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Abstract

In aerospace manufacturing, laser welding of TC4/TA18 dissimilar titanium alloys in
bottom-locking configurations is essential for lightweight design, yet the residual stress
behavior of such joints remains insufficiently understood. This study systematically exam-
ines the influence of laser power on residual stress distribution in laser-welded TC4/TA18
bottom-locking tubular joints. Welded specimens were fabricated at three distinct laser
power levels (600 W, 800 W, and 1000 W). Experimental characterization included macro-
scopic morphology analysis and residual stress measurement using the blind-hole drilling
method, among other techniques. Concurrently, a three-dimensional thermo-elastic-plastic
finite element model was established based on ABAQUS 2022 to simulate the transient
temperature field and stress—strain field during the welding process. The results indicate
that due to the differences in thermophysical properties between the two titanium alloys
and the wall thickness effect, both the temperature field and residual stress distribution
of the TC4/TA18 dissimilar titanium alloy bottom-locking joints exhibit significant asym-
metry. Laser power exerts a selective influence on the residual stress field: within the
parameter range of this study, increasing laser power can significantly reduce the peak
hoop stress of TA18 thin-walled tubes and TC4 thick-walled tubes, as well as the peak
axial stress of TC4 thick-walled tubes, while remarkably increasing the peak axial stress of
TA18 thin-walled tubes. The numerical simulation results are in good agreement with the
experimental data, verifying that the established finite element model is an effective tool
for predicting welding outcomes.

Keywords: laser power; dissimilar titanium alloys; residual stress; bottom-locking joints;
numerical simulation

1. Introduction

The aerospace industry’s growing demand for lightweight and highly reliable struc-
tures has driven the extensive adoption of multi-material components in engineering
practice [1]. These components integrate the respective advantages of metals and compos-
ite materials. In this context, dissimilar titanium alloy welding has emerged as a critical
technology in aerospace manufacturing. By precisely combining the performance benefits
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of different titanium alloys, this approach enables the dual objectives of weight reduction
and performance optimization in structural components [2-5]. Among these, the dissimilar
welding between high-strength TC4 (Ti-6Al-4V) and high-ductility TA18 (Ti-3Al-2.5V)
titanium alloys is particularly representative. Such joints can provide integrated fluid trans-
mission components (e.g., aircraft piping systems) with a balanced combination of strength
and formability [5]. To meet these application needs, the bottom-locking joint has been
widely adopted in aero-engine and airframe structures, owing to its self-aligning nature,
ease of assembly, and reliable sealing performance [6,7]. Laser welding, characterized
by its high energy density, low heat input, narrow heat-affected zone, and minimal weld
deformation, enables reliable joining of dissimilar materials with significantly different
physical and thermomechanical properties. As a result, it has emerged as a core process for
precision welding applications, gradually replacing conventional arc welding and attract-
ing considerable industrial attention [8-10]. However, the rapid heating and cooling cycles
inherent to laser welding often induce substantial residual stresses within the joint, which
can significantly affect structural integrity, fatigue performance, and long-term service
reliability [11]. Therefore, a thorough understanding and effective control of residual stress
in laser-welded dissimilar titanium bottom-locking joints are crucial for ensuring the safety
and durability of aerospace components and for advancing the application of laser welding
technology in this field.

