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Abstract
Wire-by-wire and layer-by-layer printing processes used in fused deposition modeling (FDM) three-dimensional (3D) printed
parts result in poor mechanical properties. In this study, 3D printed acrylonitrile butadiene styrene (ABS) samples strengthened
by ultrasonic vibrations are studied by a controlled variate method. The effects of ultrasonic strengthening pressure and ultrasonic
strengthening time on the tensile mechanical properties of samples are studied. The tensile strength of the samples increases by
11.3%, the Young’s modulus increases by 16.7%, and the surface roughness decreases after ultrasonic strengthening. Ultrasonic
strengthening after FDM 3D printing significantly improves the tensile mechanical properties of the sample and broadens the
potential applications for FDM 3D printing technology.
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1 Introduction

Fused deposition modeling (FDM) is a three-dimensional
(3D) printing technology in which filamentous materials are
heated or melted and deposited in layers to build up the 3D
sample. The material is deposited onto the work surface by a
nozzle, which is controlled by computer according to the 3D
design [1]. Because of its rapid fabrication speed, simple pro-
cess, low manufacturing cost, and capability of directly fabri-
cating complex solid parts, FDM has become the most widely
used additive manufacturing technology [2–6]. However, de-
fects can be caused by the progressive and cumulative process
of FDM, such as unintended voids or bonds between rasters.
Compared with injection molded parts, FDM 3D printed sam-
ples have poor comprehensive mechanical properties, limiting
the potential applications of such parts [7, 8]. Therefore, it is

very important to improve the mechanical properties of FDM
3D printed parts [9–11].

Many studies have investigated improvements to the me-
chanical properties of FDM 3D printed samples. The effect of
adding carbon fiber to acrylonitrile butadiene styrene (ABS)
on the mechanical properties of 3D printed samples has been
studied by Ning et al. [12]. The effect of continuous fiber
reinforcement on the mechanical properties of 3D printed
samples has also been studied by Tian et al. [13]. Nikzad
et al. found that adding iron or copper to ABS composites
gives 3D printed samples better rigidity and flexibility [14].
By adding montmorillonite into ABS, Weng et al. found that
the elastic modulus of 3D printed samples was significantly
improved [15]. Lederle et al. found that 3D printing ABS
samples in a nitrogen atmosphere inhibits the oxidation of
ABS during the printing process, thereby improving the me-
chanical properties of printed samples [16]. Mohamed et al.
studied the influence of melt deposition angle and direction on
the mechanical properties of 3D printed ABS samples [17].
These studies mainly focused on improving the mechanical
properties of FDM 3D printed samples by modifying the
printing materials or changing the printing process.

Ultrasonic plastic welding involves focusing ultrasonic vi-
brations through a horn onto a joint to be welded. Under
certain pressure, these vibrations cause the two plastic parts
in contact to experience friction and deformation, which will
result in temperature rise and the two surfaces in contact weld
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together [18]. In the present study, based on the principle of
ultrasonic plastic welding, an ultrasonic strengthening system
is designed. Under certain pressure, ultrasonic vibrations can
strengthen the bonding among the deposited rasters and the
deposited layers, which will improve the mechanical proper-
ties of the 3D printed samples.

FDM 3D printed ABS samples with impact resistance,
heat resistance, low temperature resistance, chemical re-
sistance, and excellent electrical properties, the character-
istics of product size stability, good surface gloss, are
widely used in machinery, automobile, electronic and
electrical appliances, instruments, textile, and architecture
[19–22]. In this study, the tensile mechanical properties of
ultrasonic strengthened 3D printed ABS samples taken as
an example, the principle of improving the mechanical
properties of 3D printed samples by FDM technology is
studied through experiments.

2 Experimental methods

The ultrasonic strengthening 3D printing process is shown in
Fig. 1. The part was designed using 3D modeling software on
a computer, and samples were 3D printed. The ultrasonic

strengthening system was employed to strengthen the 3D
printed sample and to enhance its mechanical properties.

