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Abstract

We investigated the ejection/demolding of continuous production of injection molded Poly(Lactic Acid) tensile testing specimens
and analyzed the effect of 1 wt% Calcium-Stearate additive as demolding agent (sliding or mold release agent) on this process. We
demonstrated that the Poly(Lactic Acid) specimens could get stuck in the mold or even break during demolding during continuous
injection molding in a certain type of mold, which has a low draft angle and varying cavity width along the flow path. The standard
dumbbell-shaped tensile testing specimen is produced in such a mold. Demolding was rated with the use of a high-speed camera
into three categories (problem-free demolding / stuck, but demolded undamaged product / stuck and damaged product). Moreover,
the ejector force required to push the product out of the cavity was monitored over 30 continuous injection molding cycles. We also
investigated the effect of processing parameters, such as injection rate (screw speed), holding pressure, holding time, mold temperature,
melt temperature, backpressure, screw rotational speed, and pre-process drying (drying or not drying the pellets before injection

molding). We managed to avoid product breakage during demolding with the proper settings of certain process parameters and the use

of Calcium-Stearate, an effective demolding agent. This ensured problem-free demolding and thus continuous injection molding.
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1 Introduction

Nowadays, biopolymers are receiving more and more
attention. They are considered the eco-friendly versions
of "ordinary" plastics (crude oil-based and non-biode-
gradable), since biopolymers are renewable resource
based (bio-based) and inherently biodegradable. These
two exceptional properties allow biopolymer products to
be inserted into the life cycle of nature, since CO, from
the atmosphere is bound during the production of renew-
able resourced used to produce biopolymers [1].

One of the most promising biopolymers is Poly(Lactic
Acid) (PLA), of which around 400,000 tons are already
produced globally every year. Mass production started
in the 1990s, when the production of pure lactic acid
through fermentation of glucose extracted from agri-
cultural plants (maize, wheat, potato, rice, sugar beet,
etc.) was industrialized. Since then, the production and
the demand for PLA has been constantly expanding. It

is expected that the production of PLA pellets may reach
560,000 tons/year by 2025.

PLA can be produced by the polycondenzation of lactic
acid or more likely, the polymerization of the dimer of lactic
acid called lactide (the latter is a more favorable technology
due to the higher achievable molecular weight). Since two
stereoisomer lactic acid compounds exist, named L-lactic
acid and D-lactic acid, there are a total number of three dimers
named L-lactide, D-lactide and DL-lactide (meso lactide).
These are typically used to produce high molecular weight
PLA. Accordingly, PLA is not only one polymer, but can be
considered a whole co-polymer family, where D-lactic acid
and L-lactic acid co-monomer units are found in the polymer
backbone. The ratio of the co-monomers, or the D-lactide
content highly influences the properties of the final polymer
and it is used as a material parameter that characterizes the
given PLA grade in addition to molecular weight [2].
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PLA is a linear, aliphatic, thermoplastic polyes-
ter. It has high Young's modulus (~ 3.0-3.3 GPa), high
strength (~ 60—65 MPa) but a low heat deflection tem-
perature (around 50-55 °C) low strain (3—5 % strain at
break), low impact strength (3—5 kJ/m? notched Charpy
impact strength) and low shrinkage (0.1-0.5 %). Its glass
transition temperature is around 50-55°C depending on
D-Lactide content and molecular weight. It has a slow
crystallization rate because of its low crystallinity, which
is the reason for its low HDT [2-5].

