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1  Introduction

With the capability of plasticizing just the small amount 
of polymer melt required for micro parts, ultrasonic plas-
ticization is believed to be a promising alternative solution 
for micro injection molding (Giboz et al. 2007; Hu 2010; 
Michaeli and Kamps 2010; Michaeli et al. 2011; Michaeli 
and Opfermann 2006; Michaeli et  al. 2002; Zeng et  al. 
2014). As a new plasticizing concept for micro injection 
molding initially reported by Michaeli et  al. (2002) since 
2002, however, its research and development has been 
so slow that its first industrial prototype ultrasonic micro 
molding machine has not been demonstrated by Ultrasion® 
(Planellas et  al. 2014; Sacristán et  al. 2014) until 2010. 
The reason could be attributed to the complexity of the 
new ultrasonic plasticization process and the challenge of 
understanding the ultrasonic plasticizing mechanism.

It is believed that the ultrasonic plasticization of polymer 
relates the energy conversion from mechanical ultrasonic 
vibration to thermodynamic polymer plasticizing/melting. 
Based on Michaeli (Mano and Viana 2006; Michaeli et al. 
2011; Nonhof and Luiten 1996; Tolunay et al. 1983; Zhang 
et  al. 2010), the energy transformation during ultrasonic 
plasticization mainly depends on interfacial friction heating 
and volumetric or viscoelastic heating. Specifically, the lat-
eral movements between two granulates causes interfacial 
friction heating. While the damping of the oscillations by 
the polymer itself causes volumetric or viscoelastic heating 
as a results of the inner friction. Micro injection molding 
with ultrasonic plasticization have been extensively stud-
ied, concentrating on the chemical and physical properties 
of the molded part and the influence mechanism of the pro-
cess parameters such as the changes in ultrasonic amplitude 
and molding pressure (Michaeli and Kamps 2010; Michaeli 
et al. 2011; Michaeli and Opfermann 2006; Planellas et al. 

Abstract  With the capability of plasticizing just the small 
amount of polymer melt required for micro parts, ultrasonic 
plasticization is believed to be a promising alternative solu-
tion for micro injection molding. However, the heat genera-
tion mechanism during ultrasonic plasticization process has 
not been fully understood yet. In this paper, the research 
focus was put on the heat generation mechanism, specifi-
cally the interfacial friction heating mechanism. Experi-
mental and numerical schemes were designed and con-
ducted to understand the characteristics of the interfacial 
friction heating phenomenon and the influence mechanism 
of process parameters such as the ultrasonic amplitude 
and the applied plasticizing pressure. The results indicate 
that the interfacial friction heating of polymer granulates 
is a transient process with inhomogeneous temperature 
field around the interface. The interface could have a steep 
temperature increase up to polymers flow temperature in 
0.078 s in the case of polymethyl methacrylate granulates. 
The interfacial friction heating phenomenon occurs and 
lasts only until the interfaces disappear, meaning that it acts 
only at the initial stage of ultrasonic plasticizing process. 
The interfacial friction heating flow rate increases with 
increased ultrasonic amplitude. In comparison, the ultra-
sonic amplitude was confirmed to have more significant 
impact than the plasticizing pressure on the interfacial fric-
tion heating.

 *	 Bingyan Jiang 
	 jby@csu.edu.cn

1	 State Key Laboratory of High Performance Complex 
Manufacturing, Central South University, Lushan South 
Road 932, Changsha 410083, China

2	 Institute of Polymer Composites, Hamburg-Harburg 
University of Technology, Denickestrasse 15, 
21073 Hamburg, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s00542-016-2877-4&domain=pdf


1386	 Microsyst Technol (2017) 23:1385–1392

1 3

2014; Sacristán et  al. 2014). In the aspect of ultrasonic 
plasticizing mechanism, however, there are still open issues 
need to be addressed such as the effect of process param-
eters on the interfacial friction heating and the volumet-
ric or viscoelastic heating and how would the two heating 
effects interact and contribute to thermodynamic polymer 
plasticizing/melting.

