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Abstract: The aim of the present paper is simulation of the ultrasonic wave propagation during sample building by additive 
manufacturing under ultrasonic assistance. The simulation was carried out using the explicit dynamics modulus of ANSYS. 
To find the mesh sizes for ANSYS simulation, the analytical solution of the wave equation was found using the dynamic 
Euler-Bernoulli beam equation. The mesh size was varied from 1 to 5 mm and the results were compared to Euler-Bernoulli 
solution. The best agreement between the solution and the simulation was found if mesh size was 2 mm. The ultrasonic wave 
propagation was simulated in the samples with a height varied from 6 to 60 mm. It was found that an increase in the sample 
height decreased the wave amplitude. If the sample height was larger than 30 mm, then the wave amplitude was different at 
various levels from the substrate. This occurred since the variation in geometric sizes and mass of the sample affected the 
planar second moment of area, cross-sectional area and boundary conditions that influenced the wave amplitude and number. 
In the samples with a height of 30 mm or less, the ultrasonic wave amplitude did not depend on the y position but it was 
different for various z position that might affect the mechanical properties. To confirm this assumption, two steel samples were 
manufactured without and under the ultrasonic assistance and the microhardness was measured in various cross-sections. It 
was found that the microhardness was the same in cross sections of the sample manufactured without ultrasonic assistance, 
and it was different in the sample produced under the ultrasonic assistance.
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1. Introduction

Nowadays the additive technologies (AT) are considered 
to be promising for manufacturing of complex-shaped 
parts of devices that significantly decrease their cost. The 
additive technologies may be divided to bed deposition 
(for instance, selective laser melting  — SLM) or direct 
deposition (for example, wire-arc additive manufacturing — 
WAAM) [1– 2]. Bed deposition technologies are usually 
used for the production of small metallic parts, for instance 
implants [3], whereas the direct deposition technologies are 
suitable for manufacturing of large metallic components 
[4]. Regardless of the type of additive technologies, the 
structure of manufactured components significantly differs 
from the one of samples produced by conventional ways. The 
main difference is the formation of columnar grains during 
solidification of layers, that leads to the formation of a [100] 
texture [1, 5 – 7]. As a result, the functional and mechanical 
properties show a strong anisotropy that significantly reduces 
the applications of the samples produced by AT. For instance, 
in [8 – 9], it was shown that the value of the shape memory 

effect in NiTi samples produced by WAAM was 2.5 – 3 times 
less than in NiTi samples produced by traditional techniques. 
This was attributed to the formation of [100] texture during 
manufacturing. At the same time, it is known that the [100] 
NiTi single crystals show the smallest recoverable strain 
[10]. Thus, the formation of [100] texture reduces the value 
of the shape memory effect in NiTi components produced by 
WAAM. The other reason is a small strain up to failure that 
is typical for coarse grain alloys.

The columnar grains form during solidification due to the 
epitaxial grain growth which is determined by the cooling rate 
and temperature gradient in the melt [1,11]. These parameters 
are hardly controlled during the WAAM, so the columnar 
grains appear in the samples as it is observed in cast alloys. 
To destroy the columnar grains in cast alloys, the thermo-
mechanical treatment which includes the plastic deformation 
and post-deformation annealing is used. This approach is 
used for improvement of the structure of samples produced 
by WAAM [2,12 –14]. It was shown that the hot rolling after 
the deposition of each layer or some layers allowed one to 
destroy the columnar grain structure. However, such a 
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technology requires the use of complex devices and it can be 
applied only for simple walls which are built perpendicular 
to the substrate.

