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ABSTRACT  

 

 Synthetic polymers derived from renewable resources offer opportunities to improve 

sustainability. Compared to their fossil fuel based counterparts, bio-based polymers may be 

designed to meet the same physical property requirements while reducing primary energy 

requirements and greenhouse gas emissions. Polymer blending and reinforcement by fibers in 

composites are established techniques to enhance physical properties. These techniques may be 

used to develop unique materials systems that broaden the application range of bio-based 

polymers. This thesis presents an evaluation of structure-property relationships in several blend 

systems incorporating commercially successful bio-based polymers of particular interest, then 

introduces a novel bio-based thermoset resin and evaluates its suitability for use in fiber 

reinforced composites.   

Miscibility is proved in blends of polyamide-4,10 and polyamide-6,10, enabling the 

ability to fine tune physical properties according to relative compositions using simple melt-

mixing techniques. Quaternary blends of poly(L-lactide), poly(D-lactide), isotactic poly(methyl 

methacrylate), and syndiotactic methyl (methyl methacrylate) exhibit simultaneous 

stereocomplex crystallization and homopolymer crystallization within a single amorphous phase, 

and the presence of poly(methyl methacrylate) promotes stereocomplex formation in 

poly(lactide). To develop a bio-based thermoset resin, poly(lactide) is simultaneously cleaved 

into oligomers and functionalized with vinyl end-groups so that it may act as a cross-linking 

agent in a free-radical polymerization with methyl methacrylate. The low viscosity resin exhibits 

outstanding physical properties when cured and reinforced with unidirectional glass fiber 

composites.   



iv 

 

TABLE OF CONTENTS 

ABSTRACT……….. ..................................................................................................................... iii 

LIST OF FIGURES……….. ........................................................................................................ vii 

LIST OF TABLES………… ...........................................................................................................x 

ACKNOWLEDGEMENTS ........................................................................................................... xi 

CHAPTER 1 : GENERAL INTRODUCTION ...............................................................................1 

1.1  Background, Importance, and Outlook of Bio-Based Polymers ............................. 1 

1.2  Scope of Thesis ....................................................................................................... 2 

1.3  Literature Review.................................................................................................... 4 

1.3.1 Polymer Stereocomplextion ........................................................................... 4 

1.3.2 Polylactide...................................................................................................... 6 

1.3.3 Polylactide Stereocomplex............................................................................. 9 

1.3.4 Poly(methyl methacrylate) Stereocomplex .................................................. 12 

1.3.5 Blends of Polylactide and Poly(methyl methacrylate)................................. 15 

1.3.6 Unsaturated Polyester Resins ....................................................................... 16 

1.3.7 Vinyl Ester Resins........................................................................................ 17 

1.4  References Cited ................................................................................................... 18 

CHAPTER 2 : BIORENEWABLE BLENDS OF POLYAMIDE-4,10 AND           

POLYAMIDE-6,10    ..........................................................................................25 

2.1  Abstract ................................................................................................................ 25 

2.2  Introduction .......................................................................................................... 26 

2.3  Materials .............................................................................................................. 29 

2.4  Methods................................................................................................................ 29 

2.5  Results and Discussion ........................................................................................ 31 



v 

 

2.6  Conclusions .......................................................................................................... 47 

2.7  Acknowledgements .............................................................................................. 48 

2.8  References Cited .................................................................................................. 49 

CHAPTER 3 : QUADROPHENIA: SIMULTANEOUS STEREOCOMPLEXATION AND 

HOMOCRYSTALLIZATION IN MISCIBLE BLENDS OF     

POLYLACTIDE AND POLY(METHYL METHACRYLATE) .......................55 

3.1  Abstract ................................................................................................................ 55 

3.2  Introduction .......................................................................................................... 56 

3.3  Experimental ........................................................................................................ 58 

3.3.1 PLA Synthesis by Ring-Opening Polymerization of Lactide ...................... 58 

3.3.2 Preparation of Blended Stereocomplex Films ............................................. 58 

3.3.3 Differential Scanning Calorimetry (DSC) ................................................... 59 

3.3.4 Wide Angle X-Ray Scattering (WAXS) ...................................................... 59 

3.4  Results and Discussion ........................................................................................ 59 

3.5  Conclusions .......................................................................................................... 65 

3.6  References Cited .................................................................................................. 65 

CHAPTER 4 : BIO-BASED THERMOSET RESIN DERIVED FROM POLYLACTIDE     

AND ITS INCORPORATION WITHIN FIBER REINFORCED 

COMPOSITES ................................................................................................... 68 

4.1  Abstract ................................................................................................................ 68 

4.2  Introduction .......................................................................................................... 69 

4.3  Materials and Methods ......................................................................................... 71 

4.3.1 Materials ...................................................................................................... 71 

4.3.2 PLA Cross-Linking Agent Preparation ........................................................ 71 

4.3.3 Resin Preparation ......................................................................................... 72 



vi 

 

4.3.4 Curing Exotherm Experiment ...................................................................... 73 

4.3.5 Dynamic Mechanical Analysis Sample Preparation .................................... 73 

4.3.6 Degree of Swelling Measurement ................................................................ 73 

4.3.7 Fiberglass Composite Panel Fabrication ...................................................... 74 

4.3.8 Analysis........................................................................................................ 74 

4.4  Results and Discussion ........................................................................................ 76 

4.5  Conclusions .......................................................................................................... 90 

4.6  References Cited .................................................................................................. 91 

CHAPTER 5  : CONCLUSIONS AND RECOMMENDATIONS ...............................................94 

APPENDIX A : SUPPORTING INFORMATION FOR: BIORENEWABLE BLENDS OF  

POLYAMIDE-4,10 AND POLYAMIDE-6,10 ..................................................99 

APPENDIX B : COPYRIGHT PERMISSIONS ........................................................................ 105 

 

 

 

 

 

 



vii 

 

LIST OF FIGURES 

 

Figure 1.1:  Skeletal representations of tacticity in polymers. ....................................................5 

Figure 1.2:  General scheme of PLA production. ........................................................................2 

Figure 1.3:  Stereoisomers of lactic acid and lactide ...................................................................9 

Figure 1.4:  Crystal structure of PLA stereocomplex ................................................................10 

Figure 1.5:  Radial growth rate (G) versus crystallization temperature (Tc) of melt 

crystallized homopolymer and stereocomplex spherulites ....................................12 

Figure 1.6:  Structure of PMMA stereocomplex elucidated by atomic force microscopy ........13 

Figure 1.7:  Structure of PMMA stereocomplex elucidated by molecular dynamics 

simulation ...............................................................................................................14 

Figure 1.8:  Reaction scheme of typical UPR formulation using maleic anhydride and 

ethylene glycol .......................................................................................................16 

Figure 1.9:  Reaction scheme of common VER preparation from diglycidyl ether of 

bisphenol-A and methacrylic acid .........................................................................19 

Figure 2.1:  DSC baseline subtracted melting endotherms upon 2nd heating of 

PA410/PA610 wt. % melt-mixed blends demonstrating melting point 

depression of both homopolymers. ........................................................................32 

Figure 2.2:  DSC exotherms upon cooling from the melt of PA410/PA610 wt. % melt-

mixed blends. .........................................................................................................32 

Figure 2.3:  TGA showing degradation of PA410/PA610 wt. % blends at temperatures 

well above processing conditions ..........................................................................36 

Figure 2.4:  WAXS of PA410/PA610 wt. % blends with peaks attributed to reflections 

from planes represented by Miller Indices.............................................................37 

Figure 2.5:  SAXS of PA410/PA610 wt. % blends. Intensities are normalized using 

blank scan, sample thicknesses, and absorption coefficients. ................................39 

Figure 2.6:  Loss moduli (G’’) of PA410/PA610 wt. % blends. The peak in G” occurs 
over the glass transition temperature region ..........................................................43 

Figure 2.7:  Tensile moduli of PA410 and PA610 blends .........................................................45 

Figure 2.8:  Tensile strength at break of PA410 and PA610 blends .........................................45 



viii 

 

Figure 2.9:  Impact strength of PA410 blended with PA610 ....................................................46 

Figure 3.1:  DSC melting endotherms during 1st heating cycle with calculated melting 

temperatures of blends annealed at 130°C for 10 days. .........................................61 

Figure 3.2:  WAXS profiles of films annealed for 10 days at 130°C with peaks 

assigned to reflections of each crystal structure. ...................................................63 

Figure 3.3:  WAXS of Sample 3 before and after annealing, and the difference in 

intensity between the two scans .............................................................................63 

Figure 3.4:  : Relative crystallinities (Xc) of PLA homopolymer (Xc,PLA), scPLA 

(Xc,scPLA), and scPMMA (Xc,scPMMA) in melt-pressed and annealed 

films .......................................................................................................................64 

Figure 4.1:  Cross-linking agent preparation from commercial PLA in two reaction 

steps, alcoholysis and end-capping. .......................................................................72 

Figure 4.2:  1H-NMR spectra of commercial PLA starting material, PLA after the 

alcoholysis reaction step, and PLA after the end-capping reaction step. 

Peaks a-j are assigned to the protons labeled accordingly. ....................................77 

Figure 4.3:  GPC chromatograms of commercial PLA and PLA cross-linking agent ..............78 

Figure 4.4:  DSC scan of PLA cross-linking agent oligomer. Endothermic direction 

oriented upward .....................................................................................................80 

Figure 4.5:  Viscosities of various PLA cross-linking agent concentrations in MMA. ............81 

Figure 4.6:  Curing reaction exotherms of various PLA cross-linking agent and 

initiator concentrations in MMA loaded in scintillation vials and immersed 

in an oil bath at 45°C .............................................................................................82 

Figure 4.7:  DMA and DSC curves during post-curing of 50 wt.% PLA resin .........................84 

Figure 4.8:  Storage moduli (G’) and loss moduli (G’’) from DMA temperature sweeps 
of post-cured resin..................................................................................................85 

Figure 4.9:  Glass transition temperatures measured using DSC ..............................................87 

Figure 4.10:  Degree of swelling in chloroform of various cured resin compositions ................87 

Figure 4.11:  Cross-linking density of various resin compositions .............................................89 

 



ix 

 

Figure 5.1:  DSC melting endotherms on second heating scan of PA11/PA410 wt.% 

melt-mixed blends demonstrating melting point depression of both 

homopolymers........................................................................................................95 

Figure 5.2:  DSC exotherms on cooling from the melt in PA11/PA410 wt. % melt-

mixed blends demonstrating crystallization induced phase separation .................96 

Figure 5.3:  DSC of glass transition region on first heating scan of PA11/PA410 wt.% 

melt-mixed blends demonstrating inconclusive data .............................................96 

 

Figure  A.1:  Example showing determination of melting temperature (Tm) from the 

second heating scan of a solution cast film of PA410. ........................................100 

Figure  A.1:  Deconvolution of scattering intensities on annealed bars of PA410/PA610 

wt. % blends. ........................................................................................................103 

 

 



x 

 

LIST OF TABLES 

 

Table 1.1:  Polymers that form stereocomplexes.. .....................................................................7 

Table 2.1:  Observed melting temperatures and corresponding interaction parameters 

showing miscibility over all compositions ............................................................34 

Table 2.2:  Intrinsic viscosities of PA410 and PA610 homopolymers before and after 

processing ..............................................................................................................36 

Table 2.3:  Observed d-spacing and literature reported d-spacing for PA410 and 

PA610 ....................................................................................................................38 

Table 2.4:  Effect of thermal annealing on the degree of crystallization in injection 

molded bars of PA410/PA610 blends. DSC measurements taken from 1st 

heating scan ............................................................................................................42 

Table 2.5:  Physical properties of common polyamides as specified by suppliers ..................47 

Table 3.1:  Compositions of investigated blends.. ...................................................................60 

Table 4.1:  1H-NMR spectra integration areas of peaks a-j.. ...................................................77 

Table 4.2:  Molecular weights of commercial PLA and PLA cross-linking agent 

oligomers after alcoholysis and end-capping reactions .........................................79 

Table 4.3:  Tensile properties of unidirectional fiberglass composites prepared with 

bio-based resin and Elium 188 ...............................................................................90 

Table  A.1:  Enthalpies of fusion and relative mass fraction crystallinities of solution 

blended films. .......................................................................................................101 

Table  A.2:  Unit cell parameters and corresponding crystalline densities of PA410 and 

PA610. .................................................................................................................101 

Table  A.3:  Areas obtained by integrating total (At), amorphous (Aa), and diffuse (Ad) 

scattering intensities. ............................................................................................102 

Table  A.4:  Enthalpies of fusion and relative mass fraction crystallinities of solution 

blended films. .......................................................................................................101 

Table  A.5:  Enthalpies of fusion and relative mass fraction crystallinities of solution 

blended films. .......................................................................................................101 

 

 



xi 

 

 

ACKNOWLEDGEMENTS 

 

 I would like to thank my co-advisor, previously my primary advisory, Dr. John R. 

Dorgan, for leading efforts on this research and providing helpful insight. I also thank my 

advisor, Dr. Andrew M. Herring, for agreeing to step up from a committee member to advisor 

role when Dr. Dorgan took a position at Michigan State University, and thus allowing me to 

complete this thesis. Thank you to the remainder of my thesis committee, the administration of 

the Chemical and Biological Engineering Department, and my funding sources, the National 

Science Foundation and the Petroleum Institute. 

 I appreciate the camaraderie and helpful discussions with my lab mates Dylan Cousins, 

Yasuhito Suziki, David Rhuele, and Nic Rorrer. Nic was especially helpful in providing 

guidance and mentorship towards the thesis process. I would like to thank undergraduate 

research assistants Andrew Pearsall, Agathe Barthelon, Omar Elsayed, and Jackson Howell for 

their helpful contributions to this work.  

 I am forever grateful for the love and support of my friends and family, particularly from 

my parents Ann and Sean Moran, who have provided me amazing opportunities throughout my 

life, and from my fiancée Kendra Stenger, who remained encouraging and tolerated a long 

distance relationship throughout my thesis work. 

  



1 

 

CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Background, Importance, and Outlook of Bio-Based Polymers  

Synthetic polymers, or plastics, are essential materials to modern society. Plastics 

consumption has grown by over 4000% since 1960, more than any other class of material, and 

there are now more than 300 million metric tons of plastics produced annually.[1] There are 

many varieties of polymer chemistries and structures, enabling an enormous suite of physical 

properties and applications, ranging from viscous cross-linking resins used for adhesives and 

reinforced composites, to polyester and nylon fibers woven into textiles for clothing, to aramid 

fibers used for strength demanding applications such as bullet-proof armor, to the ubiquitous and 

infamous use of polyolefin for disposable packaging and containers, and beyond.   

The vast majority of synthetic polymers are historically and currently derived from non-

renewable oil and gas resources and take thousands of years to degrade. With dwindling fossil 

fuel resources, a changing global climate caused by greenhouse gas emissions, and the growing 

collection of waste in oceans and landfills, a paradigm shift from traditional polymers to 

biopolymers can help improve sustainability.  

Biopolymers are defined as polymers that are bio-based, biodegradable, or both, and can 

be designed for the same properties and applications as traditional polymers. The main 

advantages of bio-based polymers are fossil fuel use reduction and lower greenhouse gas 

emissions. A recent life cycle analysis found that, on average, one metric ton of bio-based 

material saves 55 GJ of primary energy and 3 metric tons equivalents of carbon dioxide of 

greenhouse gasses, relative to non-renewable materials.[2] The main drawbacks of bio-based 

polymers are the agricultural and ecological impacts of growing large quantities of biomass 
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feedstock. However, a recent study found that, in 2015, feedstock for synthetic bio-based 

polymers required only 0.05% of the global arable land, whereas feedstock for biofuels required 

nearly 4% of the global arable land.[3] 

Bio-based and biodegradable polymers currently account for a small fraction of the total 

plastics market, but their demand is growing. Production is forecasted to grow from 2 million 

metric tons in 2015 to 9 million metric tons in 2020, with the majority of growth attributed to 

bio-based, rather than biodegradable polymers.[3] The development of new chemistries and 

structures, better price-performance characteristics, and the consumer’s increasing desire for 

more sustainable products all drive this growth and all have potential for further improvement. 

