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Abstract  9 

The main aim of this work is to study the importance of the coupling agent on tensile and 10 

thermomechanical performance of annealed composites based on poly(lactic 11 

acid)/poly(methyl methacrylate) matrix and sisal fiber bundles. As coupling agent 12 

poly(styrene‐co‐glycidyl methacrylate) copolymer was used. Results obtained in the 13 

current study suggested that the presence of the copolymer is crucial to form a strong 14 

adhesion between the fibers and polymeric matrix and consequently to improve both 15 

thermomechanical performance and tensile properties after annealing process. It must 16 

highlight that the estimated heat deflection temperature (HDT) of annealed composite 17 

with 40 wt% of fiber increased around 40 ºC respect to respect to commercial neat PLA.  18 
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1. Introduction  24 

In the last decades, the research in sisal fiber-reinforced composite caught the interest of 25 

researchers due to its properties and environmental benefits. Different polymer matrices 26 

https://doi.org/10.1080/15440478.2021.1916672
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have been used for sisal fiber composite preparation (Arbelaiz et al. 2020; Bosquetti et 27 

al. 2019; Zhao, Sun, and Tang 2020; Zhu, Hao, and Zhang 2020). In the recent years, 28 

the development of composites based on biopolymers such as poly(lactic acid) (PLA) 29 

has gained a great interest (Orue et al. 2015, 2016, 2020; Orue, Eceiza, and Arbelaiz 30 

2018). One of the most studied approaches to overcome PLAs poor impact strength and 31 

low heat distortion temperature (Auras, Harte, and Selke, 2004; Kale et al. 2007) is the 32 

melt-blending technique with different polymers and/or additives (Frédéric, Sterzel, and 33 

Wegner 2014; Gu et al. 2008; Hashima, Nishitsuji, and Inoue, 2010; Jo et al. 2012; 34 

Leung et al. 2009; Rohman et al. 2007). Previously (Anakabe et al. 2015, 2016, 2018), 35 

different blends of extruded poly(lactic acid)/poly(methyl methacrylate) (PLA/PMMA) 36 

were studied. It was observed that after the addition of 3 pph of poly(styrene-co-37 

glycidyl methacrylate) (P(S-co-GMA)) copolymer to PLA/PMMA (80/20 wt%) blend, 38 

the elongation at break and impact resistance values improved around 1300 % and 60 39 

%, respectively, keeping the tensile strength and modulus values almost similar to 40 

PLA/PMMA blend. However, the blend showed a pronounced loss of stiffness around 41 

70 ºC due to the amorphous microstructure presented. Thus, the incorporation of 42 

cellulosic fibers combined with an annealing process is a good approach to increase the 43 

Heat Distortion Temperature (HDT). Previously (Orue et al. 2020), it was observed that 44 

the estimated HDT value of composites based on PLA/PMMA matrix and sisal fiber 45 

bundles without copolymer increased considerable after the annealing process but in 46 

detriment to tensile strength value. It was concluded that the thermal treatment damaged 47 

the fiber/matrix adhesion and created cracks. Therefore, the use of a compatibilizer 48 

agent could be an interesting approach to reduce the damage on the fiber/matrix 49 

adhesion and the formation of cracks due to the annealing process.  50 
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The main aim of this work is to study the effect of annealing process on the properties 51 

of composites based on sisal fiber bundles and PLA/PMMA matrix modified with P(S-52 

co-GMA) copolymer. To date, there is not any published research work where 53 

PLA/PMMA blend modified with 3 pph of P(S-co-GMA) copolymer was reinforced 54 

with natural or synthetic fibers. The thermal properties, mechanical properties and the 55 

morphological study of the prepared polymer blend and its composites were carried out 56 

by differential scanning calorimetry, dynamic mechanical analysis, tensile test, impact 57 

test and scanning electron microscopy. Results obtained in this study suggested that the 58 

presence of the copolymer is crucial to form a strong adhesion between the fibers and 59 

polymeric matrix and consequently to improve both thermomechanical performance and 60 

tensile properties after annealing process.  61 

 62 

2. Experimental part 63 

2.1. Materials 64 

PLA was purchased from NatureWorks LLC (IngeoTM 3051D, Mn = 106,000 g/mol; 65 

PDI: 1.7; ≈ 4.6 % D-lactate). This grade is designed for injection molding applications 66 

being the melt flow index between 10 and 25 g/10 min (2.16 kg load, 210°C).The 67 

tensile strength and deformation at break of PLA is 48 MPa and of 2.5%, respectively. 68 