Therefore, in this paper, the research focus was put on 
the interfacial friction heating in ultrasonic plasticization. 
Both experimental and numerical schemes were designed 
and tried out especially for interfacial friction heating. The 
temperature field of the interface between the polymer 
granulates was simulated and measured quantitatively. The 
influence mechanism of ultrasonic vibration amplitude and 
the applied plasticizing pressure on the interfacial friction 
heating was studied. The morphological evolution of poly-
mer granulates was observed and analyzed as well.

2 � Experimentation

2.1 � Materials

Polymethyl methacrylate (PMMA) bar with a diameter 
of 10 mm and granulates in elliptical like form were pur-
chased respectively for the interfacial friction heating and 

morphological evolution experiment. The material proper-
ties are as shown in Table 1.

2.2 � Ultrasonic plasticization system

Table 2 indicates the main technical data of the self-devel-
oped ultrasonic plasticization system which was used for 
the interfacial friction heating experiment.

2.3 � Methodology

It has been a great challenge to measure the temperature 
due to the interfacial friction heating during ultrasonic plas-
ticizing. Because the polymer granulates usually have an 
irregular elliptical like form with an average long axis of 
about 2–3 mm. The contact surface between two granulates 
is too small to effectively embed any type of temperature 
sensor. Therefore, an alternative solution, i.e. two PMMA 
cylinders contact with each other with an angular surface, 
was taken to simulate the tiny area of interfacial friction 
between two granulates, as shown in Fig. 1. This is feasible 
because the actual contact surface of granulates is nearly a 
tiny angular surface as a result of the elastic deformation 
under plasticizing pressure. The PMMA cylinder with an 
angular surface was cut from the PMMA bar using a laser 
cutter (Chuangming CM-1810T). The angular surface was 
polished by 500 grit sandpaper to avoid the influence of the 
surface roughness. For the initial trial, all PMMA cylinders 
were cut with the same angular surface with an angle of 
30°.

To accurate measure the interfacial temperature, a micro 
temperature sensor 5TC-TT-K-40-36 with a diameter of 
0.1  mm and a response time of 50  ms manufactured by 
Omega was clamped at the interface of the two PMMA cyl-
inder by the plasticizing pressure as shown in Fig.  1 left. 
The interfacial temperature was collected and processed 
with a self-developed data acquisition and processing sys-
tem under various ultrasonic vibration amplitude and plas-
ticizing pressure conditions.

To visually observe the morphological evolution under 
ultrasonic plasticizing, 0.5  g PMMA granulates were 

Table 1   Material properties of PMMA

Density 
(Kg/m3)

Heat conduc-
tion coef-
ficient (W)

Specific 
heat 
capacity 
(J/Kg·°C)

Glass 
transition 
tempera-
ture (°C)

E-modulus 
(GPa)

Poisson’s 
ratio

1166 0.18 1828 105 3.3 0.345

Table 2   Technical data of the ultrasonic plasticization system

Parameter Power (W) Frequency 
(kHz)

Amplitude 
(μm)

Pressure 
(MPa)

Value 0–500 20 0–30 0–30

Fig. 1   Schematic and experi-
mental setup for interfacial 
friction heating
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plasticized with various parameters using the experimen-
tal setup as shown in Fig. 2. The PMMA granulates were 
plasticized with a plasticizing pressure of 1.0  MPa under 
0.1–0.5  s plasticizing time which is exactly controlled by 
the ultrasonic generator. The characteristics of interfacial 
friction heating during ultrasonic plasticizing were quali-
tatively analyzed with VMS-1510G image measurement 
instrument.

3 � Modeling and simulation

3.1 � Fundamentals

Figure  3 illustrates a simplified ideal interfacial contact 
model of the polymer granulates, where 

−−→

Fn(t) and 
−−→

Fs(t) are 
respectively the normal and shear stresses, 

−−→

Vs(t) is the rela-
tive sliding velocity between two polymer granulates.