[4-6] A survey conducted recently found that, out of 1107 adults in the United States, only 27% 

were somewhat or very familiar with bioplastics, 34% were not familiar at all, and after learning 

about bioplastics 50% would consider purchasing slightly more expensive products if they were 

made with bioplastics. Hence, the outlook for biopolymers is promising, particularly if consumer 

education can be improved.  

 

1.2 Scope of Thesis 

 This work aims to develop novel polymer and composite materials systems with 

improved sustainability metrics and superior physical properties by incorporating various 

amounts of bio-based and biodegradable polymers. Several materials systems are investigated, 

utilizing the interplay of blending, stereocomplexation, cross-linking, and incorporation of fiber 

reinforcement to improve physical properties. The specific objectives of this thesis are: 
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 Prove the miscibility between polyamide-4,10 and polyamide-6,10, and show that 

because of their miscibility, melt blending can be used to tune physical properties of 

materials without compatabilization techniques.   

 Show that the presence of poly(methyl methacrylate) (PMMA) enhances the ability of 

poly(lactide) (PLA) to form stereocomplex crystallites, and that stereocomplex 

crystallites of both of these polymers may coexist with their respective homopolymer 

crystallites in miscible blends.  

 Develop a cross-linked thermoset resin system by incorporating vinyl functionalization 

on PLA end groups so that PLA may act as a cross-linking agent in the free-radical 

polymerization of methyl methacrylate, and show that the resin is well-suited for use in 

fiber reinforced composite materials.  

This thesis is a collection of papers that have been published or are pending publication 

and that are focused on achieving these goals. Following a review of the literature relevant to 

these topics, the papers are presented in chronological order from when they were completed. 

The thesis is organized as follows: 

 Chapter 2: Biorenewable blends of polyamide-4,10 and polyamide-6,10 – This chapter 

formulates melt blends of recently emerged, partially bio-based polyamides. Miscibility 

is proved based on Flory-Huggins theory and physical properties are evaluated. This 

work was published in Journal of Applied Polymer Science. Permission to reproduce this 

work is automatically granted at any time for authors’ use of their own articles.  

 Chapter 3: Quadrophenia: Simultaneous stereocomplexation and homocrystallization in 

miscible blends of polylactide and poly(methyl methacrylate) – This chapter incorporates 

four stereoisomers of PLA and PMMA in miscible quaternary blends. Stereocomplex 
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crystallites and homopolymer crystallites of both polymers are quantified. This work was 

accepted with minor revisions and is pending publication in Journal of Polymers and the 

Environment.  

 Chapter 4: Bio-based thermoset resin derived from polylactide and its incorporation 

within fiber reinforced composites – This chapter develops a cross-linking resin with low 

viscosity that is well-suited for impregnating fibers for composite materials. The resin 

and its fiber reinforced composites are characterized. This work is pending submittal to 

Green Chemistry. 

 Chapter 5: Conclusions and Future Work – This chapter summarizes the significant 

findings of the thesis as a whole, and recommends opportunities for future research 

related to the thesis.  

1.3  Literature Review 

This thesis is a collection of articles published in different journals target toward a variety 

of audiences. Each journal recommends that their introduction sections contain a unique level of 

detail and length spent reviewing relevant literature. This section is meant to supplement the 

introduction sections of each chapter so that readers less familiar with the fields may find 

additional references and better understand the work presented in the thesis. This section is 

organized into sections by topics that appear in different chapters throughout the thesis. Some 

topics may only appear in one chapter, while others may appear in more than one.   

 1.3.1  Polymer Stereocomplexation 

The concept of tacticity in polymers arises from substituent groups that introduce 

chirality along the carbon backbone. When substituent groups are randomly oriented along the 

chain, the polymer is said to be atactic. A polymer with substituent groups oriented all in the 
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same direction is said to be isotactic, and one with groups oriented in alternating directions is 

syndiotactic. Representations of the three different tacticities are shown in Figure 1.1.  

 

 

Figure 1.1: Skeletal representations of tacticity in polymers. 

 

In practice, synthetic polymers are composed of various segmental lengths of all three 

tacticities. Those that are dominantly isotactic or syndiotactic are said to be stereoregular, and are 

able to crystallize due to their ordered structure. Polymers are unable to crystallize when they are 

composed of a certain amount of atactic segments.   

A polymer stereocomplex is an interaction between complementary stereoregular chains 

inducing crystallization into a unique structure with different physical properties than either two 

constituent chains alone. The interaction is a Van der Waals attraction that distinguishes the 

stereocomplex from other stronger interactions in macromolecules such as hydrogen bonding 

between base pairs in DNA[7] or Coulomb forces between charged residues in proteins.[8]  

The stereocomplex was discovered by Fox et al. in 1958.[9] Isotactic and syndiotactic forms of 

PMMA mixed together produced a material with a crystalline structure different from either the 

isotactic or the syndiotactic forms, evidenced by well-defined x-ray diffraction peaks.  

More recently, stereocomplexes between complementary stereoregular pairs have been 

found to occur in many different polymers. Methacrylates are the only types of polymers found 

to exhibit interaction between isotactic and syndiotactic forms. The more common interaction 
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arises between the R and S (or L and D) enantiomers of isotactic chains. Table 1.1 summarizes 

some known stereocomplexes.  

Stereocomplexes are also possible between complementary chains that have different 

structures, known as heterostereocomplexes. Examples include stereocomplexes between 

isotactic PMMA and syndiotactic poly(methacrylic acid)[10], isotactic PMMA and syndiotactic 

poly(isobutyl methacrylate)[11], poly(D-lactic acid) and several L-configured polypeptides[12], 

poly(D-lactic acid) and poly[(S)-2-hydroxybutyrate][13], and possibly between poly(L-lactic 

acid) and syndiotactic PMMA.[14]  

1.3.2 Polylactide 

PLA is one of the most promising biopolymers and is the first commercially successful 

bio-based and biodegradable polymer. Its properties are largely dependent on its configuration 

and thermal history. In general, PLA is a slow crystallizing brittle thermoplastic with a high 

tensile strength and Young’s modulus, low impact strength, and low thermal stability. PLA is 

widely used in medical applications, packaging, food containers, and textiles. The low heat 

distortion temperature of around 60°C is one of the main limitations of its applications. Much 

research is focused on incorporating fibers, clays, plasticizers, nucleation agents, and other 

polymers into PLA to improve its physical properties.  

Lactic acid can be produced by fermentation of natural sugars and polymerized into PLA 

by either direct condensation or by ring-opening of its dimer, lactide, as shown in Figure 1.2. It is 

difficult to obtain high molecular weight PLA by condensation because water must be removed 

from a viscous polymerizing media, so polycondensation of lactic acid is generally not 

performed industrially. The ring-opening polymerization of lactide can proceed through 

coordination-insertion, anionic, cationic, and nucleophilic mechanisms.[15] The most common  
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Table 1.1 Polymers that form stereocomplexes. Supplemented with permission from [16]. 

Copyright (2005) John Wiley and Sons.  

Isomeric type Polymer type Polymer 

Syndiotactic and isotactic Vinyl polymer Poly(methyl methacrylate)[9] 

 

Isotactic R and S (L and D) Polyether Poly(tert-butylethylene oxide)[17] 

  Poly(epichlorohydrin)[18] 

 Polythioether Poly(tert-butylethylne sulfide)[19] 

 Polyketone Poly(propylene-carbon monoxide)[20] 

  Poly(1-butene-carbon monoxide)[20] 

  Poly(allylbenzene-carbon 

monoxide)[20] 

 

 Polypeptide Poly(g-methyl glutamate)[21] 

  Poly(g-benzyl glutamate)[22] 

 Polyamide Poly(hexamethylene-2,3-di-O- 

methyl-L-tartaramide)[23] 

 

 Polycarbonate Poly(cyclohexene carbonate)[24] 

  Poly(cyclopentane carbonate)[25] 

  Poly(cis-2,3-butene carbonate)[25] 

 Polyester Poly(a-methyl-a-ethyl- 

b-propiolactone) (PMEPL)[26] 

 

  Poly[b-(1,1-dichloroethyl)- 

b-propiolactone][27] 

 

  Poly[b-(1,1-dichloropropyl)- 

b-propiolactone][27] 

 

  Poly(lactic acid) (polylactide) [28] 

  Poly(propylene succinate)[29] 

Poly(2-hydroxybutryate)[30] 
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Figure 1.2: General scheme of PLA production. Reproduced with permission from [15]. 

Copyright (2014) John Wiley and Sons.   

 

method of ring-opening polymerization of lactide is by coordination-insertion melt 

polymerization using tin(II)bis(2-ethylhexanoate), or stannous octoate, in the presence of an 

alcohol as catalyst.  

Lactide dimer exists in 3 stereoisomeric forms that depend on the chirality of the lactic 

acid used to synthesize them, as shown in Figure 1.3. The tacticity of PLA polymer formed 

depends on the purity of these monomers in the polymerizing mixture. Highly isotactic PLA can 

be produced from pure L or D-lactide. The crystallization kinetics of PLA become slower as the 

purity of lactide use to make it decreases, and it is unable to crystallize below 43% optical purity 

of lactide.[31]  

Fermentation of sugars produces a mixture of L and D-lactic acid. There are several types 

of bacteria known to produce highly pure L-lactic acid with good yield which led to the 
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Figure 1.3 Stereoisomers of lactic acid and lactide.  

 

industrial production of poly(L-lactide) (PLLA).[33] The lack of an efficient fermentation 

process to produce highly pure D-lactic acid means that poly(D-lactide) (PDLA) is more 

expensive to produce. However, the demand for PDLA to create stereocomplexed materials with 

PLLA has inspired recent research to develop efficient fermentation processes to produce D-

lactic acid.[34-36] Low-cost availability of PDLA is likely in the near future.   

1.3.3  Polylactide Stereocomplex 

Since its discovery by Ikada in 1987[28], there have been hundreds of investigations 

involving the formation, properties, and applications of PLA stereocomplex. The complex forms 

between PLLA and PDLA in bulk or in solution when the polymers have a high enough optical 

purity and a low enough molecular weight.  

The PLA stereocomplex is an equimolar interaction of PLLA and PDLA in side-by-side 

opposite handed helices, as shown in Figure 1.4. PDLA and PLLA by themselves each 

commonly form a pseudo-orthorhombic unit structure out of 103 helical conformations known as 

the α-crystal form.[38] Other crystal structures, α’  and , can form in PLLA and PDLA under 
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Figure 1.4: Crystal structure of PLA stereocomplex. Reprinted with permission from [37]. 

Copyright (1996) American Chemical Society.  

 

certain conditions, but none of these are similar to the stereocomplex crystal structure.[39-41] 

The stereocomplex crystal has a triclinic unit cell formed by 31 helical conformations.[37] 

Thermal stability of the PLA stereocomplex is superior to PLA homopolymer. The 

equilibrium melting temperature is the melting temperature of infinitely thick crystals and the 

equilibrium melting enthalpy is the melting enthalpy of a 100% crystalline sample. PLA 

stereocomplex has an estimated equilibrium melting temperature of 279°C,[42] much higher than 

that estimated for PLA around 210°C.[43-46] Its equilibrium melting enthalpy is estimated at 

146 J/g,[47] also higher than the accepted estimation of 93 J/g[48] for PLA homopolymer. In 

heating at a constant rate in thermogravimetric analysis (TGA), the stereocomplex behaves 

similarly to homopolymer, but the stereocomplex is more stable when being held just above its 

typical melting temperature around 250°C to 260°C.[49] PLA stereocomplex also exhibits 

greater hydrolysis resistance than homopolymer in water.[50, 51]  

The mechanical properties of exclusively stereocomplexed linear chains in the absence of 

homocrystallization have not been extensively investigated because stereocomplexation is often 

accompanied by homopolymer crystallization. Tensile elongation at break and torsional storage 

moduli have been reported higher in exclusive stereocomplex blends than in PLA 
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homopolymer.[52-54]  Tensile moduli has been reported higher in unannealed solution blended 

films[52], but lower in annealed solution blended films[53] and in injection molded bars.[54] 

Tensile strength has been reported higher in solution blended films[52, 53], but lower in injection 

molded bars.[54]  

Molecular weight and the ratio of PLLA to PDLA are important factors influencing 

stereocomplexation. Stereocomplex crystallization dominates over homopolymer crystallzation if 

the ratio of PLLA to PDLA is near 1:1 and if both polymers have a sufficiently low molecular 

weight, below 4 × 104 g/mol in solution blended samples and below 6 × 103 g/mol in melt 

blended samples annealed below the melting temperature of PLA homopolymer.[55, 56] 

Alternatively, homopolymer crystallization dominates if either component is present in a small 

ratio or in a high molecular weight, above 1 × 105 g/mol.[55, 56] Intermediate conditions result 

in a mixture of homopolymer and stereocomplex crystallization.  

In general, there are two different regimes for crystallization of a polymer in bulk; melt 

crystallization occurs during cooling from a molten state and cold crystallization occurs during 

heating from a solid state. PLA stereocomplex crystallization is faster than homopolymer 

crystallization in both cases. As shown in Figure 1.5, the radial growth rate of stereocomplex 

spherulites is an order of magnitude greater than that of homopolymer spherulites in melt 

crystallized samples. Exclusive stereocomplex crystallization in the absence of homopolymer 

crystallization can be achieved by melt or cold crystallization at a temperature between the 

melting temperature of homopolymer and stereocomplex, even at high molecular weights.[57, 

58] 

Thermal degradation must be considered when PLA is held above the melting 

temperature of its homopolymer. Possible degradation reactions include hydrolysis, 
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Figure 1.5: Radial growth rate (G) versus crystallization temperature (Tc) of melt crystallized 

homopolymer and stereocomplex spherulites. Reprinted with permission from [59]. Copyright 

(2004) American Chemical Society 

 

depolymerization by back-biting, and transesterfication.[49, 60, 61] Hydrolysis should not occur 

in the absence of moisture. Hydrolysis and depolymerization would increase the rate of 

stereocomplexation due to the formation of shorter chains, but tranesterfication would hinder 

stereocomplexation due to reduction of optical purity.[58] 

1.3.4 Poly(methyl methacrylate) Stereocomplex 

Since its discovery in 1958[9], the structure of the PMMA remained unresolved for a 

long time. A model proposed in 1989 used x-ray fiber diffraction to elucidate the structure as a 91 

itPMMA helix surrounded by an 181 stPMMA helix. Until recently, this model was generally 

accepted for two main reasons: 1) Unlike other polymer stereocomplexes that form in a 1:1 ratio, 

the largest interaction is observed in a 1:2 ratio of itPMMA to stPMMA.[62]                                

2) Stereocomplexation is possible when the methyl ester groups of stPMMA are replaced by 

other alkyl groups, but not when the methyl ester groups of itPMMA are replaced.[11]  
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In 2007, the morphology and helical pitch of the stereocomplex was observed with 

atomic force microscopy, resulting in the proposition of a new triple helical model composed of 

a double 91 itPMMA helices with pitch of 1.84 nm surrounded by a single 181 stPMMA helix 

with pitch of 0.92 nm, as shown in Figure 1.6.[63] More recently, molecular dynamics 

simulations were performed on the basis of x-ray powder diffraction profiles to propose a new 

model consisting of a double 91 itPMMA helix with pitch of 1.8 nm  surrounded by a single 201 

stPMMA helix with pitch of 0.9 nm, as shown in Figure 1.7.[64] This result suggests the 

stereocomplex forms in a 9:20 ratio of itPMMA to stPMMA.  

