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Summary

Purpose: The aim of this paper was to assess the influence of parameters of the injection moulding process
on changes in selected physiochemical properties and performance of parts made from PLA.

Materials/Methods: 6201D trade polylactide by NatureWorks was used for the tests. Before the tests, the
plastic was dried according to the manufacturer’s recommendations, and then injected by means of a
Borche BS60 injection moulding machine. The process of injection was carried out at excessively high or
excessively low process parameters. The obtained samples were subjected to tensile testing; then, their
physiochemical properties were assessed by means of DSC, TGA and GPC.

Results: The obtained test results indicate that parameters of the injection moulding process have an
impact on the characteristics of parts made from PTA, such as: tensile strength, molecular mass, the degree
of crystallinity, and time of degradation.

Conclusions: The influence of the parameters of the injection moulding process on the changes of, among
others, molecular mass, the degree of crystallinity and mechanical properties of PLA were observed. The
obtained research results show that there exists a relationship between the parameters of the injection
moulding process and molecular mass, the degree of crystallinity, and mechanical properties of parts made
from polylactide. Considering that a change in molecular mass has an impact on the rate of PLA
degradation, it is possible to control time of degradation, through the control of parameters of the injection
moulding process.
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Wplyw parametrow procesu wtryskiwania na wlasciwosci fizyczne, chemiczne
i mechaniczne polilaktydu (PLA)

Streszczenie

W pracy przedstawiono wyniki badan wplywu parametrow procesu wtryskiwania na wiasciwosci
fizyczne, chemiczne i mechaniczne wyrobéw z PLA. W badaniach stosowano handlowy polilaktyd
6201D firmy NatureWorks. Materiat byt suszony zgodnie z zaleceniami producenta. Proces wtryskiwania
wykonano za pomoca wtryskarki Borche BS60. Zrealizowany byt dla jego dopuszczalnych maksymalnych
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i minimalnych parametrow Dla wytworzonego materiatu okres$lono wtasciwoséci mechaniczne w probie
statycznej rozciagania oraz wtasciwosci fizyczne i chemiczne metodami DSC, TGA i GPC. Analiza
uzyskanych wynikéw badan wskazuje na wptyw parametrow procesu wtryskiwania na: wytrzymato$¢ na
rozciaganie, mase czasteczkowa, stopien krystaliczno$ci, temperature rozpadu. Ustalono stopien korelacji
pomiedzy parametrami procesu wtryskiwania a masa czasteczkowa, stopniem krystalizacji oraz
wiasciwosciami mechanicznymi wyrobow. Stwierdzono, ze zmiana masy czasteczkowej ma wptyw na
kinetyke rozpadu polilaktydu PLA. Istnieje wiec mozliwo$¢ kontrolowanego sterowania czasem rozpadu
PLA, poprzez sterowanie parametrami procesu wtryskiwania.

Stowa kluczowe: polilaktyd, wtasciwosci uzytkowe, masa czasteczkowa, stopien krystaliczno$ci, czas
rozpadu

1. Introduction

Poly(lactic acid), also known as polylactide (PLA), is eatly one of the
most popular bioabsorbable polymers. PLA is produced from plant-based
materials (e.g. maize, sugar beets) and constitutes a sitdieative to materials
of petrochemical origin. However, it is characterizeddwdr strength properties,
in comparison with technical plastics, which forces resessarel entrepreneurs
to look for means of their improvement [1-3]. This state diedfis exacerbated
by the fact that the strength parameters are further lovdem@ay the process of
degradation [4]. The characteristics described in literaigrénsufficient are,
among others [5]: strength properties, heat deflection tenyperatesilience,
barrier properties, sensitivity to humidity, fast physicahggor brittleness. For
these reasons, the technological usefulness of PLA beqmuigematic, which
is mainly connected with its generally low mechanical attarestics. Popular
directions of research aimed at the search for a better g@eefarmance of
polylactide include, for instance, the possibility for obtairfibgous composites
on a PLA base, or polymer blends containing it [5]. Curreittlg,known that it
is possible to control the properties of PLA through changes of tidtioms of
its processing [6, 7]. Polylactide, as a thermoplastic palyoaa be successfully
used for injection moulding. It is highly likely that a properlyfpemed injection
moulding process may radically change the physiochemical antiamieal
properties of PLA. For example, due to the long crystallizatioa tihpure PLLA,
the main ingredient of commercial polylactide plastit® injection moulded
parts are almost completely amorphous (short cooling timefs Blaaracterized
by a predominantly amorphous structure have worse mechanical sbén
parts made from crystalline PLA [8, 9]. For instance [8, 9], the tesiséagth of
an amorphous material is approx. 30 — 53 MPa, whereas it is appriax70 MPa
for a crystalline material. The values of resilience fochetl samples are approx.
1.9 — 2.6 kd/rhand approx. 3.2 — 7.0 kJfior amorphous and crystalline material,
respectively. The values of resilience for samples withotghes are approx. 13.5
—19.5 kJ/my, and approx. 18 — 35 kJ?rfor amorphous and crystalline material,
respectively. The situation is similar in the case afenular mass. Table 1
compiles literature data, which clearly show that the higlwtecnlar mass of the
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polymer, the better the general mechanical properties of théupdortunately,
this is not true for all the characteristics).

