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1. Introduction 

The improvement of material fire resistance is a serious concern. To control and mitigate the fire's detrimental 

effects, a thorough examination of the fire's behavior and operational procedures is required. A lot of effort has been 

made to comprehend the underlying mechanisms and behaviors better. Chemical, physical, or a combination of these 

methods are used in flame retardancy processes. The behavior of fire is significantly influenced by chemical qualities 

like thermal stability or physical characteristics. One of these, thermal diffusivity, is essential for forecasting the 

flammability attribute [1,2]. 

Thermal diffusivity is the capacity of a material to transmit heat instead of absorbing it. As a result, heat is 

transferred through a material more quickly the higher the thermal diffusivity. Therefore, the pace at which a specific 

material decomposes can be physically influenced by the thermal diffusivity [3,4]. Recent research has shown that 

increasing thermal diffusivity mostly lengthens the time it takes for ignition to occur while reducing the peak and 
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overall rates of heat release. The two most important parameters of a particular substance in the assessment of its 

potential danger of fire are found to be the maximum heat rare release as well as overall heat release. Therefore, as 

thermal diffusivity is raised, flammability is decreased [5,6]. 

Furniture, computers, appliances, and specialized industrial parts are just a few of the many products and materials 

manufactured of polymer that is employed in these products. The benefits of polymers are their simplicity in 

production, small size, high voltage breakdown, strength, and resistance to corrosion [7,8]. Their low price is, however, 

their biggest advantage. Meanwhile, it is acknowledged that polymers' heat resistance is both a critical property and a 

challenging problem. An enhancement in the fire-resulting effect of polymer materials is therefore highly desirable 

when it comes to the fire resistance capabilities of polymers. As a result, a solution must be developed to lessen the 

risks through the development of novel, sophisticated materials with superior combustibility properties [9]. 

Recent research has demonstrated that reinforcements like metal oxides can improve the thermal durability of 

polymers while reducing their flammability. According to earlier studies, a metal oxide's predominant fire retardancy 

mechanism is primarily linked to its physical characteristics rather than its chemical composition. For examples, TiO2, 

Al2O3, and other metal dioxide nanoparticles have a large ability to alter the thermal breakdown of a polymer [10].We 

concentrate on investigating poly methyl methacrylate as the host matrix in this research. Due to its many beneficial 

qualities, the thermoplastic polymer poly (methyl methacrylate) is widely employed in a variety of applications. 

However, its primary flaw is that, with a limiting oxygen value of 18, it is extremely flammable. The following 

literature review describes how metal oxide fillers enhance the flammability of poly methyl methacrylate [11,12]. 

In order to better comprehend of the elements influencing the properties of polymer-metal oxide nanocomposites, 

researchers have extensively looked into the effects of specific material variables on thermal conductivity and 

properties. Al2O3, TiO2, and boehmite fillers have all been studied by Friederich et al. [13] at varied loading contents. It 

has been shown that the duration of ignition improves by around 25 % in terms of different weight fractions regardless 

of the type of reinforcement utilized, of the additives. Additionally, peak heating rate is reduced by almost 50 % of the 

total at 15-20 weight % of the same fillers, per the same experiment. Utilizing alumina at a 15 wt.% concentration 

efficiently reduces the overall heat emission by about 30%. Iron oxide and titanium dioxide fillers both increase 

thermal stability by around 70°C and lower peak heat rate, according to Laachachi's [14] analysis of their effects. With 

an increase in the amount of both fillers, the peak heat rare rate falls and the overall burn time rises. 

A molecular modeling simulation is a useful tool for researching polymer behavior. While there are some 

molecular modeling simulations on thermal decomposition as well as thermal degradation for polyethylene, 

polypropylene, and poly(isobutylene). To our knowledge, no similar computations for heat transfer using molecular 

dynamics exist for poly-a-methyl styrene and other materials [15,16]. 

Molecular modeling simulations will be used to examine how adding metal oxides can increase a polymer's ability 

to withstand fire. To do this, we compute the heat conductivities of poly (methyl methacrylate) as well as poly (methyl 

methacrylate)/Al2O3 nanocomposite and investigate the effects of the Al2O3 nanoparticles on the poly (methyl 

methacrylate). 