PMMA was purchased from Evonik ROM GmbH (PLEXIGLAS® zk5BR, Mn = 70,000 69 

g/mol; PDI: 2.3). This grade is used for injection molding as well as for extrusion 70 

processes being the melt flow index around 4 g/10 min. P(S-co-GMA) copolymer (Mn 71 

= 29,000 g/mol; PDI: 1.9) was kindly supplied by Macro-M (Kuo Group). Copolymer 72 

composition consisted of 80% styrene and 20% methacrylate, and glycidyl substitution 73 

was present at 50% of the methacrylate groups (Anakabe et al. 2016). 74 
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Sisal, Agave sisalana, fiber bundles cultivated in Africa were kindly supplied by 75 

Celulosa de Levante S.A. The cellulose content was determined previously being 76 

around 62% (Mondragon et al. 2014). To remove non-cellulosic compound from sisal 77 

fibers NaOH solution was prepared. Sodium hydroxide pellets, supplied by Panreac, 78 

were used to prepare NaOH solution. The alkali treatment of fibers was carried out 79 

following the conditions described in a previous work (Orue et al. 2015). After alkali 80 

treatment, the cellulose content and the thermal stability of fibers increased due to the 81 

extraction of non-cellulosic compounds such as hemicelluloses and lignins. The tensile 82 

strength and modulus of alkali treated sisal fibers is 352 MPa and 5 GPa, respectively. 83 

(Orue et al. 2015).  84 

2.2. Compounding and processing of materials 85 

Previously dried PLA and PMMA pellets were melt-blended in a HAAKE Rheomix 86 

600 internal mixer at 215 ºC. Once PLA/PMMA (80/20 wt%) blend was melted, 3 pph 87 

of copolymer was added in the internal mixer and the blend was mixed during 5 min at 88 

50 rpm after the torque value began to increase. Afterward, dried NaOH treated sisal 89 

fibers were added in the internal mixer and they were mixed during 5 min at 50 rpm. 90 

The fiber loading varied in the composites from 20 to 40 wt%. 91 

All pelletized blends were dried in an oven prior to process by injection molding 92 

technique in a HAAKE Minijet II. 63.5 mm length dog bone specimens with a narrow 93 

section of 3.18 × 3.29 mm2 (ASTM-D638-10, type V) were obtained. The gage length 94 

was 10 mm and 1 mm/min test speed was selected. Some tensile specimens were 95 

annealed at 105 ºC for 15 h.  96 

Non-annealed and annealed specimens were characterized by means of different 97 

characterization techniques. 98 
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 99 

2.3. Characterization 100 

2.3.1. Tensile test  101 

Tensile tests were performed according to ASTM D638 standard using Insight 10 102 

testing system. Tensile tests were carried out at 1 mm/min deformation rate and tensile 103 

properties were determined. 104 

 105 

2.3.2. Unnotched impact test 106 

Unnotched Charpy impact tests were carried out by means of an IMPats-15 impact 107 

pendulum with a 2 J hammer with a support span of 40 mm. Even though sample 108 

geometry used did not follow any standards, for comparison purposes, injection molded 109 

V type specimens were cut to a length of 63.5 mm with a section of 3.18 x 3.29 mm2.  110 