Since PLA is a thermoplastic polymer, it can be pro-
cessed with wide range of thermoplastic processing tech-
nologies like injection molding, extrusion, compression
molding, bottle blowing, film blowing and 3D print-
ing (additive manufacturing). [3, 6]. Injection molding is
one of the most developed thermoplastic processing tech-
nologies, where products with high dimensional accu-
racy are made with short cycle times with a high level of
reproducibility. This is because each processing parame-
ter, like temperature, pressure, volume, and flow rate can
be precisely controlled [7]. A great deal of research has
been dedicated in the last two decades to improving PLA,
for example, improving its HDT through nucleation [8] or
stereocomplexation [9], improving its ductility through
plasticization [10, 11], blending [12, 13], orientation [14] or
improving its impact strength [15, 16], and tensile strength
through reinforcement with several types of fibers includ-
ing plant [17] and basalt fibers [18, 19]. At the same time,
the injection molding of PLA is little researched, espe-
cially the ejection process of PLA parts, although a contin-
uous series production is needed, free from human inter-
vention, for mass production.

Generally, during ejection or part removal, ejector pins
push the solidified part out of the mold cavity. The main
influencing factor of the ejection process determining ejec-
tion force is shrinkage and the coefficient of friction [20].

Shrinkage of the polymer part is the volume decrease
due to the melt being cooled down [21]. This is an inherent
feature of injection molding, meaning that shrinkage can
be decreased but cannot be totally eliminated. In the case
of a core-shell mold design, low shrinkage is desirable
for easy demolding (avoiding shrinking onto the mold),
while for cavity-like molds, high shrinkage is needed for
easy demolding (inducing shrinking out of the cavity).
Shrinkage is not isotropic due to the orientation and long-
chain molecular structure of polymers; in-flow (orienta-
tion-wise) shrinkage tends to be higher than cross-flow

shrinkage [22]. Shrinkage also is affected by both pro-
cessing conditions and the properties of the molded poly-
mer [23]. Injection pressure and holding pressure directly
affect the dimensions of the part through shrinkage, while
melt and mold temperature affect shrinkage indirectly,
since they affect melt viscosity and thus the pressure trans-
mission ability of the melt, which influences its ability to
replicate the topography of the mold. Each given poly-
mer has its own basic viscosity and shrinkage properties,
which are dependent on molecular weight, additive con-
tent (sliding agents, fillers and reinforcements affect vis-
cosity) or crystalline structure (amorphous or semi-crys-
talline). Semi-crystalline polymers tend to have higher
shrinkage than amorphous polymers.

The other main factor that influences ejection is the
coefficient of friction, which determines the forces that
develop between the polymer surface and the mold surface,
originating from the shrinkage of the polymer part onto the
mold. Friction is composed of three mechanisms [24]:

1. asperity deformation,

2. ploughing of the interface,

3. and adhesion.

Asperity and ploughing are related to dynamic friction,
while adhesion is related to static friction. If the surfaces
are theoretically perfectly smooth (R, surface roughness
is considered as zero) only adhesion remains, which could
develop even between the steel or aluminum of the mold
and the polymer product during solidification, if some
chemical affinity is present [25, 26]. This adhesion has
to be overcome during the ejection of the polymer part
by the force transmitted by the ejector pins. After that,
dynamic friction can still play a role since the edges of the
polymer part will still be in kinetic frictional contact with
the steel cavity, along the thickness of the part if the mold
was designed with a low draft angle. Additionally, fric-
tion is affected by mold properties as well, which include
mold material (steel or additive manufactured epoxy-
based polymer) or mold design like surface finish (sur-
face roughness), draft angle, as well as the number and
location of ejector pins. Since the polymer melt tends to
replicate mold texture, increasing roughness complicates
ejection, while increasing draft angle makes ejection eas-
ier. In the plastic industry, demolding agents, or sliding or
mold release agents in other words, like magnesium-stea-
rate, calcium-stearate or lithium-stearate are usually used
to decrease the coefficient of friction (and thus wear) as



well as melt viscosity, and thus to ensure easier demold-
ing, since the demolding agents, as low molecular weight
materials, migrate to the surface of the polymer [27].

