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Abstract: Crystallization kinetics of various blends of poly(lactic acid) (PLA)/polyolefin elastomer
(POE) was studied through nonisothermal experimental investigations and theoretical approaches.
The PLA/POE blends were prepared in a melt mixing process by using two types of POEs and
compatibilizers. The rubber phases used were adopted on the basis of polyethylene (PE) and
polypropylene (PP) type olefin elastomers. The effects of two kinds of compatibilizers containing
ethylene vinyl acetate copolymer (EVA) and ethylene acrylic ester-glycidyl methacrylate terpolymer
(EGMA) on the morphology and various parameters of crystallization of PLA were investigated using
scanning electron microscopy (SEM) and differential scanning calorimeter (DSC) measurements,
respectively. The morphology investigations on PLA blends containing PP based olefin elastomers
showed that the introduction of EGMA compatibilizer into the matrix led to a more than 100%
reduction in the size of the rubber droplets. The experimental measurements of crystallization
behavior of various PLA/POE blends showed that the POEs and compatibilizers could cause a fall in
the initial crystallization temperature more than 13 °C. The theoretical approaches used for studying
the kinetics of crystallization of PLA in the presence of various POEs and compatibilizers indicated a
decrease in the crystallinity of PLA and a 64% reduction in the activation energy compared to the
neat PLA. The results suggest that the largest variation in the crystallization kinetic parameters of
PLA was resulted from the PP based olefin elastomer and EGMA compatibilizer.

Keywords: crystallization kinetics; poly(lactic acid) (PLA); polyolefin elastomer (POE);
compatibilizer; morphology

1. Introduction

The mechanical behavior of polymers is greatly influenced by their thermal properties [1] and
thermal histories [2], which can be determined experimentally [3]. The crystallinity is one of the most
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important factors determining the ultimate physical and mechanical properties [4] of semi-crystalline
polymers, especially above the glass—rubber transition temperature (Tg). The crystallization behavior
of various semi-crystalline polymers such as polyethylene, polypropylene, and polyamides can be
evaluated by differential scanning calorimetry (DSC) techniques via isothermal and nonisothermal
procedures [5]. The study of the kinetics of the crystallization behavior of polymers under isothermal [6]
or nonisothermal [7] conditions is the best way to understand the processability and the effect of
various processing parameters such as the heating/cooling rates and the processing temperature on the
crystallization mechanism. Crystallization kinetics can be studied through the simultaneous use of
experimental and theoretical analyses.

Poly(lactic acid) (PLA) is a semi-crystalline polymer used in various industries, particularly in
fabrication of biaxial oriented films [8], thermoforming products [9], and filaments for 3D printings [10].
However, PLA is a biodegradable polymer with properties and the performance highly sensitive to the
processing conditions [11]. Therefore, the crystallization of PLA has been studied from various aspects
to control its processability, ultimate mechanical properties, and thermal stability [12]. Kulinski et
al. [13] investigated the effect of various grades of poly(ethylene glycol) on the crystallization behavior
of PLA and reported a fall in the Ty and higher potential of PLA to cold crystallization. Yokohara
et al. [14] evaluated the crystallization behavior of PLA containing poly(butylene succinate) (PBS)
and found that the introduction of PBS into the PLA matrix increased the crystallization of PLA even
though PBS was in the molten state. Pantani et al. [15] studied the isothermal crystallization kinetics
of virgin and processed PLA under extrusion and injection molding methods. It was found that the
kinetic constant of injection molded PLA was one order of magnitude faster than the extruded PLA
and twice of the virgin PLA.

