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Abstract: Due to its excellent resistance to corrosive environments and its superior mechanical
properties, the Ni-based Hastelloy C-276 alloy was chosen as the material of the stator and rotor cans
of a nuclear main pump. In the present work, the Hastelloy C-276 thin sheet 0.5 mm in thickness
was welded with filler wire by a pulsed laser. The results indicated that the weld pool geometry
and microstructure were significantly affected by the duty ratio, which was determined by the
pulse duration and repetition rate under a certain heat input. The fusion zone area was mainly
affected by the duty ratio, and the relationship was given by a quadratic polynomial equation.
The increase in the duty ratio coarsened the grain size, but did not obviously affect microhardness.
The weld geometry and base metal dilution rate was manipulated by controlling pulsed parameters
without causing significant change to the performance of the weld. However, it should be noted that,
with a larger duty ratio, the partial molten zone is a potential weakness of the weld.
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1. Introduction

The Ni-based Hastelloy C-276 alloy is widely used in chemical processing and the nuclear industry,
and as marine engineering components such as pumps, valve parts, and spray nozzles, due to its
excellent resistance to corrosive environments and its superior mechanical properties [1,2]. The stator
and rotor cans of a nuclear main pump in a third-generation nuclear power plant are made of Hastelloy
(C-276 thin sheets via welding. The unique service conditions of the stator and rotor cans demand high
quality of the weld of Hastelloy C-276 thin sheets.

Arc welding, the most common welding method, has been used to weld Hastelloy C-276 by
many researchers. Cleslak et al. [3] indicated that intermetallic secondary solidification constituents,
a combination of p and p phases, were found to be associated with weld metal hot cracks in Hastelloy
C-276. Li et al. [4] investigated the effects of plate thickness and the annealing process on the
microstructure and properties of the Hastelloy C-276 welding line by GTAW, and the grain coarsened
with the increase in plate thickness. When filler metal was used, many secondary phase particles
were observed after the welding process. The grain size increased in both fusion and the heat affected
zone (HAZ), and the tensile strength of the weld decreased. The corrosive resistance was better
than that of the autogenous weld bead. The 0.4-mm-thick Hastelloy C-276 thin sheet was welded
by GTAW without filler metal, and both the heat affected zone (HAZ) and a secondary phase were
detected. Manikandan et al. [5-7] reported that, by current pulsing, the microstructure and mechanical
behavior of GTAW of Hastelloy C-276 could be improved. Pulsed Current Gas Tungsten Arc (PCGTA)
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weldments were found to be the best in terms of (i) freedom from microsegregation, (ii) strength,
and (iii) freedom from unwanted secondary phases.

Ahmad et al. [8] studied the microstructure and hardness of the electron beam welded zone
of 3-mm-thick Hastelloy C-276. The molten zone (MZ) was found to be of a fine lamellar type, and the
hardness was 35% higher compared to as-received alloy, while a hardness reduction of about 5%-8%
was observed in the HAZ. Van der Eijk et al. [9] welded NiTi to Hastelloy C-276 with and without filler
wire. It was found that the mixed zone of the weld contained a number of brittle phases, and there
was a tendency of the NiTi to absorb elements from the Hastelloy C-276.

Compared with conventional fusion welding methods, laser welding has advantages such as a
low heat input, a narrow HAZ, low distortion, and ease of automation [10]. Wu and Ma et al. [11-13]
performed a series of studies about the laser welding of 0.5-mm-thick Hastelloy C-276 thin sheets
without filler wire, and the MZ was found to be of much finer grains, and the element segregation was
found. However, the trend of the brittle phase's formation was weakened, no HAZ was found, and the
mechanical properties were comparable to the as-received alloy. Ventrella et al. [14] welded Hastelloy
C-276 thin foil with a 100-micron thickness. The results indicated that, by using a precise control of the
pulse energy and the dilution rate, sound welds could be obtained.

Reports about arc welding Hastelloy C-276 thin sheets with thicknesses of 0.5 mm or less are
rare. Studies have proved that pulsed laser welding is an appropriate technique for welding such thin
sheets. Laser welding without filler wire has high demands for preparation and clamping. The defect
of weld sag is a serious problem when the gap width is larger than 10% of the workpiece thickness [15].
In the present work, a 0.5-mm-thick Hastelloy C-276 thin sheet was welded by a pulsed Nd:YAG laser
with 0.5-mm filler wire. In order to highlight the characteristics of the effects of the pulsed parameters,
a fixed total heat input was used. The influence of pulsed parameters on weld bead geometry and
microstructure was investigated.