2.1 3D printed tensile mechanical samples

Designed according to GB/T 16421-1996, an example of the
3D printed samples is shown in Fig. 2. CATIAV5 software
was used for 3D modeling and a uPrint SE 3D printer was
used for FDM. The printing material was ABS plusTM-P430
and the support material was SR-30 soluble support. The
printing layer thickness was 0.254 mm, the printing speed
was 15 mm/s, and the interior of the sample was completely
filled.

2.2 Ultrasonic strengthening of 3D printed samples

Under static pressure, the ultrasonic vibration system transfers
ultrasonic vibration energy to the internal parts of the 3D
printed sample, and then transforms into the friction energy
of the internal bond of the sample. The friction energy is
transformed into heat energy and deformation energy in the
process of ultrasonic strengthening, so as to realize fusion of
broken rasters.

In the process of ultrasonic strengthening, the relative fric-
tion speed v between the internal rasters of 3D printed samples
is as follows:

v ¼ 2Aw
π

¼ 2A 2πfð Þ
π

¼ 4Af ; ð1Þ

where V is the relative friction velocity, A is the amplitude,w is
the angular frequency, and f is the frequency.

The power P of the friction motion between rasters is as
follows:

P ¼ SFkv; ð2Þ

Fig. 1 Ultrasonic strengthening
3D printing process

Fig. 2 Tensile mechanical sample
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where S is the contact area between the ultrasonic strengthen-
ing system and the 3D printed sample, F is the strengthening
pressure, and k is the coefficient of friction.

The energy input Q from the ultrasonic strengthening sys-
tem to the 3D printed sample is as follows:

Q ¼ Pt; ð3Þ
where t is the ultrasonic strengthening time. Combining (1),
(2), and (3) gives the following:

Q ¼ 4ASFkft: ð4Þ

This shows that the energy input from ultrasonic strength-
ening system to the 3D printed sample is positively correlated
with A, S, F, k, f, and t. The experimental results show that the
ultrasonic strengthening parameters A, S, k, and F are almost
fixed values for certain ultrasonic strengthening systems and
for certain materials; thus, these have a small effect on the
input energy. Therefore, in the present study, the effect of F
and t on the mechanical properties of ultrasonic strengthened
3D printed samples is studied. The experimental scheme is
shown in Table 1.

In the present study, FDM 3D printed ABS samples were
reinforced with a customized ultrasonic strengthening system.
The power output of the ultrasonic strengthening system was
2 kW, the frequency was 20 kHz, the delay time was 0.35 s,
and the hold time was 0.4 s. The ultrasonic strengthening
process is shown in Fig. 3. First, the samples were fixed to
the work surface, and the ultrasonic strengthening system was
set up using appropriate parameters in the start position. Then,
the ultrasonic horn was lowered to be in contact with the
sample. The horn applied pressure and ultrasonic vibrations
to the sample to strengthen it. After strengthening, the horn
remained in contact with the sample for some time to prevent

warping. Finally, the horn was separated from the sample and
returned to the start position.

2.3 Tensile property test of ultrasonic strengthened
samples

The 3D printed ABS samples were tested using the INSTRON
5982 electronic universal testing machine. Five samples were
strengthened according to the experimental parameters of each
group, taking the average value of the tensile test as the me-
chanical property for the samples. Five untreated samples
were also tested, to compare and analyze the effect of the
ultrasonic strengthening process. The fracture characteristics
of tensile fracture specimens were observed by digital micro-
scope VHX-900 (KEYENCE, Japan) to observe the surface
morphology of the samples after ultrasonic strengthening.

3 Results and discussion

3.1 Effect of ultrasonic strengthening on tensile
properties of 3D printed samples

Figure 4 and Fig. 5 show the stress–strain curves of the 3D
printed samples. The tensile properties of the strengthened
samples were improved by increasing the ultrasonic strength-
ening time or increasing the ultrasonic strengthening pressure.
Figure 6 shows the fractured samples when the ultrasonic
strengthening pressure was 3.5 kg/cm2. Figure 7 shows frac-
tured samples when the ultrasonic strengthening time was
0.5 s. All fractures are normal, showing that energy was dis-
persed evenly within the 3D printed samples.