 

 

Figure 1.6: Structure of PMMA stereocomplex elucidated by atomic force microscopy. 

Reprinted by permission from [63] Copyright (2007) John Wiley and Sons and from Macmillan 

Publishers Ltd: [Nature Polymer Journal][65] Copyright (2010) 

 

The two new models are similar and each has its limitations. Atomic force microscopy is 

uncertain on the sub-nanometer scale, and the x-ray diffraction profiles of scPMMA are not well 

defined. For all practical purposes, one can conclude scPMMA forms in a 1:2 ratio of itPMMA 

to stPMMA with a double-helix of itPMMA surrounded by a single helix of stPMMA.  It is 

interesting to note that the crystal structure of itPMMA is a double 101 helix with a pitch of 2.1 

nm,[66] the crystal structure of stPMMA is a single 744 helix with a pitch of 0.89 nm,[67] and 
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Figure 1.7: Structure of PMMA stereocomplex elucidated by molecular dynamics simulation. 

Reprinted by permission from Christofferson et.al[64] under Creative Commons 3.0.  

 

 

that stPMMA can only crystallize into a solvent inclusion complex. 

The stereocomplexation of PMMA can occur from bulk or solution if itPMMA and 

stPMMA are present at a high enough optical purity. The PMMA stereocomplex is very slow to 

crystallize. Crystallization kinetic parameters have not been investigated, but studies of 

crystallization in bulk usually involve annealing times of days or weeks.[62, 68, 69] The 

equilibrium melting temperature was estimated to be 260°C.[62] The equilibrium melting 

enthalpy was determined to be 24 J/g by measurement of melting enthalpy by DSC and degree of 

crystallinity by WAXS.[70] However, a different group reported results that by the same method 

of calculation imply an equilibrium melting enthalpy of about 65 J/g, although they did not 

explicitly make the calculation.[71]  

1.3.5 Blends of Polylactide and Poly(methyl methacrylate) 

The amount of literature that incorporates PMMA into PLA seems scarce compared to 

the incorporation of other polymers into PLA and the fact that many studies show signs of 

miscibility between PMMA and PLA. Atactic PMMA is a widely used polymer with mechanical 
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properties similar to PLA, but its properties are preserved at higher temperatures than PLA due 

to its glass transition temperature of around 105°C. Both PLA and PMMA are biocompatible and 

offer many potential biomedical applications such as implants and drug delivery systems.[72]  

Conclusions regarding miscibility of PLA and PMMA are largely dependent on polymer tacticity 

and molecular weight and processing conditions. Equiburu et al. first reported that PMMA is 

miscible with atactic poly (D,L-lactic acid) (PDLLA) in solution precipitates, but phase separates 

with PLLA as PLLA crystallizes.[73] Zhang et al. also found that PDLLA and PMMA are 

miscible from solution precipitation and that PLLA and PMMA become immiscible as PLLA 

crystallizes, but immiscibility between PDLLA and PMMA resulted when cast from 

solution.[74] Woo reported an upper critical solution temperature that dictates a transformation 

between miscibility and immiscibility in PLLA and PMMA blends.[75] Samuel et al. did not 

observe an upper critical solution temperature, but reported full miscibility in melt-extruded 

blends.[76] Samuel et al. also recently observed shape memory characteristics in miscible melt-

blends, as did Hao et al.[77, 78] Others reported immiscibility or partial immiscibility in melt-

blends.[79-81] 

Atactic PMMA has also been blended with PLLA and PDLA forming stereocomplex.[82, 

83] Interestingly, the relative crystallinity of PLA stereocomplex was promoted by the presence 

of 20-40 wt.% PMMA in melt-blends while the crystallinity of PLA homoplymer was 

restricted.[82] Alternatively, the crystallization kinetics of PLA stereocomplex were slower in 

the presence of PMMA.[83] The fraction of crystallinity was unfortunately not reported in the 

kinetic study, so the two findings do not necessarily contradict each other, but it would be 

strange if both are observed.  
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1.3.6  Unsaturated Polyester Resins 

Unsaturated polyester resins (UPRs) have been produced since the 1930s for use in fiber 

reinforced composites, coatings, cast objects, and adhesives.[84, 85] Glass fiber reinforcements 

were first added to UPRs for use as boat hulls in the 1940s.[85] Today, UPRs account for more 

than 80% of all thermoset resins, and are most widely used in wind-energy, marine, pipe and 

tank, transportation, and construction applications.[86] 

UPRs are unsaturated oligomers produced by the condensation polymerization between 

diols and diacids or dianhydrides, one of which is unsaturated. The unsaturated oligomers are 

usually dissolved in vinyl monomers, called reactive diluents, and cured by free-radical 

polymerization into a cross-linked thermoset network. They can also be cured without reactive 

diluents, but the reaction is much slower and results in a brittle product. Reactive diluents are 

also important in the sense that they reduce the resin viscosity so the resin may flow during 

processing.  

 A typical reaction scheme for UPR production is shown in Figure 1.8, in which maleic 

anydride is condensed with ethylene glycol. Many other monomers may be chosen to target 

various physical properties. Other common diols include propylene glycol, diethylene glycol, 

dipropylene glycol, and propoxylated bisphenol A. Other common diacids and dianhydrides 

include phthalic anhydride, adipic acid, fumaric acid, and tetrachloropthalic acid. Various 

 

 

Figure 1.8: Reaction scheme of typical UPR formulation using maleic anhydride and ethylene 

glycol.  
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combinations of these, and other monomers, have been reviewed extensivley.[84] The 

condensation reaction is designed to give oligomers with molecular weights around 1000 to 3000 

g/mol with various degrees of unsaturation. Ideally, unsaturation points are distrubuted randomly 

throughout the backbone, but sometimes the copolymerization has a blockiness tendency, thus 

sterically hindering the reactivity of double bonds during curing.[87] 

1.3.7 Vinyl ester resins 

 Vinyl ester resins VERs were developed in the 1960s with the goal of combining the 

faster free-radical curing mechanisms of UPRs with the superior mechanical strength and 

chemical resistance of epoxy resins.[86] They are employed for similar industries as UPRs, but 

their superior strength and chemical resistance, particularly hydrolytic resistance, makes them 

suitable for more demanding applications.  

 Like UPRs, VERs consist of unsaturated oligomers dissolved in vinyl monomers that 

cure by free-radical polymerization to form a cross-linked thermoset network. Their main 

difference lies in the location of their double bonds, which are only on the end-groups of the 

oligomers. Additionallly, ester linkages are typically only located near the end groups of vinyl 

esters, rather than frequently throughout the backbone as in UPRs.  

 VERs are usually produced by the end-group modification of epoxy resins by unsaturated 

monocarboxylic acids. Figure 1.9 shows the reaction scheme for the preparation of a common 

VER, wherin the diglycidyl ether of bisphenol-A, a common epoxy resin is converted to a VER 

with methacrylic acid. Other epoxy resins, such as Novolac resins and cycloaliphatic epoxy 

resins, as well as other unsaturated acids, such as acrylic acid and cinnamic acid, may be used to 

tune physical properties. Toughness can be improved by incorporating butadiene-acrylonitrile 

copolymer elastomers into the backbone.[88] Because the double bonds on VERs are located 
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Figure 1.9: Reaction scheme of common VER preparation from diglycidyl ether of bisphenol-A 

and methacrylic acid.   

  

 

only on the end-groups, VERs typically react faster and to higher conversions and have lower 

cross-linking densities than UPRs.  
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2.1  Abstract 

Biobased polymers hold the promise of greatly improved sustainability metrics. In this 

study, semicrystalline polymer blends are formulated between two partially biorenewable 

polyamides. Polyamide 4,10 (PA410) is melt mixed with polyamide-6,10 (PA610). Physical 

properties of the blends are investigated using differential scanning calorimetry (DSC), thermal 

gravimetric analysis (TGA), dynamic mechanical thermal analysis (DMTA), impact testing, and 

tensile testing. Morphological features are studied using small angle x-ray scattering (SAXS) and 

wide angle x-ray scattering (WAXS). The previously unreported equilibrium enthalpy of fusion 

for PA410 is found to be 269 J/g. Melting point depression from DSC is used to establish 

miscibility and calculate the polymer-polymer interaction parameter which is approximately 

independent of composition and equal to -0.25 kJ/mol. Crystallization induced phase separation 

is observed wherein crystallization drives phase separation.  SAXS exhibits an increase in 
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lamellar long spacing with increasing PA610 content. WAXS confirms the presence of only 

PA410 and PA610 crystals. The mechanical properties of the blends are shown to deviate from a 

simple law of mixtures. This miscible biorenewable polymer blend, exhibiting crystallization 

induced phase separation, and characterized by superior properties is of both scientific and 

potential commercial interest.  

2.2  Introduction 

Global production capacity of biopolymers is expected to grow from 1.6 million metric 

tons in 2013 to 6.7 million metric tons in 2018.[1] The majority of this growth is attributed to 

bio-based non-degradable polymers rather than biodegradable polymers. Demand for bio-based 

polymers is increasing due to several factors – as a strategy to mitigate environmental impacts, 

because of new technical developments that provide better price-performance characteristics 

thereby expanding application areas, and due to consumer’s increasing desire for more 

sustainable products.[1-4] 

The pioneering commercially successful bioplastic was the polyester PLA (polylactide) 

which is now produced in many locations across the globe.[5-10] PLA has been quantitatively 

shown to have superior environmental attributes when compared to other polymeric 

materials.[11-15] In contrast to biobased polyesters such as PLA, this study evaluates binary 

blends of Nylon 4,10 (PA410) and Nylon 6,10 (PA610); these two engineering polyamides have 

recently been made available from renewable resources.   

Nylons (or polyamides) have been used for numerous applications since their original 

development in the 1930’s. These polymers were traditionally used as fibers,[16] an application 

area shared with PLA.[17-21] However, polyamides now have a wide range of application 

including injection molded and extruded engineering parts. Polyamides are a commercial success 
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story for polymer nanocomposites.[22-27] Today there are many polyamide grades including 

various glass fiber and other filled materials; they are considered engineering thermoplastic 

materials. Given the widespread utilization of polyamides and the potential environmental 

advantages of utilizing renewable resources, there is a tremendous opportunity to develop classes 

of more sustainable plastics. 

Commercial developments have led to the cost-effective production of bio-based sebacic 

acid, a 10-carbon diacid derived from castor oil that can be polymerized with various diamines to 

produce polyamides.[28, 29] The PA410 and PA610 used in this study are both made from bio-

based sebacic acid. Accordingly, each of the homopolymers and blends thereof has a renewable 

carbon content ranging from 63% to 71%. Their respective 4-carbon and 6-carbon diamine 

counterparts, butanediamine and hexanediamine, are typically derived from petroleum. However, 

butanediamine can be derived from the commercially available bio-based succinic acid, and also 

from direct fermentation of sugars.[28] Routes to hexanediamine are also possible via adipic acid 

or direct fermentation.[28, 30, 31] Future developments leading to commercial availability of 

100% renewable PA410 and PA610 are presumable. Accordingly, investigation of their blends 

as a means of achieving varying properties is of great interest now and into the future. 

Polymer blending is a well-established and cost-effective technique to engineer new 

materials with tunable physical properties.[32-36] Miscible polymer blends are rare because the 

long range order of polymer chains limits the entropy of mixing to small values.  Even though 

the enthalpy of mixing is also usually a small value, it can be enough to cause a positive free 

energy of mixing, meaning that mixing is not thermodynamically spontaneous. Therefore, most 

polymers stay phase separated when physically mixed together. For very small enthalpies of 

mixing, or for negative values, the polymer mixture is miscible.  The morphology of immiscible 



28 

 

blends often leads to undesirable physical properties, so much of the effort in polymer blending 

research is focused on physical and chemical compatibilization techniques to alter 

morphology.[32, 34, 35, 37-43] Clearly, if additional reagents and processes are not needed, 

blending becomes more cost-effective; accordingly, miscible polymer blends are of great 

interest.  

The goal of this study is to investigate the morphology and physical property 

relationships of PA410 blended with PA610. There have been numerous reports on blends of 

bio-degradable polymers, particularly for medical or packaging applications.[32, 44-52] 

However, relatively limited research is reported on bio-based polymer blends for high-

performance material applications.[32-34, 53, 54] Polyamide blend literature is typically 

concerned with aliphatic polyamides blended with aromatic polyamides.[55-62] Few studies 

have been reported on purely aliphatic blends.[60, 63-66] 

An essential part to understanding the PA410 and PA610 binary system is to determine 

its miscibility. There are many experimental techniques to determine if polymers are 

miscible.[37, 55, 56, 67-76] Two of the most convincing pieces of experimental evidence that 

suggest blends are miscible are melting point depression and the presence of only one glass 

transition temperature. Miscible aliphatic polyamides are rare but possible. Of all the reported 

miscible polyamide blends, including polyamide 4,8/polyamide 6,664, polyamide 6,6/polyamide 

6[60, 66], and polyamide 11/polyamide 6,10[63], it is important to note that the average number 

of backbone carbon atoms between repeating amide groups in each homopolymer is similar. 

This general trend is consistent with the findings of the current investigation.  
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2.3  Materials 

Ultramid Balance PA610 was provided by Dr. Scherzer from BASF SE (Ludwigshafen, 

Germany). EcoPaXX Q150MS PA410 from DSM (Netherlands) was obtained from Chase 

Plastics. The thermal stabilizers, Irganox 1076 and Irgafos 168, were donated by BASF 

Chemical Company and stored under argon. Reagent grade anhydrous toluene was purchased 

from Sigma-Aldrich. 

2.4  Methods 

PA410 was melt blended with PA610 at wt.% PA410/PA610 compositions of 0/100, 

20/80, 40/60, 50/50, 60/40, 80/20, and 100/0 in a Haake Rheomix 300 with roller blades. The 

polymers were dried under vacuum (23 in. Hg) at 80°C for 3 days prior to mixing to reduce 

hydrolysis. After complete melting was achieved at 260°C, thermal stabilizers were added as 

solutions in toluene so that upon evaporation of toluene, the blends would contain 0.25 wt. % of 

each stabilizer relative to PA610. After the addition of stabilizer, the blends were mixed at 50 

RPM for 10 min, then removed from the mixing bowl using a spatula and allowed to cool to 

room temperature.  Subsequently, the cooled material was ground to a pellet size of 2-3mm in a 

Foremost A2 granulator.  The recovered pellets were dried under vacuum for 3 days at 80°C and 

then injected molded into rectangular or dog bone shaped bars using a bench-top injection 

molding machine (Morgan Press). To ensure reproducibility of results, sample bars were 

annealed to achieve the maximum degree of crystallinity and aged to ensure relaxation of free 

volume; this was accomplished by crystallizing at 180°C for 3 days and aging at room 

temperature for at least 1 week prior to any type of mechanical testing. To investigate the effect 

of crystallinity on the physical properties and morphology, additional sample bars were aged for 

at least 1 week without annealing.  
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Solution blended samples were prepared for determination of melting point depression in 

DSC studies. Solutions with wt.% PA410/PA610 compositions of 0/100, 20/80, 40/60, 50/50, 

60/40, 80/20, and 100/0 were dissolved completely in m-cresol at 0.1 g/mL in 5mL volumetric 

flasks on a shaker table at room temperature for 10 days. The solutions were cast onto glass 

plates, allowed to evaporate at room temperature for 1 week, and dried under vacuum at 50°C for 

6 weeks.  

