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14 Abstract: High density polyethylene (HDPE) and poly(lactic) acid (PLA) blends with different ratios
15 of both polymers, namely 30:70, 50:50 and 70:30, were produced. Polyethylene grafted maleic

16 anhydride and a random copolymer of ethylene and glycidyl methacrylate, were also proposed as
17 compatibilizers to modify HDPE-PLA optimal blends and were added in the amounts of 1, 3 and 5
18 wt.%. Blends properties have been evaluated through different aspects by performing tensile tests,
19 scanning electron microscopy to analyze blend morphology and interfaces, and thermomechanical
20 analysis through differential scanning calorimetry, thermo-gravimetric analyses and infrared
21 spectroscopy. The second blend, the one with equal amounts of HDPE and PLA seems to represent
22 a good balance between high amount of bio-derived charge and acceptable mechanical properties.
23 This suggests a good potential of these blends, which would be a good starting point for the
24 production of composites with lingo-cellulosic fillers.

25 Keywords: Blend; Bio-derived polymers; Compatibilization; Thermoplastic matrix for composite
26

27 1. Introduction

28 Blending is one of the simplest and widespread methods to improve polymer properties. In fact,
29  low cost processing, typical of common blend manufacturing, allows obtaining desired properties
30 and high variability of products [1]. As a consequence, nowadays polymer blends represent around
31  half of total plastic production [2]. The main limit of polymer blend is the mutual miscibility of
32 polymers. In fact, as established with the second law of thermodynamics, the variation of free energy
33 AGis usually positive, because of the high polymerization degree of polymers (affecting the variation
34 of entropy AS) and the poor affinity between polymers (affecting the variation of enthalpy AH) [3].

35 One of the main parameters affecting polymers miscibility is interfacial tension, in particular
36  higher interfacial tension leads to higher phase separation [4]. In spite of this limit, polymer blend
37  can be compatibilized in order to increase dispersion and adhesion between polymers [5]. Many
38  strategies developed in this context, among which the introduction of a compatibilizer is one of the
39 most adopted [6]. Recently, higher sensitivity to problems of oil-based polymer pollution develops,
40  stimulating research to bio-derived polymer production for application as potential substitute of oil-
41 based polymers [7-10]. Among bio-derived polymers, poly(lactic) acid (PLA) seems to be one of the
42 moststudied and applied thanks to its properties comparable or in some cases higher than traditional
43 polyolefins [11-14]. PLA, in fact, has been frequently selected as bio-derived polymer to obtain blend
44  with high amount of biodegradable polymer, reducing the amount of polyolefin. Moreover,
45  depending on the compatibilizer added, oil-based/bio-derived blend can be optimized and has
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46  specific properties. For example, a recent study compatibilized PLA-HDPE polymer blends with
47  cobalt stearate in view of a possible oxo-degradation process: this demonstrates the wide range of
48  opportunities attributed to the addition of the right type and amount of compatibilizer [15]. Several
49  compatibilizing methods have been studied in order to improve oil-based/bio-derived polymeric
50  blends, such as the use of functional molecules for reactive compatibilization during extrusion or the
51  addition of a commercial modified polymer as coupling agents [16-18].

52

53 The development of an oil-based/bio-derived thermoplastic blend is therefore the preliminary
54 requirement of this work. In particular, an optimized high density polyethylene and poly(lactic) acid
55  blend could be produced in order to obtain oil-based/bio-derived thermoplastic blends with high
56  amount of bio-derived charge, keeping good mechanical properties.

57 Two kinds of compatibilizers have been tested in order to improve blend properties. Polybond
58 3029 and Lotader AX8840 seem to be effective thanks to the presence of maleic anhydride grafted on
59  polyethylene chains for the former and polyethylene random copolymer with glycidyl methacrylate
60  for the latter.

