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Abstract: The influence of Ti and Zr, Nb alloying on the microstructures and performance of laser-welded
molybdenum socket joints was investigated. Following Nb alloying, the average microhardness of the fusion zone (FZ)
increased from HV 194.7 to HV 283.3. Additionally, Nb can react with O to form dispersed Nb>Os along grain
boundaries, impeding grain boundary migration and dislocation movement while reducing the content of volatile Mo
oxide along these boundaries. The incorporation of Nb in FZ partially inhibits pore defects and enhances joint load-
bearing capacity. In comparison to the laser-welded joints without adding Nb (LW), the tensile strength of the laser-
welded joints with Nb alloying (LW-Nb) was significantly improved by approximately 69% from 327.5 to 551.7 MPa.
Furthermore, the fracture mechanism of the joints transitioned from intergranular fracture to transgranular fracture.
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1 Introduction

In 1963, George Grover at the Los Alamos
National Laboratory (LANL) developed a heat
transfer element called a heat pipe. Heat pipes are
passive heat exchanger elements that achieve heat
transfer by relying on phase change and continuous
circulation of internal working media [1-3].
Depending on the service temperature, heat pipes
can be classified into room-temperature, medium-
temperature, high-temperature, and ultra-high-
temperature categories. Some of the heat pipes used
in heat pipe reactors operate at temperatures above
1000 °C, making them ultra-high-temperature heat
pipes. Additionally, the commonly used corrosive
alkali metals for the working media in these
systems include Li, Na, and K [1]. The harsh
working environment necessitates careful material
selection for producing effective heat pipes.

Zirconium alloys are commonly chosen as cladding
and heat pipe materials in nuclear reactors due to
their excellent corrosion resistance and good
mechanical properties. However, the oxidation
behavior of zirconium alloys at extremely high
temperatures remains a key issue for their long-term
use. Although chromium coatings have been widely
applied in past research to enhance the oxidation
resistance of zirconium alloys, the degradation
mechanism of chromium coatings, especially the
peeling and embrittlement of the coating under
high-temperature conditions, still limits their
long-term use in high-temperature environments
[4,5]. In contrast, molybdenum has better oxidation
resistance than chromium, and its alloys possess
higher melting points, smaller neutron absorption
cross-sections, superior high-temperature
performance, and excellent corrosion resistance to
alkali metals, making it more suitable as a design
material for heat pipes [6,7].
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Laser welding [8—11] offers several advantages
compared to other welding methods, including not
requiring a vacuum chamber, high energy density,
low heat input during welding, small heat-affected
zone (HAZ), and high machining efficiency.
Consequently, laser welding is a welding method
that holds great development potential for Mo
alloys. However, Mo alloys still encounter several
welding challenges, including the presence of pore
defects and grain coarsening in both the fusion zone
(FZ) and HAZ, which result in a reduction in their
strength and toughness. Moreover, joint grain
boundaries are susceptible to embrittlement, leading
to increased propensity for crack formation. These
issues significantly limit the practical application of
Mo alloys in ultra-high temperature heat pipes.

To address these issues, scholars have also
proposed various control measures to enhance the
performance of joints, such as preheating prior to
welding [12,13], laser remelting [14], and alloying
techniques [15—17]. Among these approaches,
further advancements can still be made in the field
of alloying. Therefore, this study focuses on
investigating the potential improvements in socket
joint alloying for heat pipes. Alloying elements are
generally shown in Mo matrix in two forms:
forming solid solution with Mo or existing as the
secondary phase. Common infinite solid solution
elements in Mo include Ti, Nb, and W, while finite
solid solution elements include Zr, Re, and Hf. With
an excess of the finite solid solution elements, they
may combine with Mo to form intermetallic
compounds (IMCs) that decrease the performance
of joints. Therefore, it is reliable to use infinite solid
solution elements for alloying, which is also more
widely studied. CHENG et al [15] explored
influences of Ti on the microstructures and
performance of laser-welded joints of Mo—30W
alloys. By adding Ti, the tensile strength of laser-
welded joints of Mo—30W alloys increases from
108.56 to 409.57 MPa, which reaches 58.34% that
of the BM. MoO, and WO, phases are expulsed
from grain boundaries in the weld of Mo—30W
joints without Ti, which significantly decreases the
strength of grain boundaries and leads to a very low
tensile strength. After adding Ti, TiO, phases are
formed at grain boundaries, which reduce the
amounts of MoO, and WO, phases that are harmful
for the strength of grain boundaries and thus
weaken the embrittlement trend of grain boundaries.

