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ABSTRACT: The development and manufacturing of ejection systi injection mouldccar be a comple:
task, particularly when the parts have long ejecpaths. During the injection of tubular- or boxaph parts,
the shrinkage is constrained by the mould. The dings shrink against the core, inserts or pinss,tduring
ejection, it will be necessary to overcome thetisital forces resulting from the shrinkage. Undamnging the
ejection forces could be a useful contributionmigiove ejection systems designs and guaranteértietusal
integrity of the mouldings. This information coldé even more useful in the processing of thin-wdgtiarts
which are more prone to damage during ejectiorttibrial forces could be decreased by using spewifat-
ings in the mould core and by optimization of tmegessing parameters. This study describes thefu3eC
and WS coatings and the effect of mould temperature i@ d¢pection forces of tubular mouldings in
poly(lactic acid) (PLA) and polystyrene (PS). Thadses were based on tubular cup shaped mouldB@s (
mm diameter, 60 mm length, 0.5 mm thickness an8l 9Baft angle).

Keywords: Injection moulding, Thin-walled, PLA, Ejection fags, Mould coatings

1 INTRODUCTION thin-walled parts (thickness <1mm) as it allows ma-
terial savings and reduction of production time
Recent environmental and economic concerns influiSantos et al. 2013; Weiss 2000).
enced some plastics packaging companies to imple- The reduction of part thickness allows bigger
ment a more environmental friendly policy. Thusproductivity and material savings but makes the
they introduced new short life products made of biomouldings more fragile. Part productivity can be ad
degradable and renewable raw materials, such astionally improved by the increase of ejection tem
poly(lactic acid) (PLA). perature, minimizing the cooling time. As ejection
Because of its great flexibility and productivity, forces result from the surface interaction between
injection moulding is one of the most widely usedthe mould core and the polymer at the ejection tem-
technologies to produce plastics parts for the paclkperature, increasing the ejection temperature could
aging industry. However, the large amount of procimake difficult the ejection of the part as at highe
essing parameters makes obtaining great qualitemperatures the moulding have poor mechanical

parts a very complex process. properties and can stick to the mould surface
One important characteristic in injection mould-(Pouzada et al. 2006).
ing is the mould design, particularly the ejectsys- This study was undertaken to understand the be-

tem. An incorrect ejection system may increase thbaviour and limitations of moulding materials dgyin
ejection forces causing deformation, marks, or evethe ejection stage, hence providing helpful informa
cracking of the parts (Chen & Hwang 2013; Pontesion to mould designers and part manufacturers-lead
& Pouzada 2004). The ejection system has a relevaimg them to build better ejection systems to préven
importance in the injection of parts with long ejec defects and breakage of the parts.
tion paths, low draft angles and in the injectidn o
box or tubular shaped parts were the shrinkage is
constrained by the mould core (Pontes & Pouzad2a INJECTION MOULDING EJECTION FORCES
2004; Pontes 2002; Pouzada et al. 2006).