 111 

2.3.3. Scanning electron microscopy  112 

SEM micrographs were performed by JSM-6400 equipment. Impact fractured surfaces 113 

were previously coated with gold using Q150TES metallizer. 114 

 115 

2.3.4. Differential scanning calorimetry 116 

Samples were subjected to two heating runs from 0 ºC to 180 ºC under a nitrogen 117 

atmosphere in a Mettler Toledo differential scanning calorimetry (DSC). First heating 118 

scan was carried out at 10 ºC/min to remove the thermal history of non-annealed 119 

samples whereas the second heating scan was taken out at 3 ºC/min. For annealed 120 

samples, only one heating scan was carried out from 0 ºC to 180 ºC at 3 ºC/min. The 121 

crystallinity degree (χc) of samples was determined according to Eq. (1):  122 
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 (1) 123 

where ∆𝐻𝐻100 % is the melt enthalpy for theoretical 100 % crystalline PLA, ∆𝐻𝐻𝑐𝑐𝑐𝑐 is the 124 

enthalpy of cold-crystallization process, ∆𝐻𝐻𝑚𝑚 is the enthalpy of melting process, and 125 

𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃 is the weight fraction of PLA. In this work, a value of 93 J/g was taken as the melt 126 

enthalpy of 100 % crystalline PLA (Fisher, Sterzel, and Wegner 1973).  127 

 128 

2.3.5. Dynamic-mechanical analysis  129 

Dynamic-mechanical analysis (DMA) tests of samples were performed in torsion mode 130 

at a frequency of 1.6 Hz and 0.005 % strain using an ARES rheometer. The temperature 131 

scan was carried out over the temperature range of 30 ºC to 150 ºC.  132 

 133 

2.4. Statistical analysis 134 

The statistical analysis was performed using one-way ANOVA in the OriginPro 135 

(Version 9.0) software program and Tukey´s test was used for multiple comparisons. 136 

Differences were statistically significant at P < 0.05 level. 137 

 138 

3. Results and discussion 139 

3.1. The effect of annealing process on the studied systems properties 140 

3.1.1 Thermal properties of studied systems 141 

The heating scan thermograms of unreinforced polymer blend and its composites based 142 

on 30 wt% sisal fibers before and after annealing process are shown in Figure 1. Before 143 

annealing, unreinforced polymer blend and its composite were almost totally amorphous 144 

materials showing low crystallinity degree values. After annealing, the glass transition 145 

temperature (Tg) of PLA/PMMA blend raised from 57.8 ºCto 63.1 ºC because of the 146 
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segmental rearrangement of the PLA chains (Lv et al. 2015), whereas the Tg of 147 

composite maintained similar. On the other hand, the crystallinity degree of 148 

unreinforced polymer blend increased from 2.1 % to 22.1 % after annealing process 149 

while the composites showed an increment up to 37.5 %, suggesting that sisal fibers 150 

acted as nucleating agent (Perez-Fonseca et al. 2016; Sarasini et al. 2013; Wang et al. 151 

2011). The presence of PMMA polymer hindered the crystallization of PLA polymer 152 

(Anakabe et al. 2015), since the obtained crystallinity degree values were lower than 153 

those obtained previously for PLA/sisal fibers composites (Orue, Eceiza, and Arbelaiz  154 

2018).  155 

Insert Figure 1 here 156 

3.1.2 Thermomechanical properties of studied systems 157 

The variations of the storage modulus, loss modulus and tan δ values of unreinforced 158 

polymer blend and its composites before and after annealing process are illustrated in 159 

Figures 2 and 3, respectively. The storage modulus increased with increasing the fiber 160 

content that is in agreement with the trend observed in the literature for other 161 

composites based on cellulosic fibers and PLA polymer (Du et al. 2014; Perez-Fonseca 162 

et al. 2016). After the annealing process, a reduction on the modulus values was 163 

observed around 72 ºC. This decrease was related to the amorphous relaxation of PLA 164 

and was more gradual in the case of composites rather than on polymer blends.  165 

 166 

Insert Figure 2 here 167 

Insert Figure 3 here 168 

Concerning the tan δ values, Figures 2c and 3c, annealed systems not only showed 169 

slightly higher Tg values than non-annealed counterparts, but also exhibited lower 170 
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height of tan δ suggesting that annealed systems presented lower damping than non-171 

annealed counterparts due to the crystallinity increment. Obtained results confirmed that 172 

both the addition of fibers and annealing process contributed to improve the thermo-173 

mechanical behavior of unreinforced polymer blend. The HDT of samples was 174 

estimated using the correlation established by Takemori (1979) between the HDT and 175 

the temperature at which the Young´s modulus equals 0.75 GPa. The Young´s modulus, 176 