ZHANG et al [16,17] explored the microstructure
evolution and embrittlement of EBW joints of
TZM alloys and the improvement mechanism of
rhenium (Re) interlayers on microstructures and
performance of joints. The previous research results
show that serious grain coarsening happens in the
FZ of joints without adding alloying elements, and
MoO:; and TiO; are segregated at grain boundaries,
which results in the reduction of tensile strength of
joints. The joints show intergranular fractures.

The alloying elements selected for welding of
Mo alloys should exhibit slight deviations in
physico-chemical properties compared to the BM,
possess a significant solid solubility in the BM, and
demonstrate strong affinity towards oxygen binding.
Mo and Nb differ slightly in physico-chemical
properties, have approximate melting points, and
the generated solid solution has a high melting
point. In addition, they are infinitely mutually
soluble and have favorable metallurgical
compatibility. By referring to the manual of
thermodynamics [18], the reaction equations and
Gibbs functions for standard molar reactions of
Mo—0, Nb—O, Zr—0, and Ti—O were obtained, and
the corresponding O-potential diagrams were drawn,
as shown in Fig. 1(a). It can be seen from Fig. 1(a)
that Nb2Os is located at the lowest on the
O-potential diagram. Theoretically, Nb is of higher
affinity with O and therefore the generated oxides
are more stable. The melting points of MoO», NbO,,
and Nb,Os are separately 2300, 1900, and 1520 °C,
respectively. Comparison shows that Nb oxides
have lower melting points and therefore may be
expulsed from grain boundaries in the solidification
process, thus inhibiting the formation and
segregation of MoO, phases at grain boundaries and
playing a role in purifying grain boundaries.

According to the phase diagram of Mo—Nb
(Fig. 1(b)), considering the compatibility of physico-
chemical properties and analysis of the O-potential
diagram, Nb is considered an optimal alloying
element for welding Mo heat pipes, exhibiting
potential in enhancing high-temperature performance
of welded joints in Mo heat pipes. Based on this
premise, in this study the influence of incorporating
a small amount of Nb on defects, microstructures,
and mechanical properties of joints was
systematically investigated. The laser-welded Mo
tube-end plug socket joints of Mo heat pipes were
chosen as the subjects of this research.
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Fig. 1 Feasibility analysis results of Nb as alloying
element for Mo fusion welding: (a) O-potential diagram
for Mo—O, Nb—-O, Zr—0, and Ti—O; (b) Mo—Nb phase
diagram

2 Experimental

2.1 Materials
The experimental materials used in this study
were pure Mo end plug and La,Os dispersion-

strengthened Mo alloy tube in which the content of
La was about 0.25 wt.%. The alloying material was
RO4200 Nb foil with a thickness of 0.1 mm and a
Nb content of 99.95 wt.%, which was machined
into a Nb ring with the outer diameter of 16 mm
and inner diameter of 14.4 mm (Fig. 2(a)). For the
convenience of comparison, two types of joints
were prepared: laser-welded joints without alloying
(LW joint) and laser-welded joints with Nb alloying
(LW-ND joint). The assembly of the two types of
joints and the adding scheme of Nb foil are
displayed in Figs. 2(b) and (c) [19].

2.2 Methods

The laser welding system consisted of an [PG
YLS—8000 fiber laser, an ABB robot, a rotating
fixture, and an argon shield apparatus. The laser
operated at a maximum output power of 8 kW, with
a focal spot diameter of 200 um, a wavelength of
1068 nm, and a focal length of 200 mm. The
welding setup and orientation are depicted in Fig. 3.
The welding parameters were configured as follows:
laser power 2200 W, defocusing amount 0 mm,
welding time 4.5 s, and remelting cycles 8.

