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Abstract

Laser beam oscillation has been recognized as an effective means to modify temperature
gradients and relieve stress concentration in welded joints, yet its role in dissimilar titanium
alloy bottom-locking configurations—where asymmetric thermo-mechanical responses
arise from both material mismatch and structural constraints—remains unclear. This study
investigates the influence of circular oscillation amplitude (0, 0.5, 1.0, and 1.5 mm) on resid-
ual stress distribution in laser-welded TC4/TA18 bottom-locking tube joints at a constant
power of 1000 W. Unlike the monotonic effect of laser power, oscillation amplitude redis-
tributes the heat source spatially. A three-dimensional thermo-elastic–plastic finite element
model incorporating a moving oscillating Gaussian conical heat source was developed in
ABAQUS and validated against weld macrographs, thermal cycles, and blind-hole residual
stress measurements. The results reveal a non-monotonic dependence of residual stress
on oscillation amplitude: as amplitude increases from 0 to 0.5 mm, the peak hoop residual
stress rises, but further increasing amplitude to 1.5 mm substantially reduces both hoop and
axial residual stresses while promoting a more uniform stress field. At 1.5 mm, the molten
pool covers the entire bottom-locking step geometry, the region of high hoop tensile stress
(>700 MPa) is minimized, and the peak axial tensile stress at the bottom-locking gap end
(BLG End) is reduced by 41% (from 415 MPa to 243 MPa) compared with non-oscillation
welding. An amplitude of 1.5 mm is therefore recommended as the optimal parameter for
residual stress control of these joints at 1000 W within the investigated parameter range.
This finding provides a practical guideline for mitigating residual stress-induced failure
risks in aerospace hydraulic and fuel delivery systems.

Keywords: laser oscillation amplitude; TC4/TA18; bottom-locking tube joints; residual
stress distribution; thermo-elastic–plastic FE modeling

1. Introduction
TC4 (Ti-6Al-4V) and TA18 (Ti-3Al-2.5V) are a widely used dissimilar titanium alloy

combination in aerospace hydraulic and fuel delivery systems, with the former providing
high strength and the latter offering ductility and formability [1–3]. These tubes are
typically joined using a bottom-locking configuration, a design that ensures self-alignment,
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simplifies assembly, and provides reliable sealing performance under service loads [4,5].
Laser welding is the preferred fabrication method for such joints due to its high energy
density, localized heating, and minimal distortion [6,7]. However, the rapid heating and
cooling cycles inherent to laser welding inevitably generate significant residual stresses,
which can impair fatigue resistance, promote stress corrosion cracking, and reduce the
overall service life of welded components [8].

In conventional laser welding without beam oscillation, parameters such as laser
power and welding speed primarily determine the heat input per unit length, thereby
governing the peak temperature, cooling rate, and ultimately the magnitude and distri-
bution of residual stresses [9,10]. With the introduction of beam oscillation, oscillation
amplitude and frequency become key parameters affecting residual stress. Yan et al. [11]
developed a finite element model for oscillating laser welding of 316LN stainless steel and
found that residual stress gradually decreased with increasing oscillation amplitude. Wang
et al. [12] proposed an equivalent fluid–structure interaction model for oscillating laser
welding of aluminum alloys, demonstrating that beam oscillation effectively reduced the
area of high tensile residual stress at the weld center. For narrow-gap configurations, Liang
et al. [13] employed an equivalent heat source model to simulate oscillating laser weld-
ing of high-strength steel and showed that increasing the amplitude helped relieve stress
concentration in the heat-affected zone (HAZ). Jiang et al. [14] systematically investigated
the effects of oscillation frequency and amplitude on residual stress distribution in Invar
alloy butt joints, revealing that both parameters promote stress uniformity and reduce peak
stress. Huang et al. [15] extended the analysis to geometrically complex thin-walled T-joints,
demonstrating the effectiveness of oscillating laser–arc hybrid welding in controlling melt
flow and defect formation. This beneficial effect is mainly attributed to the fact that beam
oscillation spatially redistributes the heat input through controlled beam trajectories, rather
than simply increasing or decreasing the total heat input, with the amplitude governing
the effective heat-affected width and the uniformity of the temperature field.