The brittleness of PLA [16] with its low impact strength [17] has led to major limitations in the
use of this polymer in many engineering applications. The literature survey showed that extensive
efforts have been recently made to tackle this problem. One of the most commonly used approaches
was the blending of PLA with highly flexible polymers such as natural rubber [18], epoxidized
natural rubber [19], linear low density polyethylene [20], and polyolefin elastomers [21]. However,
the requirement of good interfacial interactions between the PLA and the second polymer phase is
an essential factor to meet the required properties, such as high tensile strength, impact strength,
and elongation at break [22,23]. Recently, PLA blends toughened with polyolefin elastomers have been
the focus of researchers due to their cost benefits and good processability [24]. Wu et al. [25] reported
on the effect of the olefin block copolymer on the toughness strength and mechanical properties
of PLA in the presence of a compatibilizer and found that the elastomer phase could enhance the
impact toughness of PLA up to 25 times compared to the neat PLA. However, the tensile strength
of toughened PLA was unsurprisingly decreased by 87% with respect to the neat PLA. Jiang et
al. [26] evaluated the effect of various rubber components on the toughness of PLA and reported that
poly(ethylene-glycidyl methacrylate) was more efficient in comparison with maleic anhydride grafted
poly(styrene-ethylene/butylene-styrene) triblock elastomer and poly(ethylene-co-octene) to give a PLA
blend with improved impact toughness. Wu et al. [27] manipulated the morphology of PLA reinforced
with olefin block copolymer through reactive melt blending using ethylene-glycidyl methacrylate
(EGMA) as a compatibilizer. Their study showed that there was a chemical interaction between PLA
and EGMA, while only physical interaction occurred between the olefin block copolymer (OBC) and
EGMA, which led to an asymmetric dispersed phase morphology. Their results indicated that the
crystallization behavior of PLA depends on both the content of the dispersed phase and the type of the
second polymer used in the blend.

In previous reports [28] on the crystallization kinetics of multiphase polymeric systems based on
theoretical models, we indicated that the key parameters in crystallization behavior such as the initial
crystallization temperature, crystallization rate, and activation energy could be significantly varied
by varying the dispersed phase content [28]. As indicated in the literature survey, the crystallization
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of PLA could be deteriorated by various processing parameters and adsitives, where focusing on its
crystallization kinetics would be a useful guide to develop PLA for engineering applications.

The methodology of this article includes the melt mixing of PLA with two grades of polyolefin
elastomer (POE) (80/20 w/w) in the presence of external compatibilizer. The effects of two kinds of
compatibilizers containing ethylene vinyl acetate copolymer (EVA) and ethylene acrylic ester-glycidyl
methacrylate terpolymer (EGMA) on the various parameters of the crystallization of PLA were
investigated using appropriate theoretical kinetic models. Furthermore, the effects of various
compatibilizers on the morphology of the prepared PLA/POE blends were evaluated by scanning
electron microscopy (SEM) and the size of the dispersed rubber phase was calculated using
statistical analysis.

2. Theoretical Background

Mathematical methods provide a comprehensive evaluation of the nonisothermal crystallization
kinetics of various polymeric systems. The degree of phase conversion, X;, whci is a components of
the Avrami equation [29] inisothermal mode can be expressed as follows:

Xy =1-e4" 1

where Z; depends on the nucleation and the growth rate and n depends on the process dimensionalities
and is held to have an integer value between 1 and 4, which states the nature of the transformation, the
Avrami constant and Avrami exponent, respectively. These parameters can be determined from [28]:

log[-1In(1 - X;)] = log Z; + nlogt, )

By plotting the log[—1In(1 — X;)] vs. logt, the parameters Z; and n can be obtained. The half-time
of crystallization, defined as the time to reach 50% of crystallization, can be defined as the following
equation [30]:

tjz = (In2/Z;)"" ©)

Crystallization rate constant of in nonisothermal crystallization os adefoned as:

log Z;
dT/dt’

logZc = (4)

As the Avrami equation is based on the isothermal crystallization mode, Ozawa [7] changed it to
the nonisothermal applicable model as the following relation:

1-X = e XM/ F" 5)
daTr
log[-1In(1 - X;)] = log K(T) — mlog (E)' (6)

The plot of log[-In(1 — X;)] vs. 4L gives a straight line from which m is obtained, while K(T) is
obtained from the vertical intercept.

