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The butt welding tests of 5.5mm thick pure nickel N6 plate were carried out by plasma arc welding
(PAW) and ERNi-1wire-filled PAW. And the differences in microstructure and properties between
two kinds of joints were studied. The results show that the wire-filled pure nickel N6 joint has good
appearance without defects such as pores, cracks, and undercuts. Pure nickel N6 weld is single-phase
austenite structure, and no phase transformation occurs during heating or cooling. The weld zone
of PAW joint is characterized by coarse columnar grain with average grain size of 125.8 pm, while
the weld zone of wire-filled joint is equiaxed grain with average grain size of 54.8 pm. The tensile
strength of the wire-filled PAW joint is 337MPa and the elongation after fracture is 44%, which is
11.6% and 85.5% higher than that of the PAW joint. The corrosion rate of wire-filled PAW joint is
2.6908g/m?h, which is lower than that of PAW joint 0f2.8820g/mh, and the corrosion rates of both
joint are higher than the base metal. The alloy elements in the welding wire can supplement the alloy
elements burned in the welding process. As the filler metal, the melted wire forms the joint with
the melted base metal, avoiding the defects such as undercut and depression. Al and Ti elements in
ERNi-1 wire have deoxidation and nitrogen fixation effect during welding thermal cycle process,
which improves the resistance of weld to carbon monoxide and nitrogen porosity. In the process of
nitrogen fixation, TiN particles are formed in the crystal or grain boundary. TiN particles at the grain
becomes heterogeneous nucleation particles in the grain, which makes a large number of nucleation
and increases the nucleation rate. TiN particles at grain boundaries act as “nails” to hinder the migration
of austenite grain boundaries. In the deoxidization process, the deoxidized products Al,O, and TiO,
are formed. However, large-size inclusions are formed owing to the high content of Al and Ti in the
molten pool, which affects the performance of the joint. Therefore, the structure and performance of

filler wire-filled PAW joint are better than those of PAW joint.
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1. Introduction

Pure nickel has good strength, plasticity, ductility and
magnetic conductivity. It also has good machinability and
special electrical, magnetic and thermal expansion properties
with high chemical stability under cold and hot conditions'.
Pure nickel is one of the most corrosion-resistant and good
oxidation-resistance metals in heavy non-ferrous metals,
especially for caustic soda with the corrosion rate being
less than 25um/year in 50% boiling caustic soda solution®”.
Therefore, pure nickel N6 is one of the most widely used
materials in industry, which is widely used in chemical
industry, mechanical electronics, food and other fields.

Pure nickel N6 has small solid-liquid temperature range,
poor fluidity, sensitivity to dissolve H, and O, to form
pore in liquid state, and high resistivity and low thermal
conductivity. Therefore, it is easy to form defects such
as thermal cracks, pore and rapid grain growth caused by
welding superheat during welding process, which seriously
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affects the structure and properties of pure nickel welded
joint. Choosing reasonable welding technology is the key
to ensure the quality of welded joints. Literature studies
show that*®, pure nickel is very easy to appear problems in
the welding process.

1. Owing to the low thermal conductivity and the high
tendency of welding hot cracks, increasing welding
heat input cannot increase penetration depth, but
is prone to cracks.

2. Due to small solid-liquid temperature interval, high
liquid metal viscosity and poor fluidity, Tungsten
Inert Gas welding(TIG) cannot penetrate 5.5mm thick
plate. Meanwhile, it also has some shortcomings,
such as large welding thermal deformation, sensitive
welding crystal crack, uneven joint structure, and
reduced weld strength and corrosion resistance.

3. When the welding heat input is higher the overheating
of the weld metal and the metal near the weld zone
results in serious grain coarsening.
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The above problems lead to poor performance of pure
nickel welded joints, which seriously restricts the application
of pure nickel welded components in engineering practice.
Therefore, the key to ensure the quality of welds is to select
reasonable welding methods and processes.

For the above reasons, the welding method with low
heat input, high penetration and high energy density should
be selected in the test. The plasma arc welding (PAW) with
high energy is finally selected considering the economy. PAW
developed on the basis of TIG with the plasma arc having
more concentrated energy density and higher temperature after
compression strengthening. Its energy density (5% 10°W/cm?)
is much higher than that of argon arc (1x10°W/cm?). PAW
is a welding method widely used in industrial production.
At present, PAW can realize the welding of carbon steel’,
stainless steel'®!!, aluminum alloys'?, nickel and its alloys',
titanium and its alloys', magnesium and its alloy', copper
and its alloys'®.