Before the welding experiments, the Mo tube
and end plug underwent initial treatment by
grinding with abrasive paper to remove the oxide
layer. They were then ultrasonically cleaned in
acetone before being dried and assembled. A
rotating fixture was used to secure the Mo tube—end
plug component during welding; as shown in Fig. 3,
the interface between the Mo tube and end plug

50 50
(a)
< < )
D U A
B i = ~
< End plug A Tube
5

Fig. 2 Assembly of two joints and adding scheme of Nb foil: (a) Dimensions of pure Mo tubes and end plug; (b) LW

joint; (¢) LW-Nb joint (Unit: mm)
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served as the location for welding. Argon gas was
introduced into the shielding system during the
welding process. To preheat the Mo tube—end plug
component to 600 °C, a heater coil was utilized.
During welding operations, while keeping the laser
head stationary, the workpiece rotated continuously.
Post-welding, the workpiece was naturally cooled
down below 100°C in the argon gas shield
environment.

The cross-sectional metallographic samples
of the joints were prepared and the etchant was
a mixed solution of 15% Kj3[Fe(CN)g] solution and
15% NaOH solution with the volume ratio of 2:1.
The cross-sectional metallographic structures were
observed using a Nikon Eclipse MA200 optical
microscope. An SUS8230 cold field scanning
electron microscope (SEM) with the energy
dispersive spectrum (EDS) system thereon was
used to analyze the cross-sectional morphologies,
element composition and distribution, and micro-
morphologies of tensile fractures of the joints. An
Oxford EBSD system was adopted to analyze
crystal preferred orientation, phase compositions
and distribution in the FZ and HAZ on cross
sections of the joints. Additionally, an Xradia 610
Versa X-ray imager was utilized for nondestructive
inspection of pore defects in welds. The Vickers

Laser beam

tank <

Argon inlet

/ Shielding gas T

microhardness testing was performed using an
SCTMC XHVT-1000Z Vickers hardness tester
with a load of 2N for 10s. Room-temperature
tensile tests were conducted on an INSTRON
universal testing machine.

3 Results

3.1 Microstructures and compositions

Figure 4 compares the macro-morphologies of
welds and cross-sectional metallographic structures
of the LW and LW-NbD joints. Both welds exhibit a
gleaming silver-white metallic luster without any
visible cracks or surface splatters. The FZs of both
joints display an inverted-cone morphology. The
weld width and penetration of the LW joint are
0.87 and 1.39 mm, respectively, while those of the
LW-Nb joint are 0.90 and 1.35 mm, respectively. It
is apparent that the two joints have similar weld
width and penetration, likely due to the comparable
physico-chemical properties of Mo and Nb.
The FZs of both joints consist of columnar grains
growing towards the center of the weld, with
lambdoid grains in the upper part of the welds.
The HAZs of both joints exhibit recrystallized
microstructures that have coarsened after thermal
cycles during welding.

Fig. 3 Schematic diagram for welding fixture and welding position

- om

Fig. 4 Macro-morphologies of welds and metallographic structures of two joints: (a) LW joint; (b) LW-Nb joint
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The EDS scanning results in Fig. 5 show the
distribution of elements on the cross-sections of the
two joints. The EDS mapping results of the LW-Nb
joint (Fig. 5(b)) reveal that Nb is uniformly
distributed in the FZ without any macroscopic
segregation. The EDS point scanning results (Tables
1 and 2) show that the O contents in the FZ of the
LW joint and LW-Nb joint are 3.78 wt.% and 2.26
wt.%, respectively, suggesting that Nb alloying
helps in reducing the O content in the FZ. The Nb
content in the FZ of the LW-Nb joint accounts for
about 10 wt.%. Based on the Mo—Nb binary phase
diagram, the melting point of the Mo—10Nb solid
solution changes between 2600 and 2620 °C,
indicating minimal deviation from that of the Mo
matrix, ensuring the high-temperature performance
of weld.

