i+l

NRC Publications Archive
Archives des publications du CNRC

Effect of processing conditions on in-mold crystallization of poly(L-
lactic) acid
Derdouri, A.; Ajji, A.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

Publisher’s version / Version de I'éditeur:

Proceedings of the 23rd Annual Meeting Polymer Processing Society (PPS),
2007, 2007-05-31

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=c9c90af5-2aed-4545-9710-6781970dd2cd
https://publications-cnrc.canada.ca/fra/voir/objet/?id=c9c90af5-2aed-4545-9710-6781970dd2cd

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at

https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site

https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



M1 RO00F - //bb®3-g>

(N0 Y9u30

@ EFFECT OF PROCESSING CONDITIONS ON IN-MOLD
PP§ 23 CRYSTALLIZATION OF POLY(L-LACTIC) ACID

A. Derdouri * and A. Ajji

Industrial Materials Institute
National Research Council Canada
75 de Mortagne Boulevard, Boucherville, QC H2V 3R4, Canada
salim.derdouri@imi.cnrc-nrc.ge.ca
abdellah.ajji@imi.cnrc-nre.ge.ca

Abstract - Crystallization of PLLA during melt processing by injection micro-molding is investigated as a function of
the molding parameters. Tensile test bars are molded at high injection speeds in a cold (30 °C) and a hot mold. In the
latter case, filling of the cavity and holding are made at mold temperatures in the vicinity to the crystallization
temperature of PLLA (110 to 125 °C), before cooling the mold to 30 °C. Differential scanning calorimetry and wide
angle X-ray diffraction were used to estimate the degree of crystallinity developed during processing. The effects of
holding pressure and time on crystallization are described. The resulting mechanical properties obtained by tensile tests
will also be reported.

Introduction

Poly(L-lactide) (PLLA) is a biodegradable aliphatic polyester obtainable from renewable resources such as corn starch.
It has found a broad use in food packaging as well as in non-woven fibers. More expensive medical grades of PLLA
are most often combined with Poly(glycolic acid) for applications such as bioresorbable sutures and plates and screws
for cranofacial surgery. Like any thermoplastic, PLLA can be melt processed but careful conditions should be observed
to avoid hydrolytic degradation above the glass transition temperature (50 to 60 °C) as well as depolymerization above
230 °C (1). PLLA is normally semi-crystalline reaching a degree of crystallinity around 40 % depending on the
thermomechanical history it was subjected to (2). It has also been shown that high shear stresses during melt processing
can have an effect on the crystallization kinetics of PLLA (3). In this study we investigate the effect of processing
parameters on crystallization of PLLA using the micro injection molding process. More specifically, the effect of mold
temperature and holding time at low and high holding pressure on the development of crystallinity is studied.

Experimental

Tensile testing bars with dimension shown in Figure 1 were molded in a Battenfeld Microsystem 50 microinjection
molding machine. This micromolding press was chosen because of the small polymer quantities which are needed and
the possibility to use high injection speeds along with a good control of the mold temperature. The molding tests were
carried out using poly(L-lactide) acid, PLLA Biomer 9000, supplied by Biomer (Germany). DSC tests carried out on
virgin material revealed a glass transition temperature of about 58°C and small melting peak at 169°C. This grade is
basically amorphous but crystallization can occur during molding, depending on the cooling conditions. The meit
temperature at the nozzle was set at 200 °C as recommended. The mold was heated up to 115°C or 125 °C prior to
filling, maintained at that temperature during holding, then quickly cooled to 30°C. Molding tests where the mold
temperature was set at 30°C for the whole cycle were also carried out. The injection speed for both series was
maintained constant at 400 mm/s. Two levels of holding pressure were considered: in one series of experiments the
pressure was set to a nominal value of 60 MPa while in the second series it was set to a higher nominal value of 160
MPa. The actual pressure, measured using a 2.5 mm diameter Kistler piezoelectric pressure sensor at a location near the
gate, were in the range of 40 to 60 MPa for the low pressure level, and within the range of 120 to 150 MPa for the high
pressure level. Holding time was varied from 30 s to up to 10 min, before cooling the mold to 30 °C. Typical pressure
traces recorded during the tests are shown in Figure 2. The sharp decrease in pressure signals the start of cooling phase
by letting water at room temperature flow through the cooling channels of the mold. Wide angle X-ray diffraction
(WAXD) was performed at the central zone within the gage length of the molded samples using the Brucker D8
Discover x-ray diffractometer. Differential scanning calorimetry (Perkin-Elmer’s Pyris DSC 7)) tests were also run on
samples weighing about 5 mg taken in the same location as the WAXD technique. The heating scan started from 30 °C
up to 210 °C at a heating rate of 10 °C/min. The samples were maintained at that temperature for 5 min before being
cooled back to 30 °C at the same rate. Both methods were used to assess the change in crystallinity due the effect of the
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molding conditions. Finally, a tensile microtester model 5548 from Instron equipped with a 2kN load cell was used to
measure the room temperature elastic modulus, maximum strength and the stress and elongation at break in relation to
the molding conditions. The average value for each property obtained from four samples is considered. A traction speed
of 5 mm/min was used for all the tests.

