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Abstract

Defects would occur in the weld joint of the wheel rims during the post-flash butt welding (FBW) process suffering from
poor plasticity, which will deteriorate the quality and lifecycle of finish products. Therefore, the FBW process of the 440CL
high-strength-low-alloy (HSLA) steel was physically simulated and the influence of flash parameters on FBW joints was
systematically evaluated in this study. The results showed that the width of heat affected zone increased with accumulated
flash allowance (§;) while declined with accelerated flash speed (v¢). The recrystallization level would be intensified with
increased &;. Meanwhile, the acceleration in v; populated the WZ with a more homogeneous microstructure, higher recrys-
tallization degree and lower dislocation density. The hardness in WZ slightly reduced (202 — 195 HV) as increased d; but
obviously dropped (192 — 177 HV) as increased v;. All tensile samples were fractured at the BM location and the tensile
properties of FBW joints exhibit a good match with those of BM, with a slight increase in strength (UTS: 468 ~493 MPa;
YS: 370 ~403 MPa) but a mild decrease in plasticity (EL: 39 ~44%; RA: 74 ~79%). Furthermore, both the joint strength and
ductility showed a downward tendency with the increment of ;. However, the strength slightly decreased while the ductility
increased with the advancement of v;. These findings would be valuably referential to the real FBW of HSLA steels with
optimized microstructure and mechanical performance.
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1 Introduction

As an important part of resistance welding technology, the
flash butt welding (FBW) process is extensively applied in
transportation and oil pipeline industries, including join-
ing railway tracks, automotive wheel rims, vessel mooring
chains and line pipes [1-4]. During the FBW process, the
contact surfaces of workpieces will be rapidly heated to
melt and join through resistance heat generated by the heavy
transient current, while one side is fixed, and the other
side is tightened by a movable clamp for subsequent upset
action. Once the metal behind the contact surface has been
sufficiently heated to guarantee adequate plasticity, the flash
current will be stopped and the movable clamp will apply
greater force to butt the contact surfaces together so that the
molten oxides and impurities could be squeezed out of the
joint [2, 5-7]. Theoretically speaking, FBW is a combina-
tion of melting and forging processes that produce welded
joints with superior mechanical performances comparable
to the base metal, as well as possesses various advantages
of high welding efficiency, sound welding formability, and
is independent of additional filler wire [8—10].

In the past few decades, with the continuous advance-
ment of production technology and the overall enhance-
ment of safety and environmental awareness, the automo-
bile lightweight become the focus of the entire automotive
industry [11]. Consequently, the expectation of improving
material performance, energy efficiency and cost-effectiveness
has become the overall goal of the automotive indus-
try. The application of high-strength low-alloy (HSLA)
steel is very extensive and indispensable in the automo-
tive lightweight industry especially for the application of
truck wheel rims, benefiting from their performance char-
acteristics including high strength and toughness, superior
resistance to brittle fracture and corrosion [12-16]. As an
efficient and commonly used joint operation, FBW tech-
nology exerts a vital influence in determining the forming
quality and service life in the manufacture of automobile
rims. Thereinto, the variation of key welding parameters
is the crucial factor directly affecting the microstructural
evolution and mechanical performance of the FBW joints.
Ziemian et al. [17] evaluated the significance of flash and
upset sequences on microstructure, inclusion and mechani-
cal characteristics of ASTM A529-Grade 50 steel FBW
weld joints. The strength and defects of the welds are
highlighted to be sensitive to parameters of flash duration,
upset allowance and current. Shi et al. [18] comprehen-
sively studied the influence of upset allowances on the
quantities of inclusions with flash welding duration fixed
and revealed that excessively short and long upset allow-
ance will exert a detrimental effect on the breaking force.
Siddiqui et al. [5] developed a computational fluid dynam-
ics-based model to analyse the alumina inclusion behaviour
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during AC flash welding and found that the whole inclusion
motion would be significantly affected by upsetting param-
eters. Wang et al. [19] the effects of the electrode feeding
mode on the heating uniformity of the end face through a
combination of numerical simulation and experiment and
demonstrated that the skin effect is prominent once the AC
passes through the low-temperature variation zone. Xi et al.
[9, 20] systematically investigated the influence of flash
and upset allowances on the characteristics of RS590CL
welds and recommended the optimal range for obtaining
high-quality FBW joints. Lu et al. [21] assessed the effect
of FBW parameters on the microstructures, mechanical
properties and post-formability of BS90CL welded joints
and the fracture mechanisms in the practical production of
the BS90CL wheel rims. Shajan et al. [22, 23] established
the correction between the upset pressure, texture evolution
and toughness of the micro-alloyed flash butt joints, pro-
viding a new perspective to explain how the upset pressure
impacts the final performance. Shajan et al. [24] investi-
gated the effects of post-heat treatment on the microstruc-
ture and toughness of FBW HSLA steel and found that
recrystallization could be effectively induced by applying
1000 °C for a duration of 5 s, contributing to an improve-
ment in weld zone toughness. On the whole, the above
investigations imply that the influence of parameters on the
performance of FBW joints is mainly realized by affecting
the thermodynamic cycles.

