
 

 

 

 

 

 

 

 

 

 

ADVANCED THERMOPLASTIC COMPOSITES FOR  

WIND TURBINE BLADE MANUFACTURING 

 

 

 

 

 

 

 

 

 

by  

Dylan S. Cousins  



 

  

 

 

 

 

 

 

 

 

© Copyright by Dylan S. Cousins, 2018 

All rights reserved 

 



 ii 

  
 A thesis submitted to the Faculty and Board of Trustees of the Colorado School of Mines 

in partial fulfillment of the requirements for the degree of Doctor of Philosophy (Chemical 

Engineering).  

Golden, Colorado 

Date  _____________________ 

Signed:    ___________________________ 
Dylan S. Cousins 

 

Signed:    ___________________________ 
Dr. Joseph R. Samaniuk 

Thesis Advisor 
 

Signed:    ___________________________ 
Dr. John R. Dorgan  
Co-Thesis Advisor 

 

 
 

Golden, Colorado 

Date  _____________________ 

Signed:    ___________________________ 
Dr. Anuj Chauhan 

Professor and Head Department of Chemical and Biological Engineering 
  



 iii 

ABSTRACT 

 

 Fiber-reinforced polymer composites are an intriguing class of engineering materials that 

are increasingly exploited in the construction, aerospace, and energy sectors. Their high specific 

properties make them an ideal design choice where traditional engineering materials like metals 

are too heavy, or where unreinforced polymers are not stiff or strong enough. Furthermore, their 

anisotropic nature can be exploited for unique applications such as airfoils in aircraft wings or 

wind turbines. However, most structural composites use thermosetting polymers as their matrix, 

which presents several issues. Foremost is that thermosets cannot be easily recycled, so massive 

amounts of composite waste are landfilled at the end of a part’s service life. Secondly, thermoset 

subcomponents of a larger structure can only be joined using adhesives. Conversely, thermoplastic 

composites enable recycling after a part is retired from service and facilitate thermal joining of 

multi-part structures. 

 Liquid infusible thermoplastic resins are beginning to emerge for use in vacuum-assisted 

resin transfer molding, which is the method of manufacture for wind turbine blades. While 

infusible thermosetting resins have been well characterized, basic characterization of rheological 

and kinetic behavior for thermoplastic resins is lacking. The present work provides important 

experimental development and data aimed at characterization of infusible thermoplastic resin 

systems. A novel thermoplastic biobased resin system is also developed, which has potential for 

commercial use. 
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 CHAPTER 1: INTRODUCTION 

  

Composites are an essential material class because of their high specific properties brought 

about by their heterogeneous nature. Particularly, fiber-reinforced polymer composites (FRPCs) 

are important for automotive and aerospace construction, wind and marine hydrokinetic energy, 

and recreational products. Carbon fiber-reinforced composites are particularly useful because of 

their high specific mechanical properties (property/mass). The tensile modulus for 6061 T6 

aluminum is on the order of 70 GPa compared to 144 GPa for carbon fiber/epoxy composite.3,4 

Table 1.1 presents specific properties for polymer composites versus other engineering materials.5 

Polymer composites have excellent corrosion resistance, are less energy-intensive to produce, and 

are less dense compared to engineering metals.6 Moreover, polymer composites can be used to 

fabricate large airfoils such as those used for wind turbine blades and aircraft wings where 

traditional engineering metals are prohibitively massive or otherwise infeasible to manufacture. 

Furthermore, FRPCs can be strategically fabricated to exploit anisotropy to better manage 

anticipated stress compared to homogeneous materials like metals. 

 

Table 1.1. Specific modulus and strength (property/mass) for various engineeing materials.5 
Material Specific Modulus (in.) Specific Strength (in.) 

Aluminum 1 × 108 1 × 105 

Stainless steel 1.1 × 108 8.8 × 105 

Glass-epoxy composite 9.2 × 107 2.6 × 106 

Graphite (CF)-epoxy composite 4.9 × 108 2.1 × 106 
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Wind energy installation has remained consistent in the United States over the past decade 

with approximately 7.3 GW installed annually as shown in Figure 1.1.1 Wind energy accounted 

for 6% of electricity generation in the United States in 2017.7 Worldwide installed wind power 

capacity reached 539 GW through 2017,8 which accounted for 1,050 TWh of generation.9 

Increased wind energy utilization can be attributed to larger wind turbine blades. The power 

generated from a wind turbine scales with the cross-sectional area swept by the rotor, so it is 

desirable to increase the length of wind turbine blades.10 This increased length also leads to more 

massive blades; the blades of modern industrial turbines are 50 to 60 m in length and weigh 15 to 

20 metric tons.11 Today’s blades, and most FRPCs used in high-performance applications, have a 

thermosetting polymer matrix; thermosets account for two-thirds of polymer composite 

materials.12 Common thermosetting systems for structural manufacturing include epoxy, 

poly(vinyl ester), poly(urethane), and poly(imide). These polymers are cross-linked so that the 

polymer matrix is a covalently bonded network. The cross-linked thermosetting nature of the 
Figure 1.1. Wind energy installations and cumulative capacity in the United States by year.1 
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polymer matrix renders these materials essentially unusable at the end of their service lives; 

therefore, most wind turbine blades are landfilled.13 FRPCs constructed with a thermoplastic 

polymer matrix present a solution by which wind turbine blades could be recycled at the end of 

their service lives, because these materials can be more economically reprocessed. Rather than 

being cross-linked, thermoplastic composites consist of entangled chains. It is this architecture that 

allows thermoplastics to be thermally remolded or dissolved; these techniques are not available to 

thermosets. Furthermore, thermoplastic resins enable thermal joining of separate parts and 

facilitate recycling techniques different from those available to thermosets.14,15 A complete review 

of the state of the art of composites recycling techniques is provided in Chapter 5. 

While thermoplastics are able to flow with sufficient heat, these polymers are too viscous 

to effectively infuse using vacuum-assisted resin transfer molding (VARTM), which is the 

technique used to manufacture wind turbine blades.16 In the VARTM process, a flexible vacuum 

bag is placed over fibers, breather cloth, and flow media. Vacuum and inlet ports are strategically 

positioned to fill the part during infusion. Generally, vacuum is pulled through port(s) on one side 

of the part and a reactive monomeric liquid is pulled through inlet port(s). Once filled, the part 

cures into a solid FRPC.17 Figure 1.2 shows a test panel in the middle of the VARTM infusion 

(left) and a 13 m wind turbine blade being prepared for VARTM infusion (right). Since resin must 

be pulled through a thick mat of fibers, resin viscosity control is of critical importance for this 

process to be carried out effectively. This is the central focus of the research presented in this thesis. 

The viscosity of a reactive resin for VARTM infusion must be tuned within a precise range 

to work effectively. If the resin is too fluid, the part will not wet-out—jetting will occur, which 

leads to undesirable void formation. If the resin is too viscous, flow resistance will prevent the part 

from filling completely. The desired viscosity is on the order of 0.1 to 1 Pa∙s. Resins used for liquid 
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infusion are polymer solutions in which oligomeric or polymeric chains are dissolved in a 

monomer. The polymeric or oligomeric chains may also be chemically functionalized to 

participate in the polymerization. An additional function of these chains is to increase the viscosity 

of the monomeric resin. The viscosity of typical thermoplastic monomers is too low for infusion; 

styrene has a viscosity of 0.000696 Pa∙s at 25 °C and methyl methacrylate (MMA) has a viscosity 

of 0.000554 at 25 °C.18,19 Therefore, the viscosity needs to be increased by about three orders of 

magnitude to be suitable for infusion. This can be done by dissolving polymer into the monomer, 

but the interactions between the two compounds must be understood to effectively predict the 

viscosity of the resultant mixture. 

 

 

Infusible resins are polymer solutions, which is a material class that has been extensively 

studied since the beginning of polymer science. The interactions between solvent molecules and 

polymer chains can cause the chain to swell or contract in solution as depicted in Figure 1.3. The 

so-called theta condition pictured in Figure 1.3 is the conformation that a polymer chain assumes 

Figure 1.2. VARTM of a composite test panel (left) and setup of VARTM for infusion of a 13 
m prototypical thermoplastic wind turbine blade. 
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in a polymer melt or at a specific temperature in a specific solvent. In this condition, the osmotic 

forces that would cause the coil to expand are exactly balanced by the elastic forces between the 

covalent bonds. In a good solvent, the coil expands because the osmotic pressure inside the 

polymer coil is higher due to the favorable interaction between the solvent molecules and the 

polymer chain. In a poor solvent, the opposite occurs: the coil shrinks because the osmotic pressure 

is low and the elastic forces between the bonds dominate. The viscosity of the polymer solution 

therefore depends on the concentration, molecular weight, and quality of the solvent. One of the 

primary thrusts of this work is to characterize the viscosity of poly(methyl methacrylate) (PMMA) 

dissolved in its monomer, MMA, and the viscosity of poly(lactide) (PLA) dissolved in MMA. The 

development of the mathematical framework for how polymer solution viscosity scales with 

molecular weight and concentration is developed in Chapter 2 for PMMA in MMA and in Chapter 

4 for PLA dissolved in MMA. 

Figure 1.3. Effect of solvent quality on polymer coil size in a dilute solution. Polymers 
in a theta solvent have an ideal random walk end-to-end distance of R0 = bN0.5, while 
the polymer in good solvent is self-avoiding with a Flory end-to-end distance of RF = 
bN0.588, where N is the average repeat unit length and b is the Kuhn monomer size. 
Adapted from Colby 2010.2 
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Characterizing the properties of a polymer dissolved in a monomer to create an infusible 

resin is important, but these systems are also reactive when fabricating composite parts. That is, 

the resin is mixed with an initiator to induce polymerization during infusion. Because more 

polymer forms during the infusion, the solution viscosity will change. It is of utmost importance 

to characterize the viscosity of the solution so that manufacturers can predict how much “working 

time” to anticipate during infusion. Furthermore, the free-radical polymerization of methyl 

methacrylate is exothermic. Of particular concern is the auto-acceleration of the polymerization 

that happens due to the Trommsdorff (or gel) effect.20 The increasing viscosity of a reactive 

polymer solution eventually causes macro-radicals to become trapped because of diffusional 

limitations. When these “live” growing chains with a radical end are trapped, termination reactions 

cannot occur.21 Therefore, more heat is generated, which causes more radicals to initiate, and the 

rate coefficients for polymerization increase. Small molecules are still able to diffuse to the macro-

radical chain ends, so the process is “auto-catalytic,” and drastic rises in temperature can occur 

over very short time periods. If heat transfer out of a part is greater than the heat generated by the 

reaction, the temperature in the part can sufficiently rise to boil the remaining monomer.22 The 

boiling causes bubbles to form in the part, and when solidified, the bubbles remain as voids that 

can compromise the mechanical properties of the composite. Therefore, it is another primary 

interest of this study to investigate the coupled effects of the exothermic reaction with the viscosity 

of the reacting polymer solution. 

PMMA is an energy-intensive material to fabricate, with a primary production energy cost 

of 207.3 MJ/kg.23 In the same study, only aluminum was found to require more production energy 

(207.8 MJ/kg). The gross energy requirement for PLA production is less than half of that of 

aluminum or PMMA at 82.5 MJ/kg.24 Therefore, it is of interest to replace the pre-formed PMMA 
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in these polymer solutions with PLA. This material system has never been investigated before, so 

the solution properties need to be characterized. Furthermore, the miscibility of the polymer 

systems needs further investigation due to discrepancies in the literature as outlined in section 3.2. 

The polymer compatibility study and resin system characterization are presented in Chapters 3 and 

4, respectively. 

A potential benefit of thermoplastic composites is the facilitation of end-of-life composite 

structure recycling. There are both pros and cons to the heterogeneous nature of composites: 

heterogeneity allows these structures to be lightweight yet strong, but heterogeneity also 

complicates recycling because two fundamentally different materials are bound together. 

Thermoplastic composites enable recycling by two unique methods. The first is thermoforming, 

in which composite structures are reshaped by heating, molding to a new shape, and then cooling. 

The second is by dissolution, in which the polymer matrix is dissolved into a solvent so that the 

fibers and matrix can be recovered separately. Chapter 5 investigates the feasibility of recovering 

the constituents of a wind turbine blade subcomponent by dissolution compared to various other 

techniques used for recycling composites. 

The mechanical properties of composites fabricated using thermoplastic resins must also 

be qualified by comparison to standard thermoset systems if these materials are to be used for wind 

turbine blade fabrication. The inherent anisotropy of continuous fiber-reinforced composites 

means that these materials have different properties depending on the direction in which they are 

loaded. Tests conducted in the direction of the fibers, such as unidirectional longitudinal tensile 

tests, are dominated by the properties of the fibers themselves. However, orienting the fibers in a 

direction perpendicular to the load will cause the properties to be dominated by those of the resin 

and the fiber/matrix interface. Of the six components of the modulus, the primary interest for 
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FRPCs are the longitudinal Young’s modulus, 𝐸𝐿 , the transverse Young’s modulus 𝐸𝑇 , the 

longitudinal-transverse shear modulus, 𝐺𝐿𝑇, and the transverse shear modulus, 𝐺𝑇𝑇.5 The strengths 

of the corresponding orientations are of interest as well. Furthermore, other loading conditions 

such as flexural and short-beams-shear are of interest for wind turbine blade original equipment 

manufacturers (OEMs). Chapter 6 outlines a preliminary suite of mechanical tests that have been 

conducted on a composite fabricated using a commercial methacrylate resin compared to tests 

conducted on a common commercial epoxy system used in fabrication of wind turbine blades. 

The growing prospect of the use of thermoplastics for liquid infusion highlights several 

challenges that are investigated in this study. Foremost is control of the onset of the Trommsdorff 

effect during reactive infusion using VARTM. It is hypothesized that a high concentration of lower 

molecular weight polymer can be used to shorten the cycle time while simultaneously decreasing 

the heat released during the Trommsdorff effect. The study presented in Chapter 2 finds that the 

exothermic profile can indeed be controlled in this manner and that composite parts fabricated 

using this technique have properties equal to those of parts fabricated with a resin starting with a 

high molecular weight. Secondly, it is hypothesized that the PMMA pre-dissolved polymer in these 

resin systems can be replaced with PLA. A blending study presented in Chapter 3 of PLA and 

PMMA concludes that the polymers are miscible and mechanical properties increase with the 

addition of glass fiber (the ternary system being a hitherto undocumented material system). 

Subsequently, Chapter 4 presents data of the solution properties of PLA dissolved in MMA with 

correlations that can be used to predict the viscosity of the resin system. The conclusion of the 

PLA studies is that this is a viable resin system for composite fabrication. Next, it is hypothesized 

that thermoplastic composites can enable recycling via dissolution. The conclusion of a recycling 

study presented in Chapter 5 is that the feasibility of this technique is contingent on creating value 
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in the recovered glass fiber. Lastly, it is hypothesized that methacrylate composites will have 

comparable properties to thermosetting composites since these structures are dominated by the 

properties of the fibers. Preliminary monotonic testing shows that the mechanical properties of the 

composites are invariant to the resin system used for fabrication. 
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 CHAPTER 2: INFUSIBLE THERMOPLASTIC RESINS: TAILORING OF 

CHEMORHEOLOGICAL PROPERTIES 

 

A paper submitted to Composites Science and Technology 

Dylan S. Cousins1,2, Jackson Howell2, Yasuhito Suzuki2, Joseph R. Samaniuk2,  
Aaron P. Stebner3 and John R. Dorgan41 

 

2.1 Abstract 

Most thermoplastic composites are prepreg tapes or other thermally processable solid 

forms. However, infusible liquid resins that polymerize into a thermoplastic are desirable for many 

applications. Similar to unsaturated and vinyl ester thermosetting systems, infusible thermoplastic 

systems consist of polymers dissolved in a reactive monomer making viscosity control of the resin 

critical for producing high quality parts. Variation of the concentration and molecular weight of 

the dissolved polymer allows precise control of the viscosity which in turn controls the time at 

which peak exotherm is reached, the maximum temperature for a given part thickness, and total 

cure time. Therefore, it is desirable to develop predictive models for the viscosity dependence on 

molecular weight, polymer concentration, shear rate, and temperature. Extensive viscosity data for 

poly(methyl methacrylate) (PMMA) dissolved in methyl methacrylate (MMA) are obtained as a 

function of temperature and shear rate. These data are fit to the Andrade-Eyring temperature and 

Carreau-Yasuda shear rate models. The temperature dependent data are collapsed onto a master 

curve of specific viscosity, 𝜂𝑠𝑝, as a function of the product of concentration and intrinsic viscosity, 𝑐[𝜂]. Additionally, parallel plate rheometry is used to measure viscosity and dynamic moduli 

                                                 

1  Primary author and researcher 
2 Chemical and Biological Engineering, Colorado School of Mines, 1500 Illinois Street, Golden, CO 80401, USA 
3 Mechanical Engineering, Colorado School of Mines, 1500 Illinois Street, Golden, CO 80401, USA 

4 Department of Chemical Engineering and Materials Science, Michigan State University, 428 South Shaw Lane, 
East Lansing, MI, 48824 USA 
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during cure. These cure profiles are collapsed onto a master curve. Two fiberglass panels are 

fabricated and tested; the first is fabricated with a lower molecular weight (Mw~30 kg/mol) PMMA 

dissolved in MMA and the second is fabricated using a resin with higher molecular weight 

(Mw~500 kg/mol). Mechanical properties are indistinguishable but the lower molecular weight 

panel cures in as little as one-third of the time the high molecular weight panel requires. 

Accordingly, it is demonstrated that the viscosity of the infusing resin can be optimized for 

manufacturing without adversely affecting final physical properties. 

2.2 Introduction 

Bulk free radical polymerization has been studied extensively since its discovery in the 

early 1930s.25,26 During the past few decades, substantial effort has been devoted to the 

development of mathematical models of free radical polymerization kinetics. The important 

kinetic rate coefficients for free radical polymerization include polymerization, kp, 

disproportionation, kd, and termination kt. Observed values of reaction rates are influenced by the 

complex phenomena of cage 27, gel 20,28, and glass 29 effects. These effects are caused by diffusional 

limitations of various reactive species as the viscosity of the mixture increases with increasing 

conversion of monomer to polymer. The complications presented by the coupled reaction-

diffusion phenomena make mathematical modeling of the relevant phenomena very challenging. 

Despite the challenges, the kinetics of bulk free radical polymerizations and resulting 

molecular weight distributions are the subject of numerous studies and modeling efforts.30-40 

Capturing the observed reaction rate is sometimes achieved via adjustable parameters.21 Typically, 

the initiation of free radical polymerization is carried out by thermal decomposition of peroxide or 

azo initiators. Alternatively, aromatic tertiary amines can be used in conjunction with benzoyl 

peroxide (BPO) at room temperature to initiate free radical polymerizations.41 This initiator system 

allows polymerization initiation at lower temperatures than are required for azo initiators. The 
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resulting temporal viscosity and temperature profiles are of primary interest in designing 

manufacturing methods. Recently, this co-initiator system for polymerization of MMA has been 

described and modeled with the use of a commercial kinetics simulation software package.42  

The rheology of polymer solutions is also well studied.2 PMMA dissolved in its monomer 

was investigated by Stickler et. al. who tabulated solution viscosities as a function of concentration 

and molecular weight for their own and literature data.26,43-45 These authors generate a correlation 

of the specific viscosity, ηsp, as a function of the polymer concentration times the intrinsic viscosity, 

c[η]. Such a viscosity correlation is particularly useful – because the intrinsic viscosity is a function 

of molecular weight, the concentration needed to obtain a given viscosity for any given average 

molecular weight can be calculated. This viscosity correlation also provides a link to the kinetic 

models that can predict conversion. Therefore, chemorheological (or rheokinetic) data are needed 

to determine model parameters so that the models can be used in the future for predictive purposes. 

Chemorheological studies of reactive polymeric systems have a long history with many 

efforts focusing on the cure of epoxy systems.46 Gupta and coworkers present model equations for 

the bulk polymerization of MMA in semi-batch reactors using AIBN as the initiator.47 This model 

is used in subsequent studies which measured and modeled the viscosity of the reacting system; 

however, the cup-and-bob rheometer used was limited to a maximum viscosity of 4 × 105 Pa∙s.48,49 

Here, room temperature cure kinetics for the BPO-amine initiating system are studied in a 

rheometer with a much greater dynamic range than these earlier studies - the dynamic storage 

modulus is measured over eleven orders of magnitude. 

The present study brings new and literature data together in the form of parameterized 

models to serve the growing interest in using infusible thermoplastic resins.16,22,50 Thermoplastic 

composites have several attractive features – they can be thermally welded51 and are inherently 
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more recyclable than their thermosetting counterparts.52 However, viscosity control is critical for 

proper wet-out of the fibers during vacuum assisted resin transfer molding (VARTM). If the 

solution is too fluid, the part will contain voids due to jetting but if the resin is too viscous there 

may be poor wetting and impregnation of the fibers or the part may not fill properly due to 

excessive pressure drop requirements. Additionally, if the exothermic polymerization is not 

adequately controlled, the temperature rise can be significant enough to cause the monomer to 

boil.22 This is especially problematic in fabrication of thick composite parts where the surface area 

to volume ratio is not high enough to dissipate heat generated from the reaction quickly enough to 

prevent boiling.  

In this study PMMA in MMA is used to demonstrate how a complete description of 

solution viscosity is valuable for designing resin systems suitable for infusion processes. Steady 

shear viscosity data are generated to verify and improve the ηsp vs. c[η] master curve.26 Importantly, 

the shear rate dependence of PMMA in MMA solutions is characterized. Chemorheological data 

provide the Trommsdorff effect onset times as a function of initiator concentration and show 

marked dependence on the molecular weight of the pre-dissolved polymer. This contrasts with a 

previous study that finds molecular weight is unimportant; the earlier work compared samples of 

varying molecular weight at constant mass concentration rather than at constant viscosity.35 

Temporal measurements of the temperature profile of polymerizing systems also show a strong 

dependence on the molecular weight of the pre-dissolved polymer when comparing at constant 

initial viscosity. The final most significant finding is that the mechanical properties of composites 

fabricated by VARTM are insensitive to the molecular weight of the pre-dissolved polymer. 

Accordingly, excellent physical properties can be obtained at drastically reduced cycle times when 

the infusible systems are formulated on a sound scientific basis.  
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2.3 Experimental 

2.3.1 Materials 

MMA, N,N-dimethyl-p-toluidine (DMT) and benzoyl peroxide (BPO) in phthalates 

(Luperox® AFR40) were purchased from Sigma-Aldrich and used as-received. For calculation of 

reactant ratios, Luperox AFR40 is taken as 40 wt% BPO. PMMA was purchased from 

PolySciences, Inc. Table 2.1 summarizes gel permeation chromatography (Section 2.3.6) results 

for these PMMA samples and the corresponding sample identifications used throughout the study. 

Prior to dissolving PMMA, it was dried in a vacuum oven for 14 hours at 70 °C. Glass fiber rovings 

used for composite test panel fabrication were StarRov® 086-1200 from Johns Manville. 

 

Table 2.1. Absolute molecular weights of PMMAs determined by gel permeation chromatography 
with light scattering detection. 

Mw from GPC Mn from GPC 
Nomenclature used (kg/mol) (kg/mol) 

33 18 30k 
83 38 80k(a) 
78 38 80k(b) 

491 173 500k 
 

2.3.2 Steady shear rheology 

Solutions of PMMA in MMA were measured as a function of concentration, molecular 

weight, temperature, and shear rate using a 40 mm, 2° cone and plate geometry in a TA Instruments 

AR-G2 rheometer. A TA Instruments reservoir fixture was used to create a saturated atmosphere 

of inhibited monomer in order to prevent net evaporative losses from the specimen during the 

experiment. For each molecular weight of PMMA, shear rate sweeps were performed at 0, 20 and 

40 °C. Shear rate dependent viscosities are reported only for those solutions that displayed shear 

thinning. Temperature sweeps were conducted at a shear rate in the zero-shear viscosity region 

determined for each solution at the lowest temperature of 0°C. Using the lowest temperature as the 
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basis ensures measurements were in the zero-shear viscosity region because the solution relaxation 

time decreases with increasing temperature and therefore, the shear rate for the onset of shear 

thinning increases with temperature. The results of the shear rate and temperature sweeps were fit 

to the Carreau-Yasuda and Andrade-Eyring equations, respectively, using the Generalized 

Reduced Gradient non-linear solver in Microsoft Excel.53,54 

2.3.3 Exotherm measurement 

To investigate the effects of molecular weight on the temperature profile of the reacting 

system, two different solution formulations were made. Concentration was adjusted to achieve the 

same initial viscosity for different molecular weights of preformed PMMA dissolved in MMA. 

The targeted initial viscosity was 0.145 Pa∙s and the two different solution polymer compositions 

were 10.5 wt% of 500k and 30 wt% of 30k PMMA. Three different levels of initiator were tested 

Figure 2.1. Experimental setup for exotherm measurements. The scintillation vials 
containing the reactants are placed in an oil bath. Thermocouples are fed through a hole in 
the lid which is then sealed with yellow vacuum tape. 
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for each of the two molecular weight solutions keeping the ratio of reactive species 

(MMA:BPO:DMT) constant. In each solution, the ratio of DMT to MMA was constant (0.5 moles 

DMT to 100 moles MMA) and only the concentration of BPO was varied. 

Temperature profiles of reacting resin systems were measured as a function of time by 

initiating the free radical polymerization in a 20 mL scintillation vial. A hole was drilled in the 

vial’s cap to allow insertion of a thermocouple into the center of the sample. The experimental 

setup is depicted in Figure 2.1. The required amount of PMMA in MMA solution and Luperox 

AFR40 initiator were massed into the vial and capped. The vial was then positioned in a constantly 

stirred oil bath for thermal equilibration. Subsequently, the required volume of DMT co-initiator 

was added to the vial with a volumetric pipette. The contents were stirred for 30 seconds using a 

clean needle through the small hole in the cap. The needle was attached to an argon supply that 

acted as a purge to remove dissolved oxygen from the liquid. Then, the thermocouple was 

positioned through the hole in the cap to the center of the reacting fluid mass in the vial. The hole 

was sealed and the thermocouple held in place by a piece of vacuum tape. The temperature 

measured by the thermocouple was recorded using a National Instruments DAQ, which recorded 

the temperature at a frequency of 1 Hz. The experiment concluded when the temperature measured 

by the thermocouple returned to within 1 °C of the oil bath. 

2.3.4 Chemorheology 

PMMA solutions were prepared by dissolving PMMA in MMA by mixing in an 

Erlenmeyer flask with a stir bar at room temperature. Dissolution times ranged from 24 hours for 

low molecular weight polymer at to several days for high molecular weight polymer. DMT was 

added at a ratio of 0.5 moles of DMT per 100 moles of MMA and allowed to mix overnight. The 

experiment was carried out by weighing out roughly 5 grams of PMMA in MMA solution in a 20 
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mL scintillation vial and mixing this with the required amount of Luperox AFR40 (BPO). The 

initiated system was mixed with a small stir bar for one minute then sparged with argon using a 

clean steel needle for 30 s.  