Thermal properties of the blends were investigated with DSC using a Perkin-Elmer DSC 

7 calibrated against an Indium standard. Approximately 10-15mg of vacuum dried materials 

were weighed into aluminum pans and sealed. In all samples, the scanning protocol was: hold at 

25°C for 3 min, heat from 25°C to 280°C at 10°C/min, hold at 280°C for 5 min, cool from 280°C 

to 25°C at 10°C/min, hold at 25°C for 5 min, heat from 25°C to 280°C at 10°C/min.  

Thermal stability of the blends was investigated with TGA using a TA Instruments Q500. 

Samples of 15-25mg of vacuum dried ground pellets were loaded in an alumina pan and heated 

under nitrogen from 30°C to 600°C. 

Dilute solution viscometry of PA410 and PA610 homopolymers was performed on as 

received pellets, ground pellets after melt-mixing, and test bars after injection molding. For each 

sample, at least 4 concentrations ranging from 1.5 to 4.5 mg/mL were prepared in m-cresol and 

the efflux time was measured in an Ubbelohde capillary viscometer at 30°C.  

SAXS and WAXS were performed under vacuum on rectangular bars using an Anton 

Paar SAXSess. Cu K-α radiation was generated with a PANalytical PW3830 rotating anode 

source. Each sample was irradiated for 5 min. Reusable image plates were analyzed using 

SAXSQuant-1D software. Intensities were background subtracted and normalized to a Lupolen 

reference.  
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DMTA was performed using a Rheometrics ARES-LS rheometer equipped with torsional 

rectangular fixtures. Rectangular bars were mounted at a clamp force of 40 cN·m. Shear strain of 

0.05% was applied at 1 Hz from 25°C to 180°C at 10°C/min. The rheometer was calibrated for 

normal force and torque prior to each testing session.  

Tensile testing was performed according to ASTM D638 using dog bone bars. A 

minimum of 3 samples for each composition were tested using an Instron 1000 lbf load cell, a 1-

inch Shepic extensometer, and a crosshead speed of 0.1 inch/min.  

Notched Izod impact testing was performed using a Testing Machines Inc. pendulum arm 

impact tester according to ASTM D256. Rectangular bars were notched by hand with a RJW 

LTD Charpy notch machine with a type H “V” broach. A minimum of 3 samples for each 

composition were mounted at a constant clamp force and impacted with a 10 ft-lbf swing arm.  

2.5  Results and Discussion 

The PA410/PA610 binary blend system is miscible over all compositions.  Melting point 

depression in a binary polymer blend implies a negative Flory-Huggins interaction parameter 

thus giving a negative free-energy of mixing.[63, 72, 77, 78] The melting endotherms of melt-

mixed PA410/PA610 blends are shown in Figure 2.1. PA410 melts around 250°C and PA610 

around 230°C. The melting temperature is defined as the temperature at which the last crystal 

melts, and was consistently determined from the intersection between one line drawn tangent to 

the inflection point to the right of the peak and another drawn along the flat section after all 

traces of crystals have disappeared (an example is shown in the Appendix A).  

Upon cooling in DSC, the crystallization exotherm peak is used to determine the 

temperature at which the maximum rate of crystallization occurs. Figure 2.2 shows the 

crystallization exotherms of each blend upon cooling from the melt. The maximum  
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Figure 2.1: DSC baseline subtracted melting endotherms upon 2nd heating of PA410/PA610 wt. 

% melt-mixed blends demonstrating melting point depression of both homopolymers. 

 

 

Figure 2.2: DSC exotherms upon cooling from the melt of PA410/PA610 wt. % melt-mixed 

blends. 
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crystallization rate temperatures for PA410 and PA610 homopolymers, taken to be the 

temperatures at maximum heat flow, occur at 226°C and 190°C, respectively. The maximum 

crystallization rate temperature decreases as the weight fraction of PA610 is increased except 

between 50 wt. % and 60 wt. % PA410. That is, the temperature decreases from 100 wt. % to 60 

wt. % PA410 and from 50 wt. % to 0 wt. % PA410, but increases from 60 wt. % to 50 wt. % 

PA410. 

Nishi and Wang have applied the Flory-Huggins theory of the thermodynamics of 

polymer mixing to a binary system of two high molecular weight semi-crystalline polymers.72 

The polymer-polymer interaction parameter can be calculated from Equation (2.1). 

 

� =  �� ��� ( 1��� −  1��) ( 11 − ∅ ) 
(2.1) 

 

Here, ΔH2u is the equilibrium enthalpy of fusion per repeat unit, V1u and V2u are the molar 

volumes of repeat units, R is the gas constant, Tm
o and Tm are the pure and depressed equilibrium 

melting temperatures, respectively, and Φ2 is the polymer volume fraction. The polymer 

component designated by subscript 2 is the one with the higher melting temperature. From 

Equation (2.1) it is clear that melting point depression (Tm<Tm
o) implies the interaction 

parameter is negative.  

In the melt-mixed blends very large melting point depression of PA410 crystals were 

observed, as seen in Figure 2.1, implying unusually large negative interaction parameters. These 

large aphysical values were likely influenced by low molecular weight species produced by 

degradation of polymer chains during melt-mixing. It was therefore necessary to prepare 

PA410/PA610 solution blends so that degradation could be avoided and interaction parameters 
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could be properly evaluated.  Values of melting point depression in solution blends were smaller 

than in melt-mixed blends, implying more believable interaction parameters. 

The interaction parameter between PA610 and PA410 was calculated as a function of 

blend composition using Equation (2.1). Independent parameters needed for the calculation were 

ΔH2u = 67.8 kJ/mol, V1u = 271.2 cm3/mol, V2u = 238.4 cm3/mol. The results are shown in Table 

2.1. All blends exhibit negative interaction parameters, indicating miscibility.  

 

Table 2.1: Observed melting temperatures and corresponding interaction parameters showing 

miscibility over all compositions.  

 

PA410/PA610 wt. % Tm (°C) ΦPA410 χ12 (kJ/mol) 

100/0 250.4±0.3 1 0 

80/20 250.1±0.4 0.78 -0.24±0.45 

60/40 249.1±0.4 0.59 -0.26±0.13 

50/50 248.6±0.9 0.51 -0.25±0.17 

40/60 246.7±0.7 0.44 -0.40±0.10 

20/80 245.8±0.6 0.21 -0.25±0.05 

 

 

Equation (2.1) implies the use of equilibrium melting temperatures, or melting 

temperatures of infinitely thick crystals, but any measured sample has some finite crystal 

thickness. In order to accurately compare interaction parameters, one must either assume the 

same crystal thickness throughout different samples or estimate the equilibrium melting 

temperature in each sample. A constant crystal thickness throughout the various compositions is 

assumed in the analysis of interaction parameters in Table 2.1. With the exception of the 40 wt. 
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% PA410 blend, the interaction parameter is found to be roughly independent of composition. 

The larger than expected melting point depression in the 40 wt. % PA410 could possibly be due 

to a smaller crystal thickness of that sample. 

The extent of degradation throughout the melt mixing and molding processes is an 

important consideration that influences both thermal and mechanical properties. Thermal 

stability of the blends was investigated by TGA. The degradation profiles of post-processed 

blends are shown in Figure 2.3. All blends exhibit a single-step degradation profile. The 

degradation temperature (Tdeg) was calculated as the intersection between lines drawn tangent to 

the profile before degradation and near the maximum degradation rate, as shown for PA410 in 

Figure 2.3. The Tdeg of all blends was between 438°C and 439°C.  Less than 1% of the initial 

mass of any blend degrades until reaching a temperature of 344°C, well above the processing 

temperature of 260°C.  

This implies that the temperatures experienced during processing should not cause 

extensive degradation. However, even with the incorporation of heat stabilizers, slight 

discoloration of all blends was observed upon removal from the mixing bowl. To truly 

understand the extent of degradation after each processing step, intrinsic viscosities were 

measured using DSV. The results given in Table 2.2 show that PA410 homopolymer degraded 

much more than PA610 homopolymer during melt blending.  Also, the longer mixing duration of 

10 minutes in the melt compared to the shorter duration experienced during injection molding is 

well reflected by the relative decrease in intrinsic viscosity after each process.  

WAXS was used to investigate the types and amounts of crystals formed in the blends. 

Annealed injection molded bars are used for WAXS studies. The data, shown in Figure 2.4, 

exhibit the typical reflections from triclinic α-phases of polyamide crystals. No new reflections 
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Figure 2.3: TGA showing degradation of PA410/PA610 wt. % blends at temperatures well above 

processing conditions. 

 

 

Table 2.2: Intrinsic viscosities of PA410 and PA610 homopolymers before and after processing.  

              Sample           Intrinsic Viscosity (mL/g) 

PA410 as received 143 ± 4 

PA410 melt blended 101 ± 1 

PA410 injection molded 98 ± 1 

PA610 as received 129 ± 4 

PA610 melt blended 133.2 ± 0.4 

PA610 injection molded 131.3 ± 0.5 
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Figure 2.4: WAXS of PA410/PA610 wt. % blends with peaks attributed to reflections from 

planes represented by Miller Indices.  

 

 

are observed, so the possibility of co-crystallization is eliminated. The peak locations were found 

using a centroid fit and their corresponding d-spacing values are compared with literature values 

in Table 2.3. The observed d-spacing of PA410 and PA610 homopolymers are in good 

agreement with previously reported values. Observed diffraction peaks of blends are broader and 

their corresponding d-spacing values are intermediate values between the homopolymers. This 

suggests that the two different types of crystals contribute to an average reflection observed in 

blends. 

These data indicate the phenomena of crystallization induced phase separation from a 

miscible melt state. The two polymers do not co-crystallize as indicated by the absence of new 

WAXS peaks and the presence of only two distinct melting points in each blend. Locally high 

concentration regions must be reached before a homopolymer can crystallize; to achieve this 
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high concentration homopolymer must be drawn from the miscible amorphous melt. In the 

presence of PA410, the PA610 does not crystallize in DSC because it is kinetically restricted 

over the time scale of the experiment. The cooling rate, however, is not too fast for PA610 to 

crystallize in the absence of PA410. In high molecular weight polymers, the rate of 

crystallization is fast compared to the rate of diffusion. Therefore, the crystallization of PA610 is 

limited by morphological confinement induced by the crystallization of PA410. Conversely, the 

presence of PA610 does not prevent the crystallization of PA410 in DSC. If the two polymers 

were phase separated in the melt, they would both be able to crystallize. 

 

Table 2.3: Observed d-spacing and literature reported d-spacing for PA410[79, 80] and PA610[80, 

81].  

Miller Indices 001 002 100 010/110 

Reported d-spacing (nm) 

PA410 1.561, 1.48 0.776, 0.739 0.442, 0.437 0.379, 0.365 

PA610 1.67, 1.68 0.862, 0.842 0.439, 0.441 0.365, 0.374 

Observed d-spacing (nm) 

100/0 1.557 0.766 0.443 0.375 

80/20 1.605 0.762 0.443 0.374 

60/40 1.620 0.772 0.445 0.374 

50/50 1.620 0.850 0.445 0.377 

40/60 1.605 0.842 0.443 0.376 

20/80 1.666 0.858 0.443 0.374 

0/100 - 0.862 0.444 0.374 
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The blends were investigated using SAXS as a means of elucidating their morphology. 

SAXS profiles of annealed injection molded bars are shown in Figure 2.5. The data exhibit well-

defined shoulders corresponding to lamellar long spacings of around 10nm. The lamellar spacing 

increases and the shoulder becomes narrower with increasing PA610 content. Assuming all the 

samples have about the same crystallinity and crystal thickness, this trend is consistent with the 

larger molar volume of PA610.   

 

 

Figure 2.5: SAXS of PA410/PA610 wt. % blends. Intensities are normalized using blank scan, 

sample thicknesses, and absorption coefficients. 

 

 

WAXS can also be used to quantify the degree of crystallinity by the deconvolution of 

amorphous, crystalline, and diffuse scattering intensities.[82] The volume fraction crystallinity of 

each fully annealed blend composition is calculated according to Equation (2.2). 
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��, =  � − ��� − �  (2.2) 

 

wherein Equation (1.2) At, Aa, and Ad are the areas under the scattering profiles shown in Figure 

2.3 that can be attributed to the total scattering, amorphous scattering, and diffuse scattering, 

respectively. Details of the deconvolution of scattering intensities for each blend are provided in 

Appendix A. 

The volume fraction crystallinity is converted to mass fraction crystallinity using the 

relationship of Equation (2.3) ��,� =  ��, ��/� (2.3) 

 

where ��, the crystalline density, is calculated using the triclinic α-phase unit cell parameters 

reported for PA410 and PA610.[80] Values used for �� are 1.224 g/cm3 for PA410 and 1.198 

g/cm3 for PA610. The overall density, �, is estimated by relating the measured transmission of a 

sample to its expected transmission based on its thickness and its absorption coefficient. Details 

of the overall density estimations are shown in Appendix A. 

The mass fraction crystallinity is commonly calculated from DSC measurements through 

Equation (2.4).   

��,� = ∆��∆��, � (2.4) 

 

In Equation (2.4), the equilibrium enthalpy of fusion, ∆��, �, or the enthalpy required to melt a 

fully crystalline sample, is an important quantity that must be known in order to determine 

crystallinity from DSC measurements. To the authors’ knowledge, the equilibrium enthalpy of 

fusion has not yet been reported for PA410. This value can be calculated by rearranging 

Equation (2.4) and using the mass fraction crystallinity obtained from WAXS in conjunction 
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with the enthalpy of fusion measured in DSC from the first heating scan of the same fully 

annealed sample.  The equilibrium enthalpy of fusion for PA410 is thus determined to be 269 

J/g.  

Using a study by Jasinska-Walc et al., the equilibrium enthalpy of fusion for PA410 can 

be calculated in the same manner, although the authors did not explicitly do so.[79] In the study, 

WAXS was used to calculate the crystallinity of PA410 during heating and cooling. The melting 

enthalpy was calculated from DSC using the same heating and cooling conditions. The 

crystallinity was found to decrease during heating below the melting temperature, but seemed to 

approach a value of 0.23 in the second heating cycle. The melting enthalpy from the second 

heating cycle was reported as 67.3 J/g. Using these values, the equilibrium enthalpy of fusion for 

PA410 can be determined to be 293 J/g, which is similar to the current explicit finding.  

Although their structures are similar, PA410 has a higher equilibrium enthalpy of fusion than 

PA610. This makes sense because PA410 contains a higher number of amide groups (i.e. 

possible hydrogen bonding sites) per unit mass than PA610. With 2 amide groups for every 14 

backbone carbons, PA410 forms a more stable crystal structure leading to a higher melting point. 

This is also evidenced by the higher crystalline density of PA410 compared to PA610, even 

though they share the same triclinic crystal form. Knowing the equilibrium enthalpy of fusion 

enables calculation of the crystalline mass fraction of each sample from DSC measurements 

using Equation (2.4). The mass fraction crystallinities calculated by DSC are compared to those 

calculated by WAXS in Table 2.4. The mass fraction crystallinities calculated by DSC are in 

good agreement with those calculated by WAXS showing that the method used to separate the 

different scattering intensities in WAXS is valid. As expected, thermal annealing increases the 

degree of crystallization in all blend compositions. 
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Table 2.4: Effect of thermal annealing on the degree of crystallization in injection molded bars of 

PA410/PA610 blends. DSC measurements taken from 1st heating scan.  