The other way which affects the grain structure formation 
during the solidification of cast alloys is ultrasound-assisted 
crystallization or sonocrystallization [15 –17]. In this case, 
ultrasonic vibrations are applied to the melt and prevent the 
dendrite formation and promote the appearance of equiaxed 
grains. Moreover, sonocrystallization leads to a more 
homogeneous distribution of precipitates in the matrix that 
improves the properties of alloys. There are many attempts 
to use ultrasonic vibrations during WAAM to control the 
samples structure [18 – 26]. All these attempts can be divided 
into two branches: the ultrasonic impact treatment (UIT) 
[18 – 21] and ultrasonic assisted treatment (UAT) [22 – 26]. 
UIT is used as post-processing treatment and it is close to 
the thermo-mechanical treatment mentioned above. UAT is 
used as in-process treatment where the ultrasonic vibrations 
are applied to the molten pool during deposition. This can 
be realized in moving regime, when an ultrasonic waveguide 
moves together with the heat source [22] or in a stationary 
regime when the ultrasonic vibrations are applied to the 
substrate on which a sample is built by WAAM [23 – 26]. 
The stationary regime does not require a specific equipment. 
However, in stationary regime, the ultrasonic amplitude is not 
constant over the length of a sample. Moreover, the geometry 
and mass of the sample may influence the parameters of 
ultrasonic vibrations such as the amplitude, wave number 
etc., during sample building. Thus, one can assume that 
during UAT, the ultrasonic wave parameters can be different 
in various parts of the sample that leads to the formation of 
different structures in the sample during WAAM. To find the 
effect of the ultrasonic vibration on the structure formation, 
the pressure field and flow field distributions in molten pool 
are simulated during the deposition of one layer [25 – 26]. 
However, the variation in the ultrasonic wave parameters 
in the samples has not been studied. The aim of the present 
paper is a simulation of the ultrasonic wave propagation in 
samples with various heights that corresponds to the building 
of a sample during additive manufacturing. To confirm 
the simulation results, two low-carbon steel samples were 
produced by WAAM without and with ultrasonic assistance 
and the structure and microhardness in various cross sections 
and along the sample heights were measured.

2. Simulation procedure

To simulate the ultrasonic vibrations in a sample deposited 
on a substrate by additive manufacturing, ANSYS Explicit 
Dynamics was used. The geometric models of a substrate 
with a size of 90 × 25 ×10  mm and deposited sample were 
created according to the real prototypes (Fig. 1). The z-axis 
was directed along the substrate length, y-axis was directed 
along the building direction, the x-axis was directed 
perpendicular to the y and z-axes. The sample layer was 
modeled as rectangular prism with sizes of 50 ×10 × 6 mm. 
To simulate the samples with various layers, the samples 
with various heights were used. So, the sample with two 
layers was simulated by a prism with a height of 12 mm; the 
sample with five layers as prism with a height of 30 mm, etc. 
The substrate and sample layers materials corresponded to 
an isotropic elastic material. The material constants were 
taken for low-carbon steel and are presented in Table  1. 
Connection between the sample and substrate was chosen 
to be rigid. Harmonic ultrasonic vibrations along the y 
axis with an amplitude of 9 μm and a frequency of 22 kHz 
were applied to a side surface of the hole in the substrate 
(shown by double red arrow in Fig. 1). The connection and 
friction between the hole surface and waveguide were not 
considered. All simulations were carried out in a stationary 
oscillations mode.

It is well known, that the less the mesh size, the closer 
the simulation results to analytical solution, but, the more 
the time of simulation [27]. To adjust the mesh size, the 
analytical solution of the wave propagation in the substrate 
was obtained. Beam vibrations are considered within the 
dynamic Euler-Bernoulli beam theory [28]. To find analytical 
solution, the following wave equation was solved:

           EIxvy
IV + ρSv ∙∙y = 0,  (1)

where vy is the beam displacement in the y direction, E the 
Young’s modulus, Ix the planar second moment of area, ρ the 
density and S the cross-sectional area.

        a              b 
Fig.  1.  (Color online) Geometric models of substrate (a) and substrate with built sample (b) in the ANSYS.

Density 7850 kg/m3

Young’s modulus 160 GPa
Poisson ratio 0.3

Table  1.  The material constants of low-carbon steel which were used 
for simulation.
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The boundary conditions for the problem under 
consideration are written as follows:
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where A0 is the harmonic ultrasonic vibration amplitude 
(9 μm), t the time, l the length of beam and ω = 2πf, where f 
is the ultrasonic vibration frequency (22 kHz).

A stationary solution should be found as νy(z, t) = Uy(z) sin ωt.  
Then the deflection profile of the standing wave Uy(z) must 
satisfy the following differential equation:

                       EIxUy
IV − ω2ρSUy = 0   (3)

In this case, the general solution is given as:
Uy(z) = A cosh (αz) + B sh (αz) + C cos (αz) + D sin (αz)  (4)
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where α — wave number, A, B, C and D are constants which 
are defined according to boundary conditions (2). Using the 
data in Table 1 and the substrate geometrical sizes, the wave 
number α was calculated to be equal to 119 m−1.

The simulations of the ultrasound vibrations in substrate 
were carried out with a mesh size of 1, 2, 3.3 and 5 mm. The 
dependencies of deflection amplitude (Uy) on z coordinate 
obtained for different mesh sizes are shown in Fig. 2 along 

with the analytical solution (black dash dot curve). It is 
seen, that the curves obtained during the simulation of the 
vibration in the sample with mesh size of 1 mm or 2 mm are 
close to the analytical curve. Therefore, the optimal mesh size 
was chosen to be 2 mm and used for simulation.

