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Abstract

   Lactic acid based thermoset were synthesised by reacting lactic acid with glycerol and 
functionalizing lactic acid branches by methacrylic anhydride. Resins with different chain 
length were prepared and their thermo mechanical properties were examined through DMA 
analysis and their molecular structures were analyzed by NMR method and their viscosity 
were investigated through rheometry analysis and three monomers were selected as the best 
chain length. Degree of reaction in different reaction times was evaluated by a modified 
titration method and bulk preparation of resin was performed by optimal process condition. 
DSC analysis was conducted in order to evaluate curing behaviour of resin with benzoyl 
peroxide as cross-linking initiator.  TGA analysis was performed to check thermo stability of 
the resin. Bio composites by viscose unidirectional and bidirectional knitted fabrics and also 
non woven viscose fiber with different fiber loads were prepared by ordinary hand layup 
impregnation followed by compress moulding and their mechanical and thermo mechanical 
properties were characterized by tensile, flexural, charpy and DMA analysis and optimum 
fiber loads were identified for each fiber type. Ageing properties of prepared composites were 
examined by placing samples in climate chamber to simulate long time ageing and ageing 
experiment was followed by tensile and flexural test to evaluate mechanical properties after 
ageing simulation. Composite`s swelling properties for water and some other solvents were 
investigated and also their chemical resistance were evaluated by immersing them in 1M HCl 
and KOH. The resin was also compared with a commercial oil based thermoset by preparing 
glass fiber reinforced composites and also effect of adding styrene to the resin were evaluated. 
Results of this work demonstrated that the novel synthesised have very high mechanical and 
thermo mechanical properties surpassing commercial oil based poly esters but ageing 
behaviour is not very good however adding styrene can improve ageing properties. Also the 
resin is compatible with cellulosic natural fibers and forms strong composites. 



V

Table of Contents
1 Introduction..................................................................................................................................... 7

1.1 Composite material ................................................................................................................. 7

1.2 Polymer composites ................................................................................................................ 8

1.2.1 Thermoplastics ................................................................................................................ 8

1.2.2 Thermosets...................................................................................................................... 8

1.3 Bio-based thermoset resins..................................................................................................... 8

1.4 Polylactide or Polylactic acid (PLA).......................................................................................... 9

1.5 Synthesis of PLA..................................................................................................................... 10

1.5.1 Direct condensation polymerization ............................................................................. 10

1.5.2 Ring opening polymerization (ROP) .............................................................................. 10

1.6 Synthesis of a novel lactic acid based thermoset resin......................................................... 11

1.7 Price of glycerol ..................................................................................................................... 12

1.8 Fiber reinforcement .............................................................................................................. 13

1.9 Natural fibers as reinforcement in bio-composites .............................................................. 14

2 Resin .............................................................................................................................................. 15

2.1 Synthesis schemes................................................................................................................. 15

2.2 Synthesis................................................................................................................................ 17

2.2.1 Materials........................................................................................................................ 17

2.2.2 Synthesis of resin........................................................................................................... 17

2.3 Titration method ................................................................................................................... 19

2.4 Curing (for DMA tests)........................................................................................................... 21

2.5 Differential scanning calorimetry DSC................................................................................... 22

2.6 Rheometry............................................................................................................................. 22

2.7 Thermo gravimetric analysis (TGA) ....................................................................................... 23

2.8 Results and discussion........................................................................................................... 23

2.8.1 Reaction progress analysis through titration method .................................................. 23

2.8.2 NMR............................................................................................................................... 24

2.8.3 DSC................................................................................................................................. 28

2.8.4 Rheometry..................................................................................................................... 32

2.8.5 TGA ................................................................................................................................ 34

2.8.6 DMA............................................................................................................................... 35

2.9 Conclusion of the characterization of the neat resins .......................................................... 38

3 Viscose fiber-GTPLA composites ................................................................................................... 40



VI

3.1 Preparation of composites .................................................................................................... 40

3.2 Flexural test........................................................................................................................... 42

3.3 Tensile test ............................................................................................................................ 42

3.4 Dynamical mechanical thermal analysis (DMA) .................................................................... 42

3.5 Charpy impact test ................................................................................................................ 42

3.6 Ageing experiments............................................................................................................... 43

3.7 Results and discussions ......................................................................................................... 44

3.7.1 Flexural testing .............................................................................................................. 44

3.7.2 Tensile test .................................................................................................................... 46

3.7.3 Dynamical mechanical thermal analysis (DMA) ............................................................ 49

3.7.4 Charpy ........................................................................................................................... 52

3.7.5 Ageing............................................................................................................................ 54

3.7.6 Swelling.......................................................................................................................... 56

3.7.7 Chemical resistance....................................................................................................... 58

4 Glass fiber reinforced composites................................................................................................. 59

4.1 Composite preparation ......................................................................................................... 60

4.2 Ageing.................................................................................................................................... 60

4.3 Impact test............................................................................................................................. 60

4.4 Results and discussions ......................................................................................................... 60

4.4.1 DMA............................................................................................................................... 60

4.4.2 Flexural test ................................................................................................................... 63

4.4.3 Tensile tests................................................................................................................... 64

4.4.4 Conclusion ..................................................................................................................... 66

5 References..................................................................................................................................... 67



7

1 Introduction

   Polymer Composites are high performance engineered materials with wide range of 
applications that are conventionally produced from synthetic petroleum based matrix and oil 
based fibers or fibers with very high energy consuming productions. Increasing attention 
toward sustainable development and environmental issues during recent years has led to many 
attempts toward replacing the petroleum based materials with renewable natural-origin 
substitutes. Previously man-made composites were traditionally reinforced with synthetic 
fibers such as glass or carbon fiber that are based on finite oil resources and are an 
environmental burden since they are not biodegradable and furthermore the production of 
these fibers is energy extensive. Use of natural fibers not only contributes to production of a 
more environmental friendly product but also has advantages such as low weight and low 
cost, hence there has been a tremendous interest in making composites reinforced with natural 
fibers in the recent years. In order to increase the overall renewability of the composite the 
matrix material can also be a bio-based polymer. Lactic acid is produced from renewable 
resources such as corn by fermentation and is a potential candidate for the production of 
biodegradable polylactic acid polymers.

1.1 Composite material

   Composite materials are made up of two or more constituent components known as fiber 
and matrix. Each of these two elements has individual properties that are different from the 
other element and from the composite. Fiber and resin can be either synthetic or bio-based. 

   Concerns about the sustainability, health and environmental impacts of composite industry, 
have caused the researchers to try to develop alternative eco-composites in which both the 
fiber and resin have natural origins and are renewable. 

   In composite structure, the stiff and strong fibers act as reinforcement while the resin or 
matrix acts as an adhesive material which holds the fibers in place.

   The physical and mechanical properties of fiber mainly represent the basic properties of the 
composite which means that by increasing the fiber content, the mechanical properties of 
composite is also improved up to a point where the resin is no longer sufficient to impregnate 
the fibers [1].

   A desirable matrix is the one which is not only nature based but also serves the primary role 
of matrix which is to hold the fibers in place and distribution of loads between fibers [1].

   Other properties of resin such as minimizing water absorption - good fiber impregnation 
quality - having relatively high strength, modulus and elongation - chemical resistance-
stability and being easily shaped into the final form should also be considered when choosing 
a proper matrix for a specific application [1].

   Nowadays, Polymer Matrix Composites (PMC's), Metal Matrix Composites (MMC's) and 
Ceramic Matrix Composites (CMC's) are the most common types of engineering composites
[2, 3]. In this work the focus is on the Polymer Matrix Composites which are also known as 
Fiber Reinforced Polymers (FRP).As the name represents in these composites matrix is a 
polymeric resin reinforced with a fiber.
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   Metal Matrix Composites and Ceramic Matrix composites have applications in automotive 
industry and harsh thermal environments respectively [2].

1.2 Polymer composites

   Today the most common commercial composites produced are polymer matrix composites. 
Properties such as low weight, relatively high stiffness and strength, thermal and chemical 
resistance, dimensional stability, and easy processing are making polymer composites more 
and more favorable. Composites are replacing metal components in many applications such as 
automotive and aerospace industry [4].

   Resins used in manufacturing of composites are basically thermoplastics or thermosets.

1.2.1 Thermoplastics

   Molecular structure of thermoplastics is linear or branched polymers which is not cross-
linkable to make a three dimensional network. Weak van der Waals bonds between polymer 
chains in thermoplastics is broken by applying elevated temperatures under stress ,causing the 
polymer to flow. Upon cooling thermoplastics become solid again, thus they can be 
repeatedly heated, molded and cooled. Common used thermoplastic resins are: polyamides, 
polypropylene, polyethylene, polyethylenetrephtalate (PET), polyvinyl chloride (PVC), 
polystyrene and polycarbonate [5].

1.2.2 Thermosets

   Thermosetting polymers have a cross-linked   three dimensional structure. Curing causes the 
polymer to get cross-linked. Addition of a catalyst (curing agent) or heat and pressure initiates 
an irreversible curing reaction. Strong covalent bonds within the cross links restrict the 
thermosetting polymers from being reshaped when applying heat. In other words, thermosets 
do not flow or melt by reheating. Cured thermosets often have higher heat resistance than 
thermoplastics. Thermoset resins have a lower viscosity than thermoplastics which makes the 
fiber impregnation process easier in the composite production. Due to their low viscosity 
thermosets are often process able at room temperature [6]. Among thermosets unsaturated 
polyesters, epoxies, vinyl esters and phenol resins are the most common in composites. 
Former thermosets were majorly based on petrochemicals but recently, developing new 
biobased thermoset resins has gained attention [7].

1.3 Bio-based thermoset resins

   A biobased thermoset resin can be synthesized from natural resources such as vegetable or 
plant oils. Studies on producing thermoset resins from modified soybean oil [8] and linseed 
oil [9] & [10] have been reported and still there are ongoing researches on other alternatives 
such as castor oil [11, 12], tall oil [13-15] and more as the starting material for synthesis of 
biobased thermosets. Abundance, renewability and low price of plant and vegetable oils make 
them interesting materials.

   Materials other than plant oils can also be used to produce biobased thermoset resins. In this 
project a biobased thermoset polyester resin based on lactic acid monomers was synthesized.
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1.4 Polylactide or Polylactic acid (PLA)

   Polylactic acid is one of most important biobased polymers that have been the center of 
attention of many researchers since long ago.

   Polylactic acid is synthetic aliphatic polyester derived from an α-hydroxy acid. Alpha-
hydroxy acids such as lactic acid, glycolic acid and citric acid have a carboxylic acid group 
adjacent to a carbon with a hydroxyl group. Lactic acid (2-Hydroxypropanoic acid) is the 
building block of polylactic acid polymers. Lactic acid can be produced from fermentation of 
renewable carbohydrate resources such as corn starch or chemical synthesis [16] .This organic 
acid exist in optically active L or D isomeric forms. As Table 1 shows there is a considerable 
difference between different properties of racemic lactic acid and L(+) lactic acid. Properties 
of the resulting PLA are also dependent on the ratio of its lactic acid enantiomers. This allows 
the production of PLA polymers of different properties. L-lactic acid is more biologically 
frequent isomer which is present in fermented milk products, fruits, meat, beer, soil, muscles 
and blood of animals [17].s L-Lactic acid is a colorless, water-soluble liquid.

