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Molybdenumhas tremendous application potential in the nuclear powerfield, but its application is limited by the
grain-boundary embrittlement of fusion-welded joints made of it. In this study, titanium was selected as an
alloying element to reduce brittleness of laser weld beads in molybdenum “cladding-end plug” socket joints.
Brazing was also performed to enhance the joint strength. Joints with the same strength as base material and a
hydraulic bursting pressure of 60 MPa were produced using a combination of the two methods. The analysis in-
dicates the following. After being added to the weld bead, titanium was able to combine with the free oxygen,
forming TiO2 and reducing the MoO2 content on grain boundary surface. Oxygen and MoO2 are both the main
causes of the embrittlement ofmolybdenum grain boundaries. In addition, by taking advantage of the highmelt-
ing point and thermal conductivity of molybdenum, a titanium foil pre-placed between the tube and rod in the
socket joint was melted, forming metallurgical bonding, which further improved the bearing capacity of the
joint. These results could facilitate application of molybdenum in nuclear power field and also provide a new ap-
proach for improving the property of socket joints made of refractory materials.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Molybdenum (Mo) alloys are one of the main candidate materials
for producing accident-tolerant fuel cladding for next-generation nu-
clear power stations. However, the embrittlement of the Mo alloy
welded joints significantly limits their engineering applications. There
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Ultimate tensile strength of molybdenum alloy base material and welded joint.

Materials Chemical composition (wt%) Heat treatment state σbase metal (MPa) Welding method σweld (MPa) σweld/σbase metal

Mo [14] 99.99%Mo sintered 360
Mo-0.8Ti [14] 99.02%Mo, 0.8%Ti Sintered 410
Mo-0.8TiH2 [14] 99.12%Mo, 0.8%TiH2 Sintered 490
Mo-0.5Ti [26] 99.4%Mo, 0.46% Ti Recrystallized 510
Mo [21] 99.998%Mo, 2.4 × 10−3%O Recrystallized 510
Mo-0.1Ti [21] 99.87%Mo, 0.12%Ti, 6.1 × 10−2%O Recrystallized 610
Mo-1.0Ti [21] 98.43%Mo, 1.1%Ti, 0.5%O Recrystallized 700
TZM [27] 99.4%Mo 0.5%Ti, 0.08% Zr, 0.02%C Hot rolled 810 EBW 403 49.7%
Mo [28] 99.98%Mo, 0.03%O Hot rolled 600 EBW 301 50.2%

TIG 0 0
TZM [29] 99.58%Mo, 0.23%Ti, 0.04%Zr, 0.03%C Hot rolled 830 LBW-GTAW 330 39.8%

EBW 390 45%
TZM [30] 99.53%Mo, 0.4%Ti, 0.06%Zr, 0.01%C Wrought 937 GTAW 360 38.0.4%

LBW 414 44.2%
EBW 517 55.2%

NS-Mo* [31] 99.73%Mo, 0.25La2O3% Hot rolled 725 LBW 229.8 31.7%

NS-Mo* represents the material used in this study.
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Fig. 1.Mo\\Ti binary alloy phase diagram [22].
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are twomain causes of the embrittlement ofMo: (1) intrinsic intergran-
ular brittleness [1,2] and (2) extrinsic brittleness caused by the segrega-
tion of impurity elements at the grain boundaries [3–6], of which
oxygen (O) has the most significant impact [7]. As a result of these fac-
tors, the strength of Mowelded joint is generally only 30–50% of that of
the base material (Table 1).

Two main methods are applied to improve the bonding strength of
Mo grain boundaries. (1) Reducing the grain boundary interfacial en-
ergy. For example, low-angle grain boundaries and coincidence site lat-
tice (CSL) grain boundaries with a low Σ value (the volumetric ratio of
unit cells of the CSL to those of the actual lattice) have relatively low in-
terfacial energy [2]. (2) Reducing the extrinsic brittleness by
microalloying. According to the different strengthening mechanisms
on the Mo grain boundary, elements are divided into two categories,
①those that can directly strengthen Mo grain boundaries (e.g., boron
(B) [3,4,6], carbon (C) [3,4,6,8], titanium (Ti) [9] and rhenium (Re)
[10] and ② those that cannot directly strengthen Mo grain boundaries
but can facilitate Mo grain boundary-strengthening elements (e.g., B
and C) to accumulate at Mo grain boundaries, prevent Mo grain
boundary-weakening elements (e.g., O and nitrogen (N)) from segrega-
tion at Mo grain boundaries, or compete for the sites of O and N at the
Mo grain boundaries (e.g., hafnium (Hf) [11,12], zirconium (Zr)
[13,14] and nickel (Ni)). Of the category ① elements, B, C and Ti are
prone to form oxides with the O inMo, thereby reducing the free O con-
tent [13]. The selection of alloying elements for the fusionwelding ofMo
generally should meet the following criteria:

