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ABSTRACT 
 

 

PROCESS ENGINEERING AND PERFORMANCE OF SUSTAINABLE POLYAMIDE 6 

(PA6) BASED BLENDS AND BIOCOMPOSITES 

Dylan Jubinville 

University of Guelph, 2018

Advisor(s): 

Dr. Amar K Mohanty 

Dr. Manjusri Misra

Engineered thermoplastic blends were fabricated using PA6 and poly (butylene terephthalate) 

(PBT) and, upon optimization, they were reinforced with biocarbon and other conventional fillers. 

A twin-screw extruder and injection molder were used to produce the blends compatibilized 

blends, and biocomposites. Analyses of the materials were completed through mechanical and 

thermal tests while the viscoelastic behaviour was investigated via dynamic mechanical analysis. 

Fourier transform infrared spectroscopy and nuclear magnetic resonance was also performed to 

understand the effect of blending PBT with PA6. Following optimization of the PA6 and PBT 

blends, a maleic anhydride grafted polyamide 11 compatibilizer was designed in order to increase 

the compatibility. Comparison of thermo-oxidative aging on a new emerging and sustainable filler 

was carried out against fillers used in the automotive industry. The thermal degradation of the 

different fillers was investigated under accelerated heat aging for 1000 h at 140 °C. The 

composite’s performances, before and after heat aging, were evaluated using mechanical and 

thermal tests. 
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Chapter 1 – Introduction: Natural Fibers and Biomass 

Conversion (Pyrolysis) 

 

 

 

This chapter seeks to introduce and highlight the research motivation and the overall 

objective of this work. A Objective statement for each chapter is provided along with the overall 

structure of the thesis. 
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Natural Fibers and Biocomposites 
As natural non-renewable resources are depleting and disappearing across the globe, the demand 

and search for sustainable and ultimately renewable resources continues to drive industries to 

investigate the utilization of biobased reinforcements (i.e. natural fibers) to offset the petroleum 

based plastic industry [1,2]. Natural fibers can be either plant based, comprised mostly of cellulose, 

or animal based, which contains mostly protein. Plants are either classified as primary or secondary 

depending on their utilization, where primary plants (jute, hemp, kenaf) are grown specifically for 

their fiber content while secondary plants (pineapple and oil palm) produce fibers as a by-product 

of the growth [1]. Plant fibers can be divided up further into 6 sub-groups based on the part of the 

plant the fiber is yielded from (i.e. core, seed, leaf, bast, grass or reed grass, and agriculture 

residues/other types) [1]. Major drawbacks to the use of natural fibers are geographic availability, 

moisture, complex and inefficient supply and transport chain and most importantly their low 

thermal stability (< 200 °C) compared to synthetic fibers and some polymer resins [1,2] 

Due to their benefits, natural-fiber-reinforced polymer composites (NFC) have regained focus as 

they are low cost, light weight, can be biodegradable, high specific modulus 

(𝑖. 𝑒.
𝑌𝑜𝑢𝑛𝑔′𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠[𝐺𝑃𝑎]

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [
𝑔

𝑐𝑚3]
) as well as being environmentally sustainable compared to the synthetic-

fiber-reinforced polymer composites [3]. The performance of natural-fiber-reinforced polymer 

composites depends on several factors, including: fiber chemical composition, cell dimensions, 

microfibril angle, defects, interaction, and both physical and mechanical properties of the fiber 

within the matrix [1]. Unfortunately, NFCs do have some drawbacks which may hinder their 

overall performance and application window. The drawbacks include but not limited to 

incompatibility, poor wetting, moisture sensitivity, low stiffness compared some synthetic fiber, 

and their low thermal stability ability limiting the polymers that can be used [3]. Compatibility of 
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these fibers has been studied quite extensively with suitable polymer resins and they are typically 

enhanced through a few techniques, for example chemical and/or physical modification as well as 

the addition of a coupling agent or compatibilizer. Natural fibers are not very suitable with 

engineering thermoplastics with melting points > 200 °C (i.e. polyamide 6 or poly(butylene 

terephthalate)) due to the fibers’ thermal stability [3]; other means must be sought out in order to 

utilize them for all applications to continue to offset the petroleum market on plastics. 

Biomass Defined and Conversion Routes 

As mentioned, with increasing climate concerns, depleting fossil fuels and more stringent 

environmental regulatory protocols along with the growing demand for both fossil fuels and 

commercial chemicals has steered and initiated the search for green alternatives and innovations 

to replace the conventional commercially available products [4]. Green alternatives (i.e. renewable 

plant resources) are considered to be one of the most promising substitutions to the depleting non-

renewable synthetic chemicals and fuels. The following are some examples of depleting 

conventional fuel and chemical sources include fossil fuels, crude oil, natural gas, coal, and more 

[4]. Unlike fossil fuels, renewable resources are infinite and also do not take millions of years to 

develop before they can be utilized [5]. Through green chemistry one can produce alternative fuel 

sources from renewable biomass. Green chemistry is defined as the practice of chemical science 

and manufacturing in a safe and sustainable manner while consuming a minimum amount of 

materials and energy that produces little to no waste [6]. For the purpose of this report, biomass 

will refer to every organic matter which is generated through photosynthesis as well as many other 

biological processes which can be either terrestrial (plants and animals) or aquatic matter. Some 

specific examples of biomass used as a natural reinforcement are hard and soft woods [7–10], 
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herbaceous plants (i.e. ornamental grasses) [11], algae and other aquatic plants [12,13], residential 

sewage [14], animal manure [15,16], and many more [4,17].   

Biomass may be divided up into two category types, food or cereal (starch and sugars) and non-

food or non-cereal (cellulosic). This division in biomass types is necessary due to food grade 

biomass may not be sustainable for energy production as it diverts product from the traditional 

markets to the energy markets [5]. However, it has been reported that  

non-food biomass ~5% (13.5 billion metric tons) could potentially be 

converted to produce energy which could cover ~26% (6 billion tons of 

oil) of the world’s energy consumption [5,18]. According to the World 

Energy Council [19,20], bioenergy (in 2016) was the largest renewable 

energy source with 14% renewables being in the energy mix and 

globally it accounted for 10% of energy supplied. However, oil remains 

the world’s primary fuel source as it accounted for ~33% of the global 

energy consumption, in 2016, and roughly 45-63% of oil consumption 

is from the transportation sectors unlike petroleum based plastics, which account for only 5% of 

the consumed oil, as shown in Figure 1 [19,21].  

Biomass can be generally categorized as first, second, third and fourth generation biomass, where 

first generation refers to food grade sources (i.e. starch crops and sugars); the second generation 

biomass is residual and non-food fraction crops with higher lignocellulosic; and lastly the third 

and fourth generation biomass is derived from algae and microalgae [4,6]. The first generation or 

primary fuel products produced from biomass are: liquid fuel products (ethanol, methanol, bio-

diesel, etc), gaseous products (biogas (CH4, CO2), syngas, and substituted natural gas), and lastly 

solid products (charcoal or torrefied biomass) [5]. The primary sources of fuel can be further 

Figure 1: A breakdown of how 

fossil fuels are distributed to each 

industry [reprinted from Plastics 

Europe – the facts 2017 with 

permission from Plastic Europe] 

[21] 
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broken up into 4 distinct groups chemicals, energy, electricity, and transportation fuel depending 

on the fuel source. 

Biomass Constituents  
The major constituents of biomass are cellulose, hemi-cellulose and lignin. Cellulose, a 

biopolymer, or carbohydrate is produced initially as glucose sugar from water and carbon dioxide 

during photosynthesis. It is the principal constituent of wood and other biomass which forms the 

structural framework of plant cells [6]. Cellulose (see Schematic 1) is a biopolymer containing 

glucose (C6H12O5) bonded together by β-glycosidic linkages which form linear chains that are 

stable and resistant to chemical attack due to the large number of hydrogen bonds between the 

cellulose chains [4].  

 

Schematic 1: A representation of a cellulose chain segment of repeating glucose molecules 

Hydrolysis of cellulose can reduce it to a cellobiose repeating unit (C12H22O11) and eventually back 

to glucose. Cellulose’s heat resistance will differ depending on its original biomass source. It 

typically decomposes between 300 – 400 °C and when pyrolyzed its primary generated product is 

condensable gases [4] 

Hemi-cellulose, shown in Schematic 2, is a short and highly branched chain with five different 

sugars. It contains five-carbon sugars (i.e. D-xylose and L-arabinose) and 6-carbon sugars (i.e. D-

galactose, D-glucose, and D-mannose) as well as uronic acid [4]. The branched structure of hemi-

cellulose gives it an amorphous property which makes it considerably more vulnerable to be 
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hydrolyzed into individual sugar components compared to cellulose. In hard wood, hemi-cellulose 

will hydrolyze into more five-carbon sugars while soft wood yields more six-carbon sugars [4]. 

Thermally, hemi-cellulose is the weakest out of the biomass constituents, it typically decomposes 

between 200 – 300 °C and through pyrolysis it will mainly produce non-condensable gases. 

 

Schematic 2: Chemical structure representation of that composes hemi-cellulose (L-arabinose D-galactose, D-glucose, and D-

mannose) 

Lastly, lignin, shown in Schematic 3, is the non-carbohydrate polyphenolic portion of wood and 

other biomass sources that helps to cement the cells together and supports the cell wall. Lignin is 

a highly complex, crosslinked, aromatic structure with a typical molecular weight of 

approximately 10,000 g/mol and it is the biggest contributor to the bio-charcoal end product [4]. 
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Schematic 3: A representation of the lignin chemical structure with its three most important monolignols 

Biomass Conversion Routes 
Biomass can be converted into solid, liquid and gaseous products through hydrolysis, dehydration, 

isomerization, oxidation, de-hydrogenation, and hydrogenation reactions which are facilitated by 

thermal, thermochemical, and biochemical technologies (i.e. gasification, pyrolysis, torrefaction, 

alcohol fermentation, combustion, etc.) [4]. The use of these technologies results in the production 

of energy (thermal, steam, and electricity), solids fuels (charcoal and combustibles) and synthetic 

fuels (methanol, methane, hydrogen gas, etc) which can be used for a variety of purposes. In terms 

of thermal conversions, combustion is widely used currently while pyrolysis of biomass is gaining 

considerable interest as its products are gas, liquid (bio-oil) and char residue or biocharcoal.   

Pyrolysis 
As mentioned previously, biomass is composed of various fractions of hemi-cellulose, cellulose, 

and lignin, which all react and decompose differently when subjected to high temperatures, 
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resulting in the generation of different products. Pyrolysis or destructive distillation can be simply 

defined as an irreversible thermal degradation of organic matter in either an oxygen controlled or 

in the absence of oxygen environments in order to avoid actual combustion [22,23]. However, 

pyrolysis is an extremely complex thermochemical conversion process, as it generally goes 

through a series of reactions and is heavily dependent on its operating conditions as well as the 

biomass feedstock being pyrolyzed [24]. Figure 2 illustrates how pyrolysis is a versatile way of 

exploiting the value-added products that are produced from the thermal degradation of biomass. 

 

Figure 2: Circular pictorial representation of the pyrolysis process 

In general, biobased charcoal (residue) is one of main products generated from the thermal 

degradation and eventual carbonization of biomass, which are high in lignocellulosic content, 

especially over longer pyrolysis times [5]. There are different types of pyrolysis technologies, 
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which depend on the desired outputs and their yields, which are operated under different conditions 

and parameters, examples include: fast, slow, intermediate, and flash.  

Fast Pyrolysis (Theating<<Treaction time)  
The vapor residence time is on the order of milliseconds to seconds and the main products are bio-

oil and gas through either flash or ultra-rapid technologies. The ultimate goal of fast pyrolysis is 

to maximize the liquid (bio-oil) yield as the biomass is heated extremely rapidly (1000 – 10,000 

°C/s) so that it reaches its max temperature right before it begins to decompose [5]. As the 

residence time is so short with this technique, reaction kinetics, phase transition phenomena as 

well as heat and mass transfer are all important variables to control for the desired output [4]. It is 

important to bring the reacting biomass particles to an optimized temperature while avoiding 

exposure to lower temperatures that favor char production. To achieve this in fast pyrolysis smaller 

particles are used as they decompose and generate vapors, aerosols and minimal char [4,25]. 

Depending on the desired product, the pyrolysis temperature can be either around 600 °C for bio-

oil or around 1000 °C for more gas production [5]. The main variables for liquid production in fast 

pyrolysis are: very high heating rates, reaction temperature between 450 and 600 °C, short 

residence time, and rapid quenching on the produced gas [5]. 