In this paper, PAW and PAW with wire-filled were used
to welding 5.5mm pure nickel N6 plate, respectively. After
welding, the welded joints obtained by the optimum process
parameters under the two methods were compared and studied
from the aspects of microstructure and mechanical properties
in order to clarify the reasons for the difference between the
welded joints and further improve the performance of the
pure nickel N6 joints. This study provides experimental
analysis and data reference for the application of two kinds
of pure nickel N6 welded joints in corrosive environment.
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2. Materials and Methods

2.1 Material

The material is hot-rolled pure nickel N6 plate with size
of 100mmx>50mmx5.5mm. ERNi-1 wire with diameter of
1.0 mm was used in plasma arc filler welding process. The
chemical compositions of N6 and ERNi-1 wire are shown
in Table 1, and the physical and mechanical properties of N6
are shown in Table 2. During welding process, the 99.99%
pure argon was used as protective gas and plasma gas.

2.2 Welding procedure

This paper uses a set of automatic plasma arc welding
equipment with Omron CP1H PLC as the control core. The
equipment includes power source, welding torch, welding
trolley, air circuit, cooling water circulation system, automatic
wire feeding system and control system. PAW and PAW with
wire-filled were respectively used to welding 5.5mm pure
nickel N6 sheet, as shown in Figure 1. Before welding, the
2000%# sandpapers were used to grind the 50mm area near
the welding area of plate in order to remove oxide film on
the plate surface. Then, the acetone was used to clean and
remove oil stain on the surface to ensure that the surface
of the test plate is clean and pollution-free. The welded
joint is in the form of butt joint, with “I”” shaped groove. A
gap of 0.7mm -1mm is reserved in the center to ensure the
penetration, as shown in Figure 2. In order to obtain the
welded joint of single welding double forming, the position of

Table 1. The chemical composition of the N6the and ERNi-1(Wt, %)

Elements C Mn Fe P S Si
N6 0.081 - 0.062 - 0.015 0.073
ERNi-1 0.15 1.0 1.0 0.03 0.015 0.75

Elements Cu Ni Al Ti Others
N6 - 99.7-99.8 Bal 0.056 -

ERNi-1 0.25 93.0 1.5 2.0-3.5 <0.5

Table 2. The physical properties and mechanical properties of the N6

. . . e . Thermal conductivity Specific heat
3 (o] 0
Density g/cm Melting point T/°C Boiling point /°C YW m K o/KJ kg K-
8.89 1453 2915 92 0.64

Linear expansion
coefficient o/10¢-K!

Tensile strength R /Mpa  Yield strength RPOvZ/Mpa

Elongation A/%

133 300~400 > 150 >35
Welding gun
L Wire feeding system
‘Workpiece
Trolley travel direction
Walking trolley k “
— g
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Figure 1. Schematic diagram of welding process.
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the torch remains unchanged, and the worktable holding the
workpiece moves horizontally during the welding process.

According to the weldability of pure nickel, the keyhole
PAW method is selected. The main parameters are: welding
current / (A), welding speed V' (mm/min), ion plasmagas
flow of 99.99%pure argon g (L/min), protective gas flow
of 99.99%pure argong, (L/min), distance from nozzle to
workpiece d (mm), nozzle geometry, tungsten pole material
and size. In addition, PAW with wire-filled matches an
automatic wire feeding system based on PAW equipment.
During welding process, the Imm ERNi-1 welding wire
was fed into the molten pool by automatic wire feeding
equipment. So,during PAW with wire-filled process, the wire
feeding speed V, (cm/min), wire feeding angle (°) and wire
feeding method should be considered. The effect of main
process parameters on the microstructure and properties of
joints was studied through a large number of tests in the early
stage, and the optimum process parameters were obtained,
as shown in Table 3, 4.

2.3 Analysis methodology

After lots of welding process tests, the optimal welding
process specifications of the two welding methods, suitable
for the 5.5mm N6 plate were determined and used to obtain
the joints. After welding, the welded joints were processed
into standard tensile specimens according to GB/T2651-2008.
Tensile tests were carried out using AG-10TA universal
material testing machine to test the tensile strength Rm and
fracture elongation A. Tensile was conducted three times for
each group of parameters, and the mean values of three times
were taken as test results. According to the requirements of
GB/T 2654-2008, the microhardness of two welded joints
in different areas was tested by HV-1000 tester, and the
hardness curve distribution was drawn.

