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Abstract: Microalloying vanadium can change the segregation state of Nb element in IN718 alloy,
reduce the formation of harmful Laves phase and refine the dendritic structure of IN718 alloy during
the laser process. Therefore, IN718 alloys with V content from 0.081 to 1.88 wt.% were prepared and
evaluated. Metallographic microscopy and scanning electron microscopy were used to observe the
corresponding morphology, structure, and distribution of elements. First of all, it was found that the
addition of V refines the grain size of IN718 alloy and reduces the primary dendrite arm spacing.
Secondly, adding V to IN718 alloy can reduce the porosity of the cladding layer. The elements are
uniformly distributed in the cladding layer, and the addition of vanadium reduces the segregation
degree of the Nb element, which is conducive to homogenization. In addition, microhardness and
residual stress were also investigated. Finally, the addition of vanadium was shown to have no
apparent effect on the tensile strength and yield strength but can significantly improve the elongation
of IN718 alloy. In conclusion, the microstructure and mechanical properties of IN718 alloy with
0.081 wt.% vanadium content provide a new solution to improve the application level of IN718 alloy
in laser cladding.
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1. Introduction

IN718 alloy is designed for strength, oxidation resistance and good fatigue life at high
temperatures of up to 700 °C, in addition to excellent weldability through its relatively
slow precipitation kinetics [1-3]. Because of its excellent mechanical properties at high tem-
peratures, it has become a widely used material in the fields of aviation, aerospace, nuclear
energy, and petroleum [4]. IN718 alloy is an aging-strengthened Ni-Fe-Cr-based deformed
high-temperature alloy. During the solidification process, it will produce severe component
segregation, which will lead to the generation of Laves phase. The Laves phase is a hard
and brittle phase that can cause cracks and lead to crack propagation [5,6]. Therefore, the
improvement of Laves phase is significant in the improvement of the microstructure, as
well as overall changes in the performance, of IN718 alloy.

Laser cladding is a very advanced surface engineering method and has been widely
used in surface modification [7]. The high-energy-density laser radiation quickly melts
the alloy powder and the surface of the substrate. Direct laser deposition (DLD) involves
sending the powder into the molten pool at the same time as the laser is irradiated. The
schematic diagram of DLD in laser cladding is shown in Figure 1. Due to the rapid heating
and cooling rate of laser cladding, the cladding layer has a dense structure and low porosity.
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Figure 1. The schematic diagram of DLD in laser cladding.

Many studies have used the addition of different elements to control the degree of
segregation of the Laves phase, thereby improving the properties of the IN718 alloy. The
addition of Co can cause the solubility of molybdenum in the dendritic nucleus, and the
reduction of Mo in the residual liquid. As a result, the Laves phase is restrained while
the precipitation of 5-Ni3Nb is promoted [8]. The addition of phosphorus and boron to
the IN718 alloy promotes the formation of the bulk Laves phase [9]. The increase in the
Al/Ti atomic ratio significantly reduces the degree of element segregation in IN718 alloy
during casting [10]. The addition of phosphorus can change the propagation path of cracks
from the matrix (Laves phase) around the particles to the interface between the matrix and
the particles [11]. Zr can inhibit the precipitation of Laves phase at the grain boundary of
K4169 alloy [12].

Vanadium (V) has a high solubility in austenite and is one of the most commonly used
and effective strengthening elements for micro-alloyed steel [13]. The effect of vanadium on
the solidification and homogenization behavior of IN718 alloy was studied. It is observed
that vanadium is uniformly distributed in the dendrite and interdendritic regions, which
can effectively prevent the precipitation of the Laves phase [14]. The influence of different
contents of vanadium on the microstructure and mechanical properties of IN718 alloy in
casting was evaluated. Vanadium changes the microstructure characteristics of the IN718
alloy and affects its mechanical properties, and a relatively compromised vanadium content
is obtained [15].

In our previous research [16], the addition of vanadium was shown to have a positive
effect on the microstructure uniformity, Lave phase distribution and mechanical properties
of the IN718 alloy. Hence, we studied the effects caused by the addition of 0.081-1.88 wt.%,
by weight, of vanadium into IN718 alloy on the microstructure and mechanical properties
of the laser cladding.