Slow Pyrolysis (Treaction time<<Theating) 
Unlike fast pyrolysis, the residence time for vapor in this technique is on the order of minutes, 

hours or longer, with the main product being char or charcoal through the processes of either 

carbonization or conventional pyrolysis [5]. Carbonization pyrolysis is the oldest form with 

traditional processes such as pits, mounds, kilns or beehive ovens [4]. It involves heating biomass 

at rates of 0.1 – 2 °C/s in the absence of oxygen at relatively low temperatures (~400 °C) depending 

on the desired carbonization amount over an extended amount of time [5]. Allowing a long time 
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for carbonization process will result in the condensable vapors converting into char or further 

broken down into non-condensable gases. Conventional pyrolysis generates all three products (i.e. 

liquid, gas, and solid) as it uses moderate temperatures (600-700 °C) with a residence time of 

minutes. Conventional pyrolysis allows the biomass to slowly release volatiles; hence, the tar and 

char products will generate the highest yields [4,5,26]. 

Bio-sourced carbon (Biocharcoal or Biocarbon) 
Traditionally, the use of biocarbon has been mainly used in the agricultural industry as a soil 

amendment due to its ability to act as a carbon sink and effectively trap CO2 into the soil which, 

over time, enhances soil fertility as well as reduces greenhouse gas emissions, as its considered 

carbon neutral [4]. Other agricultural benefits for biocarbon include: increased soil water retention, 

a reduced amount of fertilizer used by preventing leaching, and it can also increase the amount of 

readily available nutrients for plants [4]. In recent years, biocarbon has been gaining popularity as 

an environmentally sustainable alternative to conventional fillers, in the thermoplastic industry, 

due to it being a value-added product to pyrolysis. With biocarbon becoming a more attractive 

polymeric filler there has been considerable research done regarding the biomass source, pyrolysis 

technique (slow, intermediate, fast), and surface modifications as these variables all affect the 

functionality of the biocarbon.  

As mentioned, biocarbon has only recently been introduced into the fabrication of sustainable 

composites materials making it a relatively unexplored area of research [7]. The main polymer 

resins that have been studied with biocarbon acting as a rigid filler are polyamide [27–30] and 

polypropylene [11,31,32] based systems. In both systems, the addition of biocarbon resulted in an 

increase in both tensile and flexural properties (strength and moduli) but it severely hinders the 

material’s overall toughness. Besides the enhanced stiffening properties, the addition of 
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carbonaceous material in polymers is used to introduce various functionalities, such as: electrical 

conductivity, electromagnetic interference shielding, and as a gas/water barrier making the path 

more tortuous [33]. 

Problem Statement 

 
A challenging obstacle to overcome in producing biobased materials, especially for the automotive 

industry, is to reach the same performance as the currently used conventionally used composite 

material (i.e. glass fiber and talc) in today’s market while increasing its bio content. One of the 

more important aspects in this area of research is to satisfy the stiffness-toughness balance, 

especially how that balance is affected after being exposed to an accelerated thermo-oxidative 

aging environment. 

Many studies explored the properties of biocarbon as a soil amender for agricultural purposes, but 

the information regarding its properties and performance as a biobased filler for polymer 

composites applications is limited, however it is increasing. However, in terms of the biocarbon 

composite’s durability, very little is known. Therefore, there is a knowledge gap regarding the 

understanding of the biocarbon properties in relation to its interaction with polymers after being 

subjected to thermo-oxidative aging. Overall, the goal of this research is to obtain fundamental 

understanding and provide practical information regarding the biocarbon properties and its 

behavior inside a polymer matrix. The goal is, ultimately, targeted to observe how biocomposites 

will compare in performance to conventional petroleum-based composites already being used in 

the automotive application after thermo-oxidative degradation.  
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Objectives and Hypothesis  

General Objective 
The thesis’s overall objective is to develop engineer, and to optimizing high performance biobased 

blends and composite materials from polyamide 6 (PA6), poly(butylene terephthalate) (PBT), and 

biocarbon as a sustainable reinforcing filler. 

Chapter 3 Objective  
To prepare binary blends of PA6/PBT and to investigate its properties with and without a biobased 

polyamide 11 (PA11) compatibilizer which has maleic anhydride grafted (-g-MA) onto it as well 

as to select the optimum blend ratios and processing conditions for a balance in both stiffness and 

toughness.   

This research aims at developing cost competitive engineering polymer blend composition for the 

PA6/PBT system that showed the best overall properties to be furthered investigated for 

compatibilization. For this aim, a statistical design of experiments (DOE) methodology was used 

as a tool to screen and to verify the elongation and impact properties as a function of the blend 

composition. The blend will be optimized through means of the following sub-objectives: 

 To prepare PA6/PBT and PA6/PBT/PA11-g-MA systems by melt processing methods 

(extrusion and injection molding) at various loading of each individual constituent. 

 To study the how the composition of blend would affect the mechanical performance of 

the PA6/PBT and PA6/PBT/PA11-g-MA systems and select blend compositions showing 

the best balance between stiffness and toughness 

 To investigate, with FTIR as well as thermal analysis in order to estimate the content and 

location of the grafted maleic anhydride. 
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 To optimize the blends performance by manipulating the blend formulations and 

morphology of the blends.  

 To study the effect the formulation of the blend has on mechanical performance by means 

of a statistical mixture design of experiments model (DOE) while building a linear 

regression model for predictions of mechanical properties.  

Chapter 3 Hypothesis  
The incorporation of the PA11-g-MA compatibilizer into polyamide and polyester blend will 

significantly improve the toughness (i.e. elongation at break [%] and impact strength [J/m]) of the 

blends by statistical DOE and experimentation while minimizing loss in tensile strength and 

modulus through successful compatibilization.  

Chapter 4 Objective 
To evaluate the accelerated long term thermo-oxidative durability of biocarbon reinforced 

polyamide 6 bio-composite in comparison to conventional talc and glass fiber compounded (single 

and hybrid) with polyamide 6 at the same filler loading. 

In this study, the comparison of thermo-oxidative aging on a novel bio-filler, biocarbon, was 

carried out against conventional commercially available fillers currently used in the automotive 

industry. The influence on the thermal degradation of the different fillers was investigated under 

accelerated heat aging for 1000 h at 140 °C. The composite’s performances were evaluated using 

notched Izod impact as well as both tensile and flexural tests. The composites will be optimized 

through means of the following sub-objectives: 

 To prepare neat PA6, PA6/GF, PA6/Talc, PA6/Biocarbon, PA6/GF/Talc, 

PA6/GF/Biocarbon composite systems by melt processing methods (extrusion and 
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injection molding) at 30 wt.% loading (hybrid systems held fiber and particulate content at 

5 and 25 wt.% in order to mimic current automotive part formulations). 

 To study the effect of filler type and composition on the mechanical and thermal 

performance of the composite systems and to establish relationships between the blend 

formulations, morphology of the blends and mechanical performance.  

 To investigate the performance of un-stabilized polyamide 6 filled composites sustain their 

properties over 1000 h at an elevated temperature.  

 To compare the degradation of a bio-based filler with conventional fillers currently utilized 

for automotive applications. 

Chapter 4 Hypothesis 
Biocarbon reinforced PA6 bio-composite has better performance and thermo-oxidative durability 

compared to talc and glass fiber reinforced PA6 (single and hybrid filled) composites and that the 

effect of filler type has no significant effect in the degradation of polymeric properties. 

Outline of Thesis Chapters 
This thesis is composed of four main chapters each of which contributes to achieve the objectives 

of the project. Chapter 1 is the current introduction chapter where the motivation of the research 

work and objectives of the project are described. The subsequent chapters describe in detail 

literature reviewing of the current state of art and experimental research work performed to achieve 

the thesis objectives. 

Chapter 2: intends to reviews the current and related literature on the research status of polyamide 

(PA) and polyesters applications, properties, and reinforced composites. It also focuses on the 

definition of commodity and engineered thermoplastics, as well as their current progress, their 
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restrictions, and tries to identify research gaps in using bio-based materials as reinforcing rigid 

fillers for the fabrication and instrumentation of PA biocomposites.  

Chapter 3:  In this chapter, the introduction of a PA11-g-MA compatibilizer as a third polymer 

on the PA6/PBT system was explored aiming to further improve the stiffness – toughness balance 

and miscibility of the polymer blends in order to produce a final blend with exceptional tensile and 

impact properties. FTIR was used to determine the content of the grafted maleic anhydride on to 

the PA11 backbone. Using the design of experiment approach, the elongation at break and notched 

Izod impact behavior of the blends as a function of the blend composition were studied and 

modeled using linear regression models. These models allowed for an accurate prediction of new 

blend formulations with target mechanical behavior. Lastly, morphological characterization of the 

blends and their fracture sites was used to correlate the mechanical behavior of the blends to their 

composition and elucidate toughening mechanisms. 

Chapter 4: This chapter focuses on the comparison of thermo-oxidative degradation on a novel 

bio-filler, biocarbon, and was carried out against conventional commercially available fillers 

currently used in the automotive industry. The influence on the thermo-oxidative degradation of 

the different fillers was investigated under accelerated heat aging for 1000 h at 140 °C. The 

composite’s performances were evaluated using notched Izod impact as well as both tensile and 

flexural tests. The morphological structure was investigated using a scanning electron microscopy 

(SEM). Differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) were 

used to study the thermal and thermos-mechanical changes. The glass filled composites have 

shown the best performances; while, both the talc and biocarbon composites had a similar strength 

and ductility. Biocarbon filled composites presented a significant advantage of 11% density 

reduction in comparison to talc filled composites. 
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Chapter 2 – Literature Review  
 

 

 

This work focuses on the utilization, substitution, and durability of a solid residue 

(biocarbon) formed through a thermochemical conversion process for polymeric applications and 

an investigation into the blending of a polyamide with a polyester. Therefore, this chapter 

focuses on the different classifications of thermoplastics (i.e. commodity or engineered 

thermoplastic) with a specific focus on polyamide 6 and poly(butylene terephthalate) as well as 

the different types of reinforcement material currently used in polymers and how a sustainable 

bio based filler might compare. 
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Thermoplastics Overview  
Plastics or polymers are macromolecular materials (>1000 g/mol) containing long chains of 

smaller repeating units which may be oriented and bonded together in numerous ways [1–3]. The 

first man-made polymer, developed by Alexander Parkes, was designed to disrupt the ivory and 

tortoiseshell industries [4]. It was a form of cellular nitrate which was originally presented at 

London’s 1862 great international exhibition; however, due to its cost it was not commercially 

viable [4]. Since then, plastics have become one of the most used materials with applications 

ranging from packaging, automotive, construction and more. Polymers can be manmade or found 

in nature as they are generally organic materials which are composed of hydrocarbons (carbon and 

hydrogen atoms) and other non-metallic elements with intramolecular covalent bonds between the 

structural units [3]. The covalent bonds are typically generated through means of either addition 

or condensation polymerization between the hydrocarbons and hydrocarbon like units which gives 

form to chain like structures, termed the hydrocarbon backbone. When all of the units in the 

backbone are the same, it is referred to as a homo-polymer, while, if there are two or three non-

identical units, it is referred to as a co-polymer or ter-polymer, respectively. In rare cases, a tetra-

polymer may be synthesized out of four non-identical units but these materials are occasionally 

found and typically used as adhesives or coats [3]. 

There are two general classifications for polymers, thermoplastics and thermosets. Thermoset 

plastics are network polymers that will become permanently hard and will not soften after curing 

or having heat applied to it due to covalent bonds crosslinking to adjacent molecular chains [5]. 

Unlike thermosets, thermoplastics are semi-crystalline structures, which upon heating become 

malleable and can be molded into a variety of shapes and applications upon being injected and 

cooled [5]. These materials can be cooled back to a solid state a number of times and the material 

will still be functional. 
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Referring to Figure 3, thermoplastics can also be divided into three main categories: commodity, 

engineered, and high performing. Commodity plastics 

(i.e. poly(propylene) [PP], poly(ester) [PE], poly(vinyl 

chloride) [PVC]) are manufactured in large quantities 

for a wide range of applications and, most importantly, 

for low costs [4]. Conversely, engineered 

thermoplastics (ETPs) are typically higher quality than 

commodity plastics but are also more expensive. From 

a technical aspect, ETPs are very interesting as they 

combine properties of being both light weight and 

chemical resistant, while having a good and 

customizable balance of stiffness and toughness over a wide range of temperatures [4]. Lastly, 

high performing or specialty plastics are sought out for their excellent overall properties and are 

able to withstand and perform in extreme environments (i.e. very low to high temperatures, 

pressures, velocities etc.) [5,6].  

