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Microstructure and mechanical properties

Due to the rapid melting and solidification during directed energy deposition (DED) process, the defects and
columnar crystals are likely to generate in the deposition layers, which reduce the quality and performance of the
whole parts. Therefore, in order to improve the microstructure and mechanical properties of 1Cr12Ni3MoVN
alloy manufactured by DED method, ultrasonic vibration (UV) has been employed to assist directed energy
deposition process in this work. The results indicate that the high-intensity ultrasonic vibration can weaken the
epitaxy growth tendency of crystal grains, and significantly improve plasticity while keeping an approximate
strength. In addition, a two-dimensional numerical model is established to simulate the effect of ultrasonic vi-
bration in the molten pool. The simulation results show that ultrasonic vibration remarkably improves the flow
velocity and pressure in the molten pool, inducing the cavitation effect that breaks dendritic crystal and affects
crystal characteristics. Meanwhile, the acoustic streaming effect changes the thermodynamic conditions and
promotes high-temperature diffusion, which uniforms temperature distribution and reduces the temperature
gradient in the molten pool. Thus the reduced temperature gradient G and raised solidification growth rate R
promote the formation of fine equiaxed crystal characteristics after UV treatment. The product G x R increases

and the ratio G/R decreases after UV treatment, resulting in the formation of fine equiaxed crystals.

1. Introduction

Laser-based directed energy deposition (DED), as a kind of additive
manufacturing (AM) process, takes both precision forming and high
performance into consideration to manufacture complex structural
parts. The process melts powders by laser beam to build parts layer-by-
layer according to the CAD file of digitized geometry[1]. DED has been
applied to manufacture parts in many fields including aerospace and
marine equipment[2-5]. Due to the rapid melting and solidification
during the process of DED, it is likely to create some defects in the parts,
such as porosity[6]. Besides, the high temperature gradient in the
molten pool and the thermal cycle are also the reasons to form the coarse
columnar crystals in the components.[7]. The defects and coarse
columnar crystals reduce the quality and mechanical properties of parts,
and limit the application of the DED technique in the industrial fields.

Thus, it’s necessary to investigate the techniques to reduce defects and
improve the mechanical properties of components in situ.

The methods to improve microstructure and properties of additive
manufactured parts including material design[8], reinforcing particles
[9], offline postprocessing[10-12], ultrasonic vibration[13-21], and
rolling[22,23] have been proposed until now. With the effect of ultra-
sonic cavitation and acoustic streaming in the molten pool[20,24-27],
ultrasonic vibration (UV) technology regulates the metal solidification
process to refine grain, uniform structure, and reduce defects on the
deposition layer. Todaro et al.[13] found equiaxed prior-p grains formed
with a small grain size (~100 pm) and a low grain aspect ratio in the
samples prepared by ultrasonic-assisted DED. The ultrasound intensity
within the deposition layer was calculated, which is far greater than the
threshold for acoustic cavitation, confirming the effect of cavitation on
grain refinement. Moreover, Yang et al.[14] established a kinetic model
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of powder flow based on the gas—solid fluid mechanics and confirmed
that the cavitation bubble affects the Marangoni flow in the molten pool
and accelerates the escape of bubbles. Besides, the impact force pro-
duced by cavitation bubbles destroys the growth of columnar crystals,
and the thermodynamic conditions during solidification are also
changed due to the cavitation and acoustic flow, which leads to the
increase of nucleation rate and the change of microstructure. In addi-
tion, the synchronous couple ultrasonic vibration technique verified by
experiment and simulation demonstrated that the acoustic cavitation
effect produced by high-intensity ultrasound is an important factor that
refines grains[15]. Up to now, various additive manufacturing methods
in which the ultrasonic vibration was introduced into the molten pool
have been developed to improve the microstructure and enhance the
mechanical properties of components. For example, Zhou et al.[16]
utilized non-contact ultrasound to refine the grains from 0.8 pm to 0.4
pm in the DED process, accompanied by an increase in elongation from
6% to 12%. Yuan et al.[25] put an ultrasonic probe into the weld pool to
stir the pool, which received an excellent effect in grain refinement due
to a greater ultrasonic amplitude achieved. In the most of studies per-
formed, the ultrasonic vibration was introduced to the molten pool from
the bottom of the substrate[13,14,17,18,20] or the behind of the molten
pool[15,19,21]. While it is confirmed that both cases have some limi-
tations. For the first cases, due to the attenuation of ultrasound during
transmission, the effect of ultrasonic vibration on the solidification
during AM process is weakened with increasing component height. For
the later cases, the distance from the ultrasonic probe to the molten pool
is an important factor that affects the effect of ultrasonic vibration.
When this distance is too far, the effect of ultrasonic vibration becomes
weaker due to the attenuation of ultrasound and the low temperature of
the deposited layer. While if the ultrasonic probe is too close to the
molten pool, the ultrasonic probe is easily damaged by the high tem-
perature and radiation from the molten pool and laser beam.