 

2. Molecular Dynamics Simulation Setup and Materials 

All molecular simulations had been carried out on Large-Scale-(Atomic/Molecular)-Massively- Parallel-Simulator 

[LsA/MMPS] thru a focus on materials characterization. A system was composed of three linear isotactic polymethyl 

methacrylate chains with a degree of polymerization of 100 surrounding an aluminum oxide nanoparticle (10% weight 

Al2O3) with a radius of 7Å, at the middle of the simulation cubic. J. Scott et al.[17] proposed the structure of the 

polymethyl methacrylate monomer. The structure of aluminum oxide is extracted from the Chichagov [18] 

crystallographic database. After being created in (Fortran 95), the poly (methyl methacrylate) conformations with a 

random algorithm and the Al2O3 structure had been bring in as data input into the [LsA/MMPS]. 

The simulations were carried out with a periodical boundary condition in three dimensions. To speed up 

computation, in a unified atom design; so, every carbon is clustered while utilizing its bound hydrogen. To use the 

force field equations in the [LsA/MMPS], some adjustments had to be performed.  Interface potential (U) is described 

through a following equation: 

 

              (1) 

 

The bond-stretching energy (equation 2);(r) is length of the bond, and (r0) length of the bond at equilibrium. The 

energy of angular bending (equation 3); (θ) is the bend angle and (θ0) is the bond's equilibrium angle. The energies of 

dihedral torsion (equation 4) and incorrect torsion (equation 5);  is the diagonal torsion angle ; while ,  are equal 

to total of three close bending-angles. Between two unbonded atoms or molecules, the Lennard-Jones energy (equation 

6). 
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                                                                  (2) 
 

                                 (3) 

 

                                            (4) 
 

                         (5) 

 

                            (6) 

 

The poly (methyl methacrylate)/Al2O3 nanocomposite's interaction potential included both binding plus non-

binding potentials. The interaction between the carbonyl group (C=O) and ester oxygen of the poly (methyl 

methacrylate) and the aluminum is defined by the binding potential. The relationship between the carbons in poly 

(methyl methacrylate) and the aluminum is described by the non-binding potential.  

 

  (7) 

 

Where  shows the separation of atom i from the surface of the aluminum. (A, B) a standard Morse potential; C is 

the activation energy.  Between the aluminum atoms in the substrate as well as the non-binding Poly (methyl 

methacrylate) atoms, the Lennard-Jones constants are ; while   is the density of aluminum atoms. 

t is noteworthy that, despite the fact that Shaffer and Chakraborty's stated potential was given for the unified atom, 

there weren't any potential interactions with hydrogen in Poly (methyl methacrylate) [19,20]. The potential was 

increased to Al2O3 by assuming that the interface between the O2 in Al2O3 and Poly (methyl methacrylate) could have 

been described as the averaged nonbinding interface of Aluminum through Poly (methyl methacrylate). Drabold and 

colleagues [21] conducted the initial investigation into polymer metal oxide adhesion. They discovered that connections 

between alumina and poly (methyl methacrylate) atoms are quite weak, but interactions between aluminum atoms and 

the carbon and hydrogen in Poly (methyl methacrylate) are also very weak. 

The postulated interatomic interactions via Streitz et.al [22] for the Al2O3 potential that has an embedded atom 

VEAM besides an electrostatic component VES. 

 

                              (8) 

 

                    (9) 

 

Where  shows how much energy is needed; ;  represented the pair-wise interaction. when the 

interatomic distance is tiny,  it becomes strongly repulsive. Electric charges on atoms are accounted for by the 

electrostatic component, which is described as: 

 

                        (10) 
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3. Condition of Equilibrium 

In the simulation box at T=700K, the three polymer chains were initially constructed around a sphere with the 

same diameter as an Al₂O₃ nanoparticle, the diameter was assumed to be zero. In the empty place where the 

nanoparticle would be introduced, the polymer chains could shift. A wall potential was built around the area to prevent 

this. The Okada team's [23] poly (methyl methacrylate) potential's average Leonard Jones parameters were used to 

calculate the wall potential's parameters . The conjugate gradient method was used to reduce the initial system's overall 

potential energy. After then, the polymer chains were given time to settle. In earlier research [24], the polymer's 

equilibration was described. The Al2O3 nanoparticle was subsequently introduced to the cavity, then after 2 ns, both 

system and the NPT ensemble were in equilibrium. The system was then cooled at a rate of 10K/5ns from 300 to 700 

K. 