In the search for environmental and economidn injection moulding the ejection phase of a part
benefits one solution is the injection moulding ofbegins after the polymer solidifies and gains tigid
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to be ejected. As polymers solidify they shrink in- Chen et al (Chen & Hwang 2013) besides report-
side the mould, and in the case of box or tubulaing a three-linear-line increase of ejection foraes
shaped parts the shrinkage is constrained by thmontinuous experiments have also reported an in-
mould. As shrinkage happens against the mould cor@ease of the ejection force with the injection tem
or inserts, the ejection of a part will only happenperature in three TPU grades. However studies of
once the frictional and adhesion forces between theontes et al (Pontes & Pouzada 2004) on the influ-
polymer and the mould core are exceeded (Chen &nce of the injection temperature suggest an opti-
Hwang 2012; Pontes & Pouzada 2004; Pouzada etum point that minimizes the ejection force. This
al. 2006). Besides moulding shrinkage, the effibehaviour may result from the simultaneous combi-
ciency of the ejection also depends on the surfaceation between the decreased shrinkage due to the
roughness, draft angles, ejection path length, thmcreased pressure transmission during the holding
properties of the moulding material at the ejectiorphase, and the increased coefficient of frictioa th
temperatures, the partial vacuum between théhe better filling of the grooves and undulation
moulding and the mould core and the processin@Pontes & Pouzada 2004).
conditions (Hopkinson & Dickens 1999; Pontes & Pontes et al (Pontes & Pouzada 2004) also sug-
Pouzada 2004; Pouzada et al. 2006). gested that ejection forces tend to decrease with
Reducing the mould core surface roughness bkiigher holding phase pressures. This effect results
high polishing techniques is the usual approach t&rom the decreasing diametrical shrinkage thatdead
decrease the ejection forces. This technique shows a lower contact pressure.
good results since the static coefficient of foatiin The injection pressure also influences the ejection
the part/mould interface is decreased (Chen &orce and is usually towards the increased ejection
Hwang 2012; Chen & Hwang 2013; Pouzada et afforces with the rising injection pressure, as itswa
2006). However, as shown by Sasaki et al (Sasaki etported by Sasaki et al (Sasaki et al. 2000).
al. 2000), with surface roughness at the manometer The mould wall temperature also has a significant
level there is a great increase of the ejectione®r influence on the ejection forces, generally in the
This increment of the ejection forces is derivearir  sense of their decreasing with the rising tempegatu
the increase of the real contact area between thecreasing part ejection temperature is responsible
moulding material and the mould core, increasindor this effect since there is a reduction of thestc
the adhesion force. modulus and diametrical shrinkage at ejection, both
The use of mould release agents can be a soluti@ontributing to reducing the ejection force (Por&es
when the adhesion force increases. However, usingRouzada 2004).
mould release agent into the resin may cause unsta-
ble product quality or poorer mechanical properties
The mould release agent can also be applied ieto tt8 EXPERIMENTAL WORK
mould surface, but this only leads to a temporary s
lution and if not uniformly applied undesirablewlo
marks may appear in the moulding (Chen & Hwan
2013). The materials used in this study were a biodegrad-
The use of mould coatings have been studied asable thermoplastic PLA Ingeo™ 3251D from
possibility to make a more permanent solution to reNatureWorks LLC® and a traditionally used poly-
duce the friction and adhesion coefficients in thestyrene (PS) Edistir® N 1910 from Eni Versalis.
mould/part interface (Chen & Hwang 2012; Cunha The PLA Ingeo™ 3251D is a semicrystalline
et al. 2002; Dearnley 1999; Sasaki et al. 2000). Niresin with a MFI of 80 g/10min (210 °C/2.16
tride coatings, such as CrN or TiN, besides reducinkg).This grade is specifically designed for injeati
the ejection forces also allows better wear andoeor moulding applications and its great melt flowalilit
sion resistance to the steel mould. Sasaki et allows an easier moulding of thin-walled parts. PLA
(Sasaki et al. 2000) also reported ejection forees also provides both clear and opaque parts that re-
duction with carbon based coatings (WC/C andjuire high gloss, UV resistance and stiffness. &€hes
DLC) in the processing of PP and PET. properties make PLA suitable for rigid packaging
Shrinkage and surface finishing of a moulding argarts such as containers and tableware.
a complex function derived from the inter- The PS Edistir N 1910 is an amorphous polymer
connection between the different processing parameavith MFI of 27 g/10min (200 °C/5 kg) and improved
ters (Cunha et al. 2003; Osswald et al. 2002). &her stiffness. Main applications include cups, packggin
fore, besides mould surface roughness, the ejectiamontainers for food and cosmetics, toys and medical
forces are also influenced by the injection mouwddin articles.
process parameters, such as injection and mould
wall temperatures, injection pressure, holding phas
pressure and time and obviously the polymer ther-
mal and physical properties.

g3.1 Raw materials
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3.2 Equipment inside the mould and allow mould opening. Still all

This study was realized using a tubular mouldin he mouldings were approximately the same volume
with a bottom (cup) with 60 mm diameter, 60 mmaS the injection filling control was a gradual pes
length, 0.5 mm thickness and draft angle of 0.35 4ntil reaching the minimum injection volume that al

The impression was defined by two steel insertéowsacomplete filling of the mould print.

(core and cavity) and the moulding ejection forces egl?nIena:]seurr:(;l(]Al,é)tlfltzrftglrarrrlgézr:si%f thfhgnggﬂg?esrs
were studied on both uncoated and coated insert¥. P 9-

The coatings used were a diamond like carbon h))/_vere measured by taking 4 points in a DCC machine

drogenated and doped with tungsten (DLC) and at the same reference distqnze/eéctor). Diameters
tungsten disulphide doped with carbon NS were recorded at dlffe_rent_ distances from the mould
Mouldings ejection was performed using an ejec-Ing bottom, as shown in Figure 2.

tor ring placed at the bottom and around the core |

sert. The ejector ring was connected with two eject Table 3. Moulding processing conditions.