Table 1: Thermodynamic characteristics of lactic acid[18]
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1.5 Synthesis of PLA

   PLA can be synthesized by two main methods: (see Figure 1)

 Direct polymerization (solution or melt polycondensation)
 Ring opening polymerization of lactide

1.5.1 Direct condensation polymerization

   PLA can be synthesized by direct condensation polymerization of lactic acid monomers.

   In case of using a solvent in the reaction in order to dissolve the PLA, the solution 
polycondensation is the type of polymerization.

Solution polycondensation:

   In this type of synthesis, an organic solvent of PLA is added to the reaction mixture and 
refluxed to the reactor during the synthesis process. The solvent does not take part in the 
reaction and the water molecules generated from the polymerization reaction of lactic acid 
monomers that are collected at the bottom of the reflux condenser are removed continuously. 
This helps in getting a polymer with a higher molecular weight [19].

   Some common criticisms regarding this method are the purity and recovery issue of the 
solvent and possibility of increased side reactions such as racemization [20]. Difficulty of 
removing impurities and water in this method results in low molecular weight polymers.

   The molecular weight affects the properties such as solubility, degradation and mechanical 
strength of the polymer. Low molecular weight PLA is suitable for applications such as drug 
delivery, copolymerization of injectable polymer and resorbable implant applications [21].

Melt polycondensation:

   In this method, there is no need to a solvent, but the reaction temperature should be kept 
above Tm of the polymer. By this method polymers of relatively high molecular weight (Mw ≥ 
100000) can be achieved in several hours. This is a simpler technique compared to the 
solution polycondensation, but is more sensitive to the reaction conditions [19].

   In general, direct polymerization is a single-step process that requires a good control over 
the reaction factors in order to achieve a polymer with the ideal molecular weight. Water as 
the by-product of condensation polymerization may degrade the PLA to low molecular weight 
oligomers at high reaction temperatures[19, 22-24] thus well controlled kinetics of the 
reaction and removal of the produced water are the essential factors in this method.

1.5.2 Ring opening polymerization (ROP)

   Ring opening polymerization is a more complicated method compared to direct 
polymerization, but the technique is promising in the production of high molecular weight 
PLA polymers.

   In this process, the first step is the dimerization of the lactic acid monomers and formation 
of a cyclic intermediate known as lactide. PLA is then synthesized by addition of a proper 
catalyst to the lactide monomer under heat and vacuum conditions. Factors such as reaction 
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time, temperature, purity of the lactide monomer and type of the catalyst used are the key 
parameters in the ring opening polymerization method [19].

   Ring opening polymerization of lactide is an expensive complicated method and direct 
polymerization results in a PLA polymer with low molecular weight, thus alternative methods 
of polymerization have been investigated. Introducing chain extenders to condensation 
polymers in order to obtain high molecular weight polymer is one of the options.

   Chain extender is usually a bifunctional compound that reacts with the functional end group 
of a low molecular weight polymer (carboxyl or hydroxyl functional end group in polyesters) 
and extends the polymer’s chain length [19, 25].

   In polyesters, a chain extender that reacts with the carboxyl functional end group is 
theoretically favorable since a decrease in the acid value is contributed to a better thermal 
stability and increased molecular weight, but the most common chain extenders today are 
hydroxyl end group extenders such as hexamethylene diisocyanate (HDI) [19, 25].

1.6 Synthesis of a novel lactic acid based thermoset resin

   In this thesis work, synthesis of a novel thermoset resin from lactic acid monomers was 
investigated. The resin was synthesized in two steps in the polymer laboratory. The first step 
of synthesis was carried out by direct condensation polymerization technique in presence of 
toluene as the solvent and glycerol as a chain extending agent. The catalyst used was 
methanesulfonic acid. The star shaped oligomers obtained from the first step were then end-
functionalized with methacrylic anhydride (C8H10O3).

   A similar biobased thermoset resin from the reaction of lactic acid with pentaerythritol 
(PENTA) and itaconic acid was formerly synthesized by the polymer group in the University 
of Borås. In this project, PENTA was replaced with glycerol (a renewable material) and 
itaconic acid was removed from the reaction, in order to produce a new thermoset resin with a 
higher portion of renewable materials [26].

   Although the lactic acid oligomers obtained from step one has unsaturated bonds, but it is 
not yet reactive enough for efficient cross-linking reaction, so it should be functionalized for 
improved reactivity [13].To obtain composites with high mechanical properties ,the resin 
should possess a high cross-link density. The purpose of adding methacrylic anhydride to the 
oligomers is the increase of unsaturated bonds inside the resin which allows the resin to get 
cured by free radical polymerization and form a rigid three dimensional network [13, 27]. 
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Figure 1: direct condensation and ring opening polymerization schema.

1.7 Price of glycerol

   Glycerol or glycerin is the main by-product of biodiesel manufacturing industry. In recent 
years there was a rapid increase in the production of biodiesel due to the interest in producing 
a more environmental friendly fuel instead of conventional diesel. Biodiesel can be produced 
from vegetable oils, animal fat or waste cooking oils [28].With such a rapid growth in 
production of biodiesel it is estimated that its production reaches 41 billion liters per year by 
2019 [29]. Roughly one gallon of biodiesel produces around 0.8 pounds of glycerol [30].

   As Figure 2 shows the increased biodiesel production has led to production of excessive 
amounts of crude glycerol as its byproduct which caused a remarkable decline in the market 
price of glycerol. 

   The excessive glycerol is a threat to the development of biodiesel industry thus methods for 
conversion of crude glycerol to value added materials have been considered by researchers in 
the recent years.

   Many glycerol production plants were shut down since the development of biodiesel 
industry and instead plants that use crude glycerol as the raw material for processing it into 
other useful products were emerged.
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Figure 2: fluctuations of glycerol price in Europe [31]

   Use of glycerol in the production of a novel lactic acid based thermoset resin is 
economically beneficial due to its low market price.

1.8 Fiber reinforcement 

   The basic goal of reinforcement in a composite material is improving the mechanical 
properties of the resin. Combination of a fiber and a resin in a composite system result in a 
material with unique properties. Since the mechanical properties of fibers are generally higher 
than the neat resins, the fiber contribution to composite is determinant in the mechanical 
properties of the resulting composite. Factors such as the primary mechanical strength of the 
fiber, adhesion between fiber and resin, the fiber content and alignment of fibers have high 
influence on the properties of the final composite product [2].

   Composite materials have a wide range of applications and each application demands a 
composite with specific characteristics. By choosing the proper type of fiber and matrix 
material the desired properties of a composite can be achieved.

   Different types of fibers are used in reinforcement of polymer composites. Glass fiber, 
carbon fiber and natural fibers are the most common types used.

   Glass fiber is a very popular type of reinforcement that is used in composites. The frequent 
usage of glass fiber in various applications is due to the unique properties that it exhibits. 
Glass fibers have properties such as high tensile strength, thermal and moisture resistance, 
good resistance to most chemicals and non-conductivity. The latter makes it suitable for 
electrical insulation applications [32]. High strength and good insulation property has made 
glass fiber an ideal reinforcement material in aircraft industry [32].

   In spite of these desirable properties, glass fiber has serious drawbacks regarding the 
environmental issues. Not only isn’t it from a bio-based renewable origin and difficult to 
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recycle but also its production consumes massive energy  [27]. Other synthetic petroleum-
based fibers like carbon fiber have the same drawbacks in case of sustainability.

   The rising global concerns toward environmental issues and gradual depletion of natural oil 
resources have forced the manufacturers to consider using substitute materials with natural 
origin and minimum negative effect on environment in their processes more than any time 
before. In composite industry, natural fibers can replace the glass fiber or other petroleum 
based fibers in reinforcements and make composites with interesting properties and 
competitive mechanical strength.

1.9 Natural fibers as reinforcement in bio-composites

   Natural fibers have low density, low cost and however their mechanical properties are not as 
high as some  synthetic fibers like Kevlar, glass fibers and carbon fibers, they have sufficient 
mechanical properties for many applications. Moreover they are renewable, biodegradable, 
non-toxic and combustible [33]. Such properties make them good candidates for substituting 
the synthetic oil-based fibers.

   Natural fibers are generally referred to plant or vegetable fibers and are categorized based 
on their origin to leaf, seed, fruit or bast fibers [34] .Cellulose is the major component in the 
natural fibers so they are called cellulosic fibers sometimes. The main advantages and 
disadvantages of cellulosic fibers are shown in the table below:

Table 2 : Main advantages and disadvantages of cellulosic fibers  [35]
Advantages Disadvantages

Low cost due to abundant availability High moisture adsorption

Renewable Poor microbial resistance

Low density Low thermal resistance

Non abrasive to processing equipments Local and seasonal quality variations

Low energy consumption

High specific properties

High strength and elasticity modulus

No residues when incinerated

Biodegradability

Good thermal conductivity

No skin irritations

   The low weight of natural fiber reinforced composites is a superior advantage in their 
application in the automotive industry since the lower weight of the vehicle made from such 
light composites results in a less fuel consumption and thus a better economy of the process 
[27]. However the high moisture uptake of natural fibers make their composites unsuitable for 
the outdoor applications, but they can be widely used in the interior constructive parts of the 
automobiles [36, 37].

   Natural fibers are made of cellulose which contains many hydroxyl groups. This makes the 
natural fibers hydrophilic in nature and that is the reason for their high moisture absorption.
Fibers usually have the moisture content of between 5 to 10 % which needs to be reduced to 
around 1-2% before impregnation with the matrix [38, 39]. In case of not using a dried fiber 
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in composite preparation, the water inside the fibers may become vapor under the high 
temperatures of composite processing and get trapped inside it resulting in formation of 
bubbles in the composite. It leads to poor mechanical properties of the composite product. 

   The hydrophilic nature of natural fibers is in contrast with the hydrophobic nature of the 
polymer matrixes. This incompatibility leads to a weak interface bonding between the fiber 
and resin. Thus natural fibers are usually modified in order to improve their interfacial 
properties. Surface modification of fibers with chemicals is one of the used methods. 
Chemical treatment may activate the functional groups or provide new reactive groups on the 
surface of fibers, enhancing the adhesion of fiber to matrix [40].

   Treatment of natural fibers with different chemicals have been investigated and reported by 
several researchers. Alkaline treatment with sodium hydroxide, silane treatment, acetylation,  
treatment with benzoyl chloride, acrylation and acrylonitrile grafting, maleated coupling 
agents, permanganate treatment, Isocyanate and peroxide treatment are some of the methods 
investigated so far [41]. 

2 Resin

2.1 Synthesis schemes

   A new crosslinkable thermoset resin based on lactic acid LA was previously developed[42]. 
Preparation had a two step procedure, in the first step lactic acid was reacted with 
pentanerythritol (PENTA) and itaconid acid (IT) in a direct condensation reaction to form a 
star shaped oligomers (Figure 3).

Figure 3: Scheme of first step reaction of PENTA based thermoset PLA

   Then to end-functionalize LA branches obtained oligomers were reacted with methacrylic 
anhydride (MAAH). See Figure 4. Presence of reactive double bounds introduced by IT and 
methacrylated branches and MAA made the resin a crosslinkable resin and could be 
considered as a thermoset poly lactic acid with relatively good mechanical properties like E-
Modulus of 1.6 GPa and high renewable resourced content. The resin also had relatively low 
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viscosity which made it capable of making bio-based composites to improve its properties and 
renewable content at the same time. 