2. Materials and Methods
2.1. Materials

The experimental materials are mainly divided into two types, one is vanadium
powder, which is prepared primarily by the atomization and crushing process (ACP), and
its shape is irregular (Figure 2a), and the other is IN718 alloy powder, which is mainly
produced through the plasma rotating electrode process (PREP). For the spherical powder
prepared by the plasma rotating electrode process (Figure 2b), the average diameter of the
above two powders is 100 um. The material used for the substrate is also IN718 alloy, with
a size of 100 mm x 100 mm x 8 mm. The nominal composition of the master alloy (in mass
fraction, %) is C 0.02, Cr 19.23, Nb 5.00, Ti 1.08, Mo 3.2, Al 0.54, Fe 18.64, balance Ni. IN718
alloys with different amounts of vanadium are shown in Table 1 [14].
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Figure 2. (a) Morphology of V powder (1000x), (b) morphology of IN718 alloy power (200x),
(c) SVWS80C-3D hybrid additive and subtractive machine center, (d) Vickers hardness measurements
points [16].

Table 1. Chemical composition of the master IN 718 alloy (weight percentage, wt.%).

Elements No.1 No.2 No.3 No.4 No.5 No.6
\% / 0.081 0.18 0.45 1.06 1.88

2.2. Experimental Parameters

Before the experiment, the two powders were kept in a dry box at 150 °C for two
hours. The substrate was polished with coarse sandpaper to remove the oxide layer on the
surface and, finally, washed with acetone and absolute ethanol to remove the oil stains. The
laser cladding processing system is carried out in a composite machining center for adding
and reducing materials. The system is mainly composed of a numerical control system, a
laser, a powder feeder, a cooler, an air compressor and a high-purity nitrogen generator, as
shown in Figure 2c. The length of the laser spot is 3 mm and the width is 1 mm.

In order to ensure that the V powder is evenly mixed in the IN718 powder, the
two powders are stirred in a ball mill for 60 min. Each time a different proportion of
powder is carried out, the powder in the powder feeder is fully emptied, the purpose
of which is to ignore the influence of impurities on the experimental results. For the
microstructure, porosity, microhardness, etc., a single-pass experiment was performed,
and the cladding layer was cut along the scanning direction. The sample was etched
with Kalling’s etchant (40 mL HCI, 40 mL C;Hs0H, 2 g CuCl,). A Zeiss ULTRA PLUS
Scanning Electron Microscope (SEM, Zeiss, Oberkochen, Germany) with a X-Max 50
Energy Dispersive Spectrum (EDS, Oxford, UK) and an OLYMPUS-OLS4100 Confocal
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Laser Scanning Microscope (CLSM, OLYMPUS, Tokyo, Japan) observed and measured
the microstructure and chemical composition, respectively. The chemical composition of
the phase in the molten was characterized by the energy spectrometer with SEM, and the
acceleration voltage in EDS analysis is 20 kV. The average size of the primary dendrite
spacing (PDS) of the columnar dendrites was calculated using Image-Pro Plus 6.0 software
(Ropers Technologies, Sarasota, FL, USA). The microhardness test was performed using the
HVS-1000 M Vickers microhardness tester (Ledi Instruments Co., Ltd., Ningbo, China) with
aload of 50 gf and a dwell time of 8 s. The cladding layer inscribed at the test points was
0.5 mm away from the substrate, and the measurement was performed every 0.1 mm. The
average value of 5 points was taken as the microhardness under the process parameters.
The measurement position is shown in Figure 2d.

In addition, the microhardness method was used to measure the residual stress of
the cladding layer [17,18]. The tensile test was performed using an electronic universal
material testing machine (WDW-100E, manufactured by Panasonic, Osaka, Japan). The
maximum load, crosshead speed and temperature were set to 100 kN, 2 mm/min and
300 K, respectively. In order to ensure the statistical significance of the test results, three
sets of tensile specimens were tested under the same parameters. As shown in Figure 3,
the tensile specimen was cut from the thin-walled specimen by wire electrical discharge
machining (WEDM, Sodick Co., Yokohama, Japan) [19]. The dimensions of the thin-wall
specimens were 40 mm (along the laser deposition direction) x 3 mm x 50 mm (along
the laser scanning direction). The process parameters were determined according to the
previous study [20] and the detailed parameters are listed in Table 2
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section

Figure 3. Cutting positions and dimension of the tensile specimens.