Mo et al. [30] presented an equation based on Avrami and Ozawa equations, which linked the
cooling rate and time as:

log (‘Z—Z) = log F(T) — alog t, (7)

1/m
-2 ®
a=- ©)

—
m
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where F(T) is the velocity parameter determined from the vertical intercept of the best-fittedline
drawn through the data points for each cooling rate at a given value of X; (the log (”;—f) as a function
of log (t)). The parameter a could be achieved from the slope of the line of log (’%) as a function of
log (t). It should be noted that the overall nonisothermal crystallization rate and activation energy
resulting from the Avrami and Ozawa equations can not clearly reflect the crystallization behavior
of the polymers. Kissinger et al. [31] presented the activation energy of the crystallization process
by using the variation of the crystallization peak temperature with the cooling rate as the following

equation:
a
d[ln(T_C%)] AE

=-= 10
- (L) R (10)
Tep
where T}, is the crystallization peak temperature and R is the universal gas constant.

3. Experimental

3.1. Materials

Poly(L-lactic acid) (PLA), O5 BIOKAS, with a melt flow index (MFI) of 7 g/10 min (210 °C, 2.16 kg),
specific gravity of 1.24 g/cm3 and melting point of 155-170 °C was obtained from Chemiekas GmbH,
Austria. DF810 Tafmer is a specialty, ethylene based x-olefin elastomer (TPO) grade supplied by Mitsui
Chemicals, Japan with a MFI of 1.2 g/10 min (190 °C, 2.16 kg), density of 0.885 g/cm?, and softening
temperature of 66 °C. Vistamaxx 6102 is primarily composed of isotactic propylene repeat units with
random ethylene distribution purchased from ExxonMobil Chemicals, USA, with a MFI of 1.4 g/10 min
(190 °C, 2.16 kg), density of 0.862 g/cm?, and softening temperature of 52 °C. A random terpolymer
of ethylene, methyl acrylate, and glycidyl methacrylate (EGMA) was used as the reactive precursor
for the compatibilization of PLA, and POE was LOTADER® AX8900 from Arkema, France, which
contains 24 wt% methyl acrylate, 8 wt% glycidyl methacrylate, a density of 0.94 g/cm3, and MFI of
6 g/10 min (190 °C, 2.16 kg). Ethylene-vinyl acetate copolymer (EVA), VA600, purchased from Lotte
Chemical Co., South Korea, was used as a compatibilizer to tie PLA with POE, which contained 19%
vinyl acetate, had a density of 0.939 g/cm3, and MFI of 2.5 g/10 min (190 °C, 2.16 kg).

3.2. Sample Preparation

The PLA/POE blends containing various compatibilizers, according to Table 1, were prepared
through a direct melt mixing process in a laboratory size internal mixer (Brabender Plasti-Corder,
W50, Duisburg, Germany) at 190 °C and 60 rpm for 5 min. The internal mixer had a chamber with
a 55 mL mixing volume and fill factor of 0.8. grades of POEs, named PE and PP, are referred to as
Tafmer and Vistamaxx, respectively. For a more accurate comparison, PLA granolas were once melted
in accordance with the above conditions.

Table 1. The prepared poly(lactic acid) (PLA)/polyolefin elastomer (POE) formulations. EVA: ethylene
vinyl acetate copolymer; EGMA: ethylene acrylic ester-glycidyl methacrylate terpolymer.