 

 Unannealed Annealed Annealed 

PA410/PA610 wt. % xc,m  (DSC) xc,m  (DSC) xc,m  (WAXS) 

100/0 0.24 0.35 0.35 

80/20 0.21 0.36 0.33 

60/40 0.21 0.27 0.29 

50/50 0.23 0.32 0.36 

40/60 0.23 0.37 0.37 

20/80 0.33 0.33 0.40 

0/100 0.28 0.39 0.28 

 

 

Torsional mechanical properties of annealed blends were investigated over a broad 

temperature range with DMTA. The loss moduli, G’’, of the blends are shown in Figure 2.6. A 

peak in the loss moduli indicates α-relaxation, which is the glass transition temperature. All 

blends appear to exhibit a single peak in G’’, which would suggest the presence of only one 

miscible amorphous phase, but the peaks of the homopolymers are close enough together so that 

amorphous phase miscibility or immiscibility cannot be concluded. It is interesting to note 

though that the transition, as measured by the width of the G” peak, is broader in the blends. This 

indicates a more heterogeneous molecular environment in the amorphous phase of the blends 

compared to the homopolymers. The storage modulus and α-relaxation temperature of each 

blend is reported in Table 2.5. Homopolymers and blends containing 20 wt. % to 40 wt. %  
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Figure 2.6: Loss moduli (G’’) of PA410/PA610 wt. % blends. The peak in G” occurs over the 
glass transition temperature region.  

 

 

Table 2.5: Storage modulus (G’) at 30°C and 1Hz and α-relaxation temperature, calculated from 

peak in G’’, of PA410/PA610 wt. % blends.  
 

Composition Storage modulus (GPa) α-relaxation temperature (°C) 

100/0 1.97 ± 0.05 58 ± 3 

80/20 1.3 ± 0.3 56 ± 2 

60/40 1.73 ± 0.02 52.1 ± 0.8 

50/50 1.81 ± 0.04 54.7 ± 0.9 

40/60 2.0 ± 0.2 55.2 ± 0.2 

20/80 2.09 ± 0.08 55.8 ± 0.8 

0/100 1.9 ± 0.1 48 ± 3 
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PA410 all have about the same storage moduli, but 50 wt. % to 80 wt.% PA410 blends have 

lower storage moduli. The highest storage modulus is observed in the 20 wt. % PA410 blend, 

which is also the blend that exhibited the highest degree of crystallization.  

Tensile testing was performed on blends before and after annealing. The tensile moduli 

are shown in Figure 2.7 and the tensile strengths at break in Figure 2.8. Annealed blends showed 

stress-strain behavior typical of glassy polymers, absent of plastic deformation. Unannealed 

blends showed behavior more typically associated with nylons, with a yield stress point followed 

by plastic deformation. As expected, annealing increases the tensile modulus and decreases the 

tensile strength at break. Chains in amorphous regions are freer to move, allowing straining to 

greater lengths before fracturing. Crystalline regions provide stiffness but cannot strain to great 

lengths before fracturing.   

Values of annealed tensile moduli seem small compared to values of annealed storage 

moduli. For polymers with Poisson’s ratios of 0.25-0.5, the tensile moduli should be 2.5-3 times 

larger than the shear moduli given the same crystallinity and moisture content. The current 

findings for annealed samples show the tensile moduli as 1.5 times larger at most. By comparing 

unannealed tensile moduli to those specified for PA410 and PA610 in Table 6, the samples used 

for tensile testing in this study can be assumed to be conditioned. If the samples used for 

torsional testing in this study are assumed to be dry, then torsional moduli when conditioned are 

expected to be about half as large, making the tensile moduli about 3 times larger than the 

torsional moduli. Therefore, the discrepancy between tensile and torsional moduli could be 

explained by differences in moisture content, suggesting more conditioning time is needed to 

reach equilibrium moisture absorption in the more crystalline blends 
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Figure 2.7: Tensile moduli of PA410 and PA610 blends.  

 

 

Figure 2.8: Tensile strength at break of PA410 and PA610 blends.   
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The effect of annealing on impact strength is shown in Figure 2.9. As expected, the 

impact strength is much lower in the more crystalline annealed blends. That is, annealing leads to 

a greater rigid volume fraction which increases modulus but decreases ductility. In annealed 

bars, a positive deviation from a simple mixing law is observed in blends with less than 50 wt. % 

PA410 and negative deviation in blends of 50 wt. % and greater PA410. In unannealed bars, the 

opposite trend is observed.  

 

 

Figure 2.9: Impact strength of PA410 blended with PA610.   

 

  The tunable thermal properties, through melting point depression, and mechanical 

properties, which more or less follow a simple mixing law, can be used to meet the design 

requirements of many engineering applications. Some common physical properties of as molded 

polyamides with similar uses are compared with PA410 and PA610 in Table 2.6.  
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Table 2.6: Physical properties of common polyamides as specified by suppliers.  

Polymer Grade 

Bio-

based 

Melting 

Point (°C) 

Tensile Modulus 

dry/cond (GPa) 

Maximum Water 

Absorption (%) 

PA-6 Ultramid B3K No 220 3.0 / 1.0 9-10 

PA-6,6 Ultramid A3K No 260 3.1 / 1.1 8-9 

PA-4,10 EcoPaXX Q150-D Yes 250 3.1 / 1.7 5.8 

PA-6,10 Ultramid S3K Yes 220 2.4 / 1.3 3.6 

PA-

10,10 

Zytel RS LC1000 

BK385 

Yes 203 2.1 / 1.2 1.8 

PA-11 Rilsan BMNO TLD Yes 189 NA / 1.32 1.9 

PA-12 Rilsamid AMVO TLD No 178 1.4 / 1.26 1.6 

 

 

PA410 and PA610 offer superior thermal stability and mechanical rigidity compared to 

other bio-based polyamides, and less water absorption than other petroleum based polyamides. 

Flame retardants can be added for safety or chopped fibers for reinforcement when demanding 

applications require even greater physical properties. Areas of use for PA410 and PA610 include 

lightweight automotive parts such as engine or crankshaft covers, housings and gear components 

as well as sporting goods and films for construction or protective coverings.    

2.6  Conclusions 

Blends between biorenewable PA410 and PA610 are formed by melt mixing. Thermal, 

mechanical, and morphological properties are investigated using a variety of analytical tools. 

This combination allows measurement of the equilibrium enthalpy of fusion for PA410 for the 
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first time which is determined to be 269 J/g. Based on melting point depression, negative values 

of the interaction parameter as a function of composition of about -0.25 (kJ/mol) are found 

indicating that the blends are miscible over all compositions.  Further evidence of miscibility is 

provided by inhibition of PA610 crystallization during cooling in DSC. Interestingly, the blends 

exhibit crystallization induced phase separation; both PA410 and PA610 crystals are able to 

grow upon cooling from a miscible melt.  WAXS confirms the presence of two distinct crystal 

types and the absence of co-crystallization.  

Mechanical properties are measured on samples before and after annealing.  Annealing 

has significant effects on measured properties. Properties investigated with DMTA, tensile 

testing, and impact testing are found to follow similar trends with regards to blend composition. 

Blends containing 20 wt. % and 40 wt. % PA410 show superior properties, with higher tensile 

and torsional moduli, impact resistance, and α-relaxation temperatures than either individual 

homopolymers. This synergistic effect is of important scientific interest.  

This binary system clearly exhibits a single amorphous phase and two separate crystalline 

phases. Miscible systems of two semicrystalline polymers are rare and therefore of basic 

scientific interest. The results of this study demonstrate that physical properties can be adjusted 

by varying blend composition. Accordingly, blending of biorenewable polymers is a 

straightforward strategy to optimize the performance of these emerging materials for a wide 

variety of applications.   
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3.1 Abstract 

The stereocomplex crystal structures formed between different stereregular chains of 

polylactide (PLA) and also between different stereoregular chains of poly(methyl methacrylate) 

(PMMA) are known to have superior thermal properties compared to ordinary PLA and PMMA. 

Blends of PLA with atactic PMMA are also known to be miscible, but until now, the possibility 

of blending together stereocomplex crystallites of both PLA and PMMA has remained 

unexplored. This investigation focuses on the characterization of a ternary blend system of the 

stereoregular forms of PLA and PMMA through DSC and WAXS. These blends show signs of 

miscibility according to melting point depression. Additionally, the presence of PMMA is found 

to hinder the ability of PLA homopolymer to crystallize and promote PLA stereocomplex 

formation.  Such a finding is important to the improvement in thermal stability of PLA.  
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3.2 Introduction 

Polylactide (PLA) is a promising bio-based and biodegradable polymer that can reduce 

waste buildup and improve sustainability metrics while the demand for polymers grows globally. 

Physical properties of PLA are largely dependent on its configuration, molecular weight, and 

thermal history. Synthesis of high molecular weight poly (L-lactide) (PLLA) by ring-opening of 

L-lactide is established on large scale volume, and PLLA is suitable for use in many 

materials.[1] In general, PLLA is a slow crystallizing, brittle thermoplastic with high tensile 

strength, high modulus, low impact strength, and low thermal stability.[1]  

There are many strategies to improve the thermal stability and strength of PLA. A simple 

way to modify physical properties of polymers is by blending. Most blends of PLA with other 

polymers are immiscible so chemical or physical compatibilization is required to realize 

enhanced stability and strength.[2-5] Alternatively, blends of PLA with poly(methyl 

methacrylate) (PMMA) show signs of miscibility under most conditions and thus exhibit tunable 

physical properties simply by mixing.[6-8] 

Another simple way to enhance PLA’s physical properties is to form a stereocomplex 

between PLLA and poly(D-Lactide) (PDLA). During stereocomplexation, two different 

stereoregular chains with complementary configuration interact and assemble into a unique 

crystal structure, independent from the various crystal structures formed by either parent chain 

alone. Unlike other supramolecular assemblies observed in biological systems that are often 

driven by hydrogen bonding and electrostatic forces, stereocomplexation is driven by steric 

effects and weaker London dispersion forces. Stereocomplex crystallites contain more densely 

packed chains than homopolymer crystallites, and thus often have superior physical properties.  
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The stereocomplex of PLA (scPLA) was first discovered by Ikada et. al in 1987,[9] and 

has since been thoroughly characterized. Higher melting temperature, enthalpy of fusion, tensile 

strength, impact strength, and degradation stability are all notable characteristics of scPLA.  

Most stereocomplex interactions arise between two isotactic polymer chains that are 

different due to directionality along the chain. As in scPLA, for example, helices of PLLA pack 

side-by-side with opposite handed helices of PDLA. To the authors’ knowledge, only one 

stereocomplex interaction arises between isotactic and syndiotactic polymer chains. This is the 

PMMA stereocomplex (scPMMA) between isotactic (itPMMA) and syndiotactic (stPMMA) 

chains. Long after discovery of scPMMA by Fox et. al in 1958[10], its structure remained 

unresolved until recently when atomic force microscopy was used to measure its helical 

pitch,[11] and when molecular dynamics simulations were performed on the basis of x-ray 

powder diffraction profiles.[12] The results of these two groups differ slightly, but agree on the 

remarkable idea of a double-stranded helix of itPMMA encapsulated by a single-stranded helix 

of stPMMA.  

This research is motivated by the coincidence that PLA and PMMA are generally 

miscible and can both form stereocomplexes. A quaternary blend of PLLA, PDLA, itPMMA, 

and stPMMA could potentially contain at least six different structures of crystallites distributed 

throughout a single miscible amorphous phase. This number is at least six because in addition to 

the structures of each homopolymer, scPLA, and scPMMA, strange behavior has been observed 

between low molecular weight chains of stPMMA and PLLA suggesting a new type of hetero 

stereocomplexation.[13] In this study, quaternary blends of PLLA, PDLA, itPMMA, and 

stPMMA were processed into films and annealed to promote formation of various crystallites.  
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3.3 Experimental 

 3.3.1 PLA Synthesis by Ring-Opening Polymerization of Lactide 

L-Lactide and D-Lactide were recrystallized from ethyl acetate and immediately dried 

under vacuum at room temperature for 24 hours, then weighed into round-bottom flasks and 

further dried under vacuum for 48 hours at 40°C. The lactide flasks were sealed under argon and 

immersed in an oil bath at 130°C. Once lactide melted, benzyl alcohol and stannous octoate were 

added as solutions in toluene to target 50 kg/mol number average molecular weight with 2500:1 

monomer to catalyst ratio. Reactions were stirred at 130°C for 12 hours then quenched in an ice 

bath. Polymers were dissolved in chloroform, then poly(acrylic acid) (Mw=2 kg/mol) was added 

as a solution in 1,4-dioxane at 0.25 wt.% relative to monomer to deactivate the catalyst. These 

solutions were stirred for 24 hours at room temperature. PLLA and PDLA were precipitated into 

methanol and dried under vacuum at 60°C for 24 hours before use. Molecular weights 

determined by GPC in chloroform were Mn=30 kg/mol PDI = 1.17 for PLLA, and Mn = 46 

kg/mol, PDI = 1.15 for PDLA.  

3.3.2  Preparation of Blended Stereocomplex Films 

itPMMA (Mw = 61 kg/mol) was purchased from Polymer Source and stPMMA (Mw = 

50 kg/mol) was purchased from Scientific Polymer Products. PLLA, PDLA, itPMMA, and 

stPMMA were dissolved separately in chloroform at 10 mg/mL then blended by stirring 

vigorously for at least 30 minutes at room temperature. Blended solutions were evaporated 

slowly overnight and the resulting films were dried at 80°C for at least 72 hours. To erase 

thermal history, the films were melt-pressed in stainless steel cylindrical molds at 250°C for 5 

minutes with zero clamping force. The molds were then quenched to room temperature over 15 
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minutes to obtain highly amorphous films of about 100 micron thickness. The films were dried 

under vacuum at 50°C for 24 hours then annealed for 10 days at 130°C.  

3.3.3 Differential Scanning Calorimetry (DSC) 

Samples of approximately 5 mg were weighed into DSC pans, dried under vacuum at 

room temperature for at least 72 hours, and sealed under argon. DSC was performed on a TA 

Instruments Q100 under the following protocol; isothermal at 0°C for 3 min, heat to 245°C at 

10C/min, cool to 0°C at 5°C/min, isothermal at 0°C for 3 min, heat to 250°C at 10°C/min.  

 3.3.4 Wide Angle X-Ray Scattering (WAXS) 

 The films of approximately 100 micron thickness were measured on a Siemens D500 

Refractometer with a Cu-K alpha radiation source of 25 mA and 30 kV. Samples were scanned 

from 2θ = 5°-40° at step size of .05° and dwell time of 2 sec.  

3.4 Results and Discussion 

Samples were investigated of homopolymers, individual stereocomplexes, and 

stereocomplex blends over the entire composition range of PLA and PMMA. The composition of 

each sample is shown in Table 3.1. The ratio of itPMMA to stPMMA was maintained at 1:2 and 

that of PLLA to PDLA at 1:1. These are the stoichiometric ratios that compose the crystal 

structures of scPMMA and PLA.   

Films cast from solution contained crystallites of scPLA but no other types of crystallites. 

The initial solution concentration was below the concentration at which any crystallites can form. 

The concentration required to form scPLA crystallites is lower than that required to form PLA 

homopolymer crystallites.[14] Therefore, since the evaporation rate was sufficiently slow and 

PLLA and PDLA were mixed in equimolar ratios, PLA homopolymer crystallites were preceded 

by scPLA crystallites. Crystallites of PMMA were not expected because scPMMA and itPMMA  
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Table 3.1: Compositions of investigated blends.  

Sample itPMMA wt. % stPMMA wt.% PLLA wt.% PDLA wt.% 

1 100 0 0 0 

2 0 100 0 0 

3 33.3 66.7 0 0 

4 25.0 50.0 12.5 12.5 

5 16.7 33.3 25 25 

6 8.3 16.7 37.5 37.5 

7 0 0 50 50 

8 0 0 100 0 

9 0 0 0 100 

 

 

are unable to crystallize in chloroform, and stPMMA can only crystallize in a solvent inclusion 

complex in which stPMMA helices surround certain solvent molecules.[15-18] 

Films cast from solution contained crystallites of scPLA but no other types of crystallites. 