Table 2. Processing parameters of laser cladding [20].

Parameters

Laser Power (W) Scanning Speed (mm/s) Powder Federate (g-min—1) Z-Increment (mm)

1200 8 14 0.7

3. Results and Discussion
3.1. Effect of Vanadium Content on Microstructure Characteristics of Solidification

The solidification structure is composed of primary austenite dendrites and interden-
dritic segregation [21,22]. Three locations were measured to calculate the volume fraction
of crystal nuclei and primary dendrite arms spacing (PDS) values, along with the sample
in the scanning direction of the cladding. The selected images are typical areas of columnar
grains under each alloy, as shown in Figure 4a. At the corresponding position, three
different pictures were chosen for each alloy. Figure 4b shows an image of typical columnar
crystal regions in each test alloy. In addition, the white area represents the trunk of the
dendrite, and the black area represents the interdendritic region.
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Figure 4. (a) Test point location, (b) the columnar dendritic morphology of the alloy.

The results are shown in Figure 5. The results show that the addition of vanadium will
increase the volume fraction of the dendrite core, and No. 3 alloy has the largest dendrite
core fraction. However, the dendrite core of other alloys has a smaller range in comparison.
The measurement of the primary dendrite arm spacing of the columnar dendrite adopts the
cutting line method. It can be seen from Figure 5 that the addition of vanadium powder will
reduce the primary dendrite arm spacing. In addition, the value of No. 3 alloy is, similarly,
the smallest. The addition of vanadium leads to the microstructure refinement of many
alloys [23-25], which is also believed to make the structure of IN718 alloy more refined.
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Figure 5. Comparison of the volume fraction of the dendrite core and PDS for all tested alloys.

It is well known that porosity has a significant effect on the quality and reliability of
cladding layers. The distribution and size of the pores will significantly affect the various
mechanical properties and structural morphology of the cladding layer, such as premature
crack formation, low ductility, residual stress and fatigue properties [26-28]. Many studies
have established a connection between pores and properties in IN718 alloy, and reduced
porosity, based on numerical simulations, processing parameters, scanning strategies,
cooling rates and other solutions [29]. Figure 6a is the original microscope picture of the
cladding layer in different tested alloys. After binarization of image software, the picture
of porosity, as shown in Figure 6b, is obtained, from which the porosity is calculated. From
Figure 6¢, it can be found that there are obvious differences in the porosity of various
alloys. The porosity of the IN718 alloy with vanadium added is lower than that of the blank
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sample. In addition, the porosity of No. 5 alloy and No. 6 alloy are relatively close. Finally,
the porosity of No. 4 alloy reached the lowest level. It can be predicted that the mechanical
properties of No. 3 alloy and No. 4 alloy are better than those of the blank sample.

100 pm & 100 pm
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No.1 No.2 No.3 No.4 No.5 No.6

Figure 6. (a) Pore distribution of cladding layer, (b) pore distribution process after binarization, (c) comparison of porosity

of different tested alloys.

3.2. Effect of Vanadium Content on Element Segregation

Through surface scanning analysis, the element distribution of the No. 1 alloy and
No. 3 alloy were selected to represent randomness. The brighter the color, the higher the
concentration, as shown in Figures 7 and 8. In the No. 1 alloy, Mo and Nb are mainly dis-
tributed in the interdendritic region and are positive segregation elements. The distribution
of Fe, Ni and Cr was uniform without segregation. Figure 8 indicates that vanadium is
uniformly distributed in the No. 3 alloy without segregation, while the segregation region
of other elements does not change significantly. The solubility of vanadium in austenite
is high, and the formation of V (C, N) will affect the microstructure and properties of the
alloy [30]. Fine carbides are formed at grain boundaries and the pinning action hinders the
growth of dendrites. This will reduce segregation and cause it to be more uniform [31].



Materials 2021, 14, 2362

7 of 13

Analysis Zone

Analysis Zone

Figure 8. Element distribution in No.3 alloy.