– no brittle phase is formed, and the element is highly metallurgically
compatible with Mo;

– they have no significant impact on the performance of Mo at high
temperatures and in irradiation environments;

– the alloying process is easy to implement.

Carburization is themainmethod for using C to alloyMo. Carburiza-
tion requires a high temperature (1100–1500 °C) [15,16] and has a
complex process and highmanufacturing costs. Re (20–50wt%) can sig-
nificantly improve the toughness of Mo [10,17] but reduces its resis-
tance to neutron irradiation [18]. Re also has extremely low reserves
globally and is very costly. B and Hf are unable to considerably increase
the strength ofMo [11,12]. Zr is prone to form a brittleMo2Zr phase [19]
and can also increase the ductile-to-brittle transition temperature
[13,14]. Ni can easily form an approximately 2-nm δNiMo layer on the
Mo grain-boundary surface, thereby reducing the grain-boundary
strength [20]. Considering the deficiencies in the above mentioned ele-
ments and based on the selection criteria for alloying elements intro-
duced in the previous paragraph, Ti is found to have notable
advantages. First, no brittle phase is formed when mixing Ti and Mo
(Fig. 1); Ti andMo are infinitelymiscible in one another at high temper-
atures. Second, Ti can easily combine with O [15,21], thereby reducing
the content of free O in Mo. Moreover, because the solidification tem-
perature of Ti (1670 °C [22]) is far lower than that of Mo (2623 °C
[22]), Ti is prone to crystallize at theMo grain boundaries and form dis-
persive, fine TiO2 particles with the O at the Mo grain boundaries [23].
TiO2 particles can prevent grain-boundary and dislocations migration
during the deformation process [14,24,25]. Hence, Ti is selected in this
study as the micro-alloying element for Mo laser welded joints.

Considering the relatively high melting point (2623 °C [22]) and
high thermal conductivity (138 W/m·K (MatWeb database)) of Mo
and based on the unique socket structure of cladding-end plug joints,
a low-melting point (1670 °C [22]) Ti foil was pre-placed in the tube-
rod overlap zone, and brazing between the tube and rod in the heat-
affected zone (HAZ)was achieved bywelding thermal cycling to further
strengthen the joint.
2. Materials and methods

2.1. Materials

A lanthanum oxide (La2O3) dispersion-strengthened Mo alloy (La
content: ca. 0. 25 wt%) provided by Jinduicheng Molybdenum Group
Co., Ltd. was used in this study. Cladding tubes and solid end plugs
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were produced by forging and hot rolling. Fig. 2(a) shows the shape and
dimensions of the cladding tubes and solid end plugs.

2.2. Laser welding system

The laser welding system consists of an IPG TLS-4000 optical fibre
laser device, a Yaskawa HP20 robot, a rotary fixture, a preheating device
and an argon (Ar) shielding device, as shown in Fig. 2(b). The laser de-
vice has a maximum output power of 4 kW, the focus diameter of
0.2 mm，the length of laser beam of 150 mm and the wavelength of
1060 nm. Ar with a purity of 99.999% was used in the experiment.