During the wheel rim production process, cracks or thin-
ning would occur in the weld joints in the post-weld process
including bulging and flaring suffering from poor plasticity,
which will deteriorate the quality and lifecycle of finish prod-
ucts. The abovementioned issue would be predominant with the
increase in steel strength grades. In this investigation, a physical
simulation method was utilized to study the microstructural
and mechanical evolution of the flash butt-welded HSLA steel
because it features a reduction in work time and raw material,
and it will not disturb the site production. To visually present
the differences in thermodynamic cycles with the variation of
parameters, FBW processes of HSLA steels with different flash
parameters were conducted on Gleeble 3500 thermomechanical
simulator. The purpose of the present investigation is to evalu-
ate the influence of flash allowance and speed on the thermo-
dynamic cycles, microstructure and mechanical performance
of 440CL welds by controlling variables.

2 Experimental
2.1 Raw material
In this investigation, commercial hot-rolled 440CL strips

(material standards: JT020-2015 and YB/T 4151-2006)
with a thickness of 6 mm were utilized as raw materials.
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Fig. 1 a As-received microstructure, and b calculated phase diagram of the 440CL HSLA steel

The microstructure and phase diagram of the aforemen-
tioned material are shown in Fig. 1a, b, respectively. The
as-received microstructure consists of major F (ferrite) and
minor P (pearlite). P band structure formed along the roll-
ing direction (RD), mainly derived from dendritic segrega-
tion and carbon enrichment in the molten status and then
stretched along RD during the rolling process. Through
the phase diagram calculated by Thermo calc software, the
Ac, and Ac; temperatures were estimated to be 672 °C and
852 °C, respectively. The chemical composition is listed in
Table 1.

2.2 FBW physical simulation process

The FBW experiments were conducted on Gleeble 3500
thermo-mechanical simulator, as shown in Fig. 2a.
Figure 2b shows how a pair of specimens with a dimen-
sion of 70 mm X 10 mm X 6 mm (length X width X thickness)
were assembled with clamps in this simulator. To accurately
simulate the real welding process, the thermal cycle was
controlled through spot-welded thermocouples 10 mm
away from the contact surface. During the FBW process,
sample pairs were firstly heated to 1250 °C with a heating
rate of 250 K/s and then went through flash and upset steps
in sequence, followed by air cooling. These parameters are
from the data collected by the flash butt welding company
on-site and provided by HBIS group. To separately evaluate
the effects of flash allowance (8;) and flash speed (v;) on the

thermomechanical cycle, weld formability, microstructure
evolution and mechanical properties of welded joints, 4 sets
of pairs were welded using different &; values ranging from
6 to 12 mm, and 5 sets of pairs were welded by varied v,
values from 1 to 9 mm/s, while other key parameters were
kept constant referring to the actual FBW situation. Table 2
summarizes the parameter details of each experimental set.
Note that each set of tests was repeated four times to obtain
four FBW joints, one for microstructural and hardness detec-
tion, and the others for tensile tests.

2.3 Characterization strategies

To clearly observe the transition of microstructure and
hardness from the weld interface zone (WZ) to base metal
(BM), the cross-sectional samples were extracted perpen-
dicular to the welding direction from the welding joints, hot-
mounted, ground with SiC paper down to 4000 grit size,
polished to a 1-pm finish using the red diamond suspen-
sion and then etched with 4 vol% Nital solution. The cross-
sectional morphologies and microstructure at different zones
of the joints were captured by Leica M205A Stereo Micro-
scope and Leica MMRM light optical microscope (LOM),
respectively. In-depth microscopic analysis was conducted
using the JEOL JSM-7001F field emission gun scanning
electron microscope (SEM) equipped with an electron
backscatter diffraction (EBSD) detector with a magnifica-
tion of X 250 and a step size of 0.9 um. The obtained data

Table 1 Chemical composition

Steel C
of 440CL HSLA steel (wt%)

Mn Si

Al Cr Ti P S Nb N Fe

440CL  0.08 1.188 0.06

0.025 0.017 0.017 0.014 0.009 0.007 0.005 Bal
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Fig.2 a Gleeble 3500 thermo-
mechanical test simulator,

and b sketch map shows the
assembling relation between
specimens and clamps

was post-analysed by HKL Channel 5 software. The micro-
hardness profiles were acquired by the Matsuzawa Via-F
automatic Vickers Hardness Tester. The room-temperature
tensile properties were evaluated through the Instron 8804
machine with a strain rate of 1 mm/min and a loading direc-
tion perpendicular to the weld direction. Whereafter, the
fracture modes were determined by SEM.