The metallographic samples were cut perpendicular to the
direction of the weld. After polished, the samples were etched
by 10ml distilled water, 50ml nitric acid and 50ml glacial
acetic acid mixed solution for 3-5s. The microstructures of
joints were observed by MeF3 metallographic microscope

and QUANTAFEG-450 scanning electron microscope
with energy dispersive spectrometer was used to analyze
the chemical composition of precipitates in welds. The
corrosion rate of two kinds of joints in 6% FeCl, solution
was measured by room temperature immersion corrosion
method. The corrosion morphology was observed and the
corrosion mechanism of the two samples in the corrosion
solution was analyzed.

3. Results and discussions

3.1 Macro-morphology of joints

According to the optimal process parameters in Table 4,
the welded joints with good appearance were selected as
the research object, as shown in Figure 3. As can be seen
from Figure 3, the joint of PAW is poorly formed. There
are defects in the joint, such as undercut, indicated by the
red arrow in Figure 3 and porosity, indicated by the white
arrow in Figure 3. The shape of wire-filled PAW joint is
more beautiful with the surface being continuous, smooth
and even with fish scale ripple. And there are no defects such
as undercut, porosity and depression. The improvement of
the appearance of wire-filled PAW joint is closely related
to the filling of ERNi-1 wire in the welding process, which
will be elaborated in the following part of the paper.

3.2 Microstructure of base metal and joint

The microstructure of base metal was shown in Figure 4.
For pure nickel N6, there is austenite equiaxed grain structure,
and the average grain size is10.2um. Owing to the N6 plate
having been hot rolled, there is annealing twin structures in
the grains, as indicated by the red arrow in Figure 4.

The pure nickel N6 is single phase austenite with no
phase transformation appearance during heating and cooling
under any conditions. Therefore, the structure of weld metal
and near weld zone is still single-phase austenite, and only
coarse austenite grains exist in superheated zone. During the
cooling process of molten pool, pure nickel does not undergo
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Figure 2. Schematic diagram of butt joints.

Table 3. Optimum welding parameters of two welding methods for 5.5mm N6 plate

Methods Welding current Plasma gas flow Welding speed Protective gas flow
A L/min mm/min L/min
PAW 170 1.5 170 13~15
PAW with wire 175~180 1.5 170~175 13~15
Table 4. Optimum welding parameters of two welding methods for 5.5mm N6 plate-continued
Back protective fl Wire feedi d
AP ec. e oW e m_g Spee Wire feeding angle® Wire feeding method
L/min cm/min
8~10 - - -
8~10 60~65 65 Pre-feeding wire
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Figure 3. The macro-morphology of two kinds of joints(a)Upper surface of PAW joint(b)Cross-section of PAW joint (¢)Upper surface of

wire-filled PAW joint (d)Cross-section of wire-filled PAW joint

Figure 4. Microstructure of base metal.

phase change and austenite grains grown in the heating
process do not have recrystallization refining effect by phase
transformation during cooling process. Therefore, coarse
austenite grains only exist in the superheated zone of joints.

Figure 5 shows the microstructures in different regions
of PAW joints. It can be seen from Figure 5a that the grains
in the welded joint near the base metal are finer, and the
side closer to the heat affected zone (HAZ) appears larger
equiaxed grains, which is due to intense overheating. At the
same time, there is associated crystallization in HAZ. As
the metal crystallization in the molten pool generally starts
from the boundary of the molten pool, the non-spontaneous
nuclei adhere to the surface of pure nickel metal grains in
semi-melting state, and grow toward the center of the weld
as columnar crystals, forming associated crystals. As shown
in Figure 5b, the grain in HAZ grows due to overheating,
with an average grain size of 72.4pm.

The grain size in this region is smaller than that in the
weld zone, and the grain size is uneven. The grain size near

the weld zone is coarser than that near the base metal. The
grain size in HAZ of PAW joint, having uniform grain size
and wider the heat affected zone is wide, is coarser than that
of wire-filled PAW joint.

Figure Sc shows that the grains in the weld zone are coarse
columnar crystals with obvious orientation and the average
grain size is125.8um. This is related to the characteristics
of pure nickel. Owing to high thermal conductivity, small
temperature interval between solid and liquid phases, high
viscosity of liquid metal and poor fluidity sufficient heat
input must be ensured in order to penetrate 5.5mm thick
sheet at one time. So, overheating of molten pool results in
severe coarsening of weld grain.

During the welding thermal cycle, the liquid metal is
easy to overheat, which results in a large number of alloy
elements burning in the molten pool'’. The number of non-
spontaneous nucleating particles in the molten pool decreases
greatly, which leads to columnar crystals in the welded joint.
At the same time, owing to the high central temperature of
the molten pool and the cooling rate, equiaxed crystals are
not easy to appear and columnar crystals are easy to appear.