E, was calculated according to Eq. (5). 177 

( )2 22(1 ) ´ ( ´́ )E E Eυ= + +  (5) 178 

where 𝜐𝜐 is the Poisson ratio and is assumed to be 0.33 which is typical for glassy 179 

polymers such as PLA and PMMA, whereas E´ and E´´ were the storage and loss 180 

modulus, respectively. Table 1 shows that the estimated HDT values markedly 181 

increased for unreinforced polymer blend and its composites after the annealing process. 182 

Furthermore, it was observed that the increment of estimated HDT value of composites 183 

after annealing process was higher with increasing the fiber content. Many research 184 

works showed that the annealing process increases the HDT of composites based on 185 

PLA polymer matrix (Bubeck et al. 2018; Shi et al. 2012). Previously, the HDT value of 186 

commercial neat PLA used in the current work was estimated, being 59.5 ºC (Orue et al. 187 

2020). Annealed composites with a fiber loading of 40 wt% showed an increment of the 188 

estimated heat deflection temperature of around 40 ºC respect to commercial neat PLA. 189 

Insert Table 1 here 190 

 191 

3.1.3 Mechanical properties of studied systems 192 

Figure 4 a-d shows the tensile and impact properties of unreinforced polymer blend and 193 

its composites before and after annealing process. The statistical significance of the 194 
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results was evaluated by one-way ANOVA. The different letters means that the values 195 

are statistically different at 95% significance level. Before the annealing process, 196 

unreinforced polymer blend showed the tensile strength and Young´s modulus values 197 

around 61.5 MPa and 3.2 GPa, respectively, whereas the elongation at break value was 198 

137 %. These values that were obtained by mixing the polymers with the copolymer in 199 

an internal mixer, were similar to those obtained by twin-screw extrusion (Anakabe et 200 

al. 2016). It was observed in Figure 4a that, in general, the tensile strength value of 201 

composites increased after the annealing process. The tensile strength values of 202 

annealed composites are at least 50 % higher than the strength data of commercial neat 203 

PLA used in the current work. One of the reasons of this improvement on the tensile 204 

strength values could be the increment observed in the crystallinity of the samples. 205 

However, the crystallinity degree increment could not be the unique reason for 206 

obtaining higher tensile strength values after annealing process. In this way, 207 

biocomposites based on PLA/PMMA matrix without copolymer were studied in a 208 

previous work (Orue et al. 2020) and it was observed that although crystallinity degree 209 

of composites increased after the annealing process, the tensile strength values 210 

decreased due to the damage suffered in the fiber/matrix adhesion. Therefore, it seemed 211 

that the presence of copolymer not only improve the interfacial adhesion between the 212 

PLA-rich and PMMA-rich dispersed phases (Anakabe et al. 2016), but also improved 213 

the adhesion between fibers and polymer matrix.  214 

Insert Figure 4 here 215 

Figure 4b shows that after the annealing process the Young´s modulus value of 216 

unreinforced polymer blend was similar to non-annealed counterpart. Nevertheless, the 217 

modulus value of composites increased after the annealing process being in accordance 218 
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with results found in the literature for composites based on PLA and cellulosic materials 219 

(Bubeck et al. 2018; Perez-Fonseca et al. 2016).  220 

In general, as the fiber loading was increased the reported strength and modulus values 221 

were different by the one-way analysis of variance test at 95% significance level, 222 

observing more clearly this difference in tensile modulus values.  223 

The crystallization of PLA resulted in an embrittlement of the unreinforced blend 224 

