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Quiescent and shear-induced crystallization of linear and branched polylactides

N. Najafi!2, M. C. Heuzey', P. J.Carreau', D. Therriault’

Research Center for High Performance Polymer and Composite Systems, CREPEC
1- Chemical Engineering Department, Polytechnique Montreal, Montreal, Quebec, Canada
2- Mechanical Engineering Department, Polytechnique Montreal, Montreal, Quebec, Canada

Abstract

The quiescent and shear-induced isothermal crystallization behavior of linear and long chain
branched (LCB) polylactides (PLAs) was investigated at a temperature of 130°C. LCB-PLAs were
produced by the reaction with a multi-functional chain extender, Joncryl©. In quiescent
crystallization the presence of the LCB structure accelerated the nucleation process and reduced
the induction time, depending on the level of branching. The impact of shear strain, and shear rate
on crystallization was also examined. The shear-induced crystallization of the lnear and LCB-
PLAs was affected by both the total shear strain and shear rate. The crystallization kinetics of the
LCB-PLAs was more affected by shear than that of the linear PLA. The crystallne morphology of
the linear and LCB- PLAs under quiescent and step shear conditions was examined using a
Linkam optical shearing system. An increase in the spherulite density was observed in the strained
melt of both linear (33 %) and LCB-PLAs (15 %), in comparison with those of unstrained
counterparts. Optical micrographs confirmed that the crystal nucleation was affected by the shear
flow. . Long chain branching significantly promoted the nucleation density (6.7 times), although it

diminished the crystal growth rate from 4.4 to 2.0 ym/min.

Keywords: polylactide, chain extender, long chain branching, shear-induced crystallization,

induction time

1. Introduction



Polymer crystallization is a process involving partial arrangement of molecular chains initiated
from nucleation and followed by subsequent crystalline growth (Ryan Anthony et al. 1999; Li et
al. 2000; Kausch et al. 2005). The crystal formation and spherulitic structure in bulk polymers
have been observed by atomic force (Li et al. 2000; Kausch et al. 2005) and polarized optical
microscopy (Tsuji and Ikada 1996; L et al. 2012). Once the nucleation occurs, segments of a
chain pull out of the amorphous phase, fold together and, sequentially, attach to the growth front,
leading to the formation of an ordered structure called lamellac. The formed lamellae, then,
arrange themselves into larger spheroidal entities named spherulites (Li et al. 2000; Kausch et al
2005).

Polymeric materials generally form a semi-crystalline rather than fully crystalline structure
(Jabbarzadeh and Tanner 2010), because chain ends act as defects. The mechanical and physical
properties of semi-crystalline polymers have been found to strongly depend on the crystallization
degree and type of morphology (Suryanegara et al. 2009; Han et al. 2013). The quality and level of
crystallization, ie. the nucleation density, size and shape of the crystallites, are affected by
different factors including molecular weight, molecular structure, thermal history, cooling rate,
presence of additives, and melt processing conditions (Hadinata et al. 2005; Yu et al. 2009;
Jabbarzadeh and Tanner 2010; Najafi etal. 2013).

In most polymer processing operations such as extrusion, injection molding, fiber spinning, and
film blowing, the polymeric chains are subjected to complex flow fields (elongation, shear, mixed
flows) (Lellinger et al. 2003; Baert and Van Puyvelde 2006; Ma et al. 2013). Shearing the molten
polymer during processing, indeed, plays a key role on crystallization and, therefore, on the final
properties of the product (Lellinger et al. 2003; Yu et al. 2009; Jabbarzadeh and Tanner 2010; Ma

et al. 2013). To provide a fundamental understanding of the crystallization phenomenon during



processing, it is required to separate the thermal and flow contributions. The global effect of flow
on crystallization is known as flow-induced crystallization (FIC). To investigate FIC of polymers,
steady shear and step-shear flows can be applied to the molten polymer (Wereta and Gogos 1971;
Lellinger etal. 2003; Ma et al. 2013).

In the initial studies on flow-induced crystallization of molten polymers, Haas and Maxwell (1969)
and Wereta and Gogos (1971) examined the structure evolution in continuous flow fields.
Rheological parameters such as complex viscosity and dynamic moduli can also be monitored to
study the kinetics of the crystallization process. For example, Yuryev and Wood-Adams (2010)
considered the sensitivity of rheological properties to crystallinity to accurately determine the
onset of crystallization. Once the crystals are nucleated and start growing from the melt state, the
linear viscoelastic properties such as the complex viscosity, ", storage modulus, G, and loss
modulus, G", are found to increase since they are very sensitive to the structural changes occurring
in the polymer (Madbouly and Ougizawa 2003). This stresses the impact of flow on the
crystallization under steady shear, giving rise to a self-accelerating mechanism (Ma et al. 2013).
Step-shear experiments were carried out by (Liedauer et al. 1993) where the sample was subjected
to a step shear flow for a short time, and then, allowed to crystallize at rest. Two different
strategies have been used in step shear flow studies: (i) applying shear in the molten state, followed
by a quench to the final crystallization temperature (Madbouly and Ougizawa 2003; Jabbarzadeh
and Tanner 2010), (i) applying shear for short times at the crystallization temperature; then, after
the cessation of flow induced nucleation is followed by crystal growth (Baert and Van Puyvelde
2006; Favaro et al. 2009; Ma et al. 2013).