However, in industry there is no widely accepted definition for either engineered or high 

performing thermoplastics even though their demand has been increasing since the 1990’s [7]. It 

should be noted that the use of engineered thermoplastics has led advancements in some industries, 

such as the automotive industry, commodity plastics are still thriving and branching into 

applications that were previously resisted engineered plastics with the use of reinforcement filler 

materials [4]. Both the high cost and greater customizability allows for the higher performing 

engineered plastics to erode the metals market while the lower performing engineered plastics are 

being eroded be reinforced commodity plastics [4]. 

Figure 3: Pyramid graphic illustrating the 

performance and cost balance between the different 

classifications of plastics (i.e. commodity, engineered, 

and high performing) 
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Furthermore, another way to differentiate between thermoplastics is based on their crystallinity, 

which refers to the orderly grouping of molecules in a matrix [3]. The three general categories for 

crystallinity are amorphous, semi-crystalline and crystalline [3]. Amorphous materials are without 

order, meaning their crystal structure has no distinct order or arrangement to it. The crystalline 

section is the opposite, as it is very ordered and compact in the same direction. Semi-crystalline 

structures have both amorphous sections and crystalline sections. Some examples of semi-

crystalline polymers include polyamide and polyesters.  

Polyamides 

Polyamide 6 (PA6) 
The polyamide (PA) family of polymers is an engineered thermoplastic group which contain a 

repeating monomer unit of amide and carbonyl linkages, as shown in Schematic 4. Polyamides are 

melt-possible polymers that are categorized by identifying the number of carbon atoms in between 

each amide group in the monomer unit. For the purposes of this report, only Polyamide 6 (PA6) 

will be used as the base matrix for all blends and composites. PA6 has been studied extensively 

since its commercialization in the 1940’s by DuPont [8,9] and is primarily produced by the ring 

opening polymerization of ε - caprolactam in the presence of water with small additions of an acid 

to control the molecular weight [10].  

 

Schematic 4: Polyamide 6 monomer unit 
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Properties 
PA6 is a semi-crystalline material, meaning is has both crystalline and amorphous phases. The 

crystalline portion results from the amide groups and due to their polar nature the amide groups 

undergo hydrogen bonding between nearby carbonyl groups form other PA6 chains [11]. When 

the chains are aligned, the amide groups allow for a high degree of hydrogen bonding while the 

amorphous region, with random chain alignment, shows much lower hydrogen bonds. The high 

degree of hydrogen bonding between chains in the crystalline region results in PA6 having a 

high melting point (~225 °C) [11]. 

Semi-crystalline polymers are able to exhibit both crystalline and amorphous characteristics 

resulting in a good balance in their properties. The amorphous phase contributes to properties such 

as impact strength and elongation at break, while the crystalline phase is a main factor for hardness, 

strength, chemical resistivity and thermal stability. Lastly, PA6 is hygroscopic, meaning that it 

easy absorbs water from the surrounding ambient environment, which is greater in amorphous 

regions compared to the crystalline regions. The amorphous regions readily absorb water more 

due to the amide groups being more accessible than in the crystalline region, where they are more 

tightly packed. Moisture absorption is very detrimental to Polyamide 6 as it can affect properties, 

chemical structure as well as act as a plasticizer leading to an increased toughness and flexibility 

effect.  

Applications  
The first application for nylon was in ladies’ hosiery of leg stockings until the 1940’s where it 

became used as self-lubricating bearings, wire insolation and medical equipment (i.e. sutures and 

catheters) [4]. Nowadays, PAs are the most common thermoplastic used in the fiber industry 

having about 75% of the market with the remaining amount being consumed as engineered resins 

[11]. The engineered resins and fabric applications vary from parachute fibers, under the hood 
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components in vehicles, films for food packaging, fuel hoses, lawnmowers, wheel covers and 

more. According to PlasticsEurope (PEMRG), out of the total 49.9 million tons (mt) of plastic 

resin was produced globally in 2016 and approximately 0.8 million tons of that was polyamide 

resins resulting in 1.6% of the global market [12]. In particular, the automotive industry is the 

biggest consumers of PAs with electrical components as the second biggest consumer, as shown 

in Figure 4 and Figure 5.  

 

Figure 4: Distribution of European plastics demand by polymer type for the year 2016 [reprinted from Plastics Europe – the 

facts 2017 with permission from Plastic Europe] [13] 
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Figure 5: European plastics converter demand by industrial segment for the year 2016 [reprinted from Plastics Europe – the 

facts 2017 with permission from Plastic Europe] [13] 

Poly(Butylene Terephthalate) (PBT) 

Poly(butylene Terephthalate) (PBT), shown in Schematic 5, is an widely used semi-crystalline 

synthetic engineered thermoplastic belonging to the polyester family of polymers having similar 

properties to its equivalent polymers (i.e. poly(trimethylene terephthalate) (PTT) and 

poly(ethylene terephthalate) (PET)). Table 1 compares some properties of the three polyesters 

previously mentioned.  

Table 1: Comparison of the different polyester thermoplastics 

 

Polymer Tensile (MPa) Tm (°C) Xcr (%) Reference 

PET 73.5 244 22.0 [14] 

PTT 58.3 226 25.0 [14] 

PBT 53.0 228 32.0 [15–18] 
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PBT is a saturated polyester generally produced via a two-step melt polymerization of dimethyl 

terephthalate and 1,4-butanediol but it can also be produced by a esterification reaction between, 

the more economic, terephathalic acid and 1,4-butanediol [19]. The more financially favourable 

esterification method has already been implemented for other poly(alkylene terephthalates) (i.e. 

PTT or PET) but this route, for PBT, produces a large amount of a undesirable side product, 

tetrahydrofuran [19]. In fact, the amount of tetrahydrofuran produced during the PBT production 

with terephalic acid is more than 100% higher than the production of PBT through the use of 

dimethyl terephthalate which, unfortunately, offsets the cost benefit of using the cheaper chemical 

[19]. 

 

Schematic 5: Poly(butylene terephthalate) monomer unit 

Properties 
PBT, similar to PA6, is a high performance, tough, and semi-crystalline engineered polymer which 

is also strong and lightweight, while having superior electrical properties. PBT also has great 

mechanical performance, such as: high strength, rigidity, toughness, and chemical resistance to a 

wide variety of solvents, oils as well as greases [20]. Lastly, PBT has good dimensional stability, 

low moisture absorption, and powerful insulation resistance [20]. In terms of processing, PBT in 

can be processed between the temperature range of 230 to 270 °C and it is typically chosen over 

its sister polyesters due to its faster crystallization rate making it the most cost effective during 

injection molding applications due to short cycle times [21]. Although it is a great polymer for 
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injection molding; it does have its disadvantages and sensitives, such as: moisture, strong bases, 

as well as oxidizing acids and ketones [21].  

Applications 
PBT’s main usages are in the electronics (44%), automotive (32%), and extrusion/other (24%) 

industries being found in products such as: switches, sockets, handles, insulin pens, shower heads, 

brake cable liners, etc. [22,23]. PBT, like many other polymers, suffered a great loss in its market 

value due to the US economic crisis in 2008/2009 but, by 2012, PBT regained its value from before 

the market crash and was expected to grow ~5% per annum in the future [22]. By 2015, PBT had 

a global market value of approximately 33.7 billion USD and is likely to grow another 7.3% by 

the year 2019 [24]. The regain in market value was due to Asia-pacific, China, in particular, as 

they are the current leader in both usage and production of PBT. Asia and Europe took over the 

market for PBT when the US’s manufacturing plants were forced to lower production rates and 

eventually to close their facilities [24]. 

Reinforcement of Polymeric Material  
Materials used for reinforcement are used in both thermosets and thermoplastics applications in 

order to provide more rigidity, as well as to offset the cost of using 100% polymer [2]. 

Reinforcement is generally used to describe the increase in both the rigidity and strength, which is 

achieved through dispersing inorganic and organic fibers or particulate fillers within a polymer 

matrix. Inorganic fillers are intrinsically much more stiff and stronger than a polymer; therefore, a 

mixture of the two, termed a composite, is expected to display properties that are intermediate 

between the raw constituents [3]. Composites are usually constructed for desired properties (i.e. 

electrical conductivity, toughness, heat deflection etc.) and not solely just to increase the material’s 

strength. Composite materials can either be derived from natural resources (i.e. wood, hemp, flax, 
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abaca, and more) or synthetic composites (i.e. clay particulates, glass fibers or graphene plates). 

Both organic and inorganic fillers invariably contain hydroxyl groups on their surface leading to 

reactions with the atmospheric moisture or through strong absorption forces from high surface 

energy [3]. The hydroscopic nature of the filler material makes it susceptible to water by 

accumulating moisture at the interface [3]. This occurs by water molecules diffusing through the 

matrix affecting the interfacial region between matrix and filler, leading to plasticization or 

deterioration of the composite through accelerated aging [3]. There are a number of considerations 

when composing a composite, such as: matrix composition, aspect ratio and critical lengths of the 

filler, distribution, filler type, good interfacial adhesion, orientation etc. [2,5,25]. 

With this in mind, it follows reason that the majority of filler material should be pre-coated or 

treated before interacting with a polymeric matrix or application. For fiber reinforcements, 

coupling agents are generally used prior to blending and compounding. Coupling agent (i.e. 

chromium, zirconates, titanante, thiones, thiols, silane etc.) are synthetic functional compounds 

which coat the surfaces of the matrix material resulting in an increase in the surface-free energy 

due to their surface chemistry being able to react with both the matrix and filler [3,26]. Out of the 

before mentioned coupling agents, silane is probably the most broadly used due to its good 

performance and biocompatibility, as well as there being both a functionalized and non-

functionalized version of these silicon compounds [26]. The functionalized silanes will have 

functional reactive groups at each molecular end, which may react with separate surfaces, while 

the non-functionalized silanes which contains non-reactive end groups allows for interactions with 

inorganic surfaces [26]. However, the surfaces of particulate fillers (i.e. biocarbon, clay, calcium, 

carbonate, talc) are often modified by completely other means of surface treatments than those for 

fibers. The particulate treatments consist, mainly, of depositing long fatty acids or amines in order 
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to reduce inter-particle friction and to increase dispersion by minimizing agglomeration. Other 

treatments methods are low molecular weight carboxyl terminated polybutadiene or depositing 

certain liquid monomers which are then polymerized in situ around the particulate fillers. 

There are three categories by which composites may be sorted. The classifications include fiber-

reinforced composites, particle-reinforced composites and laminar composites (sandwich 

structures) [5]. By the addition of reinforcements into the polymer matrix, the poor mechanical 

properties, in comparison to those of metals and ceramics, can be enhanced allowing for use in 

applications where their strength and stiffness would not be adequate otherwise. The manipulation 

of plastics is also much easier in terms of handling, processing, and manufacturing than those of 

ceramics and metals. Composites made from thermoplastics are also very easily shaped or formed, 

which enables them to be formed to meet specific and complex applications, while maintaining a 

light weight advantage over other commercial conventional products. Polymeric composites have 

been around for the past century with composites reaching commodity status by the 1940’s [27]. 

For the most part, composites have been and typically still are made with non-renewable 

reinforcing fillers such as glass fibers, carbonaceous particles and synthetic fibers that prevent or 

lower the recyclability of the composite and alter the end life of the product. With both the matrix 

and filler traditionally being non-renewable in origin the biodegradability and environmental 

sustainability still remains which is causing manufacturers to look for partial or fully biobased 

alternatives, as discussed in Chapter 1.  

As one could surmise, the polymer matrix has considerable effect on the overall properties for that 

material as the matrix supports the filler material and keeps them in their proper positions. Besides 

being structurally important, a matrix also transfers the load or stress (i.e. fiber pull out, crack 

propagation, or delamination) to the filler material to absorb it, as the matrix is usually weaker, as 
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well it controls the chemical, thermal and electrical yields of the material [2]. The matrix plays a 

predominate role in determining the strength of reinforced composites; however, so does the 

minimum distance between the filler particles in order to better alleviate the stress transfer within 

the matrix. For example, the fillers that give the maximum packing density in a matrix will exhibit 

the largest particle distance resulting in the highest enhancement of strength by minimizing stress 

concentration [3]. In this chapter, two conventional fillers, glass fiber and talc, will be discussed 

in comparison to the sustainable biobased filler biocarbon.  