 

4. Results and Discussion 

4.1 The Nanostructures Density 

Fig. 1 displays, as a function of temperature ramp, the density (p) of a poly (methyl methacrylate) structure as well 

as a poly (methyl methacrylate)/Al2O3 nanocomposite. It is evident that the slope of the curve changes. It is believed 

that a transition temperature of glass (Tg) is a point at which the slope of the curve suddenly changes. Physical 

properties of a polymer shift above Tg from rubbery to glassy state below Tg. Density as well as Tg of poly (methyl 

methacrylate)/Al2O3 nanocomposite is higher than those of the poly (methacrylate) alone, as shown in Figure 1. In 

comparison to the poly (methyl methacrylate)/ Al2O3 nanocomposite, Fig. 1 demonstrates an increase in Tg of roughly 

10 K. 

 

 

Fig. 1 - Relationship between temperature and the density of poly (methyl methacrylate) plus poly (methyl 

methacrylate) / Al2O3 

 

4.2 Heat Conductivity 

The equilibrium molecular dynamic and non-equilibrium molecular dynamics methodologies are the two 

approaches using molecular dynamics to figure out the thermal conductivity of TC. In this research, the heat 

conductivity of the poly (methyl methacrylate) and Al2O3/poly (methyl methacrylate) nanocomposite was examined 

using an equilibrium molecular dynamic simulation using Fourier's law [25,26]. Our simulation system had been 

divided into multiple slabs over its whole length, with two slabs at either end housing the hot and cold regions, 

respectively. The temperature distribution was then obtained by fitting the linear temperature area using the least 

squares approach. Calculations for the thermal conductivity ( ) include: 

 

. .                             (11) 

 

where Jq is the heat flux determined by the following expression: in directional temperature distribution inside the 

unit cell, dT/dy is the steady temperature gradient and k is the thermal conductivity. 
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. .                      (12) 

 

The TC versus temperature graphs for the poly (methyl methacrylate) and poly (methyl methacrylate)/Al2O3 

nanocomposite is shown in Fig. 2. Heat conductivity of poly (methyl methacrylate) is observed to increase with 

temperature up to the Tg, but it decreases above that temperature Tg. This is because air has a low thermal conductivity 

and the free volume rises at temperatures over the critical point Tg. The experiments [27,28] are in good agreement with 

the thermal conductivity's temperature-dependent behavior. 

 

 

Fig. 2 - Relationship between the conductivity of poly (methyl methacrylate) as well as poly (methyl 

methacrylate)/Al2O3 

 

Despite having a relatively high conductivity sideways a single chain, polymers' bulk thermal conductivity is quite 

poor because to phonon scattering at and thermal contact resistance at chains ends [29,30]. Further off-putting factors 

include entangled chains, in addition even voids that performance as a scattering phonon location. In relation to 

temperature, Fig. 2 compares the thermophysical properties of poly (methyl methacrylate) as well as poly (methyl 

methacrylate)/Al2O3. The comparison shows that the TC of the polymer rises when the Al2O3 nanoparticle is added, 

which is in line with the results of the experiment [13]. 

Although the results from simulation and experiment are consistent, some variations in the value of the TC for the 

poly (methyl methacrylate)/Al2O3 nanocomposite are still seen. These variations are caused by the voids that the 

addition of the nanoparticles created. The aggregation of nanoparticles in particular cities and cavities may be caused 

by other sources [31,32]. 

 

4.3 Thermal Capacity 

The features of the fluctuations [33,34] as illustrated in Equations. 7 and 8, respectively, can be utilized to calculate 

the specific heat capacity at constant pressure (Cp) or volume (Cv). 
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                          (14) 

 

Where E denotes the system's internal energy and H its enthalpy. A polymeric system's heat fluctuates before Tg 

and after it cools from the molten state. Consequently, Tg can be calculated using the variation in capacity with regard 

to temperature. It is remarkable that a transition occurs across a wide-ranging of temperature rather than just at one. Tg 

is equal to a temperature at an aforementioned region center. 
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Fig. 3 displays a calculated simulated capacity for poly (methyl methacrylate). As is evident, there is a discernible 

increase in the heat capacity around the poly (methyl methacrylate) and poly (methyl methacrylate)/Al2O3 

nanocomposite Tg. Observed variations exist despite the results of the simulation and the experiment being in good 

agreement [35,36]. These differences from the experimental results include greater Tg values, a wider transition 

temperature range, and a narrower difference in thermal inertia between the glass as well as liquid phases. The poly 

(methyl methacrylate)/Al2O3 system also has a lower capacity as well as a smaller alteration in capacity between a 

liquid as well as a glass states, when the results for Poly (methyl methacrylate), as well as poly (methyl methacrylate) 

systems, are compared. The increase in heat capacity during the glass transition may be due to the need for more energy 

to generate a volume required for waves including vibrations with higher amplitudes [37,38]. 

