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Abstract

Ultrasound injection molding has emerged as an alternative production route for the manufacturing of micro-scale polymeric
components, where it offers significant benefits over the conventional micro-injection molding process. In this work, the effects
of ultrasound melting on the mechanical and morphological properties of micro-polypropylene parts were characterized. The
ultrasound injection molding process was experimentally compared to the conventional micro-injection molding process using a
novel mold, which allows mounting on both machines and visualization of the melt flow for both molding processes. Direct
measurements of the flow front speed and temperature distributions were performed using both conventional and thermal high-
speed imaging techniques. The manufacturing of micro-tensile specimens allowed the comparison of the mechanical properties
of the parts obtained with the different processes. The results indicated that the ultrasound injection molding process could be an

efficient alternative to the conventional process.

Keywords Ultrasound injection molding - Micro-injection molding - Mechanical properties - Morphology - Flow visualization

1 Introduction

In micro-systems technology, polymer micro-components
have been attracting large attention for several applications,
such as micro-electronics, micro-mechanics, micro-optics,
and micro-biomedical devices [1-4]. However, the increasing
market trend needs to be sustained by the development of
effective manufacturing processes that could support their
mass production.

Micro-injection molding (uIM) is one of the most popular
manufacturing technologies used to produce thermoplastic mi-
cro-components, which typically have sub-100 mg masses and
dimensions or tolerances in the micro-meter range [5, 6]. The
process depends fundamentally on the molten polymer accurate-
ly replicating the mold geometry during the mold filling and
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cooling phases through a complex mechanism [7], which is de-
termined by the complicated relationship between material prop-
erties [8], processing conditions [9], and mold geometry [10].

Despite the significant improvements and the ongoing re-
search, the quality of uIM parts is still hindered by some
intrinsic process limitations. Lucchetta et al. investigated the
technological limits of (IM observing that the achievement of
optimum quality of the molded parts is still challenging, even
using state-of-the-art uIM process technology (i.e., rapid heat
cycle molding and cavity air evacuation) [11]. Indeed, the
uneven distribution of cavity pressure hindered the achieve-
ment of a complete and homogenous replication of a high
aspect ratio micro-structured surface. In fact, the filling phase
of the uIM process is characterized by highly shear-stressed
melt along the flow direction, which leads to anisotropy in the
properties of the final molded parts [12].

Moreover, the uIM process is significantly affected by com-
plex boundary conditions due to the marked thermal gradients
and the typically very small cavity thicknesses [13]. These con-
ditions affect the formation of the “skin-core” morphology and
are the cause for the nucleation and the formation of smaller and
more oriented crystalline structures within the molded parts [14].

In this context, some new process concepts have emerged
aiming at improving processing performances and the quality

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-018-2493-9&domain=pdf
mailto:davide.masato@phd.unipd.it

114

Int J Adv Manuf Technol (2018) 99:113-125

of the molded micro-parts. In particular, ultrasound injection
molding (usIM) was proposed due to the interesting benefits it
could yield compared to the conventional uIM process [15].

The usIM process is characterized by the use an ultrasound
horn for the melting of the polymer pellets [16]. The energetic
ultrasound waves are exploited to cyclically heat and deform
the polymer at ultrasound frequencies. The melting of the
polymer is then controlled by the friction heating at the contact
points between the pellets and by the viscoelastic heating gen-
erated by the damping of the ultrasonic oscillation within the
polymer itself [17, 18].

A conventional injection molding plastication unit typically
comprises of a reciprocating screw and a barrel with electrical
heaters. The energy required to heat a volume of material for a
single shot is relatively high due to heat losses to the environ-
ment and the heating of materials that will not contribute to the
manufactured components (including waste materials generat-
ed during purging and the heat required to bring the barrel and
screw to the set melt temperature) [15]. In ultrasound injection
molding, significantly lower energy is required for the melting
of the polymer due to the absence of electrical heaters and no
requirement to pre-heat the components of the machine.
Moreover, with ultrasound melting, there is no material resi-
dence time and consequent degradation, which is particularly
important for temperature-sensitive polymers. In addition, the
ultrasound melting energy is provided only to the pellets that
are in contact with the sonotrode; thus, for each molding cycle,
only the material required for the single shot is melted [16].

