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Abstract

Molybdenum-rhenium (Mo-Re) alloys, especially those with low Re content, have great
potential in fabricating nuclear components. However, the extremely high melting point
and high brittleness of Mo-Re alloys make them difficult to weld. In this study, laser weld-
ing was used to prepare single-pass remelted joint of Mo-5Re alloy with welding param-
eters of laser power 2800 W, welding speed 2 m'min™ and argon gas flow rate 20 L-min".
The microstructure of the remelted joint was investigated by the optical microscopy and
the scanning electron microscopy. The microhardness distribution of the joint was ana-
lyzed. In addition, the temperature field, residual stress, and angular distortion of the joint
were investigated by both numerical and experimental methods. The results show that
columnar grains grew from the fusion boundary toward the center of the weld pool, and
equiaxed grains formed in the central region of the fusion zone (FZ). In the heat-affected
zone (HAZ), the grains transformed from initial elongated into equiaxed grains. The elec-
tron backscatter diffraction (EBSD) results revealed that high-angle grain boundaries
(HAGBs) dominated in FZ. Oxide/carbide particles at grain boundaries and inside the
grains can be inferred from contrast results. The average microhardness of FZ was 170 +
5 (standard deviation) HV, which was approximately 80 HV lower than that of the base
metal (250 = 2 HV). Softening phenomenon was also observed in HAZ. The calculated
weld pool shape showed high consistency with the experimental observation. The peak
temperature (296 °C) of the simulated thermal cycling curve was ~8% higher than the
measured value (275 °C). The residual stress calculation results indicated that FZ and its
vicinity exhibited high levels of longitudinal tensile residual stresses. The simulated peak
longitudinal residual stress (509MPa) was ~30% higher than the measured value
(393MPa). Furthermore, both the simulation and experimental results demonstrated that
the single-pass remelted joint of Mo-5Re alloy produced only minor angular distortion.
The obtained results are very useful in understanding the basic phenomena and problems
in laser welding of Mo alloys with low Re content.

Keywords: molybdenum-rhenium alloy; laser remelted joint; microstructure; residual
stress; numerical simulation
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1. Introduction

Molybdenum (Mo) and its alloys possess advantages such as high melting point, ex-
cellent high-temperature mechanical strength, low coefficient of thermal expansion, and
good thermal conductivity, making them suitable as structural materials for advanced re-
actor types including fast neutron reactors and nuclear fusion reactors [1,2]. The fabrica-
tion of complete Mo alloy structural components inevitably relies on welding processes.
However, Mo and its alloys exhibit significant brittleness, resulting in their poor welda-
bility. The brittleness of Mo alloys primarily stems from two factors: first, the inherent
brittleness of Mo itself, and second, the segregation of impurities at grain boundaries of
Mo alloys [3]. Alloying can partially mitigate the brittleness of Mo, with the element rhe-
nium (Re) demonstrating particularly outstanding effects. The addition of Re to Mo can
significantly reduce the ductile-to-brittle transition temperature (DBTT), thereby enhanc-
ing its processability and weldability. The Re element can also increase the recrystalliza-
tion temperature of Mo, improving its high-temperature performance.

Various welding methods have been employed to join Mo alloys, including re-
sistance welding [4-6], vacuum brazing [7,8], friction stir welding [9,10], and fusion weld-
ing [11-15]. Among these methods, laser welding stands out as a highly efficient and pre-
cise technique, due to its short processing time, concentrated energy input, and capability
to operate in open environments [16].

Liu et al. [11] conducted lap welding of 50Mo-50Re alloy using Nd:YAG laser. Mi-
crostructural observation revealed the presence of numerous large-sized pores in the weld
seam. Fractographic analysis indicated that the joints failed through intergranular frac-
ture, with grain boundaries and grain interiors containing substantial amounts of com-
pounds composed of Mo and Re elements. The primary causes of joint failure were at-
tributed to coarse microstructures and detrimental impurity elements. An et al. [13] opti-
mized the fiber laser welding process for La2Os-nanoparticle-strengthened Mo alloy. The
joints exhibited a mixed fracture mode of intergranular and cleavage fracture, with poros-
ity defects observed on the fracture surfaces. Zhang et al. [17,18] investigated lap welding
of La20:s dispersedly strengthened Mo alloy cladding with end plugs. Significant porosity
defects were observed in the fusion zone (FZ) of the joints. The introduction of Ti or Zr
interlayers was found to effectively suppress pore formation in the laser-welded joints of
Mo alloys. Xie et al. [19,20] demonstrated that reduced heat input during fiber laser weld-
ing resulted in notable grain refinement in FZ of nanostructured Mo alloy joints, along
with significant reduction of porosity defects in FZ. Zhang et al. [21] examined the effect
of welding pass number on porosity in laser-welded joints between Mo alloy thin-walled
tubes and end plugs. When the number of welding pass was increased from 2 to §, the
joint porosity decreased from approximately 1.00% to 0.48%, with maximum and average
pore diameters reduced by about 53% and 27%, respectively.