Figure 4: Scheme of second step reaction of PENTA based thermoset PLA

   In this project non renewable resourced PENTA was substituted by renewable glycerol and 
IT was eliminated. The recently developed and synthesized resin could be named Glycerol 
based thermoset poly lactic acid (GTPLA).

   The resin was prepared in two steps. In the first step LA was reacted with glycerol resulting 
in triad shaped oligomers. See Figure 5.

Figure 5: Scheme of first step reaction of glycerol based thermoset PLA GTPLA

   In the second step oligomers are end functionalized by MAAH. See Figure 6.



17

Figure 6: Scheme of second step reaction of glycerol based thermoset PLA GTPLA

   Presence of methacrylated double bounds and free methacrylic acid in the final resin makes 
it capable of free radical cross linking so this resin could be considered as a thermoset 
crosslinkable resin based on LA and glycerol as renewable materials.

2.2 Synthesis

2.2.1 Materials

Lactic acid (88-92%) and glycerol (≥99.5%) were supplied by Sigma Aldrich, USA. 
Methylsulfonic acid (+98%) was used as catalyst for first step reaction. Phenolphthalein (1%) 
in absolute ethanol was used as indicator for titration of resin in first step. Xylene (99%) Alfa 
Aesar, Germany and iso-propanol Scharlau, Spain were used to dilute samples for titration. 
Potassium hydroxide (85%) Acros, Belgium and Ethanol (99.8%) Scharlau, Spain were used 
for titrator preparation. Methacrylic anhydride (94%) containing 2000 ppm topanol A as 
inhibitor was supplied by Sigma Aldrich USA. Hydroquinon (99%) Alfa Aldrich, USA was 
used as cross-linking inhibitor in end-funtionalization in second step. Benzoyl peroxide (75%) 
moist with water was supplied by Merck, Germany as initiator cross-linking for curing. N,N-
Dymethylaniline (99%) Sigma Aldrich, USA was used as accelerator in curing of DMA 
samples.  

2.2.2 Synthesis of resin

   As it is represented in synthesis scheme, average chain length for each chain is indicated as 
“n”. The average chain length “n” was introduced to resin by initial stoichiometry of the first 
step reaction. To decide the optimum average chain length three deferent chain lengths (3, 7 
and 10) was investigated and their different properties like viscosity of final resin in different 
temperatures and mechanical properties of cured polymer were examined through rheometry 
analysis and dynamical mechanical thermal analysis (DMA). We simply name each resin n3, 
n7 and n10 respectively. Each type of resin was prepared and stored for curing and rheometry 
analysis.  

   Resin preparation had two steps. In the first step Lactic acid and glycerol was mixed in a 
three neck flask with molar ratio of 3×n to 1 respectively. And 0.1 weight% of 
methanesulfonic acid as catalyst and 50 g toluene per mole of lactic acid is added as auxiliary 
solvent for separation of produced water in condensation reaction. Whole flask was placed in 
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an oil bath and temperature inside the flask was kept at 145°C for two hours under nitrogen 
purge and flask is connected to an azeotropic distillation apparatus to separate water and 
reflux toluene. After two hours reactor’s temperature was increased to 165°C for three hours. 
To investigate reaction progress in the first step, small samples were taken in one hour 
intervolve and were examined using a modified acid base titration method which will be 
explained later to evaluate free remaining acid which represents progress of reaction. See 
Figure 7.

Figure 7: First step reactor and azeotropic condenser apparatus. 

   For the second step the resin was cooled and kept in 90°C in another oil bath with an 
ordinary reflux condenser and nitrogen purge. Due to second step reaction`s sensitivity to 
temperature and huge lag in case of placing controller’s thermometer inside reactor,  in the 
second step thermometer connected to the control unit was placed in oil and is set to 92°C and 
an auxiliary thermometer was placed inside the reactor just to monitor the reactor`s 
temperature.  3.3 moles of methacrylic anhydride per moles of glycerol was added drop wise 
in the first hour and temperature was maintained for three more hours. See Figure 8. 
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Figure 8: Second step reactor.

   Then the remaining toluene from prepared oligomers was evaporated in an ice cooled, 
vacuum rotary evaporator in 25 mbar and 80°C for one hour. See Figure 9.

Figure 9: Vacuum rotary evaporator for separation of toluene.  

2.3 Titration method

   To determine the degree of reaction a modified titration method as an acid value 
measurement in accordance to ASTM D974 standard was developed and performed.

   Samples were taken in one hour intervals in roughly 1 g size using a glass pipette. Then 
resin sample was unloaded in a precisely weighted erlenmeyer flask and the erlenmeyer flask 
was placed in an oil bath in 150°C for 2 to 3 minutes to evaporate excess toluene. Then the 
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erlenmeyer was cleaned and its outside surface was washed by acetone to eliminate possible 
oil residual on its surface which may interfere in measuring samples weight. Then the 
erlenmeyer was weighted again to figure out sample`s weight say Ws. Then the sample was 
diluted by 20 ml of the neutralized solvent mixture (xylene and isopropyl alcohol 1:1) and 
then the sample was titrated by 0.5 M KOH solution in absolute ethanol and few drops of 1% 
phenolphthalein solution in ethanol as indicator. Titration was performed using a magnet 
stirrer.

   There should be no water present in the system. In the first experiences were performed 
using KOH in water solution as titrator, in a well stirred erlenmeyer a few seconds after color 
change in the endpoint color starts to fade and vanishes after one or two minutes. Adding a 
few more drops of titrator had the same result for several times. It was concluded that 
presence of water helps the strong base (KOH) to hydrolyze polyester while having no water 
in the system similar phenomena was not observed. However in further experiments using 
KOH-ethanol solution as titrator after several minutes (more than half an hour) indicator color 
started to fade. One interpretation could be that water and ethanol have roughly similar 
polarity and can participate in hydrolyzation of polyester but reaction in presence of water is 
much faster and while reaction of free acid and titrator base is almost instantaneous. Degree 
of reaction is calculated by dividing acid number of sample by acid number of initial toluene 
free sample. Acid number of sample is number of moles of base (KOH) used to get to 
equivalent point per gram of sample and is calculated by Equation 1. [43] And acid number of 
initial sample is calculated based on initial stoichiometry and is equal to 0.009969 moles per 
gram toluene free initial sample (see Equation 2). It also should be considered that to evaluate 
degree of reaction for a certain time of the reaction by comparing acid number of initial 
sample and a sample at desired time, the system must be a closed material system while in our 
system one mole of water is produced per mole of LA in condensation polymerization 
reaction and is evaporated and separated in azeotropic condenser apparatus and its amount 
should be calculated and considered in calculation of acid number of an imaginary closed 
system to be comparable with initial acid number of the sample. Amount of water produced 
per gram of initial solvent free sample in case of 100% complete degree of reaction is 
calculated based on its acid number and molecular weight of water equal to 0.17943 gram 
water per gram of solvent free initial sample so if we have degree of reaction equal to x for a 
certain sample then x×0.17943 grams of water per gram of solvent free sample is produced 
and therefore (1+x×0.17943) could be used as correction factor for weight of sample to make 
it comparable with a closed material system.  Finally degree of reaction could be calculated 
from solution of the Equation 4.

? ???  ? ? ? ? ?? = ?? 1000? ? × ?
? ? Equation 1

? ???  ? ? ? ??? ? ?  ?? ???? ? ?? ?? ?? ? ? ??? ?? ? ? ??
= 9 (? ? ??? ??  ?? )

9 (? ???? ??  ?? ) × 90.08 ? ?? ???? ??  ?? ? + 1(? ???? ? ?  ? ?? ???? ?) × 92.09( ?? ???? ??  ? ?? ?????)
= 0.009969 (? ? ??? ? ???  ? ?? ? ?? ?  ??  ?? ???? ? ?? ?? ?? ? ? ???  ?? ? ? ?? Equation 2
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? ? ??? ? ??? ? ???  ? ?? ? ?? ?  ? ?  ?? ???? ? ?? ? ? ?? ??  ?? ?? ??  ??? ? ?? ?? ??? ?????
= 9 (? ???? ??  ?? ) × 18( ?? ????  ??  ? ? ???)

9 (? ???? ??  ?? ) × 90.08 ? ?? ???? ??  ?? ? + 1(? ???? ? ?  ? ?? ???? ?) × 92.09( ?? ???? ??  ? ?? ?????)
= 0.17943 (?  ? ? ???/? ?? ?  ?? ???? ?  ?? ?? ?? ? ? ???  ?? ? ? ??)

Equation 3

(1 − ? ) = ?? 1000? ? × ?
? ? × (1 + 0.17943 × ? ) /0.009969 Equation 4

   Where x is degree of reaction, Ws is sample weight after evaporation of toluene, A is amount of 
titrator used in ml to get to color change point and  N is normality of titrator.. It have been assumed 
that there is no water present in samples and also presence of water is not considered in calculations. 
However in beginning of the reaction this assumption might not be so valid but by higher temperatures 
(165ºC) and increasing degree of reaction (which is our main concern) his assumption seems to be 
fairly acceptable. 

2.4 Curing (for DMA tests)

   Resin is ready for curing after evaporation of excess toluene. Curing for n3 resin was 
performed in room temperature. 2 weight percent benzoyl peroxide was used as initiator and 
0.5 weight percent N, N-dimethylaniline was added as accelerator. Curing was performed in 
two steps. First step was performed in room temperature for one hour. Cross linking starts 
immediately after mixing initiator resin and accelerator and mixture`s viscosity stars to 
increase apparently. After one hour it is almost solidified. Then it was placed in an electric 
heated oven to post cure in elevated temperature in 150˚C for 20 minutes. In absence of 
accelerator cross linking occurs very slowly in room temperature and putting uncured resin 
directly in oven might result in more bubbles in the cured resin which is not desired so 
accelerator was used to accelerate the curing in room temperature. It should be considered that 
high concentration of initiator and accelerator would lead in very fast reaction considering 
high explosive properties of benzoyl peroxide it may be dangerous. So it is advised to mix the 
benzoyl peroxide and resin as good as possible first and then add N, N-dimethylaniline.

   To make samples for DMA resin was mixed with accelerator and initiator, and then it was 
decanted in moulds seen in Error! Reference source not found.. Moulds size was roughly 
80×10×2 mm. After curing samples were grinded to obtain plane surfaces. Bigger or thicker 
moulds would be better for grinding but it would consume more resin.

Figure 10: DMA samples of n7 resin
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   Then samples were placed in DMA device using dual cantilever setting 2˚C per minutes 
from -20˚C to 150˚C temperature ramp and 2 minutes for isothermal delay. Results would be 
discussed later.

   For curing n7 resin due to very high viscosity in room temperature, required amount of resin 
was placed in 40 ˚C oven for half an hour and the rest or procedure were almost the same. 
However due to faster curing of n7 resin, there were more bubbles observed. It is advisable to 
decrease the accelerator in case of several failures in preparation of bubble free DMA sample 
while decreasing accelerator is not expected to have considerable effect in polymers final 
properties. Even being able to make bubble free samples without accelerator for all three 
resins, it would be preferred not to use accelerator at all. 