The microstructural evolution of the IN718 alloy in the molten pool can be depicted as
follows: L - L +vy — (L + NbC/vy) — L + Laves/y. Although v + NbC eutectic can also
form during solidification, the amount of v + NbC eutectic is negligible compared to that of
v + Laves eutectic due to the very low carbon content in the IN718 alloy. Figure 9 shows an
EDS point analysis of the Laves phase, and the insert image shows the typical block Laves
phase appearance. Nickel has the highest peak value among the elements, followed by
niobium. The illustration verifies that the segregation of niobium is mainly concentrated
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between the dendrites. It is known that the addition of vanadium will improve element
segregation. The chemical compositions of the Laves phase of the different alloys are listed
in Table 3. It can be seen from Table 3 that the niobium content of the Laves phase in the
samples with vanadium added decreases, indicating that the addition of vanadium will
improve element segregation. The niobium content of the No. 2 alloy, No. 3 alloy and No. 6
alloy is less than 20%. It can be predicted that the difficulty of homogenization treatment
of these alloys is reduced compared with others.

R R P N R R N R B
I | | | |

Figure 9. The EDS analysis of the Laves phase in No.3 alloy.

Table 3. Chemical compositions of the Laves phase in different alloys (wt.%).

Alloy Al Ti Cr Fe Ni Nb Mo
No.1 0.02 224 13.18 16.98 34.97 26.15 6.28
No.2 0.51 1.45 14.96 13.55 45.21 19.17 512
No.3 0.82 1.76 14.31 13.17 46.92 18.40 4.61
No.4 0.50 1.45 14.46 13.16 44.40 20.94 494
No.5 0.57 1.55 14.92 13.66 43.73 21.19 3.98
No.6 0.61 1.54 14.44 12.94 46.42 18.95 4.59

3.3. Effect of Vanadium Content on Mechanical Properties of Samples

This part of the mechanical properties, including hardness, residual stress, and tensile
properties, are compared for different test alloys. Hardness, as a preliminary assessment of
the wear resistance of an alloy, is used to measure the degree of hardness and softness of the
material [32]. The distribution of the segregation phase exerts an influence on the difference
in hardness of the IN718 alloy, and it is necessary to measure the Vickers hardness on
different tested alloys [33,34].

The hardness of two different positions was tested for various test alloys, as shown
in Figure 10. Through the comparison of different positions from the substrate, it can be
found that the hardness of the position far from the substrate is higher than the hardness of
the position near the substrate for all the tested alloys. This trend is consistent for the IN718
alloy, as shown in reference [33]. In addition, the Vickers hardness of the vanadium-added
alloy is higher than that of the No. 1 alloy of the blank sample, which is due to the influence
of the distribution of the Laves phase [33-36]. However, the hardness of the alloy with
vanadium added is not an evident trend in different locations, so the most appropriate
content of the vanadium element cannot be obtained.
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Figure 10. Comparison of Vickers hardness between tested alloys with different locations.

In the laser cladding process, the characteristics of rapid heating and rapid cooling of
the molten pool will accumulate residual stress, which is regarded as the recrystallization
power of the test alloys [37]. Similarly, as part of the mechanical properties, the residual
stress was measured by the Vickers micro-indentation method [37,38]. The measured point
is consistent with the microhardness point. It can be assumed that the residual stress is in
an equi-biaxial state, and the uniaxial stress—strain curve obeys a power-law function. In
addition, the residual stress and residual strain are found to conform to the relationship
shown in the following equation [17,18]:

H= CU(Srepr + Sres) (1)
2 =c3-032In [1 4 Ures } 2)
U(sres)

where ¢? is recorded as the indentation area ratio, defined as cZ = Ay/Anom, Ay is the actual
contact area between the indenter and the test alloys, and Apom is the nominal contact
area. The schematic diagram of this part is shown in Figure 8a. H is the hardness value
of the test point, and C is a constant equal to 3 [39]. O'(Srepr + sres) is the von Mises value
obtained when the equivalent strain is repr + €res, and the value of erepr is 0.08. eres is the
absolute value of the equivalent residual plastic strain of the von Mises value, and c} is the
corresponding ratio under the condition of no stress, which is taken as 1. Since the tested
alloy is directly deposited without heat treatment, the following stress—strain relationship
is used [37]:

0 (€res) = 1181.21e1?,~1754 (3)

The previous three equations are simplified, and the expressions of residual strain and
residual stress of the test alloys are obtained:

H__\"* 008 !
€res = (3><118121) e ( )
0.1754 -1
Ores = 1181.21 X |eres] X |exp 032 ) ! ®