Glass Fiber 
Fiber reinforcements are used in pretty much every type of engineered plastics, resulting in them 

having a wide range of applications and durability. Fiber reinforcements are generally highly 

dense, non-corrosive, and can be easily tailored for desired properties, but their addition to 

polymers often results in increased rigidity, strength and thermal resistance [2,28]. They are 

particularly attractive due to them being light weight, stiff and tough; for example, the specific 

stiffness and strength of glass reinforced epoxy resins almost equal that of aluminum. In order for 

improvement of mechanical properties of fiber reinforced plastics the fiber length must exceed a 

minimum value as well as have an aspect ratio (fiber length/diameter) of ~100 [2].  Unfortunately, 

the usual case for fiber reinforced composites is that their actual performance falls below that of 

the theoretically predicted values caused by a number of factors (i.e. orientation, adhesion, etc.), 

as mentioned previously. Although there are quite a few of different fiber reinforcement material 

used in industry (i.e. glass fiber, carbon fiber, natural fibers, etc.) for compounding composite 

products, for the purposes of this report, only glass fiber will be focused on. 

Glass fibers can be readily processed from raw materials (i.e. sand, limestone, alumina) which is 

in practically unlimited supply. The glass fibers are made by melting and fusing silica with 
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minerals that contain oxides at temperatures of ~1260 °C [29]. The molten substance is quenched 

very rapidly in order to prevent crystallization and then formed into fibers through a process known 

as fiberization [29]. Generally there are two types of glass fibers, with 90% being low cost general-

use fibers (E-glass and variants) and the remaining being premium special-purpose fibers (A-, D-

, S-glass, etc.) [29]. E-glass of any type is general-purpose due to their offering of high strength 

and low cost density. Glass fibers used for polymeric composites have a diameter ranging from 3 

– 20 µm, typical density of ~ 2.6 g/cm3, and a market value of $1.30 to $2.00/kg [30]. General-use 

glass fibers can be divided into two categories: continuous (long) fibers and discontinuous (short) 

fibers and when combined with a resin, glass fibers can be arranged in either aligned fibers, random 

fibers, and, lastly, hybrid or “sandwiched” as shown in Figure 6 [28]. Short glass fibers (SGF), 

specifically, are the most versatile industrial material used today and is able to increase a material’s 

tensile and flexural strength and modulus, thermal stability, and creep resistance but SGFs do have 

a considerable impact on the environment [28]. The production of glass fibers consumes fossil 

fuels, creates air pollution through the generation of smog and acidification all the while having 

very few options for recyclability [28]. 

 

Figure 6: possible fiber orientation for fiber reinforced composites. A) Random fiber orientation, B) sandwich or hybrid 

orientation, C) aligned fiber orientation 

Both PA6 and PBT have been studied extensively in the presence of glass fibers [20,31–37]. The 

mechanical properties of nylon changes significantly when glass fibers are added into the matrix. 
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Overall the addition of glass fiber increases all mechanical properties, while significantly affecting 

the composites overall toughness. As mentioned previously, glass fiber’s major disadvantages are 

its high density and that it is not environmentally friendly, which makes it a slightly undesirable 

material to use in a composite material with increasing climate concerns. A study by Yoo et al. 

[38] looked at the morphological and mechanical properties of glass fiber reinforced nylon 6 

nanocomposites with nanoclay. Through their investigation, they discovered that increasing the 

glass fiber loading reduced the fiber length and the addition of nanoclay reduced the fiber length 

even more during melt processing. The reduction was caused by the nanoclay increasing the 

amount of stress in which the fibers experienced during the process; as well as the clay’s aspect 

ratio appeared to decrease due to a partial delamination of overlapping clay platelets [38]. Not 

surprisingly, Yoo et al. [38] found that the nanocomposite’s tensile strength increased by 36% and 

22% with the addition of 20 wt.%  and 5 wt.% glass fiber and nanoclay, respectively, while the 

elongation at break decreased by 98% and 97% with glass fiber and nanoclay addition [38]. 

Another study by Vendramini et al.[39] looked at the mechanical modeling of the transcrystalline 

interphase behaviour in PBT after addition of 30 and 50 wt.% glass fiber composites. They 

concluded that after the addition of glass fiber the packed fibers formed into clusters and that the 

polymer entrapped within clusters as well as the polymer within the immediate vicinity around the 

glass fibers exhibited a different birefringence (i.e. optically anisotropic) compared to the rest of 

the polymer matrix. This means that composites may be described as two-phase materials showing 

spherulites in an unmodified matrix as well as aggregate structures consisting of the entrapped 

polymer within the clusters. Lastly, Zhang et al., [20] observed the effect of fiber length and 

dispersion of long glass fibers in a poly(butylene terephthalate) matrix with fiber lengths of 4, 8, 

12, 16, and 20 mm. They found that when the original size of the glass fiber is increased during 
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processing, the fiber length within the composite is also increased. When the fiber length exceeded 

16 mm the glass fibers displayed the phenomenon of reunion (i.e. fibers binding together) leading 

to poor dispersion [20].  Due to the phenomenon, they found that the mechanical properties, 

percent crystallinity, and storage modulus showed an initial increased followed by decrease with 

increasing fiber length.  

Particulate Fillers  
Particulate fillers play a crucial role in the development of industrial applications and, originally, 

these fillers were used as cheap diluents in order to offset the cost of the polymer matrix. However, 

it was not long before their ability to modify polymeric properties were realized and thus they 

gained the term functional fillers by affecting the polymer phase, both chemically and physically 

[40,41]. Examples of functional fillers are: talc, carbon black, precipitated silica, heat and flame 

retardant additives, aluminum, wollastonite, calcium clay, and more recent biocarbon [40,42–46]. 

For the most part, particulate fillers are used mostly for cost reduction, improved thermal and 

electrical conductivity, flame retardancy, optical effects, reduction of thermal expansion, magnetic 

properties as well as improved mechanical properties (i.e. stiffness, hardness, and abrasion) [40]. 

It goes without saying that not one filler may provide all benefits as described above. The 

magnitude and direction of the beneficial effects are not only a function of the filler type but also 

the particle size, aspect ratio, and surface chemistry. The cost of particulate fillers varies, ranging 

from clay and carbonated costing as low as 0.06 USD/kg to the more specialized fillers costing 

100 times as much [40]. Even within the same filler type the cost could vary immensely due to 

factors such as the colour intensity, purity, particle size and shape, and lastly the type of surface 

treatment applied. Other incidental costs may include: transport cost, processing costs, and the 

addition of other ingredients [40].  
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Talc 
One of the more commonly used fillers is talc. Talc, with a chemical structure of 

(Mg3Si4O10(OH)2), is an organophilic material which has a Mohs hardness of 1 (i.e. resistance to 

starch), chemically inert, and typically hydrophobic [47]. Talc is identified by being a hydrated 

magnesium sheet of silicate, meaning that it consists of sheets of brucite (Mg(OH)2), sandwiched 

between sheets of silica (SiO2) [47]. The layers of the crystal lattice structure are held together due 

to weak Van der Waal’s forces but that also leaves talc vulnerable to cleavage as it is very soft and 

has a soapy feel to it [47]. The term talc actually covers a wide variety of products but in the 

plastics industry mostly pure and lamellar talc grades are used. The lamellar talc is exceptionally 

important in plastics due to its very high aspect ratio. Talc has quite a few advantages for 

thermoplastics ranging from: increasing the material’s mechanical properties, affecting a 

material’s barrier properties, as well as increasing both the heat deflection temperature and thermal 

conductivity. The major disadvantages for talc are not necessarily its properties, but how it is 

mixed within a matrix ,because in order for a good blend to occur the particle size, shape, and 

distribution must be within the desirable processing window [47]. 

Murthy et al., [48] looked at the structure and properties of talc-filled poly(ethylene) and nylon 6 

composites. The mechanical properties of the nylon based composite changed significantly when 

talc was added into the matrix. The addition of even 10 wt.% of talc causes the toughness to 

decrease, with the exception of the tensile modulus. Based on the properties presented in the table 

below, 10% talc had the better properties and a lower density compared to the 20% talc filled 

composite. The better properties in the 10% talc filled could be due to the particles having better 

adhesion and distribution in the matrix, not allowing stress concentration factors and the formation 

of aggregates to occur. Another study conducted by Unal et al.,[49] investigated the effect that talc 

and kaolin has on the mechanical properties of nylon 6 based composites through twin screw 



35 
 

processing and injection molding. They found that after the addition of talc the composite followed 

a parabolic trend in that it experienced an increase of 11% before decreasing by 5% with 10 and 

20 wt.% talc, respectfully. However in the case with the composite’s tensile modulus, with 

increasing the talc filler the modulus increased, reaching a maximum of 104% greater than 

compared to neat nylon 6. The increase in modulus can be explained through the theory of 

percolation which states that a matix around each particle is affected by stress concentration, 

therefore, if the inter-particle distance in small enough the zones will merge together to form a 

bigger network increasing the stiffness [49]. Unlike the tensile strength and modulus, the ductility 

(i.e. elongation at break and impact) was greatly hindered following a linear decrease in properties 

with increasing talc content by 97% and 24%, respectfully. Lastly, the SEM images or fractographs 

revealed the existence of aggregates with increasing filler content, which acts as weak points that 

will lower the stress required to propagate a crack. 

A study conducted by Furushima et al.,[42] studied the non-isothermal and isothermal 

crystallization kinetics of PBT composites with 0.1 wt.% of talc using fast scanning calorimetry. 

Talc enhanced the non-isothermal crystallization kinetics, while the enthalpy of cold 

crystallization (∆Hcc) becomes saturated and eventually zero for fast cooling and heating rates; as 

the growth of crystallite’s nuclei heavily depends on cooling and, specifically, heating rates. Fast 

heating rates are able to completely suppress cold crystallization as there is not enough time for 

any measurable crystal growth. The last observation made with the addition of talc is that it did 

not influence the crystallization half-time below 340 K (homogeneous nucleation temperature 

region). However at higher temperature (>340 K), talc actually acts as a nucleating agent causing 

the overall crystallization rate speed up due to the higher mobility of the polymer chains originating 

from stable heterogeneous nuclei [42]. One study conducted by Kim et al.,[50] examined the effect 
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of filler geometry, size (5.5 and 11 µm) as well as the filler content on the shrinkage and gloss of 

injection molded PBT/PET/talc composites. They revealed that the geometry and orientation of 

the fillers plays an important role in controlling the shrinkage of injection molded composites, with 

most of the talc particles being aligned parallel to the mold surface. The orientation of anisotropic 

talc induced a reverse shrinkage (expansion) in the PET/PBT/talc composites which increased with 

increasing talc content. The smaller talc particles were the most effective at reducing the material’s 

shrinkage compared to the larger sized particles, due to an increase in the interfacial area between 

polymer and talc was increased as the talc particles was delaminated through a pulverization 

process [50]. Lastly, the surface gloss of the composite materials was decreased with an increase 

in particle size and they noted that the filler’s surface was almost completely covered by the 

polymer matrix [50]. 

Biocarbon (Biochar) and a New Bio-economy 

Currently, one of the biggest challenges facing bio-based plastics is sustainability and economic 

feasibility. Most bio-based plastics are not sustainable to manufacture due to the refining or 

extraction processes being more expensive or they are not as thermally stable compared to the 

current petroleum based plastics [51]. In 2012, the bioplastics market was projected to grow 30% 

per annum, which is 6 times greater than the market demand for traditional petroleum based 

plastics. Market research has also projected that by 2020 the production of bioplastics will reach 

approximately 3.45 million tons which represents a 37% annual growth rate [51]. 

With today’s drive in the market to go “green” a new type of economy, a bio-economy, has be 

implemented in order to monitor the equity of bio-plastic, process and refining. Bio-economy, as 

defined by the OECD, as a set of economic activities in which the development, production and 

innovation are made from biological renewable feedstocks [51]. With the shift towards a new bio-
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economy, there is room in the market for bio-based plastics to break through and overcome the 

petroleum based plastics. For example, common fillers used in the automotive industry are glass 

fiber and talc which are not sustainable or easily recyclable and are typically dense. However, if 

they were replaced with a more sustainable light weight bio-based alternative (i.e. biocarbon) then 

the overall environmental impact will be lowered while also helping the fuel economy. 

The composite systems used in vehicles today are either; hard and costly to recycle or 

environmentally impactful when it ends up in a land fill. In North America, when a vehicle reached 

the end of its useful life it is often sent to a dismantler for disposal. The dismantler removes any 

reusable or recyclable parts as well as any hazardous or valuable materials or components (i.e 

catalytic converters) [52]. For vehicle disposal proposes, the international Dismantling 

Information System (ISID) was developed by the automotive industries to ensure directives like 

the European Union End-of-Life Vehicle are met [53]. However, the dismantling process is 

becoming more and more complex as the material become further away from their neat polymer 

which is easily recyclable.  