Other advantages of the usIM process include the reduction
of material wastage, which is particularly important for micro-
molding applications where the size of the parts can be signif-
icantly smaller than the runners and the polymers can be very
expensive (e.g., biomedical applications). Moreover, no purg-
ing is required for material changes and cleaning, hence re-
ducing the risk for cross-contamination.

The ultrasonic energy can also be sustained during the in-
jection phase in order to continuously provide heat to the
polymer during cavity filling and consequently reduce the
required injection pressure [19]. Moreover, the sprue acts as
an “energy director” that is able to orientate the ultrasonic
waves in the flow direction. The enhanced flowability of the
melt polymer can then be exploited to achieve higher molec-
ular chain relaxation and reduced residual stresses in compar-
ison with conventional uIM [20, 21].

Despite the significant advantages, the usIM has been poor-
ly investigated in the literature and it is still difficult to control.
Sacristan et al. investigated the effects of the ultrasonic vibra-
tion on the manufacturing of different parts using polylactide
[22]. They have reported that the process requires optimization
in order to control material degradation and to avoid incomplete
filling of the cavity. Grabalosa et al. successfully manufactured
some dumbbell-shaped polyamide tensile specimens observing
that the combination of vibration amplitude, applied pressure,
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and vibration time determines the amount of ultrasonic energy
that is transferred to the polymer pellets [23]. Moreover, they
reported that the effect of processing parameters is still un-
known and the optimization is complex as it can affect parts
filling, morphology, and mechanical properties.

The main process parameters are the amplitude of the vi-
bration, the sonicating time, and the applied force. Thus, com-
pared to uIM, process control for usIM can be significantly
different, indicating the necessity of improving the under-
standing of the process [24]. In this sense, Negre et al. inves-
tigated the effects of some process parameters, showing how
to approach process optimization (e.g., increased ultrasound
time and low injection speed improve the filling) and reporting
significant variability in filling length and parts weight [25].

In this work, the effect of ultrasound injection molding on
the mechanical properties of polypropylene micro-parts pro-
duced was investigated. A novel injection molding tool, which
allows the visualization of the melt flow through a sapphire
window, was used to produce micro-tensile samples using
both conventional and ultrasound injection molding. The pro-
cesses were analyzed and compared using both conventional
and infrared high-speed imaging in order to relate their filling
behavior and temperature distribution to parts’ mechanical
and morphological properties.

2 Materials and methods
2.1 Part design
The part considered in this study is a micro-tensile bar, which

dimensions were designed according to ISO 527-1 Type 5A
and scaled-down by a factor of 10 (Fig. 1). In the mold, the
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Fig. 1 Design of the molded micro-part. All dimensions are in
millimeters
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Table 1  Main properties of the polymer selected for the molding
experiments

Property Units Test method Value
Density g/em’ ISO 1183 0.93
MER (230 °C-2.16 kg) 2/10 min ISO 1133 12
Transition temperature °C ISO 6721 182

cavity was placed on the moving half, at the end of semi-
cylindrical cold runner (diameter 2 mm, length 16 mm long).

A commercial crystalline polypropylene-homopolymer
(INEOS PP GA12) was selected for the molding experiments.
The polymer is characterized by high flowability, high trans-
parency, good dimensional stability, and melt flow rate (MFR)
consistency, which makes it ideal for micro-molding applica-
tions. Table 1 reports the main properties of the selected
polymer.

2.2 Ultrasound injection molding

An ultrasound vertical molding machine (Sonorus 1G,
Ultrasion S.L.) was used for the usIM experiments. The ma-
chine is characterized by an ultrasound horn that is used to
melt the polymer by exploiting the energy transmitted to the
polymer through the ultrasonic vibrations. A digital ultra-
sound generator (Branson, S0DCXs30VRT) controls the am-
plitude and the duration of the vibration, with a frequency of
30 kHz and a maximum power of 1.5 kW. The piezoelectric
transducer is used to convert high-frequency electrical signals
into mechanical vibrations.