Sample Code PLA (phr) POE (phr) EVA (phr) EGMA (phr)

PLA 100 - - -
PLAPE 80 20 - -
PLAPEVA 80 20 4 -
PLAPEGMA 80 20 - 4
PLAPP 80 20 -
PLAPPVA 80 20 4 -

PLAPPGMA 80 20 - 4
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3.3. Characterization

The morphologies of various PLA/POE blends were imaged on a TESCAN VEGA3 (TESCAN,
Brno, Czech) scanning electron microscopy (SEM). Gold sputtered cryogenically fracture surfaces of
samples were seen an accelerated voltage of 20 kV. Three types of samples underwent microscopic
analyses. Figure 1 shows the SEM micrographs of three samples without etching, with etching in
xylene at room temperature for 20 h, and with etching in xylene at 70 °C for 6 h. It was concluded that
etching at room temperature was as good as that at 70 °C, but because of safety issues, etching at room
temperature was selected. Therefore, samples were etched in xylene at room temperature for 20 h for
the extraction of the POE phase.

PLAPPGMA

Without etching Etching at room temperature for 20 h Etching 70°C for 6 h

Figure 1. The comparison between different ways of sample etching in xylene.

The particle size of the POE phase was measured in representative zones of the cryogenically
fractured specimens. The number (D;) and volume (D) average diameters were determined using the
following equations [32]:

Y2 niD;
Dy = —5—) (11)
! Zizl nj
Yo mD?
Dy = ot —L, (12)
Zizl niDl-

where D; and n; are the diameter and the number of counted particles, respectively.

The nonisothermal crystallization behavior of the PLA/POE blends was analyzed by means of
Perklin Elmer 4000, USA differential scanning calorimeter (DSC). Before testing, all the samples were
dried at 60 °C for 12 h, then DSC analyses were performed under nitrogen purging. The nonisothermal
crystallization of the PLA/POE blends was monitored in the following procedure:

The samples were heated from the ambient temperature up to 200 °C at a heating rate of 20 °C/min
then held for 5 min at 200 °C to remove their thermal history. Then, the samples were cooled to ambient
temperature at different cooling rates of 5, 10, and 15 °C/min.

4. Results and Discussions

4.1. Morphological Observations

The SEM micrographs of various PLA/POE blends are shown in Figure 2 in order to monitor
the effect of compatibilizer on the size reduction of rubber phase droplets. POE droplets removed by
selective etching by xylene were displayed as dark holes, which were distributed in the PLA matrix.
The results of the morphological evaluation in Figure 2 indicated a more uniform size and improved
distribution of rubber phase droplets with the use of POEs based on PP. However, the results of image
analysis for a minimum 200 dark holes indicated that there were no considerable changes in the size of
the rubber phase with the introduction of EVA into the PLA/POE blends, whereas the incorporation of
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EGMA into the prepared blends caused a drop in the POE droplets and a more uniform distribution,
especially in the case of the PLA/POE blends containing Vistamaxx.

PE base POE PP base POE

73
Wy

PLA/POEs

EM MAG: 200 x Det: SE

< 3
SEM MAG: 200 x Det SEM HV. 15.00 kv 77
SEMHV 1500V WD 125520mm 200 pm ;;e(m,ws %05,.5”; cla‘z afmg " Gl

Dale(midh). 08416/1% Vac

PLA/POEs/EVA

Det SE . E Det SE
WO 10.41 00 WD: 100730 mm
Vac: HVac

PLA/POEs/EGMA

SEM MAG: 200 t SE VEOANTES EMNAG 500« Dot SE VEGAN TESCAN
SEMIV 1500k WD:121150 mm EMHV 1500k WDI104540mm  50pm 'd
Date(midh) CEMBMI Vac Fivac rnecll Saetmiany 060810 Vac Hiac e /|

Figure 2. SEM photomicrographs of the prepared PLA/POE samples containing different compatibilizers.

Figure 3 shows the results of the statistical analysis of the rubber phase in the PLA/POE blends.
Although the calculation of D;, could be useful, the distribution of particle size with weighing to the
size of particles was carried out by calculating the D, parameter. The bar chart in Figure 3 indicates
that the samples containing EVA as the compatibilizer had a larger particle size up to 3 times of that of
those compatibilized with EGMA.
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Figure 3. Variation of D, and D, of the dispersed phase in the PLA/POE blends.