Results and Discussion

The as molded testing bars were all visually perfectly clear or partially hazy which might indicate that the material,
upon solidification in the motld, either remained mostly in the amorphous state at low mold temperature (30 °C) or
crystallized in the form of tiny crystals under stress at higher mold temperatures (115 and 125 °C) with low levels of
crystallinity. The temperature of 115 °C and 125 °C were chosen because they are within the optimal range of
crystallization of PLLA (4). In Figures 3 and 4 X-ray diffraction curves are shown. Figure 3a displays the resulis for
the case where the material is injected in a mold heated to 115 °C and held at that temperature at a set holding pressure
of 160 MPa for times up to 100 s. The sample molded in a cold mold (30 °C} is also shown for comparison. For all
holding times, a broad amorphous peak obtained in the case of high pressure suggesting an absence (or low degree) of
crystallinity. Figure 3b shows the equivalent results for a lower holding pressure of 60 MPa where an additional sharp
peak at an angle 20 of 16.5° is seen on top of the broad amorphous peak. This sharp peak is typical of the (200)
crystalline reflection Miller plane of the alpha crystalline structure of PLLA (5). The influence of pressure on
crystallization of semi crystalline polymers was considered for example in (6,7). It has been shown by lto et al. (6) that
the temperature of crystallization initiation in a non-isothermal process (cooling from melt) decreases with pressure.
This might explain our WAXD observation that a crystalline phase exist at a pressure of 60 MPa but is absent at a
pressure of 160 MPa at a fixed temperature of 115 °C. Figure 4 shows the X-rays diffraction patterns and 2@-curves for
the holding pressure of 160 MPa and holding time of 100 s for three mold temperatures. It is clearly seen that the
crystatline phase appears only for the highest mold temperature of 125 °C. The X-ray diffraction curves for the mold
ternperatures (105 and 115 °C ) are the same and the corresponding diffraction patterns are typical of amorphous
polymers. The degree of crystallinity, calculated as the percentage of the scattered intensity of the crystalline phase over
the total scattered intensity after background subtraction, was found to be quite small for the samples maintained under
pressure for less than 100 seconds as shown in Table 1. For some unknown reason, the sample with holding time of 60 s
has a higher degree of crystaliinity. This discrepancy is also reflected by the results on the degree of crystallinity
obtained by DSC and on the Young modulus. Figure 5 show the X-ray pattems in relation to the degree of crystallinity
xxro and the tensile strength for the case where Tpgy = 115 °C and P = 60 MPa. The diffraction pattern corresponding
to the case of a holding time of 60 s shows a distinct preferred molecular orientation that is no present in all the other
cases which show the typical amorphous halo. Results for the case where the holding pressure was held to 160 MPa are
not shown here, but for all helding times up to 100 s investigated they show very little crystallinity and orientation.