Nevertheless, if the ejection process is in any way dis-
turbed, continuous production may stop, which results
in high additional production costs. This can be caused
by the part sticking on the wrong mold half (stationary),
which is in most cases, the result of bad main ejector pin
design (need for undercutting). Another problem — which
is the main focus of this paper — is that even when the part
stays in the moveable mold half, where it should, when
the ejector pins start moving forward, the part may get
stuck because its movement is not perfectly aligned, par-
allel movement. This could happen in cavity-like molds
with varying cavity width along the flow path, since
in-flow shrinkage may develop tension on the wall of the
mold cavity in parts with varying cavity width, causing
the product to get stuck. Such a mold is the mold for the
ISO standard dumbbell-shaped ("dog bone") tensile spec-
imen [28], where the 20 mm width narrows to 10 mm and
widens up again to 20 mm along the flow path.

Since PLA generally has very low shrinkage, around
0.1-0.3 %, and high modulus and weak impact properties,
demolding PLA products is difficult [3, 29]. Moreover,
the ejection of PLA products injection molded into molds
designed with varying cavity width along the flow path
can also go wrong due to the tendency of PLA to stick into
the mold. This can even lead to part breakage during ejec-
tion and the interruption of series production. We demon-
strated this type of ejection defect during the series pro-
duction of injection molded PLA tensile specimens, and
investigated how ejection is affected by the processing
parameters. Finally, we examined how a demolding agent
affects this ejection defect and the properties of PLA.
Although demolding agents are often used in the series
injection molding of plastics, we have not found a single
paper in the literature focusing on the injection molding of
demolding agent-filled PLA.

2 Experimental

We used 3100HP PLLA from NatureWorks (USA). The PLA
had a density of 1.24 g/cm?, a glass transition temperature of
50 °C, a crystal melting range of 165-180 °C, a Melt Flow
Index (MFTI) of 24 g/10 min (at 210 °C, 2.16 kg) and a mold-
ing linear shrinkage of 0.2—0.4 %. The demolding agent cal-
cium-stearate (Ca-ST) was supplied by Molar Chemicals
Ltd. (Hungary). Prior to processing, we dried the PLA in a
hot air dryer at 85 °C for 8 hours to remove residual mois-
ture, which could induce hydrolysis during processing.
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A twin-screw extruder type LabTech LTE 26-44 was
used equipped with a 26 mm diameter screw and an L/D
ratio of 44 to add 1 wt% Ca-ST to PLA and compound
them. The temperatures of the barrel temperature zones
were 190-185-180—175—170 °C (from die to hopper), and
screw rotation rate was 10 1/min. The extrudate was pellet-
ized and re-dried (crystallized) at 85 °C for 8 hours prior to
further processing. MFI was measured for both neat PLA,
extruded pure PLA (so that they had the same thermal his-
tory as Ca-ST filled PLA) and Ca-ST filled PLA at 190 °C
and a load of 2.16 kg. Then ISO 527-2/1A standard [28] ten-
sile test specimens were injection molded (Fig. 1).

This type of mold was chosen since it has a mold cav-
ity design with varying widths along the flow path, which
could be problematic, as discussed in the introduction.

The following method was used:

* Initial cleaning of the mold cavity with acetone and

spraying it with a mold release spray (type Lusin
Alro LL 261) before starting series production,

+ Starting continuous injection molding with a certain

set of processing parameters,

» Monitoring the force required by the ejector pins to

push the product from the mold cavity in each cycle,

» Rating the nature of demolding in each cycle (prob-

lem-free demolding / stuck, but demolded undam-
aged product / stuck and damaged product), with a
high-speed camera (Keyence VW-9000),
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Fig. 1 Dimensions of ISO 527-2/1A standard tensile
test specimen indicating the location of the ejector
pins [28]
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* Monitoring injection pressure and measuring speci-
men length for the calculation of shrinkage and mass
for volume fill analysis.