61 2. Materials and Methods

62 Eraclene MP90, commercial name of high-density polyethylene (HDPE) from ENI (Versalis), has
63  Dbeen selected as oil-based polymer. Among its properties are: a melt flow index (MFI) of 7 g/10 min
64 (190°C/2.16kg), a nominal mass of 0.96 g/cm?, a tensile strength of 21 MPa, a tensile modulus of 1.2
65  GPa, a Shore D hardness of 50. Poly(lactic acid) (PLA) Ingeo Biopolymer 3251D from Nature Works
66  was selected as bio-derived thermoplastic polymer, with a MFI of 35 g/10min (190°C/2.16 kg). This
67  polymer is characterized by density 1.24, crystalline melting temperature in the range 155-170 °C and
68  a glass transition temperature in the range 55-60°C. Polybond 3029 has been selected as additive,
69  suitable for cellulosic fillers. In fact, Polybond 3029 is a maleated polyethylene with a melt flow index
70 of 4 g/10min (190°C/2.16 kg) and the MA content is 1.7 wt.% (high). Generally, it is sold as pellets of
71  3-4 mm diameter. Lotader AX8840 has been selected with the same purpose. It is a random copolymer
72 of ethylene and glycidyl-methacrylate, with a melt flow index of 5 g/10min (190°C/2.16 kg). The GMA
73 contentis about 8 wt. %. PLA has been dried for one night at 80°C, in order to avoid possible bubble
74  formation due to water evaporation during production process.

75 A Micro 15 Twin-screw DSM research extruder was used in order to produce samples.
76 Temperature of 180°C, screw speed of 75 rpm, nitrogen atmosphere and a resident time of 4 min in
77 the extruder have been selected to avoid PLA degradation during the process.

78 Injection moulding has been used to obtain dog-bone specimens, with a mould temperature of
79  55°C and pressure parameters depending on polymer viscosity. For each family of samples, ten
80  specimens have been produced. Table 1 sums up the formulations produced.

81 Table 1: Formulations produced (10 samples for each family).
Samples HDPE PLA Polybond 3029 Lotader
(%) (%) (%) AX8840 (%)
HDPE70-PLA30 70 30
HDPES50-PLA5S0 50 50
HDPE30-PLA70 30 70
HDPES50-PLA50-Poly1 49.5 49.5 1
HDPES50-PLA50-Poly3 48.5 48.5
HDPES50-PLA50-Poly5 47.5 47.5 5
HDPES50-PLA50-Lot1 49.5 49.5 1
HDPES50-PLA50-Lot3 48.5 48.5

HDPE50-PLAS50-Lot5 47.5 47.5 5
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82  Tensile tests

83  Tensile tests were performed in accordance with the ASTM D638 standard using Zwick/Roell Z010,
84  load cell of 10 kN was used and a 50 N preload was applied. A crosshead speed of 5 mm/min has
85  been used. The tensile tests were performed on five dog-bone samples per series with a gauge

86  length section 30x4x2 mm3 (LxWxT). For each family, five samples have been tested.

87  Scanning Electron Microscopy (SEM)

88  Samples have been observed with Hitachi S2500 and 25 kV in order to analyse blend morphology
89  and interfaces. Samples have been sputter-coated with gold particles before surfaces
90  characterization.

91  Quartering

92  Samples produced, in the majority of cases, are characterized by some heterogeneity because of
93  multiphase matrices. In order to obtain reliable results from thermal analysis, and analyse a
94 representative amount of sample, a cryogenic mill was adopted to obtain samples in the form of
95  powders. A subsequent statistical approach, quartering, was used to select an exemplary amount of
96  samples used for chemical and thermal analysis. This method is based on the separation of the total
97  amount of charge in four parts equal in weight. Then, two parts at the opposite side are mixed
98  together and the other two are separated.

99  Differential Scanning Calorimetry (DSC)

100  Differential Scanning Calorimetry (DSC) tests were performed on a Q20 Thermal Analysis instrument
101 from 25°C to 180°C at 10°C/min under a nitrogen flow of 50 mL min. Two cycles were performed
102 with a 4 minutes interval between them at 180°C to eliminate trace of thermal history. The first cycle
103 provides information about properties after injection moulding, while the second one gives materials
104  properties. Cold crystallization, melting and crystallization parameters (temperature and enthalpy)
105  and glass transition temperatures were analysed.

106  Thermogravimetric Analysis (TGA)

107  Thermogravimetric Analysis (TGA) tests were carried out on a Q500 Thermal Analysis instrument,
108 up to 600°C with a scanning temperature of 10°C/min under a nitrogen flow of 50 mL min-1. From
109  these analyses, we derived temperatures at which degradation started (Tonset), evaluated through
110 the extrapolated onset temperature from TGA curve, and Am, mass variation during the test.

111 Infrared Analysis Attenuated Total Reflection (ATR-FTIR)

112 Infrared Analysis Attenuated Total Reflection (ATR-FTIR) tests were carried out to evaluate
113 interactions between HDPE, PLA and compatibilizers. The tests were performed with a thermo-
114 scientific Nicolet IS10 spectrometer, with a spectral range 4000-400 cm-1 and 32 scans.