3 Results and discussion
3.1 FBW thermal and mechanical histories

Figure 3 displays the weld thermal and mechanical cycle
curves measured by thermocouples on conditions of vary-
ing O; and v¢ values. By comparing the thermal history at
varied d; and v, (Fig. 3a, b), the high-temperature duration
prolonged from 6.217 to 12.217 s as increased d; from 6 to
12 mm while the high-temperature duration narrowed from
10.217 to 1.328 s with accelerated v; from 1 to 9 mm/s. As
the distance between the measuring point and the contact
surface is constantly shortened with the advance of the flash
stage, and the temperature is controlled through the measur-
ing point in this experiment, the actual temperature of the

Table 2 List of FBW parameters concerning the effect of flash allow-
ance and speed

No. Flash allowance Flash speed  Upset allowance Upset

(mm) (mm/s) (mm) speed
(mm/s)
1# 1 6.5 30
2# 1 6.5 30
3# 10 1 6.5 30
4# 12 1 6.5 30
S# 10 2.5 6.5 30
6# 10 5 6.5 30
T# 10 7 6.5 30
8# 10 9 6.5 30
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contact surface will continue to rise with the increase of
the flash time, indicating that a larger d; or a slower v; may
generate more heat input during the welding process. By
comparison with the force—time profiles in different d; and
v, situations, samples with larger 8; will bear axial pressure
for longer (Fig. 3c) while samples applied with higher v, will
be subject to higher axial pressure with a shorter duration
(Fig. 3d). An increase in &; contributes to the broadening in
the width of the plastic zone which also implies the intensi-
fied heat input while an acceleration in v; will shrink the
heating zone and increases the difficulty of plastic deforma-
tion [25].

3.2 Macro morphologies of FBW joints

Figure 4 captured the representative macrographs of sam-
ples after FBW on conditions of various d; and v; val-
ues. Distinctly extruded metal with burrs is carried on
the contact face. Through comparing samples 1# ~ 4#, it
is clear that the overall length of welded specimens gen-
erally reduced with the increase of 6;. Generally speak-
ing, on the basis of guaranteeing decent welding form-
ability and performance, the less the raw material loss,
the smaller the theoretical and actual dimension devia-
tion of the processed wheel rim. Therefore, a smaller &;
will be preferred under the condition that the difference
in welding performance was not obvious. According to
the evolution of microstructural characteristics across the
weld joint, 3 typical zones could be divided: WZ, coarse-
grain heat affected zone (CGHAZ), and fine-grain heat
affected zone (FGHAZ), as shown in Fig. 5a. No macro
defect including cracks or pores could be detected across
the weld joints implying the welding conditions are reli-
able [26]. Here, the WZ is too narrow to be accurately
measured; therefore, the influence of flash parameters on
the macrostructure was only compared via the width vari-
ation in HAZ. The extremely narrow WZ is formed by the
retained liquid metal while the most liquid one splashed
out of the contact surface during the flash stage. To make
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Fig.3 Measurement profiles of the FBW thermal and mechanical cycles recorded at different flash allowances (a, ¢) and flash speeds (b, d)

the comparison more convincing, three positions includ-

ing the upper surface, central

and lower surface along the

welding direction were checked. By measuring, the width

Fig.4 Representative macro-
graphs of welds processed with
different &; and v; values

of CGHAZ and FGHAZ generally increased regardless
of positions with increased &;, which is mainly related to
larger heat inputs and grain coarsening (Fig. 5b). However,
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Fig.5 Low-magnification
microstructure of the seam
welds in different parameter
cases (a and b)
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the width of CGHAZ and FGHAZ generally decreased
as the v; accelerated, due to the narrowed heating zone
(Fig. 5¢). 9; represents the shortened length of the work-
piece during the flash stage, which is positively correlated
with the heat input. Under the appropriate &, at the end of
the flash stage, a liquid layer with a certain depth would be
formed at the joint interface if an optimum &, is applied,
possessing enough ability to bear plastic deformation and
facilitate the following upset stage [20]. Besides, v; has
a reverse correlation with high-temperature duration and
heat input but a positive correlation with plastic defor-
mation. Therefore, only if an appropriate 8; and v; are
applied, the joints would undergo moderate plastic defor-
mation without significant grain coarsening, resulting in
the minimum width of HAZ.