 

 

Fig. 3 - Heat capacity as a function of temperature 

 

4.4 Diffusivity of Heat 

The heat transfer can be determined using equation 15. Because of this, it is possible to determine the thermal 

diffusivity in this investigation by calculating the thermal conductivity, heat capacity, in addition density. 

 

                       (15) 

 

Fig. 4 depicts the thermal transfer versus temperature of poly (methyl methacrylate) in addition poly (methyl 

methacrylate)/Al2O3 nanocomposite. The results show that as temperature rises, heat transfer decreases, and thermal 

transfer of poly (methyl methacrylate)/Al2O3 nanocomposite is greater than thermal transfer of poly (methyl 

methacrylate). The change in thermal transfer during glass transition is most probable caused by changes in capacity in 

addition density of the heat [39,40]. 

 

 

Fig. 4 - Temperature-dependent thermal transfer of poly (methyl methacrylate) as well as poly (methyl 

methacrylate)/Al2O3 
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5. Conclusion 

The relationship between thermal diffusivity and thermal stability has been demonstrated in the scientific literature. 

Additionally, it may be connected to some fire-retardant characteristics like total heat release, time-to-ignition, as well 

as peak heat release, which are the most crucial factors when evaluating a material's potential fire risk. The flame-

retardant, as well as thermal stability properties of polymers, are improved by oxides, one of the most promising flame-

retardant additives. 

In this research, the influence of Al2O3 nanoparticles on the rate of heat transfer of the polymer is investigated 

using simulations of molecular dynamics. By calculating specific heat, density, and thermal transfer in the range of 

300-700 K, the transfer heat of poly (methyl methacrylate) as well as poly (methyl methacrylate)/Al2O3 had been 

computed.  Findings indicate that the heat capacity is reduced by the alumina nanoparticles. The 10% drop in heat 

capacity in the rubbery state is greater than the 4% reduction in the glassy state. The heat capacity-temperature curve's 

trend is consistent with the experimental data, although the heat capacity amount is lower and the Tg is higher by 

around 50 K than what is found in the experimental results. 

The thermal diffusivity of the poly (methyl methacrylate) with the thermal conductivity is increased by over ten 

times by the alumina nanoparticles, which also enhances the Tg by around 10 K. 

The rate of cooling, polymer molecular weight, as well as the incorporation of responsive force fields into 

simulations, is additional crucial variables that should be examined in further research in order to more thoroughly 

examine the generalizability and utility of the current molecular dynamics approaches in the perseverance of 

thermophysical behavior, especially the thermal diffusivity. 

 

Acknowledgement 

The authors appreciate the academic support from the University of Babylon. Thank you to the laser physics 

department's whole technical staffs. 

References 

[1] Blyznyuk, O., Vasilchenko, A., Ruban, A., & Bezuhla, Y. (2020). Improvement of fire resistance of polymeric 

materials at their filling with aluminosilicates. Materials Science Forum, 1006, 55-61. 

[2] Sargsyan, A., Tonoyan, A., Davtyan, S., & Schick, C. (2007). The amount of immobilized polymer in PMMA 

SiO2 nanocomposites determined from calorimetric data. European Polymer Journal, 43(8), 3113-3127. 

[3] Owczarek, M. P., & Baryłka, A. J. (2019). Determining the thermal diffusivity of the material based on the 

measurement of the temperature profile in the wall. Rynek Energii, 44. 

[4] Marsh, J. J., Turner, R. P., Carter, J., & Jenkins, M. J. (2019). Thermal diffusivity and secondary crystallisation 

kinetics in poly (lactic acid). Polymer, 179, 121595. 

[5] Al-Timimi, Z., & Tammemi, Z. J. (2022). Analysis of the {4-nicotinamido-4-oxo-2-butenoic acid's} 

electrochemical polymerization as an anti-corrosion layer on stainless-steel Alloys. Journal of Sustainable 

Materials Processing and Management, 2(2), 1-8. 