2.3. Micro-alloying by Ti element

TA1 Ti foil sheets (Ti content: 99.99 wt%) with thicknesses of 0.03,
0.06 and 0.09 mm were used in the micro-alloying of the Mo alloy
laser welded joints. Prior to the welding, the Mo rods and tubes were
polished using sandpaper and cleaned with acetone to remove the
oxide films and oil stains on their surfaces. Welding was completed
within 20 min after the polishing and cleaning procedures completed.
In the experiment, Ti was added using two different methods, A and B.
(1)MethodA: Ti foilwas added in a circular form (Fig. 2(d)). (2)Method
B: Ti foil was added in a “T-flange”-shaped form (Fig. 2(e)). Two sets of
experiments were conducted to analyse the effect of the Ti and the
method of addition on the joint property (Table 2). In the following sec-
tions, each Ti-alloyed joint is denoted by Mo-xTi-A/B (x represents the
thickness of the Ti foil, and A/B represents the method of addition).
The non-alloyed joint is denoted by pure Mo.

2.4. Mechanical testing and microstructure analysis

A mixture of a 10% sodium hydroxide solution and a 10% potassium
ferricyanide(III) solution (1:1, v:v) was used as the etching solution to
etch each metallographic specimen for 30 s. Electron backscatter diffrac-
tion (EBSD) specimens were prepared by electro-polishing in a mixture
of sulfuric acid and ethanol (1:7, v:v) for 2–5 s under a voltage of 18 V
and a current of 0.6 A. An Oxford EBSD system was used to conduct the
Table 2
The experimental parameters of Mo laser welding with Ti element.

Test no. Designation of joint Ti foil thickness (mm) Ti addition scheme Preheating

No. 1 Mo-0.03Ti-A 0.03 A 450
Mo-0.06Ti-A 0.06 A 450
Mo-0.09Ti-A 0.09 A 450

No. 2 Mo-0.03Ti-B 0.03 B 450
EBSD analysis. Transmission electron microscope (TEM) specimens
were prepared by successively grinding using silicon carbide sandpaper
with grit sizes of 500–3000 to a thickness of approximately 30 μm and
then ultimately thinning by twin-jet electro-polishing with a 10% nital
solution.

Each socket joint was subjected to a tensile test on an Instron 1195
tensile testing machine at a rate of 0.1 mm/min. A Zeiss Gemini 500
scanning electron microscope (SEM) was used to observe themorphol-
ogy of the tensile fractures. In addition, an Oxford energy dispersive
spectroscopy (EDS) system equipped with SEM was used to determine
the composition of the precipitated phase on the surface. A JEM-2100
Plus high-resolution scanning-transmission electron microscope
(STEM) was used to analyse the precipitated phase under an accelerat-
ing voltage of 200 kV. A hydraulic bursting test was performed on each
joint until failure, during which the pressure was increased at a rate of
4.3 MPa/min. A hydrostatic test was also performed, during which the
pressure was increased up to 21 MPa at a rate of 1.05 MPa/min.

A Thermo Fisher ESCALAB Xi+ X-ray photoelectron spectrometer
(XPS) was used to analyse the grain-boundary surface in the weld bead.
The testing conditions are summarized as follows: beam spot size: 100
μm; analyser mode: pass energy 20.0 eV; radiation source: Al-Kα; and
step size: 0.05 eV. The spectral peakswere calibratedusing thebindingen-
ergy of C 1s (284.6 eV). Toprevent oxidation, each specimenwasplaced in
the vacuum chamber of the XPS immediately after tensile failure, and its
grain-boundary surface was cleaned using 1000-eV Ar ions for 30 s.

A JXA8100 electron probe micro-analyser (EPMA) was used to de-
termine the composition of the welded zone and the brazing layer of
each specimen that had been previously cleaned ultrasonically in ace-
tone for 30 min.

3. Results

3.1. Mechanical properties and microstructure of the weld bead

First, to determine the content and distribution of Ti in each joint, the
Mo-0.09Ti-A joint (the joint with the highest Ti content) was subjected
to cross-sectional analysis. The EPMA analysis shows that theweld bead
temperature (°C) Defocus amount (mm) Welding speed (m/min) Laser power

2 2 1.2 kW



0 400 800 1200 1600
0

50

1500

2000

).
U.

A(ytisnetnI

Distance (mm)

500μm

Ti(a) (b)

Weld Bead

(c)
Mo-0.09Ti-A

Ti

Mo

Tube

Rod

EDS measurement

Fig. 3. SEM and compositional analysis of the cross-section of the Mo-0.09Ti-A joint: (a) SEM image; (b) EDS area scan image; (c) EDS line scan image.