Despite these advances, the above investigations have focused predominantly on
similar-material joints with simple butt or narrow-gap configurations. In contrast, dissimilar
materials generate highly asymmetric temperature and stress fields due to differences
in thermophysical properties [16], while the stepped geometry of bottom-locking joints
introduces additional constraints and potential stress concentration zones. Although our
previous work has revealed the effect of laser power on residual stress in TC4/TA18 bottom-
locking joints [17], the regulation mechanisms of laser power and oscillation amplitude
are fundamentally different—the former influences residual stress by altering the total
heat input (a “quantitative” regulation), whereas the latter spatially redistributes the
heat input through beam trajectory control (a “spatial” regulation). To date, the role of
oscillation amplitude in such dissimilar-material bottom-locking joints remains unclear,
and the coupling mechanism between the oscillating heat input and the asymmetric thermo-
mechanical response arising from material mismatch and structural constraints has not
been systematically investigated.

The present study takes this as an opportunity to systematically investigate the in-
fluence of circular beam oscillation amplitude (0, 0.5, 1.0, and 1.5 mm) on residual stress
distribution in laser-welded TC4/TA18 dissimilar titanium alloy bottom-locking tube joints.
A combined experimental and numerical approach is employed. Experimentally, weld
macrographs, thermal cycles, and blind-hole residual stress data are obtained. Numerically,
a three-dimensional thermo-elastic–plastic finite element model incorporating a moving
oscillating Gaussian conical heat source is developed to reproduce the transient thermal
and mechanical responses during welding. Through this integrated approach, the study
aims to reveal the regulation mechanism of oscillation amplitude on residual stress in this
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class of geometrically complex, materially dissimilar joints, and to determine the optimal
amplitude for practical engineering applications.

2. Experimental Procedure
The base materials (TC4 and TA18), bottom-locking joint geometry, welding system

(IPG YLS-6000 fiber laser, IPG Photonics, Oxford, MA, USA), and characterization methods
(K-type thermocouple, blind-hole drilling, and optical microscopy) were identical to those
described in our previous work [17], except for the laser parameters. The nominal chemical
compositions of the base materials are listed in Table 1, and the geometric dimensions and
structural schematic of the joint are illustrated in Figure 1, which also defines the central
angle and the locations of temperature measurement. A photograph of the actual welding
setup is shown in Figure 2.

In the present study, the laser power was fixed at 1000 W and the welding speed at
20 mm/s, while circular beam oscillation was applied at four amplitudes (0, 0.5, 1.0, and
1.5 mm) with a frequency of 200 Hz. High-purity argon (99.99%) was used as the shielding
gas at a flow rate of 15 L/min. The laser beam had a spot diameter of 0.1 mm and was
focused on the workpiece surface (zero defocus) with a focal length of 200 mm. These
fixed parameters were determined through preliminary trials covering a broader range
of oscillation amplitudes from 0 to 2.5 mm. The results showed that when the amplitude
increased to 2.0 mm, the molten pool could no longer completely cover the entire bottom-
locking step geometry. Therefore, the four amplitudes of 0, 0.5, 1.0, and 1.5 mm were
selected for the systematic investigation.

Thermal cycles and residual stresses were measured only for the non-oscillation
condition (0 mm amplitude), as a representative case for model validation, with temperature
measurements recorded at θ = 180◦ and residual stresses determined using the blind-hole
drilling method in accordance with ASTM E837 [18]. It should be noted that only one
specimen was prepared for each oscillation amplitude condition. Therefore, no statistical
repeatability or standard deviation can be provided for the measured residual stresses.

Table 1. Nominal chemical composition of the base materials (wt.%).

Material Al V Fe O C N H Ti

TC4 5.5–6.8 3.5–4.5 ≤0.30 ≤0.20 ≤0.10 ≤0.05 ≤0.01 Bal.
TA18 2.0–3.5 1.5–3.0 ≤0.25 ≤0.12 ≤0.08 ≤0.05 ≤0.015 Bal.

Figure 1. Geometric dimensions (Unit: mm) of the dissimilar titanium alloy bottom-locking joints,
definition of central angle, and locations of temperature measurements.
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Figure 2. Actual view of the laser welding.