1Cr12Ni3MoVN (M152) alloy, one of martensitic heat-resistant
stainless steel with 12% Cr, has high medium temperature creep resis-
tance, durability, good fatigue, and corrosion resistance, which has been
widely used in energy, naval equipment, and other fields[28]. The
application of martensitic stainless steel in additive manufacturing has
been widely studied, with a focus on precipitation hardened
[9,23,29,30], maraging[31-33] and tools steels[34-36], while this heat-
resistant steel has received less attention. Due to complex microstruc-
ture, defects, and residual stress, the martensitic steel parts manufac-
tured by AM has performance shortcomings including low plasticity[9].

To improve the microstructure and mechanical properties of the AM-
fabricated metallic parts, a new ultrasonic vibration method was pro-
posed in this study. Different from the aforementioned techniques, the
ultrasonic probe made of tungsten is directly connected with the ultra-
sonic transducer. Therefore, the ultrasound can be transmitted into the
molten pool along the ultrasonic transducer and tungsten needle. The
device moves with the laser deposition system at a given distance to
ensure that the tungsten needle will not be melted. The newly-developed
ultrasonic vibration method has been examined based on the investi-
gation into the microstructure and mechanical properties of 1Cr12Ni3-
MoVN alloy fabricated by DED process. In addition, the influence of
ultrasonic vibration in the molten pool was investigated by the simu-
lation and the numerical calculation. Meanwhile, the mechanisms of
grain refinement by UV treatment were discussed based on the experi-
mented and simulated results.
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2. Experiments
2.1. Materials

The metal powders used in this experiment were 1Cr12Ni3MoVN
martensitic heat-resistant stainless steel with a particle size range of
53-150 pm, and the main chemical compositions of the stainless steel
powders were shown in Table 1. The 304 stainless steel plate with a size
of 200 mm x 100 mm x 10 mm was used as substrate material.

2.2. Experimental setup

The schematic diagram and experimental setup employed in this
investigation are shown in Fig. 1, which includes directed energy
deposition (DED) system and ultrasonic vibration (UV) system. The DED
system consists of a semi-conductor laser with a maximum output laser
power of 6 kW, numerical control table, powder feeder, coaxial powder
deposition head, and gas protection device. The UV system includes
ultrasonic generator, ultrasonic transducer, ultrasonic horn, and tung-
sten needle. The max output power of the ultrasonic generator utilized in
this work is 1000 W. The ultrasonic horn is tightly connected with the
tungsten needle by a special clamp. The tungsten needle contacts with
the edge of molten pool at 60 degrees to ensure it will not be melted (as
shown in Fig. 1(a)). The ultrasound is transmitted to the molten pool
through the tungsten needle and has a continuous effect on the molten
metal, in which the frequency and amplitude of ultrasonic are 20 kHz
and 20 pm, respectively, similar to the ultrasonic generator. A flexible
atmosphere box made by high temperature plastic film is constructed to
avoid oxidation of components during deposition.

The working principle of the the directed energy deposition system
assisted with ultrasonic vibration is shown in Fig. 1(a). In which the
metal powders are sent to the laser spot center by the powder feeder and
are molten by the laser. The relative movement of the substrate and the
coaxial powder deposition head is controlled by the numerical control
table to deposit components. To improve the defects of coarse columnar
crystals and residual stress caused by high solidification rate and tem-
perature gradient during the solidification of the molten pool, the ul-
trasonic vibration is introduced into the molten pool during the directed
energy deposition process in the paper. The cavitation and acoustic
streaming generated by the ultrasonic vibration can break dendritic
crystals and increase nucleation rate, which can refine grains. The de-
tails can be found in Fig. 1(a). The ultrasound generated by the ultra-
sonic generator is transferred to the molten pool by the tungsten needle
that is installed at the front of the deposition head and is directly con-
tacted with the molten pool.