115 3. Results

116  3.1. Tensile tests

117 HDPE-PLA blends properties were first analyzed through tensile tests of HDPE70-HDPE30,
118  HDPE50-PLA50 and HDPE30-PLA70 to evaluate mechanical performances and identify the influence
119 on polymer blend. Table 2 sums up results of these three blends compared to neat HDPE and PLA
120 while figure 1 displays tensile tests curves of HDPE-PLA blends.

121 Table 2: Tensile tests results of HDPE-PLA blends without compatibilizers.
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5 ) E o 3
amples
P (GPa) (MPa) (%)
HDPE 1.16%0.08 21.59+0.18 >400
PLA 3.04+0.02 57.34%+1.00 7.1+0.3
HDPE70-PLA30 1.51+0.05 30.76%0.73 >400
HDPES50-PLAS0 1.88%0.05 38.73%+0.18 99.4+2.1
HDPE30-PLA70 2.41+0.05 49.51+0.60 2.3+0.5
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125 Figure 1:HDPE70-PLA30, HDPE50-PLA50 and HDPE30PLA70 tensile tests graphs.
126 The presence of 30 and 50 wt.% PLA allowed reaching a good tensile stiffness and strength, with

127 respect to neat HDPE, while keeping at the same time an acceptable elongation at break: this is a
128  significant result regarding the considerable amount of a brittle polymer (PLA) blended with HDPE.
129 In contrast, increasing the amount of PLA up to 70 wt.% strongly reduced the elongation at break, at
130 alevel even lower than for neat PLA, while offering a tensile strength and stiffness near to neat PLA.
131  Starting from these results, HDPE50-PLA50 was selected as a promising blend considering a
132 compromise of mechanical properties and amount of bio-based material. As a consequence, analyses
133 on blends with 50 wt.% PLA have been considered for deeper studies. The use of three different
134 percentages of compatibilizers was investigated to elucidate their effects on HDPE50-PLA50 and to
135  identify the most suitable compatibilizer and related amount. In particular, Lotader AX8840 and
136  Polybond 3029 were investigated as compatibilizing agents in the amount of 1, 3 and 5 wt.%. Table 3
137  and figure 2 display main tensile tests results.

138 Table 3: Tensile tests results for HDPE-PLA blend with Lotader AX8840 and Polybond 3029 in
139 different amount (1, 3, 5wt.%). Purple colour is for Polybond 3029 addition, while green one is for
140 Lotader AX8840.
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Samples E J €
P (GPa) (MPa) (%)
HDPE50-PLA50 1.88+0.05 38.73+0.18 99.44+2.1
HDPES50-PLA50-Poly1 2.24+0.76 43.30+2.76  86.2117.3
HDPES50-PLA50-Poly3 2.31+0.14 42.80+2.65 71.9146.9
HDPES50-PLA50-Poly5 1.92+0.03 39.74+0.41 34.1+13.1
HDPE50-PLA50-Lot1 2.1840.21 40.70£3.99 175.31+84.2
HDPE50-PLA50-Lot3 2.144+0.07 41.70£1.93 193.0%£59.1
HDPE50-PLA50-Lot5 1.751£0.13 34.28+1.52 173.2+56.2
141
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142
143 Figure 2: Effect of Lotader AX8840 and Polybond 3029 in 1-3-5 wt.% on PE50-PLA50 blend.
144 Lotader AX8840 and Polybond 3029 were selected because of their ability to interact with both

145  polyethylene and polymers with polar groups such as poly(lactic)acid. The addition of Lotader
146  AX8840 seems to be very effective to improve compatibility between HDPE and PLA. In fact, a
147  significant improvement in elongation at break was displayed for all compatibilizer percentages. At
148  the same time, slight reductions in elastic modulus and tensile strength have been displayed for the
149 highest compatibilizer percentage. Moreover, Polybond 3029 similarly displays a reduction of o and
150 & when5wt.% is added. As a consequence, an optimal amount of Lotader AX8840 and Polybond 3029
151  need to be applied: in both cases, the best results were obtained for 3 wt. % of compatibilizer.