Defects and residual stresses play important roles in limiting the completeness and
mechanical properties of Mo alloy welded joints. Kramer et al. [12] performed laser weld-
ing on 0.5 mm thick Mo-45Re alloy and observed crack formation in the weld seam. The
fracture surface exhibited brittle fracture morphology with a predominantly intergranular
fracture mode. Zhang et al. [15] found that laser power had the most significant effect on
both penetration depth and bead width in Mo-5Re alloy joints, with both parameters in-
creasing monotonically with power. However, excessive laser power would induce trans-
verse cracks in the joints. Wang et al. [22] demonstrated that residual tensile stresses in
Mo alloy laser welded joints were a critical factor contributing to cracking. Because exper-
imental measurements are inherently limited in capturing full-field stress characteristics,
numerical simulation techniques offer an alternative approach. Zhang et al. [23] con-
ducted fiber laser circumferential welding of thin-walled nanostructured Mo alloy tubes
and employed ANSYS to analyze preheating effects on residual stresses. The combined
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numerical-experimental results showed that peak residual tensile stresses decreased mon-
otonically with increasing preheating temperature. Zhang et al. [24] performed electron
beam welding of La20s-strengthened Mo alloy and implemented ABAQUS-based finite
element analysis of welding residual stresses. The authors reported that the accumulated
high residual stresses in the weld region increased cracking susceptibility, which was con-
sistent with experimental observations.

Current researches were mainly focused on welding of Mo alloys with high Re con-
tent. Although the increase of Re content can improve the weldability of Mo alloys, exces-
sive Re will adversely affect the nuclear application of this kind of alloy. Therefore, studies
on welding Mo alloys with low Re content are very necessary. In addition, the research
on residual stresses and welding distortion in welded joints of Mo-Re alloy is still limited.

In this study, the Mo-5Re alloy (5 wt.% Re content) with a thickness of 3 mm was
single-pass remelted by the laser welding mothed without filler addition. The microstruc-
tural observation and the microhardness investigation of the remelted joint were carried
out. Furthermore, by both the experimental and numerical analysis methods, the temper-
ature field, residual stresses, and angular distortion in the remelted joint were investi-
gated. The main objectives of this study are to establish a fundamental understanding of
laser welding of Mo alloys with low Re content, and to assess whether the finite element
model developed on the MSC.Marc platform (MSC.Marc 2020) can reliably predict the
residual stresses and angular distortion in the laser remelted joint. The findings are ex-
pected to provide both theoretical insight and methodological reference for welding pro-
cess optimization and performance prediction of the laser welded joints of Mo alloys with
low Re content.

2. Materials and Methods

2.1. Preparation of Molybdenum-Rhenium Alloy Laser Remelted Joint

The Mo alloy (containing 5 wt.% Re) employed in this study was prepared via pow-
der metallurgy-hot rolling processes, and was supplied by Luoyang Aikemai Tungsten &
Molybdenum Technology Co., Ltd., Luoyang, China. The chemical composition of the
Mo-5Re alloy was presented in Table 1. The alloy plate dimensions were 150 mm x 100
mm x 3 mm. The welding schematic and workpiece dimensions were shown in Figure 1.
No fixtures were used during the welding process, namely the plate was directly placed
flat on the welding workbench. The laser welding equipment consisted of a TRUMPF
TruDisk 3002 solid-state multimode laser (TRUMPF Photonics Components GmbH, Ba-
varia, Germany), TruLaser Cell 3000 laser beam welding system (TRUMPF Photonics
Components GmbH, Bavaria, Germany), and off-axis gas shielding hose. The off-axis gas
shielding hose is positioned at a 45-degree angle to the workpiece (or laser beam), with
the air outlet maintained at a distance of 10 mm from the workpiece surface. Before weld-
ing, the areas to be welded were sanded with sandpaper, cleaned with alcohol, and dried
in air. During welding, the laser was focused on the upper surface of the plate, and the
beam diameter was 0.666 mm. The welding parameters was specified in Table 2, and the
line energy was determined to be 75,600 J-m'. No preheating treatment was performed
prior to welding. Ar (99.999%) shielding gas was continuously supplied 10 s before weld-
ing, throughout the entire welding process, and maintained for 30 s after welding.