The measured residual stress values are shown in Figure 11c for different test alloys.
It can be observed that the residual stress values of the vanadium-added samples show a
certain degree of dispersion. Due to the uneven temperature distribution during the laser
cladding process, the thermal stress formed will have a certain range of variation. However,
by comparing the residual stress at different positions, it is found that the residual stress
value of the alloy with vanadium is higher than that of the blank alloy as a whole, which is
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caused by the high hardness of the vanadium-added alloy. In addition, it is found that the
residual stress of the No. 6 alloy is smaller than that of the No. 1 alloy. This is an interesting
phenomenon, and further research is needed. The residual stress of the No. 2 alloy and
No. 3 alloy is more pronounced, and it has also been proven that high residual stress will
lead to finer grain size and cause their PDS to be smaller than that of the No. 1 alloy [32,37].

B 0.5 mm distance from substrate
[ 1.0 mm distance from substrate 259
z 2
83.65 05,4 00 §
.S
P
¥
3
3
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>y
3
&

Figure 11. (a) Vickers hardness testing, (b) schematic of the nominal projected contact area Anom, (¢) comparison of residual

stress with different tested alloys.
Finally, the tensile properties of the IN718 alloy, with different contents of vanadium,

were measured at room temperature; these properties included tensile strength (TS), elonga-
tion (EL) and yield strength (YS). In order to avoid the influence of material anisotropy on
the experimental results, the directions of all samples were the same, as shown in Figure 3.

The stress—strain curve is displayed in Figure 12.

800
700

600

wh
(=3
=}

Stress (MPa)
-
g

0 1
10 20 30
Strain (%)

40 50 60

Figure 12. The stress—strain curve of all tested alloys.
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In addition, Table 4 shows the tensile properties of all tested alloys at room tem-
perature. It was found that the yield strength and tensile strength of the alloy with the
vanadium element were slightly reduced, which was mainly due to the positive effect of
the Laves phase on the inhibition of crack propagation [32]. However, the Laves phase is
a hard and brittle phase with poor plastic deformation ability [39]. Therefore, the Laves
phase content is the highest in the No. 1 alloy, the elongation of which is the lowest among
all alloys. In summary, it can be established that, among all the tested alloys in this research,
the optimal alloy is the No. 2 alloy.

Table 4. Room-temperature tensile properties of all tested alloys.

Alloys No.1 No.2 No.3 No.4 No.5 No.6
Tem(llf/[slfgfngth 72584+ 12 6786421 7259419 7292423 6776425 7229428
Yld%\zgz;lgth 7167 +30 6719427 7167432 7122428 6698433 7009 + 38

Elongation (%) 355+£3.1 515427 462435 469+25 477+21 462+36

4. Conclusions

Different concentrations of vanadium have different effects on IN718 alloy. During the
laser cladding process, the addition of vanadium has a positive impact on the microstruc-
ture, segregation and mechanical properties of IN718 alloy. The following conclusions
are obtained:

1. The addition of vanadium has little effect on the volume fraction of the dendrite core
in the IN718 alloy, but the PDS of the alloys can be significantly reduced, and the
values of the No. 2 alloy and No. 3 alloy are the smallest.

2. With the addition of vanadium, the porosity of the cladding layer has been signifi-
cantly reduced. Analysis of the element distribution in the cladding layer shows that
no segregation of the V element occurs, and the main segregated elements are Mo and
Nb. The addition of vanadium will reduce the concentration of Nb in the Laves phase.
It can be predicted that the difficulty of homogenization treatment of the No. 2 alloy,
No. 3 alloy and No. 6 alloy is reduced compared with others.

3. The Vickers hardness value of the cladding layer is measured. The addition of
vanadium to IN718 alloy will increase its hardness, which also indicates that the
wear resistance of the cladding layer after the addition of the vanadium element will
increase. Using the Vickers hardness indentation method to measure the residual
stress of the cladding layer, it is found that the addition of vanadium has a negative
effect on residual stress, and that the residual stresses of the No. 2 alloy and No. 3 alloy
are the largest.

4. The addition of vanadium powder can significantly enhance the elongation of IN718
alloy, but it has a slightly negative effect on yield strength and tensile strength. In
summary, the IN718 alloy with a vanadium content of 0.081 wt.% has a comprehensive
microstructure and mechanical properties.