2. Experimental Setup

The experimental setup is shown in Figure 1. A millisecond pulsed Nd:YAG laser system
(GSI LUMONICS, JK701H, Rugby, UK) with a 1064-nm wavelength and multimode beam was
used. The collimated beam diameter was 23.5 mm. The focal length was 80 mm, and focal beam
diameter was approximately 0.6 mm. The incident direction of pulsed laser was perpendicular to the
substrate surface. The argon shroud gas was delivered through a nozzle with a flowrate of 12 L/min,
and the nozzle had a diameter of 6 mm and was set 30 mm away from the weld pool. The experiment
was conducted on a commercially available with dimensions of 100 mm X 40 mm x 0.5 mm.
The yield strength and the ultimate tensile strength of the as received Hastelloy C-276 thin
sheet (Haynes International, Kokomo, IN, USA) are 391 MPa and 857 MPa at room temperature,
respectively [16]. The filler metal was 0.5-mm-diameter ERNiCrMo-4 filler wire. The chemical
compositions are shown in Table 1.

Laser

Shielding gas

—

Welding direction

Figure 1. Experiment setup.
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Table 1. Chemical composition of Hastelloy C-276 and ERNiCrMo-4 (wt. %).

Sample Ni Fe Cr Mo W Co Mn C Si P S v

Hastelloy C-276 Bal. 514 16.00 1558 345 1.26 0.53  0.000 002 0.006 0.003 0.01
ERNiCrMo-4 Bal. 530 16.00 1520 3.30 0.11 041 0.009 003 0.003 0.000 0.01

The bead-on-plate tests were used to analyze the weld shapes. The welding direction was vertical
to the rolling direction. The substrate surfaces were grinded with 600 grit silicon carbide paper and
then cleaned by ethanol to remove the oxide and oil. The weld parameters are shown in Table 2.

Table 2. Weld parameters.

Average Power Welding Speed Feeding Speed F (mm) Pulse Duration Pulse Frequency
P:W) (mm/min) (mm/min) ocus tmm. (T: ms) (f: Hz)
3,4,5,6,7,8,9 60
75 350 350 -1 . 40, 50, 60, 70, 80,
90, 100

The average laser power (P) and the peak power (Py) are defined as follows:

P

E,f; )
P, = Ep/T, @

where E, (J) is the pulse energy, f (Hz) is the pulse frequency, and t (ms) is the pulse duration.
The pulse duration and pulse frequency, as two independent variables, are chosen to analyze the
effects of the pulsed laser on the welding process. The average laser power is fixed in the experiments.
The pulse energy decreases with the increase in the pulse frequency, causing a decrease in the peak
power when the pulse duration is kept constant. The pulse energy and frequency are kept constant
when the pulse duration is increased, so the peak power drops with the increase in the pulse duration.
The pulse duty ratio () is defined as the ratio of pulse duration to pulse period and can be

expressed as
o« = f-t/1000 (©)]

The pulse duty ratio represents the ratio of the heating time in one pulse cycle. A larger pulse
duty ratio means a longer heating time and a shorter cooling time in the welding process.

Figure 2 shows the typical cross-section of the weld. The weld width (L,, L;), the fusion zone area
(A (A=A, +As + A, As), the reinforcement height (H,, H;), and the reinforcement height-to-width
ratio (ry, 1;) were used to evaluate the weld shape. A smaller reinforcement height-to-width ratio
means a better spreadability of the filler metal [17].

|  Bead width L,

Reinforcement

Reinforcement
height H,

Bead width L,

Figure 2. Cross-section of weld bead of pulsed laser welding with filler wire.
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3. Results and Discussion

When the pulse duration was shorter than 4 ms or the frequency was lower than 50 Hz, the welds
showed lack of penetration defects, as shown in Figure 3a,c. When the pulse duration was longer than
8 ms or the frequency was higher than 90 Hz, a very irregular outline and even undercut sometimes
occurred on the upper surface of the weld, as shown in Figure 3b,d. The irregular upper surfaces
indicate that the weld pool was unstable during the welding process. These welds are not included in
further discussion.

Figure 3. Defects of the welds: (a) T =3 ms; (b) T=9 ms; (c) f = 40 Hz; (d) f = 100 Hz.