Table 1. Chemical Composition of Mo-5Re (wt.%).

Element

K

Na Mn Sn Ca Fe C N (@) Re Mo

Content

<0.002

<0.002 <0.0015 <0.001 <0.0002 <0.0055 0.0037 <0.0003 0.0013 5 Bal.
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100mm

Figure 1. Diagrammatic sketch of the laser remelting process.

Table 2. Welding parameters.

Welding Power Speed SpotDiameter Defocus Gas Flow Rate
Parameters (W) (m-'min™) (mm) (mm) (L-min™)
Value 2800 2 0.533 2.21 20 0.9

Efficiency

2.2. Observation of Microstructure and Measurement of Hardness

Specimens with dimensions of 10 mm x 5 mm x 3 mm were obtained by a DK7740
electrical discharge wire-cutting machine (Changzhou Beichen CNC Equipment Co., Ltd.,
Changzhou, China) for microstructural observation and hardness test. The samples were
mechanically ground sequentially with 80 # to 1500 # grit sandpaper and polished with
2.5 um diamond abrasive paste. For optical microscopy (OM) observation, specimens
were etched at room temperature with a mixed acid solution (HNOs3:H2504H20 = 5:2:3 by
volume) for 2-3 s, and the microstructure was examined using a Zeiss Axio Scope.Al mi-
croscope (Carl Zeiss AG, Jena, Germany). For electron backscatter diffraction (EBSD) anal-
ysis, samples were electrolytically polished in a solution of anhydrous ethanol and sulfu-
ric acid (7:1 by volume) at 18 V, 0.6 A for 8 s, followed by EBSD characterization using a
JSM-7800F field emission scanning electron microscopy (Japan Electronics Co., Ltd., To-
kyo, Japan) to identify the phases and grain boundary types in the joint. The step size,
working distance and acceleration voltage of EBSD analysis were 1 um, 15 mm and 20 kV,
respectively. The resolution rate reached 92%. The noise reduction process was not con-
ducted. All chemical reagents used in this study were of analytical grade (AR) and sup-
plied by Chuandong Chemical Co., Ltd., Chongqing, China. Microhardness test was per-
formed on an HV-1000Z microhardness tester (Shanghai Juhui Instrument Manufacturing
Co., Ltd., Shanghai, China) with a 0.1 mm spacing between measurement points, using a
200 gf (HV0.2) load and a 10-s dwell time. Each point was tested only once.

2.3. Measurement of Welding Thermal Cycle, Residual Stress and Weld Deformation

A nickel-chromium alloy/nickel-silicon alloy K-type thermocouple was used to meas-
ure the temperature of a location near the weld. Considering the structural particularity
of the laser welding equipment (as shown in Figure 2), the thermocouple was spot-welded
at a position of 6 mm from the weld centerline by a capacitive energy storage thermocou-
ple welding machine. A digital thermometer was used to record the temperature changes
at this location during the welding process. The measurement step size was 0.01 s. After
welding, the hole-drilling method was employed to measure the residual stresses on the
upper surface of the joint. First, strain gauges were attached to the surface of the test work-



Metals 2025, 15, 1145

5 of 18

piece. Then, mechanical drilling was performed to release the elastic strain at the meas-
urement location. The diameter and depth of the holes were 1.5 mm and 2 mm, respec-
tively. The residual stresses can be calculated by the released strains. Generally, a stable
stress zone exists in the middle section of the weld bead in the plate joint after welding.
Therefore, the stress measurements in this region can be used to represent the stress dis-
tribution on the upper surface of the middle cross-section of the weld seam. The measure-
ment area and strain gauge locations are shown in Figure 3. The testing process was car-
ried out in accordance with the GB T31310-2014 standard [25]. The models of the strain
gauge tester and the strain gauge were HK21A (Shandong Hawking Electro-Mechanical
Science and Technology Co., Ltd., Shandong, China) and BE120-2CA-K (Zhonghang Elec-
tronic Measuring Instruments Co., Ltd., Hanzhong, China), respectively. Due to the rela-
tively thin plates used in this study, the projection method illustrated in Figure 4 was
adopted to measure the angular distortion. The contour line of the lower surface of the
specimen before welding was projected onto a white paper by the line-drawing method.
This line was defined as the baseline. After welding, points were evenly divided on the
contour line of the lower surface of the specimen perpendicular to the welding direction,
as well as on the baseline. The distance between the points on the contour line and on the
baseline was measured by a vernier caliper. The obtained distance values were taken to
evaluate the angular distortion of the welded specimen.