Currently, researchers primarily focus on the microstructure and mechanical properties
of laser-welded joints between dissimilar titanium alloys (e.g., TC4/TA15, TC4/CP-Tij,
Ti-2/TC4, etc.) to achieve welded joints with minimal or no defects [5]. However, studies
on residual stresses in laser welding of both similar and dissimilar titanium alloys remain
relatively limited. Zhang et al. [12] used the hole-drilling method to compare the residual
stress distributions in laser-welded and tungsten inert gas (TIG)-welded joints of thin-sheet
titanium alloys. They found that the residual stress distribution in laser-welded joints was
similar in morphology to that in conventional fusion welding processes, but the affected
zone was significantly narrower, and the residual stress in the heat-affected zone was about
100 MPa lower than in TIG-welded joints. Junaid et al. [13] compared the residual stress
distribution and deformation in Ti-5A1-2.55n alloy under laser welding, TIG welding,
and electron beam welding. Their study indicated that laser-welded specimens exhibited
lower tensile residual stress and deformation than electron beam-welded specimens, while
TIG-welded specimens showed the highest values. Xie et al. [14] investigated the residual
stress distribution in 50 mm thick Ti-6Al-4V plates joined by electron beam welding using
finite element analysis and the contour method. Their results revealed a narrow yet steep
stress gradient in the joint, with the peak tensile stress in the interior exceeding the yield
strength of the base material. Frankel et al. [15] studied residual stresses in linear friction
welding of Ti-6Al-4V and Ti-6Al-25n—-4Zr-2Mo, while Xie et al. [16] examined residual
stresses in linear friction-welded joints of « + 3 and (3-Til7 alloys. Both studies observed
an asymmetric distribution of residual stresses in linear friction-welded joints of dissimilar
titanium alloys. Overall, existing research has predominantly concentrated on residual
stresses in flat-plate titanium alloy joints. In contrast, residual stresses in laser-welded
dissimilar titanium alloys, particularly in lock-step joint configurations, have rarely been
reported to date.

This study focuses on the welding of TC4/TA18 dissimilar titanium alloy tubes with
a bottom-locking structure. Welding experiments were conducted at three laser power
levels (600 W, 800 W, and 1000 W), and the macroscopic morphology of the weld seam as
well as the residual stress of the joint were systematically analyzed. In addition, a three-
dimensional thermo-elasto-plastic finite element model was established using ABAQUS
2022 software to simulate the dynamic evolution of the transient temperature and stress—
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strain fields during the laser welding process. The research aims to clarify the influence of
laser power on the residual stress distribution in dissimilar titanium alloy bottom-locking
joints. The findings are expected to provide practical guidance for optimizing laser welding
parameters and ensuring the in-service safety of complex aerospace components.

2. Experimental Procedure

This study employed two titanium alloy tubes, TC4 (Ti-6Al-4V) and TA18 (Ti-3Al-2.5V),
as the base materials, whose nominal chemical compositions are summarized in Table 1 [17].
Both tubes were machined into a bottom-locking joint configuration, with a schematic dia-
gram of the specific structure and geometric dimensions provided in Figure 1. The TA18
tube had an outer diameter of 27 mm, a wall thickness of 1.5 mm, and a length of 39.5 mm,
while the TC4 tube exhibited corresponding dimensions of 27 mm in outer diameter,
4.5 mm in wall thickness, and 54.5 mm in length. It is noteworthy that one end of the
TC4 tube was machined with a locating shoulder, measuring 15 mm in length and 1.5 mm
in height, to ensure precise alignment during the assembly of the two tubes. The welding
was conducted at the interface of the locating shoulders, with the welding direction and
center angle defined in Figure 1. To avoid both insufficient penetration from low heat input
and excessive ablation or melt pool collapse from high heat input, three dissimilar titanium
alloy bottom-locking joints were fabricated using an IPG YLS-6000 fiber laser system (IPG
Photonics, Oxford, MA, USA) following extensive preliminary trials and literature review.
In this study, laser power levels of 600 W, 800 W, and 1000 W were respectively applied
while maintaining a constant welding speed of 20 mm/min, ultimately achieving good
penetration [18]. Figure 2 shows an actual view of laser welding and a schematic diagram
of the process.

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

Material Al A% Fe (0] 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 2.0-35 1.5-3.0 <0.25 <0.12 <0.08 <0.05 <0.015 Bal.
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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. (a) actual view of the laser welding; (b) Schematic of the laser welding.

