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Abstract: Material extrusion (ME), an extrusion-based rapid prototyping technique, has been
extensively studied to manufacture final functional products, whose forming quality is significantly
influenced by the melt flow behavior (MFB) inside the extrusion liquefier. Applied vibration has a
great potential to improve the MFB, and thereby promote the forming quality of the built product.
To reveal the mechanism, a dynamic model of the melt flow behavior (DMMFB) is established
based on fluid dynamics, Tanner nonlinear constitutive equation and Newton’s power law equation.
The MFB, i.e., pressure drop, shear stress and apparent viscosity, is investigated without and with
different vibration applied. The corresponding finite element analysis (FEA) is then carried out.
From the comparison between DMMFB and FEA results, it is concluded that the proposed model is
reliable. When vibration is applied onto the extrusion liquefier, the time-domain MFB will change
periodically. Its effective value decreases significantly, and further decreases with the increase of
vibration frequency or amplitude. This paper provides the theoretical basis to improve the MFB by
applied vibration, and thereby to enhance the forming quality of ME products.

Keywords: material extrusion; melt flow behavior; applied vibration; dynamic model; finite element
analysis; forming quality

1. Introduction

Material extrusion (ME), used by ISO/ASTM 52900:2015 to include FDM (fused deposition
molding)/FFF (fused filament fabrication) technologies, is one of the most promising rapid prototyping
techniques [1,2] due to the advantages of ease of operation, low cost, broad resources of raw materials,
etc. In this technique, the raw material filament is first fed into an extrusion liquefier, where it is melted
and flowed. The solid portion of the filament is acting as a piston to push the melt out of the liquefier
through a nozzle. The extrudate then cools, solidifies and bonds with the extruded material layer
beneath it. A three-dimensional model or part entity is finally completed by repeating this procedure
through to the last layer [3,4]. Although the products built via ME have been increasingly widely
used for electronic, automotive and aerospace applications [5], widespread industrial adoption of this
technique is limited due to the limitations of final part properties, and there is still a lot of space for
improvement in their forming quality [6,7].
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Since the melt flow behavior (MFB) is one of the key factors affecting the forming quality of ME
products [8,9], it is of great importance to try to improve it. Ramanath et al. [10,11] established a
mathematical model of Polycaprolactone (PCL) melts in a ME liquefier to study the thermal and flow
behavior by varying input conditions. Finite element analysis (FEA) was also performed to validate
the model. It was found that the deviations in pressure drop obtained by the mathematical model
and FEA were in agreeable limits. The pressure drop and the velocities of the melt flow depended
on the flow channel parameters. The proposed model could be used to reflect on the quality of built
parts. Peng et al. [12] proposed an experimental approach (pigment distribution) to illustrate the
temperature and flow history in the extrusion process. The results showed that a smaller shear rate
occurred near the center, leading to a more blunted velocity profile. The extrusion process was highly
non-isothermal, especially at high extrusion speed. Pandey and Pradhan [13] theoretically investigated
the MFB within ME to find the optimum feed rate at the liquefier inlet. The melt velocity, pressure
drop, shear stress and temperature could be predicted through the momentum balance equation and
energy balance equation. Stewart et al. [14] analyzed the MFB of polylactic acid (PLA) within ME
in order to promote part quality, process control and efficiency. They experimentally analyzed the
power output of the resistive heat source, theoretically studied external coefficients of heat-transfer and
validated liquefier temperatures. The results showed that the temperature was significantly different at
different areas inside the liquefier. The research provided theoretical insight for better extruder designs
and material options. Zhang et al. [15] studied the effects of nozzle diameter, filler size, resin viscosity
and volume content on the MFB in the extrusion liquefier. It was found that the nozzle diameter
and volume content had a significant effect on the melt flow property. Clogging was more likely to
occur when the material viscosity was higher, the material particle was bigger and the nozzle diameter
was smaller. Coogan and Kazmer [16] experimentally investigated the rheology of the melt in ME
by using a designed in-line rheometer. The extrusion liquefier was modified with a custom pressure
transducer and a thermocouple. The results showed that the in-line rheometer provided accurate
viscosity measurements with appropriate corrections applied. Mackay [17] thoroughly reviewed the
rheological behavior within ME to highlight its significance, mainly including heat transfer, MFB,
die swell, healing, etc. He emphasized that concerted rheologycentric investigations were clearly
needed to clarify the interaction between MFB and the fabricating process so that the forming quality
of ME parts could be improved.

Liu et al. [18–20] studied the velocity, rheological behavior and shear rate of the polymer melt
in the capillary without and with vibration applied. The entry pressure, volume flow rate and their
phase-difference were measured and analyzed. The characterization formula of the MFB (i.e., viscosity
and viscoelastic behavior) was established. It was found that the flow velocity of the polymer melt
was significantly increased, and the viscosity was greatly decreased when vibration was introduced.
Ellenberger and Krishna [21] investigated the flow rate of the liquid inside capillaries with the
longitudinal sinusoidal vibration applied. The results showed that the liquid flow rate was significantly
enhanced when vibration was applied.