3.3 Microstructural evolution of FBW joints

To show the microstructural evolution across the weld joint
more intuitively, light optical micrographs (LOM), grain
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boundary misorientation angle distribution maps (GBMA)
and geometrically necessary dislocations maps (GNDs) at
WZ, CGHAZ and FGHAZ of specimen 1# are displayed
in Fig. 6a—i. Low-angle grain boundaries (LAGBs) with a
misorientation angle of 2° <0< 15° consist of an array of
dislocations. A boundary misorientation lower than 2° is
not considered due to the unreliable identification since the
EBSD technique suffers from a lower angular resolution
[27]. High-angle grain boundaries (HAGBs) with a misori-
entation angle of 8> 15° could be viewed as an indicator
showing the recrystallisation degree [28]. The formation
of GNDs originates from the stored dislocations related to
the non-uniform deformation, which creates a shear gradi-
ent giving rise to lattice rotation and net Burgers vector
for sets of dislocations [29]. The mean GND density could
be calculated from local average misorientation to further
evaluate the stored energy. The corresponding grain size
distribution, misorientation angle distribution and GND
density distribution were further compared in Fig. 6j-1.
The microstructure of WZ shown in Fig. 6a exhibited a
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Fig.6 Microstructural evolution across the 1# weld joint: light
optical micrograph (LOM), grain boundary misorientation angle
(GBMA) map and GND map taken at WZ are represented in (a), (b)
and (c), respectively. LOM, GBMA and GND maps taken at CGHAZ
are displayed in (d), (e) and (f), respectively. LOM, GBMA and GND

combination of various ferritic morphologies including
acicular ferrite (AF), bainite ferrite (BF), and primary fer-
rite (PF), and Widmanstitten ferrite (WF) detectable. The
local peak temperature in WZ was well above Ac3, leading
to the BM being completely austenitized and transformed
into PF via reconstructive transformation and other ferrites

maps taken at FGHAZ are displayed in (g), (h) and (i), respectively.
Comparisons of grain size distribution, GB angle distribution, and
GND density distribution at three representative maps are exhibited
in (j), (k) and (1), respectively

via shear transformation. Compared to the PF with a typi-
cal equiaxed shape, the AF could be characterized by spic-
ulate fine grains with multiple orientations while the BF
usually possesses lath-like morphology. Concerning WF,
it normally stems out from the grain boundary ferrite if the
movement of the planar growth front slowed down [30].
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The GBMA map taken at WZ shown in Fig. 6b reveals
that the LAGBs indicated by blue solid lines occupied
a major proportion compared with the HAGBs indicated
by black solid lines and are inclined to distribute in other
ferrite grains except for PF. Similarly, higher GND density
was found to spread over in AF, BF and WF compared
with PF (Fig. 6¢). This similarity can be attributed that
the LAGBs are regarded as sequences of dislocations with
certain orientations. A comparatively low GND density
within PF grains is mainly because they had experienced
fully recrystallized phase transformation at high tem-
peratures with sluggish cooling rates [31, 32]. However,
regions within PF grains at neighbourhood boundaries of
other ferrite grains revealed slight GND densities. Such
dislocations were generated and accumulated during the
formation of AF, BF and WF with shape changes in the
transformed zones [33]. Therefore, corresponding plastic
deformation is induced in the PF to accommodate these
geometrical changes, which causes the dislocation accu-
mulation [34]. The microstructure of CGHAZ is quite sim-
ilar to that of WZ but with more PF and a finer overall size
of 8.2 pym compared with the grain size of 10.4 pm in WZ
(Fig. 6d, j). Besides, the LAGBs’ proportion in CGHAZ
was calculated to be 61.4%, which is 10.9% smaller than
that in WZ (Fig. 6e, k). Accordingly, the average GND
density in CGHAZ was determined to be 2.43 x 10 m~2,
which is slightly lower than that of 2.51 x 10 m~2in WZ
(Fig. 6f, 1). This can be explained by a higher local peak
temperature and severer plastic deformation taking place
in WZ during the FBW process, leading to more dynamic
recrystallization and dislocation accumulation in this area
than in CGHAZ [9]. Also, during solidification, the molten
material in WZ will be constrained between the contigu-
ous solid counterpart that can hardly contract or expand,
inducing the accumulation of thermal stresses and further
the pile-up of dislocations [30]. By contrast, the FGHAZ
show a considerable difference in microstructure, which
consists of PF and a small quantity of AF and P with a
further refined average grain size of 7.9 um (Fig. 6g, j). In
FGHAZ, the local peak temperature would be between Ac;
and Ac;, so that only partial PF and P were austenitized
and on cooling transformed to AF during FBW. Certainly,
a relatively low local peak temperature in FGHAZ con-
tributes to the refinement of grain size. It is clear from
Fig. 6h, k and I and I that the LAGBs proportion and the
average GND density both became smaller in FGHAZ
when compared to the counterparts in WZ and CGHAZ,
which is because the FGHAZ experienced minor plastic
deformation during the FBW process [22].