Experimental characterization primarily included thermal cycle measurement and
residual stress evaluation. The welding thermal cycles were recorded using K-type ther-
mocouples on the outer surface of the tubes where the central angle 6 was 180°, with the
thermocouple locations shown in Figure 1. Residual stress testing was performed using
the blind-hole drilling method with strain gauge rosettes [19], and principal stresses were
calculated in accordance with ASTM E837 standard [20]. Macroscopic morphologies of the
joints were prepared using Kroll’s reagent (3% hydrofluoric acid + 30% nitric acid + 67%
distilled water), and the macroscopic morphologies were captured using a Leica DM4M
optical microscope (Leica, Wetzlar, Germany).

3. Numerical Analysis
3.1. Finite Element Models

A coupled thermo-mechanical analysis of laser welding for dissimilar titanium alloy
tubes was performed using a thermo-elastic-plastic finite element method within the
ABAQUS code. The simulation was performed in two sequential steps. The thermal
analysis, which was first conducted independently to solve the heat conduction problem,
provided the transient temperature field. This temperature history was then applied as a
thermal load in the subsequent mechanical analysis.

Three finite element models were developed based on the actual geometry of the
dissimilar titanium alloy tube joints. The mesh in the weld region was constructed accord-
ing to the macroscopic morphology observed in experiments, as shown in Figure 3. To
balance computational accuracy and efficiency, a refined mesh was applied in the weld and
adjacent areas, while a coarser mesh was used in regions farther away from the weld. The
finite element models corresponding to the three laser power conditions (600 W, 800 W,
and 1000 W) had the following specifications: 97,740 elements and 116,280 nodes for 600
W; 128,160 elements and 110,520 nodes for 800 W; and 127,440 elements and 109,440 nodes
for 1000 W. The temperature field and stress—strain field simulations employed DC3D8 and
C3D8I element types, respectively [21].
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Figure 3. Finite element models and boundary conditions.

The thermal and mechanical analyses incorporated temperature-dependent properties—

including thermal conductivity, specific heat capacity, and density for the thermal analysis,

as well as Young’s modulus, Poisson’s ratio, thermal expansion coefficient, and yield

strength for the mechanical analysis—with the variations of these properties with tem-

perature for both TA18 and TC4 alloys presented in Figures 4 and 5, respectively [22,23].

The performance parameters of the weld metal are determined by weighted calculation

using the arithmetic mean method, based on the proportion of TA18 and TC4 alloys in the

weld metal.
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Figure 4. Temperature-dependent thermophysical properties: (a) TA18; (b) TC4.
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Figure 5. Temperature-dependent mechanical properties: (a) TA18; (b) TC4.

3.2. Simulation Cases

To investigate the influence of laser power on the residual stress distribution in laser-
welded TA18/TC4 dissimilar titanium alloy bottom-locking tubes, three cases were de-
signed. Specifically, Case A corresponds to a laser power of 600 W, while Cases B and C
have welding powers of 800 W and 1000 W, respectively.

3.3. Thermal Analysis

The governing equation for transient heat conduction analysis in the temperature field
simulation is given by

oT
pcg(x,y,z,t) =—-V-q(x,yzt)+Q(xy,zt) (1)

where p represents the density, ¢ denotes the specific heat capacity, T stands for the instanta-
neous temperature, ¢ is the time, V is the spatial gradient operator, g is the heat flux vector,
and Q represents the heating rate of the internal heat source.

A three-dimensional Gaussian conical heat source model was employed to simulate
the laser welding process, with its heat flux distribution defined by the following equations:

9772Q2€3 372
7 = Ty 2
q(r,z) TH(@ —1)(12 + rery 72 exp( 7 ) 2
y oy =) =2) “
Ze — Zj
H=2z—z “)

where 7, stands for the radius of upper surface, while r; represents the radius of bottom
surface; z, and z; represent the Z coordinates of upper and bottom surfaces, respectively.
Q, denotes laser welding power, and #, stands for the efficiency of the laser welding. The
heat flux load was implemented in the ABAQUS software platform through a user-defined
DFLUX subroutine developed in FORTRAN 2016.