[6] Watanabe, M., Adachi, M., & Fukuyama, H. (2021). Heat capacities and thermal conductivities of palladium and 

titanium melts and correlation between thermal diffusivity and density of states for transition metals in a liquid 

state. Journal of Molecular Liquids, 324, 115138. 

[7] Timimi, Z., & Tammemi, Z. J. (2022). Polymer Blends and Nanocomposite Materials Based on Polymethyl 

Methacrylate (PMMA) for Bone Regeneration and Repair: Characterization and Preparation. Journal of 

Sustainable Materials Processing and Management, 2(1), 15-23. 

[8] Nideep, T. K., Ramya, M., Nampoori, V. P. N., & Kailasnath, M. (2020). The size dependent thermal diffusivity 

of water soluble CdTe quantum dots using dual beam thermal lens spectroscopy. Physica E: Low-dimensional 

Systems and Nanostructures, 116, 113724. 

[9] Wang, H., Dinwiddie, R. B., & Gaal, P. S. (2021). Multiple station thermal diffusivity instrument. In Thermal 

Conductivity 23, 119-126. 

[10] Li, Z., Li, B., Du, X., & Wu, H. (2020). Experimental investigation on stability of thermal performances of solar 

salt based nanocomposite. Renewable Energy, 146, 816-827. 

[11] Czerwinski, F. (2020). Thermal stability of aluminum alloys. Materials, 13(15), 3441. 

[12] Liu, T., Zhang, H., Zuo, M., Zhang, W., Zhu, W., & Zheng, Q. (2019). Selective location and migration of poly 

(methyl methacrylate)-grafted clay nanosheets with low grafting density in poly (methyl methacrylate)/poly 

(styrene-co-acrylonitrile) blends. Composites Science and Technology, 169, 110-119. 

[13] Friederich, B., Laachachi, A., Ferriol, M., Ruch, D., Cochez, M., & Toniazzo, V. (2010). Tentative links between 

thermal diffusivity and fire-retardant properties in poly (methyl methacrylate)–metal oxide nanocomposites. 

Polymer Degradation and Stability, 95(7), 1183-1193. 

[14] Laachachi, A., Cochez, M., Ferriol, M., Lopez-Cuesta, J. M., & Leroy, E. (2005). Influence of TiO2 and Fe2O3 

fillers on the thermal properties of poly (methyl methacrylate) (PMMA). Materials Letters, 59(1), 36-39. 



Timimi & Tammemi, Journal of Sustainable Materials Processing and Management Vol. 3 No. 1 (2023) p. 54-61 

61 

[15] Haghighatlari, M., & Hachmann, J. (2019). Advances of machine learning in molecular modeling and simulation. 

Current Opinion in Chemical Engineering, 23, 51-57. 

[16] Haghi, A. K., Thomas, S. (2015). Molecular Modeling and Simulation. Carbon Nanotub., vol. 21, New York, NY: 

Springer New York. 

[17] Shaffer, J. S., Chakraborty, A. K., Tirrell, M., Davis, H. T., & Martins, J. L. (1991). The nature of the interactions 

of poly (methyl methacrylate) oligomers with an aluminum surface. The Journal of Chemical Physics, 95(11), 

8616-8630. 

[18] Chichagov, A. V., Varlamov, D. A., Dilanyan, R. A., Dokina, T. N., Drozhzhina, N. A., Samokhvalova, O. L., & 

Ushakovskaya, T. V. (2001). MINCRYST: A crystallographic database for minerals, local and network (WWW) 

versions. Crystallography Reports, 46, 876-879. 

[19] Shaffer, J. S., & Chakraborty, A. K. (1993). Dynamics of poly (methyl methacrylate) chains adsorbed on 

aluminum surfaces. Macromolecules, 26(5), 1120-1136. 

[20] Mohammadi, M., & Davoodi, J. (2018). The effect of alumina nanoparticles on the thermal properties of PMMA: 

a molecular dynamics simulation. Molecular Simulation, 44(16), 1304-1311. 

[21] Drabold, D. A., Adams, J. B., Anderson, D. C., & Kieffer, J. (1993). First Principles Study of Polymer-Metal—

Metal-Oxide Adhesion. The Journal of Adhesion, 42(1-2), 55-63. 