4 L.-L. Zhang et al. / Materials and Design 169 (2019) 107681
(WB) of the Mo-0.09Ti-A joint contained 2. 08 wt% Ti on average. The
EDS surface scanning of the Mo-0.09Ti-A joint (Fig. 3(b)) shows that
Ti was evenly distributed in the whole WB. A notable sudden change
can be observed on the EDS line-scanning curve of Ti at the HAZ-WB in-
terface (Fig. 3(c)).

Second, the tensile test results for the joints showed that the
strength of each joint increased significantly after Ti was added into
the WB (Fig. 4). The maximum strength of the Mo-0.03Ti-A joint
reached 455 MPa, which was 64.5% of the strength of the base material.
By contrast, the strength of the pure Mo joint (229.8 MPa) was only
32.5% of that of the base material. The fracture occurred in the welded
zone of each of these two joints. The maximum tensile strength of the
joint was 455, 450 and 385 MPa when a Ti foil sheet with a thickness
of 0.03, 0.06 and 0.09mmwas added, respectively. The addition of Ti re-
sulted in a decrease in the width of the welded zone, an increase in the
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Fig. 4. Tensile stress-engineering strain curves of the Mo tube-Mo rod socket joints.
depth of thewelded zone and the formation of some fine-grained zones
(FGZs). The higher the Ti content, the narrower and deeper the welded
zone (Fig. 5(a)), and the smaller the grains in the FGZs (Fig. 5(b)). The
appearance of the fine-grained areamay be related to the constitutional
supercooling during the solidification of the molten pool [32] and the
behaviour of the keyhole [33,34]. An EBSD system was used to analyse
the types of grain boundaries on the cross-section of the pure Mo and
Mo-0.03Ti-A joints. The addition of Ti resulted in an increase in the
number of low-Σ value CSL grain boundaries (Fig. 5(c) and (d)),
i.e., an increase in the number of grain boundaries with relatively high
strength [2,35,36].

The fractures of the pure Mo joint and the Mo-0.03Ti-A joint (the
joint with the highest strength) were further observed under the SEM
(Fig. 6(a) and (c)). First, an intergranular fracture was observed in
each of the two joints. Second, a sheet-like and conical precipitated
phase (the white phase in Fig. 6(a)) was found to be distributed on
the grain-boundary surface in the welded zone of the pure Mo joint,
and its O content (P1 and P2 in Table 3) was higher than that at other
sites of the fracture (P3 and P4 in Table 3). The TEM diffraction pattern
of this phase (Fig. 6(b))was indexed asMoO2. The secondphase distrib-
uted on the grain-boundary surface in the WB of the Mo-0.03Ti-A joint
(the jointwith the highest strength) consisted of circular particles of di-
ameter generally N10 nm but b20 nm (Fig. 6(c)). These particles
contained a relatively high Ti content (P5, P6, P7 and P8 in Table 3).
The TEM diffraction pattern of this phase (Fig. 6(d)) was indexed as
TiO2.

Finally, the strength of the joints obtained by adding Ti foil using
the two different methods (A and B) was comparatively analysed.
The results showed the following. The maximum tensile strength of
the Mo-0.03Ti-B joint was as high as 690 MPa (Fig. 7(a)), and the
fracture occurred in the base material on the Mo tube side (Fig. 7
(b)). No leak occurred during the hydrostatic test on the socket
joint when the pressure increased from 0 to 21 MPa. During the hy-
draulic bursting test, the bursting pressure reached 60 MPa (Fig. 7



Fig. 5. (a) Depth and width of the welded zone; (b) average grain size in the FGZs in the welded zone after alloying with Ti; (c) statistical EBSD results for CSL grain boundaries in the
welded zone of the Mo-0.03Ti-A joint; (d) statistical EBSD results for CSL grain boundaries in the welded zone of the pure Mo joint.
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(c) and (d)); the nuclear fuel cladding tube in a pressurizedwater re-
actor is generally under a pressure of 15.5 MPa [37], which is one-
fourth of the bursting pressure that was obtained during the hydrau-
lic bursting test.
Fig. 6. (a) SEM image of the fracture of the pureMo joint; (b) TEMbrightfield image of theweld
bright-field image of the weld bead of the Mo-0.03Ti-A joint.
4. Discussion

A decrease in the strength of Mo grain boundaries is generally
believed to be caused by O precipitation and MoO2 phase, O
bead of the pureMo joint; (c) SEM image of the fracture of theMo-0.03Ti-A joint; (d) TEM



Table 3
Results of EDS analysis of second phases distributed on the surface of the grain boundary in Fig. 6(a) and (c).