In another set of molding experiments, longer holding times were tried : 3, 5 and 10 min at a holding pressure of 60
MPa. The X-ray diffraction curves of these samples molded at a mold temperature of 115 °C and 125 °C are shown in
Figures 6a) and 6b) respectively. In addition to the main sharp peak previously observed at 20 =16.5° less intense peaks
appear depending on holding time. The longer the holding time the more peaks are observed as shown in Table 2 where
the corresponding crystalline reflection Miller planes are assigned according to work by Brizzolara et al. (5). Figures 7
and & show the corresponding X-ray diffraction patterns as well as the degree of crystallinity and the tensile strength.
The DSC resuits for the as molded samples are presented in Figures 9a and 9b for the cases where the mold temperature
during filling and holding was maintained at 115 and 125 °C respectively. The samples molded at 115 °C show an
exothermic peak due to crystallization during heating in the vicinity of 105 °C and an endothermic peak of fusion
centered on 167 °C. On the other hand the samples melded at 125 °C exhibit a crystallization peak at 109 °C and a
melting peak at 171°C. For all samples the glass transition temperature is near 60 °C, similar to the one obtained with
virgin material. From the DSC data we calculated the degree of crystallinity of the as motded samples by dividing the
difference in heat flow per unit mass during fusion and crystallization by 93 J/g, the enthalpy of fusion of pure
crystalline PLLA as reported in (2). The results are shown in Tables 1 and 2. The effect of mold temperature is also
shown on the DSC curves of Figure 10 for the case where the holding pressure was set at 160 MPa for 100 s. Two
distinct melting peaks appear for the highest mold temperature at 166 and 170 °C. The origin of the double peak might
be due to two different crystalline entities of PLLA spherulites as have shown for other semi-crystalline polymers.
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Table 1 — Crystallinity and mechanical properties for short holding times

Holding time. s 30 45 60 75 100
ALxrD, Yo 1.5 23 12.0 1.6 2.0
¥psc, Yo 3.7 0.5 15.9 3.6 20.0
E, MPa 788.7 832.7 1079.3 860.5 932.1

Tensile strength, 68.3 67.9 71.3 69.4 74.2
MPa
Tensile stress at 65.4 65.5 68.9 68.4 70.5
break, MPa
Strain at break, % 42.6 38.9 39.1 34.6 43.2
Table 2 — Crystallinity and mechanical properties for long holding times
Holding time, s 180 300 600
Mold 115 115 115
Temperature, °C (125) (125) (125)
20 16.6 18.7 148 | 165 | 188 | 220 | 149 | 166 | 189 | 22.1 | 274 | 29.1
hkl 200 203 010 | 200 | 203 | 015 | 010 | 200 | 203 015 207 | 216
Ax=D 8.7 22,6 27.9
(5.6) (12.0) (35.8)
Xosc 233 16.1 14.8
(12.8) (27.8) (51.6)
E, MPa 464.0 595.0 413.0
(344.2) (554.2) (371.6)
Tensile strength, 71.0 68.9 56.1
MPa (72.3) (57.0) (62.4)
Tensile stress at 67.7 62.7 449
break, MPa (66.6) (51.5) (58.6)
Strain at break, % 35.0 313 247
(40.9) (25.9) (26.8)
1 4
| !

Figure 1 — Micro tensile test bar dimensions, mm.
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Figure 2 — Typical pressure trace during injection molding runs
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Figure 3 — X-ray diffraction curve of as-molded samples. Mold temperature of 115 °C, a) P = 160 MPa b) P = 60 MPa
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Figure 4 — X-ray patterns and curves. Holding: P = 160 MPa for 100 s
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Figure 5 — X-Ray patterns, degree of crystallinity and tensile strength vs. holding time.
Mold held at 115 °C and 60 MPa
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Figure 6 — X-ray diffraction curve of as-molded samples at a holding pressure of 60 MPa,
a) Tmu?d =115°C b) Tmold = 125°C
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Figure 7 - X-Ray patterns, degree of crystallinity and tensile strength vs. holding time.
Mold held at 115 °C and 60 MPa
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Figure 8 — X-Ray patterns, degree of crystallinity and tensile strength vs. holding time.
Mold held at 125 °C and 60 MPa
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Figure 9 — DSC diagram of as molded PLLA samples. Effect of holding time.
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Figure 10 — DSC diagram of as molded PLLA samples. Effect of mold temperature.

Conclusion

Insert A preliminary study was conducted on the effect of the micro-injection molding process parameters (mold
temperature during filling and holding, holding temperature and holding pressure) on the microstructure development of
poly(L-lactide) acid through the evaluation of the crystalline content of the molded samples. For all conditions used the
crystallinity content was low to moderate. There is a marked difference between the degree of crystallinity determined
by WAXD and DSC which needs to be investigated further. The results show the effect of holding pressure on in-mold
crystallization depends on mold temperature and holding time.
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