Author Contributions: Investigation, H.L.; H.L., EL. and H.X. developed overall investigation goals;
Z.L. and X.L. completed experiments; Formal Analysis, H.L. and Z.L.; K.Y. provided experimental
detail design. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China Project
(51605083, 61803272); it also received support from the fundamental research funds for the Central
Universities of China Project (N180304022) and the China Scholarship Council Visiting Scholars
Project (201906085037).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2021, 14, 2362 12 of 13

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hosseini, E.; Popovich, V. A review of mechanical properties of additively manufactured Inconel 718. Addit. Manuf. 2019,
30, 100877. [CrossRef]

2. Zhu,L; Xue, P; Lan, Q.; Meng, G.; Ren, Y,; Yang, Z.; Xu, P,; Liu, Z. Recent research and development status of laser cladding: A
review. Opt. Laser Technol. 2021, 138, 106915. [CrossRef]

3. Zhu,L; Xu, Z.F; Liu, P; Gu, Y.F. Effect of processing parameters on microstructure of laser solid forming Inconel 718 superalloy.
Opt. Laser Technol. 2018, 98, 409-415. [CrossRef]

4. Qi, H,; Azer, M,; Ritter, A. Studies of Standard Heat Treatment Effects on Microstructure and Mechanical Properties of Laser Net
Shape Manufactured INCONEL 718. Met. Mater. Trans. A 2009, 40, 2410-2422. [CrossRef]

5. Reddy, G.M.; Murthy, C.V.S.; Rao, K.S. Improvement of mechanical properties of Inconel 718 electron beam welds—Influence of
welding techniques and postweld heat treatment. Int. |. Adv. Manuf. Technol. 2009, 43, 671-680. [CrossRef]

6.  Parimi, L.L.; Ravi, G.A.; Clark, D.; Attallah, M.M. Microstructural and texture development in direct laser fabricated IN718. Mater.
Charact. 2014, 89, 102-111. [CrossRef]

7. Lin, Y,; Ping, X,; Kuang, J.; Deng, Y. Improving the microstructure and mechanical properties of laser cladded Ni-based alloy
coatings by changing their composition: A review. Rev. Adv. Mater. Sci. 2020, 59, 340-351.

8.  Xin, X,; Wei, H.Z; Lian, X.Y,; Liu, F.; Wen, D.J.; Sun, W.R.; Hu, Z.Q. Effects of Co on the Solidification and Precipitation Behaviors
of IN 718 Alloy. In Materials Science Forum; Trans Tech Publications Ltd.: Freienbach, Switzerland, 2015; Volume 3768.

9.  Miao, Z].; Shan, A.D.; Wu, Y.B,; Lu, |.; Liu, J.L.; Song, H.W. Effects of P and B addition on as-cast microstructure and homogeniza-
tion parameter of Inconel 718 alloy. Trans. Nonferr. Metal. Soc. 2012, 22, 318-323. [CrossRef]

10. Wang, L.H.; Liu, Z.L.; Liu, X.Q.; Sun, N.; Wen, C. Effects of Al and Ti Contents on the Microstructure and Solidification Behavior
of Cast Inconel 718. . Mater. Sci. Eng. 2016, 34, 242-247. (In Chinese)

11. Zhang, A; Yang, Y.,; Zhang, S.; Zhang, D.; Zhang, W.H.; Han, D.W.; Qj, F; Tan, Y.G.; Xin, X.; Sun, W.R. Distribution of Phosphorus
and Its Effects on Precipitation Behaviors and Tensile Properties of IN718C Cast Superalloy. Acta Metall. Sin. Engl. 2019, 32,
887-899. [CrossRef]

12.  Liu, J; Liu, H.J.; Li, YM. Effect of Zr addition on precipitates in K4169 superalloy. China Foundry 2012, 9, 6-10.

13.  Muroga, T.; Nagasaka, T.; Abe, K. Vanadium alloys—Overview and recent results. |. Nucl. Mater. 2002, 307, 547-554. [CrossRef]

14. Mo, Y,; Wang, D.; Jiang, B.; Li, Y; Liu, H.; Wang, C.; Cai, X.; Cai, J. Effect of Vanadium on the Solidification and Homogenization
Behaviors in Inconel 718 Alloy. Adv. Eng. Mater. 2016, 18, 1453-1459. [CrossRef]