For each molding cycle, a predefined number of standard
polymer pellets are counted by a laser system and dosed into
the metering chamber (Fig. 2a). Then, the sonotrode, which is
fitted on the upper mold half, moves down to the injection

Sonotrode

Moving Plate

Fixed Plate

position (Fig. 2b). The injection is carried out by a vertical
plunger (8 mm diameter) fitted in the lower half of the mold,
which moves upwards pushing the polymer pellets towards
the vibrating ultrasound horn. The mechanical vibration melts
the polymer granules that are simultaneously injected into the
cavity (Fig. 2c). The ultrasonic vibration was sustained for the
whole duration of the injection phase.

2.3 Micro-injection molding

A state-of-the-art Wittmann Battenfeld, MicroPower 15 elec-
tric machine was used for the micro-injection molding (M)
experiments. The machine is characterized by the separation
of the metering and injection systems: the polymer pellets are
melted by the mechanical action of a 14-mm plasticizing
screw and electrical heaters, while injection is performed by
a separated 5-mm injection plunger. The maximum injection
speed is of 750 mm/s, to achieve a maximum injection pres-
sure of 2700 bar and a maximum shot size of 1 cm’.

2.4 Mold design

The mold assembly was designed, from a Hasco K-standard
modular system, to be mounted on both the usIM and puIM
machines. Minor modifications were only introduced to allow
coupling with the different injection units.

The mold was designed to allow the direct visualization of
the polymer melt flow during molding cycles on both ma-
chines. A sapphire window (diameter 26.5 mm, thickness
4 mm) was placed on the fixed mold half, as shown in
Fig. 3. A rectangular pocket was machined on the clamping
plate in order to fit a 45° tilted first surface gold mirror, which
was mounted and aligned with the center of the cavity.

g

Plunger

(2)

()

Fig. 2 Main phases of the usIM process. a Pellet feeding and compression. b Melting. ¢ Injection
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Fig. 3 Mold design, as mounted Insulating Layer

on the usIM machine, and
indication of its main components
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The mold temperature was set using four electrical car-
tridge heaters, placed in couples in the mold fixed and moving
halves together with a thermocouple.

2.5 Experimental approach

The analysis of the effects of ultrasound melting on the me-
chanical properties of micro-molded polypropylene parts was
approached by direct comparison with conventional uIM. The
main process parameters were set the same in the two exper-
imental setups, considering the literature, recommendations of
the material supplier, and technological limitations of the
machines:

*  Mold temperature: 80 °C

* Cooling time: 5 s

* Clamping force: 150 kN

e Set flow rates: 2500, 5000, and 10,000 mm>/s

In the usIM machine, for each cycle, seven pellets were
dosed into the metering chamber (8 mm diameter, 6 mm
length) before the beginning of the injection, which was per-
formed with an applied force of 700 N. The ultrasound vibra-
tion was controlled by setting an amplitude of 0.9 of the max-
imum (i.e., 10 pm) and a sonicating time of 3 s.

For the uIM process, the melt temperature was set to
220 °C and the shot size was fixed to the value of 1.2 mm.
The switch-over point was set at the 80% of the injection

Fig. 4 Procedure adopted for the 4
DSC thermal characterization of
the injection-molded samples 3
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Flow Front Position

Fig. 5 Edge detection of the flow front position on the acquired frame

pressure peak, while a packing pressure of 500 bar for 3 s was
applied.

For each one of the molding processes, ten parts were
molded with the same set of process parameters and then char-
acterized. In order to achieve adequate stability for both molding
processes, 20 molding cycles were performed before the collec-
tion of the first part. Then, for each molding technology, the
parts for the characterization were collected, one every 5 cycles.