Figure 6 shows the microstructures in different regions
of wire-filled joint. Figure 6b is the microstructure of HAZ
in wire-filled PAW joint, which results in grain growth due
to overheating. The average grain of HAZ of wire-filled
PAW joint is 37.8um. However, the grain size of HAZ in
both joints is smaller than that in weld zone. This is due to
recrystallization and nucleation of HAZ grains into coarse
equiaxed grains driven by energy storage during welding
thermal cycle. At the same time, some grains recrystallize
when the temperature of heat affected zone is too high and
large grains migrate through grain boundaries and annex
small grains around them to form larger grains, but the
grains in this area are not over-grown. The grain size of
HAZ in wire-filled PAW joints is slightly higher than that
in PAW joint. It may be that filled wire effectively reduces
the superheat of molten pool, resulting in a certain degree of
restraint of grain growth in HAZ in wire-filled PAW joint.

The weld zone of wire-filled PAW joint shown in Figure 6¢
is austenite equiaxed grain structure. The average grain size
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Figure 6. Microstructure in different regions of wire-filled PAW joint(a)welded joint (b)heat affected zone (c)weld zone.

is 54.8um. Compared with the grain size of 125.8um in PAW
joint, the grain size of wire-filled PAW joint is much smaller.

The reasons are as follows. Firstly, the ERNi-1 wire
makes up for the alloy elements, which are easy to be
burnt out during the welding process, resulting in the
increase of the constitutional supercooling in the molten
pool, and further promotes the heterogeneous nucleation
of the crystal in the molten pool. During the wire-filled
welding process, Ti element (2.0%-3.5%)in the ERNi-1
wire transits to the molten pool, providing a large number
of refractory particles for heterogeneous nucleation of
crystals in the molten pool, and increases the nucleation
rate and refines the crystalline grains. According to the
literature'®, molten pool crystallization is a process of
nucleation formation and growth. Heterogeneous nucleation
is the main mechanism of solidification of liquid metal
in the weld pool, because the liquid metal in the weld
pool is superheated and the possibility of spontaneous
nucleation is small.

Second, TiN with high melting point is formed in the
wire-filled welding, which acts as a “nail” to hinder the
migration of austenite grain boundary. The welding heat
input (18kJ/cm) of PAW is close to that of wire-filled
PAW (18.5 kJ/cm). However, during wire-filled PAW
process, the melting wire consume a certain amount of
energy with the volume of molten pool be slightly reduced,
which reduces the cooling time of liquid molten pool and
accelerates the cooling rate slightly, and play a positive role
in grain refinement of weld zone to a certain extent. The
comprehensive effect of the above factors result in grain
size of wire-filled PAW joint is smaller than that of PAW
joint. The grain sizes of base metal and different regions
of welded joints are shown in Figure 7.
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Figure 7. Grain Size in different zones of joints.

3.3 Mechanical properties analysis

3.3.1 Tensile and impact test

Tensile tests were carried out on base metal, PAW
joints and wire-filled PAW joints using universal material
testing machine to test the tensile strength Rm and fracture
elongation 4. The impact energy of different specimens
was tested by Charpy V notch impact test method. The test
results are shown in Table 5.

The tensile test results of welded joints show that the
average tensile strength and elongation of base metal with
5.5mm thickness are 366 MPa and 60%, respectively. The
maximum tensile strength of the PAW joint is 302 Mpa, which
reaches 82.5% of'the strength of base metal and the fracture
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location is in the weld center with the fracture elongation
23.7%. The average tensile strength of wire-filled PAW
joint is 337 MPa, which reaches 92.07% of the base metal
strength, and the fracture location is in the HAZ with the
average fracture elongation 44%. The tensile strength and
fracture elongation of wire-filled PAW joint increased by
11.6% and 85.5% respectively compared with that of PAW
joint. The impact test results show that the impact toughness
of base metal is better than that of two kinds of joints. And
impact toughness of wire-filled PAW joint is better than that
of PAW joint. The impact energy of base metal, wire-filled
PAW joint and PAW joint are 216.4J, 186.2J and 141.4].