Additionally, the convective and radiative heat losses were characterized based on
Newton’s law of cooling and the Stefan-Boltzmann law, respectively, and are calculated
using Equations (5) and (6).

qc = _hc(Ts - TO) (&)
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g = —ea[(Ts +273)* — (Tp + 273)4} (6)

where /i, stands for the heat transfer coefficient; T represents the surface temperature of
the workpiece; Ty denotes the ambient temperature taken as 20 °C. o denotes the Stefan—
Boltzmann constant; ¢ is the emissivity, which takes the value of 0.8.

3.4. Mechanical Analysis

The mechanical analysis utilized the same finite element model as the thermal analysis,
with modifications made only to the element type and boundary conditions. The restraint
conditions are indicated by arrows in Figure 3. This boundary condition accurately repli-
cates the actual experimental constraint scenario. By applying symmetric constraints to
three nodes on the bottom surface of the tubular structure, rigid body motion is effectively
suppressed [24]. In this study, the strain changes induced by creep and solid-state phase
transformations during the welding process are neglected. The strain composition at a
material point can thus be expressed as follows:

Etotal = €e T Ep + €y ()

where ¢, represents the elastic strain, ¢, denotes the plastic strain, &, is the thermal strain.
The elastic and plastic strains followed the isotropic Hooke’s law and the Von Mises
criterion, respectively.

4. Results and Discussion
4.1. Temperature Field

Figure 6 compares the simulated and experimentally measured weld morphol-
ogy at the 180° cross-section of dissimilar titanium alloy bottom-locking joints un-
der three different laser power settings. The gray area indicates the fusion zone (FZ)
(peak temperature > 1650 °C), while the surrounding region with temperatures ranging
from 960 °C to 1650 °C corresponds to the heat-affected zone (HAZ). The simulated weld
pool morphology under all three conditions shows excellent agreement with experimental
results, validating the effectiveness of the established heat source model and related param-
eters. Both experimental and simulation results collectively demonstrate that as the laser
power increases, the weld penetration depth grows significantly from 2.5 mm to 3.1 mm
and then to 3.8 mm, showing a clear increasing trend. In contrast, the weld width only ex-
pands slightly from 0.7 mm to 0.8 mm and then to 0.9 mm, with relatively limited variation.
Further analysis reveals that the temperature distribution in the dissimilar titanium alloy
welded joints exhibits distinct asymmetric characteristics under all three conditions. Due
to the combined effects of differences in thermophysical properties between the dissimilar
materials and the bottom-locking structure, the width of the heat-affected zone on the TA18
titanium alloy side is approximately twice that on the TC4 titanium alloy side.

Figure 7 compares the simulated and measured thermal cycle histories at characteristic
points for Case B. The simulated curves show excellent agreement with the experimental
data in terms of both peak temperature and cooling rate. Both experimental and simulation
results indicate that at the same distance (3 mm) from the weld center, the peak temperature
on the TA18 titanium alloy side is 50 °C higher than that on the TC4 titanium alloy side.
This temperature difference is attributed to two main factors: first, TA18 titanium alloy has
higher thermal conductivity, leading to more rapid heat transfer toward the TA18 titanium
alloy side during welding; second, the bottom-locking structure results in a smaller thermal
mass volume in the TA18 titanium alloy region due to its thinner wall thickness. Compared
to the TC4 titanium alloy side with thicker walls, heat dissipation in the TA18 region is
slower, ultimately causing more concentrated temperature rise in this area.
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Figure 6. Macroscopic morphologies of the bottom-locking structures and peak temperature distribu-
tions at the 180° cross-section.
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Figure 7. Thermal cycle at the outer surface of the 180° cross-section for Case B.