During deposition, four different ultrasonic powers of 0 W, 200 W,
600 W, and 1000 W were employed, while the other ultrasonic vibration
parameters that include frequency and amplitude were identical, they
are 20 kHz in frequency and 20 pm in amplitude. The DED processing
parameters were as follows: laser power ~ 2400 W, scanning speed ~
10 mm/s, powder feeding rate ~ 20 g/min, and argon gas flow rate ~
15 L/min. The thin walls with 5 layers were deposited for microstructure
observation and 20 layers were for tensile machining specimens.

2.3. Microstructure characterization and mechanical testing

An optical microscope (ZEISS Axioscope 5) and a scanning electron
microscope (Hitachi S-3000 N) were used to characterize the micro-
structural features of all samples fabricated by DED process along Y-Z
plane. According to ASTM standards, the Vickers hardness test was

Table 1

Chemical compositions of 1Cr12Ni3MoVN powder (wt.%).
Fe C Si Mn P S Ni Cr N Mo v
Bal. 0.11 0.23 0.77 0.021 0.002 2.69 11.41 0.031 1.58 0.28
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Fig. 1. (a) Schematic diagram of directed energy deposition system assisted with ultrasonic vibration, (b) Experimental setup of directed energy deposition system
assisted with ultrasonic vibration, (c) Local magnification of deposition head and tungsten needle.

conducted at a 500 g load with a dwell time of 15 s. The measure points
were taken from the top to the bottom of the sample with an interval of
150 pm, and each point was measured three times to get the average
value. The thin walls were machined into tensile specimens in the XZ
plane with a section size of 2.5 mm x 4 mm and a gauge length of 25
mm. Tensile testing was performed three times per condition with a
loading speed of 0.5 mm/min using the MTS EXCEED E43 instrument
equipped with a contacting extensometer at room temperature.

3. Experimental results and analysis
3.1. Microstructures

Fig. 2 shows the intralayer microstructures (Y-Z plane) of
1Cr12Ni3MoVN alloy samples fabricated by DED with different ultra-
sonic powers. The microstructures mainly contain martensite and
S-ferrite phase, in which the &-ferrite distributes along the grain
boundary. The microstructure of the sample without UV (the ultrasonic
power is 0 W) consists of coarse columnar crystals that grow along the Z
axis (see Fig. 1(a) for details), which is dependent upon the great tem-
perature gradient and low cooling rate during the DED process. Gener-
ally, the columnar crystals lead to solidification defects and mechanical

property anisotropy[37]. Therefore, it is desirable to convert the
columnar into equiaxed for improving mechanical properties. It is noted
from Fig. 2(a)-(d) that with increasing ultrasonic power, the micro-
structure growth tendency becomes more disorganized, and the
columnar crystal transforms into equiaxed crystal gradually. When the
ultrasonic power is up to 1000 W, the columnar growing tendency dis-
appears with the microstructure of fine equiaxed crystal as shown in
Fig. 2(d).

Fig. 3 shows the interlayer microstructures (Y-Z plane) of
1Cr12Ni3MoVN alloy samples fabricated by DED with different ultra-
sonic powers. Clearly, equiaxed crystal characteristics are observed in
the interlayer microstructure of all the samples, and the grain size de-
creases with increasing ultrasonic power. The average grain sizes and
grain sizes distribution measured by Image Pro Plus software are shown
in Fig. 4. It is noted that the average area size of grains is reduced from
158 pm? to 80 pm? when the ultrasonic power is changed from 0 W to
1000 W. During the DED process, since the cooling rate of molten pool
surface is quite fast, there is no enough time for the grains to grow up,
which results in the grain refinement. Therefore, the microstructure at
the top of deposited layer shows fine equiaxed crystal characteristics.
When depositing the next layer, the part of the previously-deposited
layer is remelted, while the rest, namely the unmelted interlayer, still
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Fig. 2. Intralayer microstructures of 1Cr12Ni3MoVN alloy samples at different ultrasonic powers: (a) 0 W, (b) 200 W, (c) 600 W, (d) 1000 W. Here the laser power is
2400 W, the scanning speed is 10 mm/s, and the powder feeding rate is 20 g/min.