Following the dismantler, the bulk of the vehicle is sent to a shredder when it is shredded into a 

heterogeneous mixture termed shedder residue (SR), where it is treated with mechanical and 

magnetic forces to sort out the ferrous and non-ferrous materials. After the ferrous material has 

been sorted, the remaining SR will be placed in a landfill or end up in the ocean. The bulk of the 

SR is plastic material (41%) is typically unusable mixture of many different types of plastic. 

Although it is important to think of sustainable and alternative material, but the design of end-of-

life component is also an important parameter to consider. Following a sustainable and biobased 

pathway is a expensive practice due to the high cost of the raw materials and their transportation. 

As discussed earlier, Biocarbon is generated from the pyrolysis (incomplete combustion) of 
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biomass in a controlled O2 atmosphere or in the absence of O2. The pyrolysis of biomass results in 

three main portions, a solid residue (biocharcoal or biocarbon), a gas (syngas) as well as a liquid 

(bio-oil or tar). 

Biocarbon is characterized by having a high quantity of biobased carbon, high porosity, and low 

density (1.3-1.4 g/cm3) whose composition is directly inherited to the biomass it originates from 

(lignin, cellulose, hemi-celluloses, etc.). But as mentioned, despite its high and sustainable carbon 

content, its main industrial use is still for soil amendment purposes. Biocarbon has been shown to 

have  high interactions with engineering thermoplastics such as polyesters [54,55], polypropylene 

[56,57], and polyamides [58–60].  

In literature, biocarbon is used in plastics as a reinforcement filler and they highlight the challenges 

of decreasing the biocarbon particle size, as along with controlling the homogeneity of the 

particles. While hammer milling has been extensively used to fracture the pyrolyzed particles 

before separation through sieving while ball milling processes has really only been explored at a 

laboratory scale [57,61–63]. Ball milling appears to be an effective route to increase the 

homogeneity of the biocarbon particles, as well as the amount of particles generated, by reducing 

the number of stress concentration factors as well as the particle size.  

Biocarbon has often been compared to the petro-based carbon black counterpart who has a 

spherical shape and is on the nanometer scale but these parameters are not yet reached with 

biocarbon. In addition, carbon black has interesting properties such as good electrical conductivity 

and a black dyeability, however; unlike biocarbon, carbon black is not used as a reinforcement in 

thermoplastics materials [60]. Lately, this multi-functional  rigid filler, biocarbon, was 

compounded with a matrix of PA6 in a microcompounder with up to 40 wt.% [46]. Some 
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researchers have noticed significantly higher stiffness were obtained between 20 and 40 wt.% 

loadings while also showing a natural black dyeability (or colourant) characteristic [60]. 

In the first half of this chapter, a formal definition of thermoplastics was presented as well as how 

thermoplastics may be discussed and categorized in terms of their performance, cost, and 

crystalline structure. Furthermore, two polymers, PA6 and PBT, were specifically investigated due 

to their good properties, low cost and importance in the automotive industry. However, neat 

polymers or blends of multiple polymers are hardly used in industry without some sort of additive 

and/or reinforcement material to enhance certain properties to meet the specific application 

standards. Lastly, this chapter sought out to further investigate polymer reinforcements in order to 

compare conventional commercially available fillers (i.e. talc and glass fiber) with a biobased and 

sustainable filler, biocarbon, to develop new biocomposites.  

The following chapters of the thesis will seek out to investigate the blending on PA6 with PBT in 

order to produce a compatible blend with a maleated compatibilizer for high performance 

applications in the automotive industry. Lastly, the performance and thermo-oxidative degradation 

of polyamide 6 based composites filled with glass fiber, talc, biocarbon, and hybrid combinations 

were investigated. This comparison sought out to gain insight into how biocarbon/PA6 

biocomposites may compare in an accelerated aging environment against the conventional fillers, 

glass fiber/PA6 and talc/PA6 composites. 
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Chapter 3 – Synergistic Thermo-oxidative Maleation of 

PA11 as a Biobased Compatibilization Strategy for 

PA6/PBT Blending 

 

 

 

Polyamide 6 (PA6) and Poly(Butylene Terephthalate)(PBT) blends with and without a 

maleic anhydride grafted Polyamide 11 (PA11-g-MA) compatibilizer were prepared by melt 

compounding using co-rotating twin-screw extruder followed by injection molding. The 

characterization was carried out and reported using Fourier Transform Infrared (FTIR), INSTRON 

universal tester, notched Izod impact tester, thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC) and a dynamic mechanical analyzer (DMA). The changed in 

morphology after compatibilization was observed with SEM. The PA6/PBT blend’s ductility and 

toughness was increased due to the effective compatibilization. The crystallization rate of PA6 

was improved after blending with PBT while the crystallinity was reduced. The glass transition 

temperature of the blends was shifted to a higher temperature after compatibilization. SEM results 

illustrated homogeneous and resembles a single phase morphologies after addition of PA11-g-MA 

in the blends. 
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Introduction  
Polymer blends can be characterized as either miscible or immiscible, where miscibility refers to 

the polymer blends having a homogenous morphology with a negative Gibb’s free energy of 

mixing [1]. Miscibility is restricted to the polymer/polymer miscibility window which is dependent 

on a number of variables, including: blend composition, additives, processing parameters, 

molecular weight, etc. [2]. Unfortunately, most polymer blends are immiscible and not compatible 

which typically leads to inferior products compared to the individual homopolymers due to poor 

interfacial properties [2,3]. Miscibility greatly affects the blend morphologies which can be 

classified as either co-continuous or dispersed; which both can then be further subcategorized as 

having a droplet, fiber or lamellar phase morphology. Generally, blending thermodynamics at 

equilibrium tends to favor a dispersed droplet morphology [1]. 

Compatibilization is a process by which an immiscible blend is physically changed in order to 

reduce the interfacial tension, enhance phase adhesion, and assist phase dispersion while 

stabilizing the morphology which facilitates the stress transfers [2]. Compatibilization methods 

can be divided into two categories: 1) the addition of a small quantity of a third component miscible 

to all constituents, a small addition of a co-polymer miscible to at least one component or a large 

amount of a core-shell impact modifier; and 2) through reactive extrusion by means of reactions, 

reactive formation of graft or block co-polymer, and mechano-chemical blending severing 

polymer chains for radical reorganization [1,4].  

Polymer blends containing PA6 and polyesters, are immiscible and have been studied by numerous 

researchers in attempts to observe their incompatibility and to effectively compatibilize them [3–

9]. Of all the polyesters, PBT is one of the more attractive candidates for blending with PA6 by 

many researchers due to the close/similar processing window. Wakita [8] studied the melt 
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elasticity of PA6 and PBT blends and had observed that the effect of blending, without 

compatibilization, the blend led to large polymer extrudent swells due to low viscosity ratios and 

a deformed dispersed phase along the flow direction. Another study by Soen-Joon Kim, et al., [10] 

attempted to compatibilize a ternary blend of PBT with ethylene-vinyl acetate grafted maleic 

anhydride (EVA-g-MA) and PA6. However, they observed that a binary blend of PBT and EVA-

g-MA performed better than a ternary blend of PBT, EVA-g-MA, and PA6 because of the high 

reactivity of the present MA with the PA6’s amide group rather than the PBT’s alcohol end group. 

This caused the EVA-g-MA to act as an anti-compatibilizer resulting in poor phase dispersion after 

addition of ≥15 phr. Maleated polymers (i.e. polymers grafted with maleic anhydride) work 

efficiently in toughing PA systems mostly due to the high reactivity between similar functional 

groups. However, maleated polymers have been shown to be less effective in linear polyesters, 

such as poly(ethylene terephthalate) (PET) and PBT [9].  

A theoretical determination of miscibility is through solubility parameters, which is a numerical 

value that indicates the relative solvency behaviour of specific solvents and its derived from the 

heat of vaporization and the cohesive energy of the solvent (polymer). For determination of the 

Hansen’s solubility parameter (HSP), a sphere in three-dimensions, having dispersion, polar, and 

hydrogen bonding forces as the axis, for which all good solvents to use on the solute lies within 

the sphere, termed the Hansen space [11]. Table 2 shows the Hansen’s solubility parameter used 

to determining the solubility distance (Ra) and the relative energy distance (RED) are displayed in 

Table 3. 

Table 2: Hansen's solubility parameters of the used polymers 

 δ δD δP δH Ro Ref 

PA11 22.10 18.20 9.10 8.10 6.30 [12][13] 

PA6 20.30 17.00 10.60 3.40 5.10 
[11] 

[13] 



48 
 

PBT 25.1 16.73 8.26 13.66 3.70 
[14] 

[13] 

Once the solubility parameters have been determined for the different combinations of PA6, PBT, 

and PA11 the solubility distances between the two chosen compounds can be calculated using Eqn 

1. This distance states how far about the two chosen compounds are within the solubility space 

and dividing Ra by the minimum interaction radius (Ro) and dividing the two yields the relative 

energy distance (RED) Eqn 2. When the RED is equal to 1 is equal to the boundary condition 

while when the RED value is less than 1 then the two compounds are strongly compatible. 

Conversely, when the RED value is greater than 1 then the compounds are less compatible which 

is indicated by the lower affinity for each other. 

𝐄𝐪𝐧 𝟏: (𝑅𝑎)2 = 4(𝛿𝐷2 − 𝛿𝐷1)2 + (𝛿𝑃2 − 𝛿𝑃1)2 + (𝛿𝐻2 − 𝛿𝐻1)2 

𝐄𝐪𝐧 𝟐: 𝑅𝐸𝐷 =  
𝑅𝑎

𝑅𝑜
 

Table 3: Calculated values for the determination of the RED value 

 (Ra)
2 Ra RED 

PA11/PA6 30.10 5.49 0.87  

PA6/PBT 111.04 10.53 2.06  

PBT/PA11 40.26 6.34 1.05  
 

From the calculated values in Table 3, it can be seen that the PA6/PBT blend has low affinity for 

each other as the value is greater than 1 while the PA11/PA6 should have a high affinity for each 

other since their value is below 1 which isn’t a surprise as they have the same functional groups to 

react with.   

PA6 in primarily produced through the polymerization of ε-carpolactum at lower temperatures 

(150 °C) with the help of an initiator or through ring-opening polycondensation reactions at higher 
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temperatures (250 °C) [15]. The semi-crystalline polymer, PA6, is particularly useful due to its 

engineering benefits, such as high heat deflection temperature, good chemical resistance, high 

strength and stiffness, wear and abrasion resistance [16]. About 75% of PA6 consumed is from the 

fiber industry while its remaining 25% is being used as engineered resins with applications in 

parachute fibers, under the hood components in vehicles, films for food packaging, fuel hoses, 

lawnmowers, wheel covers and more [16]. Similar to PA6, PBT is semi-crystalline engineering 

thermoplastic belonging to the polyester family with similar properties to both PET and 

poly(trimethylene terephthalate) PTT polymers. PBT is a saturated polyester typically obtained 

from butanediol and terephathalic acid or dimethyl terephthalate and, as of 2015, had a global 

market of 33.7 billion USD which is expected to grow by 7.3% in 2019 [17–19]. PBT is widely 

used due to its good mechanical performance, excellent dimensional stability, high crystallization 

rate, good solvent resistance, and high thermal stability [5]. PBT is lower in cost and exhibited 

faster crystallization behavior than PA6. Blend of PA6 with PBT will definitely be tempting to 

industry processing for commercial application due to the better economic perspective. However, 

the blending of the two immiscible polymers will not yield good properties. In addition, the use of 

MA compatibilizer is less effective at high processing temperature (>250 °C), especially for 

engineering plastic like nylon due to degradation. Therefore, in this work, a PA based functional 

group was grafted into MA to obtain better compatibilizing efficiency between PA6 and PBT. The 

PA6 and PBT blend’s properties with this novel PA11 reactive compatibilizer will be interesting 

to study and development. This work focused on successfully creating a miscible PA6/PBT blend 

by creating and using a novel biobased compatibilizer consists of PA and MA functional end 

groups.  
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Materials and Methods  

Materials 
The commercial injection grade of PA6 used in this work was manufactured from BASF with the 

trade name of Ultramid B27E. Shown in Table 4, The PA6 had a measured density and melt flow 

index (MFI) of 1.135 ± 0.003 g/cm3 and 38.46 ± 1.09 g/10min (at 250 °C, 2.16 kg), respectively 

in accordance with ASTM D792 and ASTM D1238. While, the commercial injection grade of 

poly(butadiene terephthalate) (PBT) used was manufactured from Celanese under the trade name 

of Celanex 2000-3. The density and MFI values were measure to be 1.320 ± 0.002 g/cm3 and 70.02 

± 1.98 g/10min (at 250 °C, 2.16 kg), respectfully following ASTM D792 and ASTM D1238. 