3. Experimental procedure

The scheme of the substrate with a titanium ultrasonic 
waveguide as well as the image of experimental device and 
substrate with some deposited layers are shown in Fig.  3. 
Parameters of the WAAM manufacturing were as follows: 
scanning speed  — 3  m / min, time gap between deposition 
of layers — 2 min, wire feedstock speed — 6 m / min, wire 
arc voltage — 4.5 V, number of layers — 7, substrate — low-
carbon steel with a size of 90 mm × 25 mm ×10 mm, and the 
wire  — low-carbon steel with a diameter of 1.2  mm. One 
sample was produced without ultrasonic assistance and 
its geometric size was 50 mm ×10 mm × 20 mm. The other 
sample was produced under ultrasonic assistance with a 
frequency of 22 kHz and amplitude of 15 µm. The ultrasonic 
vibrations were applied to the substrate during the whole 
process of sample deposition. After deposition, the sample 
had a size of 50 mm ×13 mm ×13 mm, hence the ultrasonic 
assistance increased the thickness of the sample.

Two cross sections were cut on distances of 12 and 25 mm 
from the free edge of the sample as shown in Fig. 4. Before the 
measurements, the cross-sections were polished by standard 
procedure when the abrasive paper was changed from 60  to 
1200. The microhardness was measured by Vickers test (F =1 N, 
indentation time — 10 s) along the cross-section height and the 
average value was estimated using 30 points for each height.

Fig.  4.  The scheme of the cross-section cutting for the microhardness 
measurements.

        a              b 
Fig.  3.  (Color online) The scheme (a) and image (b) of the steel substrate (1), titanium waveguide (2) and sample (3).

Fig.  2.  (Color online) The dependencies of deflection amplitude (Uy) 
on z coordinate obtained on stationary vibrations of substrate with 
different mesh sizes.
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4. Results and discussion

Figure 5 shows a color map of the field of displacements in the 
y direction (Uy) in the substrate and samples with a height of 
12, 30, and 60 mm (simulated 2, 5, and 10 layered samples). 
For convenience, these samples will be denoted as L2, L5 and 
L10. It is seen that in the L2 and L5 samples, Uy displacement 
changes different along the sample but is uniform along the 
sample height. (Fig. 5 a, b). In the L10 sample, the amplitude 
varies not only along the sample but also along the sample 
height (Fig. 5 c).

To analyse the variation in the ultrasonic vibration along 
the sample height, the Uy(z) curves were found at different 
distances from the substrate (y) and plotted in Fig. 6. Zero 

“z” position corresponds to the edge of the hole. Zero 
“y” position shows the interface between the first layer 
and the substrate. It is seen that in L2 and L5 samples, the 
Uy(z) curves differ from each other only in the vicinity of 
the sample edges (Fig.  6 a, b) due to the edge effects which 
influence the wave distribution in the sample. The less the 
height of the samples, the less the edge effect. In the L10 
sample, the Uy(z) curves are different at various levels from 
the substrate (Fig.  6 c). Moreover, the amplitude of the 
ultrasonic wave decreases with the sample height. So, in the 
L2 sample, the maximum amplitude is 12 μm, while in the  
L10 sample – only 4.5 μm. 

An increase in the number of layers leads to an increase 
in the sample height that increases planar second moment 

        a              b

                    c
Fig.  5.  (Color online) Colormap of displacement in the y-axis direction obtained on stationary vibration of substrate with 2 (a), 5 (b) and 
10 (c) layers.

     a                    b            c
Fig.  6.  (Color online) The Uy(z) curves found at various distance (shown in legend) from the substrate in the L2 (a), L5 (b) and L10 (c) samples. 
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of area (Ix) and cross-sectional area (S). Both these values 
affect the wave number according to Eq. 5. With an increase 
in the sample height, the Ix and S values increase with various 
rates that results in a complex variation in the wave number. 
Moreover, the samples with various heights have different 
boundary conditions that affects the displacement and Uy(z) 
curve. 

During building of the sample by additive manufacturing, 
the number of layers increases that corresponds to an 
increase in the sample height in the simulation. To clarify 
the variation in the ultrasonic vibration parameters during 
sample building, Uy(z) curves simulated at the same distance 
from the substrate (at the same y position) in samples with 
various heights were plotted and are presented in Fig. 7. It is 
clearly seen that an increase in sample height (in number of 
layers) decreases the oscillation amplitude. This means that 
during deposition of the first layer, the melt is subjected to 
vibrations with the maximum amplitude. During deposition 
of the next layers, the amplitude in the first, solid, layer 
decreases. Thus, the larger the height of a sample (number 
of layers), the less is the vibration amplitude in the first layer. 
The same is observed at any distance from the layer.