Table 1. Some physical and mechanical propertisgletted bioresorbable polymers [10]

Properties
Characteristics
Physical Mechanical
Glass . . Modulus Modulus Elongati
Polymer name ; Melting Tensile of o
transi- . - of elasticity on
(molecular : point strength | elasticity | - )
tion o . ; in bending | at break
mass) R C MPa in tension
point, °C MPa %
MPa
L-PLA (50.000) 54 170 28 1200 1400 6.0
L-PLA
(100,000) 58 159 50 2700 3000 3.3
D,L-PLA
(20,000) 50
D,L-PLA
(107,000) 51 29 1900 1950 6.0
D,L-PLA
(550,000) 53 35 2400 2350 5.0

In this context, a question arises whether it were possible toot&itA
performance by means of appropriately selected parametefse dhjection
moulding process. Indeed, it is possible to increase the cootiegint order to
obtain a greater proportion of crystalline structure. Moreoveritampt can be
made to obtain a higher molecular mass through appropriateustryszicking.
At the same time, a question arises whether the changbawv#l a visible and
cost-effective impact on the end properties of the product, pmabvitat
a modified PLA structure is obtained by means of processing parameters.

2. Materials and methods

Trade pellets made from polylactide 6201D by NatureWorks (Table 2) were
used for the tests. Before the injection moulding process, tsticpiaas dried for
3 hin a SHINI SHD-T drier in a temperature of 60°C. Afterimyy the pellets
were fed into the hopper of a Borche BS60 injection moulding mad&rde
subjected to the process of injection, which was performed ragugatimes,
packing pressures and injection pressures. These particulangbers were
selected due to their being among the most important parartfeieisipact the
performance of injection moulded parts. Other adjustable pseesrgich as, for
example, temperatures on cylinder zones, mould temperature, or baskr@res
were constant.
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Table 2. Selected physiochemical properties of BRB1D (manufacturer's information)

Physical properties PLA 6201D ASTM norm
Density, g/cm 1.24 D792
Relative viscosity 3.1 D792
MI, g/10 min, 210C 15-30 D1238
Liquid state density, g/cm230°C 1.08 D792
Melting point,°C 160-170 D3418
Glass transition pointC 55-60 D3417

Table 3. Example values of the controlled pararsatéthe injection moulding process

Parameters
Sample Injection pressure Injection rate | Packing pressure Packing time

MPa % MPa s
A 7 60 4 5
B 7 60 4 0.5
C 7 60 1 0.5
D 6 60 5 0.5
E 10 60 10 5
F 7 100 10 5
G 7 40 14 5
H 7 50 14 5
I 7 60 5 5
J 7 60 4 2

Table 3 shows an example sequence of parameters at which liee fested
parts were manufactured.

After manufacturing the samples (Fig. 1a) by means of animjectoulding
machine, an assessment of their selected physiochemical artthmoat
properties was commenced. The samples were first subjectieel $tatic tensile
test with the use of a Zwick/Roell Z010 universal testinginme (Fig. 1b)
pursuant to DIN EN ISO 527-1 and DIN EN ISO 527-2. The dimensiotizeof
samples taken for the tests were 30 x 6 x 4 mm (length x width x thickness).