Based on dimensional analysis, the total amount of heat 
flow rate at the interface between two polymer granulates 
can be described as:

where τ(t) is the equivalent friction stress, t is the time. It 
is obvious that τ(t) has close relation with the stress field 
under ultrasonic vibration. While 

−−→

Vs(t) depends on the 
dynamic response of granulates under ultrasonic vibra-
tion. Both τ(t) and 

−−→

Vs(t) are function with time. Therefore, a 
thermal–structural coupling mode was chosen to calculate 
the temperature field of the interfacial friction heating.

3.2 � Assumptions

To simplify the problem and concentrate the interfacial 
friction heating, several assumptions were made as follows:

(1)q(t) = τ(t)× Vs(t)

1.	 The polymer granulates are ideal sphere particles and 
can be modeled with 2D planar mesh;

2.	 The ultrasonic horn and the plasticizing chamber were 
defined as rigid body and the polymer granulates were 
defined as elastic body considering the huge difference 
of the elastic modulus;

3.	 Interfacial friction between polymer granulates is dry 
friction type, the interfacial friction heating is mainly 
contributed by sliding friction;

Fig. 2   Ultrasonic plasticizing unit for micro injection molding Fig. 3   Simplified ideal interfacial friction heating model

Fig. 4   Finite element model for interfacial friction heating simula-
tion. a Initial position, b contact position
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4.	 The friction coefficient of polymer granulates stays 
constant and is not affected by the temperature and 
sliding velocity;

5.	 The elastic modulus of polymer materials stays con-
stant;

6.	 There is no thermal radiation and convection toward 
environment;

7.	 There is no morphological change of the polymer gran-
ulates, only the interfacial temperature lower than the 
flow temperature is considered.

3.3 � Finite element modeling

The commercial finite element analysis code ANSYS and 
its LS-DYNA solver were used for modeling and simu-
lation of the interfacial friction heating phenomenon. 
Figure 4 illustrates the finite element mesh of the thermal-
structural coupling model for interfacial friction heating 
simulation. The plasticizing chamber has a diameter of 
10 mm. Polymer granulates with a diameter of 2.5, 2.8 and 
3 mm were defined in order to simulate the complex stress 
field. The 2D element PLANE162 were taken to mesh the 
model with 4519 elements in total. The ultrasonic horn, the 
plasticizing chamber and the nine polymer granulates were 
defined as PART for loading and contact analysis.

The material of ultrasonic horn, plasticizing chamber 
and the polymer granulates were defined as TC4 titanium 
alloy, 7075 aluminum alloy and PMMA respectively. The 
contact type between polymer granulates were defined as 
ASS2D single surface contact. The friction coefficient 
between polymer granulates is defined as 0.4 according to 
Zhang et  al. (2010). After reaching the yield limit of the 
polymer, the contact stress is defined as constant and the 
friction stress remain its maximum because of the plastic 
nature of the contact between granulates. The viscous coef-
ficient VC in LS-DYNA was used to restrict the maximum 
friction force.

3.4 � Load and boundary conditions

The actual location of the polymer granulates and the ini-
tial contact surface between them can be varied by apply-
ing different plasticizing pressures. Hence a dynamic cal-
culation with applied pre-compaction was carried out to 
determine the location of the polymer granulates and the 
initial contact surfaces as shown in Fig. 5. The ultrasonic 
vibration was defined as a displacement of ultrasonic horn 
which is a function with time. The frequency and ampli-
tude of the displacement function were the corresponding 
ultrasonic vibration frequency and amplitude. As boundary 
conditions of dynamic analysis, the degree of freedom of 
the plasticizing chamber and the ultrasonic horn was con-
strained except the one of the ultrasonic horn translation in 
Y-direction. The interfacial friction heating under various 
plasticizing pressure and ultrasonic amplitude was calcu-
lated according to the experimental settings.