2.6 Characterization of the molded parts
2.6.1 Mechanical properties

The mechanical behavior of the molded micro-parts was char-
acterized by means of uniaxial tensile tests at room tempera-
ture using a mechanical testing system (Biomomentum, Mach-
1™), equipped with a 25-N load cell. The molded samples
were fixed using custom grips and the tests were performed
with a tensile speed of 10 mm/min. Elastic modulus, stress at
break, and strain at break were taken into consideration for the
comparison of the mechanical properties of the samples
molded with the two different injection molding technologies.

2.6.2 Evaluation of crystallinity

The use of ultrasound to melt the polymer and the consequent
filling mechanism can affect the formation of crystalline
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structure within the solidifying polymer [26]. Thus, the
flow-induced crystallization of the molded micro-parts was
evaluated by means of differential scanning calorimetry
(DSC; TA Instruments, Discovery).

Thermal analysis was conducted on samples that were cut
from the gauge section of the molded micro-tensile speci-
mens. Thermal cycles were conducted with a rate of 10 °C/
min and by following a heating/cooling/heating procedure, as
shown in Fig. 4. Indeed, the molded polymer samples initially
present the morphological structure as induced by the process-
ing conditions. Upon the first heating ramp, the sample is
melted and in the next cooling and heating cycles, it crystal-
lizes at much lower heating rates, resulting in higher crystal-
linity. The crystallinity induced by injection molding process-
ing was evaluated as the ratio between the enthalpy of the first
and second heating cycles.

2.6.3 Morphological characterization

The effect of injection molding processing on the morphology
of the polymer parts was characterized using a modular small-
angle (SAXS) and wide-angle (WAXS) x-ray scattering sys-
tem (Anton-Paar, SAXSpace system). An additional hot-
pressed polypropylene (PP) sample was prepared to compare
the scattering results from usIM and pHIM experiments to those
from a zero-shear process.

An x-ray radiation with a wavelength 0.154 nm was gener-
ated at 50 kV and 1 mA. Sample-to-detector distances of 112
and 308 mm were used for WAXS and SAXS measurements,
respectively. Debye diffractions were recorded across the whole
thickness, twice at each position. Samples were rotated to ob-
tain a full 90° diffraction of the sample to overcome detector
limitation and the beam was fixed in the transverse direction
(TD) perpendicular to the flow direction (MD). Scattering data
were processed using Anton-Paar’s SAXSTreat software.
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Fig. 7 Weight of the micro-parts molded with both processes
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3 Flow visualization setup
3.1 High-speed imaging

The filling behavior in the usIM process was compared to that
of the uIM process by direct high-speed imaging of the melt
flow. The position of the advancing melt flow front was ob-
served during the processes using a NAC, Memrecam HX-6
camera and a compact telecentric lens (Edmund Optics,
Techspec®) with a magnification x 0.75 and a working dis-
tance of 110 mm. The polymer flow was illuminated using a
white light LED illuminator (SugarCUBE™, LED
[luminator) connected to a fiber optic light guide.

Frame rates of 20,000 and 5000 fps were adopted for the
pIM and usIM experiments, respectively. The frame size (i.e.,
field of view) was of 640 x 128 pixels and the resolution of
70 pixels/mm. For both processes, the recording was triggered
using a digital signal output from the machine that was syn-
chronous with the initial forward movement of the injection
plunger during injection, after the mold closed to the viewing
position.

The acquired image sequences were analyzed using
Labview 2013® (National Instruments). Specifically, the
“Edge detector” function, implemented in a National
Instruments Vision Assistant subVI, was used to automatical-
ly determine the coordinates of the flow front position for each
one of the acquired frames, as indicated in Fig. 5.

3.2 Thermal imaging

The temperature distribution during the filling phase was eval-
uated using thermal imaging of the melt flow. The thermal
analysis of the cavity filling was performed using a high-
speed, high-sensitivity infrared camera (FLIR, X6540SC).
The camera has 640 x 512 pixels focal plane array (FPA) de-
tector, operates in the spectral range of 1.5-5.1 um, and has
pixel pitch of 15 pm and aperture of f/3. Detector sensitivity at
25 °C (NETD) is smaller than 20 mK.