Table 1 EDS point scanning results of cross-sections of
LW joint

Element content/wt.%

Test No. Total/wt.%
Mo (0]

1 96.75 3.25 100

2 98.49 1.51 100

3 95.79 4.21 100

4 96.73 3.27 100

5 96.56 3.44 100

6 93.01 6.99 100
Average 96.22 3.78 100

Table 2 EDS point scanning results of cross-sections of
LW-ND joint

Element content/wt.%

Test No. Total/wt.%
Mo Nb (0]
1 88.52 9.64 1.84 100
2 87.00 10.27 2.73 100
3 87.21 10.39 2.40 100
4 87.64 10.44 1.92 100
5 88.51 8.98 2.51 100
6 87.81 10.06 2.13 100
Average 87.78 9.96 2.26 100
3.2 Microhardness distribution and tensile
performance

The microhardness distribution across the
cross-sections of the two joints is illustrated in
Fig. 6 and Table 3. It is evident that the average
microhardness of the FZ in the LW joint is lower
than that of the BM, whereas the average
microhardness of the FZ in the LW-Nb joint is
higher than that of the BM. Specifically, the FZ in
the LW-Nb joint exhibits an average microhardness
of HV 283.3, significantly surpassing that of
HV 194.7 for the FZ in the LW joint. This variance
can be attributed to the solid solution strengthening
effect of Nb. Furthermore, the HAZs in both joints
experience processes of recovery, recrystallization,
and grain growth after the thermal cycles occur
during welding at elevated peak temperatures. Con-
sequently, the work hardening of the BM following

Fig. 5 EDS mapping scanning and point scanning positions for element distribution on cross-sections of two joints:

(a) LW joint; (b) LW-ND joint
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Fig. 6 Microhardness distribution curves of two joints

Table 3 Distribution of average microhardness of two
joints

Average hardness (HV)
Welded
joint BMof HAZof HAZ of BM of
Mo tube Mo tube end plug end plug
LW 214.8 198.2 1947 198.2 220.1
LW-Nb 218.6 206.8 2833 193.1 214.2

cold forming diminishes, leading to a reduction in
the number of grain boundaries and consequent
softening of the HAZs in the joints.

- N /
Fig. 8 Close-up views of tensile fracture of LW joint

The results of the room-temperature tensile
test for the two joints are shown in Fig. 7,
indicating that the LW and LW-Nb joints have
tensile strengths of 327.5 and 551.7 MPa,
respectively. This indicates a significant increase
in strength due to Nb alloying. Both joints
experienced brittle fractures at the weld site.
Close-up views of the tensile fractures for the LW
and LW-Nb joints are shown in Figs. 8 and 9,
respectively. The fracture morphology of the LW
joint mainly consisted of intergranular fractures
with sporadic cleavage fractures. In contrast, the
LW-NbD joint exhibited primarily cleavage fractures
with some intergranular fractures. It is evident from
Fig. 9(f) that the wall thickness at the fracture
location is smaller compared to other areas, implying

600
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Fig. 7 Tensile test results of two joints



Jia-xuan ZHAO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 511-524 517

that this area is not located at the center of the weld.
The observation of pores in Fig. 9(f) suggests that
the fracture occurred near the fusion line.

Figures 10 and 11 provide close-up views of
the tensile fractures of the LW and LW-Nb joints,
respectively. In the fracture of the LW joint, coarse

A
% &Y =
G 2,
S

=

TS

Fig. 10 Local morphologies of tensile fracture of LW joint

columnar grains are visible near the outer wall of
the tube, while river patterns consisting of a mix of
equiaxed grains and cleavage steps can be observed
near the inner wall. Figure 10 also reveals pore
defects in the region adjacent to the tube inner
wall in the LW joint fracture. On the other hand,
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predominantly cleavage fractures are displayed in
the fracture of LW-Nb joint, with more irregular
and smaller-sized cleavage steps near its inner wall
compared to those near its outer wall. Figure 11
illustrates that numerous pore defects are also
present in this tensile fracture near its inner wall.

The morphologies of the tensile fracture of
the LW joint at high magnification are shown in
Fig. 12. Pyramidal, lamellar, and dot-chain-shaped
precipitated phases are distributed on the surface of
grain boundaries, as illustrated in Figs. 12(b,) and
(c2). EDS point scanning of the precipitated phases
shown in Fig. 12(b,), displayed in Table 4, indicates
a higher oxygen content compared to the matrix,
suggesting the presence of Mo oxides.