After 30 cycles, series production was stopped, a new
set of processing parameters were set, the mold cavity
was cleaned with acetone and sprayed again with mold
release spray and the process was started again. Both pure
PLA and CaST filled PLA were investigated as well as
injection rate (screw speed) (10-90 cm?¥/s), holding pres-
sure (25-800 bar), holding time (10-30 s), mold tempera-
ture (20—40 °C), melt temperature (190-210 °C), backpres-
sure (1050 bar), screw rotational speed (5-30 m/min), and
pre-process drying (yes/no). The specimens were injection
molded with an Arburg Allrounder Advance 270S 400-170
injection molding machine with 30 mm diameter screw.
The basic setup was the following: 25 °C mold temperature,
190-185-180-175-170 °C barrel temperature zones (from
nozzle to hopper), 50 cm®/s injection rate, 600 bar hold-
ing pressure, 20 s holding time, 15 m/min screw rotational
speed, 30 bar backpressure and 30 mm/s ejector pin speed.

We also examined the properties of the pure PLA and
Ca-ST filled PLA specimens (produced only using the basic
injection molding parameter setup) by Differential Scanning
Calorimetry (DSC), tensile testing and Charpy impact test-
ing. DSC was performed with a TA Instruments Q2000
calorimeter. 4—6 mg samples were tested with nitrogen as
purge gas at 50 ml/min. In non-isothermal mode from 0 °C
to 200 °C and with a heating and cooling rate of 5 °C/min,
we determined the glass transition temperature (T, the
cold crystallization temperature (T ), the enthalpy of cold
crystallization (AH_ ), the melting temperature (T ), and the
enthalpy of fusion (AH_) of the samples from the heating
scan, and the crystallization temperature (T ), and enthalpy
of crystallization (AH,) from the cooling scan. Crystallinity
was calculated from the first heating scan of the injection
molded specimens with Eq. (1):

_AH, -AH 1)

X =.100[%],

f

where X [%] is the calculated crystallinity, AH_ [J/g] and
AH__[J/g] are the enthalpy of fusion and the enthalpy of cold
crystallization, respectively, while AH_ [J/g] is the enthalpy
of fusion for 100 % crystalline PLA (93.0 J/g) [30]. Tensile
tests were performed with a Zwick Z020 universal ten-
sile testing machine equipped with a Zwick BZ 020/TN2S
force measuring cell with a force limit of 20 kN. Crosshead
speed was 5 mm/min, and initial cross head distance was

115 mm. The Charpy impact tests were performed on 2 mm
deep "V" notched samples with a Ceast Resil Impactor
impact testing machine equipped with a 2 J impact energy
hammer and a DAS8000 data collector unit. In both tests,
6 specimens each were tested at room temperature. The
heat deflection temperature was measured with a Ceast
HV3 type HDT equipment, according to the ISO 75-1:2020
standard [31]. HDT B type tests were carried out in flatwise
mode with a loading stress of 0.45 MPa, a heating rate of
2 °C/min (120 °C/hour) and a span length of 64 mm. 3 par-
allel specimens were investigates.