The rheometer was a TA Instruments AR-G2 with a 20 mm parallel plate geometry. 

Parallel plates are used so that the cure shrinkage can be accommodated by automatically moving 

the geometry head down as the experiment proceeds. The specimen was loaded into the rheometer 

geometry at room temperature using a polypropylene pipette. The temperature was then quickly 

(less than 30 s) brought to the set point at the start of the experiment. A monomer reservoir was 

then positioned over the geometry to prevent net evaporation of MMA from the specimen. The 

headspace between the specimen and the walls of the reservoir was then purged with argon and 

MMA was subsequently added to the reservoir. A light flow of argon was applied over the opening 

in the monomer reservoir to exclude air. This minimization of the specimen exposure to oxygen 

during the polymerization is done to avoid any effects on polymerization.55 

An oscillatory shear protocol was implemented. For each step during the experiment, an 

oscillatory torque is applied. As the material polymerizes and becomes more viscous, a lower strain 

is needed for a given torque value. However, if the strain becomes too low, the signal to noise ratio 

is decreased; to avoid this problem the torque was increased when the strain dropped below 0.02%. 

This value was determined empirically by analysis of the displacement response for a given torque. 

Additionally, the normal force in the axial direction is set to automatically remain at zero. 

Therefore, as the specimen shrinks during polymerization and creates tension the geometry 

automatically moves the parallel plates together. The spacing between parallel plates (the gap) is 

measured as the polymerization proceeds and yields a measure of the linear shrinkage due to 

polymerization.56 
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After the cure measurement, the specimen was heated to 110 °C and removed as a single 

cylindrical piece and immediately massed. The mass of the initial specimen is estimated by 

calculating the volume between the geometry and the Peltier plate and multiplying by the known 

density of the initial polymer solution. The mass loss due to evaporation of the monomer during 

polymerization was less than 3% in all cases demonstrating the effectiveness of the reservoir 

geometry of the instrument. 

2.3.5 Fabrication and mechanical testing of composite test panels 

Two glass fiber reinforced PMMA panels were fabricated in a mold built by Composite 

Integration (Cornwall, UK). Both panels were fabricated with four plies of unidirectional Johns 

Manville StarRov® 086-1200 fiberglass in a [0-0-0-0] layup. One panel was fabricated with 30 

wt% 30k PMMA dissolved in 70 wt% MMA while the other was made with 10.5 wt% 500k 

PMMA dissolved in 89.5 wt% MMA. These formulations were chosen to have the same initial 

viscosity of 0.145 Pa∙s. For each starting resin, 0.0067 g of DMT were added per g of MMA and 

the reaction was then initiated with 0.035 g of Luperox AFR 40 per g of MMA. The reactive resin 

was drawn into the mold cavity with 50 kPa vacuum below atmospheric pressure. Once the mold 

filled completely, the vacuum line was clamped and 200 kPa pressure was provided by compressed 

argon to the feed side. Panels were cured in-mold overnight at 22 °C before being removed. These 

panels are termed “30k Panel” and “500k Panel” to denote the weight averaged molecular weight 

of the pre-formed polymer in the resin. Specimens were cut from the panels using an Imer Combi 

250VA water-cooled tile saw. Test coupons were tabbed with G10 epoxy tabs adhered to the 

specimens using Loctite 401. The specimens were tested in tension according to ISO 527 and in 

compression according to ASTM 6641 using an MTS Landmark 370.10 load frame. For the 

tension tests, strain was measured using an MTS 634.12F-24 extensometer and for compression 
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tests, strain was measured by digital image correlation (DIC) with a Basler scA2500 camera. The 

density of the test panels was determined by buoyancy in water of three specimens from various 

locations in each panel. From the density, the fiber volume fraction (FVF) may be calculated 

according to Eq. (2.1). 

𝜙𝑓 = 𝜌𝑐 − 𝜌𝑝𝜌𝑓 − 𝜌𝑝    (2.1) 

where 𝜙𝑓 is the FVF, 𝜌𝑐 is the measured density of the composite, 𝜌𝑝 is the density of the polymer 

taken to be 1.18 g/cm3 57, and 𝜌𝑓 is the density of the glass fibers taken to be 2.54 g/cm3.58 

2.3.6 Gel permeation chromatography  

Gel permeation chromatography (GPC) was used to measure molecular weight 

distributions. The column was a 5 μm, 7.5 by 300 mm Agilent PolyPore, the UV detector was a 

SpectraSYSTEM RI-150, the multi angle light scattering was a Malvern Viscotek 270 Dual 

Detector, and OmniSolv HPLC grade tetrahydrofuran was used as the solvent. The specific 

refractive index increment used was taken from the literature to be dn/dc = 0.09 in all cases.57 

2.4 Results and discussion 

2.4.1 Steady shear rheology 

2.4.1.1 Temperature dependence of viscosity 

Figure 2.2 presents the viscosity of solutions of 80k(a) PMMA in MMA for various concentrations. 

Analogous plots for 30k and 500k PMMA are given in 0. These data are fit to the Andrade-Eyring 

relationship, Eq. (2.2), to parameterize the temperature dependence of viscosity.59,60 

𝜂0 =  𝐾2𝑒(𝐸𝜂 𝑅𝑇⁄ )
 

(2.2) 
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Here, 𝜂0 is the zero-shear viscosity, 𝐾2 is the pre-exponential factor, 𝑅 is the gas constant, and 𝐸𝜂 

is the activation energy for viscous flow. Furthermore, Figure 2.3 shows the parameters of the 

Andrade-Eyring relation as a function of the intrinsic viscosity-normalized concentration, 𝑐[𝜂], for 

80k(a) PMMA in MMA. Analogous plots for 30k and 500k PMMA are given in 0. The formulation 

and importance of 𝑐[𝜂] is described in detail in Section 2.4.3.3. The activation energy for viscous 

flow can be adequately described by the quadratic relation: 

𝐸𝜂 =  𝑄0 + 𝑄1(𝑐[𝜂]) +  𝑄2(𝑐[𝜂])2  (2.3) 

where 𝑄1 and 𝑄2 are adjustable parameters and 𝑄0 = 8.37 is the flow activation for pure MMA.61 

These parameters are presented inTable 2.2 for each type of PMMA. The values presented here 

show that 𝐸𝜂 increases more rapidly with 𝑐[𝜂] for the lower molecular weight polymer solutions; 

that is, lower molecular weight solutions show greater sensitivity to temperature changes. 

Figure 2.2. Viscosity as a function of temperature for 80k(a) PMMA in MMA. Lines represent a 
fit to the Andrade-Eyring equation (Eq. (2.2)). 
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Table 2.2. Parameters for the predicting flow-activation energy according to Eq. (2.3). 
Pre-dissolved 

polymer in 
solution 

𝑸𝟎  
(kJ/mol) 

𝑸𝟏  
(kJ/mol) 

𝑸𝟐  
(kJ/mol) 

30k 8.37 -1.60 1.94 
80k(a) 8.37 -0.11 0.40 
500k 8.37 0.44 0.022 

 

2.4.2 Shear rate dependence of viscosity 

Figures 2.4 and 2.5 display the shear rate dependence of solutions of 80k(a) and 500k 

PMMA in MMA, respectively. Only data that exhibit shear thinning are presented. These data are 

fit to the shear-rate dependent Carreau-Yasuda viscosity model.53,62 𝜂(�̇�) = 𝜂0[1 + (𝜏𝜂�̇�)𝛿](𝑛−1)/𝛿
 (2.4) 

Here 𝜂  is the shear viscosity, �̇�  is the shear rate, 𝜂0  is the zero-shear viscosity, 𝜏𝜂  is the 

characteristic relaxation time, n is an adjustable parameter that characterizes the final slope of the 

Figure 2.3. Parameters for the Andrade-Eyring equation as a function of intrinsic viscosity 
normalized concentration, c[η], for 80k(a) PMMA in MMA. The line represents a fit to Eq. (2.3). 



22 

 

curve in the power-law region, and 𝛿 is a parameter that describes the breadth of the transition 

from Newtonian to power-law behavior, which decreases with increasing polydispersity.54 Table 

2.3 shows the values of the parameters for the Carreau-Yasuda model for the solutions that 

displayed shear thinning. Viscosities for solutions that did not shear thin are obtained from the 

temperature sweep data. These data provide important processing reference points and show that 

the linear viscoelastic limit (defined by 𝜏𝜂−1) increases with increasing temperature. 

2.4.3.3 Formulation of c[𝜼] caster curve 

The viscosities of the PMMA in MMA solutions may be collapsed onto a single master 

curve by plotting the specific viscosity, 𝜂𝑠𝑝, as a function of the polymer concentration multiplied 

by the intrinsic viscosity, c[𝜂]. The reciprocal of the intrinsic viscosity is often used to approximate 

the overlap concentration, 𝑐∗.63 The overlap concentration represents the lowest concentration at 

which the polymer chains in a solution completely fill the volume; accordingly, it is the same as 

the internal concentration of a single polymer chain in dilute solution. The overlap concentration 

marks the transition from dilute to semi-dilute solutions and is important in polymer solution 

theories.2  

The specific viscosity is defined by Eq. (2.5). 𝜂𝑠𝑝 =  𝜂 −  𝜂𝑠𝑜𝑙𝜂𝑠𝑜𝑙   (2.5) 

where 𝜂𝑠𝑜𝑙 is the viscosity of the solvent. The intrinsic viscosity of the polymer in the solvent can 

be measured using dilute solution viscometry and described by the Mark-Houwink (MH) 

relationship of Eq. (2.6). [𝜂] = 𝐾𝑀𝜂𝑎 (2.6) 
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Figure 2.4. Shear rate sweeps for (a) 30 wt%, (b) 35 wt%, (c) 40 wt% and (d) 45 wt% 80k(a) PMMA 
in MMA. Lines represent a fit to the Carreau-Yasuda equation (Eq. (2.4)). 

(c) (d) 

(b) 
(a) 
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Table 2.3. Parameters of the Carreau-Yasuda equation (Eq. (2.4)) for solutions of PMMA in MMA for various concentrations and 
molecular weights. 
 

 

 

 

 

 

 

 

Concentration 
and MW of 

polymer 
solution 

𝜼𝟎 (Pa∙s) 𝝉𝜼 (s) 𝜹 𝒏 

0 °C 20 °C 40 °C 0 °C 20 °C 40 °C 0 °C 20 °C 40 °C 0 °C 20 °C 40 °C 

30 wt%, 80k(a) 4.00 0.911 0.473 0.00096 - - 1.99 - - 0.18 - - 

35 wt%, 80k(a) 21.7 8.01 2.48 0.0028 0.0017 0.0006 1.21 1.34 1.73 0.22 0.16 0.18 

40 wt%, 80k(a) 214 37.2 9.82 1.28 0.032 0.0011 1.69 0.94 0.97 0.87 0.79 0.21 

45 wt%, 80k(a) 2088 320 108 6.16 0.144 0.068 1.21 2.78 2.66 0.73 0.24 0.15 

15 wt%, 500k 3.78 2.24 1.66 0.046 0.031 0.0065 1.50 2.47 0.97 0.76 0.81 0.50 

20 wt%, 500k 113 32.4 9.86 0.251 0.200 0.050 1.07 1.14 1.54 0.41 0.63 0.66 

25 wt%, 500k 950 391 117 2.82 0.561 0.100 0.75 0.73 0.81 0.44 0.33 0.26 
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where 𝜂𝑠𝑜𝑙 is the viscosity of the solvent. The intrinsic viscosity of the polymer in the solvent can 

be measured using dilute solution viscometry and described by the Mark-Houwink (MH) 

relationship of Eq. (2.6). 

Here, 𝐾  and 𝑎  are adjustable parameters and 𝑀𝜂  is the viscosity-averaged molecular weight. 

Assuming the molecular weight distribution is lognormal, 𝑀𝜂 can be estimated by Eq. (2.7). 𝑀𝜂 = 𝑀𝑤(1 + 𝑈)(1−𝑎)/2 (2.8) 

where 𝑈, the non-uniformity, is defined by Eq. (2.8). 

𝑈 = 𝑀𝑤𝑀𝑛 − 1 (2.9) 

The intrinsic viscosity of PMMA in MMA has been tabulated and the Mark-Houwink parameters 

are 𝑎 = 0.66 and 𝐾 = 0.016 26; the a value implies MMA is a good solvent for PMMA. Figure 2.6 

presents the data from this work with a master curve fit to a third-order polynomial of the form 

suggested by Stickler et al. given by Eq. (2.9). log (𝜂𝑠𝑝) = 𝐶1 (log(𝑐[𝜂]))3 +  𝐶2(log(𝑐[𝜂]))2 +  𝐶3(log(𝑐[𝜂])) + 𝐶4 (2.10) 

The constants for PMMA in MMA are C1 = 1.17820, C2 = 1.7865, C3 = 0.8759, and C4 = 0.3136. 

Therefore, if the molecular weight and concentration of the PMMA dissolved in MMA are known, 

the viscosity of the solution can be calculated using Eqs. (2.6), (2.9) and (2.5). 

2.4.4 Exotherm measurements 

Figure 2.7 presents the temperature profiles of reacting PMMA in MMA systems for 

solutions of 30k and 500k PMMA in MMA with various concentrations of initiator. The drastic 

temperature rise is due to the onset of the Trommsdorff effect.20 The peak temperature also 

[𝜂] = 𝐾𝑀𝜂𝑎 (2.7) 
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increases with increasing initiator concentration, which is expected because a greater initiator 

concentration increases the polymerization rate. However, the vast majority of the reactive groups 

are from the monomer, MMA. Therefore, the total heat released depends on the amount of pre-

dissolved polymer; higher initiator concentrations increase polymerization rate and thus cause the 

heat to be released more quickly. Heat transfer to the bath is slower than the rate of heat generation 

leading to the observed temperature increases.  

The solutions with lower molecular weight pre-formed polymer (30k) display the 

exothermic onset sooner than those with the high molecular weight pre-formed polymer (500k) 

despite having the same initial viscosity of 0.145 Pa∙s. The solution with 10.5 wt% 500k pre-

dissolved PMMA takes longer to reach the onset of the Trommsdorff effect because there is more 

monomer in the system compared to the 30 wt% 30k PMMA system. Therefore, it takes longer to 

reach the same level of conversion of monomer to polymer; for the low MW system the conversion 

starts at 30 wt% but for the high MW system it begins at 10.5 wt%.   

The cycle time for making a composite part can be reduced through proper resin 

formulation. As shown in Figure 2.7, using the low molecular weight polymer solution gives a 

cycle time about one-half as long as the high molecular weight solution for the 3.8:100 

(BPO:MMA) ratio. Judicious, science-based formulation provides an opportunity to drastically 

increase productivity by tuning the molecular weight and concentration of the pre-dissolved 

polymer in the infusible resin. The peak exotherm temperature can be problematic because the 

atmospheric boiling point of MMA is 100 °C; under VARTM conditions it is even lower. If boiling 

occurs during composite fabrication, it creates voids which will lead to compromised mechanical 

properties. Combined manipulation of the molecular weight and concentration of the pre-dissolved  

 



26 

 

 

Figure 2.5. Shear rate sweeps for (a) 15 wt%, (b) 20 wt% and (c) 25 wt% 500k PMMA in MMA. 
Lines represent a fit to the Carreau-Yasuda equation (Eq. (2.4)). 

(a) 

(b) 

(c) 
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polymer represents an effective method by which the peak exotherm temperature can be controlled 

without compromising cycle time by decreasing the initiator concentration. 

 

2.4.5 Chemorheological experiments 

The primary objective of the chemorheological experiments is to characterize the effects 

of varying the concentration and molecular weight of the pre-dissolved polymer on the temporal 

viscosity profile. The viscosity profile is modeled so that predictions of resin working time and 

thus available infusion times can be made. Figure 2.8 shows the cure profiles of 30k, 80k(b), and 

500k PMMA solutions for various levels of BPO initiator. Figure 2.9 displays the same data, but 

arranged so that the initiator concentration is the same for each plot while the molecular weight of 

pre-dissolved polymer is varied. Chemorheological experiments are consistent with the exotherm 

Figure 2.6. Master curve of PMMA in MMA fit to a third order polynomial according to Eq. (2.9) 
with constant values C1 = 1.17820, C2 = 1.7865, C3 = 0.8759, and C4 = 0.3136. 
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profiles. That is, the solutions with a higher molecular weight but lower concentration of pre-

dissolved polymer cure more slowly than those with low molecular weight, but high concentration 

of pre-dissolved polymer. In each different plot, the ratio of reactive species (BPO:DMT:MMA) 

is the same. The curves for solutions with lower molecular weight pre-dissolved polymer begin at 

a higher viscosity. This is because the process to mix the Luperox AFR40 initiator into the solution 

and then load the solution into the rheometer takes approximately 3 to 4 minutes. Since the  

 

 

 

Figure 2.7. Temperature profiles of reacting solutions of PMMA dissolved in MMA. 
The solid lines depict the solution with 10.5 wt% 500k pre-dissolved PMMA and the 
dotted lines depict the solution with 30 wt% 30k pre-dissolved PMMA. 
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viscosity for the lower molecular weight solution increases more quickly, this initial cure time is 

not captured in the rheology experiment. In agreement with the exotherm experiments, the lower 

molecular weight solutions with a higher concentration of pre-dissolved polymer reach the onset 

of the Trommsdorff effect more quickly. This finding reinforces the idea that it is degree of 

conversion of monomer to higher molecular weight species that governs the dynamics of cure. 

 In order to model the viscosity of these curing systems, it is useful to collapse the curves 

onto a single master curve. To do so, the time at which the modulus changes most rapidly (the 

maximum rate of change) is found and identified as 𝑡𝑚𝑎𝑥. This value of time is used to shift the 

cure curves to a 𝑡/𝑡𝑚𝑎𝑥 independent variable. Figure 2.10 shows the time at which the viscosity is 

increasing most rapidly, tmax for various PMMA solutions and Table 2.4 provides the values of the 

fit to Eq. (2.10) 𝑡𝑚𝑎𝑥 = 𝐴𝑐𝑖𝑏 (2.11) 

where 𝑡𝑚𝑎𝑥 is the time at which the viscosity is increasing most rapidly, 𝑐𝑖 is the concentration of 

initiator in PPHR, and 𝐴 and 𝑏 are model parameters. Figure 2.11 shows the curves of Figure 2.8 

reduced to a single normalized curve. Furthermore, the values of each curve can be averaged and 

a master curve generated as shown in 2.12. This averaged cure profile may be modeled up to the 

point of most rapid cure by power law with the form of Eq. (2.11) log(𝜂) = −0.450 + 5.03 𝑡𝑟𝑒𝑑4.23 (2.12) 

where 𝑡𝑟𝑒𝑑 = 𝑡/𝑡𝑚𝑎𝑥 is the reduced time. An exponential decay function is used to fit the curve 

after 𝑡𝑟𝑒𝑑 = 1 with the form 

log(𝜂) = 7.72 − 1.80 × 1015𝑒(− 𝑡𝑟𝑒𝑑0.029) (2.13) 

 



30 

 

 

Figure 2.8. Viscosity profiles of reacting solutions of PMMA dissolved in MMA at 20 °C. In 
each plot, the concentration of the initiator is changed. The profiles are plotted with the same 
time scale to highlight the difference in onset of the Trommsdorff effect despite starting at the 
same initial viscosity of 0.145 Pa∙s. 
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Figure 2.9. Viscosity profiles of reacting solutions of PMMA dissolved in MMA at 20 °C. Within each 
plot, the resin type (concentration and molecular weight of pre-dissolved PMMA) is changed but the 
ratio of reactive species is the same. The profiles are plotted with the same scale to highlight the 
difference in onset of the Trommsdorff effect despite starting at the same initial viscosity. 
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In order to maintain continuity in the functional form of the average viscosity equation, a 

logistic function is used to “blend” the two functions together across 𝑡𝑟𝑒𝑑. This logistic function 

has the form 

𝑓(𝑡𝑟𝑒𝑑) = 11 + 𝑒(𝛾(𝑡𝑟𝑒𝑑−1)) (2.14) 

where 𝛾 is an adjustable parameter that dictates the “steepness” with which the logistic function 

facilitates the transition between Eqs. (2.11) and (2.12) in the viscosity fit; 𝛾 is set to a value of 

100. With Eqs. (2.10) through (2.13) the viscosity of an isothermal (20 °C) curing system can be 

predicted as a function of reaction time for any concentration of initiator.  

 

Table 2.4. Parameters of Eq. (2.10) for various molecular weights of PMMA. 
 

 

 

 

Molecular weight of pre-
dissolved polymer 

Power law parameters 

A b 

30k 32.7 -0.39 
80k(b) 73.3 -0.55 
500k 98.4 -0.52 

Figure 2.10. Times of maximum viscosity change during curing profiles of PMMA in MMA. 
Lines represent a fit to a power law with form 𝑡𝑚𝑎𝑥 = 𝐴𝑐𝑖𝑏 (Eq. (2.10)). 
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Figure 2.12. Viscosity as a function of reduced time for the various solutions of PMMA 
in MMA. For each line color, 2 PPHR initiator is depicted by the solid lines, 4 PPHR 
initiator is depicted by the dashed lines, and 6 PPHR initiator is depicted by the dotted 
lines. 

Figure 2.11. Viscosity predicted by Eqs. (2.11) through (2.13) as a function of reduced time. 
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2.4.6 Molecular weight distributions of composite panels 

A potential issue with fabricating infusible thermoplastic composites with lower molecular 

weight pre-formed polymer is compromised mechanical properties. For example, tensile strength 

of polymers decreases with molecular weight.5 However, the “low” molecular weight used in this 

work is above the critical molecular weight for entanglement, Mc, which is 29.5 kg/mol for 

PMMA.64 In addition, only 30 wt% of the polymer in the cured composite has a reduced molecular 

weight while the remaining 70 wt% is from the polymerization which produces a very high average 

molecular weight. The molecular weight distributions of the pre-dissolved and cured test panel 

PMMAs are shown in Figure 2.13. The bimodal peak of the 30k panel sample shows the low 

molecular weight 30k PMMA as well as the higher molecular weight from the polymerization 

reaction and has Mw = 250 kg/mol and Mn = 29 kg/mol. The 500k panel shows a log-normal 

distribution with Mw = 483 kg/mol and Mn = 104 kg/mol. Mechanical tests were performed to 

investigate the hypothesis that the low molecular weight polymer should not significantly reduce 

the mechanical properties of the composite so long as it is kept above the critical molecular weight 

for entanglement. 

2.4.7 Mechanical testing of composite panels 

To compare different composites, their properties must be normalized to a common FVF 

according to Eq. (2.14), 

𝐾𝑛𝑜𝑟𝑚 = 0.33𝐾𝑒𝑥𝑝𝜙   (2.15) 

where 𝐾𝑛𝑜𝑟𝑚 is the normalized property, 𝐾𝑒𝑥𝑝 is the experimentally determined property, 𝜙𝑓 is 

the FVF in the part, and in this case the normalized FVF is 0.33.65 The FVF of the 30k panel was 𝜙𝑓,25𝑘 = 0.33 and the FVF of the 500k panel was 𝜙𝑓,500𝑘 = 0.32. 



35 

 

Figure 2.14 shows the FVF-normalized modulus of the longitudinal unidirectional coupon 

specimens from the 30k and 500k panels. These values and their standard deviations are also 

related in  

Table 2.5 for clarity in the discussion. Both the longitudinal tensile modulus, 𝐸𝐿,𝑡𝑒𝑛𝑠, and 

the compressive modulus, 𝐸𝐿,𝑐𝑜𝑚𝑝 , of the two different panel types are within their combined 

standard deviations. This is expected because the longitudinal modulus is dominated by the 

modulus of the glass fibers which is much higher than that of the polymer matrix. The longitudinal 

Young’s modulus may be estimated according to a simple mixture rule given by Eq. (2.15), 

Figure 2.13. Molecular weight distribution of the PMMA taken from the 30k panel compared to 
that of the 500k panel. Shown in the inset are the distributions of the pre-formed PMMAs (30k, 
80k(a), 80k(b), and 500k). 
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𝐸𝐿 = 𝐸1𝜙1 +  𝐸2𝜙2  (2.16) 

where 𝐸1 and 𝐸2 are the Young’s modulus of the matrix and the fibers, respectively. The tensile 

modulus for PMMA may be taken to be 3.2 GPa 66, and for E-glass to be 78 GPa.58 Therefore, the 

theoretical longitudinal modulus for a composite with a FVF of 0.33 is expected to be 28 GPa. 

This is consistent with the experimental values except for the longitudinal compressive modulus 

which is slightly higher. 

The FVF-normalized transverse Young’s modulus, 𝐸𝑇 , for both loading directions are 

within their combined standard deviations across the different sample types. ET may be estimated 

by Eq. (2.17), 

𝐸𝑇 = 𝐸1 1 + 𝐴𝐵𝜙21 − 𝐵𝜓𝜙2  (2.17) 

where 𝐴 = 0.5          𝐵 = 𝐸2/𝐸1−1𝐸2/𝐸1+𝐴       𝜓 = 1 + 1−𝜙𝑚𝜙𝑚2 𝜙2 (2.18) 

where 𝜓 is a factor that accounts for the maximum packing fraction, 𝜙𝑚, of the fibers.67 𝜙𝑚 may 

be taken as 0.82 in the case of random close packing. Using Eqs. (2.17) and (2.18), ET is calculated 

to be 5.6 GPa for a FVF of 0.33. The experimental values for the transverse modulus, ET, are 

consistently higher than the theoretical value. However, a close packing approximation is may not 

be strictly accurate given a low overall FVF. For example, if the packing fraction is 0.62, the 

theoretical ET is calculated to be 6.3 GPa which is more consistent with the experimental results. 

In this with the fibers oriented transverse to the loading axis, the composite modulus is limited by 

the elastic modulus of the resin.68 

 Figure 2.15 shows the longitudinal strength, 𝜎𝐿 (top), and transverse strength, 𝜎𝑇 (bottom), 

of unidirectional composite coupons in tension and compression. These values and their standard 
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Table 2.5. Young’s modulus of unidirectional glass fiber reinforced PMMA composites fabricated 
with two different resins for various fiber orientations. 

Panel Type 

Tensile 
Longitudinal 

Modulus, 𝑬𝑳,𝒕𝒆𝒏𝒔  

(GPa) 

Compressive 
Longitudinal 

Modulus, 𝑬𝑳,𝒄𝒐𝒎𝒑  

(GPa) 

Tensile 
Transverse 
Modulus, 𝑬𝑻,𝒕𝒆𝒏𝒔  

(GPa) 

Compressive 
Transverse 
Modulus, 𝑬𝑻,𝒄𝒐𝒎𝒑  

(GPa) 
30k Panel 27 ± 2 33 ± 2 6.6 ± 1.3 7.3 ± 1.1 
500k Panel 28 ± 1 30 ± 5 6.3 ± 0.6 6.4 ± 0.8 

 

 

deviations are also related in Table 2.6 for clarity in the discussion. The longitudinal tensile 

strength, 𝜎𝐿,𝑡𝑒𝑛𝑠, of the 30k panel is 510 ± 43 MPa compared to 654 ± 62 MPa for the 500k panel. 