For the usIM experiments, frame size of 640 x 104 pixels
(9.60 x 1.56 mm), integration time of 50 us, and frame rate of
500 fps were used. A higher frame rate was adopted for the
uIM process, due to the faster melt flow velocity. For this
reason, the frame size was reduced to 640 x 8 pixels (through
the middle of the cavity) allowing to capture thermal data at
the frame rate of 2500 fps. The integration time was kept
unchanged at 50 us.

Polymer melts emit thermal radiation energy from their
core, both on their surface and subsurface. Thus, radiation
characteristics not only depend on cavity geometry (i.e., main-
ly thickness) but also on melt flow temperature distribution.
This makes the polymer semi-transparent in near- to mid-
infrared regions and interpretation of thermo-camera measure-
ments complicated. In this work, the measurement of polymer

Table 2 Results of DSC

characterization of the molded Melting 1 Melting 2 Melting 1/melting 2
micro-parts
Injection speed [mm/s]  Mean Val.  Std. Dev.  Mean Val.  Std. Dev.
uM 128 77 2 89 3 0.87
256 79 1 90 2 0.88
512 81 4 91 3 0.89
usIM 50 90 3 92 3 0.98
100 86 4 89 2 0.97
200 88 2 91 1 0.97
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Fig. 8 WAXS scattering patterns
for a hot-pressed PP, b usIM, ¢
uIM at 2500 mm?*/s, d) pIM at
5000 mm?/s, and e puIM at
10,000 mm*/s

(110) (040)(130)x

bw*hrent lamellae

(300)p

(c)

surface temperature was carried out by compounding the base
polypropylene with 4% (weight) of carbon black (CB) pig-
ment, which makes it opaque in the infrared region where the
thermo-camera has the highest sensitivity (i.e., 3-5 wm), as
suggested by Babenko et al. [27]. Conversely, temperature
measurements of unfilled PP during injection molding pro-
cessing were considered as volumetric/bulk values. Then,
the effects of ultrasound melting on temperature distribution
in the melt flow were compared to conventional uIM by set-
ting emissivity to 1 for both unfilled and CB filled PP.

Fig. 9 Fujiyama method to 30
determine lamellar branched
structure

- N N
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=

(a) (b)

e
(110) (040)(130)a

< Parent lamellae B o I
j+ Parent lamellae

" (3008
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4 Results of molded parts’ characterization
4.1 Mechanical properties

The mechanical properties of the molded micro-tensile
specimens were characterized and the effect of ultrasound
melting was evaluated by comparison with parts molded
by conventional uIM. Figure 6 shows the results of the
tensile strength tests, indicating that the overall mechanical
properties achieved with the usIM process are higher than

20 40 60 80
Azimuthal angle [°]
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Table 3 Relative a*

orientation values Sample [@*]110

calculated for the

different samples Hot-pressed 0.00
usIM 0.01
uIM 2500 mm>/s 0.24
uIM 5000 mm>/s 0.35
1M 10,000 mm>/s 0.48

those obtained by puIM. Specifically, the parts molded
using the usIM machine are characterized on average by
a higher value of the maximum tensile strength (+ 10%)
compared to the uIM samples. Similarly, the average value
of the strain at break was higher (+ 12%) for the samples
produced by usIM. The values of the elastic modulus were
of similar magnitude comparing the two injection molding
technologies.

All the evaluated tensile parameters resulted more dis-
persed for the parts molded with the usIM than those produced
by pIM, indicating lower consistency of their mechanical
properties. Moreover, no significant effect of the injection
speed was observed for both wIM and usIM.

Figure 7 shows mass values of molded parts, indicating
higher dispersion for usIM parts that led to higher vari-
ability of the mechanical properties. This is explained by
the lower repeatability and consistency of ultrasound
melting in comparison to conventional melting carried
out with a reciprocating screw. In general, melting and
filling behavior in usIM clearly affect the mechanical
properties of the micro-parts, thus indicating the need
for further clarification about the melting and filling
mechanisms.