3 Results and discussion
First, the MFI of pure PLA, extruded PLA (with the same
thermal history as compounded PLA) and compounded PLA
with 1 wt% Ca-ST was measured. The MFI of pure PLA,
extruded PLA and Ca-ST filled PLA were 9.6 + 1.2 g/10 min,
13.7 £ 0.8 g/10 min and 25.3 + 1.8 g/10 min, respectively. It
is evident that extrusion slightly increased the MFI of pure
PLA, which is the sign of a minor molecular weight loss
during processing, while Ca-ST filled PLA had the high-
est MFL, as Ca-ST improves sliding and decreases viscos-
ity. Using 1 wt% of Ca-ST almost doubled the MFI value of
extruded PLA. Both PLA and Ca-ST filled PLA were injec-
tion molded into tensile specimens and DSC scans were per-
formed to determine the effect of Ca-ST on PLA (Fig. 2).
For pure PLA, Tg, T, T and T were found to be 56.0 °C,
94.8 °C, 176.0 °C and 105.3 °C, respectively. In the case
of Ca-ST filled PLA, there was no change in Tg, but T
decreased by 7.8 °C and T, increased by 3.3 °C, which indi-
cates an increased crystallization rate due to the increased
molecular chain mobility that the Ca-ST induced. This
means that Ca-ST had a slight nucleation effect on PLA.
Accordingly, the crystallinity of pure PLA molded spec-
imens was found to be 21.3 %, while the Ca-ST filled
PLA molded specimen had a slightly increased crystallin-
ity of 23.4 %. The difference is practically minor, due to
the fact that even though Ca-ST enhanced the crystalliza-
tion rate of PLA, during processing, a 15-30 °C cold mold
is generally used (to quickly cool the product below Tg),
which retards crystallization. In the next step, we injection
molded pure PLA and Ca-ST filled PLA into the tensile
specimen mold, to qualify the ejection process and deter-
mine the ejector force required for demolding (Fig. 3).
After the initial ejector force value of 0.6 kN, it monot-
onously increased up to the 2.6-2.8 kN range, due to the
gradually vanishing mold release spray from cycle to
cycle. During these 20 investigated cycles, the quality of
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Fig. 3 Ejector force as a function of cycle number for PLA and Ca-ST
filled PLA. Product breakage occurs above the cycle number of 14 for
PLA, while there was no product breakage with Ca-ST filled PLA

demolding changed from perfect demolding (cycles 1-5)
to the second stage, when the product stuck into the mold
but was demolded undamaged (cycles 6—12) and finally to
the third stage, when the product stuck into the mold and
was eventually broken during demolding (cycles 13-20).

product gets stuck, but
demolded intact

product gets stuck and
damaged during
demolding

Fig. 4 The ejection process and its three outcomes: problem-free
demolding (undamaged product) / stuck, but demolded, undamaged
product / stuck and damaged (broken) product
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The reason for this kind of behaviour during ejection
is that in such molds, a tension develops in the solidified
product against the parts of the steel cavity where cavity
width changes along the flow path (Fig. 5). This ejection
defect can be decreased if the ejector pins are positioned at
the points where cavity width changes.

Additionally, the sticking of PLA to the steel mold can
also be due to a potential chemical affinity between lactic
acid (either the monomer content of PLA or which devel-
ops during processing) and the Fe,O, oxide layer of the
steel mold. Moreover, lactic acid may also corrode or even
dissolve steel, which increases surface roughness.

When PLA was filled with Ca-ST, the initial ejector
force was higher (1.4 kN) than in the case of pure PLA.
This may be related to the decreased viscosity and thus the
higher level of filling of the mold cavity at the same hold-
ing pressure. This is represented by the mass of the spec-
imens, since the mass of the specimens made from pure
PLA was 11.93 = 0.02 g, while the mass of the specimens
made from Ca-ST filled PLA increased to 11.97 + 0.03 g.
Also, the injection molding of Ca-ST filled PLA resulted
in undamaged products with much lower tendency to get
stuck into the mold, which was shown by the ejector force,
which levelled off at lower value (2.1 kN). Also, no speci-
mens broke during demolding.

Then, we analyzed the effect of injection molding pro-
cessing parameters (Figs. 6 and 7). We only highlighted
the curve of those processing parameters which had a sig-
nificant effect on the ejector force.

As can be observed, low injection rate, low holding
pressure, low holding time and low screw rotational speed
decreased ejector force and thus eased demolding, while
high holding pressure, and high mold and melt tempera-
tures and using undried pellets made demolding more prob-
lematic. On the contrary, back pressure had no significant
effect on the quality of demolding. All the above-mentioned
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parameters affected products mass (due to the level of mold
cavity filling) and product length (due to shrinkage) and a
direct correlation could be found between ejector force and
the above-mentioned two product characteristics (Fig. 8).