Point Atomic Percent (at.%) Weight Percent (wt.%) Point Atomic Percent (at.%) Weight Percent (wt.%)

Mo O Mo O Mo Ti O Mo Ti O

P1 28.26 74.74 48.93 29.74 P5 89.70 2.62 7.69 97.19 1.42 1.39
P2 23.00 77.00 49.35 50.65 P6 92.69 2.24 7.07 97.93 1.18 1.24
P3 77.67 22.33 90.13 9.87 P7 93.27 1.30 5.33 98.38 0.68 0.94
P4 85.71 14.29 94.03 5.97 P8 92.80 1.48 5.72 98.21 0.78 1.01
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combination with Mo [1,3,7], and large amount of MoO2 were found
on the grain boundary of pure Mo joint. But lots of TiO2 were found
on the grain boundary of Mo-0.03Ti-A joint (the joint with the
highest strength). The increase in strength might be a result of the
change in the bonding strength of the grain boundaries caused by
the different precipitated phase on the grain-boundary surface.
Therefore, it is necessary to analyse the state of the grain-boundary
surface after alloying with Ti. In addition, in view of the significant
increase in joint strength resulting from the use of method B for
alloying, the metallurgical behaviour of the Ti foil pre-placed be-
tween theMo tube and theMo rod in the HAZ of the joint under ther-
mal cycling is also discussed.

4.1. Distribution and existing forms of Ti on the grain-boundary surface in
the weld bead

An XPS system that analyses the target zone within a very small
depth range (approximately 0.5–3 nm for metallic materials) was
used to analyse the composition of the grain-boundary surface in the
weld bead zone of the Mo-0.03Ti-A joint. An element varying between
different valences have different binding energy. The XPS spectrum of
Ti on the grain-boundary surface subjected to peak separation and
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fitting treatments (Fig. 8(a)) shows that the existing shifts of Ti included
Ti 3p5/2 (8.08at.%; binding energy: 454.1 eV [38]), Ti2O3 (19.09at.%;
binding energy: 459.1 eV [39]), TiO2 (33.86at%; binding energy:
458.8 eV [38]) and high-valence Ti oxides TixOy (38.97at.%; binding en-
ergy: 461.2–464.3 eV). The existing shifts of Mo included Mo 3d5/2

(42.14at.%) [40], Mo 3d3/2 (31.83at.%) [40], MoOxCy (13.82at%; binding
energy: 227.8 eV [40]) and MoO2 (12.21at.%: binding energy: 229.5 eV
[41]) (Fig. 8(b)).

To further analyse the distribution characteristics of Ti and Mo near
the grain boundaries in the depth direction, an Ar+ ion beam was used
to sputter the grain-boundary surface for 90 s; the peeling speedwas set
to 0.24 nm/s in the depth direction (using peeling speed of tantalum
oxide as standard). A new surface 21.6 nm away from the grain-
boundary surfacewas obtained. The existing shifts of Ti on the new sur-
facewere the same as those on the grain-boundary surface, whereas the
existing shifts of Mo on the new surface changed to free Mo, MoO2 and
Mo2C. There was also a certain difference in the relative elemental con-
tents along the grain-boundary depth direction. The relative content of
free Ti increased from8.08 at% on the grain-boundary surface to 12.17 at
% on the new surface, whereas the TiO2 content decreased from 38.97 at
% to 13.43 at% (Fig. 8(c)). TheMoO2 content also increased from 12.21at
% to 16.56at% (Fig. 8(d)).
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Fig. 8. XPS survey spectra of Ti 2p and Mo 3d (recorded with monochromatic Al-Kα) on the grain-boundary and subgrain-boundary surfaces in the weld bead zone of the Mo-0.03Ti-A
joint: (a) and (b): grain-boundary surface; (c) and (d): new surface 21.6 nm away from the grain-boundary surface.
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The XPS measurements of the relative content of phase (Mo and Ti)
were only semi-quantitative. Therefore, an EBSD system was used to
further determine the relative content of each phase in the WB of the
Mo-0.03Ti-A joint. The results in Table 4 show the following. The main
phases in the WB of the Mo-0.03Ti-A joint were Mo, TiO2 (relative con-
tent: 2.93% (the ratio of the count of the TiO2 phase to the total count in
EBSD)) andMoO2 (relative content: 2.09%). The phaseswith a relatively
high content (TiO2 and MoO2) exhibited a certain regular distribution
pattern. As shown in Fig. 9(d), TiO2 was distributed in the Mo grains
(zone IV) or at the Mo grain boundaries (zone V) in a dotted or chain-
like pattern, whereas MoO2 was mainly distributed at the Mo grain
boundaries (zone III) in a dotted or sheet-like pattern. In addition, the
MoO2 content decreased significantly in zones where a large amount
of TiO2 was distributed.