3. Numerical Analysis
3.1. Finite Element Model and Simulation Cases

Three-dimensional finite element models were constructed in ABAQUS 2022 based
on the nominal geometry of the dissimilar titanium alloy tubular joints (Figure 3). A
sequentially coupled thermo-mechanical analysis scheme was implemented, in which the
transient temperature field was first solved from a purely thermal analysis and subsequently
imported as a prescribed thermal load for the mechanical computation. The mesh was
refined in and around the weld zone with a minimum element size of 0.25 mm, while coarser
elements were used farther away from the weld. No formal mesh sensitivity analysis was
performed, but the adopted mesh strategy was based on our previous work [17], where it
was validated against experiments.

Figure 3. Finite element models and boundary conditions.

To isolate the influence of circular laser beam oscillation amplitude on residual stress
development, four computational cases were designed with all other process parame-
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ters held constant. The amplitudes were set to 0 mm (no oscillation), 0.5 mm, 1.0 mm,
and 1.5 mm (Table 2), covering the range over which the oscillating beam alters the
weld pool coverage of the bottom-locking step feature. An identical mesh, consisting
of 97,740 elements and 116,280 nodes, was employed for all four cases. Because the os-
cillating heat source was implemented via a moving coordinate trajectory in the DFLUX
subroutine rather than by modifying the geometry or re-meshing, the same mesh can
adequately resolve the melt pool dimensions for all amplitudes. This approach eliminates
numerical discrepancies arising from mesh discretization, ensuring that any differences in
the predicted stress fields are attributable solely to the oscillation amplitude. The thermal
and mechanical analyses used DC3D8 and C3D8I element types, respectively [19]. As
shown in Figure 3, the mechanical boundary conditions were applied by constraining three
nodes on the bottom surface of the tubular structure in the x, y, and z directions to prevent
rigid body motion. This restraint configuration replicates the clamping conditions used in
the experiments.

Table 2. Calculation cases.

Case Oscillation Amplitude (mm)

Case A 0
Case B 0.5
Case C 1.0
Case D 1.5

The temperature-dependent thermophysical and mechanical properties of TA18 and
TC4 alloys were taken from our previous study [17]. The properties of the weld metal were
determined by the arithmetic mean method, weighted by the volume fraction of each base
metal in the fusion zone (FZ).

3.2. Thermal Analysis

The temperature field is governed by the transient heat conduction equation [20]:

ρc
∂T
∂t

(x, y, z, t) = −∇ · q(x, y, z, t) + Q(x, y, z, t) (1)

where ρ represents the density, c denotes the specific heat capacity, T stands for the instanta-
neous temperature, t is the time, ∇ is the spatial gradient operator, q is the heat flux vector,
and Q represents the heating rate of the internal heat source.

A three-dimensional Gaussian conical heat source was adopted to represent the laser
heat input [21]. Its heat flux distribution is described by:

q(r, z) =
9ηQe3

πH(e3 − 1)(r2
e + reri + r2

i )
exp(−3r2

r2
0
) (2)

r0 = re −
(re − ri)(ze − z)

ze − zi
(3)

H = ze − zi (4)

Here, re stands for the radius of the upper surface, while ri represents the radius
of the bottom surface; ze and zi represent the Z coordinates of the upper and bottom
surfaces, respectively. Q denotes laser welding power, and η stands for the efficiency of the
laser welding.

The key advancement of the present study is the treatment of beam motion. To re-
produce the circular oscillation trajectory, the instantaneous coordinates of the heat source
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center are programmed to follow a circular path superimposed on the linear welding mo-
tion. Following the trajectory equations summarized in Wang & Gao [22], the coordinates
are given by:

x(t) = x0 + vt + A cos(2π f t) (5)

y(t) = y0 + A sin(2π f t) (6)

where A is the oscillation amplitude, f is the oscillation frequency, v is the welding speed,
and t is the time. The resulting trajectory is schematically illustrated in Figure 4. This
oscillating heat source was implemented in ABAQUS via a user-defined DFLUX subroutine
written in FORTRAN.

Figure 4. Circular trajectory of the oscillating laser beam.