The initial solution concentration was below the concentration at which any crystallites can form. 

The concentration required to form scPLA crystallites is lower than that required to form PLA 

homopolymer crystallites.[14] Therefore, since the evaporation rate was sufficiently slow and 

PLLA and PDLA were mixed in equimolar ratios, PLA homopolymer crystallites were preceded 

by scPLA crystallites. Crystallites of PMMA were not expected because scPMMA and itPMMA 

are unable to crystallize in chloroform, and stPMMA can only crystallize in a solvent inclusion 

complex in which stPMMA helices surround certain solvent molecules.[15-18] 

To erase the history of scPLA crystallites and investigate the effects of pure thermal 

treatments, the films were melt-pressed above the melting temperature of scPLA and quickly 

cooled. The resulting films were mostly amorphous, but Samples 5-7 still contained traces of 

scPLA. Cooling from the melt at a faster rate could eliminate all traces of crystallinity.  
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Annealed films contained crystallites of PLA homopolymer, scPLA, and scPMMA. The 

DSC curves during the first heating cycle are shown for Samples 3-7 in Figure 3.1. The melting 

temperature, defined as the temperature at which the last crystal melts, was calculated for each 

sample according to previously reported methods and is denoted by vertical lines in Figure 

3.1.[19] The melting temperature of scPLA (Tm,scPLA), found to be 231°C in the absence of 

PMMA in Sample 7, was depressed to 219C in the abundance of PMMA in Sample 4. Similarly, 

the melting temperature of scPMMA (Tm,scPMMA), found to be 191°C in the absence of PLA in 

Sample 3, was depressed to 184°C in the abundance of PLA in Sample 6.  Such melting point 

depression implies that PLA and PMMA are miscible. The melting temperature of PLA 

 

 

Figure 3.1: DSC melting endotherms during 1st heating cycle with calculated melting 

temperatures of blends annealed at 130°C for 10 days.   
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homopolymer (Tm,PLA), which is contributed to by both PLLA and PDLA crystallites, was found 

to be 179°C in the absence of PMMA in Sample 7. The proximity of the PLA homopolymer 

endotherm to the scPMMA endotherm makes quantitative evaluation of percent crystallinity 

difficult by DSC in Samples 4-6, which could contain both PLA homopolymer and scPMMA 

crystallites.  

WAXS was used to confirm the identities of various crystal structures and quantify the 

percent crystallinity of each structure. Scattering profiles are shown in Figure 3.2. Peaks 

observed at 2θ = 11.95°, 20.8°, and 24.05° agree well with the reflections of scPLA crystals and 

their accepted triclinic unit cell.[20] Peaks at 2θ = 16.7° and 19.05° are attributed to the pseudo-

orthombic unit cell of PLA α-crystallites.[21] The peaks from scPMMA have much lower 

intensity and are difficult to observe in Figure 3.2. However, the locations of the peaks are 

clearly observed at 2θ = 11.45°, 14.1°, and 15.5° by comparing the profiles of Sample 3 before 

and after annealing, as shown in Figure 3.3. These reflections are similar to the reflections 

reported for scPMMA crystallites, which do not perfectly agree and are difficult to analyze due 

to the low achievable crystallinity of scPMMA.[16, 22, 23] 

 Degree of crystallinity in each sample was calculated by integrating the crystalline and 

amorphous contributions of WAXS profiles.[19] In polymer blends, it is often useful to observe 

trends using relative crystallinity, which is the overall crystallinity for any given type of  
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Figure 3.2: WAXS profiles of films annealed for 10 days at 130°C with peaks assigned to 

reflections of each crystal structure.  

 

 

 
Figure 3.3: WAXS of Sample 3 before and after annealing, and the difference in intensity 

between the two scans.  
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crystallite measured by integration divided by the mass fraction of that polymer within the blend. 

In Figure 3.4, the relative crystallinities (Xc) of PLA homopolymer (Xc,PLA), scPLA (Xc,scPLA), 

and scPMMA (Xc,scPMMA) are plotted against the weight percent of PMMA in each sample before 

and after annealing. Melt pressed films contained only small amounts of scPLA crystallites. The 

crystallinity of scPMMA is quite low even after 10 days of annealing. 

The presence of PMMA appears to promote the crystallization of scPLA and hinder the 

crystallization of PLA homopolymer. This trend is seen in Figure 3.4 for samples before and 

after annealing. Exclusive formation of scPLA in the absence of PLA homopolymer crystallites 

is often desirable as scPLA has superior thermal stability. The equimolar mixture of PLLA and 

PDLA in Sample 7 contains a greater amount of PLA homopolymer crystallites than  

 

 

Figure 3.4: Relative crystallinities (Xc) of PLA homopolymer (Xc,PLA), scPLA (Xc,scPLA), and 

scPMMA (Xc,scPMMA) in melt-pressed and annealed films.  
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amount and 25 wt. % PMMA leads to formation of mostly scPLA. Exclusive scPLA formation is 

realized with the addition of somewhere between 25 and 50 wt. % PMMA. 

3.5 Conclusions 

We have shown that although scPMMA is very slow to form, it can be combined with 

scPLA in a quaternary blend with likely only one miscible amorphous phase and cooperative 

effects. The addition of PMMA into PLA potentially allows for thermal and mechanical property 

adjustment. This work also finds that the presence of stereoregular PMMA can modify the 

crystallization tendencies of PLA. That is, scPLA crystallization usually competes with PLA 

homopolymer crystallization in mixtures of PLLA and PDLA, and the addition of a small 

amount of PMMA can shift the dominating process towards stereocomplex formation. The 

addition of enough PMMA, somewhere between 25 and 50 wt. %, leads to exclusive 

stereocomplex crystallization without any PLA homopolymer crystallization. This unique 

finding is important in the development of more thermally stable PLA. 
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4.1 Abstract 

Fiber reinforced composites are typically prepared using thermosetting polymeric resins 

derived from petroleum resources and involving hazardous chemicals. We developed thermoset 

resins, with characteristics similar to vinyl-esters and unsaturated polyesters, by introducing 

unsaturated vinyl groups to poly(lactide) (PLA) chain ends and cross-linking them with methyl 

methacrylate (MMA) using a free-radical initiator. The bio-based content and physical properties 

of the resins were variable according to amount of MMA added. The resins have low viscosities, 

around 20-200 cP, making them well-suited for fiber reinforced composite manufacturing 

techniques. In this work, we screened the cross-linking cure reaction kinetics of various PLA 

resin compositions, characterized their physical properties before and after curing, offered 

insight towards their morphology, and used them to prepare glass fiber composites by resin 

transfer molding. The resins cured into a cross-linked, thermoset network, as evidenced by 

swelling in solvent. Their mechanical properties were on par with those of traditional resins, with 

reinforced tensile moduli of around 35 GPa.    
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4.2 Introduction 

Developing bio-based materials derived from renewable resources presents an 

opportunity to improve sustainability metrics by reducing primary energy and CO2 emissions.[1]  

Driven by better price-performance characteristics and the consumers’ increasing desire for more 

sustainable products and practices, applications demanding bio-based materials have been 

growing in recent decades.  

Research on bio-based thermoplastic polymers has made significant progress leading to 

the development of polyesters such as PLA,[2-5] poly(hydroxyalkanoate), and poly(butylene 

succinate)[6], nylons such as polyamide-4,10 and polyamide-6,10[7-9], and plasticized 

starches[10]. Comparatively, development of bio-based thermosetting polymers is promising, 

with notable research on resins based on plant oils[11-13], lignin derivatives[14-16], and other 

renewably sourced monomers[17-19], but developing cost-effective solutions remains a 

challenge. More sustainable thermosetting resins can also be made from recycled thermoplastic 

polyesters such as poly(ethylene terephthalate)[20, 21]. This study introduces a bio-based 

thermosetting resin, with characteristics similar to vinyl ester resins (VERs) and unsaturated 

polyester resins (UPRs), based on PLA processed by similar methods to those used to produce 

thermosetting resins from recycled poly(ethylene terephthalate).   

VERs and UPRs are thermosetting polymeric networks widely used as matrices in fiber-

reinforced composites.[22] The strength-to-weight and modulus-to-weight ratios of these 

composites are often superior to those of metals due to their lower density.[23] This makes them 

useful for improving fuel economy in automobiles, constructing wind-turbine blades and 

aerospace parts, and various applications in the sporting goods and marine industries.[23-27]  
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VERs and UPRs are composed of unsaturated oligomers dissolved in reactive diluent 

liquid monomers, and they react by free-radical polymerization to form cross-linked networks. 

Traditional VERs are synthesized by the reaction of epoxy resins with monocarboxylic 

unsaturated acids, and traditional UPRs are synthesized by the step-growth of maleic anhydride 

with diacids and diols.[22] The reactive diluent serves two main purposes; it reduces the resin 

viscosity to ensure good processability and complete fiber wetting, and it controls the cross-link 

density and average molecular weight between cross-links of the network so that robust bulk 

mechanical properties are attained.[28] 

Styrene is the most common reactive diluent in VERs and UPRs due to its low cost, low 

viscosity, favorable reactivity, and aromaticity, which lends to good compatibility with aromatic 

oligomers and high glass transition temperatures. Styrene is a toxic, volatile compound that is 

listed as potentially carcinogenic by the U.S. Department of Health and Human Services.[29, 30] 

In addition to its health hazards in the workplace, particularly in certain composite 

manufacturing techniques that are open to the atmosphere, styrene is difficult to produce from 

renewable resources.[31] Therefore, alternative reactive diluents should be developed.  

Here, we develop a low viscosity, styrene-free, thermosetting resin with variable bio-

based content. Vinyl-terminated PLA oligomers are produced from commercial PLA following 

established methods,[32] and the solid oligomers are dissolved in methyl methacrylate (MMA) 

reactive diluent. Since PLA is miscible with poly(methyl methacrylate) (PMMA), the vinyl-

functionalized oligomers are expected to exhibit good compatibility with MMA monomer, 

forming a homogenous network upon crosslinking. Although MMA is currently produced from 

non-renewable resources, bio-based MMA is attainable through a number of reaction 

pathways.[33] 
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4.3 Materials and Methods 

 4.3.1 Materials 

Amorphous grade commercial PLA pellets, named Ingeo 4060D, were provided by 

Natureworks. 2-Hydroxyethyl methacrylate (HEMA), >99% purity containing <50 ppm 

monomethyl ether hydroquinone as inhibitor, was purchased from Sigma-Aldrich, stored in a 

refrigerator, and used as is. Tin(II) 2-ethylhexanoate (stannous octoate), 92.5-100% purity, was 

purchased Sigma-Aldrich and used as is. Itaconic anhydride, 95% purity, was purchased Sigma-

Aldrich and used as is. ACS grade chloroform was purchased from EMD. HPLC grade 

chloroform was purchased form Sigma-Aldrich. MMA, 99% purity containing <30 ppm 

monomethyl ether hydroquinone as inhibitor, was purchased from Sigma-Aldrich, stored in a 

refrigerator, and used as is. Yellow sealant tape was purchased from Fibre Glast Development 

Corp. Unidirectional direct roving fiberglass with universal sizing, named StarRov®076, was 

provided by Johns Manville. Elium® 188 resin was provided by Arkema.  

4.3.2 PLA Cross-Linking Agent Preparation 

Amorphous grade commercial PLA pellets were dried in a vacuum oven for at least 24 

hours at 65°C, loaded into a flame dried reaction vessel, and purged with argon for 10 minutes. 

The vessel was equipped with a mechanical overhead stirrer and sealed. HEMA was added 

through a rubber septum at a ratio of 1 mol of HEMA per 28 mol of lactide repeat units and 

dispersed evenly by vigorous mechanical stirring, followed by 2 wt.%. stannous octoate. The 

alcoholysis reaction, as shown in Figure 4.1, was carried out in an oil bath at 160°C for 3 hours 

under slow mechanical stirring. The vessel was cooled in ice water and chloroform was added to 

make a 50 wt.% solution.  
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Figure 4.1: Cross-linking agent preparation from commercial PLA in two reaction steps, 

alcoholysis and end-capping. 

 

 

PLA solution from the alcoholysis reaction was transferred to a flame dried round bottom 

flask along with a magnetic stir bar, 2:1 molar excess of itaconic anhydride, and 1 wt.% stannous 

octoate. The mixture was stirred and sparged with argon for 10 minutes. A flame dried water-

cooled condenser was attached and filled with argon for 5 minutes. The end-capping reaction, as 

shown in Scheme 1, was carried out on heating mantle with magnetic stirring and refluxed for 8 

hours. A VARIAC was used to maintain a steady boiling rate so that a balloon covering the top 

of the condenser remained erect but not inflated.  

PLA solution after both reactions was precipitated into a 10:1 volume excess of 

methanol, dried in a vacuum oven overnight at 40°C, crushed into powder with a mortar and 

pestle, and stored in a convection oven at 40°C before further use.  

4.3.3 Resin Preparation 

PLA cross-linking agent was dissolved in MMA at concentrations of 30, 40, 50, and 60 

wt.%. Insoluble white material was separated by centrifugation. About 5 wt.% of the cross-

linking agent was insoluble. Thermal gravimetric analysis on the insoluble centrifuge pellet 

revealed about 10 wt.% remaining after heating to 800°C. AIBN was dissolved in the 

supernatant in amounts of .02, .01, and .005 mol AIBN per mol of double bonds in the resin. The 

resin was used for various applications immediately once AIBN had fully dissolved.  
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4.3.4 Curing Exotherm Experiment 

20mL screw-cap scintillation vials were loaded with 6g of resin and sparged with argon 

for 1 minute. Thermocouples were inserted to the center of the resin through holes drilled in caps 

and sealed with yellow sealant tape. Four vials at a time were simultaneously dropped in an oil 

bath at 45C. In each experiment, one vial contained unreactive resin to which no AIBN was 

added in order to isolate effects of heat transfer between the vials and the bath from effects of 

heat produced in the reaction. Temperatures of the centers of the reactions were recorded at a 1 

Hz sampling rate until the reactions reached completion.  

4.3.5 Dynamic Mechanical Analysis Sample Preparation 

Scintillation vials containing the resin were sparged with argon for 1 minute then poured 

into rectangular wells created by a steel plate with rectangular cavities sealed to a glass plate by 

sandwiching a thin layer of yellow sealant tape. After pouring the resin, a second glass plate with 

a thin layer of yellow sealant tape was used to seal the top surface and prevent monomer 

evaporation. The sandwiched mold was placed in an oven at 45°C and cured for 12 hours. 

Rectangular sample bars with dimensions of roughly 60mm × 12mm × 1.5mm were removed 

from the wells and post-cured between aluminum plates in an oven at 90°C for 12 hours.  

4.3.6 Degree of Swelling Measurement 

Rectangular DMA sample bars were weighed and immersed in chloroform for 1 week. 

The bars were removed and immediately weighed after soaking up excess chloroform on the 

surface with a paper towel. The degree of swelling, DS, was calculated by the average 

measurements from 3 bars of each composition using Equation 4.1,  

 

� = (�� − ���� )  (4.1) 
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where mf is the final mass of swollen polymer bar and mi is the initial mass of the bar before 

swelling. To determine if any portion of the resins were dissolved in chloroform, the swollen 

bars were thoroughly dried under vacuum and weighed daily until no change in mass occurred 

after 1 day.  