4.2. Nonisothermal Crystallizations

Results of the nonisothermal crystallization at different cooling rates applied in DSC are provided in
Figure 4. Table 2 gives the initial crystallization temperature, T, (C), peak crystallization temperature,
T, (Q), crystallization enthalpy, AH, (J/g), crystallization temperature range, D (C), and crystallization
time (s). As indicated in Table 2, with an increase of the cooling rate, the onset temperature decreased
suggesting the retardation effect of POEs in the initial crystallization of PLA. Furthermore, the results
presented in Table 2 revealed a fall in crystallization time with the introduction of the rubber phase,
especially in the case of compatibilized PLA/POE blends.

The degree of crystallinity can be calculated based on melt crystallization using the following

relationship [33]:
AH

X = A %100, (13)
where AH = AH, and AHY, is the melting enthalpy of the 100% crystalline PLA equal to 93.0 J/g [34]
and w is the weight percentage of PLA in the blend. As indicated in Table 2, the degree of crystallization
decreased with addition of POEs due to an induced chain mobility in the PLA matrix [35]. As indicated
in Table 2, the temperature range of crystallization reduced with the incorporation of the rubber phase
into the PLA matrix, especially in the case of the PLA/POE blends containing the PE type rubber phase.
However, this parameter increased with the presence of the compatibilizer in the PLA/POE blends.

According to the Figure 5 and the results presented in Table 2, it can be seen that the introduction
of POEs into the PLA matrix, the enhancement in the cooling rate, and utilizing compatibilizers are
each caused a decrease in T¢,. This can be ascribed to the POESs that ibcrease the mobility of polymer
chains, leading to a fall in the crystallinity of PLA [36]. It is obvious that the key parameter driving
the crystallinity of a semi-crystalline polymer is the entrance of the polymer chains into the crystal
cells, where this ability decreased with the introduction of a rubber phase with a higher chain mobility.
However the reduction in T, has become more obvious with the use of compatibilizer.
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Figure 4. DSC thermograms of nonisothermal crystallization at different cooling rates for neat PLA and
PLA/POE (80/20) with and without compatibilizer. Compatibilizers, EVA and EMA-GMA, were used
at 4% phr.

Table 2. Crystallization parameters of various PLA/POE blends at various cooling rates derived from

nonisothermal DSC measurements.

Cooling CrysItI;EZl tion Peak Crystallization  Crystallization Crystallization Degre.e 0{
Samples Rate Temperature Temperature, Enthalpy, Temperature Time, (s) Crystallization,
(°C/min) T. €0) ! T, °C) AH. (J/g) Range, D (°C) ! (%)
a
5 122.29 118.10 9.50 48.41 9.68 10.22
PLA 10 120.39 114.65 10.64 54.65 5.46 11.44
15 118.87 111.66 12.52 55.84 3.72 13.46
5 122.19 115.94 6.62 20.08 4.02 8.89
PLAPE 10 120.71 112.12 7.14 26.99 2.70 9.60
15 119.59 109.01 7.06 32.73 2.18 9.48
5 121.62 110.02 5.37 23.83 4.77 7.22
PLAPEVA 10 119.55 105.06 6.92 34.83 3.48 9.30
15 117.59 102.00 6.61 39.21 2.61 8.89
5 121.61 106.60 6.31 33.00 6.60 8.49
PLAPEGMA 10 119.86 104.07 8.89 37.66 3.77 11.95
15 117.80 100.19 8.94 44.43 2.96 12.02
5 123.78 113.63 6.46 17.93 3.59 8.68
PLAPP 10 122.87 109.31 7.03 31.66 3.17 9.45
15 121.32 106.02 7.86 33.98 227 10.56
5 122.61 112.14 6.04 22.58 452 8.11
PLAPPVA 10 120.55 106.59 7.07 32.16 322 9.50
15 119.33 102.72 7.53 38.97 2.60 10.12
5 121.02 115.52 7.60 33.25 6.65 10.21
PLAPPGMA 10 119.03 106.93 7.92 33.49 3.35 10.65
15 118.08 104.60 7.70 37.97 2.53 10.35
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Figure 5. The effects of POEs, cooling rate, and compatibilizer on the peak crystallization temperature
of the PLA matrix. (a) PLA blends containing PE base olefin elastomers. (b) PLA blends containing PP

base olefin elastomers.