4.2. Interactions between Ti, O and Mo in the weld bead

The tensile test results (Fig. 4) showed that when the shielding gas
used in the welding process was mixed with 0.6 wt% and 2 wt% O2,
the strength of the pure Mo joint was 0, whereas the maximum tensile
strength of the Mo-0.03Ti-A joint reached 260 and 250 MPa, respec-
tively. These results suggest that O can significantly weaken the Mo
grain boundaries, whereas Ti can reduce the weakening effect of O on
the Mo grain boundaries.

The interactions and competition among Ti, O andMo directly affect
the amount and distribution of Mo, Ti, TiO2 andMoO2 in theWB, partic-
ularly the content and distribution of TiO2 andMoO2 that have relatively
significant impacts on the grain-boundary strength. In this study, the
Table 4
EBSD results of relative contents of different phases in fusion zone shown in Fig. 9(a).

Phase Mo TiO2 Ti2O3 MoO2 Mo2C Rate of no resolution

Phase percent (%) 84.55 2.93 0.57 2.09 0.38 9.48
interactions among Ti, O and Mo are explained from phase transition
and energy perspectives. First, the O in the base metal and shielding
gas could enter the welding pool during the welding process as the im-
purity element. In addition, themelted Ti foil is evenly distributed in the
welded zone as a result of the stirring action of the welding pool (Fig. 3
(b); S1, S2 and S3 in Fig. 10). Owing to its lowmeltingpoint (1670 °C), Ti
is transported to theMograin boundaries during the crystallization pro-
cess [23]. Considering the high cooling rate (200–500 K·s−1) of the
welding pool, some Ti could form a solid solution inside the Mo grains
[42,43], and themajority of the O is precipitated at theMo grain bound-
aries [5,7] (S4 in Fig. 10). As the temperature of the welding pool de-
creases to approximately 2300 ± 150 °C, the MoO2 phase could be
firstly precipitated at the Mo grain boundaries (S5 in Fig. 10). When
the temperature drops to 1870 °C (the solidification point of TiO2

[22]), the Ti solid solution in the Mo grains combines with O, forming
TiO2 [15,21,22]; in addition, the Ti precipitated at the Mo grain bound-
aries combines with O, forming TiO2, and some surplus Ti at the Mo
grain boundaries could cause the reduction of some MoO2 at the Mo
grain boundaries [44] (S6 in Fig. 10), thereby reducing the MoO2 con-
tent at the Mo grain boundaries. Eq. (1) shows this reduction reaction.
At a temperature lower than 1870 °C, the free energy of this reduction
reaction is b0 (eq. (2), eq. (3) [46], eq. (4) [46], eq. (5) [44], eq.
(6) [44]) and, from a thermodynamic perspective, can take place spon-
taneously [45].