Fig. 3. Interlayer microstructures of 1Cr12Ni3MoVN alloy samples at different ultrasonic powers: (a) 0 W, (b) 200 W, (c) 600 W, (d) 1000 W. Here the laser power is
2400 W, the scanning speed is 10 mm/s, and the powder feeding rate is 20 g/min.

remains equiaxed crystal. mind that the microhardness of the sample treated by UV with an ul-
trasonic power of 200 W has an evident increase, and the average

3.2. Mechanical properties microhardness is around 521 HV that is higher than that without UV
treatment. With increasing ultrasonic power, the average microhardness

Fig. 5 displays the microhardness distribution of four samples decreases. The average microhardness of the sample treated with UV at

deposited by DED with different ultrasonic powers. It is worth bearing in 1000 W is the lowest, which is 446 HV lower than that treated with 200
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Fig. 5. Microhardness variations of 1Cr12Ni3MoVN alloy samples deposited with different ultrasonic powers: (a) Microhardness distribution from the top of sample
to bottom, (b) Variation of the average microhardness as a function of ultrasonic power.

W. Besides, it can be found that the microhardness of samples with
different ultrasonic powers is similar at the top of the deposited thin
wall. This is related to the rapid cooling of the deposited layer surface
without remelting and rapid heat treatment, which weakens the effect of
ultrasonic vibration. Therefore, the top areas of samples deposited at
different processing parameters show a similar microstructure with all
fine equiaxed grains, leading to the similar microhardness of samples at
different ultrasonic powers, detailed microhardness distribution can be

1400
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—e—P=200W
1200 —a—P=600 W
—v—P=1000 W
1000
g
S 00
2
o 600
n
400
200
0 1 1 1 1 1
0 2 4 6 8 10 12

Strain (%)

Fig. 6. Typical tensile stress-strain curves of samples deposited with different
ultrasonic powers, in which the powers are 0 W, 200 W, 600 W and 1000 W.

found between the distance of 0-1 mm, as shown in Fig. 5(a).

The stress-strain curves of DED 1Cr12Ni3MoVN alloy are shown in
Fig. 6, and the corresponding tensile properties are summarized in
Table 2. The ultimate tensile strength of samples treated with different
ultrasonic powers is almost identical and the difference between the
maximum and the minimum is only within ~ 3%, while the elongation
of samples treated with different ultrasonic powers shows considerable
difference, it increases with increasing ultrasonic power. The elongation
of samples at 1000 W is increased by 53.8% compared with that
deposited at 0 W. Meanwhile, the product of strength and elongation
(PSE)[38] is improved by 52.9%, meaning that the ultrasonic vibration
treatment is an effective way to improve the toughness of 1Cr12Ni3-
MoVN alloy manufactured by DED.

Fig. 7 shows the fracture morphology of tensile samples without and
with ultrasonic treatment. It can be seen in Fig. 7(a) that except the
ductile fracture characteristics (dimples), some tear ridges are visible in
the samples without ultrasonic treatment, which are typical quasi-

Table 2
Tensile properties of DED 1Cr12Ni3MoVN samples.

Ultrasonic power  YS UTS EL Product of strength and
w) (MPa) (MPa) (%) plasticity (GPa%)
0 828 + 1202 + 5.2 6.25
34 28
200 819 + 1182 + 6 7.09
30 12
600 820 + 1234 + 6.4 7.90
35 25
1000 787 + 1195 + 8 9.56
40 34
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Fig. 7. Fracture morphology of 1Cr12Ni3MoVN alloy samples without and with ultrasonic treatments: (a) Without ultrasonic, (b) With ultrasonic at 1000 W.

cleavage fracture characteristics. As can be seen in Fig. 7(b), while
plenty of deep dimples can be found from the fractured surface of the
sample treated by 1000 W UV. Clearly, a pure ductile fracture takes
place in the UV treated sample under tensile loading, implying the UV
improves the plasticity of the deposited sample.