(Figure 4c) and consequently the elongation at break values decreased after the 225 

annealing process. Nevertheless, the elongation at break values of annealed composites 226 

were similar to non-annealed counterparts. Furthermore, the deformation at break value 227 

of annealed composites is slightly higher than the value of commercial neat PLA used 228 

in the current work. Figure 4d shows that the impact strength of unreinforced polymer 229 

blend increased up to 32 kJ/m2 after annealing process. On the other hand, the addition 230 

of sisal fibers reduced the impact resistance of PLA/PMMA blend, being the impact 231 

strength values of annealed composites similar to non-annealed counterparts. Regarding 232 

composite values, the elongation at break and impact strength values of composites are 233 

not statistically different at different fiber loading and showed the same letter.  234 

Obtained tensile strength values suggested that the addition of copolymer resulted in 235 

improved matrix/fiber adhesion. Probably, the residual epoxy groups of P(S-co-GMA) 236 

copolymer which did not react with the functional end-groups of PLA could have 237 

reacted with the –OH groups in the surface of the fibers creating new covalent bonds 238 

(Figure 5).  239 

Insert Figure 5 here 240 

It was previously reported that the torque value started to stabilize after around 5 min of 241 

blending (Anakabe et al. 2018), just at the moment when sisal fibers were added to 242 
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PLA/PMMA-based polymer blend. This fact and obtained tensile strength values 243 

suggested that unreacted epoxy groups of copolymer could react with hydroxyl groups 244 

of sisal fibers.  245 

 246 

3.1.4 Morphology of impact fractured surfaces  247 

Figure 6 a-d shows the SEM micrographs of the impact fractured surfaces of 248 

unreinforced polymer blend and composite based on 30 wt% sisal fibers before and 249 

after annealing process. Comparing the fractured surfaces of unreinforced systems, no 250 

significant differences were observed before and after annealing process. In SEM 251 

micrographs of composites, Figure 6b and d, split sisal fibers can be observed 252 

suggesting that upon debonding, energy dissipation occurs along the fiber prior to pull-253 

out (Haameem et al, 2016; Wong et al. 2010). The addition of the copolymer increased 254 

considerably the viscosity of the blend in the internal mixer (Anakabe et al. 2016) and 255 

consequently, high shear stresses could split the sisal fibers which were fibrillated 256 

during the alkali treatment. The splitting of sisal fibers could increase the capacity to 257 

dissipate the energy during the impact test. This fact, together with the improved 258 

adhesion between the fiber and polymer matrix, could be the reasons for obtaining 259 

impact strength values slightly higher than the values reported in the previous work for 260 

composites based on PLA/PMMA matrix and sisal fibers without copolymer (Orue et 261 

al. 2020). Taking into account the tensile and impact properties, as well as the 262 

micrographs of the fractured surface, the shrinkage of PLA polymer caused during the 263 

annealing process seemed to damage to a lesser extent the matrix/fiber adhesion in 264 

systems with copolymer than in composites without copolymer that were studied 265 

previously (Orue et al. 2020).  266 
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Insert Figure 6 here 267 

 268 

4. Conclusions 269 

The incorporation of cellulosic fibers combined with an annealing process in the 270 

presence of a copolymer that can react chemically with matrix and fiber is an effective 271 

approach to improve the thermomechanical performance and the tensile properties of 272 

composites based on sisal fiber bundles and poly(lactic acid)/poly(methyl methacrylate) 273 

matrix. Results obtained in the current study suggested that the presence of the 274 

copolymer is crucial to form a strong adhesion between the fibers and polymeric matrix 275 

and consequently to improve both thermomechanical performance and tensile properties 276 

after annealing process. It must highlight that the estimated heat deflection temperature 277 

(HDT) of annealed composite with 40 wt% of fiber increased around 40 ºC respect to 278 

commercial neat PLA and the tensile strength value increased around 50% respect to 279 

commercial neat PLA.  280 

 281 
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Table 1 

 HDT (ºC) 
System Before After Increment 
80/20 + 3 pph 63.0   76.9 13.9 
80/20 + 3 pph + 20 wt% fiber 65.3   83.8 18.5 
80/20 + 3 pph + 30 wt% fiber 65.5   94.8 29.4 
80/20 + 3 pph + 40 wt% fiber 67.2 104.1 36.9 
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