Shear-induced crystallization has been investigated on high density polyethylene (HDPE) by Chen

et al. (2007), on polybutene (PB) by Acierno et al. (2003), on polypropylene (PP) by Ma et al



(2013), on polycaprolactone (PCL) by Lellinger et al. (2003), Madbouly and Ougizawa (2003),
Acierno et al. (2006), on polytrimethylene terephthalate (PTT) by Favaro et al. (2009) and finally
on polyethylene terephthalate (PET) by Ahn et al. (2002). In the vast majority of cases it was
found that the shear flow mainly affected the crystal nucleation rate. Although shear-induced
crystallization of lmear polymers has been frequently investigated, only a few studies have
examined the effect of long chain branching (LCB) on flow-induced crystallization (Heeley et al
2006; Yu et al. 2009). It was reported that the presence of a small fraction of high molecular
weight macromolecules significantly influences the shear-induced crystallization kinetics (Heeley
et al. 2006; Yu etal. 2009).

Polylactic acid or polylactide (PLA) is a biodegradable, thermoplastic, aliphatic polyester
synthesized from renewable resources such as corn, starch, and sugarcane (Drumright et al. 2000;
Garlotta 2001; Najafi et al. 2012; Eslami and Kamal 2013). PLA can be synthesized either by
direct condensation polymerization of lactic acid (Nagahata et al. 2007; Achmad et al. 2009; Wang
et al. 2009) or ring opening polymerization of cyclic lactide (Kim et al. 1992). The synthesized
polymer using these two methods is respectively called polylactic acid, with low molecular weight,
and polylactide, which contains high molecular weight polymer chains (Lunt 1998). Stereo-
chemically pure PLAs are categorized into L-lactide (PLLA) and D-lactide (PDLA) (Drumright et
al. 2000). Depending on the D-lactide content, it can be semi-crystallne or totally amorphous
(Drumright et al. 2000; Najafi et al. 2012). A synthesized PLA comprising less than 7 % D-lactide
will be semi-crystalline, while the degree of crystallinity is enhanced with increasing L-lactide
monomer purity (Drumright etal. 2000).

Polylactide is one of the most promising candidates from both economic and environmental

perspectives to substitute some petroleum-based polymers such as polystyrene (PS), polyethylene



terephthalate (PET), and polyurethane (PU) (Garlotta 2001). A relatively low melt strength and
non-strain hardening behavior of linear PLA is known to limit its applications in foaming, blow
molding, and thermoforming (Liu et al. 2012; Wang et al. 2012b; Wang et al. 2012a; Eslami and
Kamal 2013; Najafi et al. 2014). An efficient technique that has been used to improve the melt
strength of linear polymers is the introduction of long chain branches mto the polymer backbone
(Najafi et al. 2012; Wang etal. 2012a; Eslami and Kamal 2013; Najafi etal. 2014).

In our earlier work (Najafi et al. 2012; Najafi et al. 2014), it was found that the incorporation of a
multifunctional chain extender, Joncryl©, nto PLA had a profound effect on the molecular weight
and led to the formation of a long-chain branched (LCB) structure. The impact of the LCB
structure on rheological properties and foaming behavior of PLA was discussed in details in our
most recent study (Najafi et al. 2014). The aim of the present investigation is to determine the
impact of the branched molecular structure and processing parameters on the isothermal quiescent
and shear-induced crystallization kinetics, and morphology of PLA. To this end, LCB-PLAs were
prepared in the presence of a multifunctional chain extender using two different PLA grades and
different processing strategies. The experimental work is mostly based on rheometry. First, the
quiescent crystallization behavior of linear and LCB-PLAs is examined. Then, the shear-induced

crystallization kinetics and morphology of PLAs of different molecular structures are considered.

2. Experimental

2-1. Materials

The commercial grades of polylactide used in this study, PLA 3001D and PLA2003D, were
purchased from NatureWorks LLC Co. (USA). They are semi-crystalline linear polyesters with L-
lactide to D-lactide ratio of 98.5: 1.5 (Kramschuster and Turng 2009) and 95.75: 4.25 (Mujica-

Garcia et al. 2014), respectively. As reported by the supplier, PLA 3001D, with a melt flow index



(MFI) of 22 g/10 min under a load of 2.16 kg at 210 °C, is less viscous than PLA 2003D with a
MFI of 6 g/10 min in the same conditions. Joncryl® ADR-4368F was used as the chain extender
(CE). It s a modified acrylic copolymer with multiple epoxy functions,which was supplied by
BASF (Germany). Details on the reaction mechanisms of Joncryl with PLA can be found in Meng
et al. (2012) whereas the effect of Joncryl on the rheological properties of PLA can be found in
Najafi et al. (2012 and 2014).

2-2. Material Processing

Melt compounding of PLA with the chain extender (CE) was performed using a counter-rotating
Brabender Plasti-Corder® internal mixer. Before compounding, the PLA granules were dried at 70
°C in a vacuum oven for 24 h. The dried PLA was then blended in the molten state with 0.4 and
0.7 wt% CE in the internal mixer at a set temperature of 185 °C. The mixing was conducted under
a nitrogen atmosphere at a rotation speed of 100 rpm for 10 min, after which a relatively steady-
state torque was established. Neat PLAs were dried, processed, and used as references in this
study. To further examine the impact of CE and molecular topology, PLAs containing 0.4 wt% of
CE were prepared using two different compounding strategies. In the first strategy (S1), PLA and
0.4 wt% of CE were directly mixed in the internal mixer under the aforementioned conditions. In
the second strategy (S2), PLA was first compounded with 0.8 wt% of CE m the internal mixer for
10 min at conditions stated above. The resulting blend was dried in a vacuum oven (70 °C) for 24
h. Then, in the second run, it was mixed with the neat PLA at a weight ratio of 50:50 in the same
conditions. The processed materials were placed in a vacuum oven (70 °C) for 24h. To investigate
the rheological properties, disk-shaped samples with 25 mm diameter and 1.5 mm thickness were

prepared by compression molding. This process was conducted under a nitrogen atmosphere at 185



°C and 20 MPa for 8 min, followed by a fast cooling to ambient temperature on a metal plate. The
prepared samples were stored in a desiccator until used.

