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Abstract: In this study, butt welds of QP980 steel were produced using small laser spot (0.1 mm)
oscillating welding. The effect of beam oscillation with a circular trajectory on weld morphologies,
microstructures, and mechanical properties was characterized. As the oscillating amplitude rose,
the energy accumulation range enlarged, and the energy peak value was decreased, leading to the
appearance of the cross-section changing from a nail-like shape to a cup-cone-like shape and then
to a W-type shape. The weld zone is divided into the fusion zone, inner heat-affected zone, and
outer soften zone. The fusion zone and inner heat-affected zone are full of typical lath martensite
and have the highest hardness. The soften zone is composed of pre-existing martensite, temper
martensite, ferrite, and retained austenite and has the lowest hardness. Compared to laser welding,
beam oscillation could reduce the pre-existing block martensite to decompose, leading to a narrower
width and higher hardness soften zone. Although the width of the fusion zone and soften zone
increases with the oscillation amplitude, all welded samples failed at the base metal with 97% joint
efficiency.

Keywords: laser welding; QP980 steel; microstructure; mechanical properties

1. Introduction

Reducing fuel consumption and carbon emissions while increasing passenger safety
has been a challenging task for the automotive industry in the past decades. Accordingly,
numerous approaches have been attempted to solve issues, including the use of AHSS for
automobile designs since this strategy allows a reduction in the sheet thickness, thereby
leading to lightweight while improving safety. Compared to conventional high-strength low
alloy, advanced high-strength steel (AHSS) induces superior comprehensive mechanical
performance, including higher ultimate tensile strength, more uniform total elongation,
and elevated initial work hardening rate. Hence, AHSS gained increasing interest in the
automobile industry. Schmitt et al. [1] investigated AHSS issued from the first generation
to the third generation of high-strength steel and found that some of these AHSS grades
have already been widely applied in the automotive industry, while others are still in the
development phase.

Recently, the third-generation AHSS based on the quenching and partitioning steels
(QP) has been studied by Speer et al. [2]. Compared to the first generation, the plasticity
of the third generation was significantly enhanced due to the complex microstructure of
ferrite, martensite, and retained austenite in QP steel. Additionally, the QP steel possesses
lower cost and better formability than the second generation, thereby becoming a promising
candidate for the third-generation AHSSs in the automobile industry [3].

Currently, welding is a primary joining operation used in the manufacturing of auto-
motive components. Achieving high-quality and efficient welding has attracted increasing
attention in the manufacturing of automotive components. Laser welding has become a
popular technology in the production of laser-welded blanks (LWBs) due to its high energy
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density, low heat input, large depth-to-width ratio, and excellent mechanical properties.
These features are suitable for the fabrication of automotive body parts. As a result, laser
welding has been successfully used in similar and dissimilar joining between different
generation AHSSs, such as dual-phase steel welding [4-8], twinning-induced plasticity
TWIP steel welding [9,10], QP steel welding [11-13], and QP-TWIP steel welding [14,15].

Similar to traditional welding methods, the heat-affected zone (HAZ) will be generated
during laser welding. It is always the weakest between the fusion zone and the base metal.
Generally, the width of the HAZ could be minimized by reducing the heat input to the weld
zone, such as increasing the energy density of the laser beam and the welding speed. The
energy density of the laser beam was decided by the laser power and the diameter of the
laser spot. This indicates that the heat input could be reduced via small spot laser welding.
On the one hand, a smaller spot could reduce the laser heating area, thereby narrowing
the width of the heat-affected zone. On the other hand, a smaller spot would reduce the
required power of the laser beam, resulting in lower manufacturing costs. However, the
applicability of small laser spot welding is limited by the tiny focused beam spot, thereby
requiring critical edge preparation and high joint fit-up accuracy [16,17].