Fig. 3 Ultrasonic strengthening
process

Table 1 Experimental scheme
Group Factor Level Unit

A Time 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 s

Pressure 3.5 kg/cm2

B Time 0.5 s

Pressure 2 2.5 3 3.5 4 4.5 5 kg/cm2
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3.2 Effect of ultrasonic strengthening on tensile
strength

Figure 8 and Fig. 9 are curves of tensile strength with ultra-
sonic strengthening parameters. The tensile strength of the
strengthened 3D printed samples was improved by up to
11.3% compared with that of untreated samples. It can be seen
from Fig. 8 that with increasing ultrasonic strengthening time,
the tensile strength increases, although there is a decrease from
3.5 to 4.5 s.

As it is shown in Fig. 3, under static pressure, the ultrasonic
vibration energy is transmitted from horn, through the surface
it is in contact with, then through the sample to the work
surface.Where there are a 3D printing defects, adjacent rasters
begin to rub, deform, heat up, and then fuse together. With
increasing energy input, the fusion zone grows, enhancing the
tensile strength of the sample.

Because the ultrasonic vibration energy is transferred from
the contact surface to the interior, on the contact surface,
where the bonding of the rasters is not firm or there is a print-
ing defect, the rasters are in the state of vibration with no
fixture, under the influence of continuous ultrasonic vibration,
the printing defects continue to expand. With the increase of
ultrasonic action time, the fusion zone expands and the dam-
age zone shrinks. Therefore, with the increase of ultrasonic
strengthening time, the vibration energy input increases grad-
ually, and the ultrasonic strengthening area gradually in-
creases, and the curve shows an upward trend as a whole. In
the process of ultrasonic strengthening, in the fusion zone far
away from the contact surface, with the increase of ultrasonic
action time, the crack of the rasters around the contact surface
is easy to crack as the tensile force increases. With the prop-
agation of the crack, the sample reaches the tensile limit and is
broken. Therefore, with the increase of strengthening time, the
curve will appear a downward trend, but it still plays a
strengthening role in the whole samples. As the fusion zone

Fig. 6 Tensile fracture of 3D printed samples under strengthening
pressure of 3.5 kg/cm2

Fig. 4 Stress–strain diagram under ultrasonic strengthening pressure of
3.5 kg/cm2

Fig. 5 Stress–strain diagram under ultrasonic strengthening time of 0.5 s
Fig. 7 Tensile fracture of 3D printed samples under strengthening time of
0.5 s
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grows closer to the contact surface, the internal defects of the
3D printed samples amplified by the ultrasonic vibration be-
fore are continuously fused and repaired. At this time, with the
increase of ultrasonic strengthening time, the curve continues
to show an upward trend.

It can be seen from Fig. 9 that, with increasing ultrasonic
pressure, the tensile strength increases. With increasing ultra-
sonic pressure, the energy input from the ultrasonic strength-
ening system to the 3D printed sample increases gradually;
thus, the tensile strength of the sample gradually increases.
Similarly, owing to the presence of the transfer process of
ultrasonic vibration energy in the 3D printed samples, the
strengthening effect and damage effect exist simultaneously;
while the curve rises in the process, there will be a peak.

Despite the results shown in Fig. 8 and Fig. 9, the ultrasonic
vibration energy input to the 3D printed samples cannot be
infinitely increased. When the energy input is too large,

although the tensile strength of the sample is enhanced, the
surface in contact with the horn is damaged, causing surface
pasting or cloak phenomenon.