4 � Results and discussion

4.1 � Characteristics of interfacial friction heating

Figure  6 illustrates the simulated temperature field of 
interfacial friction heating in ultrasonic plasticizing. The 
ultrasonic plasticizing pressure, ultrasonic frequency and 
amplitude were defined as 6.4  MPa, 20  kHz and 30 μm 
respectively. The result indicates that the interfacial friction 
heating between polymer granulates is a transient process 
with extremely fast temperature increasing. The maxi-
mum temperature reaches 61.3 °C in 0.02 s and 160.8 °C 
in 0.078 s as shown in Fig. 6a, b. This transient interfacial 
friction heating in combination of the low heat conduction 
coefficient of polymer materials result in a temperature 
concentration in a limited small area around the interface 
between two granulates. The extremely fast temperature 

Fig. 5   Determination of the 
initial contact surface between 
polymer granulates. a 0.02 s, b 
0.078 s
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increasing may be attributed to the extremely strong sliding 
friction of the interface which could be related to the high 
movement velocity of the contact point. Figure 7 illustrates 
the movement track of a selected contact point in 0.01 s. It 
was found that the transient movement velocity of the con-
tact point is up to 3 m/s.

Figure 8 illustrates the morphology of PMMA granulate 
plasticized by 0.1  s ultrasonic vibration. Both the experi-
ment and simulation results demonstrates that the interfa-
cial friction heating is transient and there is a steep increase 
of interfacial temperature up to 160  °C which is the flow 
temperature of PMMA. The interface of PMMA granulates 
melts and decreases once the ultrasonic vibration starts 
and acts in an extremely short time. The extension of the 
ultrasonic plasticizing time to 0.2 and 0.5 s, the interface of 
PMMA granulates further melts and nearly disappears and 
the plasticized melts fills the gap among the PMMA gran-
ulates with the help of the plasticizing pressure as shown 
in Fig.  9. However, the main body of the PMMA granu-
lates stays still in glass form due to the low heat conduc-
tion coefficient and the limited heat conduction time. One 
of the necessary condition for interfacial friction heating is 
the existence of the interface between the polymer granu-
lates. As the interface between granulates melts and nearly 
disappears after 0.5 s ultrasonic plasticizing, the interfacial 
friction heating would almost stop working as well. It can 

thus be concluded that the interfacial friction heating is a 
transient process with extremely short period of action time 
and strong effect during ultrasonic plasticization process.

4.2 � Influence of ultrasonic amplitude on the interfacial 
friction heating

Figure  10 illustrates the influence of ultrasonic amplitude 
on the interfacial friction heating, where Fig. 10 left shows 
the calculated average heating rate and Fig. 10 right indi-
cates the experimentally measured temperature curve. Both 
the simulation and experimental results demonstrate the 
significant influence of ultrasonic amplitude on the inter-
facial friction heating. The average heating rate increases 
with increased ultrasonic amplitude. The increase of ultra-
sonic amplitude from 10 up to 30 μm leads to an increase 
of the average heating rate from 460.4 to 1687.5  °C/s, 
when polymer granulates were ultrasonic plasticized from 
30 to 160 °C. According to Eq. 1 (see Sect. 3.1), the heat 
flow rate of interfacial friction heating is related to the rela-
tive sliding rate and equivalent friction stress. Both of them 
increases with increased ultrasonic amplitude. Hence it is 
benefit to use a higher ultrasonic amplitude for increased 
ultrasonic plasticizing rate.

In fact, the experimentally measured temperature curve 
illustrates similar results that the slope of the temperature 
curve under 20 μm ultrasonic amplitude is much steeper 
than the one measured under 10 μm ultrasonic amplitude 
as shown in Fig. 10 right. For the measurement curve under 
20 μm ultrasonic amplitude, the fluctuation at about 0.9 
and 1.6 s may be attributed to the movement of the temper-
ature sensor because of the fierce interfacial friction. This 
becomes truly a problem for the plasticizing experiment 
with 30  μm ultrasonic amplitude. The temperature sen-
sor was damaged in several trial experiments and resulted 
no measurement curve in this case. By morphological 

Fig. 6   Simulated temperature field of interfacial friction heating

Fig. 7   Movement track of selected contact point in 0.01  s under 
ultrasonic vibration
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analysis, the cylinders with an angular interface plasticized 
under 0.5 and 1 s ultrasonic vibration was studied as shown 
in Fig. 11. Similarly as the granulate samples, the angular 
interface already melts locally in 0.5  s and nearly disap-
pears in 1 s, resulting a fusion bonded integral cylinder.