Similarly, applying vibration into the process of ME has a great potential to improve the MFB, and
thereby enhance the forming quality of ME parts. However, few scholars have proposed this concept
at present [22,23], and little corresponding information (either theoretical or experimental data) is
available. To cover this gap, this paper establishes a dynamic model of the MFB (DMMFB) to analyze
the pressure drop, shear stress and apparent viscosity in the ME liquefier without and with different
vibrations applied. The corresponding simulations are then performed to compare with the modeling
results. The influencing rule of applied vibration on the MFB is illustrated. The proposed model
offers a theoretical tool for MFB process monitoring and provides a theoretical basis for improving the
forming quality of ME products by applied vibration. This research also gives technical reference to
improve the forming quality of similar manufacturing processes (like injection molding) in industry.
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2. The DMMFB

The MFB within ME, i.e., pressure drop, shear stress and apparent viscosity, is related to the
geometry and size of the internal passage of the extrusion liquefier, as well as the viscoelastic behavior
of the melt. The interior of the liquefier can be mainly divided into three geometric regions, as shown in
Figure 1. Region I is the upper zone of the liquefier (cylindrical in shape), where the material filament
enters and melts into a molten state, Region II is the transition zone for the molten material from
Region I to III in the liquefier, and the shape is a truncated cone and Region III is the lower zone of the
liquefier (also cylindrical in shape but smaller), from which the molten material is extruded out.
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Figure 1. Schematic diagram of the internal geometric region of the extrusion liquefier.

Since the modeling principle is similar among the three regions, details are provided for Region I,
with its geometry and coordinates shown in Figure 2. The length and radius of the cylindrical passage
are L and R, respectively. For ease of analysis about Region I, a cylindrical coordinate system is used to
describe the coordinate points. Among them, z is the direction of the melt flow, r is the direction of the
velocity gradient and θ is the neutral direction.
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To further facilitate the analysis, the following assumptions are proposed:

1. The melt flow is laminar, Re (Reynolds number) < 5.
2. The temperature is constant inside the whole liquefier.
3. The melt is incompressible.
4. The effect of gravity force is negligible.
5. There is no external force, like magnetic, etc.
6. The velocity near the wall surface is zero, and it does not change in the neutral direction.
7. No flow occurs in the r direction.

The modeling details are provided in Appendix A.
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3. FEA

FEA was carried out to simulate the MFB inside the extrusion liquefier without and with different
types of sinusoidal vibration applied. The Fluent module with fluid analysis function in ANSYS
workbench (commercial software) was used for simulation analysis. There were three steps, including
pre-processing, solving and post-processing. Firstly, the three-dimensional (3D) geometric model of
the internal flow channel of the liquefier was set up according to Table 1. It was imported into the
pre-processing sub-module to define the entry, exit and boundary conditions. Since the geometric
model was simple and axisymmetric, an unstructured grid automatically generated by the sweeping
method was used to divide mesh of the internal flow channel wall of the liquefier, as shown in Figure 3.

Table 1. The internal geometry of the extrusion liquefier.

Entrance Radius
r1(mm)

Exit Radius
r2(mm)

Upper End Length
L1(mm)

Lower End Length
L2(mm)

Exit Angle
α(rad)

0.9 0.2 10 1 2π/3
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In the solving sub-module, the analysis type was transient analysis, and the model entrance
and exit were set to velocity-inlet and pressure-outlet, respectively. According to Assumptions 1 and
3, the simulation environment was set to be good at solving the pressure correction algorithm of
incompressible flow, and the semi implicit original algorithm (suitable for laminar flow calculation)
was adopted. For each vibration cycle, there were 50 time sub-steps divided. The maximum number
of iterations in each sub step is 70, with the iteration accuracy set to 0.00001. In addition, the velocity of
the melt at the internal wall was zero due to Assumption 6. The inlet velocity boundary conditions
were set as in Equation (A4). The inlet temperature of the melt was T = 333K, the temperature of the
internal wall was TW = 433K and the reference temperature was TA = 423.15K. Besides, PLA, the
working material in this research, was a type of biological renewable and biodegradable polymer with
good workability and forming stability [24]. The basic physical properties of PLA are shown in Table 2.
After the solution was completed, the corresponding information in terms of MFB could be obtained
by entering the post-processing sub-module.

Table 2. Physical properties of polylactic acid (PLA) [25].

Item Value Unit

Power law index n 0.232
Relaxation time λ 1.1 s

Density in molten state ρ 1073 kg/m3

Activation energy E 67.526 kJ/mol
Material wire feed speed v0 0.006 m/s

Specific heat capacity C 1800 J/kg·k
Thermal conductivity 0.13 W/m·K
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4. Results and Discussion

In this section, the MFB results within ME are compared between DMMFB and FEA, and the
influencing rule of different applied vibration is then provided. According to fractional factorial
design [26], each section shows the detailed effect of only one single variable on the MFB, and gives
corresponding discussions.