4.3. Crystallization Kinetics

The variation of (1-X;) with time in the different cooling rates is provided in Figure 6.
The resulting curves presented an upside down s-shaped form, showing the high dependency
of (1 - X;) on the cooling rate for various PLA/POE blends. Table 3 shows the values of 1, Z¢, and t1 /5,
where the Avrami parameters, 11, and Z , are calculated from the curves in Figure 7. The parameter n
can give information about the nature of nucleation and growth processes. Moreover, site saturation

may lead to n values of 1, 2, or 3 for the surface, edge, and point sites, respectively [37].
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Figure 6. Variation of (1 — X;) as a function of time for the neat PLA and PLA/POE (80/20) with and
without compatibilizer. Compatibilizers, EVA and EMA-GMA, were used at 4% phr.
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Table 3. Crystallization kinetic parameters at various cooling rates for the various PLA/POEs based on

the Avrami model.

Cooling Rate (°C/min) Samples n Zc ty, (min)
5 1.20 0.68 3.61
10 PLA 1.27 0.91 2.04
15 141 0.94 1.39
5 3.28 0.69 1.52
10 PLAPE 2.98 0.95 1.02
15 2.89 1.00 0.83
5 3.22 0.64 1.86
10 PLAPP 2.84 0.90 1.64
15 2.66 0.99 1.18
5 2.77 0.61 217
10 PLAPEVA 2.52 0.88 1.58
15 2.45 0.97 1.19
5 3.09 0.58 217
10 PLAPPVA 2.77 0.88 1.55
15 2.79 0.95 1.25
5 2.29 0.58 2.93
10 PLAPEGMA 2.28 0.87 1.67
15 2.36 0.94 1.31
5 1.77 0.70 2.14
10 PLAPPGMA 2.08 0.91 1.08
15 2.43 0.96 0.81
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Figure 7. Variation of log[—In(1 — X;)] as a function of log (dd—{) for the neat PLA and PLA/POE (80/20)
with and without compatibilizer. Compatibilizers, EVA and EMA-GMA, were used at 4% phr.

The parameter n for the neat PLA changed between 1.18-1.41, which indicates that the thermal
process did not have any significant effect on this factor. For the neat PLA, the values of n indicated
a simultaneous and circular layer growth of spherulites, which converted to sporadic growth with
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the addition of POEs. As indicated in Table 3, the values of # increased up to 3 for uncompatibilized
PLA/POE blends, whereas the parameter n was about 2-3 for compatibilized PLA/POE blends due to
the induced chain mobility in PLA, which led to a decreased crystallinity. The value of n reduced with
an increase in the cooling rate for all compatibilized and non-compatibilized PLA/POE blends, except
in the PLAPPGMA sample code, which has a growing trend, indicating the variation of crystallization
kinetics with higher cooling rates [36,38]. The results suggest a more complicated crystallization
kinetics in PLA/POE blends containing EGMA compatibilizers. The results of the nonisothermal
crystallization rate, Z¢, as displayed in Table 3, show an increase with higher cooling rates in various
PLA/POE blends. The parameter Z¢ shows the rate of growing crystals, which had an inverse relation
with compatibility. However, in the absence of compatibilizers, the surface of POE particles had a
high energy, which would be good points for nucleation due to the provision of the activation energy
needed for this process. As can be seen in Table 3, there is an inverse relationship between t; /; and
cooling rate. This value has a slight reduction in PLA/POE blends compared to neat PLA.