4.3 � Influence of plasticizing pressure on the interfacial 
friction heating

Figure  12 illustrates the influence of plasticizing pressure 
on the interfacial friction heating, where Fig.  12a shows 

Fig. 8   Morphology of PMMA granulates plasticized by 0.1 s ultrasonic vibration

Fig. 9   Morphology of PMMA 
granulates plasticized by 0.2 s 
(left) and 0.5 s (right) ultrasonic 
vibration

Fig. 10   Influence of ultrasonic amplitude on the interfacial friction heating: calculated average heating rate (left) and experimentally measured 
temperature curve (right)
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the calculated average heating rate and Fig. 10b indicates 
the experimentally measured temperature curve. The sim-
ulation results show that the calculated average heating 
rate increases with increased plasticizing pressure. The 
increase of plasticizing pressure from 200 N up to 800 N 
leads to an increase of the average heating rate from 804.2 
to 1187.5  °C/s, when polymer granulates were ultrasonic 
plasticized from 30 to 160 °C. The increment of the aver-
age heating rate is smaller in comparison with the case of 
increased ultrasonic amplitude. The increase of the aver-
age heating rate could be related to the increased equiva-
lent friction stress and the heating flow rate under increased 
plasticizing pressure.

For the experimentally measured temperature curve as 
shown in Fig.  12b, it is found that the interfacial friction 
heating is not the same influenced by the plasticizing pres-
sure as the simulation. Firstly, there is nearly no signifi-
cant effect of the plasticizing pressure on the temperature 
increment under 10  μm ultrasonic amplitude. Secondly, 
an opposite effect of plasticizing pressure can be observed 
in the case of 20 μm ultrasonic amplitude. Contrary to the 

simulated results, the increase of plasticizing pressure lead 
to a decreased average heating rate. This could be prob-
ably related to the different loading conditions between 
simulation (2–10  Mpa) and experiment (15–30  MPa). A 
higher plasticizing pressure setting in simulation results 
no convergence during calculation due to the highly non-
linear problem, which should be further addressed in the 
future. The over loading of the interface of the cylinder 
may impede the relative sliding velocity and attenuate the 
interfacial frication heating.

5 � Conclusion

With the development of micro injection molding the new 
ultrasonic plasticization technology has aroused increas-
ingly attention for its potential in plasticizing just the 
amount of polymer melt needed for the micro parts. To 
improve the understanding of the heat generation mecha-
nism during ultrasonic plasticization process, the interfacial 
friction heating phenomenon was studied both numerically 

Fig. 11   Interfacial morphol-
ogy of cylinder plasticized with 
30 μm ultrasonic amplitude

Fig. 12   Influence of plasticizing pressure on the interfacial friction heating: Calculated average heating rate (left) and experimentally measured 
temperature curve (right)
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and experimentally in this work. The characteristic of the 
interfacial friction heating and the influence mechanism of 
process parameters such as the ultrasonic amplitude and 
the applied plasticizing pressure on the interfacial fric-
tion heating were investigated. The results indicate that the 
interfacial friction heating of polymer granulates is a tran-
sient process with inhomogeneous temperature field around 
the interface. The interface could have a steep temperature 
increase up to polymers flow temperature in 0.078 s in the 
case of PMMA granulates. The interfacial friction heat-
ing phenomenon occurs and lasts only until the interfaces 
disappear, meaning that it acts only at the initial stage of 
ultrasonic plasticizing process. The interfacial friction heat-
ing flow rate increases with increased ultrasonic amplitude. 
In comparison, the ultrasonic amplitude were confirmed to 
have more significant impact than the plasticizing pressure 
on the interfacial friction heating.
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