   For curing n10 resin, regarding its much higher viscosity (almost solidified in room 
temperature) it was placed in 60 ˚C oil bath (or oven) for half an hour and benzoyl peroxide 
was dissolved by 1 to 2 weight ratio  in toluene to decrease viscosity of resin and better 
mixing properties. As benzoyl peroxide contains 25% water, after dissolving in toluene, water 
was separated in the bottom of mixing plate and is better to be separated to prevent unwanted 
effects in the cured resin like big bubbles and void areas. Accelerator was added in 0.2% 
weight ratio. Decreasing the accelerator is to prevent premature curing. Then the resin was 
poured slowly and carefully into the molds. It is advisable to make much thicker sample using 
much thicker moulds in order of 5 to 6 mm to increase possibility of finding bubble free area. 
The rest of the procedure was almost the same as n3 resin. It might require many trial and 
errors to make proper bubble free samples for n10 resin. 

2.5 Differential scanning calorimetry DSC

   DSC analysis was performed using a DSC Q1000 V9.9 Build 303 instrument. Temperature 
ramp was set to 2˚C per minute from 0˚C to 150˚C and return to 0˚C. 

   The DSC tests had three main purposes. First was to detect the temperature in which cross 
linking starts and total heat of cross linking reaction. For this purpose around 12 to 20 mg of 
mixture of 2% benzoyl peroxide and 98% of each resin were poured into DSC pans and their 
weights were measured before and after decanting to obtain the exact weight or resin. 

   The second goal was to investigate cured resins to observe possible residual exotherm and 
also their thermo calorimetric behavior. For this purpose a small piece of a resin which is 
cured for 20 minutes (a piece of DMA sample) was cut and placed in sample pan and was 
weighted before and after placing the sample to calculate its exact weigh. 

   Final goal for DSC analysis was to decide on optimum curing time for composites made 
using n3 resin based on residual exotherms. For this purpose small pieces of composite were 
made by compress moulding method (would be explained later in composite part).  3, 5 and 7 
minutes were applied as curing time for each sample. Then small pieces of neat fiber free 
resin were cut and weighted in DCS pans. Results would be discussed later.

2.6 Rheometry

   Rheometry analysis was performed using Anton Paar MCR500 SN402330; FW3.20; Slot3
device for each uncured final resin in 25, 35, 45, 55 and 70˚C with sample thickness equal to 
1 mm and 5 replicate for each test temperature and test duration set to 30 seconds. The main 
goal of investigating viscosity of resins was to evaluate their permeability in porous media 
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(natural fiber) and consequently their impregnation properties. Results would be discussed 
later. 

2.7 Thermo gravimetric analysis (TGA)

   TGA test was performed in order to analyze thermal stability of the cross linked polymer. 
Test were performed under nitrogen purged condition the results would show polymer`s 
native characteristics. Results would show us the thermal stability of the polymer and also 
possible volatile un reacted agents or water in the polymers structure. The test is performed 
using TGA Q500 V6.7 Build 203 instrument. Thermal scanning mode was set to 0˚C to 600˚C 
and 2˚C per minute. Purge gas flow rate was set to 20 ml per minute. For this test small pieces 
of neat cured resin roughly in order of 10 to50 mg was cut and placed in instrument`s special 
pan and placed in the tray. The rest of the procedure would be automatically performed. 
Results of each resin would be discussed later. 

2.8 Results and discussion

2.8.1 Reaction progress analysis through titration method

   Degree of reaction was evaluated in one hour time intervals through acid base titration 
method. Results are presented in Table 3 and degree of reaction is calculated by solving 
quadratic Equation 4 and presented in Table 3:.

Table 3: data from titration of first step reaction for n3 resin
time
(minutes)

Volume of 
titrator (ml)

Sample weight 
(g)

Normality of titrator
(mol/lit)

Degree of reaction 
(%)

0 0
60 4.1 1.512 0.947 66.76512

120 3.2 2.45 0.947 84.43238
180 0.9 1.08 0.947 90.15533
240 0.8 1.085 0.947 91.30494
300 0.4 0.72 0.947 93.47031
360 0.4 0.759 0.947 93.80905
420 0.5 0.952 0.947 93.83039
480 1.3 2.459 0.947 93.78935
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Figure 11: degree of reaction Vs time of reaction for first step n3 resin

   Titration results shows reaction is around 95% completed after five hours and degree of 
reaction does not considerably increase afterward. Final degree of reaction is 95% which is 
almost in good compliance with NMR results which would be presented later.  

2.8.2 NMR

   NMR samples for first and second step of the preparation of the resin were sent to MagSol 
laboratories in Finland to be analyzed. Report of the investigations is presented. Figure 12, 
Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17 shows results for three resins before and 
after end-functionalization. 

Figure 12: 13C NMR spectra of the carbonyl area of GTPLA n3 resin before end-functionalization.
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Figure 13: 13C NMR spectra of the carbonyl area of GTPLA n3 resin after end-functionalization.

Figure 14: 13C NMR spectra of the carbonyl area of GTPLA n7 resin before end-functionalization.

free MA
reacted MA free 

anhydride

Residual LA 
chain ends

lactide

GTPLA n3-MAAH

GTPLA n7



26

Figure 15: 13C NMR spectra of the carbonyl area of GTPLA n7 resin after end-functionalization.

Figure 16: 13C NMR spectra of the carbonyl area of GTPLA n10 resin before end-functionalization.
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Figure 17: 13C NMR spectra of the carbonyl area of GTPLA n10 resin after end-functionalization.

   In case of n10 resin around 87% of lactic acid is reacted with glycerol and around 12% 
forms short PLA oligomers in 2.8 average chain length and around 1% remains as lactide. 
Results show that 57% of LA branches are reacted by methacrylic anhydride. It could be 
concluded that degree of end-functionalization reaction decrease by increasing chain length.

   Table 4 summarizes results from NMR. Results shows for n3 resin more than 90% of lactic 
acid molecules are attached to glycerol bases and around 8% forms short PLA oligomers in 
2.2 average chain length and the rest remains as lactide. It also shows 82.6% of LA branches 
are end functionalized by methacrylic end groups. 

   For n7 resin around 85% of lactic acid molecules are attached to glycerol bases and around 
14% forms short PLA oligomers in 2.6 average chain length and around 1% remains as 
lactide. It also shows 67% of LA branches are reacted by methacrylic anhydride.

   In case of n10 resin around 87% of lactic acid is reacted with glycerol and around 12% 
forms short PLA oligomers in 2.8 average chain length and around 1% remains as lactide. 
Results show that 57% of LA branches are reacted by methacrylic anhydride. It could be 
concluded that degree of end-functionalization reaction decrease by increasing chain length.

Table 4: NMR result summery
GLY-LA3 GLY-LA7 GLY-LA10

% LA reacted with glycerol 90.2 84.7 87.2
% LA reacted into LA oligomers 8.9 14.1 11.9
%LA as lactide 0.9 1.1 1.0

chain length of glycerol + LA polymer 4.0 9.2 13.0
chain length of LA oligomers 2.2* 2.6* 2.8*
Reaction with MA: +MA +MA +MA
% ends reacted (both glycerol+LA and poly-(lactic acid) ) ends 82.6 66.9 57.3

% free MA (as a % of the total MA present) 36.8 44.6 52.6

* can be longer since we can only identify up to n = 3 oligomers

GTPLA n10-MAAH
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2.8.3 DSC

DSC results are presented in Figure 18, Figure 19 and Figure 20. It is always interesting to 
investigate curing behavior of thermoset resins in order to develop the resin and also to 
optimize process condition for curing. DSC results represented in thermograms in Figure 18, 
Figure 19 and Figure 20 give us the total heat of reaction and also a rough estimate of a 
temperature in which curing starts (which could be the higher limit for impregnation 
temperature) and the temperature in which curing is completed for the chosen condition  due 
to absence of curing exotherm above that temperature. However in some articles [42] in 
curing cases with more than one exotherm peak total heat or curing have been implied for 
interpretations but in order to determine the optimum curing temperature, heat of each 
exotherm, Arrhenius Parameters etc. further investigations are required. 

Figure 18: DSC thermogram for curing n3 resin
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Figure 19: DSC thermogram for curing n7 resin

Figure 20: DSC thermogram for curing n10 resin
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   Heat of reaction for all resins is summarized in Table 5. Results shows heat of reaction per 
gram decrease by increasing chain length of the resin from n3 to n10. It represents that in 
resins with shorter chain length there are more reactive sites than resins with longer chain 
lengths which is exactly as it was expected. But at the same time as the results from Table 5:
shows heat of reaction per moles of MAAH has decreasing trend which might be interpreted 
to lower degree of curing for longer chain resins. (Idealized average molecular weight is 
calculated based on stoichiometry of reactions.) 

Table 5: summery of DSC results
resin heat of 

reaction 
J/g

initial 
reaction 
temperature

n3 240.3 84
n7 128.2 65
n10 77.6 60

   As noted earlier Figure 18, Figure 19 and Figure 20 show that DSC diagrams for curing 
process for different resins has three major exotherm peaks so it could be interpreted that the 
whole cross linking reaction has three major phases. Some phenomenological models have 
been developed in order to characterize the curing of thermoset resins with two or more DSC 
exotherms. These methods use a generalization of the ASTM E698 Test Method [44, 45] but 
application of these models require many replication of DSC tests using different heating rates 
or complicated mathematics which demands some programming works and could be subject 
to some further studies but as a rough estimation, reaction heat of each exotherm is calculated 
based on integration of peaks by instruments software combined with manual integration of 
area below integration line (colored area) based on heat flow and time (obtained from 
instrument`s software) see Figure 22, Figure 23, Figure 24:. Results are presented in Table 6 as 
KJ/moles of MAAH. Roughly similar heat of reaction for third exotherm could be evidence to 
show it is due to free methacrylic acid`s reaction which is proportional to MAAH. It also 
could be concluded that first peak might represent reactions of free hydrogen and absence of a 
smaller exotherm before major exotherm peak could be interpreted considering short chains 
of n3 resin might have less or even no overlap and each chain only meet methacrylated end 
groups. 

Table 6: heat of reaction for separated peaks (summation of device peak integration and manual integration)
1st 2nd 3rd

n3 0 83.74 11.56
n7 4.78 71.52 12.37
n10 5.31 54.85 11.72
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Figure 21: DSC thermogram for curing n3 resin (separated peaks)

Figure 22: DSC thermogram for curing n7 resin (separated peaks)
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Figure 23: DSC thermogram for curing n10 resin (separated peaks)

2.8.4 Rheometry

   Mean values of replicates of rheometry tests are calculated and reported in Table 7.

Table 7: Rheometry table
temperature 25 35 45 55 70
Resin (Pa.s)
n3 1.09 0.484 0.2438 0.1474 0.09226
n7 4164 492.4 83.2 19.24 3.565
n10 6.3E+7 5098000 76600 136.2 8.484

  Figure 24 shows the trend of decreasing three resins viscosity by increasing temperature on a 
logarithmic scale.
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Figure 24: Viscosity thermogram for different resins

   As the results shows viscosity of n3 resin at room temperature is around 1 Pa.s which is 
perfect for most common types of impregnation and results in a perfect impregnated fiber 
which is quite good for making composites while viscosity of n7 resin in room temperature is 
around 4000 Pa.s which is too high and is a great drawback for different application and 
impregnation methods. It can be stated that higher viscosity decreases permeability of resin in 
a same fiber.

   For instance in RTM impregnation method volume current density of resin is calculated 
according to Darcy law by Equation 5 [46].