As shown in Figures 6 and 7, with increasing laser power, the weld penetration of
the dissimilar alloy joints increases markedly, whereas the weld width grows only slightly.
Due to the combined effects of material properties and joint geometry, the heat dissipation
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rates on the TA18 and TC4 sides differ significantly. Specifically, the TA18 side exhibits
slower heat dissipation owing to its higher thermal conductivity and smaller thermal
mass. Consequently, this leads to a clearly asymmetric temperature distribution in the
welded joint. In detail, at equal distances from the weld centerline, the peak temperature
is higher on the TA18 side than on the TC4 side, and the HAZ width on the TA18 side is
approximately twice that on the TC4 side.

4.2. Residual Stress Distribution

In this section, the influence of laser power on the residual stress distribution in laser-
welded bottom-locking TA18/TC4 dissimilar titanium alloy tubes is discussed. Figure 8
shows the hoop stress distribution contours at the 180°cross-section for Cases A, B, and
C. The results indicate that the hoop stress distribution follows consistent patterns across
all three cases, each exhibiting significant asymmetric characteristics: the FZ and adjacent
regions are dominated by high tensile stresses, while compressive stresses develop in
areas farther from the FZ to achieve overall stress balance. It is noteworthy that the peak
hoop tensile stress in all cases exceeds the yield strengths of both TA18 and TC4 base
metals. A comparison of the three cases reveals that as laser power increases, the high-
tensile-stress-affected zone in the joint expands, while the peak tensile stress decreases
accordingly. This phenomenon occurs because welding residual stress depends mainly on
the joint’s peak temperature and constraint conditions. The increase in heat input enlarges
the high-temperature region in the TA18/TC4 welded joint while reducing the constraint
stiffness, ultimately leading to an expansion of the high tensile stress zone and a reduction
in the peak tensile stress [25].

Figure 8. Hoop stress distribution contours at the 180° cross-section.

An interesting observation from this figure is that although the yield strength of TA18
titanium alloy (780 MPa) is lower than that of TC4 titanium alloy (825 MPa), the TA18 side
exhibits a higher peak tensile stress. This behavior is closely related to the bottom-locking
structure. Due to the thinner wall thickness on the TA18 side compared to the TC4 side, the
cooling rate of TA18 is relatively slower, as confirmed by the thermal cycle results shown
in Figure 7. During the cooling process, the TC4 side cools down earlier and establishes
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constraint conditions, imposing stronger hoop constraints on the still-cooling TA18 side,
which consequently results in higher residual hoop stresses.

Figure 9 presents the axial stress distribution contours at the 180° cross-section for
the three cases (A, B, and C). The axial stress distribution in all cases exhibits significant
asymmetric characteristics. For clarity, the welded joint is described separately for the TA18
and TC4 sides. On the TA18 titanium alloy side, high tensile stresses are concentrated in
the lower surface region near the FZ, while high compressive stresses are distributed in the
upper surface region of the FZ. As the laser power increases, the high tensile stress zone
near the lower surface of the FZ gradually expands, and the peak tensile stress increases
sequentially from 217 MPa to 444 MPa and 486 MPa. This trend is primarily attributed to
the fact that the weld penetration depth on the TA18 side exceeds the plate thickness under
all three power levels, resulting in minimal differences in constraint strength on this side.
However, the increased heat input leads to greater transverse contraction, which in turn
expands the axial tensile stress zone and raises its magnitude on the lower surface of the
TA18 side. On the TC4 titanium alloy side, high tensile stresses are mainly observed in
the lower part of the FZ and the upper surface of the joint. As the laser power increases,
the penetration depth on the TC4 side gradually deepens, and the high-stress zone shifts
downward accordingly. Meanwhile, the peak tensile stress decreases progressively from
442 MPa to 355 MPa and 289 MPa. This is mainly because the increase in welding heat
input reduces the constraint strength on the TC4 titanium alloy side, thereby lowering the
peak axial stress.