To overcome the shortcomings of small spot laser welding, different approaches have
been effectively used, including dual-beam technology [18,19] and oscillating beam welding.
Among these methods, laser oscillating welding has recently attracted increasing interest
in academia and industry. The deposition distribution of laser energy on the processing
surface changes by the beam oscillation during laser oscillating welding, thereby promoting
convection and stirring of the molten pool. Consequently, the stirring effects improve the
assembly gap tolerance [20,21], enhance the weldability [22], refine grains [23-25], suppress
the formation of pores, and stabilize the movement of the keyhole [26,27], resulting in
better mechanical properties. However, studies focused on the correlation between the
microstructures and mechanical properties of QP980 joints produced by oscillating beams
are also conspicuously absent, and how the oscillation parameters affect the weld formation
of QP980 in laser welding especially needs to be investigated. Moreover, the power used in
references is high (>4 kW), and the diameter is more than 0.3 mm.

Therefore, in this paper, laser oscillating welding with lower power (1.4 kW) and
a smaller laser beam (0.1 mm) was studied. The correlations between the mechanical
properties, microstructural evolution, and laser energy distribution of QP980 butt joints
produced by laser welding and laser oscillating welding were discussed. The evolved weld
profiles, microstructures, tensile properties, and hardness curves were characterized. To
this end, a series of experiments were conducted with different oscillating amplitudes. The
results revealed that the oscillating amplitudes greatly influenced the microstructure and
properties of the joints.

2. Materials and Methods

Cold-rolled QP980 steel sheet (2.0 mm in thickness, Baowu, Shanghai, China) was
selected. The microstructure of the base metal is shown in Figure 1, and its chemical
composition and mechanical properties are listed in Table 1. A typical microstructure of the
QP980 was observed in Figure 1, mainly composed of ferrite (F), retained austenite (RA),
blocky martensite, and tempered martensite (TM). The QP980 steel sheets were machined
to pieces with a size of 30 cm X 12 cm. Before welding, the base metal within 1 cm of the
weld was ground to remove any dirt and contamination present on the edges, followed by
cleaning with acetone. The resulting specimens were then held with no gap in the fixture
(Figure 2a).
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Figure 1. Microstructure of the base metal.

Table 1. Chemical composition (wt%) and mechanical properties of QP980.
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Figure 2. (a) The welding platform, (b) the laser beam trajectory, and (c) welded sample geometry
and dimensions of the tensile test.

Butt welding of QP980 sheets was performed using an IPG YLR-2000 fiber laser with
a maximum output power of 2 kW. The laser wavelength was set to 1070 nm, and the laser
spot diameter was approximately 0.1 mm. As shown in Figure 2, the IPG-D30 wobble beam
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oscillating head was mounted on a Fanuc 6-axis robot. During the welding process, the scan
head was driven by the robot to move linearly, while the laser beam was set perpendicular
to the surfaces of the plates being joined. A circular beam oscillation mode was employed
in experiments (Figure 2b). The welding parameters are summarized in Table 2.

Table 2. Experimental parameters used in laser oscillating welding.

Process Parameters Values
Laser power (kW) 1.4
Welding speed (cm/s) 5
Oscillating frequency (Hz) 0,150
Oscillating amplitude (mm) 0,0.2,0.3,0.4,0.6,0.8

The samples prepared for metallographic observations were cross-sectioned perpen-
dicular to the welding direction. The microstructures were observed by light microscopy
(OM, DMi-8C, Leica, Wetzlar, Germany) and scanning electron microscopy (SEM, JEOL-
JSM7100F, JEOL Ltd., Tokyo, Japan).

The mechanical properties of the joints at room temperature were evaluated by tensile
lap shear tests. To this end, the samples were machined following ASTM:E8/E8M standard.
The geometry and dimensions of the test coupons are provided in Figure 2c. An AGX-
100kNXD testing system (Shimadzu, Kagoshima, Japan ) with a constant crosshead speed
of 2.0 mm/min was used. The tensile fracture surface morphologies were analyzed using
SEM. The microhardness of each joint was determined using a Vickers hardness tester
(HV-1000) at the load of 300 g and holding time of 15 s on the cross-section (1 mm below
the top face of the weld).

