, the microhardness in the zone
of the bonding interface was measured under the effect
of 100 gf of load force for 15 s.

Fig. 4 Optical microstructure
observed on the cross section of
H62/Q235B clad plate

Fig. 3 Schematic of the
specimen size and the sampling
plan of the stratified tensile test
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To measure the bonding strength of the H62/Q235B
clad plate, the specimens for shear test were machined
through wire electrical discharge machining, as illustrated
in Fig. 2. Then, shear test was conducted in a universal
mechanical testing machine using specialized clamping
fixture. After the test, the morphology of the shear frac-
tures was analyzed through SEM observation.

After the external surfaces of the flyer plate and base
plate were removed, the specimen for tensile test was
sliced layer by layer through wire electrical discharge ma-
chining on the premise that the layer containing explosive
bonding interface can be obtained. The specimen was then
numbered as layers 1–7# from brass to steel. The specific
size and sampling plan are shown in Fig. 3. Afterwards, the
tensile property of the stratified specimens was tested using
the universal mechanical testing machine. Meanwhile, the
morphology of the tensile fractures was analyzed through
SEM observation.

3 Experimental results and discussion

3.1 Microstructure and components of the bonding
interface of the clad plate

Figure 4 which shows the microstructure of the bonding
interface of the H62/Q235B clad plate indicates that the
bonding interface of this clad plate was periodical wavy.
Meanwhile, the bonding interface presented two kinds of
typical morphologies, i.e., one was the wide transition
layer with a width up to 280 μm and the other was the
narrow transition layer with a width less than 20 μm.
About 92 % of the total length of the bonding interface
consisted of the former, while the latter occupied approx-
imately 8 % of the bonding interface. The wavelength
and amplitude for the waves of the bonding interface
with a wide transition layer on transversal section were
app rox ima t e l y 320–960 μm and 50–280 μm,

respectively, whereas 70–140 μm and less than 20 μm,
respectively, at the bonding interface with a narrow tran-
sition layer.

Figure 5 displays the schematic of explosive cladding
process. In this process, detonation waves generated by
the explosion of explosives pushed the flyer plate to
collide the base plate at a high speed up to several
hundreds of meters per second. During this course, most
kinetic energy was transformed to thermal energy so
that the metals around the impact point were partially
melted. These melted metals mixed with unfused ones
formed a jet under the huge effect of shock waves to
exhaust the air between the two plates in an instant.
The metal jet was erupted at a high speed along the
forward direction of detonation waves and therefore
washed the metal surface of unbonded regions. As a
consequence, fresh and clean metals were exposed, thus
cleaning the surface. Under the joint action of metal jet
and impact pressure, the surfaces of the two metal
plates were plastically deformed under high temperature
and pressure. Therefore, a periodical wavy bonding in-
terface was formed between the two plates. As the jet
can be easily held back in the trough of the base plate,
it was cooled and solidified in the local areas and
formed the bonding interface through a wide transition
layer, while bonding interface with a narrow transition
layer was formed in the peak of the base plate as it is
difficult to retain the jet there.

As can be seen in Fig. 4b, c, voids were found in
partial bonding interface. They were formed owing to
the fact that the air between the two plates was wrapped
in the transition layer which was rapidly solidified at the
moment of explosive cladding. An observation of
Fig. 4c, d showed that the grains of the base plate near
the bonding interface were obviously refined. This was
because the metals near the bonding interface suffered
from severe plastic deformation in the process of explo-
sive cladding. As a result, the original microstructure
was recrystallized, thus refining the microstructure in this

Fig. 5 Schematic of explosive
cladding technology
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region. The plastic deformation presented the highest
temperature on the bonding interface and the influence
of plastic deformation and temperature gradually weak-
ened in the area away from the bonding interface.
Therefore, the fineness of grains gradually became low-
er from the region near the bonding interface to the
inner base metal.

The earlier researchers [3, 15, 32] reported that fly
lines or adiabatic shear bands were observed near the

joint interface in their studies, but there existed no obvi-
ous fly lines or adiabatic shear bands in the region near
the bonding interface of the H62/Q235B clad plate.

The microstructure and chemical components of the
bonding interface were further analyzed using the SEM
and EDS and the obtained results were demonstrated in
Fig. 6.