4. Simulations and discussion

It has been reported that when the UV is applied from the bottom of
the substrate, the molten pool on the top of the substrate is affected by
the UV, and the fluid velocity and pressure of the molten pool rise,
accelerating the cooling rate of the molten pool and creating cavitation
bubbles in the pool[20]. When the diameters of bubbles reach the crit-
ical threshold, they implode and generate instantaneous high pressure in
the molten pool, and create dendrites to break and grain to refine. To
verify the effect of the UV in the current experiment, in which the ul-
trasound is directly transmitted into the molten pool through a tungsten
needle, the fluid velocity and pressure distribution of the molten pool
were simulated by the COMSOL Multiphysics software.

Fig. 8 shows the model calculation domain and boundary conditions
of the two-dimensional model used in this study. It contains fluid
domain (molten pool) and solid domain (deposited layer). The velocity
and pressure of the fluid are calculated by the Turbulent Flow module,

M

and the thermal state of the model is calculated by the Heat Transfer
module. To couple fluid flow and heat transfer, a Non-Isothermal Flow
module is added to the model. The ultrasonic vibration is introduced
into the fluid domain by applying sinusoidal displacement to the
boundary (3) according to Eq. (1)

A(t) = Agsin2zft @

where A( and f are the amplitude (20 pm) and frequency (20 kHz) of
the ultrasonic generator, respectively. To simplify the model, the tem-
perature of deposited layer boundaries (5), (6) and pool surfaces (2), (3)
are set to 873 K and 2273 K independently, then the initial temperature
of the model is obtained by stationary study. The pool surface temper-
ature boundaries will be removed in the dependent study. The thermal
convection and radiation are considered at model surfaces (1)-(3). In
addition, the Phase Change Materials are added to the Heat Transfer
module to track the solid-liquid interface during solidification.

Fig. 9 shows the tendency of pressure at point A (see Fig. 8) with and
without UV. Here point A is in the front and close to the tip of the
tungsten needle. When the ultrasonic vibration travels in the molten
pool, sinusoidal pressure will be created in the molten pool, contributing
to the compression and expansion of the bubbles in the liquid. If the
negative pressure exceeds the threshold of cavitation, the bubbles will
burst and generate a shock wave, which will impact the crystallization

@

Fig. 8. Calculation domain and boundary conditions of the modeling geometry: (1) Top surface of deposited layer with thermal convection and radiation; (2) Top
surface of the molten pool with 2273 K, thermal convection and radiation; (3) Tungsten needle boundary with sinusoidal displacement according to Eq. (1); (4) Solid-
liquid interface as phase change interface, (5) and (6) Deposited layer boundary with 873 K.
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and the growths of the grains during the solidification of the molten
pool, and break the previously-formed columnar grains into quantities
of crystallites[20]. The crystallites can be used as nucleation points of
the later crystalline to refine the grains. The threshold value of ultra-
sonic cavitation in the molten pool is calculated as follows[39]:

3
2
2| (&)

33 |Po— P+ 2

2

Py =Py — (2)

where Py (0.1013 MPa) is the liquid static pressure, P, (0 Pa) is the
saturation vapor pressure, ¢ stands for the surface tension coefficient of
1Cr12Ni3MoVN alloy molten pool, which is calculated by Eq. (3) to be
1.72 N/m at 2000 K, and Ry (10 pm) is the initial radius of the bubble.
The corresponding cavitation threshold Pg in 1Cr12Ni3MoVN alloy is
determined to be ~ 0.278 MPa. It should be noted from Fig. 9 that the
max pressure (-4.6 MPa to 4.4 MPa) at point A exceeds the cavitation
threshold of cavitation bubbles (Pg). Thus the cavitation effect takes
place in the solidification at point A.

Eq. (3) is used to calculate the surface tensions of stainless steels, and

\ '\\_w// \
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the calculated values are within 3% of the measured values[40].
y(mNm™") = 1840 — 0.4(T — 1823) — 0.056T1n [1 + HPsson (hS%S)] 3)

where T (K) is the calculated temperature, hg is the henrian activity
coefficient of S in the steel, which is taken to be 0.78 for martensitic steel
[40], and the %S is the S content, which is 0.002 for this steel.