The morphologies of the tensile fracture of the
LW-ND joint at high magnification are depicted in
Fig. 13. In Figs. 13(b;) and (by), numerous tiny
globular bright white precipitated phases are
dispersed on the surface of grain boundaries. EDS
point scanning of the precipitated phases (Table 5)
in Fig. 13(b2) reveals an increase in both Nb and O
contents, while the Mo content decreases in the
precipitated phases at grain boundaries in the
LW-Nb joint fracture as compared to those in the
LW joint fracture, indicating the presence of Nb
oxides. The Nb oxides compete with Mo for O,
thereby reducing the expulsion of Mo oxides
at grain boundaries. Additionally, the dispersed
Nb oxides hinder the movement of grain boundaries

Tube
inner
wall

4

/e

Fig. 12 Morphologies of tensile fracture of LW joint at high magnification and EDS point scanning positions of

secondary phase
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Fig. 13 Morphologies of tensile fracture of LW-Nb joint at high magnification and EDS point scanning positions of

secondary phase

Table 4 EDS point scanning results of secondary phase
in tensile fracture of LW joint

Point in Element content/at.% Total
Fig. 12(b») Mo 0 content/at.%
1 100.00 0 100
2 99.25 0.75 100
3 99.49 0.51 100
4 96.27 3.73 100
5 96.05 3.95 100
6 96.67 3.33 100

Table 5 EDS point scanning results of secondary phase
in tensile fracture of LW-ND joint

Point in Element content/at.% Total
Fig. 13(b2) Mo Nb o) content/at.%

1 41.08 647 5245 100

2 44.02 454 5144 100

3 48.82 7.03 44.15 100

4 5043  5.17 44.40 100

5 4275 528 51.97 100

and dislocations, collectively contributing to the
strength enhancement of grain boundaries and
joints. Furthermore, dot-chain-shaped precipitated
phases similar to those observed in the LW joint
fracture are also shown at grain boundaries in the
fracture of the LW-Nb joint, as seen in Figs. 13(c)
and (c2).

4 Discussion

4.1 Grain size

The grain sizes in the FZs of both joints were
statistically analyzed using the streaking method,
with the statistical region highlighted within the
yellow box in Fig. 14. The average grain size for
the LW joint is 36.5 um, while that for the LW-Nb
joint is 35.2 pm. This suggests that Nb alloying
does not have a significant refining effect on grains
in the FZ.

4.2 Phase constitution of joints

Electron backscattering diffraction (EBSD)
measurement was used to analyze the FZs of both
joints. The phase distribution is shown in Fig. 15,
and the statistical results of the relative phase
contents are listed in Table 6. In the FZ of the LW
joint, the identified phases consist of Mo, MoO.,
and MoOQ3, while in the FZ of the LW-Nb joint, Mo,
Mo0O,, Mo0Os, and Nb,Os are detected. The addition
of Nb leads to a reduction in the content of Mo
oxides and the formation of Nb.Os phases. In
Fig. 15(a), most Mo oxides in the LW joint are
dispersed sporadically along the grain boundaries,
with some forming clustered chains, thereby
diminishing bond strength and increasing brittleness
at the grain boundaries. In contrast, in Fig. 15(b),
Nb2Os phases in the FZ of the LW-Nb joint are
dispersed sporadically along the grain boundaries,
enhancing both grain boundary and joint strengths.



520

12 (a) Average grain size: 36.5 um

10|

Proportion/%

(= S )

|| | | | Il
100 150 200 250
Grain size/um

0 50

Jia-xuan ZHAO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 511-524

b
12 ) Average grain size: 35.2 pm
10
< 8
.S
56
2
2
~ 4
2
0

0 50

100 150
Grain size/pm

200 250

Fig. 14 Grain size distribution in FZs of two joints: (a) LW joint; (b) LW-ND joint

Fig. 15 Phase distribution in FZs of two joints: (a) LW
joint; (b) LW-ND joint

Table 6 Relative contents of different phases in FZs of
two joints (%)

Welded Relative content/% Rate Of no
"~ resolution/
JOlnt Mo M002 M003 Nb205 Nb02 %
LW 9821 0.09 0.23 - - 1.47

LW-Nb 97.72 0.06 0.24 0.38 - 1.60

Consequently, Nb exists in the weld in two forms:
one dissolving in the matrix for solid solution
strengthening, and the other reacting with O to
produce oxides (second-phase particles) that are
distributed along the grain boundaries, contributing
to dispersion strengthening and purifying the grain
boundaries.