S, 33 (CSYS-1)
(Avg: 75%)
400
325
250
175
100
25
__15 205 Max:440MPa
—200
=275
—-350
—425
—500

"

Figure 9. Axial stress distribution contours at the 180° cross-section.

The axial and hoop residual stress contour maps reveal a distinctly asymmetric dis-
tribution in the dissimilar titanium alloy bottom-locking joint. For hoop stress, a high
tensile stress concentration appears in the fusion zone (FZ) and surrounding areas, while
compressive stress develops farther from the FZ to maintain overall equilibrium. Notably,
the peak hoop stress is higher on the TA18 side than on the TC4 side, despite TA18's lower
yield strength. Axial stress also differs between the alloys: on the TA18 side, high tensile
stress is concentrated on the lower surface near the FZ, while on the TC18 side it is located
at the lower part of the FZ and on the upper surface of the joint. The influence of laser
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power also differs significantly between hoop and axial stress. With increasing laser power,
hoop stress shows an expansion of the high tensile zone accompanied by a decrease in peak
magnitude. In contrast, for axial stress, the TA18 side exhibits both expansion of the high
tensile zone and a marked rise in peak stress, while the TC4 side shows a downward shift
of the high-stress region and a gradual reduction in peak stress.

To quantitatively investigate the effect of laser power on the residual stress distri-
bution in laser-welded TC4/TA18 dissimilar titanium alloy tubes with a bottom-locking
configuration, this study compares the residual stress distribution characteristics along
Paths L1, L2, L3, and L4 at the 180° cross-section. The end of the gap in the bottom-locking
joint (BLG End) is a typical characteristic region of the bottom-locking welded joint. Here,
the gap formed by the mating of the two tubes directly adjoins the weld, making it a critical
zone with high stress concentration and one of the key focus areas of this study. Both the
path of this cross-section and the schematic of the BLG End are illustrated in Figure 10.

—
TA13 12 x\ / TC4
o

BLG End L4

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

Figure 11 quantitatively compares the hoop residual stress distribution characteristics
along Path L1 under three laser welding conditions. As shown in the figure, the stress
distribution patterns of the three cases are consistent: a high tensile stress state is observed
near the FZ and HAZ. As the distance from the HAZ increases, the stress attenuates rapidly
and transitions to compressive stress, eventually approaching a low-stress level in the
region far from the weld. Meanwhile, the distribution range of high tensile stress expands
with the increase in heat input. This distribution trend shows certain similarities to findings
reported in earlier studies [26-28]. It should be noted, however, that the present work
specifically addresses dissimilar titanium alloy bottom-locking joints, in which the stress
field displays a markedly asymmetric distribution. This asymmetry constitutes the most
significant distinction between the findings reported here and those of prior research.
Under the three cases, the peak hoop tensile stress along Path L1 is far lower than the yield
strength of the material, with specific values as follows: 416 MPa for Case A, 363 MPa for
Case B, and 384 MPa for Case C. In addition, the simulation results of Case B are in good
agreement with the experimental data, which also verifies the reliability of the established
numerical method.

Figure 12 quantitatively compares the axial residual stress distribution along Path
L1 under three laser welding conditions. As shown in the figure, the stress distribution
patterns of the three cases are highly similar: the axial tensile stress level is relatively low
for all cases, while relatively high axial compressive stress generally exists near the FZ
and HAZ—a characteristic that is particularly prominent on the TA18 titanium alloy side.
This distribution pattern aligns with the typical stress distribution observed on the outer
surface of circular tubes, which is characterized by relatively high compressive stresses in
the weld zone and an overall M-shaped profile [26-31]. Comparing the peak compressive
stresses of the three cases, it can be seen that the laser power has a slight effect on the peak
axial residual compressive stress along Path L1. Specifically, the peak compressive stress
of Case A is —558 MPa, Case B is —553 MPa, and Case C is —540 MPa. In addition, by
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comparing the experimental and simulated values of axial residual stress for Case B, the
two are in good agreement, which further verifies the reliability of the numerical model.
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Figure 11. Hoop residual stress distributions along Path L1.
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Figure 12. Axial residual stress distributions along Path L1.