3.1. Weld Bead Geometry

Figure 4 shows the cross-sections of the weld with different pulse duration. The laser power
was 75 W, the welding speed and the wire feeding speed were both 350 mm/min, and the pulse
frequency was 60 Hz. The weld beads showed a smooth outline, except when pulse duration = 4 ms.
Most of the filler metal was distributed on the upper side. The weld width was too small for the spread
of the filler metal, and an unsmooth surface was generated, as shown in Figure 4a.

Figure 4. Cross-sections of weld bead under different pulse duration: (a) T = 4 ms; (b) T = 5 ms;
(c)t=6ms; (d) T=7ms; (e) T=8 ms.
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Figure 5 shows the cross-sections of the welds with different pulse frequencies. The laser power
was 75 W, the welding speed and wire feeding speed were both 350 mm/min, and the pulse duration
was 6 ms. The welds showed smooth outline and were free from defects. Different from the case
when T = 4 ms, the unsmooth upper surface appeared when the weld was quite wide, as shown in
Figure 5e. This phenomenon may be related to surface tension effects in a relatively wide weld pool to
the thickness of the substrate [18].

Figure 5. Cross-section of weld bead under different pulse frequency: (a) f = 50 Hz; (b) f = 60 Hz;
(¢)f =70 Hz; (d) f = 80 Hz; (e) f = 90 Hz.

Figures 6a and 7a show the variations of the weld fusion zone area with pulse duration and
pulse frequency, respectively. The fusion area of the weld increased linearly with the increase in the
pulse duration or the pulse frequency. The welding speed and the wire feeding speed were constants,
so the increase in the fusion area led to an increase in the fusion quantity of the base metal.
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Figure 6. Variations of weld bead parameters with pulse duration: (a) fusion zone area; (b) weld width;
(c) reinforcement height; (d) reinforcement height-to-width ratio.
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Figure 7. Variations of weld bead parameters with pulse frequency: (a) fusion zone area; (b) weld
width; (c) reinforcement height; (d) reinforcement height-to-width ratio.

Figures 6b and 7b show the variations of the weld width with pulse duration and frequency.
The width of the lower surface was more sensitive to the pulse parameters. The weld width to the
pulse duration or frequency curve of the lower surface had a higher slope than that of the upper
surface. The lower surface was wider than the upper surface when the pulse duration was longer than
5 ms or the frequency was higher than 60 Hz. When the frequency was 50 Hz, most of the filler metal
solidified on the upper surface of the substrate, and the spreadability of the filler metal was good when
the pulse duration was 6 ms, so the width of the upper surface was larger than that of 60 Hz, as shown
in Figure 7b.

The variations in the reinforcement height with pulse duration and frequency are shown in
Figures 6¢ and 7c. With a longer duration or higher frequency, the molten pool was wider and had
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a longer existence time, which was beneficial to the downward flow and the spreading of the filler
metal. The reinforcement height of the upper surface reduced significantly at first then changed to
linearly with a lower speed. The welding speed and the wire feeding rate were kept constant, meaning
that the fusion area of the reinforcements (A, + A;) was a constant. Therefore, the variation of the
reinforcement height of the lower surface had an opposite trend.

Figures 6d and 7d show that the reinforcement-to-width ratio of the upper surface decreases
with the increase in pulse duration or pulse frequency. The upper reinforcement height
decreased, and the upper surface widened with the increased pulse duration or pulse frequency.
The reinforcement-to-width ratio of root reinforcement increased at first and then reduced slowly
with the increase in the pulse duration or pulse frequency, and the inflection point of the r curve
was near the point where the width of the upper surface was equal to that of the lower surface.
Both the height and width of the root reinforcement increased with the increase in pulse duration and
frequency, but the width increased with higher speed. Therefore, the reinforcement-to-width ratio
decreased. The reinforcement-to-width ratio can be used to describe the spreadability of the filler metal.
Define 6 = arctan(2H/L) as the contact angle of the reinforcement. Generally, a lower
reinforcement-to-width ratio means a better spreadability of the filler metal and a lower contact
angle between the reinforcement and the base plate, and it is beneficial for the service time of the
welded joint when being used with alternate load or in an erosion-corrosion environment.