To evaluate the effects of flash parameters on the micro-
structural evolution, the weld microstructures in WZ,
CGHAZ and FGHAZ for different 8; and v; values are
compared in Fig. 7. Overall speaking, the variation in flash
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parameters exerts little influence on the microstructure con-
stitution: WZ mainly consisted of a typical coarse solidifica-
tion structure including AF, BF, PF and WF; the CGHAZ
possesses similar microstructural composition with WZ
but much finer; the FGHAZ is composed of refined PF, AF
and P. On the contrary, the influence of flash parameters is
mainly reflected in the proportion of different ferrite types
and grain sizes. With the increase of d;, the area fraction of
PF and WF increased while AF and BF decreased in WZ, as
shown in Fig. 7al-d1. Also, the same phenomenon occurs
in the CGHAZ with the accumulation of &;, as shown in
Fig. 7a2—d2. On the impact of flash speed, the content of PF
increased while the fraction of AF, BF and WF decreased in
WZ and CGHAZ with accelerated vy, as shown in Fig. 7cl,
el-hl, c2, e2-h2, respectively. These microstructure evo-
lutions in WZ and CGHAZ are highly influenced by the
heat input and plastic deformation during the FBW process.
The welding heat input is positively correlated with &; and
negatively related to v;. As the §; increases, the consequently
increased high-temperature duration enables the prior aus-
tenite (PA) grains to grow up and coarsen. When the FBW
samples cooled below Ac,, proeutectoid ferrite nucleates at
PA grain boundaries and grows into reticular allotriomor-
phic ferrite since the growth rate of ferrite along the PA
grain boundary is much faster than inwards, and with the
longer high-temperature duration, the proeutectoid ferrite
gradually increases and widens, and then transformed into
massive PF within PA grains. Although a larger v; would
result in a smaller heat input, a severer plastic deformation
would be arisen during high temperature, leading to the
aggravation of dynamic recrystallization and thus promot-
ing the nucleation and growth of PF [31]. Additionally, the
transformation from PA to WF is principally a displacive
transformation with the carbon diffusion-controlled growth
rate [35]. A higher heat input encouraged by longer 6; or
lower v; in the welding process will be more beneficial to
the carbon diffusion, thus the WF will be more in favour
of nucleating and growing up from the resulted coarse PA
[36]. Furthermore, the AF proportion in FGHAZ mildly
increased with increased &; (Fig. 7a3—d3) while gradually
decreasing with increased v; and nearly disappeared when
the v; exceeds 7 mm/s (Fig. 7¢3, e3-h3). This is because
high heat input induced by large d; or low v; will increase
the local peak temperature, leading to more proportion of PF
and P from BM being austenitized and then transformed into
AF. Therefore, it is more likely that the local peak tempera-
ture at FGHAZ is too close to Ac; to enable the nucleation
of AF to transform from the parent microstructure once the
v; is faster than 7 mm/s.

To further investigate the effects of flash parameters
on the grain morphology, distributions of misorientation
angle and dislocation density, EBSD was performed on
WZ and CGHAZ of the welded samples processed with
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Fig.7 LOM images in WZ,

CGHAZ and FGHAZ of sam- ,( al)l.;;x' e w
ples processed with different . /;gk W

flash parameters: al-a3 sample
1#; b1-b3 sample 2#; c1-¢3
sample 3#; d1-d3 sample 4#;
el-e3 sample 5#; f1-f3 sample
6#; gl-g3 sample 7#; h1-h3
sample 8#
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varied O and v; values, as shown in Figs. 8 and 9. Need to
note, all the EBSD maps taken at CGHAZ were scanned
at the same distance from the weld line. According to the
image analysis obtained by these EBSD maps, compari-
sons on grain size, misorientation angle transition and
GND density of samples with different parameters are
presented in Fig. 10.

By comparing the IPF maps and GB maps taken at WZ
of welded samples 1#, 3# and 4# shown in Fig. 8a, b, d, e,
h, g), it can be speculated that the irregularly polygonal-
shaped grains without dense transgranular LAGBs repre-
sent PF and became coarser with a smaller aspect ratio as
increased d;. Besides, the grain clusters with densely dis-
tributed LAGBs interiorly refer to AF, BF or WF, and their

Fig.8 EBSD analysis including inverse pole figure (IPF) maps, mis-
orientation angle distribution maps, and GND density distribution
maps taken at WZ of samples processed with different flash param-
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eters: a—c 1#; d—f 3#; g—i 4#; j-1 6#; m—o 8#. The crystal orientation-
colour relation map corresponds to the colour-coded stereographic
triangle IPF



The International Journal of Advanced Manufacturing Technology (2022) 122:639-658 649

ND density /m?

G
|
(o]
>
[
o
-
'S

Fig.9 EBSD analysis including IPF maps, misorientation angle maps and GND density distribution maps taken at CGHAZ of samples pro-
cessed with different flash parameters: a—c 1#; d—f 3#; g—i 4#; j-1 6#; m—o 8#

proportion decreased slightly with the increase of d;. Like-
wise, the GND density was found higher within these grain
clusters and became smaller over &y, as implied in Fig. 8c,
f, i. According to the variation in grain size quantitatively
plotted in Fig. 10a, the mean grain size in WZ underwent a
mild down-and-up trend with the accumulation of &y, show-
ing a negative correlation with the proportion of fine grains

(* 10 pm). Furthermore, the overall LAGBs’ fraction and
GND density in WZ slightly reduced with the increment
of d; statistically indicated by Fig. 10c, e, respectively. It is
known that the co-presence of high temperature and severe
strain during FBW will compel the weld joints to experi-
ence dynamic recrystallization [37]. The recrystallization
processing level would be intensified when applying a higher
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heat input which could be caused by increased oy, leading to
the increase in the fraction of HAGBs and the decrease in
dislocation density. A comparatively smaller average grain
size detected in WZ of sample 3# (6,= 10 mm) could give
the credit to less extra coarse grain fraction that stemmed
from the further homogeneous growth of the recrystallized
grains.