Slight fiber misalignment can have a large effect on 𝜎𝐿 with a misorientation of only 5° off-parallel 

causing reduction in 𝜎𝐿 of up to 20%.5 While upmost precaution was taken to keep the fibers 

oriented perfectly parallel to the testing axis, misalignment of the fibers within the sample relative 

to the testing direction can still occur due fiber movement during infusion. Regardless, 𝜎𝐿  is 

dominated by the strength of the fibers as predicted by 𝜎𝐿 = 𝜎1𝜙1 + 𝜎2𝜙2  (2.19) 

where 𝜎1 and 𝜎2 are the Young’s modulus of the matrix and the fibers, respectively. Therefore, it 

is more important to examine the transverse tensile strength, 𝜎𝑇,𝑡𝑒𝑛𝑠, of the specimens to draw 

conclusions regarding the feasibility of using the 30k PMMA as the pre-dissolved polymer in the 

resin. The experimental values for 𝜎𝑇,𝑡𝑒𝑛𝑠 are within the combined uncertainty of both sample  

types. 𝜎𝑇,𝑡𝑒𝑛𝑠 can be estimated to be one half of the tensile strength of the matrix, which is 85 MPa 

for PMMA.66 Therefore, the theoretical 𝜎𝑇,𝑡𝑒𝑛𝑠 is 43 MPa. Despite being lower than the theoretical 

value, 𝜎𝑇,𝑡𝑒𝑛𝑠 is the same for panels of both resin types thereby confirming the hypothesis that the 

low molecular weight pre-dissolved polymer will not affect the properties of the composite. 
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The compressive longitudinal strengths, 𝜎𝐿,𝑐𝑜𝑚𝑝 , are within their combined standard 

deviations for both sample types. However, 𝜎𝐿 is dominated by the strength of the glass as shown 

in Eq. (2.19) so the more pertinent metric is the matrix dominated compressive transverse strength, 𝜎𝑇,𝑐𝑜𝑚𝑝, which is within the combined uncertainty of both sample types. 𝜎𝑇,𝑐𝑜𝑚𝑝 is limited by the 

strength of the polymer matrix, 𝜎𝑝, and also the interfacial strength between the matrix and the 

fibers but is almost always greater than 𝜎𝑇,𝑡𝑒𝑛𝑠.5 In this case, 𝜎𝑇,𝑐𝑜𝑚𝑝 is about 90 MPa for both 

panel types, while 𝜎𝑝 is 85 MPa, confirming the plausibility of the reported values. 

These data confirm the hypothesis that the mechanical properties of the composite layup 

will not be reduced by using a low molecular weight pre-dissolved polymer in the resin system. 

Only 𝜎𝐿,𝑡𝑒𝑛𝑠 was observed to be lower in the 30k panel. However, given that this property is fiber 

dominated, this slight property reduction can be overcome by designing composite structures to 

not see high longitudinal loads. Since the transverse moduli and strength in both tension and 

compression of the two different panels are the same, it is concluded that the low molecular weight-

preformed PMMA resin is feasible for use in composite fabrication by VARTM. 

Using a lower molecular weight polymer as a means to tune the viscosity and exotherm 

profile of a resin without compromising mechanical properties is a significant finding. Recent 

work has shown that acrylic thermoplastic polymer from a prototypical wind turbine blade can be 

recovered via a dissolution process.52 Dissolution of recycled polymer into MMA to create a new 

resin is a simple process to reuse material that otherwise might be discarded. Further, MMA could 

be used as the solvent for the dissolution process so that there is no need to recover the polymer 

from the solvent separately. Accordingly, the data and equations provided here can profoundly 

enable end of life recycling of thermoplastic composites. 
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Table 2.6. Strength of unidirectional glass fiber reinforced PMMA composites fabricated with two 
different resins for various fiber orientations. 

Panel Type 

Tensile 
Longitudinal 

Strength, 𝝈𝑳,𝒕𝒆𝒏𝒔  

(MPa) 

Compressive 
Longitudinal 

Strength, 𝝈𝑳,𝒄𝒐𝒎𝒑  

(MPa) 

Tensile 
Transverse 
Strength, 𝝈𝑻,𝒕𝒆𝒏𝒔  

(MPa) 

Compressive 
Transverse 
Strength, 𝝈𝑻,𝒄𝒐𝒎𝒑  

(MPa) 
30k Panel 510 ± 43 377 ± 33 23 ± 1 93 ± 3 
500k Panel 654 ± 62 434 ± 68 23 ± 2 90 ± 5 

 

2.5 Conclusions 

This work contributes several important data sets that are critical for the effective 

engineering using reactive thermoplastic resins in composite manufacturing. The temperature 

dependence of the viscosity of varying molecular weight PMMA in MMA corroborate existing 

results by collapsing these data to the master curve of 𝜂𝑠𝑝 as a function of 𝑐[𝜂]. Further, the shear 

rate dependence of the viscosity of varying molecular weight PMMA in MMA is reported. These 

data will be useful to those who wish to model the infusion of composites using computational 

fluid dynamics software. Cure profiles demonstrate the peak exotherm and its onset time can be 

effectively controlled by tuning the molecular weight of the pre-dissolved polymer.  

 This is a valuable handle on the thermal and viscous effects during polymerization 

because the initiator concentration does not necessarily need to be decreased. The molecular 

weight thus becomes a handle with which the manufacturing cycle time can be reduced, thereby 

increasing throughput. A novel experiment has been demonstrated which elucidates the viscosity 

of a reactive PMMA in MMA solution as a function of reaction time. The cure profiles of these 

chemorheological experiments have been collapsed onto a single master curve so that the cure 

profile may be predicted given that the initial formulation of the solution and reactants is known. 
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Figure 2.14. Modulus of varying unidirectional geometries and loading types. [0-0-0-0] denotes 
that the orientation of the fibers is parallel (or longitudinal) to the testing axis and [90-90-90-90] 
indicates that the fibers are perpendicular (or transverse) to the testing axis. The center point (○) 
represents the mean, the center line the median, the box is the inter-quartile range, the whiskers 
are 1.5 times the standard deviation and outliers are plotted as closed circles (●). 
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Figure 2.15. Strength of varying unidirectional geometries and loading types. [0-0-0-0] denotes 
that the orientation of the fibers is parallel (or longitudinal) to the testing axis and [90-90-90-90] 
indicates that the fibers are perpendicular (or transverse) to the testing axis. The center point (○) 
represents the mean, the center line the median, the box is the inter-quartile range, the whiskers 
are 1.5 times the standard deviation and outliers are plotted as closed circles (●). 
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Lastly, composite were fabricated using a low molecular weight PMMA as the pre-dissolved 

polymer and the mechanical properties were compared to those of a composite panel fabricated 

with a commercial system. The low molecular weight of the pre-formed polymer is shown to have 

little to no effect on the final mechanical properties of the composite part. 

 



43 

 

 CHAPTER 3: MISCIBLE BLENDS OF BIOBASED POLY(LACTIDE) WITH 

POLY(METHYL METHACRYLATE): EFFECTS OF CHOPPED GLASS FIBER 

INCORPORATION 

 

A paper accepted by the Journal of Applied Polymer Science12 

Dylan S. Cousins2,3 Corinne Lowe3, Dana Swan4, Robert Barsotti4, Mingfu Zhang5, 
Klaus Gleich5, Derek Berry6, David Snowberg6, John R. Dorgan3 

 

3.1 Abstract 

 Poly(lactide) (PLA) and poly(methyl methacrylate) (PMMA) are melt compounded with 

chopped glass fiber using laboratory scale twin-screw extrusion. Physical properties are examined 

using differential scanning calorimetry (DSC), dynamic mechanical thermal analysis (DMTA), 

thermogravimetric analysis (TGA), tensile testing, impact testing, X-ray computed tomography 

(CT) scanning, and field emission scanning electron microscopy (FE-SEM). Molecular weight is 

determined using gel permeation chromatography (GPC). Miscibility of the blends is implied by 

the presence of a single glass transition temperature and homogeneous morphology. PLA/PMMA 

blends tend to show positive deviations from a simple linear mixing rule in their mechanical 

properties (e.g. tensile toughness, modulus, and stress at break). The addition of 40 wt% glass fiber 

to the system dramatically increases physical properties. Across all blend compositions, the tensile 

modulus increases from roughly 3 GPa to roughly 10 GPa. Estimated heat distortion temperatures 

(HDTs) are also greatly enhanced; the pure PLA sample HDT increases from 75 °C to 135 °C. 

                                                 

1 Reprinted with permission of the Journal of Applied Polymer Science, (2017), 134, 44868 
2 Primary author and researcher 
3 Chemical and Biological Engineering Department, Colorado School of Mines, Golden, Colorado 80401 
4 Arkema, King of Prussia, Pennsylvania 
5 Johns Manville, Littleton, Colorado 

6 National Renewable Energy Laboratory, Golden, Colorado 
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Fiber filled polymer blends represent a sustainable class of earth abundant materials which should 

prove useful across a range of applications. 

3.2 Introduction 

 With continued demand in developed countries and new markets in emerging 

economies, the production of advanced composite materials is poised to expand in the near future. 

Several classes of applications are driving this expected expansion with demand for composite 

materials in aerospace, transportation, and construction continuing to grow.69 Composites can 

display properties comparable to those of metals but at reduced weight. Polymer composites have 

excellent corrosion resistance, are less energy intensive to produce, and are less dense compared 

to engineering metals.6 Their lightweight contributes to high specific properties (property/ mass) 

which makes them particularly advantageous in applications where weight is critical. 

Low cost and ease of production make short fiber reinforced polymers (SFRPs) an 

attractive option for manufacture of composite parts. Short fibers can be incorporated into a 

polymer matrix by melt blending or in-situ polymerization. Wide variations are found in the 

mechanical properties of short-fiber composites because the orientation of the fibers depends 

greatly on processing conditions.5 The mechanical properties of the SFRP component directly 

depend on the fraction of fibers oriented in the direction of loading.70,71 

The chemical composition of the polymer matrix in a SFRP markedly affects the material 

properties of the composite part. Poly(lactide) (PLA) is the most widely used bio-based synthetic 

thermoplastic polymer and is suitable for diverse engineering applications.72-75 Increasingly, there 

exists great interest in development of engineering materials derived from renewable resources 

including recyclable, PLA-based composites.24,76-97 When PLA is used as the matrix in conjunction 

with natural fibers such as cellulose, the resulting composite is completely bio-based and 
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biodegradable.78,80,82,98-100 PLA is of great interest for engineering applications because of its high 

stiffness and strength, production scalability, and low cost. In order to overcome the inherent 

degradation issues with PLA, it can be blended with other polymers to improve the lifespan and 

mechanical properties.101-107 

Recently, PMMA has received great interest as a blend candidate for PLA due to its higher 

glass transition temperature and complementary mechanical properties.103,108-119 However, 

conclusions regarding the miscibility of PLA/PMMA blends are somewhat contradictory in the 

literature. Samuel et. al. report that blends prepared by solvent casting are immiscible.109 

Contrarily, Vano-Herrera et. al. conclude that blends prepared by solution precipitation are 

miscible due to a single observed glass transition temperature (Tg) for each composition during the 

second heating scan of a DSC test.116 For melt blending, published studies present differing results 

depending on the specific system investigated. Samuel et. al. found that ternary blends of 

PLLA/PLDA/PMMA and binary blends PLLA/PMMA are miscible when melt compounded.108,109 

Le et. al. report that blends produced by melt compounding under conditions of very low mixing 

energy are immiscible “in a metastable” sense and form bicontinuous morphologies.112 Imre et. al. 

found that PLA/PMMA mixtures from melt compounding form a heterogeneous mixture of a 

finely dispersed droplet phase.103 However, the specific commercial grade of PMMA they 

employed (PlexiglasTM HFI7 from Arkema) is an impact modified grade incorporating core-shell 

particles of poly(butyl methacrylate). It is therefore possible that the droplet phase they describe 

is actually the impact modifier. The size of the fine domains is consistent with a core-shell particle 

and this domain size is independent of blend composition. Anakabe et. al. conclude that when melt 

compounded, PLA/PMMA miscibility depends on the molecular weights and processing 
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conditions.110 However, they also identify a droplet phase that is likely the impact modifier to the 

PMMA they employed (PLEXIGLAS VR zk5BR from Evonic).  

One aim of this study is to provide material property data on a hitherto unreported material 

system: glass filled biobased polymer blends. This data should prove useful for estimation of 

required processing parameters and for final material properties. An additional focus is to 

investigate the discrepancies regarding the miscibility of PLA/PMMA prepared by melt blending 

and whether the addition of glass fiber affects the miscibility of the polymer blend. 

It is determined for the present system, where the average molecular weights are roughly equal, 

that the system is miscible in the melt state for both the blends and composite system. However, 

upon cooling, certain domains of PLA undergo crystallization induced phase separation. In the 

resulting materials, pure crystalline PLA domains are embedded in an amorphous mixed matrix of 

the two homopolymers. In the blends, positive deviation from a simple mixing rule is observed for 

many of the mechanical properties. Material properties of blends with glass fiber are less sensitive 

to matrix composition. However, the system with the highest modulus is a glass filled blend with 

a matrix consisting of 75/25 PLA/PMMA thus demonstrating synergistic effects between blending 

of polymers and glass fiber incorporation. X-ray CT scanning proves to be a valuable tool that 

shows fibers oriented parallel to the direction of flow in the injection molded tensile bars. The 

increased tensile properties of glass filled samples is directly attributable to this orientation. Given 

the earth abundant feedstock for glass, as well as its availability from recycled streams, and the 

renewable nature of the PLA, the present composites represent a new family of materials with 

enhanced sustainability. 
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3.3 Experimental 

3.3.1 Materials 

In this study, extrusion grade PLA 2000D from NatureWorks and extrusion grade PMMA 

(Altuglas V920) supplied by Arkema were used to create the polymer blends. The composites were 

formed by melt compounding the polymers with Star Stran™ glass fiber (Type 718) provided by 

Johns Manville. The fibers have an average diameter of D = 13 µm and an average length of L = 

3.2 mm; their aspect ratio is (L/D) ~250. Sigma Aldrich heavy mineral oil (density = 0.862 g mL-

1 at 25 °C, viscosity = 67 cSt at 40 °C) was used in a pre-extrusion mixing step to evenly distribute 

the glass fibers among the polymer pellets. 

3.3.2 Blend Processing 

In the present study, PLA/PMMA blends were melt compounded in a laboratory scale twin 

screw extruder. The notation used in this report classifies each system by the weight percent of 

PLA in the resin. In this way, homologous systems can be more easily compared. Table 3.1 lists 

the compositions of the blends by weight percent. 

 

Table 3.1. Compositions of blends in the present study by weight percent. 
 

 

 

 

 

Notation wt% PLA wt% PMMA wt% glass fiber 

0 PLA 0 100 0 

25 PLA 25 75 0 

50 PLA 50 50 0 

75 PLA 75 25 0 

100 PLA 100 0 0 

0 PLA (gf) 60 0 40 

25 PLA (gf) 45 15 40 

50 PLA (gf) 30 30 40 

75 PLA (gf) 45 15 40 

100 PLA (gf) 60 0 40 
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Prior to any mixing, polymers and glass fibers were dried under vacuum (23 in. Hg) at 

90 °C for at least 14 hours. Before melting and extrusion, 1 kg of material was tossed end-over-

end for ten minutes in a 2 L Nalgene polypropylene bottle using an Associated Design & 

Manufacturing Company rotary agitator to achieve a homogeneous mixture. For systems with 

glass fiber, 1 mL of Sigma Aldrich heavy mineral oil was added to the mixing bottle in addition to 

the 1 kg of polymer pellets and glass fibers. In this well-known processing art, the presence of the 

oil enabled the glass fibers to spread evenly over the surfaces of the polymer pellets providing 

efficient premixing. 

Next, the pre-mixed materials were extruded under an argon blanket using a Haake 

Rheodrive 5000 equipped with a Rheomex TW100 counter rotating conical twin screw extruder. 

Sample was starve fed into the hopper located at the feed zone of the twin screw extruder to ensure 

that the torque load on the drive motor did not exceed specified limits. The heating zone of the 

extruder was set to 165 °C for every material system. The temperature of the polymer melt was 

measured by a thermocouple immediately before entry into the die region. The die head pressure 

was measured by a Dynisco PT422A pressure transducer immediately upstream of the die. The 

torque and rotation rate were monitored using the Haake Rheodrive 5000 interface. The extrudate 

was passed through a 5 foot long Killion circulating water bath at room temperature and then fed 

into a Killion pelletizer. 

Table 3.2 summarizes the conditions for extrusion. It is of interest to note that in the glass 

fiber composites, for which the extruder RPM was held constant, that the 50% blend provides the 

lowest die head pressure drop and screw torque. Accordingly, enhanced, lower energy processing 

is one advantage of the glass fiber blended system compared to the homopolymers. The rotation 

rate for the non-glass filled samples was changed to keep the extrudate strand from breaking as it 
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passes from the die-head, through the water bath, and into the pelletizer. For all glass filled samples, 

a rotation rate of 55 rpm is suitable for the extrudate strand to remain in-tact. The increase in 

temperature from 165 °C in the heating portion of the barrel to the melt temperature thermocouple 

at the end of the barrel is due to viscous heating. 

 

Table 3.2. Processing parameters for blend extrusion. (gf) denotes blends with 40 wt% glass fiber. 

 

 

3.3.3 Injection Molding 

Pellets produced from the blending step were dried at 90 °C for at least 14 hours under 

vacuum (23 in. Hg) prior to injection molding. Sample bars for impact testing, DMTA, and tensile 

testing were injection molded using a Morgan-Press G-55T injection molding machine. Conditions 

for injection molding are summarized in Table B.1 of Appendix B. Samples bars for mechanical 

testing were aged in ambient laboratory conditions for at least five (5) days prior to testing to 

enable relaxation of free volume. 

Blend 
 

Melt Temp 
(°C) 

Die Pressure 
(psi) 

Torque 
(N∙m) 

Rotation Rate 
(rpm) 

Barrel Temp 
(°C) 

0 PLA 178 750 78 76 165 
25 PLA 181 375 59 71 165 
50 PLA 179 400 57 62 165 
75 PLA 185 250 74 66 165 
100 PLA 180 750 49 68 165 

0 PLA (gf) 176 900 88 55 165 
25 PLA (gf) 187 475 98 55 165 
50 PLA (gf) 187 150 78 55 165 
75 PLA (gf) 181 520 118 55 165 
100 PLA (gf) 175 430 98 55 165 
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3.3.4 Molecular Weight Characterization 

Molecular weight was determined with GPC using an Agilent PLgel 5 µm MIXED-D 

column with a DAWN DSP Laser Photometer and OPTILAB DSP Interferometric Refractometer 

(Wyatt Technology) with chloroform as the solvent. Samples containing glass fiber were dissolved 

in chloroform, decanted to remove glass fibers, dried, then re-dissolved in chloroform for the 

experiment. All samples were passed through a 0.45 µm poly(tetrafluoroethylene) filter at the 

injection port to the column. 

3.3.5 Thermal Characterization 

Thermal properties were evaluated using DSC with a TA Instruments DSC Q200 

instrument calibrated against an indium standard according to ASTM D3418.120 Specimens were 

dried for at least 12 hours in a vacuum oven (23 in. Hg) at 60 °C prior to testing and approximately 

10 mg of dried sample was loaded into sealable aluminum hermitic pans. All samples were subject 

to the following steps under a nitrogen purge flow: isothermal hold at 5 °C for 5 minutes, heat to 

200 °C at 10 °C min-1, isothermal hold at 200 °C for 3 minutes, cool at 5 °C min-1 to 5 °C, 

isothermal hold at 5 °C for 3 minutes, heat at 10 °C min-1 to 220 °C. Data from the second heating 

scan are reported unless otherwise noted. 

Thermal stability was evaluated using a TA Instruments TGA Q500 according to ASTM 

E1131.121 Specimens were dried for at least 12 hours in a vacuum oven (23 in. Hg) at 60 °C prior 

to testing and approximately 30 mg of sample was loaded onto a platinum pan. The specimens 

were heated from ambient temperature to 750 °C at a rate of 10 °C min-1 under nitrogen. Residual 

material was burned off under air for 10 minutes at 800 °C.  
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3.3.6 Mechanical Properties 

Viscoelastic moduli and heat distortion temperatures were determined by performing 

torsional DMTA using a Rheometrics ARES-LS rheometer for each sample according to ASTM 

D5279.122 Operating at a frequency of 1 Hz, the temperature was scanned upwards at 5 °C min-1 

starting at 30 °C and ending between 120 °C and 160 °C. Impact strength was evaluated using a 

Testing Machines Inc. 43-02 instrument according to ASTM D256.123 Rectangular specimens from 

injection molding were notched using a RJW RTD Charpy notch machine with a type H “V” 

broach. Specimens were mounted in the holder using a constant clamp force and impacted with a 

10 ft-lbf (13.6 N-m) swing arm. Tensile modulus, toughness, and stress at break were measured 

using a MTS Alliance 100 kN load frame according to ASTM D638 using type IV specimens.124 

At least five specimens were tested for each sample. Specimens were placed in uniaxial tension at 

a crosshead speed of 0.1 in min-1 (2.54 mm min-1). Extension was measured using a 1 inch (25.4 

mm) Shepic extensometer attached to the gauge section of the dog-bone shaped samples. 

3.3.7 Morphological Characterization 

X-ray computed tomography (CT) scanning was conducted with a MicroXCT-400 from 

XRadia. A 50 wt% PLA with glass fiber tensile dog-bone specimen was scanned at the gauge 

section. The specimen was not subject to tensile testing before scanning. 950 slices were scanned 

to a resolution of 5.4 µm to probe the orientation of the glass fibers. 

FE-SEM was performed using a JSM-7000F microscope on the fracture surface of tensile dog-

bone shaped specimens. Electron micrographs were produced with an accelerating voltage of 6 

kV. The specimen surfaces were gold coated to prevent charging effects using a Hummer VI 

Sputtering System. 
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3.4 Results and Discussion 

3.4.1 Molecular Weight Characterization 

Figure 3.1 shows traces of the 90° light scattering detector as a function of elution volume 

for the various samples. Data for the unprocessed homopolymers, denoted as vPLA and vPMMA 

(for virgin) are presented for comparison. For both of the homopolymers, a shift toward longer 

elution times is observed in the post-processed samples which suggests a lower average molecular 

weight. This is due to thermomechanical degradation which occurs under the present processing 

conditions. Table 3.3. Weight average molecular weights of homopolymers before and after 

processing. Statistical uncertainties due to detector fluctuation are given in parentheses. Table 3.3 

presents the molecular weight data for pre- and post-processed homopolymers. On average, PLA 

shows a 28 % lower weight averaged molecular weight after processing whereas PMMA shows 

an 8 % lower weight averaged molecular weight. Additionally, a weight average molecular weight 

of 109,000 g mol-1 is measured for the vPLA (NatureWorks PLA 2000D) which is in accordance 

Figure 3.1. GPC voltage traces from the 90° light scattering detector for the polymer blend (left) and 
the composite (right). (+ gf) denotes blends with 40 wt% glass fiber. Samples are listed in the legends 
in order of decreasing voltage peak. The unprocessed homopolymers (denoted vPLA and vPMMA) 
are included in both figures for comparison. 
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with the value (110,000 g mol-1) determined by Dorgan & Braun using dilute solution 

viscometry.125  

Table 3.3. Weight average molecular weights of homopolymers before and after processing. 
Statistical uncertainties due to detector fluctuation are given in parentheses.  

Polymer Molecular Weight 
(g/mol) 

Polydispersity 
(Mw/Mn) 

vPLA 109,000 (7%) 1.2 (9%) 
100PLA 78,000 (9%) 1.3 (12%) 
100PLA (gf) 79,000 (5%) 1.2 (8%) 
vPMMA 99,000 (3%) 1.2 (5%) 
0PLA 91,000 (4%) 1.7 (13%) 
0PLA (gf) 95,000 (3%) 1.3 (9%) 

 

3.4.2 Thermal Characterization 

Thermal stability of the blends was investigated by TGA. In addition to investigating the 

thermal degradation of the polymer, TGA determines the precise weight loading of glass fiber in 

the specimen by measuring the residual mass after the polymer has been fully decomposed into 

the gaseous state. Figure 3.2 provides the TGA heating scans for the polymer blends. The 

composite systems show a residual weight of 40 wt% (± 3 wt%). This represents the mass loading 

of glass in the composite. The residual weight percentage of glass is close to the initial blend 

composition which demonstrates good distribution of glass in the composite systems. Table 3.4 

lists the onset temperature (To), peak degradation rate temperature (Td), and final degradation 

temperature (Tf) of the blends calculated by the bitangent method. The parameters for the blends 

tend to transition linearly between the homopolymers with the notable exception of To which 

shows a negative deviation from a simple mixing rule for the blended systems. The To of the blends 

follows the same pattern in the glass and non-glass systems with a minimum value at 25 wt% PLA. 
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Table 3.4. Parameters determined from TGA. Onset temperature (To), peak degradation rate 
temperature (Td), and final degradation temperature (Tf). 

 

 

 

 

 

 

 

 

Figure 3.3 displays the second heating scans from DSC for the blend systems with and 

without glass fiber from the post-extrusion step. The Tg for each curve was determined by the half 

height of the step transition. The Tg of the blend increases with increasing PMMA content. The 

appearance of a single Tg is evidence for miscibility over the entire composition range. A broad 

range for the Tg is observed for blends with 25 wt% and 50 wt% PLA both with and without glass 

Blend 
(wt% PLA) 

To 
(°C) 

Td 
(°C) 

Tf 
(°C) 

0 347.2 (±0.8) 373.9 (±0.4) 394.0 (±0.1) 
25 320.7 (±2.0) 359.2 (±2.1) 391.2 (±0.7) 
50 327.5 (±2.4) 362.0 (±0.2) 384.4 (±6.5) 
75 340.2 (±6.2) 357.5 (±2.4) 370.9 (±0.9) 
100 335.6 (±3.5) 363.0 (±0.4) 374.3 (±1.1) 

0 (gf) 344.2 (±1.1) 374.2 (±1.1) 396.3 (±0.8) 
25 (gf) 309.2 (±3.3) 354.0 (±1.5) 404.8 (±2.3) 
50 (gf) 315.6 (±0.3) 350.9 (±0.2) 386.9 (±0.4) 
75 (gf) 323.3 (±6.5) 356.1 (±5.1) 373.4 (±4.6) 
100 (gf) 324.6 (±2.4) 354.6 (±0.8) 366.5 (±0.3) 

Figure 3.2. TGA scans of PLA/PMMA blends (left) and the composite system with 40 wt% glass 
fiber (right). 
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fiber which is consistent with the findings of previous investigations.109,110,117 Importantly, 

crystalline melting peaks are also observed for the 25 wt%, 75 wt%, and 100 wt% PLA systems 

without glass fiber and for the 75 wt% and 100 wt% PLA samples when fibers are present. 