The relationship between log[—In(1 - X;)] and log (%) in Figure 7 is linear, which indicates
that the Ozawa model for seeking the nonisothermal crystallization behavior of PLA/POE blends is
acceptable. Various parameters of the Ozawa model are presented in Table 4. Accordingly, m decreased
with temperature. The Ozawa exponent, m, has a relation with the dimension of nucleation growth,
where the values of 0, 1, and 2 are referred to as one, two, and three dimensional growths [7].

Table 4. Crystallization kinetic parameters at various cooling rates for various PLA/POE blends based
on the Ozawa equation.

Samples T (°C) m K (min™") Samples T (O m K (min™)
118 0.01 0.10 116 0.23 0.11
116 0.03 0.22 115 0.05 0.22
113 0.08 0.36 113 0.21 0.35
108 0.07 0.51 112 0.06 0.51
PLA 104 0.00 0.69 PLAPEVA 111 0.08 0.69
100 0.01 0.92 110 0.02 0.92
91 0.00 1.20 108 0.09 1.20
81 0.06 1.61 107 0.10 1.61
79 0.04 2.30 105 0.06 2.30
117 0.92 0.10 117 0.06 0.11
117 0.09 0.22 115 0.04 0.22
116 0.18 0.36 114 0.02 0.36
115 0.05 0.51 113 0.29 0.51
PLAPE 115 0.01 0.69 PLAPPEVA 112 0.07 0.69
114 0.13 0.91 111 0.20 0.92
113 0.19 1.20 110 0.17 1.21
112 0.06 1.60 108 0.08 1.61
110 0.00 2.30 107 0.01 2.30
119 0.26 0.11 116 0.33 0.10
117 0.18 0.22 113 0.08 0.22
116 0.14 0.35 110 0.15 0.36
115 0.18 0.51 108 0.09 0.51
PLAPP 114 0.12 0.69 PLAPEGMA 107 0.00 0.69
114 0.21 0.92 105 0.00 0.91
113 0.18 1.21 104 0.17 1.20
112 0.09 1.60 102 0.03 1.61
111 0.02 2.30 98 0.08 2.30
117 0.17 0.11 117 0.17 0.11
115 0.22 0.22 115 0.22 0.22
114 0.08 0.36 114 0.08 0.36
112 0.01 0.51 112 0.01 0.51
PLAPPGMA 110 0.03 0.69 PLAPPGMA 110 0.03 0.69
108 0.09 0.91 108 0.09 0.91
106 0.03 1.20 106 0.03 1.20
102 0.12 1.61 102 0.12 1.61

98 0.09 2.30 98 0.09 2.30
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The results of the crystallization kinetics of PLA/POEs using the Ozawa model suggest that the
values of parameter m remain close to zero at most temperatures for various PLA/POE blends, which
indicates that the crystallization of PLA remains in one dimensional growth.

According to Figure 8, it can be seen that the crystallization of the PLA/POE blends were completed
in less time rather than with neat PLA. This means that the crystallization duration of the PLA/POE
blends decreased in comparison with the neat PLA, whereas a decrease in the cooling rate led to a
complete crystallization of PLA in a shorter time period. Figure 8 reveals that the incorporation of
POEs into the PLA matrix caused rapid crystallization, despite a general reduction in the crystallinity.
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Figure 8. Plots of the cooling rates as a function of cooling time for the neat PLA and PLA/POE (80/20)
with and without compatibilizer. Compatibilizers, EVA and EMA-GMA, were used at 4% phr.