Materials Research

The impact energy of wire-filled PAW joint is 31.7% higher
than that of PAW joint

Figure 8 shows the tensile fracture morphology of
base metal and welded joints. Figure 8a shows the tensile
fracture morphology of the base metal. The fracture surface
of' the base metal shows ductile fracture with many dimples.
Figure 8 (b) shows the tensile fracture morphology of the
PAW joint. The fracture surface shows brittle fracture with
river pattern morphology. Figure 8c is the tensile fracture
morphology of wire-filled joint. The fracture shows a mixed
fracture of toughness and brittleness with large and shallow
dimples in local zone'**. The number of precipitates in

Table 5. Mechanical properties and fracture location of base metal and welded joints

Tensile strength Fracture . Impact
Rm/Mpa clongation A/% Fracture location Fracture samples energy
Base metal 366 60 Ak/]
PAW joint 302 23.7 weld center 216.4
Wire-filled
PAW joint 337 44 HAZ 141.4

Figure 8. Tensile fracture of base metal and welded joints(a)base metal(b)PAW joint(c)wire-filled PAW joint (a), (b), (c) high-magnification

photograph, (d), (e) e (f) SEM photograph of macro fracture
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fracture of pure nickel is small and its size is less than 2um
with sparse distribution.

3.3.2 Microhardness

The microhardness of the welded joint was measured
with moving from weld center to base metal. The load was
25 Kgfwith15s loading time. The microhardness distribution
curves of different regions of the welded joint were drawn
in Figure 9.

The following information can be obtained from Figure 9.
Fristly, the change trend of microhardness in base metal of
two kinds of welded joints is same owing to pure nickel N6
being hot rolled structure with fine and uniform grains and
high microhardness. Secondly, the minimum microhardness
of both joints occurs in HAZ, which is due to the austenite
grain growth and the decrease of hardness with the heating
of HAZ during welding. The microhardness of HAZ of
wire-filled PAW joint is higher than that of PAW joint. The
Hall-Petch formula®!, based on the dislocation stacking
theory of single crystal and polycrystalline materials, is the
relationship between material microhardness and grain size,
which can be rewritten as H, = H_+kd"?, which is one of the
guiding laws for improving the strength of metal materials
for a long time. The K value in microhardness, the slope of
the function curve of yield stress with d'”2, is related to the
defects contained in the material, the surface finish of the
material, and the density of the material?2. According to the
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Figure 9. Microhardness distribution curve of welded joints

Hall-Petch formula, the reason why the microhardness of
the HAZ of wire-filled joint is higher than that of the PAW
joint can be explained.

Finally, for the weld zone of the two kinds of joints,
the grain size of PAW joint is coarse with low hardness. In
the process of wire-filled PAW joint, the transition of Ti in
the wire into the molten pool can refine the grain and play
the role of fine grain strengthening. At the same time, the
precipitation of y” phase and TiN, TiC in the wire-filled PAW
joint will produce strengthening effect, which together lead
to the increase of the hardness. Literature studies show that
the larger the grain size of the weld, the lower the hardness
and the more precipitated phases in the weld, the higher the
hardness of the weld>%.

3.3.3 Corrosion resistance analysis

Soaking corrosion tests of base metal and joint samples
were carried out. The prepared specimens were weighed
and put into 300 mL 6% FeCl, solution for static corrosion
weightlessness test at room temperature. Then, the samples
were put on the plastic wire and immersed parallel in the
corrosive solution. The immersion depth and the distance
between the samples corrosive solution should be kept
more than 2 cm with 75h corrosive time. The corrosion
morphology and corrosion rates of different samples are
shown in Figure 10 and Figure 11, respectively.

It can be seen from Figure 10 that the surface of base
metal is uniformly corroded without deep corrosion pits; the
corrosion of wire-filled PAW joint and PAW joint is more
serious than that of base metal, especially there are many
and deeper corrosion holes on the surface of PAW joint,
which has typical corrosion characteristics.

It can be seen from Figure 11 that the corrosion status
of different samples in 6% FeCl, solution are serious. This
is because the passivation film or oxide film on pure nickel
surface may have pitting corrosion in the corrosive medium
containing chloride ions and chlorides. Especially when
there are mechanical cracks, scratches and inclusions on
the passivation film surface, the defects cause the non-
uniform thickness of passivation film and easy to induce
local damage. These phenomena are related to the following
two aspects. On the one hand, FeCl, belongs to acidic salts,
which produce acid in the hydrolysis process. It has both
oxygen depolarization corrosion and hydrogen depolarization
corrosion on pure nickel. And the corrosion rate is close to

Figure 10. SEM morphology of samples corroded in 6% FeCl, solution (a) base metal (b) wire-filled PAW joint (c) PAW joint
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that of acid solution with the same PH, which promotes
corrosion for pure nickel to a certain extent. On the other
hand, when pure nickel is in passive state, the corrosion
reaction still occurs with dynamic equilibrium. However,
the activation of Cl- destroy the dynamic equilibrium state,
which will change the dissolution process of pure nickel
into an advantage and accelerate the corrosion of pure nickel