4.3 Types of grain boundaries

EBSD was utilized to analyze the high-angle
grain boundaries (HAGBs) and low-angle grain
boundaries (LAGBs) in the FZs of the two joints,
with their distribution displayed in Fig. 16. The
yellow boxes in Fig. 16 highlight the joint bearing
areas, where significantly more LAGBs were

observed in the LW-Nb joint compared to the LW
joint. Since the interfacial energy of LAGBs is
lower than that of HAGBs, and reducing the
interfacial energy of grain boundaries can enhance
the strength of grain boundaries to some extent,
Nb alloying could improve the joint strength by
influencing the types and interfacial energy of grain
boundaries.

High-angle grain boundary
Low-angle grain boundary

Fig. 16 Distribution of HAGBs and LAGBs in FZs of
two joints: (a) LW joint; (b) LW-Nb joint

4.4 Pore defects

Disc samples, with 1.5 mm in thickness, were
extracted from the welds of the two joints for CT
inspection. Statistical analysis of the distribution,
number, and size of pore defects was conducted
using Dragonfly software. The distribution of pore
defects in both joints is illustrated in Fig. 17. The
welds in both joints exhibit numerous pore defects,
with small round pores spread throughout the welds
and larger irregular pores mainly located at the
bottom of the welds. A total of 668 pores with
diameters ranging from 26 to 756 um were
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identified in the LW joint. In the LW-NbD joint,
600 pores with diameters ranging from 26 to
522 um were detected. A comparison between the
LW joint and the LW-Nb joint revealed a reduction
of 10% in the number of pores and a decrease of
31% in the maximum pore diameter. The software’s
resolution limit for pore recognition was consistent
due to the similar size of the two joints, and the
minimum pore diameter was set to be 26 um in both
cases.

003 0.2 021 030 039 048 0.57

2 mm

0.03 0.09 0.15 0.21 027 0.34 040 046 0.52

Fig. 17 Cloud pictures showing distribution of pore
defects in two joints: (a) LW joint; (b) LW-ND joint

Figure 18 displays the statistical results of pore
defect size distribution in both joints. It is evident
that both joints exhibit a similar distribution of pore
defects across a range of sizes, primarily falling
within the range of 0—100 um. However, the LW
joint shows a higher occurrence of larger pores
compared to the LW-Nb joint.

The EDS point scanning results of pore defects
on the fractures of the two joints are displayed in
Fig. 19. Tables 7 and 8 show the EDS point
scanning results for the tensile fracture of two
different joint types, respectively. It is worth noting
that the pore defects in both joints exhibit a higher
oxygen content compared to the matrix. The LW-Nb
joint demonstrates a lower oxygen content in its
pore defects than the LW joint, attributed to strong
affinity of Nb for oxygen.

ZHANG et al [20] discovered that Zr alloying
significantly reduces pore defects in laser-welded
Mo joints by potentially inhibiting the formation

35+ LW jOil’lt
B [ W-ND joint

30

251

Frequency/%

Frequency/%
Y
S

e ]

15¢
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oL b S e P e T 1
0 01 02 03 04 05 06 0.7 08

Average pore diameter/mm

Fig. 18 Statistical results for size distribution of pore
defects in two joints

Fig. 19 Morphologies of pores in tensile fractures of two
joints and EDS point scanning positions: (a) LW joint;
(b) LW-ND joint

of low-boiling-point Mo oxides through the
combination of Zr and O. Figure 1(a) illustrates that
Nb has a greater tendency to combine with O
compared to Zr. However, the influence of Nb
alloying on pore defects in Mo welds is not
pronounced, as evidenced by Fig. 17. This
observation indicates that the generation
mechanism of pore defects in laser-welded Mo
joints is intricate and likely involves multiple
mechanisms. Furthermore, the metallographic
structures depicted in Fig. 4 reveal the distribution
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Table 7 EDS point scanning results of tensile fracture in
LW joint

Point in Element content/wt.% Total
Fig. 19(a) Mo 0 content/wt.%
1 98.56 1.44 100
2 98.98 1.02 100
3 99.11 0.89 100
4 80.47 19.53 100
5 92.07 7.93 100
6 67.98 32.02 100
7 76.38 23.62 100
8 88.78 11.22 100