Convective and radiative heat losses from the workpiece surfaces are accounted for
using Newton’s law of cooling and the Stefan–Boltzmann law, respectively [20], and are
given by:

qc = −hc(Ts − T0) (7)

qr = −εσ
[
(Ts + 273)4 − (T0 + 273)4

]
(8)

where hc stands for the heat transfer coefficient; Ts represents the surface temperature of
the workpiece; T0 denotes the ambient temperature taken as 20 ◦C. σ denotes the Stefan–
Boltzmann constant; ε is the emissivity, which takes the value of 0.8.

3.3. Mechanical Analysis

The mechanical computation employed the same mesh as the thermal analysis, with
only the element type converted to C3D8I and the boundary conditions updated accord-
ingly. The total strain increment at any material point was decomposed into elastic, plastic,
and thermal components, as given in [23]:

εtotal = εe + εp + εth (9)

where εe represents the elastic strain, εp denotes the plastic strain, and εth is the thermal
strain. The elastic response was governed by isotropic Hooke’s law, while plastic yielding
followed the von Mises criterion.

It should be noted that the model does not account for metallurgical solid-state phase
transformations during cooling. For the TC4 (α + β) alloy and near-α TA18 alloy, the weld
thermal cycle may induce β → α′ martensitic transformation in TC4 and promote grain
growth in both materials. These microstructural changes can generate transformation-
induced plasticity, which alters the local yield strength and relaxation behavior, ultimately
affecting the final residual stress state. This simplification is acceptable for the present
parametric study focusing on the relative trends of residual stress with varying oscillation
amplitude, but may influence the accuracy of absolute stress predictions.
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4. Results and Discussion
4.1. Temperature Field

Figure 5 compares the simulated and experimentally measured weld cross-sectional
morphologies at the 180◦ position for Cases A–D (oscillation amplitudes of 0, 0.5, 1.0, and
1.5 mm). The gray and light gray regions in Figure 5 represent the FZ (peak temperature
exceeding 1650 ◦C) and the HAZ (temperature between 960 ◦C and 1650 ◦C), respectively.
As the oscillation amplitude increases, the weld width exhibits a gradually increasing
trend, while the penetration depth and the peak temperature show a gradually decreasing
trend. In Case D (1.5 mm), the molten pool covers the entire bottom-locking step geometry,
ensuring complete fusion at the step corner while avoiding excessive melting of the thin-
walled TA18 side. The close correspondence between the simulated and experimental weld
profiles demonstrates that the oscillating heat source model accurately captures the thermal
response of the joint.

Figure 5. Macroscopic morphologies of the bottom-locking structures and peak temperature distribu-
tions (Unit: ◦C) at the 180◦ cross-section.

Figure 6 further quantitatively presents the experimentally measured penetration
depth and weld width under different oscillation amplitudes. Case A (non-oscillation)
yields a penetration depth of 3.96 mm and a weld width of 2.07 mm, exhibiting a typical
narrow-deep weld pool profile. As the oscillation amplitude increases, the weld width
gradually rises to 2.25 mm (Case B), 2.43 mm (Case C) and 2.79 mm (Case D), while
the penetration depth decreases to 3.25 mm, 2.68 mm and 2.07 mm, respectively. The
quantitative results confirm that the weld pool evolves from a narrow-deep morphology to
a wide–shallow morphology with increasing oscillation amplitude, which is fully consistent
with the macroscopic weld cross-sectional features observed in Figure 5. This variation
trend is also in agreement with the general law of oscillating laser welding reported by
Cai et al. [24].

Figure 7 shows the measured and simulated thermal cycles at θ = 180◦ for Case A. The
simulated peak temperature and cooling rate are in good agreement with the experimental
data. At the same distance from the weld center, the peak temperature on the TA18 side is
approximately 100 ◦C higher than that on the TC4 side. This is mainly attributed to the
thinner wall thickness of the TA18 side in the bottom-locking structure, which results in
a smaller heat capacity. Compared with the TC4 side, which has a larger wall thickness,
heat dissipation on the TA18 side is slower, ultimately leading to a more concentrated
temperature rise in this region.

https://doi.org/10.3390/met16080826
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Figure 6. Experimentally measured penetration depth and weld width under different
oscillation amplitudes.

Figure 7. Thermal cycle at the outer surface of the 180◦ cross-section for Case A.