4.1. Effect of Vibration on the Pressure Drop

4.1.1. 0.25 g Vibration at Different Frequency

Figure 4 shows the time-domain internal pressure drop of the extrusion liquefier obtained by
DMMFB and FEA without and with different-frequency vibration applied, of which the amplitude
is 0.25 g and the frequency is, separately, 100, 200, 300, 400 and 500 Hz. When vibration is applied,
the time-domain pressure drop changes periodically as the inlet velocity of the extrusion liquefier
changes from a constant to a periodic variation. From the comparison, it can be seen that the analytical
pressure drop (obtained by DMMFB) is in good agreement with the simulated one (obtained by FEA),
both in value and trend.
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Figure 4. The internal pressure drop of the extrusion liquefier without and with 0.25 g vibration
applied at different frequencies. (a) No vibration applied, (b) 100 Hz, (c) 200 Hz, (d) 300 Hz, (e) 400 Hz,
(f) 500 Hz.

Table 3 summarizes the effective value of the pressure drop for each condition. It can be seen that
the value of the pressure drop decreases with the application of vibration and further decreases with
the increase of vibration frequency. For example, when no vibration is applied, the effective value of
the pressure drop predicted by DMMFB is 16.1 MPa. When the frequency of the applied vibration is
200 Hz, the value is reduced down to 11.7 MPa, decreased by 27.3%. When the frequency is 500 Hz,
the value is further reduced to 8.5 MPa, decreased by 47.2%. This can be explained by the fact that
increasing vibration frequency will decrease the amplitude of inlet velocity and speed up the changes
according to Equation (A4), the amplitude of the pressure drop is then reduced and the changes are
fast, as referred to by Equation (A20). Therefore, the larger the introduced vibration frequency is,
the smaller the magnitude in pressure drop will be.
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Table 3. Effective value of the pressure drop without and with 0.25 g vibration applied at
different frequencies.

Frequency (Hz) Effective Value

DMMFB (MPa) Drop (%) FEA (MPa) Drop (%)

0 (No vibration) 16.1 - 15.7 -
100 13.7 14.9 13.3 15.3
200 11.7 27.3 11.4 27.4
300 10.3 36.0 10.0 36.3
400 9.4 41.6 9.1 42.0
500 8.5 47.2 8.3 47.1

* DMMFB means the dynamic model of the melt flow behavior.

4.1.2. 0.3 g Vibration at Different Frequency

Figure 5 shows the comparison of pressure drop between DMMFB and FEA. The amplitude of the
applied vibration is 0.3 g and the frequency is, separately, 100, 200, 300, 400 and 500 Hz. From the
comparison, it can be seen that the results predicted by DMMFB agree well with those obtained by
FEA, no matter without or with vibration applied.
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Figure 5. The internal pressure drop of the extrusion liquefier without and with 0.3 g vibration applied
at different frequencies. (a) No vibration applied, (b) 100 Hz, (c) 200 Hz, (d) 300 Hz, (e) 400 Hz,
(f) 500 Hz.

The effective value of the pressure drop for each condition is detailed in Table 4. The results show
the same trend as above, that is, the pressure drop is decreased with the application of vibration, and it
is further decreased with the increase of applied vibration frequency. The reason for this phenomenon
is the same as discussed above.

4.1.3. 0.35 g Vibration at Different Frequency

The comparison of the pressure drop within ME obtained respectively by DMMFB and FEA is
shown in Figure 6. No matter without or with vibration applied (the amplitude is 0.35 g and the
frequency is, separately, 100, 200, 300, 400 and 500 Hz), the analytical and simulated pressure drop
have a good agreement with each other.
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Table 4. Effective value of the pressure drop without and with 0.3 g vibration applied at
different frequencies.

Frequency (Hz) Effective Value

DMMFB (MPa) Drop (%) FEA (MPa) Drop (%)

0 (No vibration) 16.1 - 15.7 -
100 11.9 26.1 11.6 26.1
200 10.0 37.9 9.8 37.6
300 9.0 44.1 8.8 44.0
400 8.3 48.4 8.1 48.4
500 7.7 52.2 7.5 52.2
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Figure 6. The internal pressure drop of the extrusion liquefier without and with 0.35 g vibration
applied at different frequencies. (a) No vibration applied, (b) 100 Hz, (c) 200 Hz, (d) 300 Hz, (e) 400 Hz,
(f) 500 Hz.

Table 5 details the effective value of the above pressure drop for each condition. Again, the value
decreases with vibration applied, and further decreases with the increase of vibration frequency.

From the above, applying vibration onto the ME extrusion liquefier can reduce the internal
pressure drop, and it will be further reduced with the increasing frequency of applied vibration. This
can help improve the continuity and uniformity of the extrudate, and thereby enhance the forming
quality of ME products.
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Table 5. Effective value of the pressure drop without and with 0.35 g vibration applied at
different frequencies.