plates by four pins and had an axial movement alonéc‘; Cylinder temprature profile 22(-21C-19C-
the core insert length. The ejection was triggered’) 160
when the machine ejection pin pushed the back ejec- Mould wall temperature (°¢ 25— 40-5E
tor plate. 3
.. . . Dosage (cr 15.F
The ejection forces required for each moulding _ jq (r) _
were recorded using a Kistler 9313AA1 piezoelec, Injection  pressure in Nozz 1700
tric load cell placed inside the ejector plates and ( ar). o
contact with the machine ejection pin. Injection time (s 2
_ Injection speed (c¥s) 98,:
T ) Holding pressure (be 85
Back sjsctor late foremesn Holding time (s 1
N\ N0
RSN Back pressur(bar; 10C
ool —— — e Cooling time (s 5
Ejectors speed (cm, 10
Front ejectorplate ™| [a‘t;j B
Figure 1. Experimental mould drawing view. zj::
The mouldings were produced in an injection Lo
moulding machine (Engel Spex Victory 50) of 500 Z=10
kN clamp force and a 30 mm screw diameter allow- : Z=0
ing a 220 MPa maximum injection pressure. A dry- [ |
ing system (Motan Colortronic) were used to pre-dry '
the PLA pellets. I
A DCC machine (Tesa micro-hite 3D) with soft- "
ware PC DMIS 4.2 MR1lwas used to measure de
moulding diameters. Figure 2. Diametrical measurement distances.
3.3 Processing conditions and methods 4 RESULTS AND DISCUSSION

The injection conditions used for the moulding proc

essing are established in table 1. Besides therdiff The experimental ejection force data for PLA and

ent insert coatings the mould wall temperature wakS, as a function of the mould wall temperature and
the only processing condition varied for both PLAmMould coatings, are exposed in Figure 3. These re-
and PS. A side study varying the holding pressur&ults show that the core temperature has a consider
was also made, but only for the PLA. able influence on the ejection force. In the cake o

The injection commutation between filling and PS the ejection force decreases with the increasing
holding phases was controlled by the injected matdemperature, at a rate of approximately 11 N/°C.
rial volume and it was varied with mould wall tem- This is the expected result since there is a rémfuct
perature increase. These injection volume adjusef the moulding material elastic modulus and

ments were made to prevent entrapment of parghrinkage caused by the increasing ejection tempera
ture. Both this material properties have an infaeen
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in the sense of the ejection force reduction (P08&te sults are consistent with the ejection forces, esinc
Pouzada 2004). greater after processing shrinkage means a minor
In the case of PLA there is no significant influ- shrinkage during ejection phase, thereby a lower
ence of the core temperature in the ejection forceejection force.
However, there is a slight increase of the ejection
forces at the temperature of 55 °C. This effect may ' ' ' ' ; ' '
happen due to the PLA lower thermomechanical 0,901 ]
properties, since its heat distortion temperatgre i
only of about 55 °C. At this temperature PLA issles
stiff and stickier, resulting in increased frictain
forces and higher ejection forces.
As for the influence of insert coatings it is netic
a great decrease of the ejection force with thei-app
cation of DLC and Wgcoatings for both PLA and
PS mouldings. Whereas W% the coating that al-
lows further reduction of adhesion force resulting
a lower ejection force.
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The experimental inner diameter shrinkage data Mould wall temperature (°C)
for PLA and PS, depepdmg on the distance from thEigure 5. Influence of the mould wall temperaturetioe inner
bottom and the variation of the mould wall temperayiameter shrinkage. Diameters at 30 mm from theobut
ture are shown in Figures 4 and 5, respectively.

It was reported that mouldings of both PLA and The PS shrinkage studies with W& not show
PS have great dimensional stability since the diameconsistent results since it provided both lower
rical shrinkage is less than 1 %. PLA shrinkage ishrinkage and ejection forces. In this case, thia ma
between 0.15 — 0.30 % whereas PS is 0.5 — 0.6 %actor contributing to the decreased ejection force
PLA has lower shrinkage than PS, even being as the decrease of the adhesion force.
semicrystalline material. This happens because PLA QOne great difficult about ejecting PLA mouldings
has low crystallization rate resulting in amorphousat 55 °C is that the mouldings of almost every eycl
mouldings after processing, so there will be nostayed stuck in the cavity insert and it was neargss
shrinkage due to crystallization. However, slightto proceed to a manual extraction, or lower thd-coo
variations on the injection conditions may als@int jng fluid temperature (approx. 3 °C) to allow auto-
fere with shrinkage results. This explains shrirkag matic ejection. However in the case of W&re
differences between different mould coatings. &till coating at 55 °C, the moulding always stayed
can be observed that an increased pressure dr@@pped in the mould cavity and it wasn’t possiole
along the distance from the bottom results inghsli measure the ejection force at those conditions.
shrinkage increase. The mould wall temperature efoulding entrapment happens because frictional
fect on the shrinkage is usually in the sense of inforces in the WS core/part interface were lower

creased shrinkage with the temperature increase. than DLC cavity/part interface, resulting in part
On sorting PLA shrinkage from highest to lowestsjippage.