The SEM observation (Fig. 6a) illustrated that voids
and island-like base metal areas were found in partial

Fig. 6 SEM images and the distribution of elements of the interface in the H62/Q235B clad plate
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bonding interface, and a majority of the peaks of the
base plate were found to be the bonding interface with
the narrow transition layer of which the thickness
less than 20 μm. The EDS analysis results in Fig. 6b–d
showed that the bonding interface of the transition layer
contained elements Cu, Zn, and Fe. The former two
accounted for a large total proportion, while the latter held
a small proportion. This was because the melting point of
H62-brass was about 930 °C, while that of Q235B-steel
was about 1490 °C. Therefore, a large amount of brass
was melted in the explosive cladding, while little steel was
fused. Although these three elements showed unstable pro-
portions in the transition layer, the relative ratio of Cu to
Zn was basically the same with that of Cu to Zn in the
H62-brass.

By combining the binary phase diagrams of Cu-Zn,
Cu-Fe, and Fe-Zn in Fig. 7, it was known that when Fe
held a small proportion, Fe would dissolve into α-Cu
(Zn) to form α-Cu (Zn, Fe) supersaturated solid solu-
tions; when it accounted for a large amount, Cu and Zn
would dissolve into γ-Fe (C) to generate γ-Fe (C, Cu,

Zn) solid solutions, which would turn into α-Fe (C, Cu,
Zn) supersaturated solid solutions when they were
rapidly cooled. As the center of the transition layer
was cooled slowly, Fe3C would be separated out in this
area.

For the bonding interface with narrow transition layer
(Fig. 6e), the compositions of elements suddenly
changed in the bonding interface. This is because
at the moment of explosive cladding, fresh and clean
metal surface was exposed on the bonding interface un-
der the scouring of the metal jet. Under the effect
of high temperature and pressure generated by detona-
tion, a thin transition layer was formed between the two
metal surfaces. Unapparent diffusion phenomenon
occurred to the elements in both sides of the bonding
interface at a short distance.

Fig. 7 Binary phase diagrams of a Cu-Zn; b Cu-Fe; and c Fe-Zn [37]

Fig. 8 Microhardness profile across the interface in the H62/Q235B clad plate
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3.2 Microhardness of the bonding interface
of the H62/Q235B clad plate

The micro Vickers hardness was measured for the typ-
ical region selected in the bonding interface. Fifty-one
measurements from 17 points (3 measurements
from each point) were taken from the flyer plate to
the base plate, as shown in Fig. 8. As can be seen,
the microhardness of the H62-brass and the Q235B-
steel far away from the interface was 85 and 165
HV on average, respectively. While the base metals of
H62-brass and Q235B-steel adjacent to the transition
layer showed the microhardness values of around
203.7 and 210.5 HV, separately. The microhardness
at the measured position in the transition layer reached
up to approximately 213.4 HV. In the light of the analysis
of Fig. 6 above, the main structural components in the
transition layer were α-Cu (Zn, Fe), α-Fe (C, Cu, Zn) su-
persaturated solid solutions, and Fe3C. Owing to the
existence ofthese hard phases, the hardness of the transi-
tion layer was obviously higher than that of the base
metals.

The microhardness of Q235B-steel was found to re-
duce firstly and then rise up before finally decreased to
the average hardness of the base metal from the side
near the transition layer to the inner base metal. On
the one hand, the region near the transition layer
was recrystallized owing to severe plastic deformation
under the impact of explosive and grains therefore were
fined (Fig. 4d). Meanwhile, severe plastic deformation
also significantly improved the dislocation density
of this region [38, 39]. Therefore, obvious work hard-
ening phenomena happened in this region, giving
risexto higher microhardness than that of the base metal.
On the other hand, the region close to the interface

was also subjected to the annealing effect of explosive
cladding heat and therefore partial work hardening
phenomena were eliminated in the region adjacent
to bonding interface, thus reducing the microhardness
in the annealing region [40].

3.3 Shear test

Figure 9 shows the typical shear stress-displacement
curves obtained from the shear tests. Since the bonding
interface was periodical wavy, the shear stress measured
was essentially the nominal bonding strength of the in-
terface of the clad plate. As can be seen, the maximal
nominal shear stress of the specimen 1# was merely
61.2 MPa and it rapidly reduced after yielding, showing
a small shear displacement less than 1 mm. While the
specimen 2# showed the maximal nominal shear stress of
97.4 MPa, the plastic deformation lasted for a long pla-
teau stage with the shear displacement being twice that
of the specimen 1#.