2-3. Characterization

The prepared disk-shaped samples were used to measure dynamic rheological properties. Small
amplitude oscillatory shear (SAOS) experiments were conducted using a MCR-501 rotational
rheometer (Anton Paar, Austria) with parallel plate flow geometry of 25 mm diameter and 1.1 mm
gap size. The strain amplitude was set at 0.05, large enough to give a reliable signal while
remaining in the linear viscoelastic regime prior to crystallization. The quiescent crystallization
behavior was investigated at a frequency, o, of 6.28 rad.s”! and the results were then used as the
reference point for the study of the shear-induced crystallization. To examine the effect of @ on the
quiescent crystallization kinetics, measurements were also conducted at @ = 1 rad.s?! for the neat
PLA 3001D sample and for the 0.7 wt% CE formulation. The shear-induced isothermal
crystallization studies followed the experimental protocol illustrated n Fig. 1: 1) The disk-shaped
sample was heated up to 190 °C, above the polymer melting point (160 °C), at a rate of 30 °C/min
under a nitrogen atmosphere. i) The molten sample was held at this temperature for 10 min to

remove the thermal history and obtain an isotropic melt. iii) The sample was cooled down to 180

°C. iv) A constant shear rate (y) ranging from 0.1 to 1 s-! was, then, applied to the melt for a time
varying from 1 to 10 min prior to starting the test. v) The molten sample was cooled down to the
crystallization temperature, 7, (120 or 130 °C), at a rate of 30 °C/min. vi) Time sweep tests were,
thereafter, conducted at 7., and frequency, w, of 6.28 rad.s™! to monitor the the G’ and n*.

In a previous study in our research group, Arias (2014) imposed a constant normal force
throughout her rheological experiments to counterbalance the shrinkage of PLA during cooling

and crystallization and improve the reproducibility of the tests. In the present work, the results



obtained using the normal force control were compared with those obtained without. No
significant differences were observed and the measurements were therefore performed without

imposing a normal force.
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Fig. 1. Schematic representation of the thermal and pre-shearing treatments applied to the linear
and LCB-PLAs before starting the isothermal crystallization test.

The morphology evolution of linear and LCB-PLA was monitored using a Linkam CSS450
(Surrey, UK) shearing hot stage in quiescent and shear flow conditions. This device operates with
the same principle as a rotational rheometer with a parallel plate flow geometry. The Linkam
system is able to impose shear on the melt although it cannot measure the melt viscosity (torque);
hence, this imstrument was strictly used for visualization purposes. To this end the sample was
placed in the Linkam optical cell and heated up to 200 °C at 30 °C/min and kept for 10 mmn to
eliminate the thermal history. The molten polymer was pressed between the two plates of the
Linkam cell to achieve a gap of 200 um. The sample was then cooled down to 180 °C and
subjected to an imposed shear rate of 1 s for 5 min. After stopping the shear flow, the temperature

was reduced to the 7 (130 °C). In the absence of shear flow, the sample was directly cooled at the



same rate to the set temperature of 130 °C to observe crystallization. The pictures were then
recorded by a CCD camera connected to a video recorder. Quantitative analysis of the digital
images in terms of nucleation density and growth rate was carried out using appropriate software

(ImageJ, NIH, USA)).

3. Results and Discussion

3-1. Crystallization in quiescent conditions

The quiescent crystallization behavior of linear and LCB-PLAs prepared using the two different
strategies was investigated by rotational rheometer at 7 of 120 and 130 °C.

Table 1. Initial value of the complex viscosity, #*-y, of the linear and LCB-PLAs CE, at

crystallization temperatures of (a) 120 and (b) 130 °C. The frequency of the rheological test, w,
was set at 6.28 rad.s’l.

Description Sample Name n* (=0 n* (=0
(kPa.s) (kPa.s)
PLA grade CE concentration Mixing T=120°C T=130°C
(Wt%) strtategy
PLA2003D 0 S1 PLA2003-Neat 57.1+1.4 33.9+1.1
PLA 2003D 0.4 S1 PLA2003-0.4 J-S1 83.3+2.7 60.1+2.73
PLA 2003D 0.4 S2 PLA2003-0.4 J-S2 87.8+2.5 68.5+1.9
PLA 2003D 0.7 S1 PLA2003-0.7 J- S1 93.2+4.6 73.6+3.5
PLA3001D 0 S1 PLA 3001-Neat 42.7+1.3 25.4+1.3
PLA 3001D 0.4 S1 PLA3001-0.4 J-S1 59.2+2.1 39.8+1.9
PLA 3001D 0.4 S2 PLA3001-0.4 J-S2 65.8+£2.4 43.1+2.1
PLA 3001D 0.7 S1 PLA 3001-0.7 J-S1 75.5+3.5 55.1+£3.4

The evolution of n* with time is presented here. The initial values of n*of the linecar and LCB-
PLAs at crystallization temperatures of 120 and 130 °C are presented in Table 1. The #* o) of the
neat PLA 2003D is larger than that of the neat PLA 3001 D, due to its larger molecular weight.

The incorporation of the chain extender into the neat PLAs, as shown here and discussed in our



previous work (Najafi et al. 2014), considerably increases its rheological response, depending on

the CE content.

To ensure that the samples were free of crystals when starting the isothermal test at crystallization

temperature, the initial values of the measured complex viscosity at =0 (7*=0)) (Table 1) were

compared with the values predicted by the Arrhenius equation at 7.
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Fig. 2. The complex viscosity of (a) neat PLA 3001D, (b) PLA 3001D containing 0.4 wt% CE
prepared using strategy S2, and the complex viscosity master curves of (c) neat PLA 3001D, (d)
PLA 3001D contamning 0.4 wt% CE prepared using strategy S2, at temperatures ranging from 140

to 200 °C.