From the corrosion morphology and corrosion rate of
samples, the corrosion resistance of pure nickel base metal
in 6% FeCl, solution is the best, followed by wire-filled
PAW joint, and PAW joint is the worst. In the process of

»
=)

I Corrosion rate K (¢/m’h)

2.8820

= = g g w w
=} 3 o 3 o o
T T T — T

Corrosion rate in 6 % FeCl, solution K (g/m’h)
o
o

=3
S}

BM Wire-filled PAW PAW

Figure 11. Corrosion rate curves of different samples.
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fusion welding process, pure nickel is heated and melted
locally under the action of welding heat source and during
the crystallization process of liquid metal in molten pool, the
defects of gas holes, cracks, inclusion and element segregation
are easy to occur, which results in the worse uniformity and
purity of weld structure than that of base metal. Therefore,
although the hardness of wire-filled PAW joint (170HV)
is higher than that of base metal (145 HV), the corrosion
resistance of wire-filled PAW joint weld becomes worse.
There are Al,O, inclusion on the surface of joint, and the
interface between Al O, and matrix is corroded seriously, which
indicates that the interface between non-metallic inclusions
and matrix is the worst corrosion resistance area. There is an
inhomogeneity of chemical composition between non-metallic
inclusions and metal matrix, and corrosive micro-couples
can be formed between non-metallic inclusions and metal
matrix in corrosive medium. If the electrochemical activity
of the inclusion is higher than that of the metal matrix,
the inclusion will be dissolved preferentially as an anode.
Conversely, the metal matrix dissolves preferentially?*?’.
Aluminum-rich inclusions are more stable than pure nickel
matrix. Corrosion micro-couples composed of pure nickel
and Al O,, pure nickel matrix dissolves preferentially forming
“micro-gap” between the inclusions and the surrounding
matrix, which further dissolves into a “corrosion ditch”, as
shown in Figure 12. During pitting process induced by AL O,

cps
5

0 5 10 15 20

Ni Lal_2
" AlKal
~~ 0Kal

| Al AL Wbl MLl Ll L

25 30 35 40 45 50

Figure 12. Energy spectrum analysis of inclusions in joint
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inclusions, corrosion dissolution occurs first at the interface
between inclusions and metal matrix?®.

3.4 Effect analysis of ERNi-1 wire

The microstructure and properties of PAW joint and
wire-filled PAW joint are compared. The results show that
the appearance, microstructure and properties of wire-filled
PAW joint are better than those of PAW joint. This is due to
the role of ERNi-1 wire in the process of welding process.

3.4.1 Grain refinement

The grain size of wire-filled PAW joint is finer than that
of PAW joint and the mechanical properties are obviously
improved, which is related to the Ti content of ERNi-1 wire
playing arole in refining weld grain. The precipitated phases
in wire-filled PAW joint, analyzed by SEM and EDS, can
refine the grain size. There are two common characteristics
of the precipitates which can refine the grain in the joint.
One, the melting point of precipitated phase must be higher
than the temperature of molten pool to ensure the stable
state. The other, precipitated phase must have a good lattice
matching relationship with pure nickel.

It can be seen from Figure 13 and Table 6 that the size
of TiN and TiC particles precipitated from wire-filled wire
joint is less than 2um. Firstly, the melting points of TiN
and TiC particles are high, reaching 2950°C and 3140°C,
respectively. TiN and TiC particles can be used as effective
nucleation cores and exist stably in the molten pool.

Ti has a strong chemical affinity with nitrogen, oxygen
and carbon. TiN and TiC are continuously precipitated in the
process of crystallization. Carbon and nitrogen atoms can
be replaced each other, and TiN and TiC are separated out
alternately in the molten pool. Secondly, according to the
lattice matching theory, the heterogeneous nucleation ability
of impurity particles in liquid metal is related to the interface
energy between crystal nucleus and impurity particles®-.In
the heterogeneous nucleation process, the higher the structural
similarity (low mismatch degree) between the nucleation and
impurity particles, the smaller the interface energy between

Table 6. Chemical constituents of precipitated phases(at. %).

them, and the higher the nucleation rate to further refine the
grains. When the one-dimensional mismatch degree(8)<25%,
there is a moderate degree of mismatch between the substrate
and the crystal nucleus, the nucleation energy is small,
resulting in the increased nucleation rate and refine grain
in the weld zone’'.The one-dimensional mismatch degree
(8) between TiN, TiC and pure nickel is 20.3% and 22.8%,
respectively, which indicates that TiN and TiC can refine
the grain size in the molten pool*>3.