(

Fig. 10 SAXS results of the tested samples for a hot-pressed PP, b usIM, ¢ uIM at 2500 mm>/s, d uIM at 5000 mm?*/s, and e pIM at 10,000 mm?>/s. MD
(flow direction) is vertical
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4.2 Crystallinity of the molded parts

Table 2 reports the results of the DSC characterization per-
formed on parts molded with the two different molding tech-
nologies. The results suggest higher crystallization in the
usIM parts that are characterized by higher melting enthalpy.
In fact, the ratio between the melting enthalpy, measured dur-
ing the first and second heating ramps, is higher for parts
molded using the ultrasound melting technology.

The higher level of crystallinity in the usIM samples sup-
ports the results of the mechanical characterization. Indeed, the
alignment of macromolecular chains in the crystalline struc-
ture increases the mechanical properties of the polymer and
thus the tensile resistance of the usIM molded samples [28].

4.3 Flow-induced crystallization

The morphology of the crystalline structured yielded by the
different injection molding technologies was analyzed by over-
laying WAXS 2D images for diffraction angles between 0° and
90°. Samples molded using usIM are characterized, for all
values of the injection speed, by isotropic scattering due to the
formation of spherulites, as shown in Fig. 8b. Similar scattering
behavior was observed for the hot-pressed samples (Fig. 8a),
which were obtained under zero-shear conditions. Conversely,
uIM samples exhibit anisotropic scattering (Fig. 8c—e) with
dominant reflections at plane positions (110), (040), and
(130), which are typical of «-crystalline phase. Additional dif-
fraction at position (300) indicates the formation of (3-phase.
Giving a broad azimuthal distribution to plane (110), scat-
tering diffraction in an equatorial direction represents “parent
lamellae,” which are crystals growing in the flow direction

e

(e)
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Fig. 11 Flow front tracking for 600

five repeated a micro-injection
molding and b ultrasound
injection molding experiments for
aset flow rate of 5000 mm?/s. The
curves in both plots represent
repetitions of experiments
performed with the same set of
process parameters with the two
processes

400

200

Position [pixel]

0 2
Time [ms]

()

(c-axis) [26]. Double intensity spots in the meridional di-
rection represent the “daughter lamellae,” which are
formed by “lamellar branching” propagation of the crystal
epitaxial growth along the a*-axis (i.e., perpendicular to
the c-axis). The growth in both directions was evaluated
considering the relative intensity of reflections in the (110)
plane and by applying the Fujiyama method [29]:

[a*]no:ﬁ (1)

where C is the area around the azimuthal angle of 0° and a*
the area around 90°, as shown in Fig. 9.

Table 3 reports the results of the morphological character-
ization for the molded micro-parts. The fraction a* was found
to be zero for the hot-pressed sample and 0.01 for the usIM
samples, indicating the absence of “lamellar branching.”
Marked growth of crystals (i.e., high values of a*) was ob-
served in the nIM samples where higher shear rates character-
ize the filling of the cavity.

Figure 10 shows SAXS images obtained from the charac-
terization of the different samples. Isotropic scattering in hot-
pressed and usIM samples confirm the absence of flow-
induced orientation in these samples. Moreover, for the usIM
parts, no significant effect of higher injection speed was ob-
served. SAXS analysis of uIM parts confirmed scattering dif-
fraction at plane (110) due to the formation of «-crystalline

Table4 Filling times obtained from the high-speed camera acquisitions
for the processes

Process Injection Filling time [ms]

speed [mmy/s]

Avg. Val.  Std. Dev.

Micro-injection molding 128 34 0.1

256 3.0 0.3

512 1.6 0.2
Ultrasound injection molding 50 57.5 9.6

100 76.0 16.0

200 70.0 12.0

600

g 400
=
&

= 200
[2}
o
o

0

4 0 20 40 60 80 100
Time [ms]
(b)

phase and meridional high-intensity tear drop spots (kebab
structure), which originates from the lamellae in the flow
direction (shish).