To this end the SAOS data of two systems, the neat PLA 3001D, with low low crystallization rate,

and the corresponding S2-compounded sample, with the highest crystallization rate, were obtained

10



at 200 °C and at lower temperatures down to 140 °C, following a cooling at 30 °C/min and during
time periods short enough to avoid crystallization . Figs. 2a and b present the variations of the #*
as a function of @ for these systems at various temperatures, ranging from 140 to 200 °C. We note
the very large viscosity increases as the temperature is decreased from 200 to 140 °C; also, as
noted in Table 1 the viscosity of the PLA 3001D containing 0.4 wt% CE (Fig. 2b) is considerably
larger than that of the neat PLA 3001D (Fig. 2a). The #* data have been shifted using the shift
factors obtained from the storage modulus and the master curves are plotted in Figs 2c and d. The
calculated shift factors (ar) over this broad range of temperatures (140-200 °C) are plotted in Fig.

3 (filled squares)to determine the flow activation energy (£,).

L 1 1 1 1
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Fig. 3. Arrhenius plots of the shift factor as a function of the reciprocal (absolute) temperature for
(a) Neat PLA 3001D, (b) PLA 3001D containing 0.4 wt% CE prepared using strategy S2, at
temperatures from 120 to 200 °C.

A change of slope, related to E,, is observed for the neat PLA at 7 = 180 °C and the S2-
compounded sample at 7= 175 °C (around 7, + 100 °C), indicating that the flow activation energy

is temperature dependent over this broad temperature range. Therefore, a narrower range of data

(the lower temperature region) was used to extrapolate the shift factors at 7, using the Arrhenius

11



law. The experimental shift factors at 7. (filled triangles) were obtained by horizontally shifting
the initial value of the storage modulus (G'~o) along the frequency axis on the G’ data obtained at
the reference temperatures (180 °C for neat PLA, and 175 °C for the S2 sample). A comparison of
the predicted (unfilled squares) with the measured (filled triangles) shift factors in Fig. 3a reveals
that they are the same at 7' = 120 and 130 °C, confirming that the neat PLA contained no
significant amount of crystals at the beginning of the isothermal crystallization test. Similarly, the
measured shift factor of the S2-compounded sample at 7= 130 °C (corresponding to m*=43.1
kPa.s) is quite close to the predicted one (n*=41.7 kPa.s). However, the measured complex
viscosity at 120 °C (65.8 kPa.s) is higher than the predicted complex viscosity (59.7 kPa.s) from a
(Fig. 3b), indicating the presence of a significant amoint of crystals at the beginning of the test at
120 °C.

In order to verify this possibility, tests with similar temperature cycling conditions were performed
in differential scanning calorimetry (DSC). DSC results, (not shown here for brevity), showed that
the crystallization onset (or induction) time for the neat PLA and S2-compounded sample was,
respectively, 255 and 135 s at 130 °C. The onset time was reduced to 128 s in the case of the neat
PLA and 65 s for the S2-compounded sample as the crystallization temperature was decreased to
120 °C. In the rheometer, once the temperature is lowered to 7., the sample needs time to reach
thermal equilibrium during which the viscoelastic properties rapidly increase and reach steady
state values. Based on the rheological measurements, the minimum time to reach to steady state is
estimated to be 100 s at 7, of 130 °C and 130 s at 7, of 120 °C. Considering that the time at 130 °C
(100 s) is less than the onset time obtained from DSC measurements, it can be concluded that all
the samples are free from crystals in these conditions. Similarly, the neat PLA is free of crystals

when starting the SAOS isothermal test at 7. of 120 °C. Consequently, the measured complex

12



viscosity is the same as that predicted by the Arrhenius equation (Fig. 3). However, in the case of
the S2-compounded sample, the time required to reach thermal equilibrium at 120 °C (130 s) is
longer than its crystallization onset time (65 s from DSC). Hence, further crystallization studies

were performed only at 7, = 130 °C.

2 0 i . . . . 1 . . . . 1 . . . . 1 . . . . 1 .

—e— PLA- ® =6.28 rad.s

—0— PLA- ® =1 rad.s™

—0— PLA-0.7J- S1- ® =6.28 rad.s™
—— PLA-0.7)- S1- ® =1 rad.s™

500 1000 1500 2000 2500 3000

£(s)
Fig. 4. Reduced complex viscosity, 7., of the linear and LCB-PLAs (3001D) as a function of time
at w of 1 and 6.28 rad.s!. The crystallization temperature was set at 130 °C.

The effect of the applied frequency, w, on the quiescent crystallization kinetics is illustrated in Fig.

4, which presents the reduced complex viscosity, . =n"()/ ;7*(,:0), of the linear and LCB-PLAs
(PLA 3001D containing 0.7 wt% CE) as a function of time at frequencies of 1 and 6.28 rad.s! and

T. of 130 °C. The 7. value starts to slowly increase at the early stage of the test, and then

increases rapidly. The substantial increase in 77, with time is attributed to the growth of the

nucleated crystals, leading to continuous increase in the crystalline fraction that may act as cross-

13



links (Madbouly and Ougizawa 2003). Due to transducer overload near the end of the
crystallization process, the later data are not reliable and not reported. The results shown in Fig. 4
indicate that the onset of crystallization is margmally affected by the frequency although the
crystallization kinetics seem to increase slightly with decreasing the frequency. This may result
from the decreased elasticity and stiffness of the polymer chains, facilitating the chain—folding
process (Hu 2001). Considering that the effect of w on crystallization is marginal, further studies

were conducted at w = 6.28 rad.sL.