Meanwhile, the acceleration in v; populated the WZ with
more homogeneous grains accompanied by a smaller aspect
ratio, more HAGBs distributed and lower dislocation den-
sity, as indicated by samples 3#, 6# and 8# shown Fig. 8d—f,
J-1, m—o, respectively. Especially when the v; speeds up
to 9 mm/s (sample 8#), the majority of the grains are near
equiaxed and the LAGBs are no longer dominant obvi-
ously. According to the grain statistics shown in Fig. 10a,
the average grain size showed up an upward trend while the
small grain proportion greatly dropped by around 8% when
the v; was added to 9 mm/s. The LAGBs’ fraction sharply
reduced from 72 to 58% and the GND density declined from
2.42%10"/m? to 1.85x 10'*/m? as the v; increased from 1
to 9 mm/s, as shown in Fig. 10c, e, respectively. It has been
reported that a decrease in PA grain size induced by lower
heat input may budge the CCT curve towards shorter cooling
duration and higher temperature to favour the transforma-
tion of PF [31]. Therefore, more PF transformed at WZ dur-
ing solidification with faster v; causes these microstructural
trends.

Since CGHAZ is just adjacent to WZ, the comparatively
lower local peak temperature and slower cooling rate still
caused the evolution of various ferrites with a finer size simi-
lar to those in WZ, as shown in Fig. 9. The mean grain size
exhibited an upward trend, while the small grain proportion
showed a downward tendency with the advancement of d;, as
reflected by Fig. 9a, d, g and the corresponding statistics in
Fig. 10b. This is because a higher heat input would arise at
larger d; that will be in favour of grain coarsening. Likewise,
a similar trend in the average grain size and fine grain frac-
tion with the acceleration of v; was observed, as shown in
Figs. 9d, j, m and 10b. Generally, a smaller heat input will be
generated at a faster v, which would be supposed to refine
grain size. However, the acquired microstructure at higher v
showed more presence of PF confirming a shrunken heating
zone overrode other factors in affecting the final microstruc-
ture and average size. The fraction of LAGBs experienced
a continuous reduction both with the increase of &; and vy,
as shown in Figs. 9b, e, h, k, n and 10d. Furthermore, the
variation of GND density showed a similar tendency as the
LAGBs’ proportion with the increment of 5; and vy, as indi-
cated in Figs. 9c, f, i, 1, o and 10f. These tendencies can
be explained by the increased volume fraction of the fully
recrystallized PF phase with quite a low dislocation density.

Generally speaking, the heat input increases with an
increase in d; and a decrease in v;. An appropriate &; should

guarantee that a molten metal layer formed on the end face
of the whole workpiece at the end of the flash stage and
the plastic deformation temperature could be achieved at
a certain depth. If excessively small 8; could not meet the
above requirements, therefore, the welding quality will be
affected. Exaggerated d; will cause a waste of raw materials
and a reduction in productivity. An optimum v; should be
fast enough to ensure the intensity and stability of the flash.
However, if the v; is too large, the heating zone will be too
narrow, which will increase the difficulty of plastic deforma-
tion. Meanwhile, the welding current will be increased in
that circumstance, leading to an increase in the nozzle depth
after lint beam blasting, and the deterioration of the weld
joint quality. Hence, an optimum heat input could achieve
sufficient metal flow and adequate plastic deformation, con-
sequently, contributing to a defect-free weld joint. Moreover,
the optimum heat input could produce a fine recrystallized
grain structure accompanied by sufficient dislocation density
to ensure an optimal match of strength and plasticity [38].

3.4 Microhardness transition across FBW joints

The variation in microhardness transition at the upper,
central and bottom of the plate thickness across the weld
line regarding different flash parameters is plotted in
Fig. 11a—h. From the hardness transition profiles, it can
be observed that the microhardness trendline is roughly
symmetric and similar at different parameters: the micro-
hardness value reached the maximum at or near the WZ
and then decreased toward the base metal (~ 150 HV). The
hardness is higher in HAZ than BM except for a slightly
low ebb observed at the transition zone to BM at sample
8# with a v; of 9 mm/s. For the rest, the softening phenom-
enon was not detected in the HAZ of samples processed
with other parameters. According to the comparison of
microhardness transitions over 8; shown in Fig. 11i, the
hardness value of WZ is around 202 HV at ;=6 mm and
slightly reduced to 195 HV when §; reached 12 mm, which
is 1.3 ~1.35 times harder than that of BM. The hardness
in WZ slightly decreased with the increment of v; from 1
to 5 mm/s. Whereafter, a steep drop has been seen in the
hardness value of WZ from 192 to 177 HV when the v;
speeds up from 5 to 9 mm/s, as can be seen in Fig. 11j.
Several factors exert an essential role in contributing to the
hardening of WZ, including strain localization, substruc-
ture and phase transformation [30, 39]. The strain localiza-
tion induced by residual stresses and microstructural het-
erogeneity generated during the FBW process would be
conducive to the increase in hardness. The accumulation in
substructure boundaries will also contribute to obstructing
the movement of dislocations, therefore, would be attrib-
utable to the improvement in hardness [33]. Furthermore,
the ferrite transformation including the development of
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Fig. 11 Microhardness transitions across the weld line regarding different flash parameters: a—h comparisons on the microhardness transition on