TiþMoO2→TiO2 þMoðΔG ¼ −328:92−0:0 28 T kJ=molð Þ ð1Þ

ΔG ¼ ΔG TiO2ð Þ þ ΔG Moð Þ−ΔG MoO2ð Þ−ΔG Tið Þ ð2Þ

where

ΔG Moð Þ ¼ −7:75þ 0:1 32 T−0:024Tln Tð Þ kJ=molð Þ ð3Þ

ΔG Tið Þ BCCð Þ ¼ −7:81þ 0:1 32 T−0:024Tln Tð Þ kJ=molð Þ ð4Þ



Fig. 9. EBSD cross-sectional analysis results for the weld bead of the Mo-0.03Ti-A joint.
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ΔG TiO2ð Þ ¼ −900:72þ 0:1 38 T kJ=molð Þ ð5Þ

ΔG MoO2ð Þ ¼ −571:8þ 0:1 66 T kJ=molð Þ ð6Þ
Fig. 10. Interaction of titanium, molybdenum and oxygen during the welding thermal
cycle in the weld bead.
4.3. Mechanism of formation and auxiliary bearing action of the brazing
layer

The tensile strength of the Mo-0.03Ti-B joint alloying by method
B was the same as that of the base material (Fig. 7(a)). The
backscattered electron (BSE) image of the cross-section of the Mo-
0.03Ti-B joint (Fig. 11(a)) shows that a metallurgical bonding zone
(MBZ) was formed at the location where the Ti foil was pre-placed
in the HAZ. The composition of the MBZ exhibited a notable gradient
variation in the axial direction (AD) of the Mo tube. The thickness of
the MBZ, which is within 800 μm of the welded zone, was greater
than the original thickness (30 μm) of the Ti foil. The EPMA analysis
shows that the compositions at points 1, 2, 3 and 4 in the MBZ ≤ 800
μm away from the WB were Mo 58.438wt%–Ti 42.849wt%, Mo
56.005wt%–Ti 44.205wt%, Mo 54.554wt%–Ti 45.353wt% and Mo
38.103wt%–Ti 61.658wt%, respectively. In other words, the farther
away from the weld bead, the higher content of Ti was in the MBZ.
The EDS line-scanning of sites B and C in the MBZ ≤ 800 μm away
from the WB also show that Mo and Ti were evenly distributed
along the whole metallurgical bonding interface in the radial direc-
tion of the Mo tube (Fig. 11(c) and (d)). The MBZ ≤ 800 μm away
from the WB was composed of a mixture of Mo and Ti and N30 μm
in thickness, and hence is defined as a mixed melting zone (MMZ).
The middle layer, which is 1200 μm away from the welded zone,
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contained 99.901 wt% Ti and was as thick as the original Ti foil. Thus,
this zone was the original Ti foil zone.

First, the mechanism of formation of theMMZ is analysed. TheMMZ
contained a highMo content, which gradually decreased as the distance
in the AD from the fusion zone increased (Fig. 11(a)). Mo had two pos-
sible sources: (1) themelting of theMo rod and tube on the two sides of
the interface of theMMZ and (2) theMo contained in thewelding pool.

The sources of Mo in the MMZ were analysed using the zirconium
(Zr) tracing method, as shown in Fig. 12(a). The results show that the
WB and the MBZ ≤300 μm away from the welded zone both contained
significant amounts of Zr after welding (Fig. 12(c)), suggesting that
the Mo in the MBZ ≤ 300 μm away from the WB came partially from
the welding pool. In addition, the thickness of the MBZ ≤ 300 μm away
from the WB ranged from 60 to 50 μm, significantly greater than that
of the Ti foil (30 μm), indicating that the Mo rod and tube on the two
sides of the interface also melted. The ANSYS simulation results for the
temperature field during the welding process show that the maximum
temperature at site B (250 μm away from the welded zone) in Fig. 11
(a) ranged from 1670 to 2623 °C, and the Ti foil could be melted with
this temperature range. In addition, based on the infinite mutual misci-
bility of Mo and Ti, shown in the phase diagram in Fig. 1, a large amount
of Mo at theMo rod-Mo tube interface melted and entered the liquid Ti
[47]. Thus, the Mo in the MMZ 0–300 μm away from the WB came par-
tially from the Mo rod and tube melted at the interface and partially
from the welding pool.