The 7. evolution of both grades of PLA, PLA 2003D and PLA 3001D, containing various
quantities of CE is presented as a function of time at @ of 6.28 rad.s”! and 7 of 130 °C in Figs. 5a
and b, respectively. The neat PLAs have a linear structure with virtually no branching. The
addition of 0.4 wt% CE to the neat PLA using strategy S1 results in the formation of a LCB
structure. In strategy S2, increased CE content (in the first run) favored the formation of a more
developed LCB structure in the compounded sample, as compared with that prepared using S1
(Najafi et al. 2014).

The induction time of crystallization, #i,, is an important characteristic of the kinetics of
crystallization. The standardized residuals technique, »;, (Eq. 1) was used to determine the

induction time of PLA crystallization:

= €; _ €; (1)

where, e; is the real residual and the divider is the standard deviation of the residuals. This method
has been reported to effectively define the induction time of PLA crystal formation (Yuryev and

Wood-Adams 2010). In the present study, the residuals were determined as the differences

14



between the measured complex viscosity and the initial value of the complex viscosity (”*tzo)'

The standardized residuals for the linear and LCB-PLAs (PLA 2003D and 3001D) at 130 °C are
presented in Figs. 6a-d. Their initial values are close to zero for some time, after which a sharp rise
is observed. To determine the induction time of crystallization, a straight horizontal line was drawn
at a standardized residual value of 0.1. The time at which the curves cross this straight line is

arbitrarily defined as the induction time.

20 e . 40 - —
[| -G - PLA2003D N ® - PLA3001D

A - PLA2003D-0.4J-S1 v - PLA3001D-0.4J-S1
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Fig. 5. Normalized complex viscosity,7;, of (a) PLA 2003D, (b) PLA 3001D with various

contents of CE prepared using different strategies, as a function of time at 130 °C.

The induction time, ¢, values for the linear and LCB-PLAs prepared using both grades of PLA at
130 °C are reported in Table 2. The experimental variability on ¢;, is less than 8 % in this work.
For the neat PLAs, shown in Fig. 6a and reported in Table 2, the onset of crystallization occurs
after a long annealing time (#;, of PLA 2003D is not observed and that of PLA 3001D is 1890 s),
suggesting that the isothermal crystallization of PLA is quite slow (Arias et al 2013). In
comparison with PLA 2003D, PLA 3001D exhibits a shorter induction time due to its lower D-

content, lower My, and higher crystallization ability.
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Fig. 6. Standardized residuals of the complex viscosity, #*, for (a) the neat PLA 2003D, (b)
PLA containing 0.4 wt% CE prepared using strategy S1, (c) PLA containing 0.4 wt% CE
prepared using strategy S2 , and (d) PLA containing 0.7 wt% CE, as a function of time at 120
and 130 °C. The dash line shows the standardized residual value of 0.1.

The chain architecture is a critical parameter affecting the crystallization kinetics (Duplay et al
1999; Heeley et al. 2006). The newly formed branched structure resulting from the addition of 0.4
wt% CE using strategy S1 leads to a significant reduction of the induction time, from above 6500
to 1250 s and from 1890 to 730 s for PLA 2003D and 3001D, respectively, at 130 °C (Fig. 6b).

This time reduction suggests that the branched structure may accelerate the crystal nucleation by

an heterogeneous mechanism (Yang et al. 2011), leading to an enhanced degree of crystallinity.
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However, the branched structure may also increase the chain folding energy barrier and hinder
PLA chains from folding back ito crystal lamellae (Yu et al. 2009). For the case examined here,
1e. 0.4 wt% CE, the negative impact of branching on the crystallization kinetics seems overridden
by the nucleation ability of the branches. The onset of crystallization of PLA 2003D and PLA
3001D is further reduced to 660 and 580 s, respectively, as LCB-PLA containing 0.4 wt% CE is
produced using strategy S2 (Fig. 6c). The existence of highly branched macromolecules in
comparison with sample S1 is responsible for the observed decrease of ¢j,.

Table 2. Induction time, ¢;,, for the onset of quiescent crystallization of the linear and LCB-PLAs

prepared using two different grades and strategies at 130 °C. The experimental error is less than
8%.

Sample tin at 130 °C Sample tin at 130 °C
(s) (s)
PLA2003-Neat - PLA 3001-Neat 1890
PLA2003-0.4J-S1 1250 PLA3001-0.4 J-S1 730
PLA2003-0.4 J-S2 660 PLA3001-0.4 J-S2 580
PLA2003-0.7 J- S1 1570 PLA 3001-0.7 J-S1 870

The higher degree of LCB due to the addition of 0.7 wt% CE increases the induction time of PLAs
as shown in Fig. 6d and Table 2 (#;, of PLA2003D and PLA3001D increases from 660 to 1570 and
from 580 to 870s, respectively). The observed increases of #, may result from the detrimental
impact of LCB on the chain folding energy barrier, as discussed earlier. This implies that there is a

critical degree of LCB above which the effectis reversed

3-2. Shear-induced crystallization

In addition to the molecular structure, thermal history, and the presence of additives, flow
conditions imposed on the polymer melt during processing are key factors influencing the

crystallization kinetics. To mvestigate the impact of shear flow on the crystallization process, a
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constant ¥y of 0.1 or 1 s! was applied to the different samples for 1, 5, and 10 min and, then,
quenched from the initial flow temperature (180 °C) to the 7, (130 °C). To avoid repetition, focus
is on PLA 3001D in this section since this sample is more prone to crystallization (lower D-
content). The 7 values of the linear and LCB-PLAs prepared using different strategies are
illustrated in Fig.7 as function of time. The corresponding induction times, t¢;,, are reported in
Table 3. To further explore the effect of the applied shear rate on the crystallization process, the
samples were pre-sheared at another constant rate, Y, of 0.1 s! for 1, 5 and 10 min. The results are

not presented here for the sake of brevity: however, the the measured ¢, are provided in Table 3.
Fig. 7a shows the ;7. evolution of the linear PLA 3001D after different periods of shearing at a

constant yof 1 s'!. The induction time for the onset of crystallization is reduced from 1810 to 1650
s, as reported in Table 3, for the sample subjected to 1 min pre-shearing (y= 60). It is further
decreased to 1390 and 1090 s as the pre-shearing time is increased to 5 min (y= 300) and 10 min
(y=600), respectively.