4.2. Residual Stress Distribution

Figure 8 presents the contour distributions of hoop residual stress at the 180◦ cross-
section of the bottom-locking laser-welded joints under four process cases, where white
dotted lines denote the boundary of the FZ. In all cases, high hoop tensile stresses are
concentrated in the FZ and the adjacent HAZ, balanced by compressive stresses in the
surrounding regions, with the higher tensile stresses mainly located on the TA18 side near
the weld and in the middle of the tube wall. As the oscillation amplitude increases, the
distribution characteristics of the high-stress region evolve in a manner consistent with
the weld geometry, transitioning from a narrow-deep pattern to a wide–shallow one. The
overall hoop residual stress distribution becomes more uniform, and the region where the
tensile stress exceeds 700 MPa is significantly reduced. This evolution is mainly attributed
to the decrease in peak temperature and temperature gradient caused by the increasing
oscillation amplitude, which in turn promotes a more homogenized stress field.
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Figure 8. Hoop residual stress distribution contours (Unit: MPa) at the 180◦ cross-section.

It is worth noting that the peak hoop tensile stress exhibits a non-monotonic depen-
dence on oscillation amplitude: it increases from 763 MPa in Case A to 776 MPa in Case
B, reaches a maximum of 799 MPa in Case C (amplitude of 1.0 mm), and then slightly
decreases to 795 MPa in Case D (amplitude of 1.5 mm). This trend differs from previ-
ous studies [11,12,14], in which the peak stress either monotonically decreased [11,14]
or exhibited a saturation-type response [12] with increasing oscillation amplitude. The
non-monotonic behavior observed in the present work may be attributed to the specific
constraint conditions imposed by the bottom-locking geometry and the mismatch in ther-
mophysical properties between TC4 and TA18, which make the residual stress response to
oscillation amplitude more complex than that in simple joint configurations.

Figure 9 shows the axial residual stress contours for the four cases. On the TA18 side,
high tensile stress concentrates in the BLG End region, while compressive stress appears
on the upper surface. A relatively high tensile stress also exists in the middle of the tube
wall, with a high compressive stress zone below it. As the oscillation amplitude increases,
the axial residual stress response exhibits a pronounced location-dependent behavior. In
the middle of the tube wall, the axial tensile peak stress shows a non-monotonic trend,
rising from 294 MPa in Case A to 572 MPa in Case C, and then decreasing to 518 MPa in
Case D. In contrast, the peak axial tensile stress in the BLG End region exhibits an overall
decreasing trend: from 415 MPa in Case A to 305 MPa in Case B, then slightly rebounding to
314 MPa in Case C, and finally decreasing to 243 MPa in Case D, representing a reduction of
41%. This location-dependent response reflects the different sensitivities of distinct regions
within the bottom-locking joint to oscillation amplitude—the stress evolution in the middle
of the tube wall is primarily governed by changes in penetration depth, whereas the BLG
End region is influenced by both structural constraints and heat input distribution.

Figure 9. Axial residual stress distribution contours (Unit: MPa) at the 180◦ cross-section.
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Compared with previous studies, Yan et al. [11] reported that transverse stress in
316LN stainless steel butt joints transitioned from compressive to tensile with increasing
amplitude. Wang et al. [12] found that the area of high transverse tensile stress in aluminum
alloy oscillating laser welding decreased with increasing amplitude. Jiang et al. [14]
reported a monotonic decrease in equivalent residual stress with increasing amplitude in
Invar alloy butt joints. In these studies, the residual stress responses were relatively uniform
in their trends. In contrast, the present work reveals distinctly different evolution patterns of
axial residual stress in different regions of the bottom-locking joint—a continuous decrease
in the BLG End region versus a non-monotonic trend in the middle of the tube wall. This
discrepancy highlights the complexity introduced by the asymmetric constraints inherent
to the bottom-locking geometry and the mismatch in thermophysical properties between
the dissimilar materials.

To enable quantitative comparison, residual stresses along four paths (L1–L4) were
extracted from the 180◦ cross-section (Figure 10). The BLG End—the terminus of the mating
gap between the two tubes—exhibits high stress concentration due to the abrupt geometric
discontinuity at the weld toe, and is therefore a focus of the present analysis.

Figure 10. Schematic of cross-sectional path and BLG End.