The metals in the welding pool were unable to enter the zone
300–800 μm away from the WB. However, the Mo content at points 3
and 4 in Fig. 11(a) was as high as 54.554 wt% and 38.106 wt%, respec-
tively. Theoretically, Mo could only come from themelted basematerial
on the two sides of the interface. The ANSYS simulation results show
that the maximum temperature at site C (Fig. 11(a)), which was 700
μm away from the WB, was N1670 °C, meeting the condition for the
melting of the Ti foil. The melted Ti foil caused the Mo rod and tube at
the interface to melt. The melted Mo and Ti together formed an MBZ.
TheMo in theMMZ 300–800 μmaway from theWB came only from in-
terfacial melting. Thus, this zone is defined as the interfacial melting



Fig. 12. Tracing of the metal elements in the weld bead of the Mo-0.03Ti-B joint: (a) schematic diagram of the location where Zr was added; (b) analysis of Mo, Zr and Ti on the cross-
section of the joint by EDS surface scanning; (c) analysis of Zr in zone A in (b) by EDS surface scanning.
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zone (IMZ). While the source of the Mo varied between the MMZ and
the IMZ, effective metallurgical bonding occurred at the Mo rod-Mo
tube interface in both zones, which was a result of the significant differ-
ence inmeltingpoints betweenMo and Ti and the high thermal conduc-
tivity of Mo.

Finally, the mechanism of formation of the MBZ N 1200 μm away
from the WB is analysed. During the welding process, the maximum
temperature in this zone was lower than the melting point of Ti (PD
curve in Fig. 11(b)). The Mo at the interface was thus unable to enter
this zone by melting. However, this zone had a temperature exceeding
1100 °C, the lowest temperature for effective Mo\\Ti diffusion [42,43].
Thus, therewas a 5-μm-wideMo\\Ti transitional distribution zone (dif-
fusion zone (DZ)) at the interface (Fig. 11(e) and (h)). Because Mo is
prone to diffusion in Ti [42,43,48], the DZ was closer to the Ti foil side.
The presence of the DZ indicates metallurgical bonding at the interface
of this zone. However, the metallurgical bonding interface within this
zone was relatively few and consequently did not significantly improve
the strength (Fig. 11(e)).
Fig. 13. (a) Schematic diagram of the tensile test in which no Ti foil was pre-placed in the
HAZ in the overlap zone; (b) schematic diagram of the tensile test inwhich Ti foil was pre-
placed in the HAZ in the overlap zone; (c) enlarged view of a local area of schematic
diagram (a); (d) enlarged view of a local area of schematic diagram (b).
Metallurgical bonding at theMo tube-Mo rod interface in the HAZ of
the joint resulted in an increase in its bearing area, which in turn re-
sulted in the migration of the stress concentration site at the Mo tube-
Mo rod interface from the weak boundary of the weld bead zone (I) to
the relatively strong base material zone (II), as shown in Fig. 13
(c) and (d). Consequently, fracture occurred to the base material of
the Mo tube during the tensile test (Fig. 7(a) and (b)).
5. Conclusions

The maximum tensile strength of a Mo laser welded joint could
reach 64.5% of the strength of the base material after being alloyed
with Ti. Metallurgical bonding in the brazing layer in the HAZ could
allow the strength of the Ti-alloyed Mo laser welded joint to be the
same as that of the base material. The main conclusions derived from
this study are summarized as follows.

1. After a small amount of Ti was added, some FGZs appeared in the
weld bead, and the number of low-Σ value CSL grain boundaries in
the weld bead increased significantly.

2. O concentrated at theMo grain boundaries in theweld bead, forming
MoO2, which significantly reduced the tensile strength of the Mo
laser welded joint. Adding a small amount of Ti could thwart the
weakening effect of the impurity element O on the strength of the
Mo laser welded joint.

3. The Ti added to the weld bead interacted with O andMo, thereby re-
ducing the free O content of the weld bead and the MoO2 content at
the grain boundaries. In addition, TiO2 particles were formed at the
grain boundaries and inside the grains. At the Mo grain boundaries,
the MoO2 phase and free O (both would significantly weaken the
strength of the Mo grain boundaries) were partially replaced by the
TiO2 phase (which has almost no significant effect on the strength
of the Mo grain boundaries), thereby achieving the goal of strength-
ening the joint.

4. In the fusion welding of a refractory metal socket joint, a low-
melting-pointmetal can be pre-placed in the overlap zone to achieve
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metallurgical bonding between the tube and rod in the HAZ and in-
crease the bearing area and capacity of the joint.
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