Table 8 EDS point scanning results of tensile fracture in
LW-Nb joint

Point in Element content/wt.% Total
Fig. 19(b) Mo Nb 0 content/wt.%
1 88.77 10.23 1.00 100
2 87.66 11.13 1.21 100
3 88.41 10.23 1.36 100
4 69.06 7.65 2329 100
5 85.56  10.95 3.49 100
6 83.79 1132  4.89 100
7 83.33 10.18  6.49 100
8 88.28  9.70 2.02 100
9 86.80  9.84 3.36 100

of specific pore defects around the fusion line
primarily attributable to: (1) sealed micro-pores
present in the base material of powder metallurgy
materials, causing bubbles from incompletely fused
micro-pores near the fusion line to be absorbed
into the mushy zone at the solid—liquid interface
and unable to escape; (2) flowing bubbles moving
towards highly viscous mushy zone at the solid—
liquid interface where they become trapped;
(3) potential for gaps between grain boundaries at
solidification front acting as a source of resistance
for floating bubbles.

The analysis of the experimental phenomena
above sheds light on the reasons behind pore defect
formation, offering a novel approach for future
research aimed at improving laser welding of
ultra-high-temperature heat pipes. Decreasing the
oxygen content in the molten pool during welding

can reduce the likelihood of weld porosity
formation. Introducing a gas in the shielding
atmosphere that can chemically react with oxygen
may be a beneficial strategy to mitigate pore defects.
Additionally, increasing the number of remelting
cycles during welding can facilitate bubble escape
from the molten pool, consequently reducing pore
defect formation in welded joints.

The above findings indicate that the inclusion
of Nb alloy moderately reduces both the quantity
and size of pore defects without significantly
affecting their distribution. In general, Nb alloying
partially hinders the occurrence of pore defects and
helps the improvement of the joint strength.

Compared to the research findings of ZHANG
et al [21], Nb alloying does not show a significant
inhibitory effect on pore defects. This can be
explained by two main factors: (1) Both the
solidification rate and viscosity of the molten pool
impact bubble release. Nb has a melting point
(2469 °C) close to that of Mo (2620 °C), while the
melting point of Zr is considerably lower. Under the
same heat input conditions, Nb alloying results in a
faster solidification rate and higher molten pool
viscosity compared to Zr alloying, affecting bubble
release. (2) When the temperature exceeds 2750 °C,
Nb2Os has a higher Gibbs free energy change than
Z10O,, indicating that Zr has a stronger affinity for
oxygen than Nb. The Gibbs free energy change
level in the O-potential diagram reflects the oxygen
affinity of alloying element, but not the exact
amount of oxygen involved in the reaction. Further
investigation based on equilibrium constants is
necessary to determine the extent of this reaction.

5 Conclusions

(1) After Nb alloying, the main phases
observed are Mo, MoO;, MoQOs;, and Nb,Os, the
content of Mo oxides declines, and Nb competes
with Mo for O to form Nb,Os that is dispersed at
grain boundaries. Nb alloying reduces the content
of Mo oxides at grain boundaries while inhibiting
migration of grain boundaries and dislocations, and
plays a role in purifying grain boundaries.

(2) Nb can be dissolved in the matrix to realize
solid solution strengthening. The average micro-
hardness in the FZ is improved from HV 194.7 to
HV 283.3, indicating a significant solid solution
effect. The average grain sizes of LW joint and
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LW-Nb joint are separately 36.5 and 35.2 pm,
which indicates that the grain refinement effect is
insignificant.

(3) After Nb alloying, the number of LAGBs
in the bearing area of the joint increases obviously.
From the perspective of the type of grain
boundaries and interfacial energy, Nb alloying
can strengthen grain boundaries and improve the
strength of joints.

(4) The addition of Nb reduces both the
number (from 668 to 600) and size (from 756 to
522 pm) of pore defects, albeit without significantly
affecting their distribution. Moreover, there is a
decrease in the oxygen content observed within
these pore defects in Nb-alloyed joints. Overall, Nb
alloying contributes to the partial suppression of
pore defects.

(5) Compared with LW joint, the tensile
strength of LW-Nb joints is improved by 69%,
increasing from 327.5 to 551.7 MPa. Nb alloying
significantly enhances the strength of the joints,
resulting in a change in the fracture mode from
intergranular fracture to transgranular cleavage
fracture.
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