The morphologies and element distribution of the shear
fractures are shown in Fig. 10. As can be seen, the mac-
roscopic shear fractures presented periodical morphologies
which were composed of alternative flanges and grooves.
By combining Fig. 4, these flanges corresponded to the
bonding interface with narrow transition layer, while
grooves represented the bonding interface with wide tran-
sition layer. That is, the H62/Q235B clad plate was
cracked along the explosive wavy bonding interface when
it was sheared. Component analysis indicated that the frac-
tures were primarily composed of Cu and Zn, along with
little or no Fe. This suggested that the clad plate was
stripped along the soft wavy bonding interface in the
shear test, that is, the side near the brass. By observing
the microstructure of the fractures, the grooves primarily
presented lamellar cleavage fractures, showing that this
region (bonding interface through wide transition layer)
was weakly bonded. A large number of dimples were
distributed in the flange region, revealing that this re-
gion (bonding interface with narrow transition layer)
was well bonded. In addition, no obvious wavy mor-
phologies were found in the right part of the fractures
in the specimen 2#, while there were a large amount of
dimples and tearing ridges, showing more significant
ductile fractures.

Xie et al. [11] also observed the anisotropy of shear
property of explosive welded clad plates. They conducted
shear tests under the conditions that the angles between
shear direction and detonation direction were 0°, 45°, and
90°, respectively. The results showed that the bonding
joint exhibited the maximum shear strength when the an-
gle was 90°, while the minimum shear strength was ob-
served when the angle was 0°. However, they made no

Fig. 9 Shear stress-displacement curves acquired from the shear tests
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further analysis on the underlying mechanisms of this
phenomenon.

Figure 11 is given here to illustrate how the relative
angle between the shear load direction and the detonation
wave direction influence the results of shear tests.
According to the cross sections of shear fractures in
Fig. 11a, b as well as Fig. 6a, the waves in the bonding
interface of the H62/Q235B explosive clad plate were
basically jagged, especially in the side of the base plate.
The bonding status of the up and down waves was

shown in Fig. 11c, that was, the waves in the flyer plate
and base plate showed opposite forward directions and
therefore they were interlocked. Figure 11a illustrates
that the shear direction formed a positive angle with
the detonation of waves. That is, it acted along the di-
rection of detonation waves, represented by the shear
direction of F1 in Fig. 11c. Under such condition, sepa-
ration of the upper waves and lower waves was subject-
ed to small resistance so that the specimen 1# showed
low shear strength. Figure 11b demonstrates that the

Fig. 10 Morphologies and
element distribution of the shear
fractures
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shear direction for the specimen 2# formed a negative
angle with the direction of detonation waves, that was,
opposite to the direction of detonation waves (represent-
ed by the shear direction of F2 in Fig. 11c). In this
case, the peaks of those waves were scratched and the
separation of upper waves and lower waves suffered
from large resistance. The wave peaks of the metal in
the side of soft bonding interface were even completely
cut by those in the hard side (the right part of the
specimen 2# fracture in Fig. 10b). Therefore, the spec-
imen 2# showed higher shear strength.

3.4 Stratified tensile test

The macroscopic morphologies of the specimens before
and after the stratified tensile test were shown in
Figure 12a, while the stress-displacement curves of the
H62/Q235B clad plate from the stratified tensile test were
demonstrated in Fig. 12b. As demonstrated in the figures,
after H62-brass (layers 1–3#) was fractured, they showed
large elongation and their tensile strength was 355 MPa
on average. However, the elongation of Q235B-steel
(layers 5–7#) was smaller and the average tensile strength

was 503 MPa. In addition, the explosive bonding interface
(layer 4#) of the H62/Q235B clad plate showed similar
elongation to that of Q235B-steel after being fractured,
while its tensile strength (377 MPa) was slightly higher
than that of H62-brass.

Based on the observation of the macroscopic morphol-
ogies of the fractures of these layers after the stratified
tensile test, it was found that the bonding interface (layer
4#) showed different fracture surfaces to those of the base
metals of brass (layers 1–3#) and steel (layers 5–7#).
Its tensile fractures formed an angle of 45° with the ten-
sile direction. This is because in the stretching process,
the layer was cracked at weak positions at first. As
the stretching continued, cracks gradually extended.
Owing to the discontinuity of the deformation of the
metals in both sides of the bonding interface and the
low nominal shear strength of the bonding layer, cracks
extended along the direction of the maximal shear
stress (45°) until the layer was broken.

After the stratified tensile tests, the tensile fractures
of layers 1# (H62-brass), 7# (Q235B-steel), and 4# (bond-
ing interface) were observed using the SEM. The acquired

Fig. 12 a Morphologies of the
specimens and b the stress-
displacement curves acquired
from the stratified tensile tests

Fig. 11 Schematic of the
relationship between directions of
shearing and the waves
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morphologies of the fractures are demonstrated in
Figs. 13, 14, and 15.