(b)

I V_ A |

Figure 2. (a) Test equipment for welding thermal cycle and (b) location of the thermocouple.
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Figure 3. Arrangement of strain gauges on the top surface of the remelted joint.
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Figure 4. Schematic image of measuring angular distortion.

3. Finite Element Analysis

The general-purpose finite element software MSC.Marc 2020 (MSC.Software Co., Los
Angeles, CA, USA) was used to simulate the laser remelting process. This software is suit-
able to solve the highly nonlinear and the multiple coupled problems. Based on MSC.Marc
2020, a three-dimensional finite element mesh model consistent with the actual weld seam
dimensions of the remelted joint was established, as shown in Figure 5. During meshing,
both computational accuracy and speed were considered. FZ and its adjacent areas were
meshed with relatively fine elements, while coarser elements were used for the regions
farther from FZ. The average element sizes in FZ and the heat-affected zone (HAZ) were
approximately 0.2 mm and 0.3 mm, respectively. The fixed time step of the welding pro-
cess was set at 0.01 s, while the cooling process was set with an adaptive time step accord-
ing to the temperature. All mesh elements were 8-node hexahedral elements, with a total
of 138,500 elements and 163,401 nodes. During the welding process, no external con-
straints were used. The workpiece was placed flat on the worktable and did not undergo
three-dimensional movement. Therefore, the 3-node 6-degree-of-freedom displacement
constraints as shown in Figure 5 were selected.

T Displacement boundary condition

Nodes: 163,401
Elems: 138,500

Figure 5. Finite element mesh model and displacement boundary conditions for Mo-5Re alloy sin-

gle-pass remelted joint.

3.1. Thermal Analysis

The weld pool of the Mo-5Re alloy single-pass laser remelted joint obtained in this
study exhibited a “nail” shape. The heat input during laser remelting process was simu-
lated using a combined heat source model of a double-ellipsoid and a cylinder, as shown
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in Figure 6, in order to effectively reproduce a thermal state which is similar to the real

welding state.

Figure 6. Double ellipsoid-cylinder combined heat source model.

The total heat input Q of the combined heat source is given by:
Q=nP=mQ+nQ 1)

ny+n, =1 2)

where, 1 represents the welding heat efficiency, set as 0.9; P is the laser power. n; and
n, are the distribution coefficients for the double ellipsoid and cylinder heat sources, re-
spectively, with n; set as 0.35and n, setas 0.65.

The heat flux density distributions for the front and rear halves of the upper part of
the double ellipsoid heat source, denoted as q, and g, are defined as [26]:

6v/3f, Qn 2 P2
4, (x,2)= = \/glulbcl expl = 3(—+7+3)] (x20,z<H) 3)
6\/§f2Qn 2 1/2 2

q,(xy,z) = m/?azbcl exp[ — 3( ;—2+‘b—2+i—2)] (x<0,z<Hy) 4)

where, H; is the effect height of the double ellipsoid in the thickness direction of the plate;
ay, a, b and c are the ellipsoid shape parameters; f, and f, are the heat distribution func-
tions for the front and rear ellipsoids, respectively, with the condition f, +f,=2.

The heat flux density (q,) for the lower part of the cylinder heat source is defined as:

_ 3Qm
% nrg2H

exp —jOLj) (Hy<z<d) (5)

H=d - H, 6)

where, H is the height of the cylinder heat source, d is the plate thickness, 7, is the effec-
tive radius, and r is the distance from a point in the laser beam area to the center of the
heat source.

The relevant parameters for the combined heat source model were shown in Table 3.
By adjusting the parameters of the heat source model and the respective distribution co-
efficients for the double ellipsoid and cylindrical heat sources, the simulated thermal cycle
curve, as well as the geometry and dimensions of the molten pool, can closely match the
experimental results.



Metals 2025, 15, 1145

8 of 18

Table 3. Heat source parameter values.

Heat Source Parameters ai az b c H: H 10 n n2
Value 035 055 045 03 03 145 05 035 0.65

During welding, heat transfers from the high-temperature to the low-temperature
regions of the workpiece via conduction. This heat transfer can be described by Fourier’s
law (Equation (7)):

/\2+/\2+/\2T+ —pen( D @)
(axz) (ayz) (aZZ) (%)‘PCP( Gt)

where, T represents the temperature field to be determined (K), A is the thermal conduc-
tivity (W-m™-K), g0 is the heat power from the internal heat source (J-m=), p is the den-
sity (kg-m™), cp is the specific heat capacity at constant pressure (J-kg-K™), and ¢ is the
heat transfer time (s). The values of A, p and c¢p vary with temperature, and the thermo-
physical properties of Mo-5Re alloy used in this study were shown in Table 4.