After the strength tests, the samples were subjected to tOSI€, at a
measurement range of 50 + 3G0and a heating rate ofG/min. Afterwards, tests
of the molecular mass of the polylactide were performed with the use GIRC
method. A Waters 2695 gel chromatograph equipped with a viscomattic a
refractometric detector was used for the measurementaghe $tLgel MIXED-

C column with a length of 30 cm and a diameter of 7.5 mm, fill&l palystyrene

gel with a grain size of jgin, was used. The eluent used for the tests was
dichloromethane (C¥Ll,) for HPLC chromatography. The flow rate was 0.8 mL
mint. The test was carried out at a constant column tempemft@&C. The
reference polymer samples aa well as those tested befmsummment were
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filtered through Jum pore size glass filters. The system was calibrateedoas
polystyrene standards. The dn/dc value for a PLA system i€lgHe. 0.035 mg
mL?, was used. TriSEC software by Viscotek, dedicated to thelatbru of
average molecular masses by means of the conventional ¢afibragthod with
the use of polystyrene standards with molecular masses kbethi® and
1090000, was used for computer-based collection and elaboration of data.

a) b)

Fig.1. View of: a) an example moulding (the ellipsaark the elements from which samples
for the strength tests were taken), b) the ZwickelR8010 universal testing machine

3. Results and discussion

Figure 2 shows selected results of the tests of mechanrimaérties. The
presented data pertain to the impact of packing pressure on shanigssile
strength. The presented graph shows that tensile strengthsestegether with
packing time. Obviously, the relationship is not strictly limdmut an increasing
trend is clearly visible. The 95% confidence interval isked with the dashed
line. The presented data corroborate the beneficial influeéngac&ing pressure
on tensile strength of injection moulded parts made from PLA. Of course,tit mus
be remembered that only a small batch of samples was mamethdor the
purpose of this study, in specific constant conditions, hensedifficult to say
whether the tendencies would continue if the study was expanded or if
disturbances were introduced into the process. Nonetheless, iaémafiact of

process parameters on the analysed mechanical propertgbiesed in this
particular case.
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Figure 3 illustrates selected results of the tests ofiiyeee of crystallinity
of the prepared samples. It should be reiterated at this poinpdhdactide
processing, especially injection moulding-based, results in obtaamngmost
amorphous polymer structure. This is the consequence of the @pidgcof
plasticized mass. The process of polylactide crystallimatequires a time of
approx. 10-20 minutes [11]. This, however, is impossible to attdimeicase of
manufacture of goods with the use of traditional moulding methodisiding
injection moulding, with cycle times measured in seconds. falc&r that
determines such a short cycle time is obviously productivigy, an increase in
the degree of crystallinity can be obtained without the neextémd cooling time,
e.g. by changing the temperature of liquid alloy, or other proegasneters such
as packing time and pressure, among others. Fig. 3 illustratasdbssment of
the influence of selected settings of the injection moulding process on changes in
the degree of crystallinity of polylactide. The valueseafl and maximum degrees
of crystallinity were calculated (on the basis of thegrams obtained in DSC
tests) using the following equations:

AH
AH AH m
!( m C XM

~ AHm(1000%) AHm(100%)

where: X, — real degree of crystallinityX.¥ — maximum degree of crystallinity,
AHm— measured enthalpy of fusion of the samplé,— tested cold crystallization
enthalpy of the sampléHnm 00%)— enthalpy of entirely crystalline fusion of PLA
— value assumed 93 J/g.

As can be seen, packing pressure (Fig. 3a), packing time (Figarth)
temperature of liquid alloy (Fig. 3c) have an impact on chaimgdee degree of
real crystallinity. Although these changes are in the order ofaqwercent, they
are not inconsequential for the other characteristics of terial. The data
presented in Fig. 4 show that an increase of the degree of crystélirapprox.
5% resulted in an approx. 10% increase in tensile strengém klso be noticed
that a higher degree of crystallinity has an impact on a totally ditféeshaviour
of the material during tension testing as well as greater elongatioeadt b

Table 4 summarizes the results of TGA tests for the pregaregles. In the
tests, special attention was paid to temperature at thieo$tdegradationT),
temperature at the end of degradafigrand temperature of the most intense loss
in massTmax These temperatures were determined based on a theory known in
literature [12-14] concerning changes in the values of theemkntioned
temperatures as a result of plastics processing and dnegtation with molecular
mass. Processing results in the appearance of new fractiortehaed by
a different, lower or higher, molecular mass, which originaten partial
decomposition and radical recombination of chains. In addition, the theteg
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that a reduction in the molecular mass of a polymer is ccecklgith a decrease

in temperature at the start of degradation (and vice vaas#)g same time, an
increase in temperature of the most intense loss in malsemperature at the
end of degradation may indicate an increase in molecular. Mlassappearance

of lighter fractions, characterized by a lower temperaturgha start of
degradatiorl, as well as heavier fractions, characterized by a higher tempgeratur
at the end of degradatidia, may indicate mechanochemical action of processing,
as a consequence of chain scission and regrouping, separatiole-ohains,

or radical recombination of polymers [14]. As a result, strestuvith a smaller

or greater molecular mass are obtained.
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Fig. 4. The impact of the degree of crystallinitymmechanical properties of PLA