Figure 13a presents the hoop stress distribution characteristics along Path L2 under
three laser welding conditions. As shown in the figure, significant stress fluctuation is
observed in the BLG End region for all three cases, forming a typical V-shaped stress trough,
where the stress level on the TA18 titanium alloy side and in the FZ zone is higher than that
on the TC4 titanium alloy side. By analyzing the evolution law of the three curves, it can be
clearly confirmed that with the increase in heat input, the peak stress on the TA18 titanium
alloy side exhibits a continuous upward trend, and the peak tensile stresses of Cases B and
C are nearly 100 MPa higher than that of Case A. In contrast, the peak stress on the TC4
titanium alloy side shows a gradual decreasing characteristic as the heat input increases.
The specific values are as follows: the peak stress of Case A is 763 MPa, Case B decreases to
732 MPa, and Case C further reduces to 687 MPa. Furthermore, with the increase in heat
input, the distribution range of the high-stress zone in the joint expands synchronously.
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Figure 13. Residual stress distributions along Path L2: (a) Hoop residual stress; (b) Axial
residual stress.

Figure 13b illustrates the axial stress distribution law along Path L2 under three
laser welding conditions. As can be seen from the curve distribution characteristics, the
axial stress distribution exhibits a significant asymmetric feature, and laser power has a
remarkable influence on the axial stress distribution along Path L2. Severe stress fluctuation
occurs in the BLG End region, where the peak tensile stress on the TA18 titanium alloy side
is nearly twice that on the TC4 titanium alloy side. From the perspective of stress evolution
trend, the peak axial tensile stress on the TA18 titanium alloy side shows a substantial
increase with the rise in welding power: the peak stress of Case A is 293 MPa, while those
of Cases B and C reach 420 MPa and 466 MPa, respectively. In contrast, within the FZ zone,
the peak tensile stress demonstrates a decreasing trend with the increase in welding power.

Figure 14a presents the hoop stress distribution characteristics along Path L3 under
three laser welding conditions. The stress distribution of all three cases exhibits a high
degree of asymmetry, with the peak hoop tensile stress on the left side of the FZ being
nearly 400 MPa lower than that on the right side. This is significantly different from the
hoop stress distribution along Path L2. Due to the special temperature field and constraint
conditions of the bottom-locking structure, two regions that are so close to each other
exhibit completely distinct stress distribution states. By comparing the tensile stress data,
it can be clearly verified that all three cases follow the evolution law that “the peak stress
decreases with the increase in heat input, and the distribution range of the high-stress
zone expands synchronously”: the peak stress of Case A is 764 MPa, Case B decreases to
738 MPa, and Case C further reduces to 693 MPa; the distribution range of the high-stress
zone for Cases B and C is 40% wider than that of Case A. Figure 14b illustrates the axial
stress distribution law along Path L3 under three laser welding conditions. As shown in
the figure, a compressive stress state is observed near the BLG End for all three cases. With
the increase in distance from the BLG End, the stress rises rapidly and transitions to tensile
stress, and the tensile stress level of all cases is relatively low. Within the region of the FZ
and its left side (1 > X > 0), the peak stress of all three cases shows a decreasing trend with
the increase in heat input.
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Figure 14. Residual stress distributions along Path L3: (a) Hoop residual stress; (b) Axial
residual stress.

Figure 15a illustrates the hoop residual stress distribution characteristics along Path L4
under three laser welding conditions. As can be seen from the figure, all three cases exhibit
relatively high tensile stress in the FZ zone, with the peak stress showing a decreasing trend
as the heat input increases. Meanwhile, the extension range of high tensile stress along the
thickness direction gradually expands with the increase in heat input. The peak hoop stress
of each case is concentrated in a specific interval above the weld root (3 > Z > 2). Figure 15b
presents the axial residual stress distribution law along Path L4 under three laser welding
conditions. The curve data indicates that the peak axial stress of the three cases also shows
a decreasing trend with the increase in heat input.
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Figure 15. Residual stress distributions along Path L4: (a) Hoop residual stress; (b) Axial
residual stress.