Frequency (Hz) Effective Value

DMMFB (MPa) Drop (%) FEA (MPa) Drop (%)

0 (No vibration) 16.1 - 15.7 -
100 10.9 32.3 10.7 31.8
200 9.5 41.0 9.2 41.4
300 8.3 48.4 8.2 47.8
400 7.6 52.8 7.5 52.2
500 6.9 57.1 6.8 56.7

4.1.4. Effect of Different Vibration Amplitude

Figure 7 compares the analytical and simulated results of the effective value of the pressure drop
without and with different vibration applied, whose amplitude is, separately, 0.25, 0.3 and 0.35 g.
Generally, the predictions agree well with the simulations. When vibration is applied, the pressure
drop is reduced. The value is further reduced when the amplitude of applied vibration is growing. For
example, when the amplitude of applied vibration is 0.25 and 0.35 g at 300 Hz, the effective value of the
analytical pressure drop is 10.3 and 8.3 MPa, respectively. Compared with that under the no-vibration
field (16.1 MPa), the pressure drop is decreased separately by 36.0% and 48.4%. This can be explained
by the fact that increasing vibration amplitude will decrease the inlet velocity according to Equation
(A4), and the pressure drop is then reduced as referred to in Equation (A20). Therefore, increasing
the amplitude of applied vibration can reduce the pressure drop inside the extrusion liquefier of ME,
which helps enhance the forming quality of ME products.
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Figure 7. Effective value of the internal pressure drop inside the extrusion liquefier without and with
different-amplitude vibration applied.

4.2. Effect of Vibration on the Shear Stress

4.2.1. 0.25 g Vibration at Different Frequency

Figure 8 shows the time-domain shear stress at the internal wall of the extrusion liquefier obtained
by DMMFB and FEA without and with different-frequency vibration applied, of which the amplitude is
0.25 g and the frequency is, separately, 100, 200, 300, 400 and 500 Hz. With vibration applied, the shear
stress in time domain changes periodically as the pressure drop changes to a periodic variation. From
the comparison, it can be seen that both the values and trend of the analytical shear stress are in good
agreement with the simulated ones.
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Figure 8. The shear stress at the internal wall of the extrusion liquefier without and with 0.25 g vibration
applied at different frequencies. (a) No vibration applied, (b) 100 Hz, (c) 200 Hz, (d) 300 Hz, (e) 400 Hz,
(f) 500 Hz.

Table 6 summarizes the above effective value of the shear stress for each condition. The shear
stress is decreased with the application of vibration and further decreased with the increase of vibration
frequency. For example, when no vibration is applied, the effective value of the shear stress predicted
by DMMFB is 0.89 MPa, when the frequency of the applied vibration is 100 Hz, the value is reduced
down to 0.75 MPa, decreased by 15.7%, and when the frequency is 400 Hz, the value is further reduced
to 0.44 MPa, decreased by 50.6%. This is because the shear stress is directly influenced by the pressure
drop, see Equation (A5). Its changing situation and trend are similar to those of the pressure drop,
as discussed previously.

Table 6. Effective value of the shear stress without and with 0.25 g vibration applied at
different frequencies.

Frequency (Hz) Effective Value

DMMFB (MPa) Drop (%) FEA (MPa) Drop (%)

0 (No vibration) 0.89 - 0.88 -
100 0.75 15.7 0.74 15.9
200 0.63 29.2 0.62 29.5
300 0.52 41.6 0.51 42.0
400 0.44 50.6 0.43 51.1
500 0.38 57.3 0.37 58.0

4.2.2. 0.3 g Vibration at Different Frequency

Figure 9 shows the comparison of the shear stress at the internal wall of the extrusion liquefier
between DMMFB and FEA. The amplitude of the applied vibration is 0.3 g and the frequency is,
separately, 100, 200, 300, 400 and 500 Hz. From the comparison, it can be seen that the shear
stress predicted by DMMFB agrees well with that simulated by FEA, no matter without or with
vibration applied.
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Figure 9. The shear stress at the internal wall of the extrusion liquefier without and with 0.3 g vibration
applied at different frequencies. (a) No vibration applied, (b) 100 Hz, (c) 200 Hz, (d) 300 Hz, (e) 400 Hz,
(f) 500 Hz.

The effective value of the shear stress for each condition is detailed in Table 7. The results show
the same trend as above, i.e., the pressure drop is decreased with the application of vibration, and it is
further decreased with the increase of applied vibration frequency. The reason for this phenomenon is
the same as that discussed in Section 4.2.1.

Table 7. Effective value of the shear stress without and with 0.3 g vibration applied at
different frequencies.