4.3.7 Fiberglass Composite Panel Fabrication 

Eight plies of unidirectional fiberglass roving were stacked parallel to each other and laid 

in a Composites Integration aluminum and glass mold treated with release wax. The mold 

temperature was controlled by copper tubing plumbed throughout the mold connected to a 

circulation bath capable of heating and cooling filled with automotive antifreeze. 24” Hg vacuum 

was applied to the fibers for 30 minutes. The resin was degassed in a vacuum chamber at 20” Hg 

for 1 minute, then poured into a sealed feed pot. The resin was infused into the fibers slowly at 

room temperature using 2-5” Hg vacuum. Once all fibers were completely wetted, the vacuum 

line was clamped shut and 1 bar pressure of argon was applied to the feed pot to collapse any 

voids. The mold temperature was increased to 45°C over approximately 1 hour, held at 45°C for 

2 hours, then slowly allowed to equilibrate back to room temperature. The panels were removed 

and immediately placed between aluminum sheets in an oven at 90°C to post-cure for 5 hours. 

Samples for tensile testing were cut from the 500mm × 500mm sheets with a wet tile saw.  

4.3.8 Analysis 

1H-NMR spectra were obtained using a JEOL 500 MHz NMR. Polymers were dissolved 

at approximately 50 mg/mL in deuterated chloroform. The spectra were analyzed using Delta 

NMR software.  

Gel Permeation Chromatography (GPC) was used to determine molecular weight. The 

GPC system contained an Agilent PLgel 5µm MIXED-C column, a Wyatt DAWN DSP Laser 
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Photometer, and a Wyatt OPTILAB DSP Interferometric Refractometer. The light scattering 

detector was calibrated using toluene, adjusted for dark offsets, and normalized to the 90° 

detector using monodisperse poly(styrene) with 30 kg/mol molecular weight. The refractometer 

was calibrated by injecting various concentrations of polystyrene in THF (dn/dc=0.185[34]). 

PLA samples were measured in chloroform at 35°C (dn/dc=0.024 mL/g[35]). Solutions of 

approximately 5 mg/mL were filtered 5 times through a 0.45 µm poly(tetrafluoroethylene) 

syringe filter prior to injection. 

Differential Scanning Calorimetry (DSC) was performed on PLA oligomer and cured 

resins using a Perkin-Elmer DSC 7 calibrated with an Indium standard. Approximately 10-15 mg 

of dried materials were sealed in aluminum pans. The scanning protocol for PLA oligomer was: 

hold for 5 min at 5°C, heat from 5°C to 200°C at 20°C per min, hold for 3 min at 200°C, cool 

from 200°C to 5°C at 20°C per min, hold for 5 min at 5°C, heat from 5°C to 200°C at 20°C per 

min. The scanning protocol for cured resins was: hold for 5 min at 5°C, heat from 5°C to 200°C 

at 40°C per min, hold for 3 min at 200°C, cool from 200°C to 5°C at 40°C per min, hold for 5 

min at 5°C, heat from 5°C to 200°C at 40°C per min. Glass transition temperatures were 

assigned using the half height method, which is the temperature at which a sample’s heat 

capacity is halfway between the difference of its glassy and rubbery state heat capacities.   

Solution viscosities were measured on an ARES G2 rheometer equipped with a 40mm, 2° 

cone and a Pelletier cooling plate. Steady rotational shear rate sweeps were executed at 20°C.  

Dynamic Mechanical Thermal Analysis (DMTA) was performed using a Rheometrics 

ARES-LS rheometer equipped with torsional rectangular fixtures. A strain sweep was conducted 

at 25°C to determine the linear viscoelastic region. A time sweep was conducted at 90°C with 

0.03% strain at 1 Hz to determine an appropriate post-curing procedure. Post-cured samples were 
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analyzed with temperature sweeps, heating from 25°C to 140°C at 5°C /min, using 0.03% strain 

at 1 Hz.   

Tensile testing was performed according to ISO 527-5 using a MTS Model 370.10 

hydraulic load frame, a MTS Model 661 100 kN load cell, hydraulic wedge grips, and a MTS 

Model 634 25mm extensometer. Samples dimensions were approximately 250mm × 15mm × 

4.2mm for fibers in the longitudinal direction and approximately 250mm × 25mm × 4.2mm for 

fibers in the transverse direction. Initial grip separation was set to 150mm and the samples were 

gripped without end-tabs at 500 psi. A pre-stress of .05 kN was applied, then tensile strain was 

applied at a rate of 1.5mm/min.  

4.4 Results and Discussion 

PLA oligomers with vinyl-terminated end groups were successfully produced in a two-

step reaction shown in Figure 4.1. In the first reaction, high molecular PLA chains were cleaved 

by alcoholysis, or transesterification, with HEMA into lower molecular weight chains terminated 

with HEMA and secondary alcohol end-groups. In the second step, secondary alcohol-end 

groups were converted to vinyl end-groups by end-capping with itaconic anhydride.  

1H-NMR spectra, shown in Figure 4.2, were used to validate the reaction. As expected, 

the spectrum of commercial PLA shows two peaks, a and b, assigned to methylene and methine 

protons, respectively, along the backbone. End-groups are not visible due to the high molecular 

weight. After alcoholysis, HEMA end groups are observed by peaks c-g. A small, broad peak at 

2.7 ppm can likely be attributed to secondary alcohol end-groups, and a small peak at 3.7 ppm to 

methine protons adjacent to secondary alcohol end-groups. After end-capping, itaconic acid end-

groups are observed by peaks h-j.  
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Figure 4.2: 1H-NMR spectra of commercial PLA starting material, PLA after the alcoholysis 

reaction step, and PLA after the end-capping reaction step. Peaks a-j are assigned to the protons 

labeled accordingly.  

 

 

Table 4.1: 1H-NMR spectra integration areas of peaks a-j.  

peak ppm Commercial PLA After Alcoholysis After End-Capping 

a 1.55 3.115 220.2 237.0 

b 5.15 1 70.4 77.2 

c + d 4.35  4.8 4.6 

e 1.92  3.0 3.1 

f 6.1  1 1 

g 5.58  1 1 

h 3.4   2.6 

i 6.45   1.3 

j 5.85   1.3 
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Peak integrations of 1H-NMR spectra are reported in Table 4.1. Peak a is more than 3 

times larger than peak b because methine protons attributed to residual lactide and methine 

groups adjacent to chain ends are shifted upfield from peak b, whereas shifts in methylene 

protons on these groups are convoluted by the broad peak a. There are slightly more itaconic acid 

end-groups than HEMA end-groups because the end-capping reaction, with a 2:1 molar excess of 

itaconic anhydride, should convert all secondary alcohol end-groups whereas the original 

carboxylic acid end-groups of commercial PLA will always remain, and the presence of any 

water in the reaction mixture will hydrolyze PLA chains leading to more carboxylic acid end-

groups.  

Molecular weights were determined by both GPC chromatograms, shown in Figure 4.3, 

and end-group analysis of the 1H-NMR spectra integrations in Table 4.1. Resulting molecular 

weights of commercial PLA starting material and vinyl-functionalized PLA oligomers are  

 

 

Figure 4.3: GPC chromatograms of commercial PLA and PLA cross-linking agent.  
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Table 4.2: Molecular weights of commercial PLA and PLA cross-linking agent oligomers after 

alcoholysis and end-capping reactions.   

 

Molecular Weight (g/mol) Commercial PLA PLA after end-capping 

Mw (GPC) 83,000 16,000 

Mn (GPC) 65,000 6700 

Mn (NMR)  4200 

 

 

reported in Table 4.2. The expected Mn of the PLA cross-linking agent according to the amount 

of HEMA added to the reaction is 4000 g/mol. The Mn values reported in Table 4.2 are slightly 

higher, which could indicate slightly less than complete conversion of the alcoholysis reaction.  

 Thermal properties of the PLA cross-linking agent were investigating using DSC. Figure 

4.4 shows the DSC scans upon the first and second heating steps. The first heating scan exhibits 

second heating scan, in which crystallinity was prevented by fast cooling beforehand, and was 

calculated to be 37°C.  

Although the supplied commercial PLA was amorphous, it can become semi-crystalline 

after the alcoholysis reaction breaks it down to lower molecular weight. High molecular weight 

PLA is produced by ring-opening polymerization of lactide dimer, which has 3 stereoisomers, 

namely L,L-lactide, D,D-lactide, and L,D-lactide. PLA is able to crystallize when it contains a 

certain purity of any one stereoisomer arranged in an isotactic manner.[36] Furthermore, when a 

mixture of stereoisomers is incorporated into PLA by ring-opening polymerization, they tend to 

follow a sequence distribution as the stereoisomers have different reactivity ratios.[36] 

Therefore, the high molecular weight commercial PLA could be amorphous because it contains  
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Figure 4.4: DSC scan of PLA cross-linking agent oligomer. Endothermic direction oriented 

upward.  

 

 

mostly one stereoisomer, but just enough of another stereoisomer to put it below the 

crystallization purity threshold. If its chains were cleaved randomly, as in the alcoholysis 

reaction, the resulting lower molecular weight chains could be above the crystallization purity 

threshold. 

The PLA cross-linking agent oligomers were dissolved in MMA at various 

concentrations to form the resin. Maintaining low resin viscosity is important for resin transfer 

molding of composites. If viscosities are too high, resin cannot fully penetrate the tightly packed 

fibers. Typically, resin viscosity should be less than 500 cP during infusion, and many resins 

must be heated to achieve this requirement.[37] The viscosities of 30, 40, and 50 wt.% PLA, 

shown by the shear sweep data in Figure 4.5, were determined to be 14, 54, and 198 cP, 

respectively. As expected, all compositions behaved as Newtonian fluids throughout the  
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Figure 4.5: Viscosities of various PLA cross-linking agent concentrations in MMA.   

 

measurement range. These viscosities indicate the resin is well-suited for resin transfer molding 

at room temperature, and it would also be acceptable for processes requiring lower viscosities 

like sheet molding compounding.[38] 

One of the main advantages of VERs and UPRs over epoxy resins is their lower 

processing times achieved through free-radical polymerization. Bulk free-radical polymerization 

of vinyl monomers is often challenging due to the Tromsdorff effect. As the exothermic reaction 

proceeds, its viscosity increases, leading to hindered diffusion of free-radical chain ends; the 

termination rate is thus decreased and the overall polymerization rate increases, creating even 

higher viscosities in a snowball effect until higher conversions are reached. The result is a spike 

in the reaction exotherm over time, which is beneficial in the sense that it leads to faster curing 

times, but if too much initiator is used the resin can boil leading to voids in the product.  
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To determine an appropriate initiator concentration, curing exotherms were measured in 

conditions mimicking the resin transfer molding process. That is, heat produced by the reaction 

was transferred to surroundings that remained at a constant temperature. The AIBN initiator 

concentration was controlled relative to the total number of double bonds in the resin, as this 

represents the total amount of potential energy that can be converted to heat.  

The temperature profiles of various reaction mixtures measured during curing are shown 

in Figure 4.6. The shape of the exotherm strongly depends on the initiator concentration. The 

range of initiator concentrations used in these experiments is indicative of the upper and lower 

concentration limits for effective processing. On the upper end at 0.02 mol AIBN per mol of 

double bonds, the Tromsdorff effect is prominent and boiling occurred in the 30 wt.% PLA resin. 

Large temperature rises were also measured in the 40 and 50 wt.% PLA resins, but not enough to 

boil them due to the larger boiling point elevation of the higher concentrations. On the lower end 

at .005 mol AIBN per mol of double bonds, the Tromsdorff effect is minimal, the reaction 

temperature remains relatively constant, and the reaction rate is much slower. 

 

 

Figure 4.6: Curing reaction exotherms of various PLA cross-linking agent and initiator 

concentrations in MMA loaded in scintillation vials and immersed in an oil bath at 45°C.  
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Another important trend to realize is the ability of PLA to suppress the exotherm. This 

was expected because although the chain-ends of PLA still participate in the exothermic reaction, 

the majority of its mass is inert and acts as a heat sink. Resins with higher PLA concentrations 

are thus beneficial because for a given initiator concentration, they cure in the same amount of 

time, but at lower peak temperatures.  

A cross-linked network is formed as the resin cures at 45°C. Once the network reaches a 

critical conversion, gelation occurs and unreacted monomer is unable to diffuse towards growing 

chain ends and can become trapped. Trapped residual monomer can have detrimental effects on 

composite mechanical properties as it serves as a plasticizer. Thus, many resin systems require 

an additional thermal treatment after curing known as a post-cure. By heating the network above 

its glass-transition temperature, residual monomer can diffuse either into the atmosphere or to 

react with non-terminated chain ends.   

To investigate the effect of post-curing on this resin system, we performed DMA and 

DSC experiments mimicking a post-curing procedure. Figure 4.7 shows the post-curing profiles 

of heat flow measured in DSC and storage modulus measured in DMA. Samples were quickly 

heated to and held at 90°C. The DSC heat flow shows an exothermic peak, which indicates that 

residual monomer is being reacted and is not evaporating. Integration of the peak yields 26 J/g. 

Comparing this with the heat of reaction for polymerization of pure methyl methacrylate, 565 

J/g[39], implies the initial curing cycle achieved about 90% conversion. The effect of residual 

monomer on mechanical properties is clearly shown by the DMA storage modulus curve in 

Figure 4.7. Over a post-curing duration of 2 hours, the storage modulus increases approximately 

fourfold, then levels off.  
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Figure 4.7: DMA and DSC curves during post-curing of 50 wt.% PLA resin.  

 

Mechanical properties of the post-cured pure resins were investigated with DMA. 

Temperature sweeps of the storage and loss moduli of various resin compositions are shown in 

Figure 4.8. Chain segmental mobility is enabled during the alpha transition, or glass transition, 

which is indicated by a peak in the loss moduli and a drop in the storage moduli curves. The 

temperature at which the glass transition occurs is determined by a number of factors, but is 

mainly related to the flexibility of polymer chains. In highly cross-linked systems, flexibility is 

decreased, so glass transition temperatures are higher than they would be if the same chains were 

not cross-linked.    

The glass transition temperatures in Figure 4.8 increase with higher initiator 

concentrations because of higher cross-linking densities. This is expected because in the early 

stages of the cure before gelation occurs, higher initiator concentrations lead to shorter PMMA 

chains, and shorter chains means higher cross-linking density. The room temperature storage  
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Figure 4.8. Storage moduli (G’) and loss moduli (G’’) from DMA temperature sweeps of post-
cured resin.  

 

 

modulus appears to increase with increasing PLA concentration. This is expected since typical 

high molecular PLA thermoplastics have higher moduli than those of PMMA.[40] 

In each of the 30 and 40 wt.% PLA resins, there appears to be two overlapping peaks in 

the loss moduli and two-step drops in the storage moduli, indicating the presence of two-phase 

systems. In the 50 wt.% PLA resins, single peaks in the loss moduli and a single-step drops in 

the storage moduli are observed, indicating single phases. A possible reason for this behavior is 

that the post-curing temperature of 90°C was too low to enable molecular mobility in networks 

with higher MMA content. Networks with lower PLA content have longer chain segments of 

MMA between cross-links, which are more rigid than PLA chain segments, so they should have 
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higher glass transition temperatures. As in any chain growth polymerization mechanism, the 

reaction is expected to contain a mixture of long chains and unreacted monomers at any given 

time other than the early stages of polymerization. Upon completion of the initial lower 

temperature cure, the system should contain a cross-linked network and a mixture of unreacted 

MMA monomer and PLA oligomer. If the post-cure temperature were too low to enable 

segmental mobility of the network, then the reaction may not reach complete conversion. 

Unreacted PLA oligomers could be partially phase separated.  

Glass transition temperatures were also determined using DSC. Figure 4.9 shows the 

glass transition temperature of various resin compositions. All glass transition temperatures of 

cured resins were significantly higher than that of PLA oligomer. In general, the glass transition 

temperature of the resins decreased with higher PLA concentrations and lower initiator 

concentrations. The trend with respect to initiator content is consistent with that observed by 

DMA in Figure 4.8. The trend with respect to PLA concentration is less prominent in DMA, but 

is expected since ordinary PLA polymer has a lower glass transition temperature than PMMA.   