The pulse duty ratio is defined as the ratio of pulse duration-to-pulse period. The higher the
duty ratio, the longer the heating time is in the welding process, compared with the cooling time.
The pulse intensity decreases and the duty ratio increases with the increase in the pulse duration when
the average power and pulse frequency are fixed. The decreased pulse intensity reduces the highest
temperature of the molten pool. However, the increased heating time enhances heat accumulation
and increases the volume of the molten pool. The extended existence time and enlarged volume of the
molten pool enhance the downward flow and the spreading of the filler metal. Thus, the weld widens
and the root reinforcement gets larger with the increase in the pulse duration.

The pulse frequency has similar effects on weld geometry to those of pulse duration. The increase
in the pulse frequency does not change the heating time, and the pulse energy and intensity reduce
with the increase in frequency. However, the cooling time reduces with the increase in the frequency;
thus, the duty ratio is increased.

The duty ratios of the welding parameters in Table 2 were calculated with Equation (3).
The variations in fusion zone area (A) with laser pulse duty ratio (x) are shown in Figure 8.
It shows that, by increasing the pulse duration or the frequency, the variations in the fusion zone area
to duty ratio change in the same way.

0.9
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Figure 8. Variations of fusion zone area with laser pulse duty ratio.
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According to the analyses above, the least-square polynomial fit was used to build the relation
between the fusion zone area and duty ratio. The relationship between A and « is shown in
Equation (4), and the prediction curve is given in Figure 9.

A = 048 — 059« + 24802 (025 < o« < 0.55). @)

0.9

A

Fusion area(mm?
o
3
1

=4
o
L

m  Experimental data-Pd
e Experimental data-Pf
—— Pridiction curve

T T T T
020 025 030 035 040 045 050 055
Duty ratio

Figure 9. Relationship between fusion zone area and duty ratio.

This indicates that, for the pulsed laser welding of a 0.5 mm Hastelloy C-276 thin sheet with
filler wire at a fixed total heat input, the volume of the molten pool during the welding process is
dominated by the duty ratio. As mentioned above, the variation in the fusion area shows the variation
in the fusion quantity of the base metal. Thus, the dilution of the base metal can be obtained by this
relationship. This will be useful when control of the element composition in the fusion zone is needed.
The geometry of the weld bead, especially the distribution of the filler metal, is closely related to
the duty ratio. Therefore, the weld geometry can be approximately predicted and manipulated by
adjusting the duty ratio.

3.2. Microstructure

When the total heat input is fixed, the pulse parameters determine the weld geometry by
influencing the thermal process in the welding process. The pulse parameters have significant effects
on the microstructure of the weld.

The microstructure of the weld with pulse durations (4, 6, and 8 ms) are shown in Figure 10a—c,
and the microstructure of the weld with the pulse frequency is shown in Figure 10d-f.
The microstructure of the base metal consists of equiaxed grains, and annealing twins are observed.
From the fusion line to the weld joint center, the microstructure of the fusion zone changed from a
small quantity of planar crystal, columnar dendrites to equiaxed dendrites. For the rapid cooling
rate in pulsed laser welding, the growth of the planar crystal was restrained, as shown in Figure 10a.
With the increase in the pulse duration and the pulse frequency, the components of columnar dendrites
were increased, and the microstructure showed a coarsening trend.

Figure 10. Cont.
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Figure 10. Variations of microstructure of the weld with pulse duration and frequency: (a) T =4 ms;
(b) T=6ms; (c) T=8ms; (d) f =50 Hz; (e) f = 70 Hz; (f) f = 90 Hz.

With a high duty ratio, although no typical characteristic of the heat affect zone, such as
an increase in the grain size of the base metal near the fusion line, was found, the base metal
near the fusion line showed a tendency of grain boundary liquation. According to the study by
Lippold et al. [19], due to the epitaxial growth of the fusion zone grains, grain boundaries in the base
metal near the fusion line are contiguous with the solidification grain boundaries in the fusion zone.
In the fusion zone metal solidification process, some of the low-melting-point solute may segregate
toward the grain boundary. The solute or impurity elements can be transported down the boundary
pipeline into the base metal grain boundaries near the fusion line. The solute or impurity elements will
decrease the melting point of the grain boundaries, resulting in grain boundary liquation. The grain
boundary liquation area, which has also been called the partially melted zone, can lead to liquation
cracking, loss of ductility, and hydrogen cracking [20]. It may be a weakness of the weld.