15. Mo, Y,; Wang, D. Effect of vanadium content on as-cast micro-structure and mechanical properties of alloy 718. Mater. Res. Express.
2019, 6, 66570. [CrossRef]

16. Yang, K; Xie, H.; Sun, C.; Zhao, X.; Li, E. Influence of Vanadium on the microstructure of IN718 alloy by laser cladding. Materials
2019, 12, 3839. [CrossRef]

17.  Carlsson, S.; Larsson, P.L. Larsson. On the determination of residual stress and strain fields by sharp indentation testing: Part I:
Theoretical and numerical analysis. Acta Mater. 2001, 49, 2179-2191. [CrossRef]

18. Carlsson, S.; Larsson, PL. On the determination of residual stress and strain fields by sharp indentation testing: Part II:
Experimental investigation. Acta Mater. 2001, 49, 2193-2203. [CrossRef]

19. Xin, B.; Zhou, X,; Cheng, G.; Yao, J.; Gong, Y. Microstructure and mechanical properties of thin-wall structure by hybrid laser
metal deposition and laser remelting process. Opt. Laser Technol. 2020, 127, 106087. [CrossRef]

20. Lv, H,; Li, Z; Li, X. Investigation on the Microporosity Formation of IN718 Alloy during Laser Cladding Based on Cellular
Automaton. Materials 2021, 14, 837. [CrossRef] [PubMed]

21. Sgk, M.; Sivakumar, D.; Prasad, R K. Effect of weld cooling rate on Laves phase formation in Inconel 718 fusion zone. J. Mater.
Process. Technol. 2014, 214, 358-364.

22. Manikandan, S.; Sivakumar, D.; Prasad, R.K. Laves phase in alloy 718 fusion zone—Microscopic and calorimetric studies. Mater.
Charact. 2015, 100, 192-206. [CrossRef]

23. Radulovic, M,; Fiset, M.; Peev, K. The influence of vanadium on fracture toughness and abrasion resistance in high chromium
white cast irons. J. Mater. Sci. 1994, 29, 5085-5094. [CrossRef]

24. Yi, M. Effect of vanadium on the microstructures and mechanical properties of an Al-Mg-Si—-Cu—Cr-Ti alloy of 6XXX series.
J. Alloys Compd. 2013, 573, 102-111.

25. Gao, Y,; Zhu, M,; Lai, ] K.L. Microstructure characterization and effect of thermal cycling and ageing on vanadium-doped
Cu—Al-Ni-Mn high-temperature shape memory alloy. |. Mater. Sci. 1998, 33, 3579-3584. [CrossRef]

26. Sheridan, L.; Scott-Emuakpor, O.E.; George, T.; Gockel, J.E. Relating porosity to fatigue failure in additively manufactured alloy
718. Mater. Sci. Eng. A 2018, 727,170-176. [CrossRef]

27. Gribbin, S.; Ghorbanpour, S.; Ferreri, N.C.; Bicknell, J.; Tsukrov, I.; Knezevic, M. Role of grain structure, grain boundaries,

crystallographic texture, precipitates, and porosity on fatigue behavior of Inconel 718 at room and elevated temperatures. Mater.
Charact. 2019, 149, 184-197. [CrossRef]


http://doi.org/10.1016/j.addma.2019.100877
http://doi.org/10.1016/j.optlastec.2021.106915
http://doi.org/10.1016/j.optlastec.2017.08.027
http://doi.org/10.1007/s11661-009-9949-3
http://doi.org/10.1007/s00170-008-1751-7
http://doi.org/10.1016/j.matchar.2013.12.012
http://doi.org/10.1016/S1003-6326(11)61177-1
http://doi.org/10.1007/s40195-018-0834-1
http://doi.org/10.1016/S0022-3115(02)01253-9
http://doi.org/10.1002/adem.201600127
http://doi.org/10.1088/2053-1591/ab109a
http://doi.org/10.3390/ma12233839
http://doi.org/10.1016/S1359-6454(01)00122-7
http://doi.org/10.1016/S1359-6454(01)00123-9
http://doi.org/10.1016/j.optlastec.2020.106087
http://doi.org/10.3390/ma14040837
http://www.ncbi.nlm.nih.gov/pubmed/33572430
http://doi.org/10.1016/j.matchar.2014.11.035
http://doi.org/10.1007/BF01151101
http://doi.org/10.1023/A:1004647127294
http://doi.org/10.1016/j.msea.2018.04.075
http://doi.org/10.1016/j.matchar.2019.01.028