Schematic 6 presents the chemical structures of both PA6 and PBT. 

 

Schematic 6: A) Chemical schematic of a PA6 monomer and B) chemical schematic of a PBT monomer 

Sample Preparation  

Binary and Compatibilized Blends  
Before extrusion, both the PA6 and PBT pellets were dried in an oven at 80 °C for 24 h. The 

moisture content, before processing, of the PA6 and PBT pellets were measured by a moisture 

analyzer IR35 (Denver Instruments) to ensure a moisture lower than 0.10%. The studied blend 

compositions of PA6/PBT were 100/0, 90/10, 80/20, 70/30, 60/40, 50/50, and 0/100. Following 

the straight blending of PA6 and PBT with one another, it was decided that the three blend ratios 

with good properties (90/10, 80/20, and 70/30) would be further investigated for compatibilization. 
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A complete overview of the polymer blends, with and without compatibilizer, is shown in Table 

4. Each formulation was compounded in a co-rotating twin-screw extruder (Leistritz micro-27, 

Germany) with a barrel temperature profile of 220-225-235-240-245-250-250-250-250-240-230-

220 °C of the 12 heating zones with a screw speed of 100 rpm. The exudates were then pelletized 

and dried in an oven at 80 °C for 24 h before injection mold the formulations. The injection molding 

machine (ARBURG allrounder 370C, Germany) was set with barrel temperature profile of 220-

230-240-250-250 °C and a mold temperature and holding time of 40 °C and 20 seconds, 

respectively. Finally, the injected samples were left for 48 h at 23 °C with 50% relative humidity 

prior to testing according to ASTM D618.  

Table 4: Complete overview of the polymer constituents in the blends used in this study 

 
% Weight of constituents Physical Properties 

PA6 

wt.% 

PBT 

wt.% 

PA11-g-MA 

wt.% 
Density (g/cm3) 

MFI 

(g/10min) 

Neat 

polymers 

100 0 0 
1.135 

(0.003) 
38.46 
(1.09) 

0 100 0 
1.320 

(0.002) 
55.45 
(1.98) 

PA6:PBT 

Blends 

90 10 

0 
1.148 

(0.005) 

1 
1.147 

(0.000) 

3 
1.146 

(0.004) 

5 
1.140 

(0.002) 

80 20 

0 
1.170 

(0.005) 

1 
1.156 

(0.000) 

3 
1.151 

(0.000) 

5 
1.157 

(0.001) 

70 30 
0 

1.183 
(0.000) 

1 1.179 
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(0.012) 

3 
1.181 

(0.012) 

5 
1.171 

(0.006) 

60 40 0 
1.206 

(0.003) 

50 50 0 
1.220 

(0.009) 

 

PA11 and Maleic anhydride grafting  
The novel compatibilizer (PA11-g-MA) used to compatibilized PA6 and PBT was a biobased 

polyamide 11 (PA11) with maleic anhydride (MA) and free radical peroxide. This compatibilizer 

was engineered in our research lab with an optimized formulation to have good interaction between 

the PA6 and PBT phases. The commercial injection grade of PA11 was purchased from Arkema 

with the trade name Rilsan®. Maleic Anhydride with a technical grade 99% was used in order to 

add more functionality to PA11 so it might react with a polyester (Sigma Aldrich, USA). Lastly, 

2,5-Bis(tert-butyl-peroxy-2,5-dimethylhexane (Luperox 101) with a technical grade of 90% was 

used as a free radical initiator for grafting). Both the peroxide and MA were reacted in a co-rotating 

twin screw extruder with a temperature profile of 170-175-180-180-185-190-190-190-185-180-

175-170 °C of the 12 heating zones. The structures of the chemicals used to develop the novel 

biobased compatibilizer were shown in Schematic 7 A)-C). 
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Schematic 7: A) Monomeric unit of the PA11 polymer, B) Chemical schematic of maleic anhydride, and C) Chemical structure of 

the Luperox peroxide used 

Methods 

FTIR 
Analysis of the chemical structures changes of the PBT and PBT blends before and after 

compatibilization were carried out using ThermoScientific, Nicolet 6700 Fourier transform 

infrared spectroscopy (FTIR). Attenuated Total Reflection (ATR) measurement mode was selected 

to scan the samples. All the samples were scan in the range of 4000 - 525 cm-1 wave number with 

a 4 cm-1 resolution and 64 scan times. 

 

Shear Rheology Properties 
The shear rheology properties of the PA6/PBT blends were measured using Anton Paar rheometer 

modelled MCR-502. The samples were prepared in a disc shape with a diameter of 25 mm and the 

test was conducted in oscillatory shear mode. The sample was place between the parallel plates 

setup with a zero gap of 1 mm. The shear deformation frequency sweeps is performed at a 

frequency range of 0.1 to 628 rad/sec and at a shear strain of 1%. The shear rheology properties 

i.e. complex viscosity, storage modulus and loss modulus were acquired and reported. All the 

A) B) 

C) 
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PA6/PBT blends were tested at temperature of 250 °C which is the same as the processing 

temperature.   

Morphological Analysis 
The impact fracture morphology was examined in order to study the interface between the matrix 

and the filler components in the composite systems. The morphology was examined using a 

scanning electron microscope (SEM, Phenom ProX, NL). The samples were sputter coated with 

gold using a Gold Sputter Coater 108 auto (Cressington Scientific Instruments, UK). 

Thermal Analysis  
The thermal analysis of the blends were conducted using a differential scanning calorimeter (DSC 

Q200) manufactured by TA instruments (USA). The DSC experiments were conducted under a 

nitrogen flow rate of 50 mL/min and the tests were performed in accordance to ASTM standard 

D726. The sample preparation consisted of gathering thin slices from the middle of the injection 

molded material and placing 7-8 mg in an aluminum pan. The sample was heated at 10 °C/min up 

to 250 °C, held there for 5 min before to be cooled down at 10 °C/min, and heated again at 10 

°C/min up to 250 °C. For this study, the melting temperature (Tm), cold crystallization temperature 

(Tcc), and melt enthalpy (∆Hm) were taken during the second heating thermogram in order to 

remove the thermal history of the processing. For comparison the all blends were tested according 

to the same method.  

Thermogravimetric analysis (TGA) of the blends and neat polymers was used in to observe, their 

thermally stability as well as to evaluate the effectiveness of the compatibilizer and how it may 

affect the thermal stability of the blends. A Thermogravimetric analyzer (TGA) Q500 from TA 

instruments (USA) was used in this investigation. Each test consisted of a sample weighing of 15-
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16 mg and a temperature ramp of 5 °C /min was applied from 20 – 600 °C in a nitrogen 

environment with a flow rate of 40 mL/min. 

Heat deflection temperature (HDT), the viscoelastic behaviour, and the glass transition 

temperatures (Tg - based on Tan δ) were reported using a DMA that was manufactured by TA 

instruments (USA). The HDT samples had a width and thickness of 12.5 and 3.15 mm, 

respectfully. A stress of 0.455 MPa was applied and the test ran at a rate of 2 °C/min from 30 to 

215 °C and the HDT value was recorded when a deformation is >250 µm was achieved as 

according to ASTM D648. The glass transition (Tg) and viscoelastic behaviour was analyzed using 

a dual cantilever clamp with a frequency of 1 Hz and a strain of 0.01%. The width and diameter 

of the samples were, 12.5 and 3.15 mm, respectively. The tests were conducted from -20 to 150 

°C with a ramp rate of 3 °C/min. 

Mechanical Properties  
The tensile test was conducted on a Universal Testing Machine (INSTRON model 3382, Norwood, 

MA) at a constant crosshead speed of 50 mm/min and 5 mm/min for the homopolymer and 

composite systems, respectfully, with the use of a video extensometer. The flexural properties were 

measured in accordance to ASTM D790 Procedure B for three-point bending tests at a constant 

crosshead speed of 14 mm/min with a gap span of 52 mm. 

The notched Izod impact properties were measured using a TMI Monitor Impact Tester and 

notching device (Testing Machines, DE) at room temperature with respect to ASTM standard 

D256. The samples were notched to a depth of 2 mm immediately following injection molding. 
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Results 

FTIR 
FTIR spectra of MA, neat PA11 with and without grafted MA were observed and are shown in 

Figure 7. The spectra for the PA11 and the PA11-g-MA are almost identical showing the typical 

PA11 absorption bands compared to literature [20,21], such as: aliphatic (2848 cm-1) and 

asymmetric (2919 cm-1) C-H stretching; N-H stretching (3301 cm-1); C=O (amide I) Stretching 

(1635 cm-1); and N-H (amide II) bending (1535 cm-1). The only notable difference between the 

PA11 and PA11-g-MA appears between 1650 and 1850 cm-1
 which is due to the presence of 

maleic anhydride.  

The grafting of MA onto polymeric backbones has been well researched; there are a number of 

studies documenting the grafting of MA onto PP, PE and some polyester systems [22–24]. From 

literature, there are two distinct absorbance bands for grafted maleic anhydride which are 1760-

1770 cm-1 and 1840 cm-1 for the C=O symmetric and asymmetric stretching due to the five 

member cyclic structure of maleic anhydride [25].  
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Figure 7: FTIR absorbance spectra of the PA11, maleic anhydride and the PA11-g-MA compatibilizer 

Rheology  
Figure 8A)-D) presented the complex viscosity, storage modulus, loss modulus and Tan δ as a 

function of angular frequency at different wt% ratio of the PA6/PBT blends. It can be seen that the 

melt flow behaviour of both PA6 and PBT exhibited Newtonian flow behaviour with slight shear 

thinning at high angular frequency. This shows that the viscosity of both PA6 and PBT is sensitive 

to the high shearing action upon melting. The complex viscosity and storage modulus of PBT 

showed slightly higher than PA6 [26]. After blending of PBT in PA6 with different ratio, it can be 

seen that the shear thinning behaviour become more pronounce. (Figure 8A). It can be observed 

that the complex viscosity of PA6 were increase after blending with PBT at low angular frequency. 

The viscosity of the blends is higher than pure PA6 and pure PBT. This observation indicates that 
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the change in the molecular structures occur after blending. Similar observation was also reported 

by Han et al. [27] where higher complex viscosity was observed at 30/70 PBT/PA6 blend ratio in 

low frequency. This might be due to the ester-amide interchange reaction between PA6 and PBT 

during reactive blending. The phenomenon of the ester-amide interchange reaction is also has been 

reported in the blends of PA6,6/PET [28] and PA6,6/PBT [29] as well. Therefore, the degree of 

interaction of PBT and PA6 is more pronounce at low angular frequency than high angular 

frequency. The complex viscosity of the PA6/PBT blends at high frequency was in between the 

behaviour of PBT and PA6 (lower than PBT, higher than PA6).     

The increased in storage modulus and the loss modulus also can be seen after blending PA6 and 

PBT in the low angular frequency range. This is corresponding to the increase in molecular weight 

and branching due to the ester-amide crosslinking reaction. The viscous behaviour of the pure PA6 

and pure PBT is reduced with the increasing elasticity effects after blending. However, the change 

in the modulus is not significant in the high angular frequency range. The Tan δ>1 indicates the 

flow-like solution behaviour of the blends during shear oscillation at high temperature. The 

flowability of the PA6 and PA6/PBT blends is decreasing with the increasing content of PBT in 

the PA6 blends.  
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Figure 8: Rheological characteristic of PA6/PBT blends at different angular frequency. (a) complex viscosity, (b) storage 

modulus, (c) loss modulus and (d) Tan δ. 

Figure 9 shows the effect of PA11-g-MA compatibilizer on the PA6/PBT blend with blend ratio 

of 90/10, 80/20 and 70/30. Significant increase in the complex viscosity can be seen after 

incorporation of PA11-g-MA compatibilizer in the blends compared to the blend without 

compatibilizer. The effect is more pronounce with increasing content of the compatibilizer from 1 

to 5 wt.% for 90/10 blend. The shear thinning effect is also more pronounce with the increasing 

content of the compatibilizer. On the other hand, the complex viscosity was observed to decrease 

at 5 wt.% of compatibilizer for 80/20 and 70/30 blends. The reduction in complex viscosity at the 

high frequencies can be due to the high amount of compatibilized PA-g-PBT copolymers in the 

dispersed domain’s interfacing which can be easily to deform during oscillation flow [27,30]. The 
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increased in melt viscosity is also corresponded with the SEM observation, where finer domains 

size of PBT were observed with the present of the compatibilizer in the blend. The interfacial 

tension between PA6 and PBT phases was reduced after compatibilized. The better compatibility 

of the blends lead to higher mechanical properties especially can be seen in the elongation at break.         