As shown in Figure 13a and b, the precipitated TiN
and TiC are located in the grain and become heterogeneous
nucleation particles, which makes a large number of nucleation
in the molten pool crystallization process and increases the
nucleation rate. As shown in Figure 13c, the precipitated TiN
is distributed at the grain boundary and acts as a “nail” to
hinder austenite grain growth, thus refining the weld grain®**.
There are a lot of fine TiN particles in Ti micro-alloyed steel.
After 1350°C welding thermal cycle, TiN still exists stably,
which can effectively prevent austenite grain growth. The
smaller for the size of TiN and the more for the number of
TiN in the weld, the refinement effect is obvious*.

3.4.2 Elimination of pores

In the welding process of pure nickel N6, owing to the
improper welding process or the poor protection effect,
the weld is susceptible to pores. The formation process
of pores is composed of nucleation and growth. When the
pore grows to a certain extent, it begins to float. When the
crystallization speed is greater than the pore floating speed,
the pores can’t escape and remain in the weld. The internal
porosity of pure nickel weld is related to oxygen and nitrogen.
Oxygen enters into the molten pool to produce CO through
metallurgical reaction, and finally CO appears in the weld*”%.
Nitrogen enters the molten pool and causes nitrogen pores.
The porosity reduces the effective cross-sectional area and
the weld strength and toughness of joint. And the stress
concentration appearing around the pores is unfavorable to
the dynamic load strength and fatigue strength of welded

Elements C N (0] Ti Ni Precipitates
a 7.18 47.96 5.83 38.5 0.53 TiN
b 7.09 0.0 1.04 3.44 88.43 TiC
c 19.19 36.82 8.92 34.66 0.41 TiN

(a).

(b)

Figure 13. The precipitated phases in wire-filled PAWjoint (a) TiN (b) TiC (c) TiN.



components. As shown in Figure 4b and d, the number of
pores in the wire-filled PAW joint decreases or disappears.

The reduction of porosity in wire-filled PAW joint is related
to Al (1.5%) and Ti (2.0 ~ 3.5%) elements in ERNi-1 wire. Al
and Ti elements are strong oxide forming elements. During
the welding thermal cycle process, the tiny deoxidization
particles mainly composed of Al,O, and TiO,, dispersing in
the weld, as shown in Figure 14a, b and Table 7 .Al element
in ERNi-1 wire can reduce the oxidation of molten pool,
avoid C burning loss and eliminate the porosity in weld.
With the increase of Al content in the wire, the O content
in the weld decreases, and the N content also shows a very
obvious downward trend. The porosity sensitivity of the
weld is greatly reduced, which proves that Al element has
a strong role in deoxidization, denitrification and reduces
the porosity sensitivity of the weld*°.

The deoxidation reaction equations of Al element are
followed: 4Al+3CO,=3C+2AL0,,4A1+30,=2A1,0,,2A1+3NiO=
AL O, +3Ni. Al can effectively reduce CO porosity sensitivity.
With the increase of Al content, the number and size of pores
on the longitudinal section of a certain length weld decrease.
Literatures*'*? show that when the content of Al in the weld
is 0.48%, the number of pores in the weld decreases to the
minimum. When the Al content is greater than 0.48%, the
pores with diameter greater than 1 mm disappear. However,
there will be Al,O, inclusions with a diameter greater than
10um. With the increase of Al content in the weld, the size
of AL O, inclusions will also increase.

In addition, Al element has a strong effect in denitrification.
The denitrification reaction equation of Al element is
followed: AI+N=AIN. Al reacts with the invading N element
to form stable AIN particles, eliminating the nitrogen pores
in pure nickel weld. Because the average temperature
(2100K-2700K)of the droplet and the arc column is higher
than the sublimation temperature 2450°C of AIN particles,

Table 7. Chemical constituents of precipitated phases (at. %)

Chai et al.
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most of the invaded N during the formation of the droplet
is sublimated, which plays the role of denitrification®.
When the content of Al in the weld is different, the size
and distribution of AIN particles and blocking effect on
grain growth are different. When the Al content is low, the
fine dispersed AIN formed by the combination of Al and
N obviously hinders the grain growth*. Thermodynamic
analysis shows that Al has a threshold value for nitrogen
fixation in the molten pool. The threshold value decreases
with the increase of N content in the molten pool. When the
Al content is lower than the threshold value, the molten pool
has no nitrogen fixation effect. When the aluminum content
exceeds the threshold value, the nitrogen fixation ability of
the molten pool increases with the increase of Al content,
and the nitrogen fixation product is polyhedral AIN*.