To verify whether the cavitation effect occurs in the whole molten
pool, the sound pressure distribution in the molten pool during an ul-
trasonic cycle is extracted from the simulated results, as shown in
Fig. 10. The contours represent the part where pressure is higher than
the cavitation threshold. When the ultrasonic amplitude reaches the
maximum at 12.5 ps and the minimum at 37.5 ps respectively, almost
the whole molten pool satisfies the condition of ultrasonic cavitation,
and the pressure alternates between positive and negative. Though the
ultrasonic amplitude is zero at 25 ps and 50 ps, the top of the tungsten
needle also can produce ultrasonic cavitation. In a word, the ultrasonic
cavitation can be generated in almost the entire molten pool during a
whole ultrasonic period.

The cavitation bubbles generated in the molten pool are compressed
and expanded under the alternating pressure. To study the oscillation of
cavitation bubbles (the motion low of the bubble wall under the alter-
nating pressure field), the bubble radius, velocity, and pressure at the
bubble wall were calculated by Gilmore model[26,41],

. R\ 3. R R\ RH R
i )22 a2 ()

P+B\7
C:CW(PW+B) ()
(P +B) [ P+B\T
~=tie | (7 53) ‘} ©
26 ¥ 26 4uR
r=(n) (%) %% @

where R, C, H, and P are the radius, local sonic velocity of the liquid,
enthalpy difference between the liquid at pressure P and pressure P,
and the pressure at the bubble wall; y is the viscosity of 1Cr12Ni3MoVN
alloy melt, taking 4.9 Paes; B and n are constants that are dependent

ha® $

t=25 ps
lllllllllllll\LllUluZ

254 2079021048133 0) 55 # vhoa 176 3 :‘

AT Ha nu

%2 a1 ° (2} o2

Fig. 10. Pressure distribution in the molten pool during an ultrasonic cycle.
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upon the type of liquid, and the value of water at 3000 atm and 7 are
employed, respectively; C, is the ambient sound speed in liquid, taking
4200 m/s; y is the gas polytropic exponent, taking 1.4; and P,,=Pg + P, is
the pressure at infinite distance from the bubble, P, = 4.5cos(2xft) MPa
at point A according to Fig. 9. The calculation was carried out by
COMSOL Multiphysics software, and the calculated result was shown in
Fig. 11. The bubble expands and contracts with the pressure variation
alternately, resulting in the abrupt change of the velocity and pressure at
the bubble wall. The velocity of the bubble wall changes rapidly from —
200 m/s to + 100 m/s with the maximum pressure at the bubble wall of
6 MPa, which will uniform temperature distribution in the molten pool
and break dendrites.

Fig. 12 presents the velocity at point A with and without UV treat-
ments. It is noted that the velocity is only 10 m/s due to the influence of
the temperature gradient. When the ultrasonic is introduced into the
molten pool, the velocity dramatically increases to 2.6 m/s, indicating
that ultrasonic vibration can accelerate the molten pool flow. Besides,
the shock wave generated by bubbles burst also increases the local ve-
locity of molten (as shown in Fig. 11(b)). The combination of these two
effects will produce acoustic streaming, which ensures the temperature
distribution of the molten pool more uniform and speeds up the solidi-
fication of the molten pool. To verify whether the temperature distri-
bution is more uniform and the solidification of the molten pool is
quicker at the condition of the UV treatment, the distribution of tem-
perature in the molten pool without and with UV is analyzed as shown in
Fig. 13. It can be seen from Fig. 13 that the temperature contours are
sparser with UV than those without UV. In addition, the maximum
temperature in the pool with UV is almost 100 K lower than that without
UV. The solidification time of the molten pool without and with UV
treatment is 0.074 s and 0.047 s respectively. To further investigate the
effect of UV on the molten pool, the temperature gradient in the molten
pool along Line 1 (see Fig. 8) is calculated and shown in Fig. 14(a). It is
noted that the temperature gradient with UV is lower than that without
UV. Besides, the temperature gradient is smoother at the center of the
molten pool with UV treatment. Therefore, the acoustic streaming
caused by UV can uniform the temperature distribution of the molten
pool and reduce the temperature gradient effectively during solidifica-
tion. The nucleation rate N can be expressed by temperature gradient AG
according to Eq. (8). With decreasing temperature gradient AG, the
nucleation rate N rises, accompanying the grain is refined. In short, the
ultrasonic vibration decreases the temperature gradient, resulting in the
increasing nucleation rate and refining grains.
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It has been confirmed that the combination of the temperature
gradient G and solidification growth rate R influences the grain
morphology and size of the deposition layer. With increasing product G
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Fig. 12. Variation of velocity of the molten pool at point A as a function
of time.