A reduction in the onset of crystallization as a consequence of increasing shear strain was also
observed by other researchers in polybutene (Baert and Van Puyvelde 2006), polypropylene (PP)
(Yu et al. 2009), and polycaprolactone (PCL) (Lellinger et al. 2003; Madbouly and Ougizawa
2003) systems. It is believed that the molecular chains are oriented and extended, and form “liquid
fibrils” in the sheared melts (Lellinger et al. 2003; Yu et al. 2008). The pre-ordered chains or
segments serve as precursors or primary nuclei for crystal nucleation, leading to an increase in the
nucleation and crystallization growth rate (Lellinger et al. 2003; Madbouly and Ougizawa 2003;
Yu et al. 2008). Once polymer melts are subjected to a longer pre-shearing time, more molecular
chains are oriented and, thus, the crystal nucleation process is accelerated. A similar trend is

observed in the crystallization behavior of the compounded samples S1 (Fig. 7b) and S2 (Fig. 7¢),
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and for the PLA containing 0.7 wt% CE (Fig. 7d). The results, furthermore, indicate that the
impact of pre-shearing becomes more pronounced after the incorporation of CE into the PLA and
the formation of an LCB structure. This pattern of behavior was also observed by Yu ef a/ (Yuet
al. 2009) for a LCB-PP system. The role of LCB and molecular weight on the shear-induced
crystallization of PLA can be further clarified by defming a normalized induction time, 8 =
tins)/ting) » as the ratio of the induction time at a given shear rate to the induction time under

quiescent conditions.
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Fig. 7. Normalized complex viscosity, 7., of (a) the neat PLA3001, PLA3001 containing 0.4 wt%

CE prepared using (b) strategy S1, (¢) strategy S2, and (d) PLA3001 containing 0.7 wt% CE, as a

function of time after 1, 5, and 10 min preshearing at 1 s'': T, = 130 °C.
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Once polymer melts are subjected to a longer pre-shearing time, more molecular chains are
oriented and, thus, the crystal nucleation process is accelerated. A similar trend is observed in the
crystallization behavior of the compounded samples S1 (Fig. 7b) and S2 (Fig. 7c), and for the PLA
containing 0.7 wt% CE (Fig. 7d). The results, furthermore, indicate that the impact of pre-shearing
becomes more pronounced after the incorporation of CE into the PLA and the formation of an
LCB structure. This pattern of behavior was also observed by Yu et al (Yu et al. 2009) for a LCB-
PP system. The role of LCB and molecular weight on the shear-induced crystallization of PLA
can be further clarified by defining a normalized induction time, 6 = #,(5)/tin) , as the ratio of the
induction time ata given shear rate to the induction time under quiescent conditions.

Table 3. Induction time, ¢;, (s), for the onset of quiescent crystallization of the linear and LCB-

PLAs after different periods of pre-shearing at ¥ of 0.1 and 1 s-. T, was set at 130 °C and the
experimental variability is less than 3%.

v(s) Y PLA3001- PLA3001- PLA3001- PLA3001- PLA2003- PLA2003-
Neat 0.47J-S1 0.4J-S2 0.7J-S1 0.4J-S2 0.7J-S1
0.1 6 1840 695 545 775 - -
0.1 30 1810 650 505 695 - -
0.1 60 1745 590 460 645 550 1235
1 60 1725 580 445 625 - -
1 300 1450 490 370 520 - -
1 600 1140 375 195 220 440 750

The normalized induction time of the linear and LCB-PLAs prepared using different strategies
after 1, 5 and 10 min pre-shearing is plotted as a function of shear rate, y, in Fig 8. The

corresponding #;, for quiescent crystallization (7=0) is presented at y of 10 s! instead of 0 for
convenience. A comparison of Figs. 8a and b with Fig. 8c reveals that the normalized induction

time, 6, of the linear and LCB-PLAs decreases with increasing pre-shearing time and shear rate.
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For instance at y of 1 s, # of the neat PLA3001D, S1 and S2 compounded samples, and
PLA300ID containing 0.7 wt% CE drops from 0.77, 0.67, 0.64, and 0.60 to 0.61, 0.51, 0.34, and
0.25, respectively, as the pre-shearing time increases from 5 to 10 min. In addition, the normalized
induction time drops more rapidly, particularly at y of 1 s, after the introduction of CE and
mcreasing LCB structure. These results confirm that the LCB macromolecules play imperative key
role on shear-induced crystallization. It has been generally accepted that the introduction of a LCB
structure to the linear backbone of PLA leads to an increased M,, and, subsequently, to a larger
relaxation time. The relaxation time spectra of these samples were calculated using the NLREG
software (non-linear regularization) and presented in our previous work (Najafi et al. 2014). The
characteristic relaxation time, A., obtained for the linear PLA 3001D, S1, S2 compounded samples,
and the PLA containing 0.7 wt% CE was 0.01, 0.76, 1.06, and 1.08 s, respectively. As discussed
earlier, oriented nuclei will be formed under a shear flow. Once the deformation is withdrawn, they
will relax to the original conformation, and therefore, crystallize quiescently. An mcreased
relaxation time, resulting from the LCB structure, retards the relaxation process, which is favorable

to retain the oriented chains and generate precursors of crystallization.