Exothermic crystallization peaks characteristic of semi-crystalline polymers are observed for 100 

wt% PLA with and without glass fiber at about 100 °C. 

 

It is of interest to compare the experimental data with predictions from several models. The 

simple “law of mixtures” model accounts for a blending of properties according to the weight 

fractions of each of the components: 

𝑇𝑔,𝑏𝑙𝑒𝑛𝑑 =  𝜑1𝑇𝑔1 +  𝜑2𝑇𝑔2 (3.1) 

where 𝜑𝑛 is the weight fraction of each component. Also of interest is the Fox equation126: 1𝑇𝑔,𝑏𝑙𝑒𝑛𝑑 =  𝜑1𝑇𝑔1 +  𝜑2𝑇𝑔2 
(3.2) 

Figure 3.3. DSC scans (Endo Up) of PLA/PMMA blends (left) and composite system (right). (gf) 
denotes blends with 40 wt% glass fiber. 
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Lastly, a model which takes into account the differences in the polymers of the blend is the Gordon-

Taylor Equation127: 

𝑇𝑔,𝑏𝑙𝑒𝑛𝑑 =  𝜑1𝑇𝑔1 +  𝑘𝜑2𝑇𝑔2𝜑1 + 𝑘𝜑2  
(3.3) 

where k is an adjustable parameter that claims to account for the different properties of each 

polymer which contribute unequally to Tg. The k parameter was fitted using a least squares 

regression to the data and found to be 0.38 and 0.43 for the non-glass and glass filled systems, 

respectively. The three models are plotted in Figure 3.4 with the experimental data. The Gordon-

Taylor equation provides a good fit through the use of the adjustable parameter. However, the 

purely predictive Fox equation reasonably predicts the observed data within a few degrees of the 

observed values of the glass transition temperatures. 

Figure 3.4. Glass transition temperatures for polymer blends (left) and the composite system (right) 
as a function of weight fraction of PLA for the blends and composite systems. (gf) denotes systems 
with 40 wt% glass fiber. 
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3.4.3 Mechanical Characterization 

Figure 3.5 presents the shear storage moduli, G’, as a function of temperature from DMTA. 

The addition of glass fiber to the system increases the storage modulus at 30 °C by 100 % on 

average. The decrease in the modulus for PMMA is much slower with increasing temperature than 

for PLA due to the higher Tg of PMMA. This figure demonstrates the advantage of blending a 

more thermally stable polymer with PLA in order to shift the applicable range of use to higher 

temperatures. The Young’s modulus, E, is estimated from the storage and loss moduli, G’ and G’’ 

respectively, via Eq. (3.4). 

𝐸 = 2.66√𝐺′2 + 𝐺′′2  (3.4) 

In Eq. (3.4), the Poisson ratio, ν, is assumed to be 0.33, which is typical for glassy polymers 

such as PLA and PMMA. The temperature dependence of mechanical properties is of interest for 

composite parts to understand the range of their applicability. The heat distortion temperature 

(HDT) is estimated as the temperature at which the Young’s modulus equals 0.75 GPa.128 Figure 

3.6 shows the HDTs of the blends and composite systems. The composite system incorporating 

glass fibers shows a distinct advantage over the homopolymers and their blends by increasing the 

Figure 3.5. Shear storage moduli for PLA/PMMA blends (left) and the composite system (right) 
as a function of temperature. (gf) denotes blends with 40 wt% glass fiber. 
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useable temperature range for high PLA content samples (≥ 50 wt% PLA). It is hypothesized that 

this large effect is due to the combined effects of the mechanical reinforcement of the fillers and 

their ability to nucleate crystallization which is evident in the DSC results of Figure 3.3. The 

addition of glass fiber to pure PLA extends the usable temperature range by nearly 65 °C.  

 Figure 3.7 displays the impact strengths of the blend systems. For both non-glass filled 

and glass filled systems, the impact strength increases monotonically with increasing PLA content. 

On average, the addition of glass fiber to the system increases the impact strength of the blend by 

110 %. The strength increase is greater for blends with higher PLA concentration. For applications 

where optical clarity is not needed, the composite system can drastically increase the impact 

strength from that of pure PMMA.  

 

Figure 3.6. Heat distortion temperature for polymer blends and the composite system as a 
function of PLA content. (gf) denotes systems with 40 wt% glass fiber. 
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Figures 3.8 through 3.11 display the results for tensile testing of the blend samples. Figure 

3.8 shows the modulus from the tensile test. The Young’s moduli can be calculated from the shear 

moduli from the DMTA experiment via Eq. (3.4). These values agree well with those from the 

tensile test for the polymer blends. However, the composite system’s modulus is not well-predicted 

by Eq. (3.4) and yields Poisson Ratios that are non-physical. The tensile test shows the modulus 

increases on average by 210 % with the addition of glass fiber. 

Figure 3.9 shows the % strain at break for the polymer blends and composites as a function 

of PLA composition. The systems with glass fiber are more brittle and break at a 31% lower strain 

on average. The 50 wt% PLA polymer blend shows a significant deviation from the general trend 

having a low strain a break value relative to the 25 wt% and 75 wt% PLA systems. This 

discrepancy is evaluated in more detail at the end of this section. Figure 3.10 shows the toughness 

of these systems as a function of PLA content. The toughness of the samples is evaluated by 

Figure 3.7. Impact strength for PLA/PMMA blends. (gf) denotes blends with 40 wt% glass 
fiber. 
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numerically integrating the area under the stress-strain curve for each specimen. On average, the 

toughness is increased 60 % with the addition of glass fiber. The toughness of these systems is 

limited by their brittle nature and low strain at break. Figure 3.11 displays the stress at break which 

increases by an average of 130 % with the addition of glass fiber. In general, the low deformation 

property of the modulus is markedly increased by the addition of glass to the system while the 

other properties increase less.  

 

 

 Of note is the apparent inconsistency of the elongation, toughness, and stress at 

break values for the 50 wt% PLA system. Additional tensile tests were conducted on this system 

so that in total 15 bars were pulled with no change in the result. To investigate whether increased 

crystallinity in the 50% PLA specimen caused more brittleness, DSC specimens were made from 

 

 

Figure 3.8. Tensile modulus of PLA/ PMMA blends and composites as a function of PLA content 
from tensile tests. (gf) denotes blends containing 40 wt% glass fiber. 
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Figure 3.10. Toughness of polymer blends and the composite systems as a function of PLA content. 
(gf) denotes systems with 40 wt% glass fiber. 
 

Figure 3.9. % Strain at break for polymer blends and the composite system as a function of PLA 
content. (gf) denotes systems with 40 wt% glass fiber. 
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the fracture surface of the tensile bars for 25 wt%, 50 wt%, and 75 wt% PLA blends and analyzed 

using the same procedure as described in the DSC section. Figure 3.12 shows the first heating 

scans of the samples which reveal a crystalline peak in the 50 wt% and 75 wt% PLA blends with 

no peak in the 25 wt% PLA blend. The crystalline fraction was estimated as 

𝑋𝑐 =  ∆𝐻𝑚 − ∆𝐻𝑐𝑥𝑃𝐿𝐴 ∙  ∆𝐻𝑓  
(3.5) 

where ΔHf is the theoretical heat of fusion for 100% crystalline PLA with a value of 93 J/g and 

xPLA is the weight fraction of PLA in the blend.129 The difference between the melting enthalpy 

and the cold crystallization enthalpy may be determined by integration starting at the cold 

crystallization onset.130 The difference in enthalpies are determined to be 1.69 J/g and 3.41 J/g for 

the 50 wt% and 75 wt% PLA systems, respectively. Therefore, the crystalline fractions, Xc, are 

0.036 and 0.049 for the for the 50 wt% and 75 wt% PLA systems, respectively. On a basis of the 

Figure 3.11. Stress at break of PLA/ PMMA blends as a function of PLA content. (gf) denotes 
blends containing 40 wt% glass fiber. 
 



63 

 

entire sample which includes the mass of the PMMA, the crystalline fractions are 0.018 and 0.037 

for 50 wt% and 75 wt% PLA systems, respectively. The low crystalline fraction does not account 

for the increased brittleness observed in the 50 wt% PLA system. Addition of glass fiber to the 50 

wt% PLA system seems to eliminate the anomalous brittle behavior of the polymer blend system. 

It is of interest to compare the mechanical properties of the present system with similar 

thermoplastic material systems from previous investigators. Table 3.5 compares mechanical 

properties of the glass filled PLA and 50 wt% PLA systems from this study with various 

thermoplastic/ short glass fiber composites. Property values are normalized by volume fraction of 

the glass fiber in the composite part. The 50 wt% PLA composite system from the present study 

has the highest modulus value of the materials compared.  

The ternary PLA/ PMMA/ glass fiber system of the present study shows a very high 

modulus value which makes it a good candidate for applications where the glass fibers can be 

Figure 3.12. DSC first heating scans (Endo Up) of tensile specimens. Samples taken from the 
fracture surface. 
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oriented in the tensile load direction. This particular composite system is unique in that the 

properties of each polymer compensate for the weaknesses of each other. The PLA contributes to 

the impact strength and modulus while the PMMA has better thermal stability and toughness.  

 

Table 3.5. Mechanical property comparison of short glass fiber reinforced thermoplastics. Values 
are normalized by the volume fraction of glass fiber in the composite part. 

Polymer Matrix 
Composition 

Reference 
Tensile 

Modulus 
(GPa) 

Tensile 
Toughness 

(MPa) 

Impact 
Strength 
(kJ/m^2) 

Stress at 
Break 
(MPa) 

PLA Present Work 9.84 85.7 4.73 85.2 

PLA Huda et. al.80 9.53 114 14.2 118 

50/50 PLA/PMMA Present Work 10.8 83.1 4.01 90.8 

PMMA Present Work 10.7 65.4 2.62 89.5 

Poly(propylene) Fu et. al.131 10.4 - - 60.6 

Nylon 6,6 Tjong et. al.132 5.32 - - 86.3 

Nylon 6,6 Mouhmid et. al.133 4.97 170 - 166 

Nylon 6 Bernasconi et. al.134 6.02 - - 112 

ABS Ozkoc et. al.135 10.1 122 4.68 - 

 

 

3.4.4 X-ray CT Scanning 

X-ray CT scanning is a valuable tool which can provide insight into the structure-property 

relationship for composite parts. A scan was performed on a glass filled 50 wt% PLA blend pre-

test tensile specimen. Scans were performed on a portion of the gauge section of the dog-bone 

tensile bar. Figure 3.13 shows the 3D reconstruction of the scanned images. The front surface is 

“cut away” in the image processing software to show the interior of the tensile specimen. The 

primary direction of fiber orientation is in the vertical direction which corresponds to the direction 

of flow during injection molding and of tensile extension during mechanical testing. The 210% 
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increase in the tensile modulus with the addition of glass fiber to the system is attributable to the 

fact that the fibers orient in the direction of tensile loading. The tensile modulus of the glass fiber 

used in this study is 9.45 GPa and the full effect of this high modulus can only be captured by 

orienting the fibers in the tensile direction. Therefore, the present material system is a good 

candidate for injection moldable parts that must withstand high tensile loads. 

 

3.4.5 Electron Microscopy 

Figure 3.14 shows electron micrographs of the 25 wt%, 50 wt%, and 75 wt% PLA blend 

systems without glass fiber and of the 50 wt% PLA system with glass fiber. All images are from 

the fracture surface of the tensile specimens. The 50 wt% PLA system does not exhibit 

characteristics that differ significantly from the 25 wt% or 75 wt% PLA. Images (a)-(c) show a 

homogeneous system with the rough topology due to fracture. This homogeneity is an indication 

of the blend miscibility. The surfaces depicted in these micrographs have morphology similar to  

Figure 3.13. X-Ray CT scan of 50 wt% PLA with glass fiber tensile specimen in the gauge region 
of the dog-bone bar. Fibers are generally oriented in the direction of injection molding and tensile 
loading. 

4.5 mm 
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those observed by Imre et. al. and Anakabe et. al. except that these are missing the small droplets 

observed by those authors. This observation provides additional evidence of a previous 

misidentification of the impact modifier as a dispersed phase. 

Additionally, image (d) shows that the majority of the fibers in the composite system are 

oriented parallel to the direction of injection molding and tensile load in accordance with the CT 

scan shown in Figure 3.13. Image (d) shows that two mechanisms of failure exist for the glass 

filled system. The first is fiber fracture. Fractured fibers that are flush with the polymer matrix 

imply good adhesion between the polymer matrix and the fiber; the force required to break the 

Figure 3.14. SEM images of (a) 25 wt% PLA, (b) 50 wt% PLA, (c) 75 wt% PLA, and (d) 50 
wt% PLA with glass fiber. 

(a) (b) 

(c (d) 
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fiber is less than to shear the interface between the fiber and polymer matrix. The second 

mechanism is fiber pullout. This is implied by observation of fibers extending out of the fracture 

surface and cylindrical holes in the polymer matrix.  

3.5 Conclusions 

The PLA/PMMA blend is a promising candidate for composite materials. Down-cycling 

of high property materials to injection molded parts can be enabled by the use of thermoplastic 

materials and reduces the embedded energy of composite parts. Composites made from re-grind 

material can be used by large manufacturers such as automotive OEMs as well as hobbyists for 

applications such as 3D printing. Chopped fiber and nanoparticle filled PLA is the one of the most 

commonly used composite systems for additive manufacturing.136,137 The present work should 

prove valuable as a reference for mechanical properties of biobased polymer/ short glass fiber 

composites. From a technical perspective, the present work shows the utility of x-ray CT scanning 

and SEM as valuable tools for investigating structure-property relationships in composite materials. 

PLA/PMMA blend systems prepared by melt-compounding are shown to be miscible 

across the entire composition range due to the presence of a single Tg and homogeneous 

morphology observed in SEM micrographs. Addition of glass fiber to the polymer blends has been 

shown to increase the material properties. The impact strength increases by 110 %, the tensile 

modulus increases on average by 210 %, the stress at break increases by 82 %, and the toughness 

increases by 63 % with the addition of glass fiber to the blend system. The modulus, impact 

strength, and stress at break of the composite systems display a positive deviation from a simple 

mixing law suggesting a synergistic effect of the polymer blend. Furthermore, the addition of glass 

fiber increases the heat distortion temperature of the 75 wt% PLA system by 44 °C. The PLA/ 

PMMA/ glass fiber system is an excellent candidate for applications where moderate temperatures 
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may be encountered. The polymer blend compensates for the weaknesses of each homopolymer 

with the PLA adding higher impact strength and tensile modulus and the PMMA contributing 

better thermal stability and toughness. 

Future work is needed to create a better interface between the glass fibers and the polymer 

matrix to eliminate the fiber pull-out failure mechanism altogether. If the adhesion between the 

fiber and the matrix is strong enough, the full tensile strength of the glass fiber could be utilized 

and the tensile properties of these materials could be further increased. Additionally, fatigue 

properties are of prime interest for materials in the automotive and aerospace sectors so future 

studies are needed to analyze the fatigue properties of these systems.  
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 CHAPTER 4: THERMOPLASTIC COMPOSITES USING VACUUM-ASSISTED RESIN 

TRANSFER MOLDING WITH A STYRENE FREE BIOBASED SYSTEM. I. 

RHEOLOGICAL PROPERTIES AND PRELIMINARY PANEL FABRICATION. 

 

A paper under review by ACS Sustainable Chemistry and Engineering 

Dylan S. Cousins1,2, Bin Tan3, Jackson Howell2, Yasuhito Suzuki2, Joseph R. 
Samaniuk2, Daniel M. Knauss4, and John R. Dorgan3 

 

4.1 Abstract 

Improved environmental, health, and safety can be achieved using recyclable thermoplastic 

composites incorporating biobased resins. For the first time ever, a styrene-free, biobased 

formulation suitable for infusion processing of thermoplastic composites is reported. Biobased 

poly(lactide) (PLA) is soluble in methyl methacrylate (MMA) and this new styrene free system is 

suitable for fabricating composite parts. Rheology is critically important in transfer molding; 

therefore, single chain properties are related to concentrated solutions of PLA in MMA. Multiple 

angle laser light scattering (MALLS) provides molecular weights, radii of gyration, and second 

virial coefficients for PLAs of varying molecular dissolved in MMA. The Flory interaction 

parameter is described by χ = 0.40 ± 0.04. Dilute solution viscometry (DSV) gives the Mark-

Houwink relationship at 30°C as [η] = 0.017Mη
0.73. The expansion factors calculated from DSV 

and MALLS agree reasonably well (α = 1.45 ± 0.25). The values of a, χ, and α indicate that MMA 

is a good solvent for PLA. The Carreau-Yasuda viscosity and Andrade-Eyring temperature models 

enable a quantitative description of the specific viscosity, ηsp, as a function of the intrinsic viscosity 
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normalized concentration, c[η]. Using the insight provided by this description, this new 

environmentally superior resin system is used to fabricate a composite panel using vacuum-

assisted resin transfer molding (VARTM). 

4.2 Introduction 

Composites based on thermoplastic matrices offer potential performance, economic, and 

environmental advantages over those made with thermosetting matrices. These advantages include 

possible reductions in weight and costs, faster cure times, various joining options, and inherent 

recyclability.22,138,139 Thermoplastics enable joining in a superior manner than is typically required 

for thermosets; they can be joined through ultrasonic or thermal resistance welding.140-143 In 

plastics welding, the thermoplastic is melted at the point of application allowing two surfaces to 

be pressed together to form a welded joint. When done correctly, the joint has mechanical 

properties equivalent to the rest of the composite.144 Thermoplastics enable recycling into the form 

of industry standard glass-filled plastic pellets.145 Such pellets can be converted by standard 

polymer processing operations including injection molding, sheet extrusion, and 

thermoforming.146,147 Alternatively, some thermoplastics can be chemically recycled, that is, 

broken back down into their monomeric forms allowing production of essentially virgin materials 

thus advancing the concepts of the circular economy. For example, poly(ethylene terephthalate) 

(PET) is chemically recycled using glycolysis or methanolysis processes.148,149 Both physical and 

chemical approaches to recycling are well known and widely practiced; markets are well 

developed for both post-consumer and post-industrial “regrind” resins, including glass-filled 

materials. 

Similarly, important sustainability metrics may be improved by using biobased polymers 

to replace those derived from fossil resources. Biobased materials can lower the embedded energy 
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and even sequester carbon.108,109,119 The commercially produced bioplastic poly(lactide) (PLA) 

possesses a unique combination of economic, energy, and environmental benefits. Life Cycle 

Inventory (LCI) analyses comparing PLA to petrochemical-based thermoplastics have 

appeared.24,150,151 Notable benefits of PLA are reductions in both global warming potential and 

fossil fuel use. Compared to PET and Nylon, PLA uses 30-50% less fossil resources resulting in 

50-70% less CO2 emissions. PLA has physical properties closely resembling polystyrene, is cost 

effective, and is less energy intensive to produce than other plastics.23,152 

The use of styrene in unsaturated polyester resins and vinyl resin systems has come under 

scrutiny for potential adverse effects on worker safety and health leading to the exploration of 

alternatives.153,154 Methyl methacrylate (MMA), a ubiquitous monomer of commercial 

significance, is under investigation as a potential styrene substitute.155 Importantly, recent work 

has led to pathways by which MMA may also be sourced from bioethanol, biomass-derived syngas, 

or methanol.156 If MMA becomes available from biomass, the present system could be 100% 

biobased; a resin system utilizing PLA and biobased MMA would yield excellent sustainability 

attributes. 

Here, we report that amorphous PLA is soluble in methyl methacrylate (MMA) and that 

this combination can be used to form a reactive resin that is suitable for composite fabrication. 

Compatibility (phase miscibility) is known for PLA and PMMA blends108,109,157 and their short 

fiber composites.157 The present study builds on other research investigating methacrylate based 

resin systems for composite fabrication.22,157 

Given the enormous volume of materials used, wind turbine blades are of particular interest. 

The power generated from wind turbines scales with the square of the blade length and it is 
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therefore of great interest to make these turbines as large as possible. For such massive structures, 

which undergo up to 109 lifetime loading cycles, polymer composites are the most cost-effective 

option. Such large composite parts are usually fabricated by vacuum-assisted resin transfer 

molding (VARTM). In this process, fibers are laid into a one-sided mold and are covered with a 

flexible bag with both vacuum and resin inlet ports. Vacuum is applied to draw the reactive resin 

into the mold and through the fibers. After the resin polymerizes, the part can be removed from 

the mold for finishing operations.158 

Resin viscosity is critically important for achieving complete filling of the mold and 

wetting of the reinforcing fibers during VARTM. The maximum pressure drop available in 

VARTM is only one atmosphere and often not even all of that is utilized. If the resin is too viscous, 

the part may not completely fill due to high resistance to flow. Alternatively, when resins are too 

inviscid, channeling may occur; the part may contain voids or wet-out may be incomplete leading 

to poor properties. Typically, monomers used for free-radical polymerizations have very low 

viscosities so preformed polymer must be dissolved in the monomer to create a so-called “syrup” 

that has the proper viscosity for infusion. Unsaturated polyester and vinyl ester systems are the 

best-known examples of such resins. Typically, vinylic monomers like styrene and its derivatives 

are used as monomers with various dissolved polymer structures.159-162 The target viscosity is 

generally on the order of 0.1 to 1 Pa∙s (100 to 1000 cP) for VARTM. 

The primary objective of this work is to characterize the fundamental solution properties 

of PLA in MMA and relate these properties to the rheology of their mixtures as a function of 

average molecular weight, concentration, and temperature. Solution properties are determined by 

dilute solution viscometry (DSV) and multi-angle laser light scattering (MALLS). Rheological 

properties are measured using steady-state shearing. The solution properties are used to create a 
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master curve describing the relationship between the specific viscosity and reduced concentration. 

Finally, it is demonstrated that this new, sustainable, styrene-free and cost-effective system is 

capable of being used to fabricate a prototypical composite part in the form of a test panel.  

4.3 Experimental 

4.3.1 Materials 

MMA obtained from Sigma Aldrich was used as-received and stored at 4 °C when not in use. 

Commercial PLAs (Ingeo grades 4060D, 4042D, and 2000D) were purchased from NatureWorks 

(Minnetonka, MN). The PLA samples used for DSV were the same as those used by Dorgan et al. 

and are summarized in Table 4.1.76 All PLAs used for DSV were amorphous with ratios of 50/50 

or 80/20 L/D enantiomeric content. Low molecular weight PLA was obtained through hydrolysis 

of Ingeo 4060D via a technique outlined by Ro et al.151 N,N-dimethyl-p-toluidine (DMT) and 

benzoyl peroxide (Luperox® AFR40) were obtained from Sigma-Aldrich and used as-received. 

Fiberglass used for panel fabrication was StarRov 076 provided by Johns Manville. 

 

4.3.2 Solubility Testing 

Various PLA grades (Ingeo 4060D, 4042D, and 2000D) in pellet form were dried under 

vacuum for at least 14 h at 60 °C. The dried pellets were added at 10 wt% to MMA in scintillation 

vials. The vials were wrapped in aluminum foil and stirred using a magnetic stir bar at room 

temperature for 48 h. The vials were then placed in an oil bath at 50 °C and subsequently 70 °C 

and stirred for an additional 48 h at each of these elevated temperatures. Therefore, the total time 

allowed for dissolution of the 10 wt% solutions was 144 h. After 48 h, the amorphous grade 

(4060D) had completely dissolved; in contrast, pellets of the semi-crystalline grades (4042D and 

2000D) had swollen but not dissolved. At the elevated temperatures of 50°C and even 70°C (which 
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Table 4.1. Amorphous PLA samples used for DSV measurements (SH-PLA-xx) and panel 
fabrication (PLA 4060D). 

PLA Name %L/%D 
Mn 

(g/mol) 
Mw 

(g/mol) 
SH-PLA-30 80/20 3,900 4,560 
SH-PLA-14 80/20 70,400 103,000 
SH-PLA-19 80/20 92,500 142,000 
SH-PLA-44 50/50 127,000 245,000 
SH-PLA-2 80/20 137,000 213,200 
SH-PLA-9 80/20 255,000 433,300 

SH-PLA-18 50/50 288,800 459,000 
SH-PLA-31 80/20 351,800 570,000 
SH-PLA-13 80/20 449,800 692,700 
PLA 4060D 88/12 65,000 83,000 

Hydrolyzed PLA 4060D 88/12 13,000 19,000 
 

is above the glass transition temperature of PLA), the pellets of the semi-crystalline grades 

remained swollen and still did not dissolve. Therefore, only amorphous PLAs were utilized in the 

experiments. It is worth noting that for PLA to be amorphous, the polymer must contain at least 

10% of the non-major optical isomer of lactic acid (typically the D-enantiomer).163 

4.3.3 Dilute Solution Viscometry 

Dilute solutions were prepared via successive dilutions of an initial mother liquid; the 

mother liquid being formed in 20 mL scintillation vials by mixing PLA and MMA and stirring 

overnight at least 10 hours. The scintillation vials were kept wrapped in aluminum foil to shield 

the MMA from UV light. When not in use the samples were stored at 4 °C. All dilutions were 

tested within 48 hours of mixing. Dilute solutions were transferred to a Cannon Ubbelohde 

viscometer (size 0, model 707) through a 0.2 μm syringe filter. The apparatus was placed in a water 

bath at a temperature of 30°C and allowed to equilibrate for at least 10 min prior to conducting 

any measurement. Per the test method outlined in ASTM D445, two flow times were measured for 

each concentration. When changing concentrations, the viscometer was rinsed thoroughly with 
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acetone and then chloroform and subsequently dried under vacuum for at least 5 min. Additional 

details are presented in 1.1.1Appendix C. 

4.3.4 Solution Rheology 

Solutions of amorphous commercial grade PLA (NatureWorks 4060D) were dissolved in 

MMA and measured as a function of concentration, temperature, and shear rate. For temperature 

sweep measurements, solutions of 2, 3, 4, 6, 8, 12, 16, and 20 wt% PLA in MMA were used. Shear 

rate sweeps were performed at 30°C for solutions of 5, 10, 15, 20, and 25 wt% PLA in MMA. 

These measurements were conducted with a 40 mm, 2° cone and plate geometry in a TA 

Instruments G2 rheometer. Temperature sweeps were conducted at a shear rate in the zero-shear 

viscosity region determined for each solution at the lowest temperature of 0°C. Because the 

solution relaxation time decreases with increasing temperature, the shear rate for the onset of shear 

thinning increases with temperature; accordingly, measurements for every temperature were in the 

zero-shear viscosity region of shear rate. The results of the shear rate and temperature sweeps were 

fit to the Carreau-Yasuda and Andrade-Eyring equations, respectively, using the GRG non-linear 

solver in Microsoft Excel.53,54 

4.3.5 Multi-Angle Laser Light Scattering  

The root-mean-square (RMS) radii of gyrations (〈𝑠2〉1/2) and the second virial coefficients 

(A2) of PLA in MMA were measured by multiple angle laser light scattering (MALLS) 

experiments. Data were collected for varying dilute concentrations at 30°C using a Wyatt 

instruments DAWN® apparatus operating at a wavelength of 633 nm in batch mode; scattering 

data from 18 distinct scattering angles were collected. Multi-angle and multi-concentration data 

were collected and analyzed with the instrument software which enables the creation of Zimm, 

Berry, and Debye plots and statistical analysis of the error.164 For each MALLS sample, at least 
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four different dilute solutions (below the overlap concentration for the corresponding MW) were 

prepared in 20 mL scintillation vials and filtered using 0.2 µm PTFE syringe filters to remove dust. 