In general, the results of the morphological characterization
provide evidence of different filling mechanisms in the usIM
and puIM processes. In particular, the comparison of usIM
samples with those obtained by hot pressing confirms the very
low shear rates during filling. Conversely, higher flow-
induced crystallization and higher orientation of the crystal
characterize parts obtained by pIM, and this effect is increas-
ingly evident for higher pIM injection speed. When using
ultrasound melting, the effect of higher injection speed values
is not significant, indicating a possible interaction between the
melting and filling phases in the usIM process [30].

90
80

70 +
60 +

50
40
30

Filling Time [ms]

20

10

ol M | | e
2500 5000 10000
Flow Rate [mm?3/s]

B ulM OuslM

Fig. 12 Cavity filling times for both processes as a function of the
different set flow rates

@ Springer



122

Int J Adv Manuf Technol (2018) 99:113-125

Table 5 Results of edge detection analysis for the processes and
different values of the injection speed

Process Set flow Flow front speed [mm/s]

rate [mm°/s]

Avg. Val. Std. Dev.

Micro-injection molding 2500 2970 180

5000 3834 185

10,000 7346 705
Ultrasound injection molding 2500 259 35

5000 226 33

10,000 219 17

5 Results of flow visualization
5.1 Cavity filling times

The effect of ultrasound melting on the speed of the injected
polymer melt was evaluated by tracking the coordinates of the
advancing flow front from the moment it entered the cavity
until it reached its far end. Then, knowing the value of the
frame rate used for the acquisition, it was possible to link the
specific position to its specific time.

Figure 11 reports the results of the flow visualization anal-
ysis, showing different trends for the flow front position dur-
ing cavity filling in the two molding technologies. For the
puIM process (Fig. 11a), the filling of the tensile bar cavity is
characterized by changes of the speed (i.e., slope of the curve)
in the three main sections (gate tab, gauge length, and end
tab). Conversely, for the usIM process, no clear distinction is
observed between the speed of the polymer in the gauge
length and in the end tab (Fig. 11b).

160
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foss2222328008000000
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100

Temperature [°C]

85

70
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The results of the flow front position tracking analysis
allowed the evaluation of the filling time for both processes
and for the selected values of the injection speed. The times
required to fill the cavity are significantly higher for the usIM
process compared to nIM (Table 4). Moreover, the values of
the filling time calculated are more dispersed, indicating
smaller consistency of cavity filling when using ultrasound
melting.

5.2 Effect of the injection speed

The filling behavior of the melt polymer in the two processes
was also investigated as a function of the injection speed. The
effect of higher flow rate resulted in a decrease of the filling time
in the uIM process, while no significant variations were ob-
served for the usIM process (Fig. 12). In fact, in the uIM pro-
cess, the injection plunger exerts its action on a defined amount
of polymer, which was previously melted by the mechanical
action of a reciprocating screw and then maintained in isother-
mal conditions. Conversely, in the usIM process, the ultrasonic
vibration progressively melts the polymer while the injection
plunger moves upwards pushing the material to promote the
injection of the molten polymer into the cavity. In these condi-
tions, the injection plunger is acting on a polymer characterized
by inhomogeneous thermal and rheological properties. Hence,
in the usIM process, the melting and filling phases are simulta-
neous and they interact. Consequently, the filling time for the
usIM process is mainly controlled by the melting rate, which
depends on the ultrasound vibration characteristics.

The high-speed camera acquisitions were also used to de-
termine the actual values of the flow front speed during filling
of the cavity. The acquired image sequences were processed
using NI Vision Assistant only in the gauge section of the

4 5 6 7

Time [s]
=-5,000 mm”3/s

Fig. 13 Repeated acquisitions of temperature profiles during pIM cycles at different values of the injection speed

......... 10,000 mm”3/s
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cavity, which is characterized by a rectangular cross-section
(250 x 400 pm). The flow front speed of the injected polymer
was determined as the gradient of the advancing flow front
position over time and the actual volumetric flow rate was
then calculated.