Frequency (Hz) Effective Value

DMMFB (MPa) Drop (%) FEA (MPa) Drop (%)

0
(No vibration) 0.89 - 0.88 -

100 0.59 33.7 0.58 34.1
200 0.51 42.7 0.50 43.2
300 0.44 50.6 0.43 51.1
400 0.39 56.2 0.37 58.0
500 0.35 60.7 0.34 61.4

4.2.3. 0.35 g Vibration at Different Frequency

The comparison of the shear stress at the internal wall of the extrusion liquefier within ME
obtained respectively by DMMFB and FEA is provided in Figure 10. No matter without or with
vibration applied (the amplitude is 0.35 g and the frequency is, separately, 100, 200, 300, 400 and
500 Hz), the analytical and simulated shear stress have a good agreement.

Table 8 details the effective value of the above shear stress for each condition. Again, the value
decreases with vibration applied, and further decreases with the increase of vibration frequency.

To sum up, introducing vibration into the extrusion process can reduce the shear stress at the
internal wall of the liquefier, and increasing the vibration frequency will further reduce the shear stress,
which helps improve the forming quality of ME products.
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Figure 10. The shear stress at the internal wall of the extrusion liquefier without and with 0.35 g
vibration applied at different frequencies. (a) No vibration applied, (b) 100 Hz, (c) 200 Hz, (d) 300 Hz,
(e) 400 Hz, (f) 500 Hz.

Table 8. Effective value of the shear stress without and with 0.35 g vibration applied at
different frequencies.

Frequency (Hz) Effective Value

DMMFB (MPa) Drop (%) FEA (MPa) Drop (%)

0 (No vibration) 0.89 - 0.88 -
100 0.55 38.2 0.54 38.6
200 0.48 46.1 0.46 47.7
300 0.40 55.1 0.39 55.7
400 0.35 60.7 0.34 61.4
500 0.31 65.2 0.30 65.9

4.2.4. Effect of Different Vibration Amplitude

Figure 11 compares the analytical and simulated effective value of the shear stress without and
with different vibration applied, whose amplitude is, separately, 0.25, 0.3 and 0.35 g. It is shown that
the predictions agree well with the simulations. When vibration is applied, the shear stress is reduced.
The value is further reduced when the amplitude of applied vibration is growing. For example, when
the amplitude of applied vibration is 0.3 and 0.35 g at 200 Hz, the effective value of the analytical shear
stress is 0.51 and 0.48 MPa, respectively. Compared with that under the no-vibration field (0.89 MPa),
the shear stress is decreased separately by 42.7% and 46.1%. The reason for this is that increasing
vibration amplitude will decrease the pressure drop of the melt inside the extrusion liquefier, leading
to the reduction in shear stress according to Equation (A5). Therefore, increasing the amplitude of
applied vibration can further reduce the shear stress inside the extrusion liquefier of ME, helping to
improve the continuity and uniformity of the extrudate, and thereby enhance the forming quality of
ME products.



Appl. Sci. 2020, 10, 3801 12 of 19

Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 22 

 

To sum up, introducing vibration into the extrusion process can reduce the shear stress at the 
internal wall of the liquefier, and increasing the vibration frequency will further reduce the shear 
stress, which helps improve the forming quality of ME products. 

4.2.4. Effect of Different Vibration Amplitude 

Figure 11 compares the analytical and simulated effective value of the shear stress without and 
with different vibration applied, whose amplitude is, separately, 0.25, 0.3 and 0.35 g. It is shown that 
the predictions agree well with the simulations. When vibration is applied, the shear stress is 
reduced. The value is further reduced when the amplitude of applied vibration is growing. For 
example, when the amplitude of applied vibration is 0.3 and 0.35 g at 200 Hz, the effective value of 
the analytical shear stress is 0.51 and 0.48 MPa, respectively. Compared with that under the 
no-vibration field (0.89 MPa), the shear stress is decreased separately by 42.7% and 46.1%. The 
reason for this is that increasing vibration amplitude will decrease the pressure drop of the melt 
inside the extrusion liquefier, leading to the reduction in shear stress according to Equation (A5). 
Therefore, increasing the amplitude of applied vibration can further reduce the shear stress inside 
the extrusion liquefier of ME, helping to improve the continuity and uniformity of the extrudate, and 
thereby enhance the forming quality of ME products. 

 
Figure 11. Effective value of the shear stress without and with different-amplitude vibration applied. 

4.3. Effect of Vibration on the Apparent Viscosity  

4.3.1. 0.25 g Vibration at Different Frequency 

Figure 12 shows the time-domain apparent viscosity of the melt inside the extrusion liquefier 
obtained by DMMFB and FEA without and with different-frequency vibration applied, of which the 
amplitude is 0.25 g and the frequency is, separately, 100, 200, 300, 400 and 500 Hz. It can be seen that 
when vibration is applied, the apparent viscosity changes periodically with time as the shear stress 
changes from a constant to a periodic variation, according to Equation (A8). Generally, both values 
and trend of the analytical apparent viscosity agree well with the simulated ones. 