? =  − ?? ∇? Equation 5

   Where K is permeability of the porous medium, μ is viscosity of the resin and ∇P stands for 
gradient of pressure. As the equation shows higher viscosity of resin leads to lower resin flow 
through porous media (fiber) and there will be weaker impregnation consequently.

   Viscosity of n10 resin is much higher. It`s viscosity in room temperature is around 
63000000 Pa.s which is dramatically higher than n3 and n7 resins. Even in higher 
temperatures like 55 ˚C it is still too high and could be considered as a serious drawback for 
this resin. Also as DSC results showed cross linking reaction starts around 60˚C for n10 resin 
which means it is not safe to increase temperature that high for this resin during impregnation 
process after mixing with peroxide due to possibility of solidification of the resin during 
impregnation which would prevent proper impregnation and might harm devices. So n10 
resin is not a good choice for most of impregnation methods even in high temperature 
however dilution might be a solution for viscosity problem.
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2.8.5 TGA

   TGA thermograms are shown in Figure 25:Figure 27:.

Figure 25: TGA thermogram for n3 resin

Figure 26: TGA thermogram for n3 resin
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Figure 27: TGA thermogram for n3 resin

   As the thermograms shows all three resin are totally stable under 100˚C. There is a small 
peak in derivative weight loss curve for n3 resin that might be caused by some unreacted 
volatile compound in the resin. The thermogram of n7 resin shows a sudden weight loss in 
175˚C to 177˚C which indicates around 2% weight loss and might be due to presence of some 
un reacted volatiles like methacrylic acid which has roughly similar boiling point. First 5% 
weight loss of n3, n7 and n10 resins occurs in 180˚C, 214˚C and 215˚C respectively and first 
20% weight loss occurred in 305˚C, 317˚C and 315˚C respectively. Generally it can be stated 
that all three resin are roughly thermo stable up to 300˚C which is almost high and acceptable 
thermal stability.

2.8.6 DMA

   In order to evaluate thermo mechanical properties of GTPLA resins with three different 
chain DMA test were performed on cured resins. Figure 28 shows a sample of DMA tests 
results for n3 resin. 
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Figure 28: DMA thermogram for n3 resin (sample)

   Figure 29 shows results for storage modulus for three point bending properties of three resins 
in room temperature. Having considerable fluctuation in results one should be careful 
interpreting them. A two-tailed t-test was performed in order to compare mean values of 
storage modulus of different resins. This demonstrates that increase in storage modulus in 
20˚C from n3 resin to n7 resin is not significant for neither α=0.1 nor α=0.05. It also shows 
that decrease in storage modulus in 20˚C from n7 to n10 resins is significant for α=0.05 and 
consequently for α=0.1. Figure 30 shows the trend thermogram of storage modulus for 
different resins. However it is concluded that decrease in storage modulus in room 
temperature from n3 to n7 resin is not significant but the trend shows for slightly higher 
temperature than room temperature like 60˚C this difference in more considerable and 
significant for all replicates. So generally it could be concluded that chain length longer than 3 
would result in weaker mechanical properties of the resin. Considering dramatically higher 
viscosity of the n7 and n10 resins compared to n3 resin which would affect ease of composite 
preparation methods and also its impregnation final composite properties, it could be 
concluded that n3 resin would be the best choice from mechanical properties aspect for the 
composite.  
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Figure 29: DMA storage modulus for different resins

Figure 30: Trend of storage modulus for different resins

   Figure 31 shows results for peak of tan delta of different resins which represent their glass transition 
temperatures. Results shows trend is significantly decreasing however some unusual fluctuations is 
observed for n7 and n10 resin which has unknown source but two-tailed t-test indicates that decrease 
in Tg is significant with very high level of significance. 
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Figure 31: Tg of different resins

   Figure 32 shows the trend of decreasing Tg by increasing chain length of resin from n3 to 
n10 resins. Considering that higher Tg for a resin is a merit for that, it could be concluded that 
n3 resin is the best choice from this aspect as well.      

Figure 32: Trend of tan delta for different resins

2.9 Conclusion of the characterization of the neat resins
   Rheometry comparison of different chain length shows n3 resin is far the best choice from viscosity 
aspect. Comparing thermo stability by means of TGA analysis shows longer chain length are slightly 
more stable but not so considerable. TGA analysis shows that all resins have relatively high thermo 
stability. DMA analysis shows that mechanical properties of n3 and n7 resins are roughly similar in 
room temperature but both are higher than that of n10 resin but in higher temperatures shorter chain 
length (n3) demonstrates far better thermo mechanical properties. NMR results show most of the lactic 
acid molecules (around 90%) are attached to the glycerol base and there is no considerable free acid in 
the first and second step resins. It also shows that chains are grown well however some LA oligomers 
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are formed un-attached to glycerol base with average chain length between 2.2 and 2.8 for different 
resins and for n3 resin 82.6% of the chain ends are functionalized by methacrylic chain end functions. 
Titration results are in good agreement with NMR results and shows degree of reaction around 94%. It 
also shows that after around 4 hours of the reaction degree of reaction does not increase at all and 
increasing temperature from 165˚C to 195˚C does not have any considerable effect on degree of 
reaction. The final choice of chain length is 3 and first step reaction time and maximum temperature 
are decided to be 4 hours and 165˚C. 
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3 Viscose fiber-GTPLA composites

   The resin synthesized and developed in previous chapter (GTPLA) were intended to be used 
as matrix for composites like other oil based poly esters. In this chapter capability of 
developed resin to be used as matrix for natural fiber- resin were investigated. For this 
purpose proper impregnation of fibers by resin and also proper adhesion between fiber and 
matrix were studied in different fiber loads. Also mechanical properties of composites for 
different fiber loads and different fiber alignments could be interesting. For this purpose 
unidirectional, crosswise and non woven fiber alignments were selected. To select proper 
fiber loads to study, few small composite samples were prepared with different initial fiber 
loads and different pressures in compress moulding. Results showed it is not possible to 
achieve fiber loads smaller than 65% for knitted fabrics probably due to low viscosity of the 
resin which was not a bad news because it meant resin`s capability to impregnate natural 
fibers is high but it narrowed the range of our alternatives for different fiber loads. This small 
study also showed impregnation above 70% was not so good for non woven fibers so 
considering 65% as lower limit for fiber load and knowing that higher limit could not be 
much higher than 70%, it was decided to select 65, 70 and 75% fiber loads to study its effect 
on composite’s properties. Finally considering interaction between different factors (fiber load 
and fiber alignments) all combinations of two factors were decided to be studied. To have 
enough samples replicates of each mechanical test for each combination, a minimum of two 
sheets of composites for each combination were prepared. 

3.1 Preparation of composites

   The method used for preparation of natural fiber composites were ordinary hand layup 
followed by compress moulding in Rondol Press instrument at 150˚C for 5 minutes. 
Temperature and curing duration were decided in resin`s chapter regarding DSC results. 
Fibers must be dried perfectly before impregnation because presence of even small amounts 
of water trapped inside cellulose fibers in contact with hot flow of resin penetrating in fibers 
would boil immediately and it would form hollows, bubbles and delaminating in the 
composite. In order to dry fibers viscose fibers were placed in vacuum oven in 107˚C and 5 to 
10 mbar for two hours after cutting in desired sizes.

   The composite sheet’s size was decided to be 21×21 cm but while viscose fabrics shrinked 
in one direction (the woof direction in which 22 w% plastic is used to attach viscose strings 
together) fabrics were cut in 21cm in warp (viscose strings) direction and 25 cm in woof 
direction. Dry fibers were kept in desiccator to prevent viscose from absorbing moisture 
because viscose fibers and generally all cellulosic fabrics are very hydrophilic and absorb 
moisture from ambient air.

   To achieve a thickness between 2 to 3 mm 12 layers of viscose knitted fabrics and 42 layers 
of non woven fiber mats were implied for each composite sheet. Dried fibers for each sheet of 
composite were precisely weighted and resin required for each sheet were calculated based on 
resin- fiber ratio which is presented in Table 8.  It should be mentioned that initial fiber load 
and final fiber load would not be the same because there is always some evaporations and also 
some of the resin were outpoured from composite under the pressure before solidifying during 
curing and considering that this difference is usually notable and final fiber load is one of our 
factors to be investigated, initial fiber load to acquire desired final fiber load should be 
obtained. Process condition (pressure applied in Randol press and initial fiber ratio) for each 
type of composite was achieved in small study mentioned earlier based on trial and errors on 
small composites which are presented in Table 8. 
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Table 8: initial fiber load and mould pressure for different composites
65% 70% 75%
Initial fiber load (%)
Pressure (bar)

Unidirectional 61% 66% 73%
4.5 bar 18 bar 18 bar

Bidirectional 62% 67% 73%
4.5bar 18 bar 22.5 bar

Nonwoven 63% 69% 75%
22.5 bar 43 bar 43 bar

   After calculating required resin based on fiber weight and initial fiber loads, total resin 
amount was divided by number of fabric sheets (12 for knitted fibers and 42 for non woven 
fibers) to obtain required resin weight for each fabric layer.  Then a 22×22cm plastic film was 
placed on a balance and fabric layers were spread on the plastic film and resin were applied 
drop wise all over each fabric layer using a dropper monitoring the weight of resin to apply 
adequate resin on layer. After hand layup impregnation was finished another 22×22cm plastic 
film was placed on the top and all of them were placed between two stainless steel sheets and 
placed in hot Rondol press instrument and force calculated for each composite based on Table 
8 and area of sheet were applied immediately for 5 minutes. After five minutes press was 
released and composite and stainless steel sheet were removed and after cooling in room 
temperature for one hour leaked resin residues were cut using a scissors to estimate final fiber 
load. To evaluate final fiber load initial weight of fibers (measured earlier) were divided by 
final composite weight. Deviation up to 2% from desired fiber load could be tolerated. In case 
of greater deviation composite preparation should be repeated using slightly higher or lower 
pressure and/or initial fiber load considering if fiber load was higher or lower than 
expectation. A sample of composite is shown in Figure 33. 

Figure 33: sample of prepared viscose-GTPLA composite

   Composites were labeled and different test specimens were cut out of them by laser cut. An 
AUTO CAD drawing was prepared for laser cut in which each sheet was consisted of 5 
charpy, 3 flexural, 3 tensile, 2 DMA and 2 absorption test specimen.  See Figure 34. 
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Figure 34: Composite sheets after laser cut

3.2 Flexural test

   Bending properties of the composites were investigated by flexural testing. Rectangular test 
specimens cut out by laser cut were used for flexural test. Test were performed by same 
instrument as tensile test using flexural 3 point bending grip and 5 mm per minutes test speed 
and 64 mm gage size and 6 (minimum of 5) test specimens were tested according to ISO 
14125 standard for fiber reinforced plastic composites. Testing machine was equipped with a
5 kN load cell.

3.3 Tensile test

   Bone shaped specimens were cut out from composite sheet for tensile test. Test was 
performed by an instrument equipped with 5 and 10 KN load cells and 5 mm/minute test 
speed using an auxiliary extensometer. For each combination 6 (minimum of 5) test 
specimens were tested according to ISO 527-1:1996 standard.