it is noted that WS < DLC < Uncoated. These re-
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Also when used a mould wall temperature of ' ' ' ' ' ' '
approx. 55 °C it was observed very often that PLA 0,901 T~ 20mm ]
mouldings suffer deformation along the ejection 0.75 ] a-30mm |
path. This occurs because at that temperature BLA i ’ -w- 40mm
less stiffness. < 0,60 - ]

Another problem noticed during these studies was g
that PLA mouldings had a surface roughness (simi- & 0.451 :
lar to an orange skin). This effect was only showed £
up in PLA mouldings and it results from the insuffi @ 9397 1
cient holding pressure or time. In order to elinna 015 . |
the “orange skin” more pieces were produced in- ’
creasing the holding pressure until remove theatefe 0,00 L , : , : , :
or reach the machine limits. The ejection forces 8,5 20 40 60
measured during this study are exposed in Figure 6. Holding pressure (MPa)

2200 Figure 7. Influence of the holding pressure on Bheé\ inner

] T diameter over the distance from bottom. Mould at4i0/C.
2000 4 : i
1800 A - . : . . , . :
~ 1600+ . 0.90 4 —=— Tw25°C A
Z 14004 i -4 Tw40°C
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Figure 6. Influence of the holding pressure and Ichomall 85 2_0 40 60
temperature on the ejection force for PLA. Holding pressure (MPa)

. . . . Figure 8. Influence of the holding pressure on fheé\ inner
It is expected that increasing the holding pressur@iameter. Diameters at 30 mm from the bottom.

results in lower ejection force since there is a de

crease of the diametrical shrinkage resulting 8sle  |n these results it can be noted the usual shrimkag
contact pressure (Pontes & Pouzada 2004). Howehaviour when the holding phase pressure in-
ever, in this study it was observed an ejectiomdor creases. Higher pressures mean that during the hold
increase with the rising pressure. The increased coing phase more material will be compressed into the
tact pressure is responsible for this behavioud,itn  mould impression in order to prevent stress relaxa-

results from the “orange skin” removal by compresstion and counteract the material shrinkage.
ing more material inside the mould print which in-

creases the contact area between the mould and the
polymer. CONCLUSIONS
The ejection force measured at Tw of 55 °C is
lower than the others because the “orange skin” waphrough this study it was proved the applicabitify
not removed at the same rate with the increasinpLC and W$ coatings in the processing of PLA
pressure. That effect may be associated with thgnd PS thin-walled parts by injection moulding,
moulding temperature being near to the PLA heagince both coatings allow the reduction of the €jec
distortion temperature. tion force, preventing the breakage of the pieces.
The influence of the holding pressure on the PLAComparing both coating results it is noticed tit t
inner moulding diameters shrinkage, depending ofriction forces are lower when using the W&at-
the distance from the bottom and the variatiorhef t ing. Therefore Wgis the more interesting coating to
mould wall temperature is shown in Figures 7 and 8apply.
respectively. The ejection force depends inversely on the
mould temperature, as it was observed in PS results
This effect results from the decreasing elastic
modulus and shrinkage of the polymer with the in-
creasing temperature.
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In thin-walled parts the ejection force reductionPouzada, A. S., Ferreira, E. C., Pontes, A. J. 260igtion
rate with the increasing mould temperature is lower gg‘(’g)??‘g;‘)flor;gu'd'”g thermoplasticBolymer Testing
than in conventional injection mouldlng.oln this antos. I. O.. Martins, L. C., Ferreira, S. C.. tita& C. 1.,
study it was observed a decrease of 11 N/°C for PS, pontes, A. J. 2013. Processing of poly(lactic adfh
while Pontes et al (Pontes & Pouzada 2004) re- walled rigid packagingd Molde(97): 31 — 39.
corded a 60 N/°C decrease. Sasaki, T., Koga, N., Shirai, K., Kobayashi, Y. ydshima, A.

The part shrinkage has an inverse influence on 2000. An experimental study on ejection forcesngedtion
the ejection force, since greater shrinkage of th%emo'o“”g'F’rec's'on Engineerin@4(3): 270-273.

arts after processingd means a smaller shrinkad¥ iss, K. 2000. Thinwe_lllreducing th_e weight , size.and cost
P P g g€ of portable electronics by reducing the wall thiegs of

during the ejection phase. enclosuresMaterials and Desigi21): 51-55.

It is not advisable the processing of PLA at
mould temperature of 55 °C or higher, since at that
temperature PLA parts are less stiff and stickiée
processing of PLA at this temperature results in
many difficulties, such as entrapment of partshia t
cavity insert, increase of ejection force and deimr
tion of the parts during ejection.

PLA mouldings require a higher holding pressure
in order to prevent the “orange skin” surface defec
With mould wall temperature of 55 °C this defect
cannot be removed or it requires even bigger pres-
sures that may not be achievable by the injection
moulding machine.
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