 

Figure 9: The complex viscosity of PA6/PBT blends with increasing loading of PA11-g-MA compatibilizer at the PA6/PBT blend 

ratio of (a) 90/10, (b) 80/20 and (c) 70/30. 

Morphology  

Figure 10 shows SEM micrographs of PA6/PBT blends (90/10, 80/20, 70/30) with compatibilizer 

loadings of 0, 1, 3, 5%. The size of the PBT disperse phase increased with increasing PBT content 

with 90/10 having the smallest domain size of ~ 0.8-1.0 µm and 70/30 having the largest domain 

size of ~ 2.5 µm. Also illustrated in Figure 10A) – C), increasing the compatibilizer loading 
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resulted in the size and the amount of particle pullout of the PBT disperse phase to be less in a 

PA6 matrix. In Figure 10A, both the 3 and 5% compatibilizer shows that the PBT pullout in little 

to non-existent and the overall phase morphologies are almost consistent with a single morphology 

similar to neat PA6 due to small fractions of PBT in the blend. The SEM micrographs displayed 

distinct phase separation between PA6 and PBT when there is no compatibilizer. The PA11-g-MA 

is an efficient compatibilizing agent for a PA6/PBT blends by suppressing the coalescence of the 

individual phases resulting in smaller domain sizes [3]. An effective compatibilizer can reduce the 

interfacial tension by improving the interfacial adhesion and stress transfer of immiscible blends 

and ultimately enhances the materials mechanical properties which are shown in the mechanical 

properties section. It is interesting to note that when 1% compatibilizer is added to the blends the 

PBT phase size increased by ~1 µm followed by a subsequent decrease in domain size with the 

addition of 3 and 5% PA11-g-MA loading resulting in an impact surface that resembles a 

homogenous morphology.  
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Figure 10: SEM micrographs of the impact fracture surface [5000X magnification at 10 µm] A) PA6/PBT (90/10) with 0, 1, 3, 

5%, B) PA6/PBT (80/20) with 0, 1, 3, 5% and C) PA6/PBT (70/30) with 0, 1, 3, 5%  compatibilizer 

 

Thermal Analysis 

Thermal Gravimetric Analyzer (TGA)  
One of the desirable characteristics of these semi-crystalline thermoplastic, PA6 and PBT, is 

thermal stability. Shown in Figure 11 A)-D), it can be seen that PBT starts to degrade at 360 °C 

while the onset to degradation for PA6 is 389 °C making PA6 the more thermally stable of the two 

neat polymers; all blends follow a multi-step degradation process.  It should be noted that with 

>20% loadings of PBT the weight loss is decreased leaving more residue after the experiment 

which is due to the char formation from the PBT backbone. A study by D. Bakirtzis, et al. [26], 
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found that the degradation of PBT, in a nitrogen environment, had on 4-5% of PBT residue after 

450 °C due to it breaking down into oligomers while the rest of the polymer degrades into ethylene, 

tetrahydrofuran, water, carbon dioxide and benzene [26]. It has also been found that depending on 

the processing conditions of polyesters more or less oligomer residues may be produced and high 

temperatures may lead to an increase in oligomer production [27].  

The 90/10 and 80/20 blends more closely resemble the more thermally stable PA6 while also 

experiencing a 97% weight loss and decreases significant to 93% weight loss in the 70/30 blends. 

This indicates that after >20% loading of PBT into the PA6 matrix the system’s thermal stability 

begins to become hindered and the offset degradation temperature is shifted to a lower temperature. 

Comparing the weight derivatives of the blends, it can be seen that the 90/10 and 80/20 blends 

resemble the PA6 and PBT characteristics while the other blends more closely follow the weight 

derivative of PBT. 
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Figure 11: Thermal weight decomposition and derivative thermograms of the PA6/PBT blends heated using a ramp of 5 °C/min. 

A) thermal weight decomposition of the PA6/PBT blends, B) derivative thermograms of the PA6/PBT blends, C) thermal weight 

decomposition of PA6/PBT (90/10) blend with 0, 1, 3, and 5% PA11-g-MA loading, D) derivative thermograms of PA6/PBT 

(90/10) blend with 0, 1, 3, and 5% PA11-g-MA loading 

After compatibilization of the PA6/PBT blends with PA11-g-MA there was very little difference 

in terms of the heat stability of the blends. However, there is the presence of a new shoulder region 

in the 3 and 5% loading while 1% is nearly the same as the non-compatibilized blends shown in 

Figure 11C). Figure 11D) shows two phases, one that starts decomposition at 360 °C and 450 °C 

with the former being likely due to the PBT phase and the latter being representative of the PA6 

phase, respectively [4]. Furthermore, the weight derivative of the thermal decomposition of the 

blends may help to validate the effectiveness of the PA11-g-MA compatibilizer as there is not a 
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peak that is representative of the PA11 meaning it was reacted and it’s decomposition was actually 

pushed to match PA6, PBT, and their blends [4].    

Differential Scanning Calorimeter (DSC)  
Figure 12 shows the second heating and cooling thermographs for the pure PA6, PBT and their 

blends with different weight ratio. Both neat PA6 and PBT showing two melt endothermic peaks, 

where the lower temperature peak is refer to the melting of incomplete crystalline structure and 

the higher temperature peak is refer to the melting of the complete crystalline structure. PBT 

showed two clear distinct peaks at 216 and 227 °C for the melting of incomplete crystallite (β-

form) and complete crystallite structure (α-form) respectively. While for PA6, a broad peak was 

observed due to the close to each other of the incomplete crystallite peak (212 °C, γ-form) and 

complete crystallite structures peaks (223 °C, α-form) respectively. The details of the 

crystallization behavior of the double melt endotherms of the PA6 have been widely reported 

[28,29]. Due to the very close melting temperature of PA6 and PBT (PA6 ~223 °C, PBT ~225 °C), 

the melting peak of the PA6 and PBT was fuse together after blending. The melting peak of the 

PA6/PBT blends was following the peak of PA6 at low content of PBT. It can be observed that 

the melting peak of the PA6/PBT blends shifted towards higher temperature with increasing 

content of the PBT in the blend.   

The crystallization temperature (Tc) of neat PA6 was recorded at ~192 °C, and the crystallization 

peak of PBT was observed at ~195 °C. The Tc of PA6 was shifted to higher temperature after 

blending with PBT. This indicates that the crystallization process occurs earlier in the blend with 

the presence of PBT. In addition, the Tc of the blends closely followed the Tc of pure PBT, even 

for a small weight ratio of 10 wt% of PBT, which can be attributed to the high crystallization rate 

of PBT. The PBT could be considered as effecting nucleating agent for PA6 which could enhance 
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the crystallization rates of PA6 in the blends. The increase in crystallization rate after blending 

with PBT is also reported in PLA/PBT [30] and PC/PBT [31] blends as well.  
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Figure 12: The thermographs for PA6/PBT non-compatibilized blends. A) second heating cycle and B) cooling cycle 

The Tc of the PA6 and PBT were overlapped each other in the PA6/PBT blends and exhibited only 

a single Tc for the blend ratios with ≤30% PBT content. This illustrates a good interaction between 

the PA6 and PBT phases after blending. With further increase of PBT content in the blends, a 

small secondary Tc peak was gradually increased. The Tc of the PBT was shifted to a higher 

temperature than its neat form due to the mutual nucleating effect of PBT and PA6 [32]. The 

presence of the two distinct Tc peaks in the blend’s thermograph indicates that the two polymer 

phases are incompatible with each other when being blended. When the amount of PBT phase is 
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low in the blend (≤30%), the amide and carboxylic end groups from the PA6 provide good physical 

interaction (hydrogen bonding) with the hydroxyl and carboxylic groups of PBT which may 

provide good compatibility in the blends. On the other hand, when the amount of PBT is high 

(>30%) there may be many unreacted terminal group of both polymers in the blends resulting in 

two distinct and individual characteristics of the polymer in the blends.                
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Figure 13: The thermographs for PA6/PBT blends A) second heating cycle for PA6/PBT (80/20) blend with 0, 1, 3, and 5% 

PA11-g-MA loading, B) cooling cycle for PA6/PBT (80/20) blends with 1, 3, and 5% compatibilizer loadings, C) second heating 

cycle for PA6/PBT (70/30) blend with 0, 1, 3, and 5% PA11-g-MA loading, and D) cooling cycle for PA6/PBT (70/30) blend with 

0, 1, 3, and 5% PA11-g-MA loading 

The effects of the PA11-g-MA compatibilizer on the thermal behavior of PA6/PBT blends are 

showed in Figure 13 A) - D). The change in the width of the endotherm peaks for the PA6 and 

PBT blends can be observed after incorporation of the PA11-g-MA compatibilizer. This could 
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indicate that the compatibility between the two components in the blend was enhanced. The 

incomplete crystallite structure of the PA6 was reduced significantly after addition of the 

compatibilizer. This showed the PA11-g-MA compatibilizer promote the growth of perfect 

crystallite structure in the PA6/PBT blends. The Tc of the blends was shifted to a lower temperature 

after addition of the compatibilizer. This can be attributed to a higher degree of the interaction 

between PA6 and PBT in the presence of PA11-g-MA compatibilizer. The relative percentage 

crystallinity of the PA6/PBT blend was showed in Table 5. PA6/PBT blend with increasing content 

of the PA11-g-MA compatibilizer are showed in Table 7. It can be seen that the degree of 

crystallinity of the blends was reduced with the increasing content of the compatibilizer. This 

reactive compatibilization impedes the molecular movement of the PA6 molecule during 

crystallization and leads to decrease in crystallization. Hence, the decrease in crystallization rate 

and degree of crystallinity with the increase of compatibilizer can be expected. The equations for 

determining crystallinity are below in Eqn 3 and Eqn 4; where ∆HPA6
° = 230.10 𝐽/𝑔 and 

∆HPBT
° = 145.00 𝐽/𝑔. 

𝐄𝐪𝐧 𝟑: Degree of Crystallinityblends = (
∆Hm

∆H°m
 x 100%) 

𝐄𝐪𝐧 𝟒: Degree of Crystallinity𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 = (
∆Hm𝑏𝑙𝑒𝑛𝑑 

wt. %𝑃𝐴6(∆HPA6
° ) +  wt. %𝑃𝐵𝑇(∆HPBT

° )
 x 100%) 

Table 5: DSC data used for determination of the relative crystallinity of the non-compatibilized and compatibilized blends 

Sample 

Blend 

ratio 

(wt.%) 

PA11-g-

MA      

(wt.%) 

∆Hm (J/g) Xcr (%) 

PA6:PBT 80:20 

0 56.04 26.30 

1 54.70 25.67 

3 53.28 25.00 

5 53.16 24.95 
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Thermal Viscosity and Heat Deflection Temperature (HDT)  
Dynamic mechanical analysis were investigated in order to evaluate the compatibility through 

means of the heat deflection (HDT) and viscoelastic properties at elevated temperatures, as well 

as, the alpha relaxation (glass transition) temperature (Tαg) inferred from the α–relaxation of the 

Tan δ plots. The thermal viscoelasticity properties of the PA6/PBT blends were shown in Figure 

14. It can be seen that PA6 has a higher storage modulus (~2.5 GPa) illustrating it is higher in 

stiffness when compared to PBT (~2.3 GPa). This is in agreement with the Young’s modulus from 

the mechanical tests in the mechanical section. Additionally, the phase transition from glassy to 

rubbery for PA6 occurs ~20 °C earlier than PBT which is a result of PBT having a higher degree 

of crystallinity (31%) requiring more energy for the polymer chains to become mobile as compared 

to PA6 (26%). In terms of the non-compatibilized blends, when the PBT content in the system is 

≤20%, the blends resemble PA6 (when in room temperature) by having a higher dynamic modulus 

compared to PBT. For the 90/10 and 80/20 blends, after room temperature the blends begin to 

follow a similar trend to PBT in its ability to store and release energy while not losing any in the 

form of heat for efficiently prolonging the crystal structures from melting beginning the phase 

transition from glassy to rubbery [33]. The remaining blends have storage moduli values in 

between the two neat polymers and as the PBT content increased. 
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Figure 14: Dynamic mechanical response characteristics of PA6/PBT blends with increasing temperatures A) Storage modulus 

and B) Tan δ. 