Ti element in the ERNi-1 wire is also a strong deoxidizer,
and the deoxidization product is TiO,. Ti reacts with O mainly
in the higher temperature zone of the molten pool, and rarely
transits to the molten pool in the solidification stage. TiO,
with high melting point, is insoluble in molten metal, and a
large number of titanium compounds form inclusions in the
weld*. As shown in Figure 14a, the size of the deoxidized
product TiO, particles reach20um. The Ti element the ERNi-1
wire also has a strong nitrogen fixation effect, which can
eliminate the nitrogen pores during the welding process®.
For the nitrogen invading the droplet and pool, the harmful
effect of nitrogen on the weld can be eliminated only by
using nitride forming elements to form stable nitride before
the molten pool solidifies. Nitrogen fixation with Ti reduces
the content of Al element in the weld to a certain extent,
which is beneficial to the microstructure transformation.
Once TiN formed, it does not melted and disperses in
the weld owing to the melting point of TiN (2950°C), as
shown in Figure 13a and c. The literature®® shows that TiN
can significantly refine K4169 alloy with a certain process,

Element C N (¢} Al Ti Ni Si Precipitates
a 9.89 10.73 48.98 0.16 28.67 1.42 0.15 TiO,
b 4.39 0.0 58.63 35.74 0.0 1.17 0.07 ALO,

Figure 14. The precipitated phases in the wire-filled PAW joint (a) TiO, (b) ALO,
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which is consistent with the prediction results obtained by
mismatch degree. When the melted alloy contains TiN, the
number of nucleation increases, resulting in the grain size
decreases, and the equiaxed grain growth is limited with
smaller dendrite growth space and increasing dendrite
density. In the process of welding thermal cycle, the content
of Ti in the molten pool must be strictly controlled. If the
content of Ti is too small, it can’t play the role of deoxidation
and nitrogen fixation. However, the high content of Ti will
produce a large number of inclusions, which will affect the
performance of the weld. When the content of Ti is very
low, the inclusions in the weld are composed of large size
Mn and Si oxides. When proper amount of Ti is added, the
inclusions transform into beneficial composite inclusions
containing Ti. Excessive Ti changes the compositions of
the weld inclusions with hard and brittle features, which
damages the weld toughness*’#,

In conclusion, Al and Ti elements in ERNi-1 wire have
deoxidation and nitrogen fixation effect during welding
thermal cycle process, which improves the resistance of
weld to carbon monoxide and nitrogen porosity, effectively
reduces the tendency of porosity in weld, and improves the
joint performance. When the content of Al and Ti in the
molten pool is in a certain range, the products of nitrogen
fixation are TiN and AIN particles, which can refine the
weld grains. The content of aluminum and titanium in the
molten pool is within a certain range, and the nitrogen
fixation products produced during the nitrogen fixation
process are TiN and AIN particles, which have the effect of
refining weld grains. In addition, the alloy elements in the
welding wire can supplement the alloy elements burned in
the welding process. As the filler metal, the melted wire
forms the joint with the melted base metal, avoiding the
defects such as undercut and depression. Wire-filled PAW
has a wider specification range of process parameters, and
the welding process is much more stable than PAW. The
Mn element in the wire reacts with S in the molten pool to
form high melting point MnS, which can avoid the harmful
effects of S and improve the ability to resist crystal cracks.
It is because of the above reasons that the microstructure
and properties of wire-filled PAW joint are better than those
of the PAW joint.

4. Conclusions

1.  Both PAW and wire-filled PAW can realize the
double-sided forming of 5.5mm thick pure nickel
sheet without grooving. The welding process of
wire-filled PAW is stable, which widens the range
of process parameters. The mechanical properties
of wire-filled joint are better than those of PAW

joint.
2. The corrosion rate of samples in 6% FeCl, solution is:
K, (2.8820)>K . (2.6908)>K (2.3458).

Therefore, the order of corrosion resistance of
samples is: base metal, filler wire-filled PAW joint
and PAW joint.

3. Thealloying elements in ERNi-1 welding wire can
supplement the burned alloying elements during
welding process and avoiding the defects. Al and
Ti elements of wire are used as deoxidizers and

nitrogen additives to reduce the tendency of carbon
monoxide and nitrogen pore formation in welds.
The precipitated phases (TiN, TiC) formed in the
molten pool can refine the grain size of the joint
and improve the crack resistance.
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