Figure 11 quantitatively compares the hoop residual stress distribution along Path L1
in laser-welded joints under four oscillation amplitudes. All four cases display a similar
hoop residual stress profile along Path L1, with tensile stresses localized near the FZ and
adjacent HAZ. Moving away from the weld, the hoop residual stress decays quickly, shifts
to compression, and gradually diminishes to a low level in the base metal. Furthermore,
the distribution range of high tensile stress expands with increasing amplitude. The peak
hoop tensile stresses for the four cases are not high, approximately 400 MPa, and are
located in the HAZ on the TC4 side. In the weld zone, the tensile stress level of Case A is
approximately 100 MPa lower than that of the other three cases, indicating that laser beam
oscillation increases the residual stress on the upper surface of the joint.

Figure 12 quantitatively compares the axial residual stress distribution along Path
L1 under four oscillation amplitudes. The axial residual stress along Path L1 follows a
similar trend for all amplitudes: tensile stresses remain low, whereas compressive stresses
dominate in the vicinity of the FZ and HAZ. A comparison of the peak compressive stresses
among the four cases reveals that the oscillation amplitude has a significant influence, and
the peak stress exhibits an overall decreasing trend with increasing amplitude. Specifically,
the peak compressive stresses are −520 MPa (Case A), −440 MPa (Case B), −450 MPa
(Case C), and −430 MPa (Case D), with the peak compressive stress in Case D being
approximately 17% lower than that in Case A. Furthermore, as can be seen from Figures 11
and 12, the simulated hoop and axial residual stresses along Path L1 in Case A are in good
agreement with the blind-hole drilling measurements in the weld and heat-affected zones.
In the region far from the weld, the measured stresses are slightly higher than the simulated
values, which may be attributed to the initial residual stresses present in the base material
prior to welding [25]. Overall, the close agreement confirms the reliability of the numerical
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model in predicting residual stress distributions. It should be noted that the experimental
validation was performed only for the non-oscillation case (0 mm). For the oscillating cases,
the numerical predictions are used primarily to capture the relative trends of residual stress
with increasing amplitude, rather than to provide fully validated absolute stress values.

Figure 11. Hoop residual stress distributions along Path L1.

Figure 12. Axial residual stress distributions along Path L1.

Figure 13a shows the hoop residual stress distribution along Path L2. On the TA18 side,
the peak hoop tensile residual stresses for the four cases show relatively small differences, all
around 700 MPa, but the range of the high-stress region expands with increasing oscillation
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amplitude. On the TC4 side, the hoop residual stress exhibits larger variations. As the
oscillation amplitude increases, the peak residual stress first increases and then decreases,
with Case D showing the lowest residual stress level in the weld zone, approximately
50 MPa lower than that in Case A.

Figure 13. Residual stress distributions along Path L2 and Path L3: (a) Hoop residual stress of Path
L2; (b) Axial residual stress of Path L2; (c) Hoop residual stress of Path L3; (d) Axial residual stress of
Path L3.

Figure 13b presents the axial residual stress distribution along Path L2. The axial
residual stress along Path L2 is highly sensitive to the oscillation amplitude, particularly
in the BLG End region. On the TA18 side, compared with Case A (460 MPa), the peak
stresses in Cases B and C decrease by approximately 170 MPa, representing a reduction of
nearly 37%; Case D shows a reduction of 200 MPa relative to Case A, corresponding to a
43% decrease. On the TC4 side, the peak axial tensile stresses in Cases B to D increase by
about 70 MPa compared to Case A. From an overall distribution perspective, increasing the
oscillation amplitude effectively reduces the residual stress at the BLG End and results in a
more uniform stress distribution in the joint.

Figure 13c shows the hoop residual stress distribution along Path L3. In the BLG
End region, the hoop residual stress remains relatively low for all cases, below 300 MPa.
Increasing the oscillation amplitude slightly elevates the tensile stress in this region. High
hoop tensile residual stresses all appear in the weld region on the right side of the BLG End,
where the stress level is approximately 600 MPa. Among the four cases, the peak stresses
in Cases B and C are higher than that in Case A, with Case B being nearly 100 MPa higher
than Case A, while the peak stress in Case D is comparable to that in Case A. In the weld
zone, Case D exhibits the lowest tensile stress. Figure 13d shows the axial residual stress
distribution along Path L3. Relatively high compressive residual stresses appear in the BLG
End region for all four cases. The peak tensile stress appears in the HAZ on the right side
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and increases slightly with rising amplitude. However, the peak tensile stress remains at a
relatively low level, approximately 200 MPa.