  

0 100 200 300 400 500
0.23

0.41

0.59

0.77

0.95

Frequency (Hz)

Sh
ea

r s
tre

ss
 (M

Pa
)

 

 

FEA,       no VIB
DMMFB, no VIB
FEA,       0.25g AMP
DMMFB, 0.25g AMP
FEA,       0.3g AMP
DMMFB, 0.3g AMP
FEA,       0.35g AMP
DMMFB, 0.35g AMP

Figure 11. Effective value of the shear stress without and with different-amplitude vibration applied.

4.3. Effect of Vibration on the Apparent Viscosity

4.3.1. 0.25 g Vibration at Different Frequency

Figure 12 shows the time-domain apparent viscosity of the melt inside the extrusion liquefier
obtained by DMMFB and FEA without and with different-frequency vibration applied, of which the
amplitude is 0.25 g and the frequency is, separately, 100, 200, 300, 400 and 500 Hz. It can be seen that
when vibration is applied, the apparent viscosity changes periodically with time as the shear stress
changes from a constant to a periodic variation, according to Equation (A8). Generally, both values
and trend of the analytical apparent viscosity agree well with the simulated ones.Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 22 
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Figure 12. The apparent viscosity of the melt inside the extrusion liquefier without and with 0.25 g
vibration applied at different frequencies. (a) No vibration applied, (b) 100 Hz, (c) 200 Hz, (d) 300 Hz,
(e) 400 Hz, (f) 500 Hz.

Table 9 gives the effective apparent viscosity of the melt inside the extruder liquefier for each
condition. The viscosity is decreased with the application of vibration and further decreased with the
increase of vibration frequency. For example, when no vibration is applied, the effective value of the
viscosity predicted by DMMFB is 3601 Pa·s, when the frequency of the applied vibration is 200 Hz,
the value is reduced down to 2220 Pa·s, decreased by 38.4%, and when the frequency is 300 Hz, the
value is further reduced to 1760 Pa·s, decreased by 51.1%. This is because the apparent viscosity of
the melt is reduced with vibration applied, and it is further reduced when the vibration frequency is
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increased [27,28]. In addition, due to the close relationship between apparent viscosity and shear stress
according to Equation (A8), the changing situation and trend are similar to those of the shear stress,
as discussed previously.

Table 9. Effective value of the apparent viscosity without and with 0.25 g vibration applied at
different frequencies.

Frequency (Hz) Effective Value

DMMFB (Pa·s) Drop (%) FEA (Pa·s) Drop (%)

0 (No vibration) 3601 - 3438 -
100 2852 20.8 2673 22.3
200 2220 38.4 2061 40.1
300 1760 51.1 1619 52.9
400 1368 62.0 1302 62.1
500 1134 68.5 1090 68.3

4.3.2. 0.3 g Vibration at Different Frequency

Figure 13 shows the comparison of apparent viscosity between DMMFB and FEA. The amplitude
of the applied vibration is 0.3 g and the frequency is, separately, 100, 200, 300, 400 and 500 Hz. From
the comparison, it can be seen that the results predicted by DMMFB agree well with those obtained by
FEA whenever vibration is applied or not.
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Figure 13. The apparent viscosity without and with 0.3 g vibration applied at different frequencies.
(a) No vibration applied, (b) 100 Hz, (c) 200 Hz, (d) 300 Hz, (e) 400 Hz, (f) 500 Hz.

Table 10 shows the effective value of the apparent viscosity for each condition. The results show
the same trend as above, that is, the apparent viscosity is decreased with the application of vibration,
and it is further decreased with the increase of applied vibration frequency. The reason for this
phenomenon is the same as that discussed above.

4.3.3. 0.35 g Vibration at Different Frequency

The comparison of the apparent viscosity within ME obtained respectively by DMMFB and FEA
is shown in Figure 14. No matter without or with vibration applied (the amplitude is 0.35 g and the
frequency is, separately, 100, 200, 300, 400 and 500 Hz), the analytical and simulated apparent viscosity
have a good agreement with each other.
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Table 10. Effective value of the apparent viscosity without and with 0.3 g vibration applied at
different frequencies.

Frequency (Hz) Effective Value

DMMFB (Pa·s) Drop (%) FEA (Pa·s) Drop (%)

0 (No vibration) 3601 - 3438 -
100 2431 32.5 2241 34.8
200 1712 52.5 1578 54.1
300 1306 63.7 1216 64.6
400 1090 69.7 1015 70.5
500 962 73.3 895 74.0
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Figure 14. The apparent viscosity without and with 0.35 g vibration applied at different frequencies.
(a) No vibration applied, (b) 100 Hz, (c) 200 Hz, (d) 300 Hz, (e) 400 Hz, (f) 500 Hz.

Table 11 provides the effective value of the above apparent viscosity for each condition. Again, the
value decreases with vibration applied, and further decreases with the increase of vibration frequency.

Table 11. Effective value of the apparent viscosity without and with 0.35 g vibration applied at
different frequencies.