Since high holding pressure as well as high mold and
melt temperature were the processing parameters that
increased ejector force and the tendency for the specimen
to get stuck into the mold and break during demolding, the
effect of Ca-ST was investigated with the use of these pro-
cessing parameters (Fig. 9).

As can be seen, Ca-ST was effective in decreasing
ejector force (and thus easing demolding) in the case of
high mold and melt temperatures, but it increased ejector
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Fig. 9 The effect of mold temperature (40 °C), melt temperature (230 °C)
and holding pressure (800 bar) on the ejector force for pure and Ca-ST
filled PLA. Product breakage occurs above cycle number 19 (high mold
temperature), 12 (high melt temperature) and 15 (high holding pressure),
while there was no product breakage when using Ca-ST filled PLA with
either processing parameter. Maximum standard deviation was 0.3 kN

force when high holding pressure was applied. The latter
could be explained by the fact that Ca-ST decreased vis-
cosity and thus high holding pressure increased the level
of mold cavity filling and thus product mass even more.
Nevertheless, in all these cases, the breakage of injection
molded products could be fully avoided by using Ca-ST,
while without using Ca-ST and careful attention to the
above-mentioned processing parameters, specimens broke
12—19 cycles after starting continuous production.

Finally, we investigated the mechanical properties and
HDT of pure PLA and Ca-ST filled PLA (Table 1).

Ca-ST had a minor embrittlement effect, decreasing
strength, elongation, work of fracture and impact strength,
thus although it had a positive effect on demolding, it is not
recommended to use in PLA in higher amounts.
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Table 1 Mechanical properties and HDT of pure and Ca-ST filled PLA

Property PLA Ca-ST filled PLA
Tensile strength [MPa] 66.7+1.8 62.5+ 1.6
Tensile modulus [MPa] 3420 + 18 3410 + 25
Elongation at break [%)] 3.5+0.6 2704
Work of fracture [J] 73+ 1.1 4.8+0.9
Charpy impact srength Me0s 22200
Heat deflection temperature [°C] 544+04 53.6+0.3

4 Conclusion

We investigated the ejection process of continuous pro-
duction of injection molded Poly(Lactic Acid) (PLA)
tensile specimens. We analyzed the effect of processing
parameters, as well as the effect of the demolding agent
Calcium-Stearate (Ca-ST). We found that injection molded
ISO 527-2/1A standard [28] PLA tensile test specimens
may get stuck or even break during demolding, since this
mold design has varying cavity width along the flow path.
Accordingly, tension on the wall of the mold cavity may
develop where cavity width changes, causing the product
to get stuck. Moreover, there might also be chemical affin-
ity between lactic acid and the Fe,O, oxide layer of the
steel mold, and lactic acid may corrode or dissolve steel
in the long term, which increases surface roughness. All
these factors promote the sticking of PLA to steel molds.
We demonstrated that for pure PLA specimens, the ejector
force monotonously increased from cycle to cycle (after
initial cleaning and spraying the mold with mold release)
and the quality of demolding changed from undamaged
product to stuck and damaged (broken) product. Ca-ST
prevented this and resulted in undamaged products with
much lower tendency to get stuck into the mold, which
was represented by reduced ejector force. We also inves-
tigated the effect of processing parameters and found that
high holding pressure as well as high mold and melt tem-
perature increase the tendency for PLA products to get
stuck into the mold, while Ca-ST was again found effec-
tive and undamaged products were injection molded even
with these processing setups. We also found that 1 wt%
Ca-ST had a minor nucleating effect (+ 2.1 % crystallin-
ity), but it also had some embrittlement effect on PLA.
Finally, we demonstrated that Ca-ST could be effectively
used as a demolding (mold release) agent to achieve contin-
uous injection molding series production of PLA products,
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while the chemical effect of lactic acid on the steel mold
still has to be investigated.
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