152 3.2. Scanning Electron Microscopy (SEM)

153 Scanning electron microscopy (SEM) analyses aimed at investigating both HDPE-PLA
154  compatibility and the influence of compatibilizers on the blend. HDPE-PLA SEM images displays
155  typical immiscible blend morphology between hydrophobic (polyethylene) and hydrophilic (poly
156  (lactic) acid) (figure 3). In fact, a visible phase separation of HDPE and PLA was displayed: as
157  expected for polymer with different hydrophilicity, a weak interface between HDPE and PLA is
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158  evident. The problem of compatibilization between polyethylene and poly(lactic) acid polymers is of
159  paramount importance in recent resin manufacturing, and has been partially addressed with
160  interfacially localized catalysts, based for example on stannous octoate [19]. However, the problem
161  appears generally far from being totally resolved.

162

163

164 Figure 3: HDPE50-PLA50 blend morphology of cryo-fractured surface

165 The addition of compatibilizers to HDPE50-PLAS50 blend allows a reduction in dimension of

166  different phases, suggesting a higher compatibility between HDPE and PLA. This result is more
167  evident for Lotader AX8840 (figure 4a) than for Polybond 3029 (figure 4b): in fact, a higher phase
168  separation and easier distinction between polymers was displayed for samples compatibilized with
169  Polybond 3029. The higher affinity of PLA for Lotader AX8840 was already displayed in our previous
170 work [11], revealing the presence of smaller spherical secondary phase for Lotader AX8840 than for
171  Polybond 3029 when blended with PLA.
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172 — 40 pm —
173 Figure 4: Blend morphology of cryo-fractured surface a) HDPE50-PLA50-Lot3
174 b) HDPE50-PLA50-Poly3

175 3.3. Differential Scanning Calorimetry (DSC)

176 Differential Scanning Calorimetry was useful for analysing the combined effects of blending
177  HDPE with PLA, and the effects of adding compatibilizers. AHmek (J/gPE) and AHmeia (J/gPLA)
178  refers enthalpies value to the exact amount of Polyethylene and poly(lactic acid) in the samples. For
179 example, HDPE50-PLA50 displayed AHmee of 113 J/g but a division by 0.5 is needed to obtain the
180  real amount of enthalpy referred to HDPE; as a consequence, the effective AHmee is 226 J/gre. Table
181 4 sums up DSC results for HDPE, PLA and HDPE50-PLA50.

182
183 Table 4: DSC results for HDPE, PLA and HDPE50-PLA50.
AHccera  Tec AHmree Tmree AHmreea Tmea  Tgpera
Jigrs)  (C)  (/gre) Q) (/gma)  (CO)  (°O)
HDPE - - 215 134 - - -
PLA 7 98 - - 41 168 61
HDPES50-PLA50 8 97 226 132 40 168 62
184
185
186 The typical PLA cold crystallization process [20] is still revealed by HDPE50-PLA50. Moreover,

187  slightly higher crystallinity of HDPE phase is demonstrated, in agreement with both higher
188  mechanical properties of the blend and with a phase separation because of the presence of crystals
189  [4]. The effect of Lotader AX8840 and Polybond 3029 on HDPE50-PLA50 properties was also analysed
190  (table5). Both Polybond 3029 and Lotader AX8840 addition reveal the presence of cold crystallization.
191  Higher enthalpies values were measured for Lotader AX8840 addition with respect to Polybond 3029,
192 but in both cases, the influence of adding different amounts of compatibilizers is not evident. A
193 possible interpretation for higher enthalpies is that the addition of compatibilizers results in an
194  increased PLA chain mobility with respect to neat HDPE50-PLA50.

195
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196 A more evident effect of compatibilizer addition is displayed by Lotader AX8840, with lower
197  melting enthalpy for HDPE phase. This result suggests an interaction between HDPE and PLA
198  through Lotader AX8840, hindering HDPE macromolecules mobility [21].

199
200 Table 5: DSC results of HDPE50-PLA50 with 1-3-5 wt.% of Lotader AX8840 and Polybond 3029.
AHccrra  Tec AHmree  Tmre  AHmreia Tmreea  Tgera
(lgra) — (CC)  U/gre)  CC)  (lgrs) (O (°C)
HDPE50-PLAS50 8 97 236 132 40 168 62
HDPES50-PLA50-Poly1 15 94 195 132 45 168 61
HDPES50-PLA50-Poly3 15 100 190 132 41 168 61
HDPES50-PLA50-Poly5 16 101 198 132 41 168 61
HDPE50-PLAS50-Lot1 20 103 192 132 40 168 61
HDPES50-PLA50-Lot3 21 103 182 132 41 168 61
HDPE50-PLAS50-Lot5 20 104 192 132 36 168 61
201