the weld joints processed with different &; and v; values (i—j)

AF and BF is highly correlated to the hardness variation.
Compared to the PF which is normally viewed as a fully
recrystallized phase, AF mostly nucleates at deformed PA
and is known to be an ideal structure with high strength
and good toughness assured [40]. The BF that transformed
at lower temperatures and faster cooling rates is known
to have higher dislocation density and hardness than PF
as well. Therefore, an increase in §; would enable more
high-temperature duration to promote a dynamic recrys-
tallization process that causes the reduction in AF and BF
fraction in the fusion region and further results in hard-
ness declining of WZ. However, an over acceleration in v
will narrow the heating zone and increase the difficulty of
plastic deformation, thus confining the nucleation of AF
and BF to achieve a decrease in hardness.

3.5 Tensile properties of the FBW joints

Figure 12a, d display the strain—stress curves of welded joints
processed with different &; and v; that were gained from the
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ambient uniaxial monotonic tensile tests. In the elastic strain
stage, the slope of the strain—stress curves showed little vari-
ation indicating there is no obvious difference in stiffness as
the flash parameter changes. The yield point is noticeable for
all welding conditions due to the nitrogen and carbon inter-
stitial atoms pinning/unpinning dislocations [41]. Besides,
in the plastic strain stage, obvious changes in strain—stress
behaviour could be observed that specimens start yielding at
lower strains with the increase of 8; and v;. To better reveal
the influence of flash parameters on the variation in plas-
ticity and strength, the plasticity including elongation (EL)
and area of reduction (RA) and the strength including yield
strength (YS) and ultimate tensile strength (UTS) for the
different FBW conditions were obtained and compared in
Fig. 12b, c, e, f). For better comparison, the tensile proper-
ties of the material in as-received status were also detected
using the same strain rate, and the EL, RA, YS and UTS were
determined to be 45%, 79%, 362 and 466 MPa, respectively.
The tensile properties of FBW joints exhibit a good match
with those of BM, with a slight increase in strength (UTS:
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468 ~493 MPa; YS: 370~403 MPa) but a mild decrease in
plasticity (EL: 39 ~44%; RA: 74 ~79%). The reduction in
ductility could be explained by a local compromise resulting
from the strain localization due to the microstructural hetero-
geneity and residual stress induced by FBW. Furthermore,
both the joint strength and ductility showed a downward
tendency with the increment of 8, which could ultimately
attribute to higher heat input. Increasing quantities of WF
will nucleate while the transformation of fine AF and BF
will be further inhibited when the heat input is excessive,
resulting in the mild degradation of strength and plasticity
simultaneously. Furthermore, according to the grain refine-
ment strengthening and dislocation strengthening mecha-
nisms, finer average grain size and smaller dislocation den-
sity obtained by increased &; would also contribute to the
enhancement in strength [42]. However, the strength slightly
decreased while the plasticity increased with the advance-
ment of v;. This is because less AF/BF with high dislocation
density will be generated but more PF will nucleate under
the circumstance of lower v; due to the narrowed heating
region during FBW, causing a decrease in strength but an
increase in plasticity. Even though the mean grain diameter
was refined with the acceleration in vy, the recrystallization
softening degree and decrease in dislocation density would
be fostered, leading to the tendency for improved plasticity
at a slight sacrifice of strength.

Flash speed [mm/s]

1 2.5 5 7 9
Flash speed [mm/s]

stress curves (c¢), corresponding ductility (d) and strength results (e)
of the FBW joints processed with different v,

After tensile tests, the microstructure of three sites (A,
B, C) outward from the fracture zone of all specimens is
checked and shown in Fig. 13a—h. The microstructure in
site A for all samples was determined to be composed of PF,
AF and P, which is the typical microstructure of FGHAZ.
The microstructure in site B mainly consists of PF and P
with insignificant deformation, belonging to the BM part.
However, the PF and P grains near the fracture (site C) are
severely stretched in the tension direction, where cracks are
initiated and propagated along the austenite grain bounda-
ries and possess an obvious directionality under axial stress.
Even though a great extent of necking took place by HAZ,
it still can be found that all tensile samples were fractured
at the BM location. This is reasonable and can be explained
from two aspects. On one hand, the basic microstructures of
BM are PF and P while the welding zone mainly consists of
BF and AF, and the strength of BF and AF is better than that
of PF and pearlite, leading to strengthening and premature
failure of the joints. On the other hand, the welding zone was
formed suffering severe plastic deformation and subsequent
recrystallization process; therefore, the deformation ability
is superior to that of BM.