According to Fig. 13, the tensile fractures of H62-brass
were composed of a large number of ductile fractures
and few quasi-cleavage fractures. The fractography primar-
ily consisted of cleavages and shallow dimples. This
is because H62-brass is a two-phase brass, that is, α and
β′ brass at room temperature. Thereinto, α brass is tough
and strong, while β′ brass is hard and brittle and merely
exists in local regions. Therefore, when H62 was
stretched, cleavage fractures merely occurred in partial
positions. On the whole, the brass still presented ductile
fractures which were composed of small dimples [41].

Based on Fig. 14, the tensile fractures of Q235B-steel
were typical ductile ones and the fractography was com-
posed of deep and large dimples. Second-phase precipi-
tates were also observed in some dimples.

By comparing Fig. 13 with Fig. 14, the cross section
of the fracture of brass was found to be larger than
that of steel, showing that the reduction of cross-
sectional area of H62 was smaller than that of Q235B-
steel.

In accordance with Fig. 15, after the bonding interface
of the H62/Q235B clad plate was broken, the fractures of

H62-brass were mainly composed of few cleavages and
numerous dimples, while deep dimples were the main
components of the fractures of Q235B-steel. The flyer
plate was basically separated from the base plate along
the wavy bonding interface and almost all the transition
layers between them were peeled off. The analysis
of Fig. 6 showed that there were a large number of
supersaturated solid solutions in the transition layers.
Owing to the notable inhomogeneity of the microstruc-
ture demonstrated in Fig. 4 and Fig. 6, the mechanical
property of explosive welded H62-brass/Q235B-steel
clad plate changed sharply at the vicinity of bonding
interface. As clearly shown in Fig. 8 and Fig. 12, the
yield strength and hardness of H62-brass were both
lower than that of Q235B-steel; meanwhile, the transi-
tion layer which was sandwiched between H62-brass
and Q235B-steel was composed primarily of hard super-
saturated solid solution, so when the clad plate
was stretched, the plastic strain near the H62/Q235B
interface was inhomogeneous, and the transition layer
could hardly balance the different strain on its both
sides. With the increase of tensile load, the mismatch
of plastic strain at the boding interface became more
and more serious, as well as the stress concentration

Fig. 13 Fractography of the layer 1# (H62) after the tensile test
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at the bonding interface, especially at the H62-brass/sol-
id-solution interface. As a result, the clad plate was
cracked along the bonding interface in the stretching
process when the tensile stress was great enough, and
most of the fracture existed in flyer plate, as shown in
Fig. 10.

4 Conclusions

In order to provide the essential data for the reprocessing
of H62/Q235B explosive clad plates, this study investigated
the inhomogeneity of the components, microstructure,
and mechanical properties of H62/Q235B clad plates.
The following conclusions were drawn.

1. The bonding interface of the H62/Q235B explosive
clad plate was periodical wavy. The two plates
were connected in two ways, that is, through wide
transition layers and narrow transition layer, respec-
tively. About 92 % of the total length of the bond-
ing interface consisted of the former, while the latter
only occupied approximately 8 % of the bonding
interface.

2. The major structural components in the transition
layer were α-Cu (Zn, Fe) and α-Fe (C, Cu, Zn) supersat-
urated solid solutions and Fe3C.

3. The average microhardness values of the base
metals of H62 and Q235B in the regions far
away from the interface were 85 and 165 HV, sep-
arately. The transition layer showed higher micro-
hardness about 213.3 HV. In the region near the
transition layer, owing to the dual action of force
and heat, the microhardness of the base plate
reduced firstly, then increased and finally decreased
again from the interface to the inner base metals.

4. When being sheared, the bonding interface cracked
along the transition layer in the side near the
brass. The fractures were periodical wavy with
flanges and grooves distributed. The shear strength
showed an obvious anisotropy. When the plate was
sheared along the detonating direction, the shear
strength was about 61.2 MPa, while the shear
strength was found to be 97.4 MPa when the plate
was sheared along the opposite direction, which was
59.2 % higher than the former.

5. Since the reduction of area of H62-brass was small-
er than that of Q235B-steel, the tensile fractures

Fig. 14 Fractography of the layer 7# (Q235B) after the tensile test
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were macroscopically inclined with an angle
of 45° owing to the discontinuity of the deforma-
tion. The bonding layer was cracked along the
wavy bonding interface. Under this condition, the
tensile strength was found between those of the base
meta ls of H62-brass and Q235B-s teel . The
fractography was mainly represented by ductile
fractures.
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