202 3.4. Thermogravimetric Analysis (TGA)

203 In order to evaluate thermal stability of polymer, analyses have been performed to measure
204 degradation onset temperature (Tonset) (table 6). PLA revealed a lower thermal stability compared to
205  HDPE:in fact, Tonset is around 319°C for PLA and 458°C for HDPE, in agreement with literature results
206  [22]. Blending HDPE and PLA (HDPE50-PLA50) results in a Tonset near to neat PLA, confirming a
207  reduced thermal stability of the blend (322°C) with respect to neat HDPE (458°C). All formulation
208  displayed a complete degradation of polymers, without the formation of a residual char (100% of
209  mass variation Am between the total amount of sample before the test and the residual mass after the
210  test). The addition of Lotader AX8840 increased blend thermal stability, with higher Tonset with
211  increasing Lotader AX8840 amount. Blend formulations, either compatibilized or not, displayed two
212 separated thermal degradations, the first refers to poly(lactic)acid and the second to polyethylene. A
213 maximum rate of weight loss corresponds to each degradation: blend formulation exhibited two
214 separated temperature of the peak value for the first derivative of the TGA curve (Torg).

215 Table 6: TGA results for HDPE-PLA blends with different compatibilizer percentages and HDPE50-
216 PLAS50 matrix composites with 3 wt.% of compatibilizer. Tonset (°C) is evaluated with the

217 extrapolated onset temperature from TGA curve. Torc (°C) Temperature of maximum DTG curves
218 peaks. Am (%) is the mass variation percentage between the total amount of sample before the test
219 and the residual mass after the test.

Tonset (OC) Torc (OC) Am (%)

HDPE 458 474 100

PLA 319 351 100

Poly 459 480 100

Lot 434 464 100
HDPES50-PLAS50 322 345/471 100
HDPES50-PLA50-Poly1 316 351/444 100
HDPES50-PLA50-Poly3 322 358/438 100
HDPES50-PLA50-Poly5 313 342/432 100
HDPE50-PLAS50-Lotl 325 350/470 100

HDPES50-PLAS0-Lot3 325 350/468 100
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HDPES50-PLA50-Lot5 334 351/474 100
220
221 3.5. Infrared Spectroscopy Attenuated Total Reflection (ATR-FTIR)
222 Infrared spectroscopy has been done to evaluate interactions between polymers, and the main

223 results are displayed in figure 5. As expected, HDPE50PLA50 did not display peaks variation
224 confirming the presence of an immiscible blend without interactions between HDPE and PLA. The
225  addition of Lotader AX8840 slightly shifts typical ester peak of PLA (1749 to 1752 cm-1), suggesting
226  interactions between glycidyl methacrylate and C=O group of PLA. Polybond 3029 addition, on the
227  contrary, did not display variation of HDPE50-PLA50 peaks, confirming the hypothesis of poor
228  interactions between maleic anhydride and C=O group of PLA.
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232 Figure 5: ATR-FTIR spectra of: a) HDPE, PLA and HDPE50-PLAS50,

233 b) HDPE50-PLA50, HDPE50-PLA50-Lot3 HDPE50-PLA50-Poly3
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234 Further research on compatibilization could involve the use of nanostructure, such as SiO:
235  nanoparticles, graphene platelets or carbon nanotubes [23].
236 4. Conclusions
237 After a preliminary study on HDPE-PLA blends, the one containing equal amounts of HDPE

238  and PLA appears to be the most suitable towards keeping good mechanical properties and a
239  significant reduction of non bio-derived charge. The addition of compatibilizer, especially Lotader
240  AXB8840 because of high content of glycidyl methacrylate, seems to increase homogeneity of the
241  blend. An appropriate percentage of compatibilizer has to be selected in order to optimize blend
242 properties. In fact, 3wt.% of compatibilizer seem to optimize (considering strength and plasticity)
243 mechanical properties and affinity between HDPE and PLA. SEM images revealed a typical
244  immiscible morphology between HDPE and PLA when blended without compatibilizer. Both
245  Lotader AX8840 and Polybond 3029, more moderately, seem to increase homogeneity of the blend
246  thanks to functional groups interaction with PLA, in agreement with FTIR results. Further analyses
247  have to be done in order to evaluate biodegradation behavior of oil-based/bio-derived polymer
248  blends with the ratio analyzed in this study.
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