Frequency (Hz) Effective Value

DMMFB (Pa·s) Drop (%) FEA (Pa·s) Drop (%)

0 (No vibration) 3601 - 3438 -
100 2088 42.0 1978 42.5
200 1460 59.5 1358 60.5
300 1050 70.8 993 71.1
400 831 76.9 788 77.1
500 697 80.6 662 80.7

In summary, applying vibration onto the extrusion liquefier can reduce the apparent viscosity
inside the liquefier, which will be further reduced with the increasing vibration frequency. This could
improve the continuity and uniformity of the extrudate, and thus enhance the forming quality of
ME products.
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4.3.4. Effect of Different Vibration Amplitude

Figure 15 compares the analytical and simulated effective value of the apparent viscosity without
and with different vibration applied, whose amplitude is, separately, 0.25, 0.3 and 0.35 g. It is shown
that the predictions agree well with the simulations. When vibration is applied, the apparent viscosity
is reduced. The value is further reduced when the amplitude of applied vibration is growing. For
example, when the amplitude of applied vibration is 0.3 and 0.35 g at 500 Hz, the effective value of
the analytical apparent viscosity is 962 and 697 Pa·s, respectively. Compared with that under the
no-vibration field (3601 Pa·s), the apparent viscosity is decreased separately by 73.3% and 80.6%. The
reason is that the apparent viscosity is reduced with vibration applied, and it is further reduced when
the vibration amplitude is increased [27,28]. This can also be seen from the relationship between
apparent viscosity and shear stress in Equation (A8). Therefore, increasing the amplitude of applied
vibration can reduce the apparent viscosity inside the extrusion liquefier of ME, which helps promote
the forming quality of ME products.
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Figure 15. Effective value of the apparent viscosity without and with different-amplitude
vibration applied.

5. Conclusions

In this paper, the DMMFB inside the extrusion liquefier within ME is established based on fluid
dynamics, Tanner nonlinear constitutive equation and Newton’s power law equation. The influencing
rule of applied vibration on the MFB (i.e., pressure drop, shear stress and apparent viscosity) is
illustrated. FEA is then performed accordingly. The conclusions are drawn as follows:

(1) The time-domain pressure drop, shear stress and apparent viscosity inside the extrusion liquefier
change periodically when vibration is applied.

(2) With vibration applied on the liquefier, the pressure drop, shear stress and apparent viscosity
decrease significantly, and they will further decrease with the increase of frequency or amplitude
of the applied vibration.

(3) The DMMFB results of MFB are in good agreement with those obtained by FEA both in value
and trend.

(4) When vibration is applied, the MFB within ME will be reduced, which helps enhance the continuity
and uniformity of the extrudate, and thus improves the forming quality of ME products.

(5) This research provides a theoretical tool for MFB process monitoring within ME and gives
technical reference for fabrication improvement of similar manufacturing processes in industry.

In the near future, experiments are recommended to validate the DMMFB and FEA in terms of
MFB to thoroughly clarify the corresponding mechanism.
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Appendix A

The kinematic equation of the melt flow in the z direction can be expressed as follows:

ρ

(
∂vz

∂t
+ vr

∂vz

∂r
+

vθ
r
∂vz

∂θ
+ vz

∂vz

∂z

)
= −

∂p
∂z

+

[
1
r
∂
∂r

(rτrz) +
1
r
∂τθz
∂θ

+
∂τzz

∂z

]
+ ρgz (A1)

where, ρ is the density of the polymer melt, vz is the velocity vector of z direction, t is time, p is the
pressure, τrz, τθz and τzz are stress tensors and gz is the gravitational acceleration vector of z direction.
According to the assumption mentioned above, vr, ∂vz/∂θ, ∂vz/∂z, τrz, τθz and gz can be regarded as
0, thus Equation (A1) becomes

ρ
∂v
∂t

= −
∂p
∂z

+
1
r
∂
∂r

(rτ) (A2)

Integrating both sides of Equation (A2), the shear stress can be obtained by

τ =
r
2
∂p
∂z

+
ρ

r
∂
∂t

∫ r

0
vrdr =

r
2
∂p
∂z

+
ρr
2
∂[v(t)]
∂t

(A3)

Applying vertical vibration to the extrusion liquefier, the velocity variation inside the liquefier is

v(t) = v0 + v1 = v0 −A cosωt (A4)

where, v0 is the material wire feed speed, v1 is the speed of applied vibration, A = A0 ·ω · 1/g, A0 is
the vibration amplitude, g is the gravitational acceleration and ω is the angular frequency of vibration.