x R, the structures fabricated by DED become finer. Besides, a lower
ratio of G/R is in favor of the formation of equiaxed grains[42]. Fig. 14
(c) and 14(d) show the G x R and G/R calculated at the liquid-solid
interface with and without UV treatment. It is worth bearing in mind
that the G x R raises and the G/R reduces after UV treatment, which can
reduce columnar grains and refine grains. The simulation results indi-
cate that the microstructure of the deposited layer shows fine equiaxed
grain characteristics, which is in good agreement with the experimental
observed results as shown in Fig. 2 and Fig. 3.

In this study, several potential limitations are found in the current
directed energy deposition system assisted with ultrasonic vibration,
they are:

(1) The heat is transferred directly from the molten pool to the
tungsten needle and the ultrasonic horn, which causes the tungsten
needle and the ultrasonic horn heating up rapidly. As a result, the ul-
trasonic system is hard to work continuously for a long time.

(2) Due to the high local temperature in the molten pool, the front
end of the tungsten needle is dissolved, leading to the change of the
geometry of the tungsten needle, which affects the resonance frequency
and magnification factor of the ultrasonic horn, resulting in the change
of the amplitude and frequency of the ultrasound transmitted to the
molten pool. Besides, the dissolution of tungsten leads to the change of
elements in the samples, which may influence the material properties
when the composition changes largely.

(3) In the process of testing other materials, it is found that the
tungsten needle can adhere to some materials (such as titanium alloy),
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making it difficult to deposit.

Based on the limitations of the system proposed in the work, the
future studies associated with the DED assisted with UV are suggested
as:

(1) Improving the heat dissipation of the ultrasonic equipment and
seeking for the new high molten point materials as needle to solve the
problem of overheating and dissolution of tungsten.

(2) The current work focus on the effect of the ultrasonic vibration on
the performance of the parts along the scanning direction barely,
another investigation into the effect of the ultrasonic vibrative on the
anisotropy of parts needs to be performed in the future.

(3) In order to improve the accuracy of the model that simulates the
fluid velocity and pressure distribution of the molten pool under ultra-
sonic vibration, the interaction between each layer needs to be consid-
ered in the simulation of the ultrasonic vibration on the solidification
process of the molten pool.

5. Conclusion

In this work, the effect of ultrasonic vibration on 1Cr12Ni3MoVN
alloy fabricated by directed energy deposition was studied by means of
analyzing the microstructure and mechanical properties of the material
with and without UV. In addition, the mechanism of ultrasound action in
the molten pool was investigated through simulation, and the condition
of the ultrasonic cavitation and the effect of the cavitation and acoustic
streaming was also discussed based on the simulation results. The main
conclusions can be summarized as follows:

(1) The proportion of columnar crystals in the samples decreases
with increasing ultrasonic power. The microstructure is equiaxed crystal

at the ultrasonic power of 1000 W. Besides, the interlayer grains are
refined by UV with a decrease from 158 pm? at 0 W to 80 pm? at 1000 W.

(2) The microhardness of the samples raises after being treated with
UV and then reduces with increasing ultrasonic power. The elongation
of the samples with UV increases by 53.8% compared with that without
UV, accompanied by an approximate ultimate tensile strength.

(3) With UV treatment, the pressure in the molten pool is from — 4.6
MPa to + 4.4 MPa, which is much larger than the cavitation threshold,
and the cavitation effect can take place within almost the whole molten
pool. Moreover, the shock waves with large local velocity and pressure
created by the burst of cavitation bubbles impact the previously-grown
grains into tiny grains and refine the grains. The maximum velocity of
the molten pool caused by ultrasound reaches 2.6 m/s, reducing the
temperature gradient, accelerating the solidification rate, and then
increasing the nucleation rate. The product G x R increases and the ratio
G/R decreases after UV treatment, therefore the fine equiaxed crystals
form.
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