The final concentrations of solution after filtration were determined by measuring the mass loss of 

the volatile MMA. During the MALLS experiments, twenty scans were conducted by rotating the 

scintillation vial, which resulted in a total of 2000 data points collected and averaged for each 

specimen. Additional details are available in 1.1.1Appendix C. 

4.3.6 Fabrication of Prototypical Test Panel 

Two prototypical test panels were fabricated using a flat panel mold from Composites 

Integration Ltd. The resin formulation for the first panel was 20 wt% PLA 4060D, 79.6 wt% MMA, 

and 0.4 wt% N,N-dimethyl-p-toluidine. The second resin formulation consisted of a blend of 

hydrolyzed PLA 4060D mixed with PLA 4060D; the composition of this resin was 9.1 wt% PLA 

4060D, 12.8 wt% hydrolyzed PLA 4060D, 77.7 wt% MMA, and 0.4 wt% N,N-dimethyl-p-

toluidine. While both formulations contained about 20 wt% preformed polymer, the solution 

viscosities at 30°C were significantly different; the sample containing only PLA 4060D had a 

viscosity of 6.7 Pa∙s (6700 cP) whereas the lower molecular weight mixture of both virgin and 

hydrolyzed PLA 4060D had a viscosity of 1.1 Pa∙s (1100 cP). The resin and benzoyl peroxide 

initiator were mixed for 5 minutes by hand and then placed in a vacuum pot where the pressure 

was decreased from atmospheric (30 in-Hg in Golden, CO) to 15 in-Hg for 2 minutes to remove 

dissolved gasses. The resin was then pulled into the mold cavity by reducing pressure on the exit 

of the mold to 15 in-Hg. The temperature of the mold was monitored by an external thermocouple 

and was approximately 23°C during the infusion and curing. The first resin was hand mixed with 

2 parts per hundred resin (PPHR) of Luperox AFR 40 and the second was mixed with 3 PPHR to 

enable room temperature initiation of the polymerization. 
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4.4 Results and Discussion 

4.4.1 Dilute Solution Viscometry 

Dilute solution viscometry (DSV) is a powerful experimental technique which, when 

coupled to a sound theoretical understanding, enables the prediction of viscosity as a function of 

concentration. The Mark Houwink equation relates the so-called intrinsic viscosity to the viscosity-

averaged molecular weight, M .165 Extrapolation to zero concentration is used to obtain the 

intrinsic viscosity [𝜂]; physically, the limit of zero concentration represents an isolated chain in 

solution. As described in 1.1.1Appendix C, such an extrapolation can be done using either the 

Huggins or Kraemer relationships. Examples of these two extrapolations for a narrow molecular 

weight distribution sample of PLA (sample SH-PLA-19 from Table 4.1) are shown in Figure 4.1. 

The two intrinsic viscosity values obtained are very close and are averaged to determine [𝜂]. This 

Figure 4.1. Huggins (left axis) and Kramer (right axis) extrapolations for SH-PLA-19 dissolved in 
MMA. 
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procedure is conducted for eight different samples of Table 4.1 (sample SH-PLA-9 was excluded 

because of its similarity to SH-PLA-18) to determine [𝜂] for each average molecular weight.  

The Mark-Houwink (MH) equation relates the viscosity-averaged molecular weight, 𝑀𝜂, 

to intrinsic viscosity via a simple power law as shown in Eq. (4.1). 

The viscosity-averaged molecular weight of the polymer samples can be calculated from the 

measured weight-averaged molecular weight, 𝑀𝑤, assuming that the molecular weight distribution 

is lognormal,26 

𝑀𝜂 = 𝑀𝑤(1 + 𝑈)(1−𝑎)/2 (4.2) 

where 𝑎 is the Mark-Houwink exponent, and 𝑈 is the non-uniformity defined as, 

𝑈 = 𝑀𝑤𝑀𝑛 − 1 (4.3) 

where 𝑀𝑛  is the number-averaged molecular weight. Since the weight-averaged and number-

averaged molecular weights are known (see Table 4.1), the non-uniformity for each polymer 

sample is easily calculated. To obtain 𝑀𝜂 from Eq. (4.2), a first guess must be made for a. The [η] 

vs. 𝑀𝜂 data are then fit to the MH relationship using a least squares regression to get a revised a 

value from which a new value for 𝑀𝜂 is calculated. Convergence is obtained in a few iterations. 

Figure 4.2 shows the data with the converged least squares regression fit to the MH equation.  

[𝜂] = 𝐾𝑀𝜂𝑎 (4.1) 
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The MH exponent, a, ranges from 0.50 in a theta solvent to 0.76 in a good solvent.166 The 

exponent of 0.73 suggests that MMA is a good solvent for PLA. For comparison, acetone is 

considered a good solvent for poly(methyl methacrylate) (PMMA) but the reported a value is 

lower (a = 0.70).167 From an industrial perspective, a reactive monomer that is a good solvent is 

advantageous because the polymer dissolves quickly. Additionally, the resulting solution is 

thermodynamically stable over a range of temperatures which accommodates a variety of 

transportation and storage conditions. 

The low intrinsic viscosity observed for the sample with 𝑀𝜂 = 222,000 g/mol is anomalous. 

This sample has the broadest molecular weight distribution with a polydispersity index (PDI = 𝑀𝑤/𝑀𝑛= 1.93). When the viscosity-averaged molecular weight is normalized by the PDI, the most 

outlying data points better collapse onto a single curve (R2 value of 0.99 versus 0.98); this result 

is shown in Figure 4.3. This representation partially includes the effect of the breadth of the 

Figure 4.2. Intrinsic viscosity as a function of viscosity-averaged molecular weight. Error bars on 
the intrinsic viscosity values are smaller than the plotting symbol and therefore indiscernible. 
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molecular weight distribution and can provide a more robust and applicable equation for property 

prediction. Since this equation uses a normalized molecular weight, the exponent may exceed the 

theoretical maximum of 0.76 stipulated by the Mark-Houwink equation. This relation is a useful 

empiricism rather than a fundamental theoretical relation from which conclusions may be drawn 

about the polymer-solvent interaction.  

The present DSV data can be compared with prior studies of PLA. Specifically, it is of 

interest to determine the front-factor, 𝐾𝜃 , in the Mark-Houwink equation for theta conditions. 

Under theta conditions, the interplay of the competing effects of solvent quality and excluded 

volume cause the polymer to scale in size like a random walk; both the size and the intrinsic 

viscosity scale with the molecular weight to the one-half power. 

Figure 4.3. Intrinsic viscosity plotted as a function of the viscosity-averaged molecular weight 
normalized by the polydispersity index (PDI) of the sample. 
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[𝜂]𝜃 = 𝐾𝜃𝑀𝜂1/2 (4.4) 

Determination of 𝐾𝜃  can be achieved using the Stockmayer-Fixman analysis in which 𝐾𝜃  is 

identified as the intercept in a plot of [𝜂]/𝑀𝜂1/2 versus 𝑀𝜂1/2.168 Figure 4.4 shows a Stockmayer-

Fixman plot for these data; when all of the data are included, the intercept gives a value of 𝐾𝜃 = 

0.092 ± 0.037 (mL/g)(mol/g)1/2. This finding is consistent with, but slightly lower than, the average 

value of 0.103 ± 0.007 (mL/g)(mol/g)1/2 reported by Dorgan et al.76 However, if the spurious data 

point indicated by the red arrow in Figure 4 is omitted (it corresponds to the sample with the 

broadest molecular weight distribution), then the value for 𝐾𝜃  increases to 0.104 ± 0.028 

(mL/g)(mol/g)1/2 in excellent agreement with the previous report. Because of its universal nature, 

the value of 𝐾𝜃 is not strictly important for understanding the interaction between PLA and MMA. 

However, this fundamental quantity is important for determination of the unperturbed size of a 

Figure 4.4. Stockmayer-Fixman plot of amorphous PLA dissolved in MMA. The red arrow 
indicates the anomalous data point as described in the text. 
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PLA chain under theta conditions. The present data provide additional evidence for adopting the 𝐾𝜃 value reported in an earlier study.76  

The characteristic ratio, C∞, is a fundamental dimensionless property of any linear polymer 

molecular structure; it is defined as the ratio of the mean-squared end-to-end distance of the 

polymer in the theta state, ⟨𝑟2⟩0, to the number of rigid segments, N, times the average segment 

length squared, 𝐿2̅ . The characteristic ratio can be calculated from 𝐾𝜃 according to Eq. (4.5). 

𝐶∞ = 〈𝑟2〉0𝑁 𝐿2̅ = (𝐾𝜃𝛷 )23  𝑀1𝐿2̅   (4.5) 

In Eq. (4.5), 𝛷 is the Flory constant and is taken to be 2.55 × 1023 (mol-1) under theta conditions,  𝑀1 is the relative molecular mass per backbone bond taken to be 24.02 g/mol, and 𝐿2̅ is the mean-

square segment length taken to be 2.05 Å2 (2.05 x 10-16 cm2).76 C∞ is found to equal 6.44 ± 1.14 

when the point indicated by the red arrow in Figure 4 is omitted. This value corresponds with the 

previous report of Dorgan et al., determined from measurements in three different solvents, which 

gives an average value of 6.37 ± 0.28.76 

4.4.2 Multi-Angle Laser Light Scattering (MALLS) 

MALLS is a powerful analytical method for characterizing polymers in solution. This 

technique enables the measurement of the weight-averaged molecular weight, the root-mean-

square radius of gyration, 〈𝑠2〉1/2, and the second virial coefficient (A2). Analysis of MALLS data 

requires that the specific refractive index increment (𝑑𝑛/𝑑𝑐) for the polymer-solvent combination 

is known. As described in 1.1.1Appendix C, this increment for PLA in MMA is 0.041 ±  0.002 

mL/g. Properties are derived from MALLS data using the Berry analysis; an example Berry plot 

is shown in Figure 4.5. Results for all samples are summarized in Table 4.2. 
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Table 4.2. Weight-averaged molecular weights, root-mean-square radii of gyration (〈s2〉1/2), and 
second virial coefficients (A2) for PLA in MMA determined by MALLS. 

Sample 
Mw  

(105 g/mol) 
Radius of gyration  

(〈𝒔𝟐〉𝟏/𝟐, nm) 

A2  
(10-4 mol∙mL/g2) 

SH-PLA-14 1.03 ± 0.02 18.3 ± 5.7 6.1± 0.5 
SH-PLA-19 1.42 ± 0.05 21.6 ± 7.7 9.1 ± 0.8 
SH-PLA-44 2.45 ± 0.07 28.0 ± 3.5 8.7 ± 0.7 
SH-PLA-2 2.13 ± 0.08 28.1 ± 4.1 6.1 ± 0.5 

SH-PLA-18 4.59 ± 0.10 33.7 ± 3.8 6.7 ± 0.4 
SH-PLA-9 4.33 ± 0.10 35.6 ± 3.1 4.2 ± 0.4 

SH-PLA-31 5.70 ± 0.10 40.5 ± 3.1 3.9 ± 0.3 
SH-PLA-13 6.93 ± 0.20 46.0 ± 2.6 4.0 ± 0.3 

 

4.4.3 Determination of the Flory-Huggins Interaction Parameter from MALLS 

In its original interpretation, the Flory-Huggins interaction parameter, 𝜒, is a measure of 

the enthalpy of mixing of a polymer and solvent. If the enthalpy of mixing is exothermic, 𝜒 is 

negative; this is observed when specific interactions, such as hydrogen bonding or dipole coupling, 

are present. In an “athermal” solvent 𝜒 = 0  and the enthalpy of mixing is zero. Under theta 

conditions, 𝜒 = ½. However, it has long been recognized that the interaction parameter consists of 

both enthalpic (𝜒𝐻)  and entropic (𝜒𝑆) contributions; 𝜒 =  𝜒𝐻 + 𝜒𝑆 .169 For cases in which the 

polymer is soluble in what are commonly considered “good” solvents, 𝜒 is typically in the range 

of 0.30 to 0.45.170 In dilute polymer solutions, 𝜒 can be related to the second virial coefficient, A2, 

by Eq. (4.6).171  

𝜒 =   12 − 𝐴2𝜌22𝑉1̅ (4.6) 

Here, 𝜌2 is the density of polymer (1.254 g/mL for PLA at 30 °C) and 𝑉1̅ is the molar volume of 

solvent (107.1 mL/mol for MMA). Using the second virial coefficients from the MALLS 

experiments, 𝜒 at 30°C is obtained and the results are presented in Table 4.3. Error analysis is 

conducted using the differential approach according to Eq. (4.7). 
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𝛿𝜒 = | 𝜕𝜒𝜕𝐴2 𝛿𝐴2| + | 𝜕𝜒𝜕𝜌2 𝛿𝜌2| +  | 𝜕𝜒𝜕𝑉1̅ 𝛿𝑉1̅| (4.7) 

The uncertainty calculated from Eq. (4.7) is not greater than 0.01. While no strong trend is evident, 

the value of 𝜒 increases with increasing molecular weight from 0.35 to 0.43 with an average value 

of 0.40. Given the nature of performing the MALLS experiment where there are sources of error 

(uncertainty in concentration, presence of dust) not represented in Eq. (4.7), it is prudent to 

describe the results succinctly as 𝜒 = 0.40 ± 0.04. These values indicate that MMA is a good 

solvent for PLA, which agrees well with the DSV experiments. 

Table 4.3. Values of the Flory Interaction parameter determined by MALLS. 

Sample 
Mw 

(105 g/mol) 
Interaction parameter 

(𝝌, nm) 
SH-PLA-14 1.03 ± 0.02 0.40 ± 0.02 
SH-PLA-19 1.42 ± 0.05 0.35 ± 0.05 
SH-PLA-44 2.45 ± 0.07 0.35 ± 0.05 
SH-PLA-2 2.13 ± 0.08 0.40 ± 0.04 

SH-PLA-18 4.59 ± 0.10 0.39 ± 0.04 
SH-PLA-9 4.33 ± 0.10 0.43 ± 0.02 

SH-PLA-31 5.70 ± 0.10 0.44 ± 0.02 
SH-PLA-13 6.93 ± 0.20 0.43 ± 0.02 

Figure 4.5. Berry plot for PLA (sample SH-PLA-13) dissolved in methyl methacrylate. 
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4.4.4 Comparison of Molecular Size as Determined by DSV and MALLS 

The MALLS and DSV techniques both determine the size of a polymer coil in solution. To 

cross check the experimental consistency, a comparison of the results should be made. The detailed 

mathematical framework for this comparison is presented in 1.1.1Appendix C. Briefly, the 

distance expansion factor, 𝛼, is defined as the dimensionless ratio of the actual to the unperturbed 

root-mean-squared (RMS) end-to-end distances.172 

𝛼 =  
√〈𝑟2〉√〈𝑟2〉0 (4.8) 

The unperturbed RMS end-to-end distance may be calculated following Eq. (4.5) as173 

〈𝑟2〉01/2 =  √𝐶∞𝑁 �̅� (4.9) 

Figure 4.6. Expansion factor, 𝛼, of PLA in MMA as a function of molecular weight. 
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where 𝐶∞ is the characteristic ratio as determined by DSV, 𝑁 is the number of backbone bonds 

and �̅� is the average length of each backbone bond. 

The expansion factor of the mean-squared end-to-end distance calculated from both DSV 

and MALLS is displayed in Figure 4.6. Generally, the α values increase with molecular weight for 

DSV as expected.174 The expansion factor increases only at higher molecular weights from the 

MALLS data. Definitive conclusions are hard to draw as the molecular weights span only a single 

decade, however, for molecular weights above 100 kg/mol, the findings can be summarized as 1.2 <  𝛼 < 1.6. These α values correspond to good solvent conditions.175  

4.4.5 Solution Rheology 

4.4.5.1 Shear Rate Sweeps 

Figure 4.7 shows steady-shear rate sweeps at 30 °C for various polymer weight loadings 

for PLA 4060D in MMA. Shear thinning is observed in 15, 20, and 25 wt% solutions. For the 

solutions that exhibit shear thinning, data are fit to the shear-rate dependent Carreau-Yasuda 

viscosity model.53,62 

𝜂(�̇�) = 𝜂0[1 + (𝜏𝜂�̇�)𝛿](𝑛−1)/𝛿
 (4.10) 

Here 𝜂  is the shear viscosity, �̇�  is the shear rate, 𝜂0  is the zero-shear viscosity, 𝜏𝜂  is the 

characteristic relaxation time, n is an adjustable parameter that characterizes the final slope of the 

curve in the power-law region, and 𝛿 is a parameter that describes the breadth of the transition 

from Newtonian to power-law behavior and decreases with increasing polydispersity.54 Fitting 

parameters are presented in Table 4.4. 
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Table 4.4. Carreau-Yasuda parameters for PLA 4060D in MMA at 30 °C. 
Polymer Content wt % 5 10 15 20 25 

Zero Shear Viscosity Pa∙s 0.014 0.14 0.87 4.5 13.7 
Characteristic 

Relaxation Time 
s - - 0.00042 0.0018 0.0134 𝜹 - - - 1.22 1.20 5.69 

n - - - 0.20 0.348 0.182 

  

4.4.6.2 Temperature Sweeps 

Figure 4.8 shows the temperature sweeps for the PLA in MMA solutions. These data are 

fit to the Andrade-Eyring relationship,59,60 Eq. (4.11), to parameterize the temperature dependence 

of viscosity. 

𝜂0 =  𝐾2𝑒(𝐸𝜂 𝑅𝑇⁄ )
 

(4.11) 

Figure 4.7. Viscosities of PLA 4060D in MMA over various weight loadings of polymer as a 
function of shear rate at 30 °C. The lines represent a fit to the Carreau-Yasuda viscosity model. 
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Here, 𝜂0 is the zero-shear viscosity, 𝐾2 is the pre-exponential factor, 𝑅 is the gas constant, and 𝐸𝜂 

is the activation energy for viscous flow. Figure 4.9 presents the values of 𝐾2 and 𝐸𝜂 as a function 

of concentration. 

With the viscosity determined as a function of temperature and concentration, a master 

curve may be generated to collapse the data onto a single curve. This is done by using the overlap 

concentration, c*. The overlap concentration represents the point at which polymer coils in 

solution must touch each other rather than being isolated objects. At the overlap concentration, the 

segmental concentration within a polymer coil is equal to the bulk segmental concentration. 

Accordingly, c* may be calculated as the mass concentration of a single coil under dilute 

conditions using Eq. (4.12). 

Figure 4.8. Temperature dependence of the zero shear viscosity of solutions of PLA 4060D in MMA. 
Lines represent a fit to the Andrade-Eyring viscosity equation. 
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𝑐∗ =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑖𝑛𝑔𝑙𝑒 𝑐ℎ𝑎𝑖𝑛𝑝𝑒𝑟𝑣𝑎𝑑𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑖𝑛𝑔𝑙𝑒 𝑐ℎ𝑎𝑖𝑛 =  

𝑀𝑛 𝑁𝐴⁄⟨𝑟2⟩3 2⁄  
(4.12) 

Here 𝑀𝑛 is the number-averaged molecular weight, 𝑁𝐴 is Avogadro’s constant, and ⟨𝑟2⟩1 2⁄  is the 

root-mean-square (RMS) end-to-end distance. As described above, the RMS end-to-end distance 

in a good solvent can be calculated using the characteristic ratio and expansion factor.76 

⟨𝑟2⟩1 2⁄ = 𝛼 ⟨𝑟2⟩01 2⁄ = 𝛼 𝐿 ̅√𝐶∞𝑁 (4.13) 

Alternatively, the overlap concentration may be estimated as the reciprocal of the intrinsic viscosity 

for a given molecular weight and polymer-solvent system.176 

𝑐∗ ≅ 1[𝜂] (4.14) 

Figure 4.9. Parameters of the Andrade-Eyring equation as a function of polymer concentration. 
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Eq. (4.14) is a convenient expression, since the MH equation allows calculation of the intrinsic 

viscosity for any molecular weight. 

Polymer solution viscosities can be collapsed onto a single master curve when the specific 

viscosity is plotted as a function of concentration normalized by the overlap 

concentration.2,63,177,178 Based on DSV at low concentrations and steady-shear measurements at 

higher concentrations, Figure 4.10 displays the specific viscosity at 30°C across two orders of 

magnitude in concentration. The line represents a third-order double logarithmic polynomial fit of 

the data in a form suggested by Stickler et al. in Eq. (4.15).26 

log (𝜂𝑠𝑝) = 𝐶1 (log(𝑐[𝜂]))3 +  𝐶2(log(𝑐[𝜂]))2 +  𝐶3(log(𝑐[𝜂])) + 𝐶4 (4.15) 

For PLA in MMA, the coefficients are C1 = 0.23, C2 = 1.0, C3 = 2.1, and C4 = 0.38. Eq. (4.15) is 

particularly useful because in combination with Eq. (4.1) the viscosity of a PLA/MMA solution at 

30°C can be calculated for any average molecular weight and concentration.  

To capture the effects of temperature, the data collected at temperatures other than 30 °C 

are shifted onto the master curve as described in 1.1.1Appendix C. This provides the temperature 

dependence of the intrinsic viscosity and shows that [𝜂] decreases with temperature at a rate of 𝑑[𝜂]/𝑑𝑇 = −0.38 K-1. Similar decreases in the intrinsic viscosity with increasing temperature are 

observed for several systems.179-181 Combining this temperature dependence with Eq. (4.15) and 

Eq. (4.1) means 𝜂𝑠𝑝 and therefore the resin viscosity, 𝜂, may be calculated for any combination of 

temperature, concentration and molecular weight. Accordingly, this parameterization enables the 

a priori design of the resin for any desired processing temperature as well as providing the 

necessary information for mold filling simulations using computational fluid dynamics (CFD). 

This has profound implications for managing the exotherm associated with these materials during 
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part manufacturing and is therefore a significant advancement in the science of composites 

manufacturing. 

 

4.4.7 Fabrication of Prototypical Test Panel 

The power of Eq. (4.15) can be demonstrated through panel fabrication. To do so, two 

panels are constructed. Using Eq. (4.1) and Eq. (4.15) the viscosity at 30°C of the 20 wt% PLA 

4060D is estimated as 5.9 Pa∙s; the value measured during the temperature sweep is 5.1 Pa∙s. This 

viscosity is about an order of magnitude above the upper limit which is ideal for VARTM and 

unsurprisingly, the first panel did not fill completely. For the second panel infusion, the PLA 

concentration is targeted to be 20 wt% while keeping the viscosity at approximately 1 Pa∙s; this is 

accomplished by changing the average molecular weight of the dissolved PLA. The viscosity 

Figure 4.10. Specific viscosity as a function of concentration of polymer multiplied by the intrinsic 
viscosity. The data for the specimen labeled 30 °C are from the steady shear measurement of a 
solution of PLA 4060D. The other types of PLA are from DSV experiments conducted at 30 °C. 
The solid line represents a double logarithmic, third-order polynomial fit to Eq. (4.15) with 
coefficients C1 = 0.23, C2 = 1.0, C3 = 2.1, and C4 = 0.38. 
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calculation is enabled by the 𝑐[𝜂] scaling relationship combined with the Andrade-Eyring equation. 

Figure 4.11 shows the panel infused with the high viscosity resin on the left and the scientifically 

formulated low viscosity resin on the right. The difference in infusion quality between these two 

panels is dramatic. The profound importance of the approach is that it enables independent control 

of the loading level and resin viscosity. While a lower viscosity is possible by formulating with a 

lower level of preformed polymer, such an inferior approach means there is much more reactive 

resin present. Because the polymerization reaction is highly exothermic, the rate of reaction would 

have to be slowed down to manage the heat transfer during part formation. Accordingly, the 

scientific approach enables faster cycle times during manufacturing. This provides a powerful 

incentive for implementation of the approach presented, which represents a valuable tool for resin 

design and a significant advancement in the science of composites manufacturing. The work 

demonstrates that a commercially relevant, economically viable, styrene free, and biobased resin 

system is suitable for producing thermoplastic composites using transfer molding. 

 

Figure 4.11. Two prototypical panels for fabrication of mechanical testing specimens. The panel 
on the left was infused with high viscosity resin and was unable to fill completely before curing. 
The panel on the right was infused with a tuned low viscosity resin and filled completely. 
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 CHAPTER 5: RECYCLING GLASS FIBER THERMOPLASTIC COMPOSITES  

FROM WIND TURBINE BLADES 
 

A paper under review by the Journal of Cleaner Production 

Dylan S. Cousins1,4, Yasuhito Suzuki3, Robynne E. Murray4, Joseph R. Samaniuk2, 
and Aaron P. Stebner3 

 

5.1 Abstract 

Thermoplastic resin systems have long been discussed for use in large-scale composite 

parts but have yet to be exploited by the energy industry. The use of these resins versus their 

thermosetting counterparts can potentially introduce cost savings due to non-heated tooling, 

shorter manufacturing cycle times, and recovery of raw materials from the retired part. Because 

composite parts have high embedded energy, recovery of their constituent materials can provide 

substantial economic benefit. This study determines the feasibility of recycling composite wind 

turbine blade components that are fabricated with glass fiber reinforced Elium® thermoplastic resin. 

Several experiments are conducted to tabulate important material properties that are relevant to 

recycling, including thermal degradation, grinding, and dissolution of the polymer matrix to 

recover the constituent materials. Dissolution, which is a process unique to thermoplastic matrices, 

allows recovery of both the polymer matrix and full-length glass fibers, which maintain their 

stiffness (190 N/(mm g)) and strength (160 N/g) through the recovery process. Injection molded 

regrind material is stiffer (28 GPa compared to 23 GPa) and stronger (340 MPa compared to 191 

MPa) than virgin material that had shorter fibers. An economic analysis of the technical data shows 
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3 Mechanical Engineering, Colorado School of Mines, 1500 Illinois Street, Golden, CO 80401, USA 

4 National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO 80401, USA 
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that recycling thermoplastic–glass fiber composites via dissolution into their constituent parts is 

commercially feasible under certain conditions. This analysis concludes that 50% of the glass fiber 

must be recovered and resold for a price of $0.28/kg. Additionally, 90% of the resin must be 

recovered and resold at a price of $2.50/kg. 