Substituting Equation (A4) into (A3), the internal shear stress of the melt in the channel is

τ =
r
2

∆p
L

+
ρr
2

Aω sinωt (A5)

Taking into account the material properties, the melt is regarded as Newtonian fluid and its flow
behavior follows the power law [29], which is expressed by

µ = K ·
.
γ

n−1 (A6)

where, µ is the apparent viscosity, K is the consistency coefficient, n is the power law index and
.
γ is the

shear rate.
According to Newton’s power law, the shear rate and shear stress have the following relationship:

.
γ = K−

1
n · τ

1
n (A7)

Substituting Equation (A7) into (A6), the relationship between apparent viscosity and shear stress
can be obtained by

µ = K
1
n · τ1− 1

n (A8)

Considering the influence of vibration field applied, the Tanner nonlinear constitutive equation
modified from Maxwell linear constitutive equation is used to accurately reflect the time-varying and
viscoelastic behavior of the melt [20]. The expression is
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τ+ λ
∂τ
∂t

= η
( .
γ
) .
γ = K

(
−
∂v
∂r

)n

(A9)

where, λ is the relaxation time of the polymer.
Based on Assumption 1 and 3, the pressure gradient can be expressed by

∂p
∂z

=
∆p
L′

(A10)

where, L′ is the length of the fully developed flow region, ∆p is the pressure difference of two extremities
of the fully developed flow region. Since Region I (shown in Figure 2) is the upper end of the liquefier,
the material cannot completely melt into liquid and the melt does not fully flow here, thus the pressure
gradient is corrected by Bagley correction method. The corrected pressure gradient is given by

∂p
∂z

=
∆p

L + NB ·R
(A11)

where, NB is the revised factor of pressure gradient under the vibration field and R is the pipe radius of
Region I.

Substituting Equations (A5) and (A11) into Equation (A9) yields

r
2

∆p
L + NB ·R

+
ρr
2

Aω sinωt + λ
(ρr

2
Aω2 cosωt

)
= K

(
−
∂v
∂r

)n

(A12)

The velocity gradient can be obtained by

{ 1
K

[1
2

∆p
L + NB ·R

+
ρ

2
Aω sinωt +

ρ

2
λAω2 cosωt

]} 1
n
· r

1
n = −

∂v
∂r

(A13)

According to Assumption 6, v(R) = 0, substituting r = R into Equation (A13), the velocity can be
obtained by

v(r) =
{ 1

K

[1
2

∆p
L + NB ·R

+
ρ

2
Aω sinωt +

ρ

2
λAω2 cosωt

]} 1
n
·

n
1 + n

R
n+1

n ·

1− ( r
R

) n+1
n

 (A14)

The relationship between flow rate and velocity can be obtained by

dq = 2πrdrv(r) (A15)

Substituting Equation (A14) into (A15) and integrating Equation (A15), the flow expression can be
obtained by

Q = π ·
{ 1

K

[1
2

∆p
L + NB ·R

+
ρ

2
Aω sinωt +

ρ

2
λAω2 cosωt

]} 1
n
·

n
1 + 3n

R
3n+1

n (A16)

According to Equations (A4) and (A16), the velocity can be given by

Q
πR2 = v0 −A cosωt (A17)

Rearranging Equation (A17), the pressure drop can be obtained by

∆p1 =
[
K(v0 −A cosωt)n

·

(3n + 1
n

)n
· r1
−(n+1)

−
ρ

2
Aω sinωt−

ρ

2
λAω2 cosωt

]
· 2(L1 + NB ·R) (A18)
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Although PLA melt is a pseudoplastic fluid, it can be considered as a Newtonian fluid at zero
shear rate since the thermal effect can continuously regenerate the polymer chain [30]. As a Newtonian
fluid, the relationship between viscosity and temperature can be expressed by the Arrhenius equation,
which is shown below

H(T) = exp
(
E
(

1
T
−

1
TA

))
(A19)

where, E is the activation energy, T is the working temperature and TA is the reference temperature.
Combining Equations (A18) and (A19), the final expression of the pressure drop becomes

∆p1 =

K(v0 −A cosωt)n
·

(
3n+1

n

)n

r1
n+1

−
ρ

2
Aω sinωt− λ

ρ

2
Aω2 cosωt

 · 2(L1 + NB ·R) · exp
(
E
(

1
T
−

1
TA

))
(A20)

The pressure drop for Region II can be derived by discretizing the tapered regions into
differential cylindrical regions and summing the differential cylindrical regions. For Region III,
its expression of pressure drop is similar with that of Region I. Therefore, ∆p2 and ∆p3 are given by the
following equations:

∆p2 = 2
tan(α/2) ·

[
K(v0 −A cosωt)n

· r1
2n
·

(
3n+1

n

)n
·

1
3n ·

(
1

r23n −
1

r1
3n

)
·
ρ
2 Aω sinωt(r1 − r2) − λ ·

ρ
2 Aω2 cosωt(r1 − r2)

]
· exp

(
E
(

1
T −

1
TA

)) (A21)

∆p3 =

K(v0 −A cosωt)n
·

(
3n+1

n

)n
· r1

2n

r23n+1
−
ρ

2
Aω sinωt− λ

ρ

2
Aω2 cosωt

 · 2L2 · exp
(
E
(

1
T
−

1
TA

))
(A22)

Therefore, the total pressure drop inside the extrusion liquefier under vibration field is given by

∆P = ∆p1 + ∆p2 + ∆p3 (A23)
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