3. Results and Discussion
3.1. Effect of Oscillation Amplitudes on the Weld Profiles and Laser Energy Distribution

Figure 3 shows the cross-sections of the joints with different oscillating amplitudes.
Obviously, complete full-penetration welds joints can be obtained at oscillation amplitudes
below 0.4 mm and variable widths. The weld zones (FZs) showed nail-like shapes with a
wide top and a narrow bottom. When the amplitude increases to 0.4 mm, the penetration is
incomplete. The FZ revealed a cup-cone-like shape (the white dash line in Figure 3d). As
the oscillation amplitude exceeds 0.4 mm, the appearance of FZ gradually changed from a
cup-cone-like shape to a W-type shape (Figure 3e,f). The weld appearance in Figure 3a—f
revealed an increase in the bead width of FZ as a function of the oscillation amplitude. By
contrast, the maximum depth of FZ declined gradually at oscillation diameters beyond
0.4 mm (Figure 4). Furthermore, the welding mode shifted from keyhole to mixed, and the
conduction rose with the oscillation diameter.

The morphology of the melt pool is causally related to the energy distribution, as well
as the interaction between the laser beam and matter during the welding process. During
laser oscillating welding, laser beam oscillation along a circle trajectory would induce the
dynamic distribution of energy around the molten pool, thereby changing the heat flow
around the keyhole and resulting in different weld profiles.
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Figure 3. Morphologies of weld cross-sections with different oscillating amplitudes: (a) weld of A =0,
(b) weld of A = 0.2 mm, (c) weld of A = 0.3 mm (d) weld of A = 0.4 mm (e) weld of A = 0.6 mm,
(f) weld of A = 0.8 mm.
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Figure 4. Widths and depths of FZ obtained with different oscillating diameters.
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In this study, the actual track of the laser beam combined linear and circular motions
(Figure 2b), which can be expressed according to Equation (1):

{ x(t) = xo+ vt + Asin(27tft + ¢y)

y(t) = yo+ Acos(2ntft + @y) 1)

where x(t) represents the beam spot position in the x-direction, and y(t) represents the
y-direction at t moment. xy and y are the initial position coordinates. v refers to welding
speed, A is oscillating amplitude, and f denotes oscillating frequency. ¢, and ¢, are the
initial phases, which can be simplified by zero.

The energy distribution of the laser beam can be described by Equation (2) [27]:

a0) = 2L exp(=2(2 +7)/7) @
0

where 1 represents the laser absorptivity of materials, and r( is the radius of the beam spot.
x and y are the distances to the center of the beam spot in the x-direction and y-direction,
respectively.

The energy deposition at the surface of the material being welded can be determined
by integration (Equation (3)):

t
E(x,y) = /0 q(x,y, t)dt 3)

where E is the energy deposition distributions on the materials, and ¢ is time.

Equation (3) can be used to calculate the energy deposition distribution during the
oscillating laser welding process when combining Equations (1) and (2). The results are
displayed in Figure 5.
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Figure 5. Surface energy distributions with different oscillation amplitudes at the oscillation frequency
of 150 Hz: (a) A=0, (b) A=0.2mm, (¢) A=0.3mm (d) A =0.4mm (e) A=0.6 mm, (f) A=0.8 mm.

The numerical results revealed predominately accumulated energy in the center of the
weld, and the peak energy was distributed along the weld centerline during laser welding
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(Figure 5a). At the oscillating laser welding (Figure 5b—d), the energy accumulation range
enlarged as the oscillating amplitude rose. Meanwhile, the churning effect on the molten
pool was enhanced accordingly, and both the flow and heat transfer were promoted, leading
to more evenly distributed energy in the molten pool. Therefore, the width of FZ reasonably
increased with the oscillating amplitude. On the other hand, the increase in oscillation
amplitude dispersed the constant energy of the laser beam, and the energy peak value was
significantly reduced when compared to laser welding, yielding less penetration depth. In
short, larger beam oscillating amplitudes generated smaller penetration depths. Meanwhile,
the energy was mainly deposited on both sides of the weld. This would explain the W-type
shape of the cross-section weld at oscillation diameters beyond 0.4 mm.