[22] Puri, P., & Yang, V. (2010). Thermo-mechanical behavior of nano aluminum particles with oxide layers during 

melting. Journal of Nanoparticle Research, 12, 2989-3002. 

[23] Okada, O., Oka, K., Kuwajima, S., Toyoda, S., & Tanabe, K. (2000). Molecular simulation of an amorphous poly 

(methyl methacrylate)–poly (tetrafluoroethylene) interface. Computational and Theoretical Polymer Science, 

10(3-4), 371-381. 

[24] Mohammadi, M., & Davoodi, J. (2017). The glass transition temperature of PMMA: A molecular dynamics study 

and comparison of various determination methods. European Polymer Journal, 91, 121-133. 

[25] Chalopin, Y., Esfarjani, K., Henry, A., Volz, S., & Chen, G. (2012). Thermal interface conductance in Si/Ge 

superlattices by equilibrium molecular dynamics. Physical Review B, 85(19), 195302. 

[26] Lampin, E., Palla, P. L., Francioso, P. A., & Cleri, F. (2013). Thermal conductivity from approach-to-equilibrium 

molecular dynamics. Journal of Applied Physics, 114(3), 033525. 

[27] Jia, Y., Mao, Z., Huang, W., & Zhang, J. (2022). Effect of temperature and crystallinity on the thermal 

conductivity of semi-crystalline polymers: A case study of polyethylene. Materials Chemistry and Physics, 287, 

126325. 

[28] dos Santos, W. N., De Sousa, J. A., & Gregorio Jr, R. (2013). Thermal conductivity behaviour of polymers 

around glass transition and crystalline melting temperatures. Polymer Testing, 32(5), 987-994. 

[29] Henry, A., & Chen, G. (2008). High thermal conductivity of single polyethylene chains using molecular dynamics 

simulations. Physical Review Letters, 101(23), 235502. 

[30] Shen, S., Henry, A., Tong, J., Zheng, R., & Chen, G. (2010). Polyethylene nanofibres with very high thermal 

conductivities. Nature Nanotechnology, 5(4), 251-255. 

[31] Kausar, A. (2022). Poly (methyl methacrylate)/Fullerene nanocomposite—Factors and applications. Polymer-

Plastics Technology and Materials, 61(6), 593-608. 

[32] Alsulami, Q. A., & Rajeh, A. (2022). Structural, thermal, optical characterizations of polyaniline/polymethyl 

methacrylate composite doped by titanium dioxide nanoparticles as an application in optoelectronic devices. 

Optical Materials, 123, 111820. 

[33] Puri, P., & Yang, V. (2010). Thermo-mechanical behavior of nano aluminum particles with oxide layers during 

melting. Journal of Nanoparticle Research, 12, 2989-3002. 

[34] Tombari, E., Ferrari, C., Salvetti, G., & Johari, G. P. (2008). Vibrational and configurational specific heats during 

isothermal structural relaxation of a glass to equilibrium liquid. Physical Review B, 78(14), 144203. 

[35] Tombari, E., & Johari, G. P. (2020). Endothermic effects on heating physically aged sucrose glasses and the 

Clausius theorem violation in glass thermodynamics. The Journal of Physical Chemistry B, 124(10), 2017-2028. 

[36] Zhang, X., Zhang, H., Zuo, M., Zhong, J., Shi, X., Sun, S., ... & Zheng, Q. (2022). Effects of selective distribution 

and migration of poly (methyl methacrylate)-grafted nanoclays on the phase behavior of poly (methyl 

methacrylate)/poly (styrene-co-acrylonitrile) blends. Polymer, 252, 124965. 

[37] Yokota, M., & Tsukushi, I. (2020). Heat capacities of polymer solids composed of polyesters and poly (oxide) s, 

evaluated below the glass transition temperature. Polymer Journal, 52(9), 1103-1111. 

[38] Yokota, M., & Tsukushi, I. (2020). Prediction of the heat capacity of main-chain-type polymers below the glass 

transition temperature. Polymer Journal, 52(9), 1113-1120. 

[39] Masutani, K., & Kimura, Y. (2018). Present situation and future perspectives of poly (lactic acid). Synthesis, 

Structure and Properties of Poly (lactic acid), 1-25. 

[40] Pyda, M., & Czerniecka-Kubicka, A. (2018). Thermal properties and thermodynamics of poly (L-lactic acid). 

Synthesis, Structure and Properties of Poly (lactic acid), 153-193. 