Following the theory, as well as the data in table 4, itoeanoncluded that
an increase in packing time (samples A, J, B), packing pee¢samples B, C),
and injection rate (samples H, G) results in an increageimolecular mass of
PLA. Obviously, further studies should be performed that would detertiimine
exact changes in molecular mass values resulting from toftitee parameters
and whether this has a significant impact on the level of PLA perfarena

Table 5 below presents the data pertaining to the assessntentadlecular
mass of PLA samples. It should be added that the data preseritez table
concern only selected cases.
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Table 4. The impact of parameters of the injectimulding process on changes in the ranges
of temperature of degradation

Parameters Temperature of degradation
Sample | Injection | Injection | Packing Pagkin T T T
pressure rate pressure | g time og o é orgx
MPa % MPa S
A 7 60 4 5 322.88 373.93 362.34
J 7 60 4 2 323.95 370.96 359.5(
B 7 60 4 0,5 318.60 365.38 355.68
H 7 50 14 5 324.18 369.39 358.07
G 7 40 14 5 321.47 369.55 358.81
[ 7 60 5 5 312.65 369.30 357.14
A 7 60 4 5 322.88 373.93 362.34
B 7 60 4 0,5 318.60 365.38 355.68
C 7 60 1 0,5 314.18 365.39 352.1

Table 5. Results of measurements of molecular wissslected PLA samples

Parameter/ Average Average
Charac-| Injection | Injection | Packing | Packing molecular | molecular
teristic | pressure rate pressure time mass mass
MPa % MPa S (numerically) | (by mass)
Sample Mn Mw

C 7 60 1 0.5 104300 189200

J 7 60 4 2 126400 212200

I 7 60 5 5 111500 188500

E 10 60 10 5 108700 185800

Before commencing the tests, the samples were first preptugatimum
parameters of the injection moulding process (injection pres8dPa, injection
rate 60%, packing pressure 5 MPa, packing time 4 s). Then, sampies
prepared at excessively high parameters (sample E), eralgdsiv parameters
(sample C), in addition to samples intermediate between theseralgdow and
optimal state (sample J), and between the optimal and the ieetedigh state
(sample 1). The presented data show that the smallest maolenaks was
obtained in the case of the sample produced at excessively Jeatidn
parameters. The highest molecular mass was obtained at optichallose to
normal injection parameters. At excessively high injection rpatars, on the
other hand, a reduction of the molecular mass of PLA sampleslm®oloserved.
The obtained results show that molecular mass of PLA, asaseils other
performance properties, can be controlled by means of targetedeshahg
injection parameters. Change of molecular mass of PL#hatstage of its
processing may be extremely significant in the case of dailical applications.
As is widely known, the time of degradation of PLA depends omdtecular
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mass, among other factors, i.e. the greater the mass, the kegdme of

degradation, as well as its general performance. This mappked in the

production of bioabsorbable inserts, implants, stents, etc. Thisasmaportant

from the technological point of view as with a single matexi their disposal, the
manufacturer is able to produce, for instance, implants with dvdimees of

absorption. Apart from molecular mass itself, mechanical propeti€LA can

also be improved by means of control of injection parameters.

4. Conclusion

Considering the obtained test results and their analysisplibeihg final
conclusions have been formulated:

1. An impact of the described injection parameters on changedectex
physiochemical and mechanical properties of PLA samples was discovered.

2. The following can be listed among the features that @related with
parameters of the injection moulding process, among others: theedef
crystallinity, tensile strength, elongation at break, or moleculas.mas

3. As for the degree of crystallinity, it can be said thateased packing time
and pressure and lowered alloy temperature has an impact onréeseof the
degree of crystallinity. A higher degree of crystallinity,turn, results in better
mechanical properties of the polymer.

4. As for molecular mass and temperatures at theTstarnd at the end of
degradatiory, it can be said that an increase in packing time, packing pegssu
or injection rate has an impact ®pandT« range differences and the increase of
molecular mass. The higher the molecular mass the longae thedegradation
of the polymer.

5. By consciously controlling the injection parameters, including outside the
ranges of optimal values, mechanical properties of parts maaeHLA as well
as its time of degradation, can be changed. This may be ekgrsignificant in
the context of improving its mechanical properties as injection paranuztehe
used as an additional method, in addition to the currently used.fillethe same
time, its time of degradation and the higher time when mecHamioperties
remain at a higher level can be influenced in the same mahhisr.fact is
extremely important as far as the diverse needs of biomedicalapiin this
area are concerned.
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