3.2. Effect of Oscillation Amplitudes on the Microstructure and Microhardness of the Welds

Figure 6 shows the typical joints produced by laser welding and laser beam oscillating
welding (A = 0.2 mm). According to the microstructure (Figure 6) and hardness distribution
(Figure 7), the welds could be divided into four different zones across the joint. These zones
can be identified as FZ, inner heat-affected zone (HAZ), outer soften zone (S5Z), and base
material (BM). This agreed well with the weld cross-section exhibiting a heterogeneous
structure (Figure 3). Similar results have been reported for laser welding of QP980 and
DP980 [5,7,12].

Figure 6. Microstructure of the joints at different zones: (a,d) FZ, (b,c) SC-HAZ, and (e f) IC-HAZ.

Figure 7 shows the microhardness of the joints under different oscillating amplitudes.
The hardness distributions of six joints showed consistent trends, while the width of each
joint increased with the oscillating amplitude. Although the hardness distributions have
similar trends for different oscillation amplitudes, obvious differences can also be noticed.
This is mainly attributed to the microstructure of the joints [28,29]. The average hardness
of BM was measured as ~330 HV, while that of FZ reached above 500 HV. The latter value
was approximately 1.50-fold higher than that of BM. As shown in Figure 6a,d, the FZs were
composed of typical lath martensite. According to Gould et al. [30], the cooling rate of
the welding pool during laser welding was much greater than the critical cooling rate of
martensite forming. This finally formed lath-type martensite with an enhanced hardness of
FZ.
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Figure 7. Microhardness distributions of the joints with different oscillating amplitudes.

Furthermore, the inner HAZ is outside the molten pool, as shown in Figure 2. Accord-
ing to the distance from the molten pool, the inner HAZ can be divided into the supercritical
region (SC-HAZ) and intercritical region (IC-HAZ). Figure 6b,e show the microstructure
of the SC-HAZ. Apparently, the microstructure of the SC-HAZ was also composed of
martensite. In laser welding, the SC-HAZ was heated above the Acz temperature but below
the melting point, making the original F, M, and RA of the BM turn into austenite. During
the cooling process, the austenite was transformed to M under a high cooling rate. As a
result, the hardness of SC-HAZ was much greater than that of BM. However, the hardness
of SC-HAZ in the weld produced by laser welding was greater than that by laser oscillating
welding (Figure 7). This is mainly attributed to the finer generated martensite in laser
welding. As well known, the morphology of martensite is a key factor influencing the
hardness during laser welding.

Figure 6¢,f show the microstructure of the IC-HAZ. At this zone, the peak temperature
was located between Ac; and Acs lines, where the original F and M in BM were austen-
itized incompletely before being converted to irregularly shaped F and M. As depicted
in Figure 6¢,f, IC-HAZ was mainly composed of blocky M and fine F. On the one hand,
the proportion of M was higher than in the BM but lower than in FZ and SC-HAZ. On the
other hand, the proportion of F was lower in weld produced by laser welding was higher
than that by laser oscillating welding.

With a further rise in distance from the weld center, the peak temperature decreased
below the Acy line. Partial pre-existing M in the BM decomposed into tempered martensite
(TM). As a result, the microstructure of this zone (SZ) consisted of pre-existing M, TM,
F, and RA, as shown in Figure 8. The hardness of the SZ became lower than that of
BM. It seems in Figure 7 that the average hardness of SZ decreases with the oscillation
amplitude. Moreover, the average width measured from SZ increased sharply and reached
its maximum of 0.35 mm at the amplitude of 0.3 mm, as shown in Figure 9, which is
attributed to the proportion of the decomposed M. As revealed in Figure 8, the ferrite phase
of BM did not change in SZ, while the decomposition of M looked different at various
oscillation parameters. In laser welding, the tempering characteristic was significant when
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compared to BM. More block M occurred to decompose, and a number of carbides dispersed
at the grain boundary, as shown in Figure 8b. With the increase in oscillation amplitude,
the internal region pre-existing block M was visible in Figure 8a. This is similar to the
observations reported by Rossini et al. [9].

Figure 8. Microstructure of the soft zones: (a) weld of A =0, (b) weld of A = 0.2 mm.
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Figure 9. The average width of SZ with different oscillation amplitudes.