To further elucidate network morphology, swelling measurements were performed on 

cured resin. Chloroform was chosen as the solvent in which to conduct swelling measurements 

because it is good solvent for both PLA and PMMA. All samples were completely insoluble in 

chloroform, as determined by weighing the samples again after thoroughly drying. This proves 

the network is fully cross-linked and absent of any free PLA or PMMA chains. Figure 4.10 

shows the degree of swelling for various resin compositions. The degree of swelling increases 

with higher PLA concentrations, meaning cross-link density decreased with higher PLA content. 

The degree of swelling is inversely related to cross-link density since cross-linkages decrease 

free volume. This is an interesting result because typically cross-linking density increases with  
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Figure 4.9: Glass transition temperatures measured using DSC.  

 

 

Figure 4.10: Degree of swelling in chloroform of various cured resin compositions.  
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higher cross-linking agent content. The degree of swelling also generally decreases with 

increasing initiator concentration, which is consistent with increasing glass transition 

temperatures observed in Figure 4.8 and Figure 4.9.  It is interesting to note that an exception to 

this trend is with 30 and 40 wt. % PLA and .005 mol AIBN / mol double bonds. The same 

exception is observed in glass transitiontemperatures and degrees of swelling. That is, these 

compositions had higher cross-link densities than expected.  

The cross-linking density and molecular weight between cross-links are proportional to 

the storage modulus value in the rubbery plateau region according to elasticity theory.[41] This 

simple relationship, shown in Equation 4.2, 

 �′ =  ⍴�  (4.2) 

 

where G’ is the storage modulus, ⍴c is the cross-link density, R is the gas constant, and T is 

temperature, was used to estimate ⍴c of DMA bars. The results are shown in Figure 4.11. The 

cross-linking density based on the storage modulus appears to increase with increasing initiator 

concentration, but its trend with respect to PLA concentration is unclear. The cross-linking 

density values reported in Figure 4.7 are about an order of magnitude smaller than those reported 

in typical VERs.[42] Targeting lower molecular weight PLA cross-linking initiators would lead 

to more dense cross-linking. 

Resin compositions of 40 and 50 wt. % PLA were used to prepare unidirectional 

fiberglass reinforced composite panels which were characterized with tensile testing. Initiator 

concentrations of .02 mol AIBN/mol double bond were used in each panel since shorter curing 

durations and higher cross-linking densities are beneficial. Panels were also prepared using 

Elium 188 resin, which is an acrylate based thermoplastic resin, for purposes of perfecting the  
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Figure 4.11: Cross-linking density of various resin compositions.  

 

molding technique and comparing mechanical properties to a resin composed of similar 

polymers. Since the tensile properties of fiber reinforced composites are typically dominated by 

the type and orientation of fibers, and the surface interactions between the resin and the fibers, 

little variation is expected between panels fabricated with Elium 188 or the bio-based resin. The 

tensile properties of the bio-based resin, compared with Elium 188, are reported in Table 3. The 

values of tensile moduli, tensile strengths, and percent elongations for the bio-based composites 

all appear to be independent of PLA concentration and slightly lower than the values for the 

Elium composite in both the longitudinal direction, which is in the same direction as the fibers, 

and the transverse direction, which is perpendicular to the fibers. This indicates that in all cases, 

fiber bundles were fully wetted before curing and the cured resin adhered favorably to the 

bundles.   
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Table 4.3. Tensile properties of unidirectional fiberglass composites prepared with bio-based 

resin and Elium 188.  

 

wt.% PLA  Tensile Modulus (GPa) Tensile Strength (MPa % Elongation 

                                                                                  Longitudinal Direction 

40  35 ± 3 480 ± 30 1.5 ± 0.1 

50  33 ± 3 470 ± 40 1.5 ± 0.2 

Elium 188  39 ± 4 630 ± 10 1.7 ± 0.1 

                                                Transverse Direction 

40  5.0 ± 0.8 8.4 ± 0.9 0.18 ± 0.05 

50  5.1 ± 0.6 9.6 ± 0.7 0.20 ± 0.03 

Elium 188  8.6 ± 0.7 26 ± 1 0.3 ± 0.04 

 

 

4.5 Conclusions  

These results demonstrate that bio-based, styrene-free, cross-linking resins can be 

formulated using a simple functionalization of PLA, and that MMA is a compatible reactive  

diluent for such resins. Physical properties reported here indicate the resins are well-suited for 

preparing fiber reinforced composites. There are many opportunities to build upon this work. For 

example, the methods used to functionalize PLA could be employed to utilize recycled material, 

furtherimproving sustainability metrics, or the oligomers could also be synthesized from lactide 

dimer, potentially reducing primary energy requirements. The physical properties of the resin 

could be optimized by investigating different molecular weights of PLA oligomers. Additionally, 

100% bio-based composites are imaginable by using natural fibers and pending the development 
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of bio-based MMA. Bio-based thermoset resins offer promising potential for economic and 

environmental improvements.  
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CHAPTER 5 

CONLUSIONS AND FUTURE WORK 

 

This thesis makes significant contributions towards the advancement of bio-based 

polymers. Three publications resulted from this work. The findings demonstrate several 

strategies that are effective for optimizing physical properties in bio-based polymer systems. 

Namely, these are blending, stereocomplexation, cross-linking, and fiber reinforcement. 

Throughout the thesis, structure-property relationships are investigated in various systems with 

specific goals related to these strategies. The work completed here on incorporating these 

strategies into various bio-based polymer systems is by no means exhaustive, and certainly offers 

opportunities for future studies to build upon this work and explore different goals.  The 

following discussion will outline some of the key findings of this thesis and how they may 

inspire ideas and for future work.  

   In Chapter 2, utilization of the simple melt-blending strategy demonstrated that 

physical properties may be tuned according to blend composition, if blends are miscible, without 

the need for complex compatabilization techniques. Miscible semi-crystalline polymer blends are 

rare. Accordingly, this work is of both practical and academic interest. This work may be 

extended to investigate other recently developed bio-based polyamides that are believed to be 

miscible. The blend system between polyamide-11 and polyamide-4,10 is believed to be miscible 

since polyamide-11 and polyamide-6,10 are known to be miscible and polyamide-4,10 is found 

to be miscible with polyamide-6,10 in Chapter 2. Furthermore, the average number of backbone 

carbon atoms between repeating amide groups in polyamide-11 and polyamide-4,10 is similar. 

This general trend seems to predict miscibility of binary aliphatic polyamide blends.  
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Preliminary results on this system indicate characteristics of miscibility. Blends of 

polyamide-11 and polylamide-4,10 were prepared using the same methods as described in 

Chapter 2. DSC performed on the blends, as shown in Figures 5.1, 5.2, and 5.3, show signs 

melting point depression, crystallization induced phase separation, and possibly a single glass 

transition, respectively. However, solution blended samples should be prepared to isolate the 

potential effects of melting point depression due to polymer degradation. In addition to 

advancing knowledge in the field and having practical applications, the future investigation of 

bio-based aliphatic polyamides provides a great opportunity to introduce new students to the 

fundamentals of polymer science, processing, and characterization.   

 

 

Figure 5.1: DSC melting endotherms on second heating scan of PA11/PA410 wt.% melt-mixed 

blends demonstrating melting point depression of both homopolymers.  
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Figure 5.2: DSC exotherms on cooling from the melt in PA11/PA410 wt. % melt-mixed blends 

demonstrating crystallization induced phase separation.  

 

Figure 5.3: DSC of glass transition region on first heating scan of PA11/PA410 wt.% melt-mixed 

blends demonstrating inconclusive data.  
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 The complex crystallization processes investigated in Chapter 3 are of fundamental 

scientific interest.  While miscible blends between two semi-crystalline polymers are rare, 

miscible quaternary blends between polymers exhibiting both homocrystallization and co-

crystallization are very rare. Characterization of such a complex system presents challenges. 

Additionally, the stereocomplexation of PLA is of practical interest as a strategy to improve its 

thermal stability. The incorporation of PMMA, as found in Chapter 3 to enhance the ability of 

PLA to exclusively form stereocomplex crystals, and not less thermally stable homocrystals, may 

be optimized in future studies. Additionally, while the stereoregular PMMA investigated in 

Chapter 3 is too expensive to be considered for large scale materials applications, opportunities 

may be found in specialized small scale applications such as thin films or biomedical materials.  

 Chapter 4 introduces a novel method of forming a cross-linked network using a bio-based 

polymer. The results demonstrate that the free-radical polymerization of MMA, cross-linked by 

vinyl-terminated PLA oligomers, results in a thermoset network with promising physical 

properties and suitability for use in fiber reinforced composites. The work presented in this thesis 

simply introduces these ideas. There are many opportunities to further characterize and improve 

upon this system.  

The cured resin’s hydrolytic stability is of particular interest, as this property is a main 

limitation to the applications of ordinary PLA. Many mechanical properties that are not 

investigated in this work, such as impact strength and hardness, are also of interest. The system 

appears to exhibit desirable optical properties, making it potentially useful for coatings 

applications. Furthermore, the effects of PLA’s molecular weight in the system were not 

investigated, which is an important parameter that influences cross-link density and many bulk 

physical properties.  
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The alcoholysis reaction technique utilized in this work allows for precise molecular 

weight control of PLA oligomers, and is expected to be effective on recycled PLA scraps. Other 

methods of producing vinyl-terminated PLA oligomers with specific molecular weights are 

imaginable. For example, one could initiate a bulk ring-opening polymerization of lactide using 

an unsaturated alcohol and functionalize the remaining secondary alcohol end-group with an 

unsaturated anhydride in the same manner as this work. Before beginning work on such 

alternatives, their costs and environmental impacts should be evaluated and compared with the 

strategy presented in this work.  

In conclusion, this thesis presents novel materials systems with the common theme of 

incorporating bio-based polymers to improve sustainability metrics. Through the interplay of 

blending, stereocomplexation, cross-linking, and fiber reinforcements, superior physical 

properties are developed in several systems. In each system, structure-property relationships are 

explored, offering valuable insight. Finally, the discoveries of this work offer inspiration for the 

future development of biopolymers.  
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APPENDIX A 

SUPPORTING INFORMATION FOR: 

 BIORENEWABLE BLENDS OF POLYAMIDE-4,10 AND POLYAMIDE-6,10 

Modified from a supporting information published in  

Journal of Applied Polymer Science 

Christopher S. Moran1, Agathe Barthelon2,  

Andrew Pearsall2, Vikas Mittal3, and John R. Dorgan4 

1Primary author and Ph.D. Candidate 

2Co-author and undergraduate student research assistants 

3Co-author and Professor at Petroleum Institute, Abu Dhabi, United Arab Emirates 

4Coresponding author and Ph.D. Co-Advisor 

 

A.1 Melting temperature determination 

The melting temperature was determined from the intersection between one line drawn 

tangent to the inflection point to the right of the peak and another drawn along the flat section 

after all traces of crystals have disappeared. An example of this is shown in Figure A.1.  

A.2 Interaction parameter calculation 

Equation 2.1 is used to calculate the polymer-polymer interaction parameter as reported 

in the Chapter 2. ΔH2u=67.8 kJ/mol, the equilibrium enthalpy of fusion per repeat unit for 

PA410, is evaluated by multiplying the reported value of 269 J/g by the molecular weight of the 

repeat unit for PA410, 252.4 g/mol. V1u =271.2 cm3/mol and V2u=238.4 cm3/mol, the molar 

volume per repeat unit of PA610 and PA410, respectively, are estimated by using group  
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Figure A.1: Example showing determination of melting temperature (��  from the second 

heating scan of a solution cast film of PA410.  

 

 

contributions of -CH2- groups as 16.37 cm3/mol and -CONH- groups as 21 cm3/mol.[1] It is 

worth noting these are amorphous molar volume estimates. ∅ , the volume fraction of PA410, is 

calculated by the weight fraction ( ) average of amorphous and crystalline domains in each 

component, as shown in Equation A.1.  

 

∅ = � �,�� � + 1 − � �,� � �� �,�� � + 1 − � �,� � � + � �,�� � + 1 − � �,� � �  (A.1) 

 

In Equation S1, � �,� and � �,� , the relative mass fraction crystallinities of PA610 and 

PA410, respectively, are calculated using melting enthalpies of solution blended films upon the 

second heating scan. As seen in Figure 2.1, the melting endotherm peaks of PA410 and PA610 

are well separated, so the melting enthalpy of each component can be evaluated separately. 

These values are shown in Table A.1.   
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Table A.1: Enthalpies of fusion and relative mass fraction crystallinities of solution blended 

films.  

 

PA410/PA610 wt. % ∆� � (J/g) � �,� ∆� � (J/g) � �,� 

80/20 5.8 0.14 55.8 0.26 

60/40 12.2 0.15 49.5 0.31 

50/50 33.2 0.33 31.6 0.24 

40/60 42.4 0.35 20.5 0.19 

20/80 45.7 0.28 3.6 0.07 

 

 

The amorphous densities, � � and � �, are taken from the group contributions as 

described above. The crystalline densities, � � and � �, are calculated from the alpha triclinic 

unit cell parameters reported for PA610 and PA410, shown in Table A.2.[2] 

 

Table A.2: Unit cell parameters and corresponding crystalline densities of PA410 and PA610.[2] 

 PA410 PA610 

a (nm) 0.49 0.49 

b (nm) 0.532 0.53 

c (nm) 1.98 2.23 

α (°) 49 49 

 (°) 77 77 

 (°) 63 64 

Densitiy (g/cm3) 1.224 1.199 

 

 

The melting temperatures reported in Table 2.1 are averages of 3 independent DSC scans. 

The reported uncertainties in melting temperatures are the standard deviations of these 3 values. 
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Uncertainty in the interaction parameter is found from an error propagation of Equation 2.1, 

taking the standard deviation of melting temperatures as the uncertainty in Tm
o and Tm and 

assuming all other values are constant. 

A.3 WAXS deconvolution 

Amorphous halo scattering profiles are generated by fitting inverse polynomial functions 

underneath crystalline peaks. Diffuse scattering profiles are generated by straight lines. The 

deconvolution of each blend composition is shown in Figure A.2 and the areas underneath each 

profile are reported in Table A.3. 

 

Table A.3: Areas obtained by integrating total (At), amorphous (Aa), and diffuse (Ad) scattering 

intensities.  

 

PA410/PA610 wt. % At Aa Ad 

100/0 4.472 3.538 1.611 

80/20 4.686 3.773 1.749 

60/40 4.161 3.469 1.610 

50/50 4.127 3.248 1.532 

40/60 4.928 3.869 1.880 

20/80 4.165 3.174 1.543 

0/100 5.133 4.281 1.975 

 

 

A.4 Density calculation 

The transmission of a sample can be measured with x-ray diffraction or calculated from 

its density and composition using Equation A.2 
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Figure A.2: Deconvolution of scattering intensities on annealed bars of PA410/PA610 wt. % 

blends.  
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� =  �− � ∑ ���� (A.2) 

 

 Here, �, the sample thickness, can be measured. � and ��, the weight fraction and mass 

attenuation coefficient for each element in the sample are known. The overall density of each 

sample, �, was thus calculated using equation S2, and shown in Table S4.  

 

Table A.4: Transmission, thickness, and calculated overall density of annealed bars.  

PA410/PA610 wt. % �  � (mm) � (g/cm3) 

100/0 0.16 3.28 1.15 

80/20 0.181 3.07 1.15 

60/40 0.169 3.28 1.13 

50/50 0.144 3.51 1.15 

40/60 0.135 3.66 1.14 

20/80 0.183 3.10 1.15 

0/100 0.18 3.12 1.16 
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APPENDIX B 

Copyright Permissions 
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