Table 4. Temperature-dependent thermal physical properties of Mo-5Re alloy.

Temperature Density Thermal Conductivity Specific Heat
(K) (kg'm) (W-m-1-K-1) (JkgK?)
298 74 240
473 74 240
673 75 240
873 77 250
1073 10,500 79 260
1273 85 280
1473 93 320
1673 87 320
1873 87 320

In the welding process, heat transfer is complicated. Convection and radiation heat
transfer were considered in this study, and they were described by Newton’s law and the
Stefan-Boltzmann law, respectively. The equations for convection and radiation heat
transfer are:

g.=a,T - Ty ®)

q,=eCo(T* — Tp) )

where, g_and g, represent the convective and radiative heat flux densities between the
workpiece and the surrounding environment; a, is the convection heat transfer coeffi-
cient, with a value of 0.33 W-m=2-K- [27]; T, is the ambient temperature (298 K). The emis-
sivity () is determined by factors such as the material itself, temperature and surface fin-
ish. In this study, € was taken as a constant value of 0.8. and C, is the Stefan-Boltzmann
constant.

3.2. Mechanical Analysis

The mechanical analysis used the same finite element model as the thermal analysis,
with the only difference being the element type. The results from the thermal analysis
were applied as thermal loads in the structural analysis model through direct coupling to
solve for stress and deformation. The mechanical analysis conducted in this study simu-
lated the mechanical behavior of the material within the scope of solid mechanics. The
effects of strain rate on plasticity were neglected, assuming the viscosity of the material to
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be zero. Additionally, the solid-liquid phase transition of the material in FZ was ignored,
treating the material as a continuous solid without considering the solid-liquid coupling.
Therefore, during the welding process, the total strain of the material can be described by
Equation (10):

Etotal = € te,+ Etn (10)

P

where, ¢, is the elastic strain, €, is the plastic strain, and ¢y, is the thermal strain.

The elastic behavior of the material was described using the isotropic Hooke’s law,
and the plastic behavior was modeled by the Von Mises yield criterion [28]. In this study,
an ideal elastic-plastic model was used, neglecting the effects of material work hardening.
The mechanical properties of Mo-5Re alloy as a function of temperature were shown in
Table 5. As an exploratory study, the mechanical properties of the weld seam were con-
sidered to be the same as the base metal (BM).

The data below 1500 °C in Tables 4 and 5 were obtained by experimental measure-
ments. Because of the difficulty in measuring the properties above 1500 °C, the property
values at relatively high temperatures were assumed to be the same as those at 1500 °C.

Table 5. Temperature-dependent mechanical properties of Mo-5Re alloy.

Young's

Temperature Linear Expansion Temperature Yield Strength Modulus Poisson’s

(X) (K1) (K) (MPa) (GPa) Ratio
298 0.00000496 298 485 320 0.3

473 0.00000496 573 419 310 0.31
673 0.00000517 873 349 296 0.31
873 0.00000553 1173 228 282 0.32
1073 0.00000589 1373 210 270 0.32
1273 0.00000642 1573 185 255 0.31
1473 0.00000701 1773 120 232 0.3

1673 0.00000764 1873 120 232 0.3

1873 0.00000764 —

4. Results and Discussion
4.1. Microstructure and Hardness of the Mo-5Re Alloy Laser Remelted Joint
4.1.1. Microstructural Characterization of the Mo-5Re Alloy Remelted Joint

Figure 7 shows the microstructure of the Mo-5Re alloy single-pass laser remelted
joint. FZ exhibited a “nail-shape” morphology (Figure 7a), being wide at the top and nar-
row at the bottom. A limited number of pores were observed near the fusion line, which
can be attributed to: (1) the keyhole effect caused by metal vapor pressure during deep
penetration laser welding, and (2) the inherent difficulty of powder metallurgy materials
in achieving complete densification, leaving potential micro-pores. The joint can be di-
vided into three distinct zones (Figure 7b): the fusion zone (FZ), the heat-affected zone
(HAZ) and base metal (BM). Figure 7c shows that BM consisted of elongated grains along
the deformation direction. However, because of the high energy density of laser welding,
recrystallized equiaxed grains were obtained in HAZ, completely replacing the original
fibrous structure of BM. As shown in Figure 7d,e, columnar grains grew from the fusion
line toward the weld center, while fine equiaxed grains were formed in the center of FZ
due to the low heat input and large cooling rate of laser welding. The width of HAZ varied
with location as a function of peak temperature and high-temperature dwell time. And a
very narrow HAZ region in adjacent to the weld root can be observed in Figure 7f.
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Figure 7. Microstructure of the Mo-5Re alloy laser remelted joint. (a) Low-magnification OM image
of the cross-section of the joint; (b—f) high-magnification images of zone A, zone B, zone C, zone D