3.3 Effect of ultrasonic strengthening on Young’s
modulus

Figure 10 and Fig. 11 show Young’s modulus of 3D printed
samples for different ultrasonic strengthening parameters. The
Young’s modulus of strengthened samples improved by up to
16.7% compared with that of untreated samples. It can be seen
from Fig. 10 that with increasing strengthening pressure,
Young’s modulus increases. There is a trough in the course
of the curve rising, which means that the effect of the ultra-
sonic on Young’s modulus is also twofold when the ultrasonic
continues to act on the samples. For higher values of Young’s
modulus, the errors are smaller than those for lower values of

Fig. 11 Young’s modulus changes with pressure under ultrasonic
strengthening time of 0.5 s

Fig. 9 Stress–strain changes with pressure under ultrasonic strengthening
time of 0.5 s

Fig. 8 Stress–strain changes with time under ultrasonic strengthening
pressure of 3.5 kg/cm2

Fig. 10 Young’s modulus changes with time under ultrasonic
strengthening pressure of 3.5 kg/cm2
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Young’s modulus and for the untreated samples. This suggests
that the elasticity of these samples is more stable. However,
when Young’s modulus is low, the elastic modulus error is
relatively large, and the elastic stability is similar to that of
untreated samples. It can be seen from Fig. 11 that with the
increasing strengthening pressure, Young’s modulus in-
creases, and the errors are similar to those of untreated sam-
ples. When the ultrasonic strengthening time is constant, the
change in Young’s modulus is unstable increasing ultrasonic
strengthening pressure.

3.4 Effect of ultrasonic strengthening on elongation

To investigate the effects of ultrasonic strengthening parame-
ters on the plastic mechanical properties of 3D printed sam-
ples, the elongations at the tensile strength and break were
analyzed. Figure 12 and Fig. 13 show the tensile strength
elongation of 3D printed samples for different ultrasonic

strengthening parameters. The tensile strength elongation of
the samples after ultrasonic strengthening does not change
significantly. However, with increasing energy input into the
samples, the error of the tensile strength elongation of the
samples decreases significantly. This is mainly because, as
the inner part of the printing samples becomes denser, the
rasters are bonded more firmly. The strain is more stable when
the samples reach uniform tensile strength.

The ultimate elongation of 3D printed samples under dif-
ferent ultrasonic strengthening parameters is shown in Fig. 14
and Fig. 15. The ultimate elongation is slightly decreased after
ultrasonic strengthening. However, with increasing energy in-
put, the tensile strength increases, and the ultimate elongation
does not show a downward trend. The results show that ultra-
sonic strengthening increases the strength and slightly de-
creases the ultimate elongation of samples. After the samples
reach the tensile limit, they begin to produce crazing. As the
strain increases further, the stress remains unchanged, and the
crazing begins to widen until the samples break. The surface
of the sample in contact with the horn was effected more
strongly by ultrasonic vibrations, and printing defects near it
were magnified. When the crazing widens, the rasters in this
area break more easily, causing rapid fracture. This may be the
main reason leading to the decrease of ultimate elongation. In
addition, the surface of the samples becomes smoother after
ultrasonic strengthening, so the surface texture of the untreat-
ed samples is relatively uneven. After the samples reach the
yield limit, the uneven surface texture facilitates crazing, ac-
celerating the fracture of the samples.

3.5 Characterization of ultrasonic strengthened 3D
printed samples

Figure 16 shows micrographs of 3D printed samples.
Figure 16a and Fig. 16A show that, in the untreated 3D printed

Fig. 12 Tensile elongation at
ultrasonic strengthening pressure
of 3.5 kg/cm2

Fig. 13 Tensile elongation at ultrasonic strengthening time of 0.5 s
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samples, printed defects inside are distributed evenly, and the
outline of the deposition boundary is clear. Figure 16b and
Fig. 16B show that after 0.25 s of ultrasonic strengthening,
the material on the side of work surface has become fused.
With increasing ultrasonic strengthening time, the energy in-
put to the samples increases gradually, and the fusion zone
expands. Figure 16c and Fig. 16C show that when the ultra-
sonic strengthening time is 0.35 s, the fusion zone is larger
than that in Fig. 16b. Moreover, the fusion among the rasters
has become more uniform, and the single-yarn fracture is dif-
ficult to distinguish in the fusion zone. In the tensile test, the
3D printed sample is subjected to a tensile load at constant
speed. The load per unit area of the sample increases gradually
with increasing tensile displacement. When the force per unit
area reaches the tensile limit of the weakest material in the
sample, plastic deformation occurs and expands gradually.
When the sample enters the plastic deformation state, the ten-
sile strength of the sample reaches the maximum. After