5.2 Introduction 

Fiber-reinforced polymer composites are a desirable class of structural engineering 

materials due to their high specific mechanical properties. They are increasingly used in the 

construction, automotive, aerospace, and energy sectors.182 Electricity generated from wind 

turbines has grown consistently by approximately 7.3 GW of installed capacity every year in the 

last decade in the United States.183 Wind turbine blades are constructed with polymer/glass fiber 

composite materials, and landfilling of turbine blades contributes a massive amount of composite 

material to the waste stream. One study estimates 9.6 metric tons of composite per megawatt of 

installed capacity.184 This large quantity of highly engineered waste material represents not only 

an environmental issue, but also a loss of potentially recoverable capital. Thermoplastic resins, 

which are inherently recyclable,185 are becoming a better design choice due to increasing 

regulation of composite waste landfilling. The European Union Directive on Landfill Waste has 

enacted legislation that prohibits disposal of large composite parts such as wind turbine blades.186 

It is prudent to anticipate the potential for similar legislation in the United States; therefore, it is a 

primary objective of the Institute of Advanced Composites Manufacturing Innovation to qualify 

composite material systems of which 80% of the constituent materials can be reused or recycled.187 

Thermosetting resins such as epoxy, vinyl ester, and poly(urethane) dominate the 

composites market; the wind industry exclusively uses these resins for vacuum infusion of blades. 

However, there is an increasing trend toward using thermoplastic resins in long fiber composites 
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outside of the wind industry and a growing interest for using these resins for blade fabrication.188 

Presently, there are several options for wind turbine blades at the end of their service lives: direct 

deposit in a landfill, grind for use as aggregate in concrete, or incineration with energy recovery.189-

193 Additionally, a recent study has shown that thermoset blades can be recycled via grinding to be 

used for construction materials.194 Thermoplastics can potentially limit the extent of this down-

cycling that thermoset composites require. Still, the viability of composite recycling is heavily 

dependent upon reintroduction of recovered materials into the supply chain to displace virgin 

materials.195,196 

The current investigation quantifies and demonstrates the methods by which the Elium 

thermoplastic resin system197 could facilitate recycling of large-scale composite parts by 

recovering and reusing material from a component of a wind turbine blade. A portion of a spar cap, 

which acts as the end of the I-beam structure on the interior of the blade, was used for this study. 

Four recycling techniques were considered, including pyrolysis, mechanical grinding, 

thermoforming, and dissolution. The decomposition kinetics of a commercial epoxy and an 

acrylic-based commercial thermoplastic resin were compared via pyrolysis. The tensile properties 

of recycled thermoplastic regrind were compared to those of similar virgin material. 

Thermoforming was demonstrated on a thermoplastic spar cap, and test panels were thermoformed 

to make a prototypical skateboard. Energy requirements for dissolution of thermoplastic 

components and separation into their constituent materials were estimated. Further, the tensile 

mechanical properties of glass fibers recovered from the dissolution experiment were compared to 

those of virgin glass fibers. Dissolution of thermosets is not possible, and therefore only the 

thermoplastic system was investigated using this recycling technique. Finally, the technical results 
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from the investigation of the dissolution technique were used in an economic analysis to assess the 

commercial viability of recycling. 

5.3  Review of relevant recycling methods 

5.3.1 Thermal degradation 

Pyrolysis allows recovery of fiber from either thermoset or thermoplastic polymer 

composites. Previous studies thoroughly characterize pyrolysis of composite materials but 

primarily investigate thermoset composites with carbon fiber reinforcement.139,198-200 Pyrolysis can 

be detrimental to the mechanical performance of the recovered glass fibers because the process is 

typically carried out at temperatures above 450 °C.139 It has been shown that composites fabricated 

with glass fiber recovered from pyrolysis suffer severe degradation of mechanical properties 

compared to composites fabricated with virgin materials.201 An advantage of pyrolysis is that the 

oil recovered from the process can potentially be used to sustain the reaction so that no outside 

energy is required.202 Additionally, poly(methyl methacrylate) (PMMA) can be pyrolyzed under 

conditions such that monomer can be recovered.203 

Polymer composites can be combusted on an industrial scale to supply energy for cement 

kilns, and the recovered fibers can be used in the cement.204 In either the case of pyrolysis or 

combustion, the polymer matrix is sacrificed at the expense of recovering pyrolysis oil or energy. 

This is of concern because of the high embedded energy of synthetic polymers, which is 50 MJ/kg 

for poly(vinyl chloride), 70 MJ/kg for poly(ester) and epoxy, and 200 MJ/kg for PMMA.23,205,206 

Some of this energy can be recovered in combustion; the heat of combustion of PMMA is 25 

MJ/kg.207 Similarly, pyrolysis oils typically have a lower heating value, on the order of 15 to 20 

MJ/kg.208,209 In the present work, pyrolysis of a thermoplastic and a thermoset resin was conducted 
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to estimate the energy required for this technique. This energy requirement is used as a reference 

for comparison to other recycling techniques in the ensuing presentation of results. 

5.3.2 Mechanical grinding 

Grinding of composites has been extensively investigated and is considered a mature 

technology for recovery of raw materials.195,205,210-212 For thermoset composites, the primary 

objective is to isolate the fibers from the polymer by cyclone or another resin-fiber separation 

technique since the reclaimed thermoset matrix is of little use. Isolated fibers could be further 

ground for production of thermal and acoustic insulating foams.213 While it is possible to include 

thermoset regrind material into a virgin thermoplastic resin for injection molding (with 

compromised performance), thermoplastic regrind is more desirable because less virgin material 

is required for effective injection molding.204,210,214 Another use for regrind is sheet molded 

compound (SMC) or bulk mold compound (BMC), which rely on discontinuous fibers as their 

reinforcement.215 Recovering and reusing composite manufacturing waste is also of great interest; 

thermoplastic scrap material could potentially be used for BMC or SMC mats.216 While it is a 

relatively simple and mature technology, a significant disadvantage of grinding composite parts is 

the loss of high–aspect ratio fibers that can contribute to greater modulus, strength, and 

toughness.217,218 In fact, the economic feasibility of reusing ground carbon fibers is reduced after 

two rounds of recycling due to fiber length degradation.219 However, to preserve fiber length and 

therefore mechanical properties, composites may also be chipped rather than fully ground. The 

present study focuses only on the initial grinding of the original, long-fiber composites.  

The mechanical properties of regrind material and estimates for the energy requirements 

for this process are presented and compared to the other recycling techniques investigated in this 

study. Recent work has shown that the efficiency of mechanical grinding increases with 
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throughput; the specific energy requirements decay as a power law up to a throughput of 150 

kgcomposite/h.205,211,212 Therefore, at a throughput of 150 kgcomposite/h, the specific energy 

consumption (SEC) required for grinding is 0.16 MJ/kgcomposite, assuming a screen size of 5 mm. 

This value is consistent with values reported by another recent grinding study.220 Because the 

material in the present study was further ground to pass through a 7 standard mesh screen with 2.8 

mm holes, the SEC for grinding will be higher than 0.16 MJ/kgcomposite. In fact, screen size is the 

most significant processing parameter affecting SEC for grinding.211 Accordingly, the estimated 

energy required for grinding is assumed to be nearly double the value of that correlation, or 0.29 

MJ/ kgcomposite, since the screen size used in the present study is 44% smaller than that used in the 

study by Shuaib and Mativenga. 

5.3.3 Thermoforming 

Continuous fiber-reinforced thermoplastics became commonplace in the mid-1980s, and 

the thermoforming process is now considered mature.221 In this process, thermoplastic composite 

sheets are heated above the glass transition of the polymer so that the material can be formed to a 

three-dimensional shape in a heated mold. Upon cooling, the composite retains this shape. While 

thermoforming granulated thermoplastic material has been well documented, recycling of large 

continuous-fiber thermoplastics by thermoforming has garnered little attention in the literature. 

Large-scale thermoplastic parts such as wind turbine blades could be cut into sections, straightened 

by heated pressing, and then planed into segments that are suitable for construction materials, such 

as building flooring. The feasibility of this straightening technique was demonstrated on a section 

of a spar cap in this work. Additionally, thermoplastic test panels were fully down-cycled into a 

skateboard by thermoforming. 
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5.3.4 Solvolysis and dissolution 

Processing via solvolysis or dissolution enables recovery of full-length fibers from the 

composite part.222 Some confusion exists in the literature as to what constitutes dissolution versus 

solvolysis.12,15 The literature sometimes uses the term dissolution to describe a reaction that breaks 

the chemical bonds of a polymer matrix. In this work, dissolution is defined as dissolving 

thermoplastic polymer chains into a solvent, which is a purely physical process. The term 

solvolysis implies a technique to use a reactive solvent to break the covalent bonds of a polymer 

matrix. Solvolysis typically requires elevated temperatures and pressures, which could incur 

significant energy expenditures on an industrial scale.223-225 Furthermore, these elevated 

temperatures can compromise the mechanical properties of the recovered fibers.201 However, a 

recent study shows promise of a low-energy process via cleavable thermoset resin.226 

Thermoplastic materials enable the possibility of recovering both the polymer matrix and full-

length fibers at the end of the blade life by dissolution of the polymer matrix at low temperatures. 

This recycling technique is what can potentially make thermoplastic resins highly advantageous; 

it is an especially intriguing aspect of this class of materials.12 While recycling different chemical 

species of comingled thermoplastic polymers by dissolution has been studied for several 

decades,227,228 relatively little work has investigated dissolution of thermoplastic composite 

parts.229,230 The feasibility of the resale of materials recovered via dissolution of the thermoplastic 

polymer matrix is investigated in this work through an economic model. 

5.4 Methods 

5.4.1 Materials 

Acrylic-based part A Elium liquid thermoplastic resin for vacuum-assisted resin transfer 

molding (VARTM) and Elium part B, a peroxide initiator, were used to fabricate the spar cap 

component used for this study. The Elium resin is a viscous liquid that is suitable for infusion, 
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after which it cures into a solid thermoplastic polymer. All fiberglass used for the work conducted 

in this study was Johns Manville StarRov 086-1200. The epoxy system for pyrolysis comparison 

was Hexion Epikote Resin MGS RIMR 135 with Epikure Curing Agent MGS RIMH blend of 

134/137 (1366) at a ratio of 80:20. Chloroform for the dissolution study was ACS grade from 

Fisher Scientific. Methanol for precipitation was ACS grade from Pharmco-AAPER. 

5.4.2 Fabrication of spar cap component 

A section of a spar cap was fabricated at the National Wind Technology Center (NWTC) 

in Boulder, Colorado, using the Elium resin system in a VARTM infusion process. The peroxide 

initiator was added to the Elium liquid thermoplastic resin at 2 wt% and manually mixed for 5 min. 

The resin was degassed under vacuum for an additional 5 min prior to infusion. The layup of the 

spar cap was 50 plies of StarRov 086-1200 fiberglass. Figure 5.1 shows the part under the vacuum 

bag prior to infusion, and Figure 5.2 shows the part after de-molding. The part took approximately 

20 min to infuse. Fifteen thermocouples embedded in the part detected peak exotherm 

temperatures between 77 °C and 90 °C approximately 2.5 h after infusion. 

Figure 5.1. Elium spar cap component infused at the National Wind Technology Center. 
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5.4.3 Fabrication and thermoforming of thermoplastic test panels 

Thermoplastic composite panels with glass fiber reinforcement were used to demonstrate 

the viability of recycling these materials via thermoforming. The flash material from the edge of 

these panels was also used for simultaneous thermal analysis of the two different resin systems. 

The panels were fabricated in a mold from Composites Integration in Cornwall, UK. Both 

thermoplastic Elium and thermoset Hexion epoxy panels were fabricated with four plies of Johns 

Manville 086-1200 fiberglass. Elium was initiated with 3 parts per hundred resin Luperox AFR 

40. Hexion epoxy panels were made by mixing RIMR 135 resin with RIMH 1366 hardener at a 

ratio of 100:30. In both cases, the reactive resin was pulled into the mold cavity with 50 kPa 

vacuum below atmospheric pressure. Once the mold had filled, the vacuum line was clamped and 

200 kPa pressure was provided by compressed argon to the feed side to compact the resin into the 

mold. Panels cured overnight before being removed from the mold. 

 

Figure 5.2. Elium spar cap component after de-molding. 
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To demonstrate the plausibility of thermoforming, a 2.1 kg curved section of the 

thermoplastic spar cap was straightened by heating the specimen at 120 °C for 8 h under metal 

plates, which provided 5.4 kPa of pressure. Furthermore, a thin thermoplastic composite panel was 

used as reinforcement for constructing a thermoformed skateboard deck. To make the finished 

deck, the thermoplastic panel was sectioned into strips 25 cm wide and positioned with 4 plies of 

poly(vinyl acetate) (PVA) monomer-coated wood on a skateboard mold. This composite stack was 

then transferred to a radio-frequency press that used dielectric heating to cure the PVA resin. This 

heat was also sufficient to allow the thermoplastic panel to be molded to the shape of the 

skateboard. 

5.4.4 Simultaneous thermal analysis  

Simultaneous thermal analysis (STA) uses differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA) to probe decomposition kinetics. Elium thermoplastic and 

Hexion epoxy test panel flash material was used to cut small samples to fit into crucibles. The 

instrument used was a Labsys Evo TGA-DSC 1600C. The enthalpy of pyrolysis and total enthalpy 

required for decomposition can be elucidated from this experiment. The heating protocol under 

nitrogen was as follows: heat from ambient temperature to 90 °C at 10 °C/min, hold at 90 °C for 

30 min for controller stabilization, then heat to 800 °C at 10 °C/min. The gas was then switched to 

dry air (79% N2, 21% O2) to combust any residual material. 

 

5.4.5 Mechanical testing of injection molded regrind 

A section of the same spar cap fabricated at the NWTC was used for a study of the 

feasibility of using regrind material for injection molded parts. A Foremost A2 granulator was 

used to grind the spar cap component. To grind the component down, it had to be cut into strips 
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and then pre-cracked using a hammer and chisel to not jam the grinder. Figure 5.3 shows the strips 

before being fed into the grinder (left) and the subsequent ground material (right). The composite 

was ground using a 3.5 standard mesh screen and subsequently with a 7 standard mesh screen to 

obtain a size suitable for injection molding. 

The material was then injection molded into ASTM type IV dog bones using a Morgan-

Press G-55T injection molding machine with a barrel temperature of 245 °C.124 The ground 

material initially contained a fiber content that was too high to be effectively injection molded; 

therefore, a weight equivalent of the polymer precipitated from the dissolution experiment was 

added to the ground material. This mixture was still too viscous to be effectively molded, so an 

additional weight equivalent of Altuglas V920 PMMA was added to the mixture. This addition of 

preformed polymer allowed the material to be effectively injection molded into dog bones for 

tensile testing, as depicted in Figure 5.4. Tensile testing of the dog bones fabricated from the 

ground material was conducted on an MTS 370.10 uniaxial servohydraulic load frame according 

to ASTM D 638. After tensile testing, the fiber volume fraction of the specimens was determined 

Figure 5.3. Strips of spar cap component (left) and subsequent ground composite material passed 
through a 3.5 standard mesh screen (foil pan) and a 7 standard mesh screen (round bucket). 

https://mts.com/en/products/producttype/test-systems/load-frames-uniaxial/servohydraulic/index.htm
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by dissolution to be 0.128 ± 0.005 (mass fraction of 0.221 ± 0.007). For comparison to other 

recycling techniques, the energy required for injection molding can be estimated to be 19 MJ/kg.206  

 

5.4.6 Dissolution of spar cap component 

A specimen was cut from the spar cap component using a diamond blade tile saw. The 

initial weight of the piece used for the dissolution experiment was 0.924 kg. The component was 

placed in a glass pan, immersed in chloroform, covered with aluminum foil, and allowed to soak 

for 48 h. After 48 h, the outer plies of fiberglass were able to be removed and rinsed (about 10 

plies on either side), while most of the 50 inner plies were still adhered and were unable to be 

pulled apart by hand. Therefore, the polymer-laden chloroform was removed from the pan and 

fresh chloroform was added to increase the chemical potential for dissolution of the polymer 

matrix from the composite to the solvent. After 24 h of further dissolution, the rest of the plies of 

Figure 5.4. Dog bones fabricated for tensile testing of the regrind material. 



105 

 

the composite part were able to be separated. Prior to drying, the plies were further rinsed in fresh 

chloroform to remove any residual polymer. As such, the chloroform used for rinsing had only a 

dilute concentration of polymer. 

After dissolution, the polymer was precipitated from the chloroform into methanol. The 

polymer was dried on a foil sheet for 24 h and then under vacuum (78 kPa below atmospheric 

pressure) at 60 °C for an additional 12 h. Figure 5.5 shows the polymer and glass fiber plies that 

were separated from the original composite part. The mass recovery of the fibers and polymer  

Figure 5.5. Thermoplastic Elium composite (top) can be separated into fibers (left) and the polymer 
resin (right) by dissolution. This separation and recovery is not possible with thermoset 
composites. 
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totaled 91% of the initial mass of the composite part. The mass loss is attributed to 

incomplete precipitation and manual removal of the polymer from the beaker. As such, it is 

assumed that the mass loss was completely polymer. In total, 4 L (5.96 kg) of chloroform was used 

to dissolve and rinse the polymer from the material. Of this, 2.44 kg (41 wt%) was used in primary 

dissolution while 3.52 kg (59 wt%) was used for rinsing. Additionally, 8 L of methanol was needed 

for precipitation of the polymer out of solution. 

5.4.7 Tensile testing of recovered glass fiber rovings 

Tensile properties of the recycled fibers from the dissolution experiment were determined 

by preparing rovings from the plies of recovered glass fiber with tabs using Loctite 401 and G10 

epoxy tabbing material. Tabs were applied to virgin fibers from a roll of Johns Manville StarRov 

086 in the same manner. Figure 5.6 shows the seven specimens of each sample type prior to testing. 

All of the rovings were cut to the same length of 107 ± 1 mm and weighed. The gauge length on 

all samples was 31.5 ± 0.5 mm. The mass of the roving was used for normalization of the 

mechanical properties because the cross-sectional area of the rovings could not be accurately 

measured. This is unusual for tensile testing because usually properties are normalized by the  

Figure 5.6. Fiber roving specimens for tensile testing from the dissolution experiment (left) and 
from a roll of virgin Johns Manville StarRov 086 (right).  
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cross-sectional area. The force at break was normalized by the mass of the fibers as 𝜎𝑚𝑎𝑥 =𝑃𝑚𝑎𝑥/𝑚 where 𝜎𝑚𝑎𝑥 (N/g) is the mass-normalized force, 𝑃𝑚𝑎𝑥 (N) is the maximum load borne by 

the specimen during the test, and 𝑚 (g) is the mass of the roving in the gauge region. The stiffness 

of the specimens was compared by calculating the mass-normalized load-displacement curve as 𝛿 = 𝑑/𝑚  where 𝛿  (N/mm/g) is the mass-normalized slope of the load-displacement curve, 𝑑 

(N/mm) is the slope of the load-displacement curve, and 𝑚 is again the mass of the specimen in 

the gauge region. Tensile testing was conducted on an MTS 370.10 uniaxial servohydraulic load 

frame at a crosshead rate of 0.5 mm/min. 

5.4.8 Thermogravimetric analysis of recovered fibers 

Thermogravimetric analysis (TGA) was conducted on fibers recovered from the 

dissolution experiment to quantify the amount of polymer remaining on the fibers after dissolution. 

Specimens of about 20 mg were heated under nitrogen from ambient temperature to 850 °C at a 

heating rate of 10 °C/min. At 800 °C, air was introduced as the flow gas to combust any residual 

material in the cell. 

5.5 Results and Discussion 

5.5.1 Simultaneous thermal analysis: energy requirements 

Several parameters may be calculated from the STA experiment. Of particular interest is 

the heat required to completely decompose the material. To determine this property, the heat 

capacity of the material was not subtracted as it would be to obtain the heat of pyrolysis. Therefore, 

the total heat of decomposition was taken as the integrated heat flow from ambient temperature to 

the point that the mass loss profile derivative became zero. In the case of the Elium system, this 

coincided with zero mass, but in the case of the epoxy system, around 10 wt% mass remained, 

which is a typical char content for epoxy resins.231,232  

https://mts.com/en/products/producttype/test-systems/load-frames-uniaxial/servohydraulic/index.htm
https://mts.com/en/products/producttype/test-systems/load-frames-uniaxial/servohydraulic/index.htm
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Typical plots of the heat flow as a function of temperature for both the Elium and epoxy 

systems are presented in Figure 5.7, and the mass loss profiles and derivatives are shown in Figure 

5.8. Elium shows a clear endothermic peak where heat is flowing into the sample as the material 

pyrolyzes around 350 °C to 400 °C. The epoxy sample shows a peak that yields a slight exotherm 

over the mass loss region; therefore, less heat is needed from the instrument to pyrolyze the 

material. The total heat required to decompose the Elium sample is 1,080 J/g, while for the Hexion 

epoxy it is 243 J/g. That is, the epoxy requires 78% less energy for pyrolysis. 

The mass loss profile for epoxy shown in Figure 5.8 displays char left in the epoxy system 

after the primary pyrolysis. About 10% of the mass remains, even to 800 °C. The char is then 

combusted when air is introduced into the system. From a practical standpoint, this char may 

hinder recovery of fiberglass from epoxy matrix composites; the thermoplastic resin system may 

be advantageous for large-scale parts that are meant to be pyrolyzed.  

Figure 5.7. Heat flow as a function of temperature for Elium (black) and epoxy (red). 
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Thermal decomposition of Elium resin was found to require 1.1 MJ/kgpolymer in this study. 

However, the heat capacity of the glass must be taken into account if the polymer matrix in the 

composite part is going to decompose, leaving only the glass. To heat the glass from 25 °C to 

800 °C requires 0.81 MJ/kgglass.233 Therefore, on a mass basis for decomposition of a composite 

with 30 wt% resin and 70 wt% glass, the energy required is 1.0 MJ/kgcomposite. This is similar to 

the values for various types of biomass, which range from 0.8 to 1.6 MJ/kg.234  

 

5.5.2 Grinding and injection molding: tensile properties 

The results of the tensile tests are presented in Figure 5.9 with comparisons to virgin 

Altuglas V920 PMMA and also Altuglas V920 PMMA blended with StarStran glass fiber (Type 

718) from Johns Manville fabricated in a previous study.157 The values presented in Figure 5.9 for 

the composite parts are normalized to a fiber volume fraction (FVF) of 0.22 as  

Figure 5.8. Mass loss profiles and mass loss derivative of Elium (black) and epoxy (red) as a function 
of temperature. 
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𝐸𝑛𝑜𝑟𝑚 = 0.22𝐸𝑒𝑥𝑝𝜙   (5.1) 

where 𝐸𝑛𝑜𝑟𝑚  is the normalized property (modulus or ultimate tensile strength), 𝐸𝑒𝑥𝑝  is the 

experimentally determined property, and 𝜙 is the FVF in the part (U.S. Department of Defense, 

2000). The FVF from the recycled dog bones was determined by dissolution of the polymer matrix, 

whereas the value for the virgin material was determined by TGA in the previous study to be 0.22. 

The recycled dog bones have an average mass fraction of 0.221 ± 0.007 that corresponds to an 

average volume fraction of 0.112 ± 0.005. 

When compared to the other fiber-reinforced plastic, the FVF normalized modulus of the 

recycled material is 12.1 GPa, which is 21% higher than that of the virgin Altuglas V920 reinforced 

with short glass fiber (StarStran 718 from Johns Manville). The FVF normalized ultimate tensile 

strength of the recycled material is 150 MPa, which is 79% higher than that of the virgin Altuglas 

V920 reinforced with short glass fiber. The higher FVF values of the recycled dog bones compared 

to those of the short fiber virgin material dog bones is most likely due to the fact that the fibers in 

the recycled specimens were longer (200 to 2,500 μm) compared to the fibers of the compounded 

specimens from the previous study (50 to 500 μm) as determined by optical microscopy. A melt 

compounded system has more homogeneous morphology, and stress is more evenly carried 

throughout the part; however, the shorter fiber length yields lower tensile properties. 

5.5.3 Thermoforming thermoplastic spar cap and test panels 

Figure 5.10 shows a curved section of the thermoplastic spar cap that has been straightened 

by thermoforming. This component is now easier to plane into thinner sheets that can be used for 

construction. If these thick parts are planed into thinner sheets, discontinuous fibers will be made 

because it is impossible to cut precisely between fiber bundles. Therefore, non-critical applications 

for which these recycled materials could be employed include flooring, building siding, or 
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recreational goods. Figure 5.11 shows a prototypical skateboard deck constructed using 

thermoplastic test panels, which demonstrates the plausibility of using thin thermoplastic 

composite sheets for construction. 

Figure 5.9. Tensile modulus (top) and tensile strength (bottom) of PMMA blended with recyclate 
(vPMMA + Recyclate) compared to virgin PMMA (vPMMA) and virgin PMMA plus chopped 
fibers (vPMMA + Fibers). Error bars represent standard deviations. All values have been 
normalized to a fiber volume fraction of 0.22 according to Eq. (5.1). The center point (○) represents 
the mean, the center line the median, the box is the inter-quartile range, the whiskers are 1.5 times 
the standard deviation, and outliers are represented by closed circles (●). 
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Figure 5.11. A prototypical skateboard fabricated in part by thermoforming an Elium/ glass fiber 
test panel as reinforcement. 
 

120°C, 8 h 

Figure 5.10. A section of the prototypical thermoplastic spar cap that has been thermoformed into 
a straight shape. In this way, the material can be planed into strips that have maximum fiber 
continuity. 
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5.5.4 Dissolution of spar cap component 

The separation of the composite into its constituent parts is one of the primary features that 

makes thermoplastic matrices for composites attractive. Chloroform and methanol are not 

inexpensive solvents, and need to be recycled at the facility for this process to be cost-effective. 

For this reason it is of interest to estimate the energy requirements needed to distill these two 

solvents. The chloroform-methanol system has a minimum boiling azeotrope at a composition of 

67 mol% chloroform. This means that the composition cannot be distilled to a higher purity at this 

pressure. Because the azeotrope exists at different compositions at different pressures, however, 

pressure swing distillation may be used to effectively separate these two solvents.  

Aspen Plus was used to simulate this distillation to estimate the energy requirements 

needed for separation. The process flow diagram is shown in Figure 5.12. In the pressure swing 

distillation simulation, the mixture was distilled in two different columns, with one at 1 atm and 

one at 10 atm. The simulation used an input feed stream of 50 wt% chloroform/50 wt% methanol, 

which is close to the ratio used in the dissolution experiment. The UNIQUAC activity coefficient 

model was chosen as the phase equilibria equation of state because it accurately predicts 

thermophysical properties of polar/nonpolar mixtures.235 The boiler duty for the columns and the 

electricity for the pump total 1.43 MJ/kgsolvent. This value is consistent with the heat-integrated 

pressure swing distillation energy requirments found by another study of 1.62 MJ/kgsolvent, 

although the feed composition of that study was slightly different with a mass ratio of 3.7:1 

chloroform:methanol.236 Based on the ratio of the solvent to the estimated amount of polymer in 

the initial composite part from the dissolution experiment, the energy requirement for distillation 

is 87 MJ/kgpolymer. 
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Another method for separation of the polymer matrix from chloroform is to evaporate and 

then recondense the solvent. The recovered chloroform can then be reused for dissolution. An 

additional simulation was conducted in Aspen Plus to determine the primary energy requirements 

for this process. For this simulation, PMMA was chosen as a surrogate for the acrylic-based Elium 

since these materials are in the same chemical family. While chloroform was the solvent used in 

this study, acetone is also a good solvent for PMMA; it is cheaper, more environmentally benign, 

and less hazardous to human health.237 Therefore, two sub-studies were carried out: (1) separate a 

stream of 19:1 chloroform:PMMA by mass and (2) separate a stream 19:1 acetone:PMMA by mass. 