The fracture surface morphologies of tensile specimens
processed with different flash parameters are displayed in
Fig. 14a-h. It can be found that the parabolic and equi-
axed dimples with different sizes and depths were the main
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Fig. 13 Microstructure observation near to far from fracture location A—C at the fractured tensile specimens processed with different flash

parameters: a 1#; b 2#; ¢ 3#; d 4#; e 5#; f 6#; g 7#; h 8#

feature in all welding conditions, which could be character-
ized as a typical ductile fracture. Some extent of tear marks
could also be seen on the boundaries of dimples, indicating
the occurrence of exaggerated plastic deformation during
the FBW process [21]. Besides, several spherical inclu-
sions could be observed at the base of some large and deep
dimples. The EDS map and point checking displayed in
Fig. 14i show that these inclusions are rich in Mn, Ca, S,
Al and O, which could be inferred as MnS, CaS and Al,Os.

@ Springer

The fracture mechanism is highly correlated to the differ-
ent expansion modes of the microvoids that existed in the
welded joints during the tension process. Due to the local
plastic deformation, micro-cracks initiated and propagated
at the interface of the second-phase particles, namely the
inclusions. Thereafter an internal shrinkage neck is gener-
ated in the local micro-region between the inclusion and
the matrix. When the neck reaches a certain extent, it will
suffer tear or shear fracture that forms the dimple fracture
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Fig. 14 Fracture morphologies taken at different magnifications
(100 x and 500 x) of tensile specimens processed with different flash
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morphology. According to different stress states, dimples
can be divided into orthogonal fracture dimples and shear
fracture dimples. Under the action of normal stress that is
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pings correspond to Fig. 14c at the magnification of 500X and EDS
point results correspond to locations A, B and C

evenly distributed on the whole surface of the fracture, the
micropores perpendicular to the principal stress grow up
evenly in all directions and finally form equiaxed dimples
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with small plastic deformation. Nevertheless, the shear and
tear stress, compel the micropores to bear uneven stress
during nucleation and growth, resulting in the formation of
parabolic dimples and increasing the plastic deformation. As
can be seen from Fig. 14, the tensile fracture of welded joints
under different flash parameters contains parabolic dimples,
equiaxed dimples and tearing edges, indicating the fracture
mechanism refers to a mixed ductile fracture of normal frac-
ture and shear fracture.

4 Conclusions

In this investigation, the FBW process of 440CL HSLA
steels was physically simulated and the influence of flash
parameters including &; and v, on the microstructure evolu-
tion and mechanical performance of FBW joints was sys-
tematically analysed. The following conclusions could be
summarised.

1. The CGHAZ showed similar ferritic morphology to
WZ but with more PF and a finer average size. The
FGHAZ showed considerable difference in microstruc-
ture, consisting of further refined PF and minor AF and
P. The highest LAGBs’ proportion and GND density
were found in WZ in comparison with HAZs resulting
from a higher local peak temperature and severer plastic
deformation taking place in WZ.

2. The width of CGHAZ and FGHAZ generally increased
with increased &; due to higher heat input and declined
with the accelerated v; due to the narrowed heating
zone. The fraction of PF and WF increased while AF
and BF decreased in WZ and CGHAZ as increased d.
With the acceleration of v, the PF content increased
while the fraction of AF, BF and WF decreased in WZ
and CGHAZ. The mean grain size in CGHAZ exhibited
an upward trend while the LAGBs fraction and GND
density experienced a continuous reduction with the
advancement of &; and vy.

3. The microhardness value reached the maximum at or
near the WZ and then decreased toward the base metal
(~150 HV). The hardness in WZ reduced from 202
to 195 HV when the d; increased from 6 to 12 mm. A
steep drop has been seen in the hardness value of WZ
from 192 to 177 HV when the v; speeds up from 5 to
9 mm/s. All tensile samples were fractured at the BM
location and the tensile properties of FBW joints exhibit
a good match with those of BM, with a slight increase
in strength (UTS: 468 ~493 MPa; YS: 370 ~403 MPa),
but a mild decrease in plasticity (EL: 39 ~44%; RA:
74 ~79%). Furthermore, both the joint strength and
ductility showed a downward tendency with the incre-
ment of &;. However, the UTS and YS slightly decreased
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while the EL and RA increased with the advancement
of v;. The fracture mechanism refers to a mixed ductile
fracture of normal fracture and shear fracture.

These findings are of great guiding significance in provid-
ing an appropriate process window concerning real produc-
tion in FBW of HSLA steels with optimized microstructure
and mechanical performance.
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