The BLG End, as a critical stress concentration zone in bottom-locking joints, is sub-
jected to the coupled effects of structural constraint and material mismatch, making it a
potential site for fatigue-crack initiation under service conditions in aircraft structures. As
shown in earlier quantitative analyses of residual stress, heat input plays a key role in
governing axial stress distribution: as heat input rises, the peak axial tensile stress on the
TA18 side tends to increase, whereas the peak axial tensile stress at the weld root gradually
decreases. In the present study, all three power conditions produced welds with good
penetration [18], thereby shifting the high tensile-stress zone at the weld root away from
the BLG End region. Notably, Case A (low heat input) yielded the most favorable stress
distribution: the tensile stress level on the TA18 side was the lowest, and the high-stress
risk zone did not overlap with the BLG End.
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It is particularly important to note that if the weld penetration is reduced to the depth
of the BLG, a significant axial high-tensile-stress concentration will inevitably develop in
the BLG region, severely degrading the mechanical performance of the joint. Based on the
findings of this study, the key principle for optimizing the welding process of dissimilar
bottom-locking joints can be summarized as follows: while ensuring that the weld pene-
tration exceeds the fitting gap between the two tubes by a sufficient depth, the heat input
should be minimized as much as possible. This approach allows the joint to achieve a more
favorable residual stress distribution, effectively preventing stress concentration in the BLG
region, and thereby ensuring the joint’s service reliability and structural integrity.

5. Conclusions and Prospects

This study conducts comprehensive numerical simulation and experimental research
on the laser welding process of TC4/TA18 dissimilar titanium alloy bottom-locking tubes.
The core findings are summarized as follows:

(1) The temperature field of the dissimilar titanium alloy bottom-locking structure exhibits
significant asymmetry, specifically manifested in the heat-affected zone (HAZ) width of
the TA18 thin-walled tube being approximately twice that of the TC4 thick-walled tube.
Furthermore, as the laser power increases, the weld penetration depth of the dissimilar
alloy joint increases significantly, while the weld width shows only a minor increase.

(2) High hoop tensile stresses in the dissimilar titanium alloy bottom-locking joint are
concentrated in the FZ and adjacent areas, with the TA18 thin-walled tube exhibit-
ing higher peak stress than the TC4 thick-walled tube. Notably, as the laser power
increases, the distribution range of this high-stress zone expands, while the peak stress
value correspondingly decreases.

(3) The axial stress distribution in the dissimilar titanium alloy bottom-locking joint
exhibits significant asymmetric characteristics, with the high-stress zone distribution
and evolution patterns as follows: on the TA18 titanium alloy side, high tensile stresses
are concentrated on the lower surface of the weld, and as the laser power increases,
this zone expands with the peak value rising from 217 MPa to 486 MPa; on the TC4
titanium alloy side, high tensile stresses are distributed in the lower part and upper
surface of the weld, and with increasing laser power, the high-stress zone in the lower
part of the weld shifts downward while the peak value decreases from 442 MPa to
289 MPa.

(4) Stress analysis of the end of the gap in the bottom-locking joint indicates that 600 W is
the optimal laser power among the three levels investigated in this study, as it results
in the lowest tensile residual stress in the bottom-locking joint gap-end zone.

(5) Future work will focus on two main aspects: first, systematically comparing laser
welding with other welding methods, with emphasis on analyzing weld formation,
temperature fields, and residual stress distribution to clarify the advantages of laser
welding; second, conducting an in-depth investigation into the influence of laser
process parameters on residual stress, aiming to identify the optimal parameter set for
reducing stress peaks and improving stress distribution.
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