The 19:1 ratio is roughly the proportion of chloroform used to dissolve the Elium in this study. 

The temperature of the evaporator (Flash2 separator in Aspen Plus) was set to 200 °C. At this 

temperature, the equilibrium amount of PMMA left in the chloroform was 5 wt% and in the 

acetone, 2.3%. The simulation calculated that the energy required to conduct this separation was 

6.6 MJ/kgpolymer for the chloroform solution and 15.3 MJ/kgpolymer for the acetone solution. Simply 

calculating the energy requirement from the enthalpy of vaporization yielded 5.0 MJ/kgpolymer for 

Figure 5.12. Process flow diagram for pressure swing distillation of a chloroform/methanol 
mixture. 
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chloroform and 10.2 MJ/kgpolymer for acetone; so the results seem plausible based on 

thermophysical material properties.238,239 

After sufficient evaporation, diffusion will limit the transport of the solvent out of the 

polymer. Past this point, devolatilization extrusion will be needed to further dry the polymer. 

Therefore, the energy required for this process must also be accounted for in the economic analysis. 

Specific energy consumption to run the motor of an extruder varies between 0.3 and 2.6 MJ/kg 

and depends on screw speed and design.240 For the purpose of the analysis here, it was assumed 

that the extruder would require 2.6 MJ/kg. 

5.5.5 Tensile properties of recovered fiberglass rovings 

The physical properties determined from tensile testing rely on normalizing the force 

applied to the specimen by the linear density of the fibers rather than the cross-sectional area. The 

slope of the load-displacement curve is determined between displacement values of 0.1 and 0.3 

mm by least-squares linear regression. Figure 5.13 depicts the tensile properties of the recovered 

fiber rovings compared to those of the virgin StarRov 086 rovings that are described by the 

equations given in 5.4.7 for mass-normalized force and mass-normalized load-displacement slope. 

The mass-normalized force at break was the same for both sample types. The recycled fibers 

showed a 12% reduction in mass-normalized load-displacement slope. The slight loss of stiffness 

may be due to several factors. Foremost is that during the dissolution and recovery process, the 

fibers were pulled apart from the composite by hand, during which misalignment or slight 

degradation may have occurred. The misalignment will manifest itself in lower stiffness, but once 

the fibers are pulled into alignment during the test, the final force at break will be governed by the 

properties of the glass itself. Since the glass fibers were not heated during recovery, their 

mechanical properties remained uncompromised. 
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Figure 5.13. Mass normalized tensile properties of glass fiber rovings recovered from 
dissolution of the thermoplastic part compared to those of virgin JM 086 StarRov fibers. 
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5.5.6 Thermogravimetric analysis of recovered fibers from dissolution 

TGA was conducted to elucidate the efficacy of dissolution of the polymer matrix from the 

glass fibers. This technique allows determination of the amount of polymer left on the glass fibers. 

TGA showed a 1.9 wt% mass loss from the total initial weight of the recovered fibers. Virgin 

StarRov 086-1200 has a sizing content of 0.6 wt%. Here, it is assumed that none of the sizing was 

dissolved because it is covalently bonded to the glass fibers. However, the sizing mass was lost 

during the TGA heating because the covalent bonds were broken during pyrolysis. Accordingly, 

the mass fraction of polymer left on the fibers was estimated to be 1.3 wt% of the total recovered 

fiber weight. Of the original 924 g composite part, it was estimated that 9 g of polymer was left on 

the recovered fibers (4 wt% of the original 204 g of polymer matrix).  

5.5.7 Economic analysis and recycling facility model 

To investigate the feasibility of thermoplastic Elium resin for large-scale composite 

production, it is important to consider the economic impact of recycling the composite materials. 

Therefore, an economic analysis was conducted that models the costs of operating a recycling 

facility. Table 5.1 shows the primary energy requirements for the various recycling processes 

investigated in this work. Note that the figures for dissolution have been corrected to a mass-of-

composite basis based on the composition of the spar cap component. Although grinding and 

pyrolysis have lower energy requirements, the investigation here focuses on dissolution coupled  

 

Table 5.1 Primary energy costs for various recycling methods for acrylic-based composites. 

Recycling process Primary Energy Consumption 
(MJ/kgcomposite) 

Grinding 0.29 
Pyrolysis 1.0 

Dissolution/distillation/extrusion 20.0 
Dissolution/evaporation/extrusion 4.0 
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with evaporation of the solvent, which has not been significantly analyzed to date. It is assumed 

that the evaporative technique is used to separate the polymer and solvent after dissolution because 

it is much less energy-intensive than the solvent distillation process. 

Elium is an acrylic-based polymer, so for approximation, it is important to consider the 

energy required to manufacture PMMA—the most common thermoplastic acrylic polymer. 

PMMA is very energy-intensive to produce, with a primary production energy cost of 207.3 

MJ/kg.23 In the same study, only aluminum was found to require more production energy (207.8 

MJ/kg). Another study reports a primary energy required for manufacturing PMMA of 116 

MJ/kg.241 The energy intensity of its production causes PMMA to be a costly commodity polymer 

with a price of about $2.50/kg. The energy costs associated with PMMA production represent a 

valuable market opportunity for recycled materials. In this way, not only could turbine owners 

recuperate some of the capital costs of blade production, but the embedded energy of other acrylic 

products could be reduced by using recycled material. 

Table 5.2 shows the parameters of an economic analysis conducted using the proposed 

model. This analysis assumes a 61.5 m blade length with a mass of 21,106 kg/blade. The primary 

equipment for the recycling facility would be a vessel for dissolution and evaporation, condensers 

for solvent recapture, and a devolatilization extruder for removing residual solvent from the 

polymer after evaporation. This equipment capital cost is estimated at $3,000,000. This figure 

accounts for an extruder and post-processing equipment, which are estimated at $1,000,000, and 

the dissolution vessel with associated condensers, which is estimated at $500,000. A contingency 

factor of 2 is then applied to cover tubing, pumps, and other minor equipment. Landfill, labor, 

electricity, and building costs were assumed to be the same as those for a wind turbine blade 
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manufacturing facility estimated in a recent study.242 It is assumed that the recycling facility can 

charge 60% of the landfill cost of the blade to the decommissioning service. 

A recovery rate of 90 wt% of the resin was chosen based on only 4 wt% of the polymer 

left adhered to the fibers from the dissolution experiment; most of the resin lost during the 

dissolution experiment was due to incomplete precipitation into methanol. Since this separation 

technique can be replaced by evaporation, it is assumed that polymer loss can be reduced to a value 

of no more than 10% loss (90% recovery). Recovery of glass fiber will be more complicated due 

to structural considerations of sandwich-type layup structures and large-scale cutting. Therefore, 

the recovery of fiberglass is estimated to be 50 wt%. The landfill cost is applied to unrecovered 

material. The maximum resale price for the recovered polymer is set to the market price of PMMA 

at $2.50/kg. The maximum resale price of the recovered fiberglass is set to the upper range of 

chopped E-glass fiber at $4.00/kg.  

Given this set of assumptions, the price knockdown (a fractional reduction from the 

maximum resale price) is varied from 0% to 100% for each material to generate the plot shown in 

Figure 5.14. The bold contour represents the breakeven point for recycling a wind turbine blade. 

What this line suggests is that in the best-case scenario of full resale value of the polymer, the 

recovered fiberglass in the wind turbine blade needs to be sold at 7% of the price for chopped E-

glass fiber, corresponding to $0.28/kg. The labor requirement is also shown to greatly affect the 

viability of recycling and, in fact, represents the most sensitive variable to the ultimate cost of 

running the facility at a value of $960/FTE/blade.  

The feasibility of recycling wind turbine blades based on a dissolution technique is also 

contingent on the quality of the materials recovered. If the materials had a large knockdown for 
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resale, then the facility would not be feasible. It is plausible that the polymer recovered from the 

dissolution 

 

Table 5.2. Thermoplastic blade recycling facility inputs and cost summary.  

Recycling costs 

Process or input value Quantity Units 

Dissolution energy requirements  15.3 MJ/kg of resin 

Devolatilization energy requirement 2.6 MJ/kg of resin 

Resin mass in blade 5,322 kg/blade 

Cost of energy  0.079 $/kWh 

Total cost for dissolution & processing 2,123 $/blade 

 

Cost of operating facility 

Process or input value Quantity Units 

Equipment capital cost 3,000,000 $ 

Equipment installation cost 10 % of capital cost 

Equipment maintenance costs 10 % of capital cost over lifetime of 
equipment 

Equipment life (number of cycles) 2,000 cycles (or blades) 

Average downtime 10 % 

Building floor space 1,500 m2 

Building cost 1,200,000 $ 

Non-process electricity 228,690 kWh 

General laborers 10 FTE 

Unskilled direct wages 20 $/h 

Runtime for one blade (cycle time) 48 h 

Total cost to operate facility  11,767 $/blade 

 

Material resale value 
Process or input value Quantity Units 

Market price of PMMA 2.5 $/kg 

Percent resin recovered  90 % 

Market price of fiberglass  4 $/kg 

Fiberglass per blade 12,077 kg/blade 

Percent recovered fiberglass 50 % 
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process could be sold with minimal knockdown because the polymer would not have been 

significantly degraded from only a single extrusion process. However, retaining or creating value 

in the recovered glass fiber would be significantly more challenging. A potential application for 

these fibers is feedstock into compounding machines. The state of the art for fiber compounding 

is to pull continuous fiber off of spools into the compounder in order to maintain maximum fiber 

length in the final product.243 Rovings recovered from the recycled blades could be used in this 

manner, though they would likely need to be manually fed into a compounder. 

It is important to consider the implications that this recycling technique could have on 

carbon fiber composites. Carbon fiber is a few times more expensive than glass fiber with prices 

ranging from 11 to 25 $/kg (Baker and Rials, 2013). Carbon fiber reinforced thermoplastics can 

incur significant economic benefit to the supply chain since carbon fiber is 3 to 6 times more 

expensive. The review of Oliveux et al. documents 46 studies conducted examining solvolysis and 

most of these are directed toward carbon fiber recovery (Oliveux 139et al., 2015). However, none 

of these studies exploit room-temperature dissolution of thermoplastic composites, as is presented 

here. Dissolution is simpler and can be carried out at much lower temperatures than solvolysis, 

thereby facilitating economical material recovery.  

5.6 Conclusions 

 

Table 5.3 lists the advantages and disadvantages of the recycling techniques investigated 

in this study. Pyrolysis experiments show that relatively little energy is required to decompose the 

polymer matrix from composites when compared to other recovery techniques; however, the loss 

of the high-embedded-energy polymer is a disadvantage of this recovery option. This work 

tabulates the properties of short-fiber-reinforced dog bone specimens fabricated from regrind 

material obtained from a prototypical thermoplastic wind turbine blade spar cap. While mechanical 
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grinding and pyrolysis are mature recycling methods, the thermoplastic resin has the potential 

advantage over its common thermoset counterparts because the resin can be recovered from a 

dissolution process. Glass fiber rovings recovered from a composite part separated by dissolution 

are shown to have equal strength and only 12% reduced stiffness compared to rovings from virgin 

samples of the same material. This retention of mechanical properties demonstrates advantage over 

the pyrolysis process where the mechanical properties of glass fiber are diminished. A section of 

the prototypical thermoplastic spar cap was straightened by thermoforming. This unique property 

of thermoplastic composites would allow wind turbine blades to be down-cycled into other 

products like skateboards, as is presented here. 

Figure 5.14. Cost per wind turbine blade for variation in the knockdown rate of fibers and resin 
given the figures in Table 5.2. The bold line ($0) represents the break-even point for the recycling 
operation. 

Profitable 

Non-profitable 
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Table 5.3. Advantages and disadvantages for potential thermoplastic composite recycling methods. 

Recycling process Advantage Disadvantage 
Grinding  Simple 

 mature technology 
 Fiber length reduction 

Pyrolysis  Fiber length maintenance 
 mature technology 

 Fiber mechanical property 
degradation 

 Lose polymer matrix 

Dissolution/ 
distillation/extrusion 

 Fiber length & 
mechanical property 
maintenance 

 Recover polymer matrix 

 Expensive to separate 
solvents 

 Volatile solvent required 

Dissolution/ evaporation/ 
extrusion 

 Fiber length & 
mechanical property 
maintenance 

 Recover polymer matrix 

 Volatile solvent required 

 

An economic analysis indicates that recovery of constituent materials from a thermoplastic 

composite part can be economically feasible when they can displace virgin materials in the supply 

chain. This feasibility is contingent on reducing labor costs, obtaining a minimal knockdown on 

the polymer, and maximizing the glass fiber resale. Further work should be conducted to 

investigate the feasibility of the dissolution process at a larger scale. Additionally, substitution of 

a thermoplastic matrix for composite structures in the aerospace, automotive, and construction 

sectors should also be investigated due to the potential for capital recovery and elimination of 

waste demonstrated in this study. 
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 CHAPTER 6: MECHANICAL PROPERTIES OF THERMOPLASTIC COMPOSITES FOR 

WIND TURBINE BLADE MANUFACTURING5 

 

A conference proceeding presented at CAMX 2018 

 

Dylan S. Cousins1,2, Yasuhito Suzuki2, Joseph R. Samaniuk2, Aaron P. Stebner3 
 

6.1 Abstract 

Polymer composites are a desirable class of structural engineering materials due to their 

high specific mechanical properties and are increasingly utilized in construction, automotive, 

aerospace, and energy sectors. In particular, electricity generated from wind turbines, which use 

composite materials for their large blades, has grown consistently by approximately 7.3 GW of 

installed capacity every year in the last decade in the United States. However, the thermoplastic 

epoxy and vinyl ester resins typically used to make these structures are not easily recyclable and 

so these highly engineered structures and materials are typically landfilled at the end of their 

service lives. Thermoplastic matrices have long been discussed for use in large-scale composite 

parts. The use of these resins versus their thermosetting counterparts allows for potential cost 

savings due to non-heated tooling, shorter manufacturing cycle times, and recovery of raw 

materials from the retired part. However, original equipment manufacturers have been hesitant to 

adopt these materials due to unfamiliarity and a lack of robust material property databases. The 

primary focus of this work is to thoroughly characterize the mechanical properties of composites 

                                                 

1 Primary author and researcher 
2 Chemical and Biological Engineering, Colorado School of Mines, 1500 Illinois Street, Golden, CO 80401, USA 
3 Mechanical Engineering, Colorado School of Mines, 1500 Illinois Street, Golden, CO 80401, USA 
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fabricated with this new resin system and to demonstrate the feasibility of recycling the material 

at end-of-life.  

6.2 Introduction 

Fiber reinforced polymer composites (FRPCs) are an important material for engineering 

design because of their high specific mechanical properties. FRPCs are increasingly utilized in the 

construction, automotive, aerospace, and energy sectors.182,244,245 Presently, thermosetting epoxy 

or vinyl ester resins are used to construct wind turbine blades and about 7.3 GW of installed 

capacity of wind power is added every year in the United States.183 The thermosetting nature of 

the polymer matrix used for these structures presents a challenge because it renders the material 

economically unviable to recycle at the end of the life of the turbine. Furthermore, typical epoxy 

and vinyl ester resins require a secondary in-mold post-cure reaction that adds considerable time 

to the manufacturing cycle. 

Therefore, it is of interest for original equipment manufacturers (OEMs) to replace the 

thermosetting polymer matrix in wind turbine blades with a thermoplastic material to better 

facilitate recycling of these structures after they are decommissioned. A new thermoplastic resin 

system, Elium from Arkema, is a promising candidate for manufacture of wind turbine blades that 

can potentially reduce production cycle times and enable effective recycling. A consortia of 

industry and academic partners in the Institute for Advanced Composites Manufacturing 

Innovation (IACMI) has begun the process of qualifying the mechanical properties of this system, 

engineering processes for fabrication of large-scale parts, and developing recycling solutions. 

Thermoplastic polymer matrices have previously been suggested for manufacture of large scale 

composite parts.16 In addition to faster cure times, these materials enable the prospect of ultrasonic, 

thermal or resistance welding.140,141 This prospect can be leveraged for construction of segmented 
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turbine blades that can be more easily transported to the field and then assembled on-site. 

Furthermore, thermoplastics can be recycled via a dissolution process to recover the constituent 

materials without compromising the integrity of the glass fibers.222,229 

This work presents material data for glass fiber reinforced composites fabricated with an 

acrylic-based resin system are compared to those of an industry standard epoxy system. Coupon-

level tests provide tensile, compression, flexural, and short beam shear data. Additionally, 

specimens cut from a wind turbine blade spar cap section are shown to have similar fiber 

dominated properties, but lower interface dominated properties compared to coupon test panels. A 

disparity between the properties of the panel coupons versus the spar cap coupons is observed for 

the modulus, which is governed at low strain, versus the failure strength which occurs at high strain. 

A mechanism for the observed lower strength of the spar cap coupons is proposed. X-ray computed 

tomography (CT) scanning is used to investigate the occurrence of discontinuous fibers on the 

wider face of a compression coupon specimen cut from an Elium spar cap section. Additionally, a 

feasible recycling solution of dissolving the composite polymer matrix into chloroform is 

presented. The fibers recovered from the composite part are shown to have uncompromised 

mechanical performance compared to virgin materials. 

6.3 Materials and methods 

The thermoplastic resin system used in this study was the acrylic-based part A Elium resin 

from Arkema, Inc. with part B Luperox AFR 40 peroxide initiator. The epoxy system was Hexion 

RIMP135 with RIMH1366 hardener at a mixing ratio of 100:30. The test panels and Elium spar 

cap component were all fabricated using Johns Manville StarRov 086 – 1200 glass fiber so that 

the only material difference between the specimens was the resin system. The Elium spar cap 

component was fabricated at the National Wind Technology Center (NWTC) in Boulder, Colorado. 
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Epoxy G10 tabbing material was used for tabbing specimens and the tabs were adhered using 

Loctite 401. Chloroform for the dissolution study was ACS grade from Fisher Scientific. Methanol 

for precipitation was ACS grade from Pharmco-AAPER. 

6.3.1 Preparation of test coupons 

Coupons we cut from test panels using a water cooled tile saw. To the greatest extent 

possible for longitudinal specimens, cuts were made parallel to the fiber bundles to minimize the 

number of discontinuous fibers in the specimen. Additionally, coupon specimens were cut from 

the spar cap section as depicted in Figure 6.1 which shows how the rectangular specimens were 

cut from a curved component. The spar cap sections were cut with an IMER Combi 250VA water- 

cooled tile saw. Specimens were cut from the center of the spar cap component were oriented such 

that the fibers ran in a longitudinal direction. The fiber bundles were oriented so that the long axis 

of the ovular-shaped cross-sections were parallel to the width of the samples as shown in Figure 

6.2 for a short beam shear test specimen. A tensile specimen is shown in Figure 6.3 with the 

discontinuous fiber bundles outlined in red. 

Figure 6.1. Side view of one-quarter of the spar cap component that was fabricated at the NWTC. 
The samples were cut through the thickness of the spar cap as indicated here. 

CURVED SPAR CAP 
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6.3.2 Mechanical Testing 

Tensile, compression, short beam shear, and flexural testing were conducted according to 

ISO 527, ASTM D6641, ASTM D2344, and ASTM D790, respectively. An MTS Landmark 

370.10 load frame was used for the tension, compression and short beam shear tests and an MTS 

Landmark 370.25 load frame was used for the flexural tests. For tension and compression tests, 

Figure 6.2. View from the top of a sectioned tensile specimen. The enlarged image highlights 
some of the fiber bundles that are discontinuous by outlining them in red. The minor crossing fiber 
bundles can also be easily distinguished. 

Figure 6.3. Cross section of three-point bend specimen with fiber bundle cross-sections 
highlighted in black. The red edges denote places where the fiber bundles are cut in the 
longitudinal direction. 
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digital image correlation (DIC) was used to determine the strain with a Basler Ac2500 camera. 

The error in the measured strain from DIC was determined to be 0.1% or less. 

6.3.3 X-ray Computed Tomography Scanning 

An X-ray CT scan was conducted on the gauge section of a compression coupon specimen 

cut from the Elium spar cap section in order to examine the discontinuous fibers in the part. The 

CT scan was conducted using a ZEISS Xradia 520 Versa instrument. 

6.4 Results 

6.4.1 Mechanical Testing 

6.4.1.1 Tensile 

The results of the tensile testing of composite coupons are presented in Figure 6.4 with the 

modulus at left and the tensile strength on the right. These and the following box plots are 

constructed with the circle symbol showing the mean, the ends of the box depicting the first and 

third quartile, the inner line showing the median, and the whiskers representing the minimum and 

maximum. The moduli of all three coupon types are within their combined inter-quartile range,  

Figure 6.4. Tensile properties of panel coupons and coupons cut from a spar cap component for 
Elium and epoxy resin systems. The Elium spar cap coupons have a higher percentage of 
discontinuous fibers. 
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with the Elium samples being slightly stiffer than the epoxy. The Elium panel coupons show a 

higher strength (916 MPa) compared to the epoxy system (723 MPa). The strength of the coupons 

cut from the spar cap are greatly diminished and display a strength of 448 MPa. This lower strength 

is likely not an effect of the material system, but rather inherent discontinuous fibers in the spar 

cap coupon specimens as depicted in Figure 6.2 and Figure 6.3. Although both the panel coupons 

and the spar cap coupons have discontinuous fibers on their cut surfaces, the spar cap specimens 

have more discontinuous fibers because they are also cut along their wider surfaces. 

6.4.2.2 Compression 

The results of the compression testing are presented in Figure 6.5 with the modulus at left 

and the compressive strength on the right. The modulus of the Elium and epoxy panel specimens 

are within their combined uncertainties. The modulus of the coupons cut from the spar cap is 

slightly lower, but the error associated with this value is also large. Although the compressive and 

tensile modulus should be the same in theory, the compression test is much more sensitive to fiber 

alignment and so the measured value is often lower.246 Again, while the strengths of the panel 

Figure 6.5. Compressive modulus (left) and compressive stress (right) of Elium panel coupons, 
epoxy panel coupons, and coupons cut from an Elium spar cap. The Elium spar cap coupons 
have a higher percentage of discontinuous fibers. 



131 

 

coupons are similar, the strength of the specimens from the spar cap is much lower due to the 

greater content of discontinuous fiber in the sample.  

6.4.3.3 Flexural 

The results of the flexural three point bend testing are presented in Figure 6.6 with the 

modulus at left and the flexural strength on the right. The flexural modulus of the panel coupons 

is within their combined uncertainties, but interestingly, the flexural tangent modulus of the spar 

cap coupon is higher than the panel parts. A potential reason for this observation could be that the 

spar cap coupons have two flat “A-sides”, while the panel coupons have one “B-side” from the 

vacuum bag used to make the panels. This surface roughness of this B-side could cause the material 

to indent more readily on the loading cyclinders of the 3-point-bend fixture and this indentation 

would manifest as a lower observed modulus. The strength of the Elium composite (1006 MPa) 

exceeds that of the epoxy panel coupons (809 MPa) and again, the strength of the spar cap coupons 

is diminished (628 MPa) due to the presence of more discontinuous fibers along the wide face of 

the testing specimen. 

Figure 6.6. Flexural tangent modulus (left) and flexural strength (right) of Elium panel coupons, 
epoxy panel coupons, and coupons cut from an Elium spar cap. The Elium spar cap coupons have 
a higher percentage of discontinuous fibers. 
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6.4.4.4 Short Beam Shear 

The short beam shear strength of the panel and spar cap coupons is shown in Figure 6.7. 

The epoxy panel coupons show a slightly higher short beam shear strength than the Elium panel 

coupons. The coupons from the spar cap show a distinctly lower short beam shear strength, again 

due to the discontinuous fibers at the surface of the part that concentrate stress and cause a failure 

at lower stress than their continuous fiber counterparts. The failure of these specimens is caused 

by interlaminar shear. 

6.5 Discussion 

6.5.1 Comparison of coupon mechanical properties 

The longitudinal tension and compression tests are largely fiber dominated properties and 

should display nominally the same values. The modulus of the three different specimen types in 

tension are within their combined uncertainties. However, the strength of the coupons cut from the 

spar cap have a distinctly lower strength. This is because of the greater percentage of discontinuous 

fibers compared to the coupons cut from panels. The discountinuous fiber bundles on the outside 

of the specimens will concentrate stress. Figure 6.8 shows the process by which discontinuous 

Figure 6.7. Short beam strength of Elium coupons, epoxy coupons, and coupons cut from an Elium 
spar cap. The Elium spar cap coupons have a higher percentage of discontinuous fibers. 
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fibers effect the mechanical properties of the material. The blue strip on the tensile bar is meant to 

represent a discontinuous fiber as shown in image A. As the specimen is loaded, stress is unable 

to be born in the discontinuous fiber bundle as well as the continuous ones. However, at low strains, 

the stress is not great enough to break the part as shown in image B. Therefore, the modulus of the 

material is roughly the same as a component for which all of the fibers are continuous, such as in 

a coupon panel. As the part continues to be loaded, eventually the discontinuous fibers will not 

bear the stress and will break from the body of the tensile bar as shown in image C. This initail  

Figure 6.8. Schematic demonstrating the accelerated failure mechanism for the spar cap 
components that yield a lower strength. The process is described further in the text. A. Specimen 
under no load. B. Specimen loaded, but not to the point of failure. C. Specimen fails at 
discontinuous fiber bundle. D. Specimen fails catastrophically initiated at discontinuous fiber 
bundle detatchment. 
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breakage introduces many irregularities to the specimen that concentrate stress and eventually lead 

to catastrauphic failure as shown in image D. Coupon specimens will not fail as early because all 

of the fibers are continuous. 

Figure 6.9 shows an X-ray CT scan of the gauge length of a compression coupon specimen 

from the Elium spar cap prior to mechanical testing. The red oval indicates an area that has 

discontinuous fibers on the surface from cutting the specimen from the spar cap. These 

discontinuities will be the first part of the component to fail in the high strain region of the test. 

This is why the Elium spar cap coupons display a lower strength in all tests. However, in the low 

strain regions, the enitre component still acts as a cohesive unit and so the stiffness of these 

specimens is about the same as that of a continuous fiber coupon. 