3.4 Dynamical mechanical thermal analysis (DMA)

   DMA tests were performed in order to determine temperature dependency of composites. 
The instrument used for DMA analysis was TA instrument DMA Q800 cooled by liquid 
nitrogen. DMA tests were performed in dual cantilever mode and sample sizes were 
10mm×62mm and sample thickness was 2-3.5mm. Temperature intervals were set to be -20˚C 
to 150˚C, heating rate of 3˚C/minute and amplitude of 15 micrometer with frequency of 1 Hz.  

3.5 Charpy impact test

   The Charpy impact properties of unnotched specimens were investigated in accordance with 
ISO 179 and test were performed using a Zwick test instrument (Zwick GmbH and Co. KG, 
Germany). Minimum of 10 test specimens were tested according to ISO 179 standard. 
Samples were 10mm×80mm in the cross section and thicknesses varied between 2 to 3.5 mm. 
the unnotched charpy impact tests were performed using 2.7, 5.4 and 10.8 J pendulum 
considering absorbed energy to keep the percentage of absorbed energy between 20% and 
80% regarding ISO 179 standard. 
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3.6 Ageing experiments

   In order to evaluate the composite`s durability to be exposed to outdoor conditions, ageing 
experiment were performed. To simulate long run ageing test specimens were placed in 
climate chamber and were kept in 50˚C and 85% relative humidity for 1000 hours. In order to 
evaluate mechanical properties after ageing simulation tensile and flexural properties were 
investigated before and after ageing simulation.

   Flexural and tensile specimen’s mechanical properties were examined after 24 hours 
reconditioning after taking them out of climate chamber.

   To investigate water uptake of the composite in exposure to high humidity, some sample’s 
weight were measured and recorded before climate chamber and also after 1, 7, 14, 21 and 28 
days. Water uptake is calculated by Equation 6. 

Percentage of moisture absorption = (Wf-Wi)/Wi  *100 Equation 6

   

Where Wf and Wi stand for weight of sample after water uptake test and initial weight of 
sample respectively.   

In order to evaluate swelling properties of composites, small pieces of different fiber loads of 
BD and NW composite were cut out of sheets and then dried in oven at 110˚C for one hours 
and then cooled in desiccator and their weight measured and recorded. Then samples were 
immersed separately in water, methanol, isopropanol and chloroform. Swelling were 
evaluated and reported as weight percentage of swelled liquid and calculated by Equation 7
samples were weighted after drying their surface every 24 hours for 7 days.

Percentage of swelling = (Wf-Wi)/Wi  *100 Equation 7

  Where Wf and Wi stand for weight of sample after swelling and initial weight of sample 
respectively.   

Chemical stability and resistance of composites were evaluated by immersing them in 1 N 
HCL and 1 N NaOH. Samples were dried and weighted in the same manner as swelling test. 
Samples dry weights were measured in 24 hours intervals in order to determine weight loss of 
the composite. For this purpose sample were dried in oven at 70˚C for 30 minutes before 
weighting and immersed in acid/base after weighting. Weight loss is calculated by Equation 8.

Percentage of chemical resistance = (Wi-Wf)/Wi  *100 Equation 8

Where Wf and Wi stand for weight of sample after chemical resistance and initial weight of 
sample respectively.   

For swelling tests and chemical resistance tests BD and NW composites with different fiber 
loads and also neat cured resin were selected to be examined. UD composites were expected 
to have roughly the same characteristics with BD composites from these aspects. 
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3.7 Results and discussions

3.7.1 Flexural testing

Figure 35 (a) shows flexural modulus of different fiber loads for bidirectional fiber alignment. 
Results show flexural modulus increase from 65% to 70% which show proper adhesion 
between fiber and matrix and also good impregnation of fibers which means resin could wet 
fibers well. Proper impregnation of fibers and goof adhesion leads to high interfacial strengths 
and considering having long viscose fibers with very high aspect ratio and high mechanical 
properties can interpret increasing flexural modulus by increasing fiber load and also can 
interpret flexural modulus of around 6 GPa (in two) directions which is relatively high 
mechanical properties for a bio composite. 

   But increasing fiber load from 70% to 75% is not increasing flexural modulus anymore as 
Figure 35(a) shows. It shows that 75% fiber load is too much for this composite and 25% resin 
cannot wet all the fibers properly anymore which cause flexural modulus decrease 
dramatically. So it can be concluded that 70% fiber load is the higher limit for fiber load for 
this resin and this type of knitted viscose fiber fabric. 

  Figure 35 (b) shows flexural strength and results shows that flexural strength follows the 
same trend as flexural modulus and could be interpreted the same way.  
Figure 35 (c) shows strain at break. Due to very high fluctuation it is very hard to have any 

interpretation on fiber loads but it could be compared with other fiber alignments later. 

(a)                                                                     (b)

                                (c)

Figure 35: Flexural properties of BD composites. (a) Flexural modulus, (b) flexural strength and (c) flexural 
max strain
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   Figure 36(a) shows flexural modulus of uni-directional (UD) fiber alignment composites. As 
it shows increasing fiber load results in increase in flexural modulus up to 70% while 
increasing fiber load more than 70% leads to decrease in flexural modulus. As the fiber and 
resin type are the same as bidirectional composites which were discussed earlier, same 
interpretation applies for this type of composite. 

  Figure 36(b) shows its flexural strength which follows the same trend and Figure 36(c) shows 
its strain at break. 

   Flexural modulus and strength of UD composites is much higher than that of BD 
composites as it was expected because in UD fiber alignment all viscose fibers bear the loads 
in direction of fibers but in BD composites all the forces are loaded on half of the fibers in 
applied direction and it is like that we only have strength of half of the fibers in that direction. 
But BD composite can tolerate that force in two perpendicular directions while UD 
composite`s strengths is manly in one direction. 

(a)                                                                        (b)

                                    (c)

Figure 36: Flexural properties of UD composites. (a) Flexural modulus, (b) flexural strength and (c) flexural 
max strain

   Figure 37 (a) shows flexural modulus of non woven short fiber (NW) composites. As it 
shows unlike UD and BD composites, flexural modulus decreases even by increasing fiber 
load from 65% to 70%. It solely shows that for this type of fiber 65% is the higher limit for
fiber loads which means for 70% (and above) fiber loads there is not enough resin to wet all 
fibers. The main possible reason for difference between higher limit of fiber loads in knitted 
and NW fibers is that some kind of plastic string were used in knitting viscose fibers together 
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to make a knitted fabric with roughly 23weight % of all fibers so all of the fibers are not 
viscose and those plastic strings probably does not absorb the resin as much as viscose fibers 
do. Consequently there is more resin remaining to wet the fibers. 

(a)                                                                        (b)

                                  (c)

Figure 37: Flexural properties of NW composites. (a) Flexural modulus, (b) flexural strength and (c) flexural 
max strain

Figure 37 (b) shows flexural strength of NW composites. results shows that flexural strength 
trend for different fiber loads are roughly the same as that of flexural modulus and could have 
the same interpretation. 

Figure 37 (c) shows the maximum flexural strain. Due to great fluctuation of results, it is hard 
to have certain interpretation.  

3.7.2 Tensile test

   Figure 38 (a) shows tensile modulus of different fiber loads for BD fiber alignment. As 
results show error bar for 70% is fairly big and makes it hard to have a conclusion only on the 
diagram. A two-tailed test were performed in order to investigate significance of change in 
results which showed variation of results could not be considered as significant for increasing 
fiber load from 65% to 70% but it is significant for its increasing both from 65% to 75% and 
also from 70% to 75%. It could be concluded that presence of big experimental error and 
consequently considerable fluctuation has covered the significance of increasing tensile 
modulus by increasing fiber load in a same trend as UD composites which were expected. 
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Also employing median of the data instead of mean value could give us a more robust 
interpretation. Figure 38 (b) shows box plot of data for BD composites. The line in the middle 
stands for median of data and upper line of the box stands for higher 75% percentile of the 
results and lower line of the box stands for lower 25% percentile of the test values and the 
error bars stand for maximum and minimum of the data. This type of diagram shows the 
center of tendency of results and gives us a better overview of all data in single look and is 
more robust to outliers. Figure 38 (b) shows that tensile modulus is increased by increasing 
fiber load from 65% to 70% as flexural modulus but it continued to increase by increasing the 
fiber load from 70% to 75% unlike flexural strength. Tensile strength and stiffness for long 
fiber UD and BD composites are less sensitive to improper impregnation than flexural 
strength as in extreme imaginary condition like having absolutely no matrix, tensile properties 
would be very high (probably its highest possible for the fiber type) while there would be 
almost zero flexural strength but it is not the same for short or cluttered fibers.

Figure 38 (c) shows tensile max stress for BD composites. The trend is the same as the tensile 
modulus and could have the same interpretation. 

  Figure 38 (d) shows maximum elongation of BD composites. There is a considerable 
fluctuation in results for 65% composite. no certain reason were detected by investigating 
samples but a possible reason for these fluctuations is instruments failure to detect right 
breakage point. 

(a)                                                                              (b)

(b)                                                                            (d)
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Figure 38: Tensile properties of BD composites. (a) Tensile modulus, (b) box plot for tensile modulus, (c) 
tensile max stress and (d) tensile elongation

   Figure 39(a) shows tensile modulus of different fiber loads of unidirectional composites. 
Tensile modulus of UD increase by increasing fiber load from 65% to 70% and 75% as 
expected. Figure 39(b) shows the tensile strength and shows the same trend as well.

(a)                                                                                (b)

                                     (c)

Figure 39: Tensile properties of UD composites. (a) Tensile modulus, (b) tensile max stress and (c) tensile 
elongation

   Figure 40(a) shows tensile modulus of NW fiber composites. It shows relatively high tensile 
modulus in 65% fiber load (around 7.5 GPa) but by increasing fiber load from 65%to 70% 
and then increasing to 75% tensile modulus decreased unlike UD and BD composites. Also an 
outlier is detected for results of 75% fiber load in accordance with ASTM E 178 with 5% 
significance level so in order to decrease effect of the outlier, median of the results and box 
plot (Figure 40 (b)) of the data were employed because median is more robust in presence of 
outlier compared to mean value but the trend remained the same so it could be stated that 
tensile modulus of the NW composites decrease by increasing fiber load. As explained earlier 
tensile properties for UD and BD (long and aligned) fiber composites is not very sensitive to 
improper impregnation but it is sensitive in case of NW fiber composites. So it could be 
interpreted that 65% fiber load is the higher limit for NW fiber composites for this matrix.

Figure 40 (c) shows maximum tensile stress for NW composites. The trend is the same as that 
of NW tensile modulus, it decrease significantly from 65% fiber load to 70% and 75% fiber 
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load but it is not significant for increasing fiber load from 70% to 75% regarding two-tailed 
test for 10% level of significance. Considering almost the same tensile modulus with BD 
composites, its maximum tensile stress is dramatically lower than that of BD composites. 
Prior to failure stress could be transferred by matrix from fibers to fiber and viscose fibers 
tolerate considerable portion of stress and consequently prevent higher strain which leads to 
high tensile modulus for NW composites and when adherence of fiber matrix starts to fail an 
small crack conducts a total failure while in UD and BD fibers failure in adhesion of fiber 
matrix does not lead to total failure but it only puts all the stress on long fibers which are still 
integrated. It could interpret the high modulus but lower maximum stress for NW composites 
that BD composites.  Figure 40 (d) shows the maximum elongation percentage of BD, UD and 
NW composites. However fluctuation of maximum elongation is too high and makes it hard 
to interpret general trend of results show that elongation in UD fibers (all fiber loads) is 
slightly higher than that of BD but it is much lower in case of NW fibers which could be 
interpreted the same way that lower maximum tensile stress was.