and zone E, respectively, in (a).

EBSD analysis was performed on the central region of FZ, and the results were shown
in Figure 8. Figure 8a presents the inverse pole figure (IPF) map of the FZ center, revealing
that the microstructural features were consistent with the OM observations. Grain size
statistics (Figure 8b) presented a maximum equivalent circular diameter of 79.29 pm, min-
imum of 4.28 um, and average of 19.2 um in the analyzed area. Figure 8c shows the grain
boundary misorientation distribution. The grain boundaries with misorientation angle
larger than 10° were classified as high-angle grain boundaries (HAGBs), and the others
were classified as low-angle grain boundaries (LAGBs). Based on a sample size of 286 for
grain statistics, it can be seen that HAGBs (82.4%) predominated in the region as shown
in Figure 8c. The disordered atomic arrangement at HAGBs can result in higher interfacial
energy compared to LAGBs, effectively impeding dislocation motion [29]. This may fur-
ther lead to the tendency of brittle fracture at the joint under tensile stress induced by
restricted plastic deformation.

Figure 8d,e present the phase distribution statistics in zone A and zone B, respec-
tively, as marked in Figure 8a by the white boxes. The results demonstrated that the matrix
of FZ was the Mo phase (97.2% of the area), with no Re-containing phases detected due to
the low Re content. Oxide/carbide-like phases, inferred by the contrast (2.8%), were dis-
tributed along grain boundaries and inside the grains. Both O and C exhibit low solubility
in Mo and tend to migrate to grain boundaries at elevated temperatures, leading to the
formation of oxides and carbides. Although discontinuous distribution of limited ox-
ide/carbide particles at grain boundaries has minimal effect on joint properties, excessive
oxide/carbide, particularly when forming continuous networks along grain boundaries,
will cause grain boundary embrittlement [29]. The molybdenum oxides possess relatively
low melting points (e.g., MoOs melts at 1068 K [30]), potentially forming intergranular
liquid films during solidification. The as-produced liquid films may induce intergranular
cracking under tensile stress. Additionally, their low boiling points (e.g., MoOs boils at
1428 K [30]) promote vaporization during laser welding. The oxide vapors have extremely
low solubility in the molten pool, and have strong tendency to form the pore defects along
the fusion line when they are trapped.
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Minimum: 4.284m
Maximum: 79.29pm
8t Average: 19.2pm
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Figure 8. EBSD results of FZ. (a) Inverse pole figures (IPF); (b) grain sizes; (c) grain boundary miso-

rientation distributions; (d,e) phase distributions of zone A and zone B, respectively, marked in (a).

4.1.2. Microhardness Distribution of the Mo-5Re Alloy Remelted Joint

Figure 9 shows the Vickers hardness measurement results of the Mo-5Re alloy single-
pass laser remelted joint. Figure 9a illustrates the hardness measurement paths: Line A, B
and C parallel to the upper surface of FZ, and Line D perpendicular to the upper surface
of FZ. Line A was 0.3 mm away from the upper surface of the remelted joint. The distances
between Line A and Line B and between Line B and Line C were both 0.6 mm. Figure 9b-
d present the microhardness distributions along transverse paths Line A, B, and C, respec-
tively, demonstrating similar hardness distribution trends at different transverse paths.
The microhardness value of the Mo-5Re base material was 250 + 2 HV. Recrystallization
softening can be observed in HAZ. The degree of softening in HAZ increased when the
location was closer to FZ due to higher peak temperatures and longer duration above the
effective recrystallization temperature. However, due to the insufficient heat-effect, a cer-
tain degree of refined microstructure was retained, resulting in higher hardness in HAZ
than in FZ. FZ exhibited the lowest microhardness, averaging around 170 + 5 HV. As re-
vealed by the aforementioned microstructural analysis, FZ was primarily comprised of
coarse columnar grains that grew along the direction of heat flow. The grain coarsening
diminished the strengthening effect of fine-grained structures and reduced the ability to
impede dislocation motion, consequently leading to a decrease in hardness. Figure 9e dis-
plays the microhardness distribution along the FZ centerline (Line D). The hardness in-
dentation spacing of 0.1mm is less than half the HAZ width (0.12 mm) at the weld root
position, and therefore the interaction of plastic zones can be avoided. Although grain size
differences existed between the upper and lower regions of FZ, the hardness remained
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relatively consistent due to the overall dense microstructure, uniform composition, and
absence of solid-state phase transformation in FZ.
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Figure 9. Microhardness distribution of Mo-5Re alloy remelted joint. (a) Diagrammatic sketch of the
hardness measurement paths; (b—e) hardness values on Line A, Line B, Line C and Line D, respec-