Table 5 reports the calculated flow front speed for the poly-
mer flowing in the gauge length section of the cavity for both
processes. The results indicate that the tracked speed of the
polymer melt in the cavity is markedly higher for the uIM
process compared to the usIM. Moreover, for the latter, the
effect of changing the injection speed was confirmed to be
negligible.
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5.3 Melt flow temperature

The temperature of the polymer melt flow during the molding
cycle was characterized by means of high-speed thermal im-
aging, as shown in Fig. 13. Profiles acquired during the uIM
cycle are characterized by a steep growth of the temperature
during the filling phase and the maximum temperature was
acquired at the flow front. Moreover, temperature acquisitions
for uIM are characterized by high consistency for acquisitions
repeated at constant value of the injection speed.

Conversely, several temperature peaks were observed dur-
ing the usIM cycle due the different melting and injection
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Fig. 14 a Repeated acquisitions of temperature profiles during uIM cycles at different values of the injection speed and b comparison of temperature,

power, and force profiles
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Fig. 15 Peak temperatures for the 350
usIM and nIM processes
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mechanisms (Fig. 14a). Indeed, while the ultrasound vibration
is maintained (i.e., for 2 s), the polymer is progressively
melted and injected into the cavity, thus resulting in a temper-
ature distribution within the melt flow that is different from
that of conventional HIM. Specifically, heat convection from
the melt polymer flowing to the cavity lead to higher temper-
ature close to the injection location. Hence, heat is continu-
ously convected through the gate and the polymer is progres-
sively colder moving towards the flow front.

Figure 14b reports the temperature, the ultrasonic power,
and the force curves monitored for a single usIM cycle, com-
paring them with thermal frames. A correlation between the
ultrasonic power and the temperature of the polymer melt dur-
ing filling in the usIM was observed. Specifically, the first
material reaches the injection location (frame #1) just after
the first peak of in the ultrasound power profile. The filling
of the cavity is accompanied by repeated peaks of both tem-
perature and power, as shown in frames #2, #3, and #4. Since
the vibration and the force are maintained after the achieve-
ment of the complete filling of the mold cavity, further material
flows into the cavity and packing occurs (cf. frames #5 and #6).

Higher values of the injection speed resulted in higher tem-
perature for the uIM process, while no significant variation
was observed for the usIM process. Indeed, in the usIM pro-
cess, the filling of the cavity is controlled by the melting rate,
as discussed in Section 5.2.

Figure 15 reports the maximum values of temperature ac-
quired within the polymer during injection for the two differ-
ent molding technologies. When using ultrasound vibration to
melt the plastic granules, markedly higher temperature peaks
were observed. In fact, the heat convected during the progres-
sive melting and injection lead to higher temperature of the
polymer melt. Conversely, in pIM, the heat convected by the
advancing flow front is rapidly dissipated by conduction
through the mold surface.

@ Springer
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6 Conclusion

In this work, the ultrasound injection molding process was
experimentally compared to the conventional micro-injection
molding process. The molding of micro-tensile bars allowed
the characterization of the effect of ultrasound melting on the
mechanical properties of polypropylene micro-parts. A com-
prehensive characterization of the filling behavior of the two
processes was carried out by means of high-speed thermal and
conventional direct flow visualization.

The tensile properties of the molded micro-parts indicated
that the overall mechanical properties achieved with the usIM
process are not just comparable to those obtained with the
uIM, but offer significantly improved performance.
However, the smaller repeatability in the mechanical behavior
of the parts molded with usIM are due to the higher weight
variability.

The results of the tracking of the flow front positions
showed that uIM is characterized by a more consistent and
repeatable filling behavior compared to usIM. In particular,
in the conventional process, increasing the injection speed
resulted in significantly higher flow front speed, while the
usIM had no significant effect on increasing the flow rate.
This different response to the change of the set flow rate
can be reconducted to the different melting mechanisms. In
fact, compared to the conventional melting, which is car-
ried out with a reciprocating screw, the use of ultrasound
vibration leads to inhomogeneous thermal and rheological
conditions of the polymer melt.

Moreover, the ultrasound melting resulted in higher tem-
perature of the injected polymer melt due to the sustainment of
the ultrasound vibration during filling and packing phases.
Indeed, several temperature peaks were observed close to
the injection location and not on the flow front as in the con-
ventional pIM process.
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