21



To evaluate how optical mpurity (D-lactide content) influences the shear-induced crystallization
behavior of PLA, LCB-PLAs based on PLA 2003D (containing 4.25 % D-lactide) were also
subjected to 10 min pre-shearing at 0.1 and 1 s and, then, the results compared with those
obtained for PLA3001D (containing 1.5 % D-lactide). The & values, of both PLA 2003D and

3001D, treated with 0.4 and 0.7 wt% CE after 10 min pre-shearing, are compared n Fig. 9 as a

function of shear rate, 7.

—&— PLA2003D- 0.4]- S2
-® - PLA2003D- 0.7J- S1
—<&— PLA3001D- 0.4J- S2
-0 - PLA3001D- 0.7J- S1

10-1 1 T 1 T 1 T
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1
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Fig. 9. Normalized induction time, 6, of PLA containing 0.4 and 0.7 wt % CE based on PLA

2003D and PLA 3001D, as a function of shear rate after 10 min pre-shearing. 7. was set at 130 °C.
The error bars show the variation of the normalized induction time.

The 6 values of the LCB-PLAs based on PLA 2003D are less reduced with increasing shear rate in
comparison with the corresponding values of samples based on PLA 3001D. For example, & of the
PLA2003D treated with 0.4 and 0.7 wt% CE decreases to 0.79 and 0.48, respectively, after 10 min

pre-shearing at 1 s, indicating that PLA 2003D is less sensitive than PLA 3001D to the applied
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shear due to its lower ability to crystallize. The optically impure D-lactide units are found to
incorporate defects into the crystal structure, leading to a delayed crystal nucleation and
decelerated growth rate (Tsuji and Ikada 1996; Baratian et al. 2001). In addition to total strain, v,
the contribution of the shear rate,y, to the crystallization kinetics was investigated at three
different values, 0.5, 0.8, and 1 s for a constant y of 300. Two different compositions were
considered in this part of the study; the linear PLA3001D with the longest induction time in

quiescent conditions (1890 s) and the PLA3001D treated with 0.4 wt% of CE prepared using

strategy S2 with the shortest induction time (580 s).
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Fig. 10. Normalized complex viscosity,7,, of (a) the neat PLA 3001D, (b) PLA containing 0.4
wt% CE prepared using strategy S2 as a function of time after preshearing at shear rate, ¥, of 0.5,
0.8 and 1 s! while keeping constant the total strain (y = 300). T was set at 130 °C.

The results for the 7, evolution are presented in Fig. 10. The corresponding induction times were
obtained with an experimental error of less than 5 %, and are reported in Table 4. As the shear rate
is increased from 0.5 to 0.8 s, ¢, is reduced from 1740 to 1575s for the linear PLA, and from 515
to 460 s for the LCB-PLA. With increasing 7 to 1 s, ¢;, of the linear and LCB-PLAs is further
decreased to 1450 and 370 s, respectively.
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Table 4. Induction time, ¢;, (s), for the onset of crystallization for the linear and LCB-PLA

(3001D) after pre-shearing at

7 of 0.5, 0.8, and 1 s!, while keeping the total strain, y, equal to

300. T was set at 130 °C and the experimental variability was less than 5%.

Shear time (s) 7(s1) y Neat PLA 3001 PLA3001-0.4 J-S2
Quiescent 0 1890 580
600 300 1740 515
375 300 1575 460
300 300 1450 370

This result implies that a higher shear rate applied for a shorter time is more effective to initiate

crystallization than a lower shear rate for a longer time. A similar observation was also reported in

the literature (Baertand Van Puyvelde 2006; Yu etal. 2008) for other polymeric materials.
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Fig. 11. Normalized induction time, 6, of the neat PLA3001D and PLA3001D treated with 0.4
wt% CE prepared using strategy S2 after pre-shearing at 7 of 0.5, 0.8, and 1 s-! while keeping the
total strain, y, equal to 300. T, was set at 130 °C.

The observed phenomenon, indeed, results from the impact of shear rate on the degree of

orientation in the molecular chains. As the shear rate is decreased, even at large shear strain, the
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molecular chains have more time for relaxing back to their original conformation. Consequently,
less oriented chain segments are formed to promote nucleation and reduce the induction time.

It is worth to note that the sensitivity of the normalized induction time to the applied 7, illustrated
mn Fig. 11 at a constant total strain (y = 300), is more evident after the incorporation of the LCB

structure into PLA and increased M, .

3-3. Morphology

To assess how the LCB structure and pre-shearing influence the crystallization, the morphology of
the linear PLA (PLA 3001D) and the LCB-PLA (PLA 3001D treated with 0.4 wt % CE and
prepared using strategy S2) was monitored using the Linkam optical shearing system. The
isothermal crystallization of the linear and LCB-PLAs was conducted at 130 °C under quiescent
conditions and after 5 min pre-shearing at y of 1 s!. The results for the crystal structure
development of the linear and LCB- PLAs under quiescent conditions and after a step shear are
presented in Fig. 12. The spherulite density of these samples, evaluated from optical

photomicrographs after 8 min of annealing, is given in Table 5.

Table 5. The spherulite density of the linear and LCB-PLA (3001D) at quiescent and after 300 s
pre-shearing atrate of 1 s!. The crystallization temperature was setat 130 °C.