ultrasonic strengthening, the fusion zone is equivalent to
a huge raster or injection-molded body. As the fusion
zone increases, the load required for the unit displacement
of elongation increases. As shown in Fig. 12 and Fig. 13,
the tensile strength and elongation of the 3D printed sam-
ples show no obvious change; that is, the tensile displace-
ment required by the weakest material in the samples is
similar to the tensile limit. Therefore, the tensile mechan-
ical properties of the samples are improved. With increas-
ing of strengthening time, the fusion area continues to
increase. However, as the strengthening time increases,
the continuous vibrations cause printing defects near the
surface in contact with the horn to expand. Figure 16d and
Fig. 16D shows that, when the ultrasonic strengthening
time is 0.45 s, there are large gaps near the surface in
contact with the horn, and crazing occurs easily when
under tension. With the expansion of crazing, the whole
sample reaches the tensile limit. At this point, the ultra-
sonic strengthened samples become weaker, but remain
stronger than the untreated samples. When the fusion zone
grows closer to the surface in contact with the horn, the
internal defects expanded by ultrasonic vibrations are
fused and repaired, gradually strengthening the samples
further. Figure 16e and Fig. 16E shows that, when the
ultrasonic strengthening time is 0.65 s, the whole sample
is almost completely fused, and only small 3D printing
defects remain near the horn.

Figure 17 shows the surface morphology of the untreated
3D printed sample. The surface of the untreated 3D printed
sample surface is clear, with obvious stripes, and the surface
height difference of the sample is 25.3 μm. Figure 18 shows
the surface morphology of an ultrasonic strengthened sample.
It is more difficult to see the stripes in some areas of the
sample surface, and the height difference of the sample surface
is 22.3 μm. The surface of ultrasonic strengthened sample is
smoother than that of the untreated sample.

Fig. 14 Ultimate elongation
under ultrasonic strengthening
pressure of 3.5 kg/cm2

Fig. 15 Ultimate elongation under ultrasonic strengthening time of 0.5 s
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4 Conclusion

In this study, the effects of ultrasonic strengthening pressure
and ultrasonic strengthening time on the tensile mechanical
properties of FDM 3D printed ABS samples were studied.
The control variable method was used to analyze the samples.
The experimental results were analyzed and stress–strain
curves of samples compared. The fracture characteristics of
ultrasonic strengthened samples and untreated samples were
compared using micrographs. The results show that defects in
a 3D printed sample begin to fuse from the work surface side
during ultrasonic strengthening. As the fusion area expands,
the printing defects near the surface in contact with the horn

expand, weakening the effect of ultrasonic strengthening.
When the fusion zone grows closer to the contact surface of
the horn, the enlarged defects are repaired by fusion, and the
mechanical properties of the sample gradually improve until
all defects are fully repaired. Ultrasonic strengthening of FDM
3D printed ABS samples enhances the mechanical properties
of the samples significantly if appropriate ultrasonic strength-
ening parameters are chosen. This is helpful for promoting the
application and development of FDM technology. Owing to
the limitations of the ultrasonic strengthening system used in
the research, the effects of strengthening for long times and at

Fig. 16 Scanning electron microscopy images of a untreated 3D printed samples and 3D printed samples exposed to ultrasonic strengthening for b
0.25 s, c 0.35 s, d 0.45 s, and e 0.65 s, and A–E enlarged views of the corresponding areas

Fig. 18 Surface morphology a 3D printed sample following ultrasonic
strengthening for 0.45 s at 3.5 kg/cm2Fig. 17 Surface morphology of an untreated 3D printed sample
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high pressures were not studied. These effects will be studied
in future after improving the ultrasonic strengthening system.
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