Materials 2021, 14, 2362 13 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhao, X.; Chen, J; Lin, X.; Huang, W. Study on microstructure and mechanical properties of laser rapid forming Inconel 718.
Materi. Sci. Eng. A 2007, 478, 119-124. [CrossRef]

Zeng, C.; Tian, W.; Liao, W.; Hua, L. Microstructure and porosity evaluation in laser-cladding deposited Ni-based coatings. Sutf.
Coat. Technol. 2016, 294, 122-130. [CrossRef]

Baker, T.N. Processes, microstructure and properties of vanadium microalloyed steels. Mater. Sci. Technol. 2009, 25, 1083-1107.
[CrossRef]

Mirjana, E; Zeljko, K.; Marija, K.; Branka, J. Effect of Niobium and Vanadium Additions on the As-Cast Microstructure and
Properties of Hypoeutectic Fe-Cr-C Alloy. ISI] Int. 2013, 53, 2160-2166.

Sui, S.; Chen, J.; Fan, E.; Yang, H.; Lin, X.; Huang, W. The influence of Laves phases on the high-cycle fatigue behavior of laser
additive manufactured Inconel 718. Mater. Sci. Eng. A 2017, 695, 6-13. [CrossRef]

Stevens, E.L.; Toman, J.; To, A.C.; Chmielus, M. Variation of hardness, microstructure, and Laves phase distribution in direct laser
deposited alloy 718 cuboids. Mater. Des. 2017, 119, 188-198. [CrossRef]

Zhang, Y.; Li, Z.; Nie, P; Wu, Y. Effect of Precipitation on the Microhardness Distribution of Diode Laser Epitaxially Deposited
IN718 Alloy Coating. J. Mater. Sci. Technol. 2013, 29, 349-352. [CrossRef]

Parimi, L.L.; Attallah, M.M.; Gebelin, ].C. Direct Laser Fabrication of INCONEL-718: Effects on Distortion and Microstructure; John
Wiley & Sons. Inc.: Hoboken, NJ, USA, 2012.

Zhang, Y.C.; Li, Z.G.; Nie, PL. Effect of ultrarapid cooling on microstructure of laser cladding IN718 coating. Surf. Eng. 2013, 29,
414-418. [CrossRef]

Liu, F; Lin, X,; Yang, G.; Song, M.; Song, ]J.; Huang, W. Microstructure and residual stress of laser rapid formed Inconel 718
nickel-base superalloy. Opt. Laser Technol. 2010, 43, 208-213. [CrossRef]

Suresh, S.; Giannakopoulos, A.E. A new method for estimating residual stresses by instrumented sharp indentation. Acta Mater.
1998, 46, 5755-5767. [CrossRef]

Sui, S.; Chen, J.; Ming, X.; Zhang, S.; Lin, X.; Huang, W. The failure mechanism of 50% laser additive manufactured Inconel 718
and the deformation behavior of Laves phases during a tensile process. Int. |. Adv. Manuf. Technol. 2017, 91, 2733-2740. [CrossRef]


http://doi.org/10.1016/j.msea.2007.05.079
http://doi.org/10.1016/j.surfcoat.2016.03.083
http://doi.org/10.1179/174328409X453253
http://doi.org/10.1016/j.msea.2017.03.098
http://doi.org/10.1016/j.matdes.2017.01.031
http://doi.org/10.1016/j.jmst.2013.01.002
http://doi.org/10.1179/1743294413Y.0000000142
http://doi.org/10.1016/j.optlastec.2010.06.015
http://doi.org/10.1016/S1359-6454(98)00226-2
http://doi.org/10.1007/s00170-016-9901-9

	Introduction 
	Materials and Methods 
	Materials 
	Experimental Parameters 

	Results and Discussion 
	Effect of Vanadium Content on Microstructure Characteristics of Solidification 
	Effect of Vanadium Content on Element Segregation 
	Effect of Vanadium Content on Mechanical Properties of Samples 

	Conclusions 
	References