tively.

4.2. Temperature Field, Residual Stresses, and Welding Deformation in the Mo-5Re Alloy Laser
Remelted Joint

Due to the inherently poor plasticity of Mo alloys, residual stresses in the joint signif-
icantly affect both integrity and mechanical performance of the joint. Therefore, this study
employed numerical simulation methods to analyze the temperature field, residual
stresses, and welding deformation in the single-pass remelted joint of Mo-5Re alloy.

4.2.1. Temperature Field of the Remelted Joint

The welding temperature field calculated using a combined double-ellipsoid and cy-
lindrical heat source model was presented in Figure 10. Figure 10a displays the instanta-
neous temperature distribution contour on the workpiece surface during welding, where
the gray region corresponded to the areas with peak temperatures exceeding the metal-
lurgical melting point of Mo-5Re alloy (2500 °C), namely the weld pool zone. The laser
weld pool exhibited a relatively circular surface profile with distinct thermal characteris-
tics: the front of the pool showed steeper temperature gradients evidenced by denser iso-



Metals 2025, 15, 1145

13 of 18

thermal lines, while the trailing edge demonstrated elliptical and sparse isotherms. Fur-
thermore, because of the concentrated energy input characteristic of laser welding, most
area of the workpiece maintained ambient temperature. Figure 10b compared the temper-
ature distribution at the middle cross-section of the joint obtained by numerical simula-
tion with that of the actual weld pool. It revealed that the simulation result had excellent
agreement with the experimental observation. To quantitatively evaluate the computa-
tional reliability of the welding temperature field, the thermal history at nodal position A
(marked in Figure 2) was extracted and compared with experimental data (Figure 11). It
can be seen that the simulated and measured thermal cycles showed remarkable con-

sistency in both heating and cooling stages, with merely 21 °C deviation in peak temper-
ature.

Figure 10. Temperature field of the remelted joint. (a) Transient temperature field distribution; (b)
comparison of molten pool shapes.
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Figure 11. Comparison of the welding temperature cycles obtained by numerical simulation and
experimental measurement at point A (marked in Figure 2).

4.2.2. Residual Stress Distribution in the Remelted Joint

Figure 12 shows the predicted residual stress distribution contours on the surface
and in the middle cross-section of the Mo-5Re alloy single-pass laser remelted joint. The
contours of the surface presented symmetric distributions of longitudinal and transverse
residual stresses on both sides of the weld seam, with a stable residual stress zone existing
in the middle section of the joint. Relatively large longitudinal tensile residual stresses can
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be seen in FZ and its adjacent high-temperature-affected regions (Figure 12a). The longi-
tudinal tensile residual stress values in these regions slightly exceeded the room-temper-
ature yield strength of BM (488 MPa). The areas farther from FZ exhibited longitudinal
compressive residual stresses with the values less than 150 MPa. Transverse tensile resid-
ual stresses primarily concentrated near the weld toe and root regions (Figure 12b). Nota-
bly, the magnitude of transverse residual stresses was substantially lower than that of
longitudinal residual stresses, attributing to the relatively weaker transverse constraint.

Unit:MPa

(b) 269

Figure 12. Contours of residual stress distribution in the remelted joint. (a) Longitudinal residual

stress; (b) transverse residual stress.