Thus, the results of the study show that the ultrasonic wave 
amplitude and the shape depend on the sample height. If the 
height of the sample is less than 30 mm, then the shape of the 
wave does not change. In this case, one may find the cross-
sections with various amplitude. For instance, at z = 30 mm 
the amplitude is |Uy| = 7.5 µm, while at z =18 mm, |Uy| is equal 
to zero. If the ultrasonic vibration affects the sample structure, 
this influence can be different in various cross-sections. 

To clarify this assumption, two low-carbon steel samples 
with 7  layers were produced by WAAM without and under 
ultrasonic assistance (first sample was labeled as WAAM 
and the second samples as WAAM_US). In each sample, two 
cross-sections were cut and polished at a distance of 12 and 
25 mm from the free edge, that corresponded to z values of 
43 and 30 mm. The microhardness was found in the upper 
layers as an average value of 30 measurements. The study of 
the influence of the ultrasonic assistance during WAAM on 
the steel structure and properties is out of this study; hence 
they will be described in another paper.

The result obtained shows that columnar grains are 
observed in both samples in upper layers. However, their 
length in WAAM_US sample is significantly less than in 
WAAM sample (Fig.  8). Thus, the ultrasonic assistance 
during WAAM allowed obtaining a sample with smaller 
columnar grains. The microhardness values measured in 
various cross-sections of the WAAM sample are close to each 
other (184 ± 5 HV, Table 2). In WAAM_US sample, they are 
different that can be attributed to various wave parameters in 
different cross-sections.

     a                    b            c
Fig.  7.  (Color online) The Uy(z) curves simulated at y = 0 (a), 12 (b) or 30 mm in the samples with various layer number (N). 

      a              b
Fig.  8.  Cross-section views of the 7-layered steel samples manufactured by WAAM without (a) or under ultrasonic assistance (b).

Table  2.  The microhardness measured in the columnar grains of the 
7-layered steel samples manufactured by WAAM without or under 
ultrasonic assistance.

z, mm
Microhardness, HV

Without ultrasonic 
assistance

Under ultrasonic 
assistance

30 189 184
43.5 182 169
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Thus, the results of the study show that that the ultrasonic 
assistance during additive manufacturing can be used as an 
effective tool for variation of the grain structure. At the same 
time, it is necessary to take into account that the ultrasonic 
wave parameters such as amplitude and wave number 
change during building of the sample due to the variation in 
geometrical sizes of the sample and its mass. An increase in 
the sample height decreases the ultrasonic amplitude. If the 
maximum height of the sample is less than 30 mm, then the 
amplitude decreases with an increase in the sample height but 
all parts of the same cross-section are subjected to the same 
vibrations. At the same time, the wave amplitude in various 
cross sections is different that can lead to various effects on 
the sample structure and properties. This is confirmed by the 
variation in the microhardness measured in various cross-
sections in WAAM_US sample. If the maximum sample 
height is larger than 30  mm, then the wave amplitude is 
different even within one cross-section. Thus, the results of 
the study show that the samples with a height of 30 mm or 
less are more preferable for the production using WAAM 
under ultrasonic assistance because the wave propagation in 
them does not change with an increase in the distance from 
a substrate. However, this is valid only for given parameters 
of the ultrasonic assistance. Thus, it is necessary to study the 
influence of the power of ultrasonic vibrations on the wave 
propagation during building of the samples by WAAM that 
will be done out in future.

5. Conclusions

Main results may be formulated as followed:
1. An increase in the sample height during ultrasound-

assisted WAAM decreases the wave amplitude. If the sample 
height is larger than 30 mm, then the wave amplitude depends 
on the distance from the substrate. The larger the distance, 
the less is the amplitude. This is due to the fact that a variation 
in geometric sizes and mass of the sample affects the planar 
second moment of area, cross-sectional area and boundary 
conditions that influence the wave amplitude and number.

2. In the samples with a height of 30 mm or less, the wave 
amplitude does not depend on the level from the substrate 
but it is different for various cross-sections.

3. Seven layered steel samples were produced by WAAM 
without and under ultrasonic assistance. No difference in 
the microhardness is found in various cross-sections of the 
sample produced by WAAM without ultrasonic vibrations. 
The microhardness is different in various cross-sections 
of the sample manufactured by WAAM under ultrasonic 
assistance that is caused by various ultrasonic amplitudes 
along the sample length.
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