Shear time (s) (s y Neat PLA 3001 PLA3001-0.4 J-S2
Spherulite Spherulite density,
density, #/mm? #/mm?
Quiescent 0 0 1050 7000
300 1 300 1400 8050
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(b) PLA-Sminat [ s’

(¢) LCB-PLA- Q
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(d) LCB—PLA- 5 minat | s’

Fig. 12. Characteristic crystal morphologies of (a) the linear PLA3001D in quiescent conditions,
(b) linear PLA subjected to 5 min pre-shearing at ¥ of 1 s, (c) LCB-PLA3001D in quiescent
conditions, (d) LCB-PLA subjected to 5 min pre-shearing at y of 1 s!. LCB-PLA3001D was

produced by incorporating 0.4 wt% CE using strategy S2. Tests were performed at 130 °C after
500 and 800 s annealing times.
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The lmear PLA (Fig. 12a) exhibits a well-defined spherulitic structure. The crystals grow and
impinge upon each other as the annealing time increases. The variation of the size of the
spherulites with time reflects the crystallization kinetics of the polymer and the average radius size

of unimpinged spherulite measured as a function of time is reported in Fig. 13.
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Fig. 13. Average radius of unimpinged spherulites for the linear and LCB-PLA3001Ds under
isothermal crystallization as a function of time. 7, was setat 130 °C.

The crystal size is found to increase linearly with time. As seen in Table 5, the number of
spherulites after 8 min annealing is increased from 1050 crystals/mm? under quiescent conditions
to 1400 crystals/mm? after imposing a shear flow (5 min at ¥ of 1 s-!) on the polymer melt; an
increment in the number of spherulites limits their growth, resulting in a smaller crystal size as
shown in Figs. 12b and 13. These findings are in good agreement with the results reported by
(Favaro et al. 2009) and (Baert and Van Puyvelde 2006) for different polymeric materials. Fig. 12¢

displays the crystal morphology and size of LCB-PLA under quiescent conditions for two different

27



annealing times. In comparison with the limear PLA (Fig. 12a), the number of spherulites is
impressively increased (from 1050 to 7000 crystals/ mm?) while the average crystal size also drops
considerably (Fig. 13). This evidence confirms that the LCB structure acts as nucleation sites and
enhances the crystallinity of PLA. Based on the results presented in Fig. 13, the radial growth rate
of spherulites reduces from 4.4 ym/min for the neat PLA to 2.0 pm/min after the introduction of
the LCB structure in quiescent conditions. This reduction was also observed by (Liu et al. 2012),
and is mainly attributed to the dramatic increase in the spherulite density, which limits the growth
rate of the crystallites. Fig. 12d shows the impact of pre-shearing on the crystal morphology of
LCB-PLA. Similar to what was observed for the linear counterpart, the number of spherulites is
further increased from 7000 to 8050 crystals/mm?, and the size of crystal slightly decreases (see
Fig. 13) as a shear field is applied. An increase of the spherulite density under shear induced
conditions leads to reduction of the spherulite growth rate when compared with results in quiescent
conditions. The spherulite growth rate of the neat PLA and LCB structure is respectively reduced
from 4.4 to 3.5 and from 2.0 tol.8 um/min under shear induced conditions. . Considering that the
impact of the applied shear on increasing the spherulite density of the neat PLA (33 %) is more
pronounced than for the LCB-PLA (15 %), a further reduction in its growth rate is expected.

It is of mterest to compare the structure development observed by optical microscopy with the

evolution of the storage modulus, 7, obtained in rheological measurements. Similar to the study

reported for PCL (Acierno et al. 2006), the spherulites are found to appear and grow when 7, is
still constant in the plateau region. In fact, the structure development can be detected by
microscopy and consists of small spherulites surrounded by the amorphous matrix phase, even
within the onset time determined by rheometry. Such a behavior was also observed by other

authors (Bove and Nobile 2002; Hadinata et al. 2005; R. Iervolino 2006) for polybutene (PB).
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Considering that the crystallization is a local phenomenon and the rheometer measures
an overall macroscopic viscosity of the melt, a recently developed device, called RheoDSC
(Kiewiet et al. 2008), is suggested for these types of experiments. This technique allows a
simultaneous combination of in situ rheological measurements and thermal analysis (DSC) on the
same sample.

Conclusion

The isothermal crystallization behavior of lmear and long-chain branched (LCB) PLAs, based on
two different grades of PLA, 3001D and 2003D, was investigated under quiescent and shear flow
conditions using rheometry and optical microscopy. LCB-PLAs were prepared by a melt grafting
reaction in the presence of a multi-functional chain extender (CE). The quiescent crystallization
behavior of the linear and LCB structures of both PLA grades was studied at 130 °C. In
comparison with the PLA 2003D, PLA 3001D exhibited a shortened crystallization induction time
due to its lower D-lactide content. The incorporation of an LCB structure into linear PLA using 0.4
wt % CE promoted the crystallization kinetics, thus leading to shorter induction times. The impact
of shear on the crystallization of PLA was also examined. The shear-induced crystallization of the
linear and LCB-PLAs was influenced not only by the total shear strain but also by the shear rate.
To determine the effect of shear strain, a pre-shear treatment was applied on the melt at constant
shear rates of 0.1 and 1 s for a period of 1, 5, and 10 min. The obtained results implied that
increase of total shear strain further decreased the onset time of crystallization. The shear strain
impact on the crystallization kinetics was more pronounced as the degree of LCB and molecular
weight increased. To assess the role of shear rate on the induced crystallization, pre-shear was

applied at rates of 0.5, 0.8, and 1 s! while keeping the total strain constant (y=300). The induction
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time of linear and LCB-PLAs was shortened as the shear rate increased for the same total shear
strain.

The crystal morphology of the linear and LCB- PLAs under quiescent and shear flow conditions
was observed using a Linkam optical shear system. The optical micrographs provided information
about the spherulite density and growth rate. An increase in the spherulite density was observed in
the strained melt of both linear and LCB-PLAs, as compared with those of unstrained counterparts.
A comparison of the crystal structure of linear PLA with that of LCB-PLA revealed that long chain
branching significantly promoted the nucleation density, although it diminished the crystal growth

rate (from 4.4 to 2 um/min for neat PLA).
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