Figure 13 compared the numerical and experimental residual stresses along Line 1
on the upper surface of the middle cross-section in the remelted joint. Generally good
agreement between both results was obtained. As shown in Figure 13a, the experimentally
measured maximum longitudinal tensile residual stress was 393 MPa, while the calcu-
lated value at the same location was 509 MPa. The value difference probably stemmed
from ignoring the effect of softening on residual stresses. The transvers residual stresses
along Line 1 were shown in Figure 13b. It revealed that low transverse tensile residual
stresses existed near FZ, and transverse compressive residual stresses were generated in
FZ. The experimental transverse stress measurements were higher than the calculated val-
ues, mainly due to systematic errors inherent in the hole-drilling measurement method. It
is clear that the residual stress states in FZ and its vicinity of the remelted joint were com-
plicated. The significant tensile residual stresses in the above regions may make the joint
particularly susceptible to cracking.
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Figure 13. Comparison of residual stress distributions along Line 1 on the top surface of the middle

cross-section in the remelted joint. (a) Longitudinal residual stress; (b) transverse residual stress.
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4.2.3. Welding Deformation Distribution of the Remelted Joint

Figure 14 presents the magnified (10x) contours of the overall displacement distribu-
tion and the thickness-direction (Y-direction) displacement distribution of the remelted
joint obtained by simulation. As shown in Figure 14a, the post-weld deformation of the
entire joint was relatively small, with a maximum value of 0.267 mm. The deformation
primarily occurred in and near the weld bead, resulting from the residual plastic defor-
mation of these regions. Figure 14b displays the contour of the displacement distribution
in the Y direction. Due to the uneven distribution of transverse shrinkage along the thick-
ness direction, angular distortion was generated in the remelted joint. The maximum
value of displacement in the Y direction was 0.264 mm.

The comparison of simulated and measured Y-direction displacements along Line 2
on the lower surface of the middle cross-section of the remelted joint was presented in
Figure 15. Although the experimentally measured displacements were slightly larger than
the simulated values, both distributions showed similar trends. The maximum measured
displacement along Line 2 was 0.28 mm, while the simulated value was 0.256 mm.
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Figure 14. Contours of welding deformation of the remelted joint. (a) Overall deformation (10x); (b)
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deformation in the Y-direction (10x).
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Figure 15. Displacements in the Y direction on the lower surface of the middle cross-section in the

remelted joint.

Although the simulation results (residual stresses and angular distortion predictions)
matched the experimental measurements well, the established modeling still has some
limitations, such as the neglect of viscoplasticity, the same properties adopted for weld
and BM, and no attention was paid on mushy-zone kinetics. In the subsequent studies on
laser welding of Mo-5Re alloy, the numerical models will be improved.
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5. Conclusions

The 3 mm thick Mo-5Re alloy (low Re content) was single-pass remelted (no filler)
by the laser welding mothed. The microstructure and microhardness of the remelted joint
were investigated. In addition, numerical prediction and experimental validation of the
temperature field, residual stresses, and angular distortion in the remelted joint were car-
ried out. The main conclusions are as follows:

(1) The molten pool of Mo-5Re alloy during the single-pass laser remelting process
exhibited a “nail-shape” profile (wider at the top and narrower at the bottom). HAZ of the
remelted joint consisted of recrystallized equiaxed grains, while FZ contained both colum-
nar and equiaxed grains.

(2) Equiaxed grains with average size of 19.2 um mainly existed in the central region
of FZ. 82.4% of the boundaries in FZ were high-angle grain boundaries. Oxide/carbide
particles inferred from contrast results were observed distributing along the grain bound-
aries and inside the grains.

(3) The trends of microhardness distribution in different transverse paths on the
cross-section of the remelted joint were similar. Softening occurred in HAZ, and the closer
it was to FZ, the lower the microhardness was. The average value of the hardness in FZ
was 170 + 5 HV, which was ~80 HV lower than that of BM (250 + 2 HV). However, no
significant change in hardness value in the longitudinal direction on the centerline of FZ.

(4) The simulated weld pool shape and thermal cycle curve were in good agreement
with the experimental results. Relatively large longitudinal tensile residual stresses were
generated in FZ and its vicinity of the remelted joint. The maximum measured longitudi-
nal tensile residual stress was 393 MPa, which was 116 MPa lower than the calculated
value (509 MPa). The overall displacement of the remelted joint was very small. The max-
imum measured displacement along the thickness direction on the lower surface of the
middle cross-section of the remelted joint was 0.28 mm, while the predicted value was
0.256 mm.

(5) This study provides a theoretical basis and methodological reference for the pro-
cess optimization and performance prediction of laser welding of Mo alloys with low Re
content. Based on the results obtained in this study, laser welding process parameters can
be designed to produce Mo-5Re alloy butt joints with/without fillers. In addition, if simu-
lation studies are carried out on the temperature field and residual stresses in the butt
joints, the property differences between the weld and BM will be seriously considered to
establish a model with high computational accuracy.
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