(a)                                                                        (b)

                                    (c)                                                                      (d)

Figure 40: Tensile properties of NW composites. (a) Tensile modulus, (b) tensile modulus box plot, (c) tensile 
max stress and (d) tensile elongation

3.7.3    Dynamical mechanical thermal analysis (DMA)

   In order to determine thermo mechanical properties of composites DMA test were 
performed. Figure 41 shows a sample of DMA thermogram for UD 70% fiber load. 
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Figure 41: Composite DMA thermogram sample (UD 70%)

   Figure 42 (a) shows storage modulus for different fiber loads of BD composites at room 
temperatures. As the DMA test evaluate bending properties of the composite in different 
temperatures, storage modulus at room temperature follows the same trend as flexural test for 
different fiber loads. Figure 42 (b) compares peak of tan δ for BD composites with different 
fiber loads which represents glass transition temperature or Tg. Tg is an important property of 
material. Blending resin with natural fiber have been reportedly increase Tg of composites 
compared to that of the neat resin. As results in Figure 42 (b) shows Tg of all composites are 
considerably higher than that of neat resin and also increasing fiber load generally increase Tg 
which was as expected but there is a considerable fluctuation on 65% fiber load and also 
mean value and median for Tg for this fiber load does not follow the expected trend which is 
observed in UD and NW composites. There have been many reports on considerable 
fluctuations in Tg value measurements of polymer matrix fiber reinforced composite for a 
same composite`s test speciments and it have been reported in articles that DMA standards 
and methodology are responsible for this issue and it is likely that some research are ongoing 
in order to improve its accuracy. [47-49]
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(a)                                                                  (b)
Figure 42: (a) Storage modulus and (b) glass transition temperatures of BD composites

Figure 43 (a) shows storage modulus of different fiber loads of UD composites. Trend is 
roughly the same as flexural modulus of the composite. Storage modulus slightly increase by 
increasing fiber load from 65% to 70% and decrease by increasing from 70% to 75% fiber 
load which means 70% is the higher limit for fiber load and there is no sufficient resin to wet 
all fibers in higher fiber ratios.

   Figure 43 (b) shows glass transition temperature Tg of different fiber loads for UD composite 
and neat resin. As the results shows adding fiber to the GTPLA resin increases the Tg 
considerably and by increasing fiber load glass transition temperatures higher than 100˚C 
could be achieved. Considering 70% fiber load as higher limit for proper impregnation of the 
composite and Tg above 95˚C, 70% fiber load could be selected as the optimum fiber load 
from mechanical point of view. 

(a)                                                                  (b)
Figure 43: (a) Storage modulus and (b) glass transition temperatures of UD composites

   Figure 44 (a) shows storage modulus for NW composites of different fiber loads and also 
neat resin. Results shows reinforcing with NW fiber considerably improved bending 
properties of the resin but increasing fiber load from 65% to 70% and 75% causes mechanical 
properties of the composites reduce dramatically. These results are in a good agreement with 
flexural test results. 
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    Figure 44 (b) shows glass transition temperature for neat resin compared to that of NW 
composites with different fiber loads. Results shows adding non woven fibers to the GTPLA 
resin improves its glass transition temperature and by increasing fiber load from 65% to 70% 
and 75% Tg increase considerably. Trend is almost the same as UD composites which 
confirms the possibility of instrument error for BD composites. However impregnation seems 
to be improper for fiber load above 65% in case of NW composites, for applications which 
higher Tg is required higher fiber loads could be applicable but long knitted fiber like UD and 
BD might be the solution.

(a)                                                                         (b)
Figure 44: (a) Storage modulus and (b) glass transition temperatures of NW composites

3.7.4 Charpy

  Figure 45 shows energy absorbed in un-notched edgewise charpy impact tests for different 
fiber loads of BD composites. However the trend of the absorbed energy seems to be similar 
to that of flexural strength and modulus but considering great fluctuations of results one 
should be very careful interpreting these results. Two-tailed t- test was performed in order to 
evaluate significance of increase in mean values. T-test results demonstrates that increase in 
absorbed energy from 65% fiber load to 70% and also decrease from 70% to 75% fiber load 
are both significant with α=0.05 level of significance. 

Figure 46 shows Energy absorbed in un-notched edgewise charpy impact tests for different 
fiber loads for UD composites. However in the first sight it looks to have the same trend as 
BD composites but t-test results indicates that increasing energy dissipation from 65% to70% 
fiber loads is not significant neither with α=0.05 nor α=0.1 levels of significance. But its 
decrease from 70% to 75% fiber loads is significance with α=0.05 and consequently α=0.1 
level of significances. Considering same nature of both BD and UD composites (aligned and 
semi aligned long fiber composites) it could be guessed that fluctuations of the results in 65% 
fiber load covered significance of increasing trend.  

Considering the shape of cracked area and considerable totally visible long fiber pull out and 
very small portion of fibers fractured and also much higher absorbed energy in UD 
composites compared to BD composites, it could be concluded that however fiber-matrix 
adhesion is relatively good (considering flexural, tensile and DMA results) the interfacial 
force between fiber and matrix is weaker than long aligned fiber strength in one direction and 
most of the energy dissipation is occurred in fiber pull out in case of log fiber-GTPLA 
composites. [50]

0

2

4

6

8

10

12

neat resin 65% 70% 75%

St
or

ag
e 

m
od

ul
us

 (G
Pa

)

60

70

80

90

100

110

120

neat 
resin

65% 70% 75%

Tg
 (◦

C
)



53

Figure 45: absorbed energy in un-notched edgewise charpy impact tests for different fiber loads for BD 
composites

Figure 46: absorbed energy in un-notched edgewise charpy impact tests for different fiber loads for UD 
composites

   Figure 47 shows results for energy absorbed in un-notched edgewise charpy impact tests for 
different fiber loads for NW composites. Two-tailed t- test shows that increase of dissipated 
energy from 65% to 70% fiber loads is significant with α=0.05 level of significance while it is 
not significant for increasing fiber load from 70% to 75%. It could be guessed that again 
fluctuations of results covers the significance and the trend is similar that of UD and BD 
composites. Comparing dissipated energy in NW composites and UD and BD composites 
shows it is much lower than that of UD and BD composites, it could be interpreted by much 
shorter fiber pull outs. Actually fiber pull out is not visible by seen. 
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Figure 47: absorbed energy in un-notched edgewise charpy impact tests for different fiber loads for NW
composites

3.7.5 Ageing

  Figure 48 shows comparison of flexural modulus of composites before and after ageing in 
climate chamber.

Figure 48: Flexural modulus of composites before and after ageing test

   It shows significant reduction in stiffness of the composite after ageing in climate chamber 
from around 5 GPa to below 2 GPa for neat GTPLA resin composite and around 2.5GPa for 
composite made by resin containing 30% styrene. It shows this bio composite is not utilizable 
in outdoor applications. However mixing resin improves composite`s ageing behavior but the 
composite still loose around half of its stiffness after ageing. 

  Figure 49 shows flexural strength of the composites before and after ageing process. Results 
shows ageing affect flexural strength of the composites dramatically but styrene modification 
can prevent a great portion of it. As the flexural strength is main concern for many 
applications, it sounds good to have relatively acceptable flexural strength after ageing of the 
composite. 

Figure 49: Flexural strength of composites before and after ageing test

  Figure 50 shows tensile E-modulus of the composites with and without styrene before and 
after ageing in climate chamber. Results show that adding styrene to GTPLA composites does 
not make any magnificent change in tensile stiffness of the composites. They also show 
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ageing process dramatically affect tensile stiffness of composite and unlike flexural stiffness, 
adding styrene to the resin could not improve ageing properties of the composites from tensile 
point of view. 

Figure 50: Tensile modulus of composites before and after ageing test

   Figure 51 shows tensile stress at break or maximum tensile stress of composites made by 
neat resin and also resin mixed by 30% styrene before and after ageing in climate chamber. 

   Results shows that however adding styrene did not improve composite`s stiffness (tensile E 
modulus) but it improved its durability and maximum strength for tensile stress. It also 
improved composites durability after ageing. It also could show that fiber and matrix both are 
responsible for reduction of mechanical properties of the composite after the ageing process 
because improving the resin (matrix) improves final ageing properties while if fibers were the 
only responsible factor for ageing properties of the composite, an improvement in resin which 
have no significant effect before ageing (roughly 16%) could not have any effect on its 
mechanical properties after the ageing but results of experiment shows it improves max stress 
more than 111% after ageing. It would be discussed mire later in glass fiber reinforced 
composite experiment`s chapter. 

Figure 51: Tensile maximum stress of composites before and after ageing test
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  Figure 52 shows maximum elongation of composite specimens before and after ageing. It 
shows maximum elongation was almost the same for composites made with and without 
mixing styrene but maximum elongation is increased considerably after ageing process. It 
could be due to decrease in Tg of the resin after ageing which might give it rubbery 
characteristics in room temperature. 

Figure 52: Maximum fiber elongation for different composites before and after aging test

3.7.6 Swelling

   Figure 53 shows swelling of water in different fiber type and percentages. 

Figure 53 : swelling of water in different composites

   As results shows neat cured GTPLA resin have absolutely no water swelling so it means all 
the swelled water is indwelled in empty spaces (pores) inside composite structure and also in 
pores inside fiber. Both NW and BD composite with 75% fiber load shows considerably 
higher swelling compared to other composite which could be a confirmation for improper 
impregnation which have resulted in dry fibers which can absorb more water and higher 
swelling consequently. Almost all composites have roughly the same swelling rate as they 
swell almost close to their maximum swelling in first or second days while NW composite 
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with lowest fiber load have a different behavior. However it has almost the same final 
swelling with other composites with 65% and 70% fiber loads, the rate is lower and it could 
be interpreted by very small pore sizes which are somehow comparable to diameter of water 
molecules. 

   Figure 54shows results for swelling of methanol in different composites.

Figure 54: swelling of methanol in different composites

   Results shows neat cured GTPLA resin swells considerable amount of methanol (around 
15%) so it could be stated that methanol can penetrate through pore less GTPLA resin. 
Swelling rate is almost high for all composites and they swell close to their maximum in the 
first day.

   Figure 55 shows swelling properties of composites for isopropanol. 

Figure 55: swelling of isopropanol in different composites

   As the results show neat cured GTPLA resin does not have any swelling and generally the 
swelling of isopropanol is considerably lower than that for water and methanol (2% to 6% 
compared to 20% to 35%) but most interesting results is NW composite with 65% fiber load 
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which almost did not swell any isopropanol. It could somehow confirm molecular size pores 
in this resin because its water swelling was considerably lower than other composites and it 
does not swell any isopropanol. It could be interpreted that pore sizes for NW composite with 
65% fiber load is close to or even smaller than the molecular diameter of isopropanol. 

Figure 55 shows swelling of chloroform in composites. 

Figure 56: swelling of chloroform in different composites

   Results shows neat cured GTPLA resin swells considerable percentage of chloroform (55% 
and increasing). It could be expected that chloroform somehow dissolves the resin in long run.  
NW composites with 70% and 75% fiber loads show highest and fastest swelling among other 
composites while NW 65% shows smallest and slowest one. It could be justified by improper 
impregnation for 70% and 75% fiber loads and small pore sizes for 65%.