Based on the surface energy distributions in Section 3.2, it can be concluded that the
microstructure evolution of SZ was closely related to the heating temperature and hold time
at high temperatures. During the laser oscillating welding, the range of the laser exposure
was enlarged, and the energy of the laser beam was dispersed. As a result, the molten pool
expanded, which could prolong the time above the tempering temperature. On the other
hand, the larger molten pool could accelerate heat dissipation when oscillating amplitudes
exceeded the critical level, leading to more rapid cooling rates. Accompanied by lower
energy density, less pre-existing martensite was decomposed, and the size of SZ decreased
with the increase in oscillating amplitudes.
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3.3. Effect of Oscillation Amplitudes on the Lap Shear Loads

Tensile tests of the joints produced with and without beam oscillating were carried
out to study the strength, elongation, and failure characteristics. The corresponding stress—
strain curves of the joints and BM are presented in Figure 10a. The stress—strain curves
of the joints showed the same trend as BM with impressive mechanical properties. These
include the high ultimate tensile strength and absence of yield point elongation. The
location of the tensile fracture of the joints in Figure 10b showed all welds broken at BM.

1200

—BM —A=0
(a) — A=0.2 mm —— A=0.3 mm
1000

(o]

(=3

(=]
T

600

Stress (MPa)

400

200

M N 1 1 "
0 5 10 15 20
Strain (%)

Figure 10. (a) Stress—strain curves of prepared samples and BM, (b) tensile fracture samples with
different oscillating amplitudes, and (c) microscopic fracture surface.

The detailed tensile results of the joints and BM are summarized in Table 3. The
yield strength of all joints was stable and close to that of BM, whereas the ultimate tensile
strength and total elongation were slightly lower than BM. Moreover, the ultimate tensile
strength of the joints obtained with a stationary beam (about 97% of BM) was roughly the
same as that produced with an oscillated beam. In other words, the beam oscillation did
not significantly affect the weld yield strength and tensile strength. However, the joint
produced with no oscillation showed a strain of 21.6% (about 88 % of BM), which is about
8% higher than that of the circle trajectory (20%). This can be attributed to the emergence
of M in the weld, which is consisted of a hard phase able to reduce the effective length
of the extension during the tensile test. The total elongation decreased as the width of
FZ increased, meaning that the width of FZs played a key role in determining the total
elongation of the joint. Thus, the smaller FZ and SZ (Figure 9) induced stationary beam
welds with higher ductility than that of oscillated beam welds. Meanwhile, the tensile
fracture was still broken at BM despite oscillated beam weld consisting of larger FZ and SZ.
The microstructural morphology of the fracture surface of the joint in Figure 10c displayed
several fine cup-like dimples, implying a ductile type of fracture.

Table 3. Mechanical properties of welded joints.

Oscillation . Tensile Strength . o
Amplitudes Yield Strength (MPa) (MPa) Elongation (%)
BM 668 998 22.8
no oscillation 665 962 21.4
0.2 mm 663 978 20.6

0.3 mm 668 966 20
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4. Conclusions

The microstructures and properties of QP980 steel butt joints obtained by laser oscillat-
ing welding at different oscillation amplitudes were comprehensively studied. The major
findings can be summarized as follows:

(1) The laser energy deposition distribution on the processing surface changed signifi-
cantly as a function of beam oscillation. As the oscillating amplitude rose, the energy
accumulation range enlarged, while the energy peak value was decreased due to
the dispersed constant energy of the laser beam. As a result, the appearance of the
cross-section transformed gradually from a nail-like shape to a cup-cone-like shape
and then to a W-type shape, and the weld depth decreased significantly with the
oscillation amplitude.

(2) The FZ and SC-HAZ were full of typical lath martensite, and IC-HAZ was composed
of irregular-shaped ferrite and martensite. Beam oscillation could reduce the possibil-
ity of pre-existing block martensite decomposing, resulting in the decreasing width of
the SZ and the increasing hardness.

(8) Tensile fracture of all welds occurred at the BM, and the tensile strength was close
to BM. Thus, the beam oscillation slightly affected weld tensile strength, while the
elongation of the joints slightly decreased with the oscillation amplitude due to the
wider FZ. The results indicated that beam oscillation could improve the weldability
of QP980.
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