 

6.5.2 Feasibility of Elium for composite construction 

Coupons from Elium panels are shown to be at least as stiff as epoxy panels in tension, 

compression and flexural testing. Elium panels are shown to be stronger in tension and flexure, 

Figure 6.9. X-ray CT scan of a compression coupon specimen cut from an Elium spar cap section. 
The red oval indicates an area with a discontinuous fiber bundle that contributes to the lower 
strength of these types of specimens. 
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but slightly weaker in compression and short beam shear. Fibers recovered from the dissolution 

recycling experiment are just as strong and nearly as stiff as their virgin analogs. Additionally, 

PMMA, the most common acrylic polymer of the family to which Elium belongs, is very energy 

intensive to produce requiring about 200 MJ/kg to manufacture.23 In the same reference, only 

Aluminum was found to be more energy intensive to produce. If the recovered polymer can be 

introduced back into the manufacturing stream, this represents a vast energy savings for the 

polymer or composites fabrication industry. The mechanical properties presented in this report 

certainly warrant taking the next step toward commercialization of this thermoplastic resin system. 

Several studies should be conducted: 1) the fatigue properties of the Elium system should be 

compared to those of a commercial epoxy or other thermosetting system, 2) large scale (tens of 

meters) components should be constructed to demonstrate the feasibility of using the Elium system 

for fabricating large-scale composite parts, 3) pilot scale recycling studies should be conducted on 

the larger parts to demonstrate the feasibility of recycling these structures at their end-of-life. 
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 CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Overall Conclusions  

This work presents several novel contributions to the growing field of infusible thermoplastic 

resins for composite fabrication. The important dependence of concentration and molecular weight 

on the viscosity of infusible resin systems is documented for PMMA in MMA. Furthermore, the 

chemorheological response of that system is characterized. Next, in an effort to introduce biobased 

materials for infusible resins, the compatibility between PLA and PMMA is demonstrated. This 

system is further characterized by documenting the fundamental solution properties and 

rheological response of resins formed by PLA dissolved in MMA. A substantial contribution is 

made in the field of composite recycling by demonstrating the feasibility of dissolution to recover 

the constituent materials in a composite component. Lastly, glass fiber–reinforced thermoplastic 

specimens are shown to have mechanical properties comparable to those of glass fiber–reinforced 

thermoset specimens. 

7.2 Recommendations 

Currently, a central thrust in materials science is integrated computational materials 

engineering (ICME). ICME aims to computationally model the fabrication of a composite from 

layup of fibers, infusion and cure of the resin, residual stress in the cured part, and final mechanical 

properties of the composite.247 Various integrated software will be required to realize this goal. 

Importantly, fundamental rheokinetic data will be needed as inputs for these simulation tools. The 

techniques outlined in this thesis provide valuable guidance to generate this data. Once the infusion 

and cure is modeled, multiscale mechanical modeling will be needed to predict the mechanical 

properties of the final composite part. Micromechanical modeling will be needed to account for 

the heterogeneous nature of the composite part. Mesoscale models of fiber/matrix interfaces have 
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been employed, but these models should be implemented for the specific fiber/resin system and 

then coupled to finite element analysis (FEA) models of entire wind turbine blades.248 Since 

extensive and expensive effort is presently required for wind turbine blade qualification, the 

industry may move toward ICME for qualification in the near future. Future researchers in this 

field would be wise to adapt these strategies to the material system in question. 

There are several pathways to continue the work presented in this thesis. The 

chemorheological response of the curing resin system is characterized for a specific geometry and 

temperature in this work (i.e., 20 °C in a 20 mm parallel plate rheometer). While this is a good 

starting point for predictive capabilities, much deeper simulation tools are needed for effective 

ICME. A kinetic model for this resin system (PMMA in MMA) was developed by Suzuki et al. 

and should be extended to include the viscous response of the curing resin.22 That kinetic model 

should be extended to predict 3D temperature evolution in a curing composite part, which would 

represent a significant contribution toward the ICME goal of simulating composite infusion. 

There is increasing effort to displace or replace petro-based chemicals in resins for 

composite fabrication. Unsaturated polyester resins are one of the most common polymer systems 

and are often exploited for use in composite materials.249 These systems use styrene as the 

monomer for polymerizations with oligomeric functionalized chains that participate in the 

polymerization and promote cross-linking.155 Styrene is a probable carcinogen, so replacement of 

this monomer is of great interest.250,251 Methacrylate compounds may act as the monomer in these 

resin systems, so the present thesis is significant to the composites community.155  

The work with biobased systems presented in this thesis needs further development. For 

OEMs to adopt a resin system, a full characterization of the rheological, kinetic, and mechanical 

properties must be conducted. The rheological characterization is complete, but a similar 
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chemorheological study to the PMMA in MMA work should be carried out for PLA in MMA. 

Furthermore, a complete mechanical test schedule should be implemented. A proposed 

characterization schedule should include several fundamental metrics. First, several properties of 

the resin need to be characterized. Chemorheological experiments like the ones conducted in 

Chapter 2 in this thesis should be conducted on the PLA in MMA system to determine working 

time and cure shrinkage. This should be coupled with the kinetic modeling that has also been 

suggested. Then, composite test panels should be fabricated and tested to determine the mechanical 

properties of the composite. This should be done using the same fiber as a previous study so that 

an accurate comparison of the mechanical properties can be made. For monotonic testing, the most 

important properties to determine are unidirectional (UD) longitudinal and transverse modulus and 

strength, UD in-plane shear modulus and strength, and UD interlaminar shear modulus and 

strength. Cyclic fatigue tests of UD and ±45° symmetric and balanced laminates should also be 

conducted at stress ratios of R = 0.1 (tension-tension), R = 10 (compression-compression), and 

R =  − 1 (fully reverse tension-compression). Since PLA is moisture-sensitive and prone to 

hydrolysis, environmental aging studies are imperative. In this protocol, ± 45° tensile test 

specimens would be aged in a humid, elevated-temperature chamber and then tested monotonically 

and in cyclic fatigue at R = 0.1 to measure how the properties have degraded. 

Ultimately, to adequately qualify a material for use in a wind turbine blade, extensive 

characterization needs to be conducted. Therefore, further work needs to be conducted to fill the 

data gaps that are left in Chapter 6. These include in-plane shear measurements of both Elium and 

epoxy specimens in UD and [0-90-90-0] configurations. Additionally, a full fatigue test schedule 

needs to be conducted for the Elium/glass-fiber composite system. Similar to the monotonic test 

plan, a comparison of the fatigue properties needs to be made between the Elium and epoxy resins. 
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Therefore, it is suggested that S-N curves for ±45° tensile specimens are compared across the resin 

systems. The ±45° layup is not dominated by the fibers as much as a longitudinal UD composite 

is, so this test will give insight into the compatibility between the fibers and the matrix for the two 

resin systems.5 Subsequently, appropriate estimations can be made regarding the unidirectional 

longitudinal and transverse fatigue testing that should be conducted on the Elium system. Table 

7.1 summarizes the suggested fatigue test schedule. This work is currently in progress. 

During the course of this work, it was observed that phase separation occurs during 

polymerization of PMMA under certain conditions.252 This phase separation was observed because 

the polymerization was conducted at room temperature, whereas typical PMMA sheet casting, 

which has been conducted for decades using a PMMA in MMA preformed solution, is conducted 

at higher temperatures. Therefore, the phase separation was not documented until now. Phase 

separation into PMMA-rich and MMA-rich phases happens during the reaction near the onset of 

the Trommsdorff effect. This phenomenon should be investigated for the PLA in MMA resin to 

see if this effect is also present in this system. There is potential to exploit this phenomenon in 

manufacturing processes by using the MMA-rich phase to join separate composite parts, but it 

could also present a problem because the resin does not fully cure in the MMA-rich layer. 

Therefore, additional studies should be conducted into the nature of this separation in the PLA 

system to investigate whether exploitation or mitigation is preferable for manufacturing. 

 

Table 7.1. Proposed fatigue testing for comparison between Elium and epoxy composites. 
Material, Laminate Schedule Test Comments 

Elium [0,0,0,0] Cyclic Fatigue, R = 0.1, 10, −1 Generate full S-N curve 
Elium [90,90,90,90] Cyclic Fatigue, R = 0.1, 10, −1 Generate full S-N curve 

Elium [+45, −45, −45, +45] Cyclic Fatigue, R = 0.1, 10, −1 Generate full S-N curve 
Epoxy [+45, −45, −45, +45] Cyclic Fatigue, R = 0.1, 10, −1 Generate full S-N curve 
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7.3 Contribution of experimental development 

Several experimental techniques were developed during the course of this work that 

warrant further documentation. A central thrust of this thesis was to develop a technique by which 

the viscosity of a volatile resin could be measured. Furthermore, it was a primary thrust to develop 

an experiment by which the viscosity of a curing resin system could be measured. Initial effort was 

focused on the non-curing system. The volatile nature of MMA meant that a solvent trap had to be 

used to prevent evaporative losses from the sample. In the case of MMA/polymer solutions, this 

was implemented by using a solvent trap from TA Instruments. Extensive effort was devoted to 

developing a procedure to measure the cure profile. Initially, this technique was developed on the 

Elium resin system while overcoming several challenges along the way. First, the long duration of 

the experiment at low initiator concentrations meant that even very small amounts of evaporation 

from the sample would change the results of the experiment in an uncontrolled manner. Therefore, 

the solvent trap was sealed with vacuum grease to create an air-tight chamber in which the 

experiment was conducted. Secondly, the cure shrinkage that occurs made using a cone and plate 

geometry problematic. In this geometry, the curing resin contracted inwards so that the entirety of 

the surface of the cone was not covered. This problem turned out to yield a productive change to 

the experimental procedure. Instead of using a cone and plate, a parallel plate geometry was used. 

With this configuration, the instrument head could be moved downward to accommodate the 

shrinking resin as the experiment progressed. Not only did this allow the specimen to cover the 

entire geometry (thereby yielding an accurate measure of the viscosity), but it also allowed a 

measure of the shrinkage of the polymer during cure. Although these shrinkage profiles are not 

presented in this work, it can be a valuable tool for those conducting curing experiments in the 

future. 
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APPENDIX A: SUPPORTING INFORMATION FOR: INFUSIBLE THERMOPLASTIC 

RESINS: TAILORING OF CHEMORHEOLOGICAL PROPERTIES 
  

A.1 Temperature Sweeps 

Figure A.1 and Figure A.2 provide viscosity data as a function of temperature for 30k and 500k 

PMMA in MMA. 

 

Figure A.1. Viscosity as a function of temperature for 30 kg/mol PMMA in MMA. Lines represent 
a fit to the Andrade-Eyring equation. 
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Figure A.2. Viscosity as a function of temperature for 500 kg/mol PMMA in MMA. Lines 
represent a fit to the Andrade-Eyring equation. 
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A.2 Andrade-Eyring Parameters 

Figure A.3 and Figure A.4 present data for fits to the Andrade-Eyring equation (Eq. (2.2)) from 

the main text for 30k and 500k PMMA in MMA. 

  

Figure A.3. Parameters for the Andrade-Eyring equation as a function of intrinsic viscosity 
normalized concentration, c[η], for 30k PMMA in MMA. The line represents a fit to Eq. (2.2) from 
the main text. 
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Figure A.4. Parameters for the Andrade-Eyring equation as a function of intrinsic viscosity 
normalized concentration, c[η], for 500k PMMA in MMA. The line represents a fit to Eq. (2.2) 
from the main text. 
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APPENDIX B: SUPPORTING INFORMATION FOR: MISCIBLE BLENDS OF BIOBASED 

POLY(LACTIDE) WITH POLY(METHYL METHACRYLATE): EFFECTS OF CHOPPED 

GLASS FIBER INCORPORATION 
 

Table B.1. Conditions for injection molding of PLA/PMMA blends. (gf) denotes blends with 40 
wt% glass fiber. 
Blend 
(wt% PLA) 

Barrel Temp 
(°C) 

Nozzle Temp 
(°C) 

Injection Pressure 
(psi) 

0 210 220 8000 
25 210 220 6000 
50 180 185 5800 
75 180 185 7500 
100 165 175 5000 
0 (gf) 245 255 10000 
25 (gf) 245 255 10000 
50 (gf) 245 255 10000 
75 (gf) 245 255 10000 
100 (gf) 245 255 10000 
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APPENDIX C: SUPPORTING INFORMATION FOR: THERMOPLASTIC COMPOSITES 

USING VACUUM-ASSISTED RESIN TRANSFER MOLDING WITH A STYRENE FREE 

BIOBASED SYSTEM. I. RHEOLOGICAL PROPERTIES AND PRELIMINARY PANEL 

FABRICATION. 

C.3 Dilute Solution Viscometry – Mathematical Framework 

Flow times were corrected for kinetic energy by a power law fit to the tabulated Hagenbach 

correction factors for the capillary employed.253 Generally, the correction was small, on the order 

of 0.01% or less. The kinematic viscosity was calculated by multiplying the efflux times by the 

viscometer constant (0.0009182 mm2/s2). Density values of the polymer (1.254 g/mL for PLA at 

30 °C) and solvent (0.932 g/mL for MMA at 30 °C) were used to calculate the solution density as 

the volumetric average.19,76   

The dynamic viscosity of the solutions was then found from the kinematic viscosity using 

Eq. C.1. 𝜂 = 𝜈𝜌 (C.1) 

Here, 𝜂 is the dynamic viscosity, 𝜈 is the kinematic viscosity, and 𝜌 is the density of the solution. 

For each molecular weight, the intrinsic viscosity may be determined by extrapolation to zero 

concentration using two different expressions. Eqs. C.2 and C.3 represent the Huggins 

relationship.254 𝜂𝑠𝑝𝑐 = [𝜂] + 𝑘𝐻[𝜂]2𝑐   ∴ (C.2) 

[𝜂] =  lim𝑐→0  𝜂𝑠𝑝𝑐 =  lim𝑐→0  𝜂 −  𝜂0𝜂0𝑐   (C.3) 

 The Kraemer relationship is given by C.4 and C.5.255 ln (𝜂𝑟𝑒𝑙)𝑐 = [𝜂] + 𝑘𝐻[𝜂]2𝑐    ∴ (C.4) 
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[𝜂] =  lim𝑐→0  ln (𝜂𝑟𝑒𝑙)𝑐 =  lim𝑐→0  ln ( 𝜂𝜂0)𝑐  (C.5) 

 In the above equations, c is the polymer concentration in solution (g/mL), kH is the Huggins 

constant, 𝜂 is the solution viscosity (mPa∙s), 𝜂0 is the pure solvent viscosity (mPa∙s), 𝜂𝑟𝑒𝑙 is the 

relative viscosity, and 𝜂𝑠𝑝  is the specific viscosity. The data were fit by least-squares linear 

regression in MS Excel. The difference between [𝜂] determined by the relationship was generally 

less than 1%, but the Kraemer relationship generally gives a slightly higher value. Table C.1 gives 

the values for each intrinsic viscosity as a function of molecular weight. The intrinsic viscosities 

determined by the two methods were within 0.5 % of each other when averaged across all 

measured samples. Therefore, the two values for the intrinsic viscosities determined by the 

relationships were averaged as is typical.256,257 

 

Table C.1. Intrinsic viscosity values determined from the Huggins and Kraemer relationships for 
the samples tested in this study. 

Sample Mw (g/mol) [𝜼] Huggins [𝜼] Kraemer % Difference (Hug. – Kra.)/Hug. 
SH-PLA-30 4560 7.8 7.9 -0.64% 
SH-PLA-14 103,000 67.8 68.2 -0.62% 
SH-PLA-19 142,000 92.9 93.0 -0.17% 
SH-PLA-44 245,000 87.8 87.8 0.04% 
SH-PLA-2 213,200 122.7 123.2 -0.42% 

SH-PLA-18 459,000 180.7 181.8 -0.60% 
SH-PLA-31 570,000 287.6 288.3 -0.24% 
SH-PLA-13 692,700 319.6 324.5 -1.53% 
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C.4 Temperature Dependence of the Intrinsic Viscosity 

The temperature dependence of [η] may be estimated by shifting the temperature dependent 

steady shear data of Figure 4.10 in the main text to the master curve by “adjusting” their x-values 

by changing the intrinsic viscosity. Explicitly, the procedure is conducted as follows: for a given 

data point that has ηsp, determine the value of c[η] that corresponds to that value of ηsp. This is 

done using the “solver” function in MS Excel combined with Eq. 4.13 in the main text. Then, 

divide this “adjusted c[η]” value by the known concentration, c, to determine the “adjusted [η]”. 

Slightly different values of “adjusted [η]” are obtained for different concentrations at the same 

temperature; therefore, these values are averaged to yield a single data point. Figure C.1 

summarizes the results of this procedure; the slope of the line that correlates [η](T) is -0.38 mL/g/K. 

The temperature dependence of [η] may be negative or positive and the present finding is very 

similar to a value of -0.3 mL/g/K reported by Fox & Flory for poly(isobutylene) in 

diisobutylene.179 This dependence is most likely due to the temperature dependence of the front 

Figure C.1. Temperature dependence of the intrinsic viscosity, [η]. The error bars represent the 
standard deviation of the data that were averaged over various concentrations at each temperature. 
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factor, K, in the MH equation. The temperature dependence of this parameter starts to take effect 

when the MH equation exponent, a, exceeds 0.7, as it does in this system.57 

C.5 Multi-Angle Laser Light Scattering (MALLS) – Mathematical Framework 

The specific refractive index increment (𝑑𝑛/𝑑𝑐) for PLA in MMA has not been previously 

reported in the literature. Because molecular weights measured by MALLS depend on the inverse 

square of the specific refractive index increment, particular attention was paid to determining this 

important quantity. The refractive index increment (𝑑𝑛/𝑑𝑐) of PLA in MMA was measured using  

a Wyatt interferometric refractometer (OPTLAB®, 633 nm) coupled with a Waters 515 HPLC 

pump and Waters U6K injector. The measurements were conducted at 30 °C, and the flow rate of 

the mobile phase was 0.6 mL/min. Data are presented in Figure C.2. The refractive index increment 

was computed with software (DNDC) provided by Wyatt giving a value of 0.041 ±  0.002 mL/g.  

Figure C.2. Measured refractive index increment for PLA/MMA solution. n is the refractive index 
of the solution and n1 is the refractive index of the solvent. 
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Additional analysis was performed to check the legitimacy of the experimental finding for the 

specific refractive index increment. Two methods of approximating dn/dc were explored. The 

refractive index increment can be expressed according to Eq. C.6; differentiation yields Eq. C.7.258 

 𝑛2 − 1𝑛2 + 1 = 𝜑1 𝑛12 − 1𝑛22 + 1 + 𝜑2 𝑛22 − 1𝑛22 + 1 
(C.6) 

𝑑𝑛𝑑𝑐 = 32 (𝑎2 − 𝑎1)𝜌2 1(1 − 𝑓)2 (1 + 2𝑓1 − 𝑓 )−0.5
 

(C.7) 

Here, 

𝑎1 = 𝑛12 − 1𝑛12 + 2 ,     𝑎2 = 𝑛22 − 1𝑛22 + 2  ,     𝑓 =  (𝑎2 − 𝑎1) 𝑐𝜌2 + 𝑎1 (C.8) 

In Eqs. C.6 through C.8, 𝑛, 𝑛1, and 𝑛2 are the refractive indices of solution, solvent, and polymer, 

respectively; φ1 and φ2 are the volume fractions of solvent and polymer, respectively; 𝑐 is the 

concentration of solute in g/mL; and 𝜌2 is the density of polymer. With the available values of the 

density (1.254 g/mL for PLA and 0.932 g/mL for MMA at 30 °C) and refractive indices (𝑛1=1.409 

for MMA and 𝑛2=1.456 for PLA), Eq. C.7 predicts the value 
𝑑𝑛𝑑𝑐 = 0.037 mL/g for PLA in MMA 

at the wavelength of 589 nm and 20 °C.19,76,259 Similarly, 
𝑑𝑛𝑑𝑐 can be estimated from a known value 

in one solvent and the difference of the refractive indices of the known and unknown solvents.164 

Using 
𝑑𝑛𝑑𝑐 = 0.042 for PLA in tetrahydrofuran (THF) at 30 °C76, a refractive index 𝑛 = 1.402 for 

THF260, and a density of 0.877 g/mL for THF at 30 °C261, the estimated refractive index increment 

for PLA in MMA is calculated according to Eq. C.9. 
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(𝑑𝑛𝑑𝑐)𝑃𝐿𝐴 𝑖𝑛 𝑀𝑀𝐴 =  (𝑑𝑛𝑑𝑐)𝑃𝐿𝐴 𝑖𝑛 𝑇𝐻𝐹 ( 𝑛𝑃𝐿𝐴 −  𝑛𝑀𝑀𝐴  𝑛𝑃𝐿𝐴 −  𝑛𝑇𝐻𝐹 ) ( 𝜌𝑃𝐿𝐴 −  𝜌𝑇𝐻𝐹   𝜌𝑃𝐿𝐴 −  𝜌𝑀𝑀𝐴) 

= 0.042 𝑚𝑙𝑔 × (1.456 − 1.4091.456 − 1.402) (1.254 𝑔/𝑚𝑙 − 0.877 𝑔/𝑚𝑙1.254 𝑔/𝑚𝑙 − 0.932 𝑔/𝑚𝑙) = 0.043 𝑚𝑙𝑔  

(C.9) 

The average of the two values estimated at 30 °C is 0.040 mL/g which is within 3% of the value 

measured at 30 °C of 0.041 mL/g. While the indices of refraction for both polymers and solvents 

decrease with increasing temperature, the hindered molecular motion of polymer chains compared 

to simple solvents manifests as a lower decrease; that is (𝑑𝑛𝑑𝑇)𝑃𝑂𝐿𝑌𝑀𝐸𝑅𝑆  < (𝑑𝑛𝑑𝑇)𝑆𝑂𝐿𝑉𝐸𝑁𝑇𝑆 . It 
follows that the finding that the specific index of refraction increases with temperature is not 

worrisome. Accordingly, these two consistency checks on the experimental value found at 30 °C 

provide confidence that the specific index value determined for PLA in MMA is accurately 

determined. 

C.6 Comparison of Molecular Size as Determined by DSV and MALLS – Mathematical 
Framework 

The mean-square end-to-end distance expansion factor, 𝛼, is defined as the dimensionless 

ratio of the actual to the unperturbed RMS end-to-end distances.172 

𝛼 =  
√〈𝑟2〉√〈𝑟2〉0 (C.10) 

The unperturbed RMS end-to-end distance may be calculated following Eq. 4.5 from the main text 

as,173 〈𝑟2〉01/2 =  √𝐶∞𝑁 �̅� (C.11) 

where 𝐶∞ is the characteristic ratio as determined by DSV, 𝑁 is the number of backbone bonds 

(calculated using 𝑀𝑤 for MALLS data and 𝑀𝜂 for DSV data), and �̅� is the average length of each 
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backbone bond which may be calculated for PLA based on the bond lengths (l) in the repeat unit 

using Eq. C.12.76 

�̅� =  √𝑙𝐶−𝐶2 +  𝑙𝐶(𝑠𝑝2)−𝑂2 + 𝑙𝑂−𝐶(𝑠𝑝3)23  = 1.43 × 10−10 𝑚 (C.12) 

With the denominator of Eq. C10 known, each technique can be used to find a value for the 

numerator which represents how expanded the chain is relative to theta conditions due to solvent 

interactions. 

The mean-square end-to-end distance may be calculated from DSV measurements using 

the Fox-Flory relationship of (C.13.262 

[𝜂] = 𝛷〈𝑟2〉32𝑀𝜂    ∴   〈𝑟2〉 = ([𝜂]𝑀𝜂𝛷 )2 3⁄    (C.13) 

The Flory constant may be corrected to non-theta conditions using the Ptitsyn-Eizner equations,164 𝛷 (𝑚𝑜𝑙−1) = 2.55 × 1023(1 − 2.63𝜖 + 2.86𝜖2)   (C.14) 

𝜖 = 2𝑎 − 13  (C.15) 

where a is the Mark-Houwink exponent.  

MALLS can also be utilized to find the numerator of Eq. C.10. However, it is the z-

averaged mean-square radius of gyration, 〈𝑠2〉𝑧, that is determined by light scattering experiments. 

This value is obtained from the slope of the scattering function extrapolated to zero concentration 

versus sin2 (𝜃2) where θ is the scattering angle. 263 

4𝜋2𝑛2 (𝑑𝑛𝑑𝑐)2 𝑐N𝐴λ04(Δ𝑅𝜃)𝑐 =  
1𝑀𝑤 + [16𝜋2𝑛123𝜆02 ] (〈𝑠2〉𝑧𝑀𝑤 ) sin2 (𝜃2) + 2𝐴2𝑐 + ⋯ (C.16) 
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Here, 𝑛  is the refractive index of the solution, 𝑑𝑛 𝑑𝑐⁄   is the refractive index increment of the 

polymer in solution, c is the concentration of polymer in solution, N𝐴 is Avogadro’s constant, λ0 

is the wavelength of monochromatic light, (Δ𝑅𝜃)𝑐 is the excess Rayleigh ratio, 𝑛1 is the refractive 

index of the solvent, and 𝐴2 is the second virial coefficient. To calculate the expansion factor from 

MALLS, the weight-averaged value should be used to correspond with the measured Mw. The z-

averaged radius of gyration may be corrected to the weight average by using a log-normal 

distribution as expressed by Eq. (C.17. 

〈𝑠2〉𝑤,𝐿𝑁 =  〈𝑠2〉𝑧 (𝑀𝑤𝑀𝑛 )−(2𝑎+23 )
 (C.17) 

In Eq. C.17, 𝑎 is again the exponent from the Mark-Houwink relationship. Using the Shulz-Zimm 

correction factor, the weight average radius of gyration is calculated as,264 

〈𝑠2〉𝑤,𝑆𝑍 =  〈𝑠2〉𝑧 1/𝑈 + 1(3/𝑈 + 2𝑎 + 5)/3 (C.18) 

where 𝑈 is the non-uniformity. The mean-squared end-to-end distance is related to the radius of 

gyration by Eq. C.19. 

〈𝑟2〉 =  〈𝑠2〉6  (C.19) 
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APPENDIX D: COPYRIGHT PERMISSIONS 
 

 This Appendix includes expressed, written permission from the copyright holders granting 

permission for republication of the material contained in CHAPTER 3. Written consent for 

republication from all Co-authors is also included for CHAPTERS 2, 4, 5, and 6. 
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Co-author permissions to use “MISCIBLE BLENDS OF BIOBASED POLY(LACTIDE) WITH 

POLY(METHYL METHACRYLATE): EFFECTS OF CHOPPED GLASS FIBER 

INCORPORATION”: 
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Co-author permissions to use “INFUSIBLE THERMOPLASTIC RESINS: TAILORING OF 
CHEMORHEOLOGICAL PROPERTIES”: 
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Co-author permissions to use “THERMOPLASTIC COMPOSITES USING VACUUM-
ASSISTED RESIN TRANSFER MOLDING WITH A STYRENE FREE BIOBASED 
SYSTEM. I. RHEOLOGICAL PROPERTIES AND PRELIMINARY PANEL 
FABRICATION.”: 
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Co-author permissions to use “RECYCLING GLASS FIBER THERMOPLASTIC 
COMPOSITES FROM WIND TURBINE BLADES.”: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