   Samples put in 1 M NaOH were completely destroyed in the first 24 hours. Almost all of 
the resin in neat cured resin and also composites were dissolved in NaOH and it could be 
expected due to nature of poly esters in which are likely to be hydrolyzed by strong bases. 

3.7.7 Chemical resistance

  Figure 57 shows acid resistance of different composites. As the results shows there is almost 
no weight loss for neat cured GTPLA resin and it means the resin is resistant in front of acid 
so it could also concluded that fibers are responsible for all of the weight loss. As the results 
shows all BD composite almost have same behavior in front of acid (around 8%) however 
lower fiber loads are slightly more resistive but NW composites with 70% and 75% fiber load 
shows much higher weight loss and NW composites with 65% have almost zero (very small) 
weight loss. It could be justified by very small pore size in this composite which does not let 
huge ions of chlorine to penetrate to composite. It could be stated that actually resin protects 
the fibers in case of proper impregnation. So these types of composites could be considered as 
a strong and durable bio-based acid resistant composite. 

Samples immersed in 1 molar KOH were completely destroyed in first 24 hours. It was 
almost expected due to its poly ester nature.  
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Figure 57: Acid resistance of different composite (%weight loss)

3.8 Conclusion

It could be concluded that GTPLA resin is capable of using as matrix in order to produce 
strong bio composites using regenerated cellulose as a bio based fiber and it has high fiber 
matrix adhesion with cellulose. For NW fibers, 65% fiber load is the higher limit for proper 
impregnation and for employed knitted fabrics 70% is the higher limit for fiber load and this 
difference is probably due to presence of plastic wefts used for knitting of viscose warps. It is 
also concluded that BD and UD composites made with viscose fibers without plastic wefts 
would have better mechanical properties. Adding viscose fibers considerably increase glass 
transition temperature of the resin due to interaction of fiber and matrix.  However bio 
composites made with GTPLA show good mechanical properties but they do not have good 
ageing behavior and are not suitable for outdoor applications but mixing GTPLA with 30% 
styrene improve its ageing properties to an acceptable level. The resin is permeable for 
methanol and chloroform but is not permeable for isopropanol and water. The resin shows 
very high chemical resistance for acid and in case of proper impregnation bio composites 
would have high acid resistance but it does not have good chemical resistance for bases due to 
its poly ester nature.   

4 Glass fiber reinforced composites

   In order to compare the recently developed and synthesized resin GTPLA with a 
commercial oil based poly-ester resin fiber glass reinforced composites were prepared based 
on a commercial oil based poly-ester, neat Glycerol based thermoset poly-lactic acid 
(GTPLA) resin and also its mixture with 30% styrene as reactive diluent. Composite sheets 
were prepared in ordinary hand layup method and pre cured under pressure in room 
temperature and they were post cured in elevated temperature and under pressure and 70% 
final fiber load were selected for the GRCs. While the oil based resin initially contained 
accelerator, GTPLA resin was also mixed with 0.2% accelerator in order to be comparable 
with the oil based resin. Test specimens were cut out from prepared composite samples by 
water get cutter on same pattern as the viscose composite were cut. Mechanical properties of 
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the samples were evaluated by tensile, flexural and DMA analysis. Tests were followed by 
ageing tests in climate chamber to simulate long time ageing process and aged specimens 
mechanical properties were examined through tensile and flexural tests and swelling and 
water absorption properties of composite were also investigated. 

4.1 Composite preparation

   Composite sheets were prepared in 21 mm×21 mm size. Fiber glass by directional woven 
fabrics were cut in 21mm×21mm size and five sheets were weighted precisely before 
impregnation and one sheet was placed on plastic films on a balance to monitor amount of 
added resin for each sheet. Resins should be prepared after fiber glass sheets are completely 
ready to impregnate so after placing first fiber glass sheet on balance resin preparation were 
started because resins should be applied on fibers immediately after mixing with initiator 
because they would form a gel after almost 20 minutes in room temperature due to presence 
of accelerator. GTPLA resins were mixed with 0.2% N, N-dimethylaniline and for styrene 
added composite it was also mixed with 30 weight % of styrene and then GTPLA, GTPLA + 
styrene and commercial oil based resin were mixed with their specific initiators (2% benzoyl 
peroxide for GTPLA and the unknown commercial peroxide came with re oil based resin). 
Then resin mixtures were poured on sheets based on calculating 40% resin and 60% fiber 
initial weight. 

   Tensile, flexural and DMA analysis were performed in the same way as viscose composite. 

4.2 Ageing

   In order to investigate ageing properties of the resin itself, ageing properties of the GRC 
were evaluated by placing them in a climate chamber to simulate long time ageing of the 
composite. GFRC were decided to be in 85% relative humidity and 50˚C for 850 hours. 
Sample`s mechanical properties were evaluated after 24 hours reconditioning. 

4.3 Impact test

   Impact resistance of the composite was investigated in accordance to ISO 179 standard. 
Unnotched impact edgewise impact tests were performed the same way as it was performed 
for viscose based composite. 

4.4 Results and discussions

4.4.1 DMA

  Figure 58 is a sample of DMA tests on a glass reinforced composite with oil based poly ester 
matrix. It shows fairly high mechanical properties in order of 28 GPa storage modulus. 
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Figure 58: DMA thermogram sample for GFRC with oil based matrix

Figure 59 shows comparison between storage modulus of GFRC made by oil based poly ester, 
neat GTPLA and GTPLA + 30% styrene matrix. As results shows GFRC made by oil based 
matrix have roughly 30% higher storage modulus compared to composites made by neat 
GTPLA. It also shows adding 30% styrene to GTPLA matrix can improve composite`s 
stiffness by around 15%.  

Figure 59: Storage modulus for GFRC with different resin matrixes

   Figure 60 compares the trend of storage modulus of three types of composite. As 
thermograms show oil based poly ester is slightly stiffer than neat and styrene mixed GTPLA 
composite in the room temperature but by increasing temperature GTPLA composites show 
better thermo mechanical properties and for instance GFRC made by GTPLA+30%styrene 
shows storage modulus above 15 GPa in temperatures higher than 100˚C which is a brilliant 
thermo mechanical properties for a bio-based poly ester composite. 
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Figure 60: Trend of storage modulus for GFRC with different resin matrixes

   Figure 61 compares peak of tan delta of GFRC made by oil based poly ester, neat GTPLA 
and GTPLA + 30% styrene resins which represent their glass transition temperature. As 
results indicate composites made by oil based poly ester have a Tg around 90˚C while 
composites made by neat GTPLA have a Tg above 110˚C which is more than 20˚C higher 
than that of oil based one. Also adding 30% styrene improves Tg dramatically to 135˚C which 
is considerably higher than that of oil based poly ester composites and is outstanding for a 
bio-based poly ester. 

Figure 61: TG for GFRC with different resin matrixes

   Figure 62 shows a comparison between thermograms of tan delta of GFRC made by different 
matrixes. 
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Figure 62: Trend of peak of tan delta for GFRC with different resin matrixes

   From DMA results in could be concluded that GTPLA resin shows acceptable stiffness in 
room temperature compared to the oil based poly ester but its thermo mechanical properties is 
better than that of oil based competitor and also adding 30% styrene could improve its both 
stiffness and thermo mechanical properties. 

4.4.2 Flexural test

   Flexural tests were performed the same way as it was done for viscose composites. Results 
for flexural test of new samples and aged samples after 850 hours ageing are presented in
Figure 63. 

Figure 63: Flexural E-modulus for GFRC with different resin matrixes before and after ageing test 

   As the results show flexural modulus of GFRC made by all three resins are almost the same 
and it means that stiffness of composites made with GTPLA bio-based polyester and 
composites made from commercial oil based poly ester are almost the same. Additionally 
mixing 30% styrene as a reactive diluent could not improve stiffness of the resin. Figure 63
also shows considerable reduction in flexural modulus of composite with neat GTPLA matrix 

0

5

10

15

20

25

wo styrene 30% 
styrene

Oil based 
resin

Fl
ex

ur
al

 m
od

ul
us

 (G
Pa

)

E-modulus before 
CCH

E-modulus afte CCH



64

after ageing simulation from around 20 GPa to below 7 GPa. This dramatic decrement 
indicates that this composite is not durable enough to be exposed to open climate and is not 
proper to be used outdoors. From comparison of these results with that of viscose based 
composites it also could be concluded that degradation of the GTPLA resin was at least one of 
factors responsible for ageing properties of viscose fiber composite because glass fiber 
reinforcement are known to have very high tolerance for being exposed to harsh climate 
conditions so degradation of the resin is the major responsible factor for ageing properties. As 
the Figure 63 shows ageing did not have any significant effect on commercial oil based poly 
ester composite and also adding 30% styrene could improve resins durability for ageing. 
Actually composite made with 30% styrene showed acceptable stiffness after ageing.

   Figure 64 shows flexural strength of the composites. Results shows three point bending 
strength of the GFRC made with neat GTPLA is considerably higher than that of composites 
made by oil based poly ester and it is even considerably improved by adding 30% styrene but 
its flexural strength is severely affected by ageing to below an acceptable value but adding 
30% styrene could back up considerable amount of  this strength loss.

Figure 64: Flexural strength for GFRC with different resin matrixes before and after ageing test

4.4.3 Tensile tests

   Mean value and standard deviations for each resin type were calculated. Figure 65 shows 
flexural properties of each composite before and after ageing simulation. 

Figure 65: Tensile E modulus for GFRC with different resin matrixes before and after ageing test
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   As Figure 65 shows stiffness of all three composites are roughly the same before ageing but 
after ageing GFRC made by neat GTPLA matrix`s tensile stiffness decrease considerably but 
this reduction is less than that of flexural stiffness because tensile properties for long aligned 
fiber composites are more relied on fiber than flexural properties. While tensile stiffness of 
composites with oil based poly ester is almost unaffected by ageing, adding 30% styrene 
could improve GTPLA composite`s durability for ageing. The trend is in good agreement 
with flexural test`s trend.

Figure 66 shows elongation % of different composites before and after ageing simulation. 
Major interesting results from this chart are that maximum elongation percentage of 
composites after ageing is higher than that before ageing simulation. One possible 
interpretation is that water plasticized the composites. 

Figure 66: maximum elongation GFRC with different resin matrixes before and after ageing test

   Figure 67 shows tensile maximum stress as a value of tensile strength of all composites 
before and after ageing. Results shows that flexural maximum stress for composites with neat 
GTPLA is considerably (around 50%) higher than that of oil based poly ester composites and 
even higher than that of styrene added composite. tensile strength of the GTPLA composite 
decrease after ageing but adding styrene improved its durability for ageing and tensile 
strength of the styrene added composite is quite acceptable after ageing simulation. 

Figure 67: maximum tensile stress for GFRC with different resin matrixes before and after ageing test
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4.4.4 Conclusion

   GTPLA composites show better mechanical properties compared to oil based polyester for 
indoor use but for outdoor applications GTPLA shows some weaknesses. This study showed 
that both fiber and matrix are responsible for degradation of viscose-GTPLA composite in 
former study.  However GTPLA resin is not perfect for outdoor usages, its ageing properties
could be considerably improved by adding styrene to the resin and some of the properties like 
tensile maximum stress would roughly remain unchanged after ageing.  
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