Figure 14a shows the hoop residual stress distribution along Path L4. As the oscillation
amplitude increases, the penetration depth decreases, and consequently the region of high
hoop tensile stress along the thickness direction gradually shrinks. The peak stress values,
however, show little variation among the four cases. Figure 14b shows the axial residual
stress distribution along Path L4. The axial residual stress varies significantly along the
thickness direction. As the oscillation amplitude increases, the peak axial residual stress
first increases and then decreases: Case A is 250 MPa, Case B is 425 MPa, Case C reaches a
maximum of 550 MPa, and Case D decreases to 500 MPa.

 

Figure 14. Residual stress distributions along Path L4: (a) Hoop residual stress; (b) Axial
residual stress.

The above residual stress results indicate that the distribution and magnitude of
residual stress do not vary monotonically with increasing oscillation amplitude. The peak
hoop residual stress reaches its maximum at an amplitude of 1.0 mm (Case C), while at
1.5 mm (Case D), although the global peak does not reach its minimum, the high-stress
region is significantly reduced. Benefiting from the larger amplitude and more uniform
heat distribution, the uniformity of the hoop residual stress distribution is substantially
improved. Furthermore, in the critical BLG End region, Case D exhibits the lowest axial
residual stress, which is reduced by 41% compared with the non-oscillation case (Case A).
Therefore, under the fixed process conditions adopted in this study (1000 W, 20 mm/s,
200 Hz), an oscillation amplitude of 1.5 mm is recommended for laser welding of TC4/TA18
bottom-locking joints. It should be noted that this recommendation is specific to the
materials and joint configuration investigated in this work, and further verification is
required when extending to other parameter windows or different joint geometries.

5. Conclusions
This study systematically investigated the influence of circular laser beam oscillation

amplitude (0 mm, 0.5 mm, 1.0 mm, 1.5 mm) on the residual stress distribution in laser-
welded TC4/TA18 dissimilar titanium alloy bottom-locking tube joints at a constant laser
power of 1000 W. A combined experimental and numerical approach was employed, and
the following conclusions are drawn:

(1) As the oscillation amplitude increases, the weld pool becomes progressively wider
and shallower, and the temperature field distribution becomes more uniform. At an
amplitude of 1.5 mm, the molten pool covers the entire bottom-locking step geometry,
ensuring complete fusion at the locating shoulder interface.
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(2) The residual stress distribution (including both hoop and axial components) exhibits a
non-monotonic dependence on oscillation amplitude. The global peak hoop residual
stress first increases and then decreases, reaching its maximum at an amplitude of
1.0 mm. Although the global hoop residual stress peak at 1.5 mm is not the lowest,
increasing the oscillation amplitude homogenizes the hoop residual stress field and
significantly reduces the region where the tensile stress exceeds 700 MPa. The axial
residual stress response exhibits a pronounced location-dependent behavior: in the
BLG End region, the peak axial tensile stress shows an overall decreasing trend, with a
reduction of 41% at 1.5 mm amplitude compared with non-oscillation welding (0 mm);
in the middle of the tube wall, however, the peak axial tensile stress first increases
and then decreases, rising from 294 MPa in Case A to 572 MPa in Case C, and then
decreasing to 518 MPa in Case D.

(3) From the perspective of residual stress control under the investigated experimental
conditions, an oscillation amplitude of 1.5 mm is recommended for laser welding
of TC4/TA18 bottom-locking joints with laser power of 1000 W, welding speed of
20 mm/s, and oscillation frequency of 200 Hz. At this amplitude, the region with
hoop tensile stress over 700 MPa is minimized, and the axial residual stress at the BLG
End reaches the minimum value, generating the most uniform residual stress field
within this parameter window. It should be noted that this recommendation is specific
to the present experimental conditions and joint geometry; further verification may be
required when scaling to other parameter windows or different tubular configurations.
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