Parameters of the Mo model are provided in Table 5. As can be seen, both parameters of the
MO model, 2 and log F(T), increased with cooling rates for various PLA/POE blends, which implies a
higher rate of the crystallization process. However, the trends in 4 and log F(T) for various PLA/POE
blends showed that the introduction of POEs into the PLA matrix led to a decrease in the crystallization
rate of PLA, especially in the case of PP based POEs. The results in Table 5 indicate a lower value for a
and log F(T) with the addition of compatibilizer, especially for PLA/POEs containing the PP base POEs
and EGMA as a compatibilizer. Consequently, the study of the crystallization kinetics of PLA/POE
blends by using the Mo model suggested a lower crystallization rate with the incorporation of POEs
and compatibilizer at a certain cooling rate, compared to neat PLA.

Table 5. Crystallization kinetic parameters at various cooling rates for the PLA/POE blends based on

the Mo model.
Cooling Rate (°C/min) Samples a logF(T) Samples a logF(T) Samples a logF(T)
5 2.19 0.69 143 0.69 1.38 0.62
10 PLA 2.39 0.99 PLAPEVA 1.55 0.87 PLAPPGMA 1.33 0.82
15 224 1.21 1.60 0.99 1.13 1.00
5 1.33 0.79 1.45 0.54
10 PLAPE 1.34 1.01 PLAPPVA 1.54 0.67
15 1.28 1.14 1.57 0.79
5 1.31 0.76 1.69 0.65
10 PLAPP 1.50 0.92 PLAPEGMA 1.74 0.77

15 1.56 1.05 1.77 0.86
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dr
Figure 9 depicts the values of In| ;—2' as a function of

k2
straight line gives the activation energy needed for the crystallization of various PLA/POE blends The

values of crystallization activation energy for each of the prepared samples are plotted in Figure 10.
It is obvious that the activation energy for the crystallization of PLA decreased with the incorporation
of POEs, especially with the PP based olefin elastomer. In addition, the use of compatibilizer led to
more reduction in the activation energy, especially in the case of PLA/POEs containing an EGMA
compatibilizer. The results recommend a lower activation energy for the crystallization of a PLA

%, where the slope of each resulting

matrix in samples with more reduced rubber phase droplets, in accordance with the results of the
SEM photomicrographs.
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Figure 9. Plots for evaluating the crystallization activation energy for the comparison between different
compositions of compatibilized and non compatibilized PLA/POE blends with neat PLA for each grade
of POE based on the Kissinger model.
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Figure 10. Nonisothermal crystallization activation energy for various PLA/POEs based on the
Kissinger model.

5. Conclusions

Various PLA/POE blends were prepared via melt mixing process and the effects of POE type,
and compatibilizer type were monitored using crystallization kinetic parameters of the PLA matrix.
Assessments made on morphology indicated that the presence of EGMA as a compatibilizer had an
effective role in the distribution of the POE phase in the PLA matrix, especially in blends containing
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a PP base POE. Crystallization kinetics of the PLA matrix under the effect of various POEs and
compatibilizer were surveyed using the Avrami, Ozawa, Mo, and Kissinger models. The resulting
DSC diagrams indicated that the initial crystallization temperature of the PLA matrix shifted to a
lower temperature with the introduction of various POEs into the PLA matrix, and the addition of a
compatibilizer helped with this trend. The investigation of the crystallization kinetics of PLA/POEs
through the Avrami model indicated a decreased crystallinity with the introduction of POEs into the
PLA matrix, especially in the case of a PP base olefin elastomer. Crystallization kinetics analysis of
PLA/POEs using Ozawa model suggested that the crystallization of PLA remains one dimensionally
growthed with varying the POE and compatibilizer types. The investigation of the crystallization
kinetics of the PLA/POE blends using the Mo model suggested a lower crystallization rate with the
incorporation of POEs and compatibilizer at a certain cooling rate. Kissinger model revealed that the
activation energy for the crystallization of PLA decreased with the incorporation of POEs, especially in
the case of the PP based olefin elastomer. Likewise, the use of compatibilizer led to a more reduction in
the activation energy, especially in the case of PLA/POEs containing the EGMA compatibilizer.
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