Figures 11 and 12 show the morphology of the columnar dendrites and equiaxed dendrites in the
fusion zone with different pulse durations and pulse frequencies. The magnified locations are shown
in Figures 11b and 12b. The primary dendrite arm spacing and second dendrite arm spacing increase
with the pulse duty ratio. The average equiaxed dendrites grain size in the fusion zone center increases
from about 4 um to 7 um when the pulse duration increases from 4 ms to 8 ms, and increases from
about 5 um to 9 um when the pulse frequency increases from 50 Hz to 90 Hz. The microstructure of
the fusion zone is dominated by temperature gradient G and growth rate R. Generally, the growth rate
R is related to the welding speed V, R-cos(x — ) = V-cosa [19], « is the angle between the welding
direction and the normal of the molten pool boundary, and {3 is the angle between the welding direction
and the growth direction of the dendrite at that point. The welding speed is kept constant, so there is
no large variation of R when the duty ratio is changed. The peak power reduces with the increase in
the duty ratio, so the temperature of the molten pool center reduces. At the same time, the volume
of the molten pool increases. Thus, the temperature gradient G of the molten pool reduces with the
increase in the duty ratio. The decreasing value of G-R results in the coarsening of the microstructure
of the weld.
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Figure 11. Variations of grain size with pulse duration: (a) T =4 ms; (b) T=6 ms; (¢) T =8 ms.

Figure 12. Variations of grain size with pulse frequency: (a) f = 50 Hz; (b) f = 70 Hz; (c) f = 90 Hz.
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In order to reveal the effects of the pulse parameters on the microhardness distributions of
the weld joint, hardness tests were done on the cross-section of the joints, as shown in Figure 13.
The microhardness profiles for the welds with 4, 6, and 8 ms are shown in Figure 13a.
The microhardness profiles for the welds with 50, 70, and 90 Hz are shown in Figure 13b.
No decrease in hardness was found in the weld; the hardness of the fusion zone had the same
value as the base metal. The grain refinement increases the hardness of the weld. At the same time,
the welding process may weaken the solution strengthening of the base metal and result in a tendency
to decrease in hardness. These two effects indicated that no decrease in hardness was found in the
weld. Moreover, no difference was found in the hardness profiles of the welds. The average hardness
of fusion zone and base metal both were approximately 250 HVO0.1. These results show that, although
the increase in duty ratio will cause the coarsening of the fusion zone microstructure, there will be no
significant hardness loss in the fusion zone. The grain boundary liquation area is quite narrow, and it
is impossible to distinguish it on a polished surface during hardness tests, so its microhardness data is
not available.
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Figure 13. Variations of microhardness of the weld with pulse duration and frequency:
(a) Microhardness profiles for the welds with different pulse durations; (b) Microhardness profiles for
the welds with different pulse frequencies.

4. Conclusions

A 0.5-mm-thick Hastelloy C-276 thin sheet was welded via pulsed laser with filler wire.
The effects of the pulse parameters on the weld bead geometry and microstructure were investigated
when the total heat input was fixed.

The pulse duration and pulse frequency have similar effects on the weld bead geometry.
The duty ratio dominated by pulse duration and frequency can be used to predict and control the weld
bead geometry.

The distribution of the filler metal between the upper and lower surface influences the weld width.
The lower surface is wider than the upper surface when the lower reinforcement is larger than the
upper reinforcement. With the increase in duty ratio, the upper surface reinforcement height-to-width
ratio decreases, while the lower surface reinforcement height-to-width ratio increases at first and then
decreases slowly. The increase in the duty ratio is beneficial for the spreadability of the filler metal and
reduces the contact angle of the reinforcement.

The relationship between the fusion zone area and the duty ratio is given by A = 0.48 — 0.59«x +
24802 (0.25 < o < 0.55). The dilution rate of the base metal can be obtained by this equation, and this
will be useful when control of the element composition in the fusion zone is needed.

The results show that, although the increase in duty ratio will cause the coarsening of the fusion
zone microstructure, there is no significant hardness loss in the fusion zone. With a larger duty ratio,
the base metal near the fusion line shows a tendency towards grain boundary liquation, and the grain
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boundary liquation area may reduce the performance of the weld bead, so an overly large duty ratio
needs to be avoided.

The melting state of the molten pool and filler wire between each pulse is unknown. Further
study will focus on direct observation of the molten pool development and the melting mechanism of
the filler wire with different pulse parameters.
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