Comparing just the neat polymers in Figure 14 and Table 6, it can be seen that PA6 has a lower 

Tαg (~57 °C) when compared to the more crystalline PBT polymer (~66 °C). The Tαg of the PA6 

based blends was shifted to a higher temperature after incorporating PBT. The extent at which 

PBT effects PA6 is rather significant since as little as 10% of PBT into the matrix increased the 

Tαg by 12% matching that of neat PBT. Upon addition of ≥30% of PBT, the presence of a second 

phase is much more evident as the peaks broaden and the amplitude is reduced and shifted. It has 

been spectated that this may be due to an oversaturation of bonding between polymers impacting 

the reactivity between the amide PA6 and carboxylic PBT end groups. As mentioned previous, a 

study conducted by Seon-Joon Kim, et al., [10] attributed a decrease in performance due to the 

degree of reactivity between hydroxyl and carboxyl end groups on the PBT and the amide end 
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groups on the PA6. When the reactivity reached a saturation point, the blends begin to be 

completely immiscible by showing two separate phases effective acting as an anti-compatibilizer 

[10].  

For the HDT performance, as shown in Table 6, the HDT value decreases with increasing content 

of PBT in the blend. This is due to the lowest HDT value of PBT as compared to PA6, ~16% 

lower. The 90/10 and 80/20 blends are the closest to neat PBT which is likely due to a partial 

miscibility with 10 and 20% PBT loading. With >20% PBT loading the blend’s HDT drop below 

both neat PA6 and PBT which could be due to the sign of a second phase in the Tan δ plots in 

Figure 14 meaning that with >20% PBT the blends starts to becomes decreasingly compatible. 

Table 6: The thermal properties of the PA6/PBT non-compatibilized blends 

Sample 
Blend ratio 

(wt.%) 

HDT 

(°C) 
Tαg (°C) 

Tm 

(°C) 
TCc (°C) ∆Hm (J/g) 

PA6/PBT 

Blends 

Neat PA6 

100/0 

166.49 

(12.73) 
56.84 223.14 194.95 60.14 

90/10 
145.51 

(4.35) 
65.21 222.91 194.71 61.57 

80/20 
139.96 

(3.14) 
64.23 224.10 194.37 56.04 

70/30 
132.15 

(1.99) 
63.43 222.94 194.61 51.38 

60/40 
126.04 

(3.12) 
62.16 223.16 194.50 49.54 

50/50 
119.96 

(1.70) 
64.86 223.27 193.13 38.30 

Neat PBT 

0/100 

140.65 

(5.68) 
65.55 225.21 194.55 44.61 

 

Figure 15 shows the dynamic storage modulus and Tan δ of the PA6/PBT 70/30 and 80/20 blends 

as a function of different compatibilizer content. The addition of the PA11-g-MA compatibilizer 

resulted in the storage moduli to decrease indicating that the PA11-g-MA is acting as an effective 

toughening agent for the PA6 and PBT systems. The reduction could also be due to PA11 being 

less stiff and not being as thermally stable since its melting point of 190 °C is well below (~40 °C) 
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that of PA6 or PBT, for the thermograms of PA11 please see supporting information. As shown in 

Figure 15 and Table 7, each of the blends follow a similar trend in that with increasing 

compatibilizer content the more the matrix’s stiffness is reduced while its being toughened due to 

the lower storage modulus and larger loss modulus. This is validated by observing the same trend 

in the Young’s modulus from the tensile and flexural experiments as well as the rheological results.   
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Figure 15: Dynamic storage modulus and Tan delta response for PA6:PBT (70:30) and (80:20) blends with  1, 3, and 5% PA11-

g-MA loading. Left: storage modulus and Right: Tan delta plots 

All the compatibilized blends follow a similar trend to one another in that when the PA11-g-MA 

compatibilizer was added to the system, the two phases observed in the 70/30 blend and the slight 

shoulder overserved in the 80/20 blend merged into a single peak. In all cases of the compatibilized 
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blends, the Tan δ peak’s amplitude increases which indicates that the loss modulus is increasing 

and the material is being toughened as well the peak shifts 1 - 2% from their original non-

compatibilized blends, as shown in Figure 15 and Table 7. In blends, the difference in the loss 

modulus generally relates to the compatibility of the blends since immiscible components will 

display their own Tαg peaks opposed to a single homogenous peak [4]. The last significant identifier 

the PA11-g-MA is acting as an effective toughening agent and compatibilizer is the heat deflection 

temperature and relative degree of crystallinity Xcrelative (%) of the blends. As shown in Table 7, 

with increasing PA11-g-MA content both the HDT and Xcrelative(%) decreases validating the 

increase in loss modulus and slight decrease in the storage modulus [4]. 

Table 7: The thermal properties of the PA6/PBT blends with 0, 1, 3, and 5% PA11-g-MA loading 

Sample 

Blend 

ratio 

(wt.%) 

PA11-g-

MA   

(wt.%) 

HDT (°C) Tαg (°C) Tm (°C) TCc (°C) ∆Hm (J/g) 

PA6 : PBT 

+ 

PA11-g-MA 

Blends 

90/10 0% 
145.51 

(4.35) 
65.21 222.91 194.71 61.57 

90/10 

(99%) 
1% 

145.20 

(0.44) 
63.26 223.40 192.29 57.11 

90/10 

(97%) 
3% 

140.88 

(4.32) 
63.25 222.49 191.35 53.51 

90/10 

(95%) 
5% 

136.11 

(1.04) 
63.23 223.69 191.27 51.51 

80/20 0% 
129.55 

(6.44) 
64.23 224.10 194.37 56.04 

80/20 

(99%) 
1% 

133.73 

(1.98) 
63.93 222.36 191.95 54.70 

80/20 

(97%) 
3% 

129.85 

(4.13) 
63.96 222.01 190.95 53.28 

80/20 

(95%) 
5% 

105.15 

(5.51) 
63.46 222.37 190.89 53.16 

70/30 0% 
132.15 

(1.99) 
63.43 222.94 194.61 51.38 

70/30 

(99%) 
1% 

138.34 

(4.82) 
62.70 222.52 192.28 50.95 

70/30 

(97%) 
3% 

117.99 

(16.07) 
63.25 222.32 191.03 50.65 

70/30 

(95%) 
5% 

97.85 

(8.78) 
62.96 222.03 190.95 49.09 
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Mechanical Properties  

Figure 16 of the PA6/PBT blends had comparable tensile strength and moduli when compared to 

neat PA6, however; when the PBT amount increases to >20% both the tensile strength begin to 

decrease while the modulus marginally changes, as shown in Figure 16. The interesting to note is 

that the percentage elongation at break for the 80/20 blend which experienced a 40 - 78% increase 

when compared to neat PA6 and PBT, respectively. The 90/10 blend has nearly the same 

elongation at break value as neat PA6; however, blends containing more than 20% PBT had a 

significant drop in their toughness more closely resembling neat PBT. Figure 16 also displays the 

impact energy, as the blends are not miscible it is not unexpected that the toughness of the blend 

is compromised as well as PBT having ~71% less impact resistance compared to neat PA6.  
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Figure 16: Mechanical properties of the PA6/PBT non-compatibilized blends. A) Tensile strength (MPa) and modulus (GPa) and 

B) %Elongation at break and Impact Energy (J/m)  
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Figure 17A)-D) shows some of the measured mechanical properties of the compatibilized 

PA6/PBT blends. In Figure 17C), the 70/30 blends experienced a constant increase in elongation 

at break with increasing PA11-g-MA content. In contrast, both the 90/10 and 80/20 blends 

experienced an initial decrease in their %elongation at break with 1% compatibilizer loading but 

did increase with 3 and 5% surpassing their original blends. This can be explained by referring 

back to the SEM micrographs of the 90/10 and 80/20 blends where 1% PA11-g-MA seemed to 

have increased the PBT domain size. The impact resistance of the compatibilized blends also all 

increased. The 90/10 blend is comparable to neat PA6 with 54 J/m having an overall increase of 

4%. While the 80/20 and 70/30 blends are lower than neat PA6 and they both still experienced a 

slight increase in their impact resistance of 2% and 4%, respectively. The tensile strengths for the 

compatibilized blends stay relatively constant with different PA11-g-MA loadings having 1-2% 

deviations from their original non-compatibilized blends. 
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Figure 17: Mechanical properties of the PA6/PBT compatibilized blends. A) Tensile strength (MPa), B) Tensile modulus (GPa), 

C) %Elongation at break, and D) Impact Energy (J/m)  

Design of Experiments and Model Fitting 
The main objective in performing a design of experiment (DOE) was to get a statistical validation 

for the effectiveness and model fitting for the effectiveness of the constituent’s miscibility. A 

mixture design was selected in order to analyze the effect of the blend composition on both the 

elongation at break and notched Izod impact properties. The goal was to compatibilize 

PA6/PBT/PA11-g-MA blends using the minimal amount of PBT. The control factors for the 

design were the weight percentage of PA6, PBT and PA11-g-MA on the blends. For coding of the 

design into the statistical software, weight fractions of PA6, PBT and PA11-g-MA added till a 

total of 100 was used. The design was built using Minitab software with the following inputs: 
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89.5<PA6<66.5, 32.5<PBT<9.5, and lastly, 1<PA11-g-MA<5. The experimental design obtained 

consisted of 20 runs considering two replicates for each point (10 different blend formulations 

with a duplicate each) and a stepwise regression method was employed on Minitab for fitting the 

regression model to the experimental data. In this method, a full cubic model was used as the 

reference regression model. 

This methodology starts by estimating the response variable Y with a linear model in the form Y 

= β1X1 + β2X2 + β3X3, where β are the predictor variables and X1, X2 and X3 are the weight fractions 

of PA6, PBT, and PA11-g-MA, respectfully, in the blend formulation. A significance level α = 

0.05 was used as statistical criteria for including factors from the full model to construct the 

reduced model. 

Linear Regression Model and Validation  
A multiple linear regression analysis was performed using elongation at break (%) and notched 

Izod impact (J/m) data from Table 8 as single responses and the weight fraction of PA6, PBT and 

PA11 on the compatibilized blends as the control variables. The weight fraction of PA6, PBT and 

PA11-g-MA were given the labels X1, X2, and X3, respectfully, for simplicity of the analysis. The 

regression obtained and the statistical related parameters R-squared are presented in Table 9. The 

accuracy of the linear regression models (R2) presented in Table 9 can be evaluated in terms of 

their coefficient of determination. This value ranges from 0 to 100% in order to expresses the 

percentage of variability around the mean of the response that can be explained by the model. 

Simply put, the better the model is fitted to the experimental data. For the models built for notched 

izod impact, the R2 values was higher than 75%; however, for the elongation the R2 value was only 

85%. This indicates that the notched Izod impact can be well modeled as a linear function of the 

blend composition while the elongation at break shows a large variation indicating that the data 
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cannot be explained as a function of the blend composition alone. This means that for the 

elongation at break, a linear combination is not able to fully encapsulate the effect that the 

morphology has on the PA6 and PBT phases, especially at higher PBT content when the co-

continuity of the two phases begins.  
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Table 8: Mechanical properties for PA6/PBT/PA11-g-MA blends 

Run Order 
PA6 

(wt.%) 

PBT 

(wt.%) 

PA11-g-MA 

(wt.%) 

Elongation at 

Break (%) 

Notched Izod 

Impact (J/m) 

1 
66.5 28.5 5 72.23 42.56 

2 
67.9 29.1 3 55.72 42.531 

3 
83.75 14.25 2 * * 

4 
77.6 19.4 3 88.9 42.559 

5 
81.75 14.25 4 * * 

6 
78.5 18.5 3 * * 

7 
85 10 5 * * 

8 
87.3 9.7 3 40.95 54.316 

9 
70 25 5 * * 

10 
85.5 9.5 5 53.97 51.853 

11 
70 29 1 * * 

12 
76 19 5 115.42 45.346 

13 
69.3 29.7 1 34.76 38.325 

14 
78.5 18.5 3 * * 

15 
79.2 19.8 1 59.53 46.922 

16 
81.75 14.25 4 * * 

17 
83.75 14.25 2 * * 

18 
89.1 9.9 1 34.4 52.084 

19 
66.5 28.5 5 72.23 42.56 

20 
67.9 29.1 3 55.72 42.531 

21 
83.75 14.25 2 * * 

22 
77.6 19.4 3 88.9 42.559 

23 
81.75 14.25 4 * * 

24 
78.5 18.5 3 * * 

25 
85 10 5 * * 

26 
87.3 9.7 3 40.95 54.316 

 



Table 9: Linear Regression Models and Statistical Parameters 

Response Variable Regression Model R
2
(%) R

2

adjusted
(%) 

Elongation at Break (%) 
-1.02(X1) – 25.92(X2) + 6.49(X3 )+ 0.0493(X1*X2) 

+ 0.486(X2*X3) + 0.000826(X1*X3) 
94.37 85.00 

Notched Izod Impact (J/m) 
0.671(X1) – 25.92(X2) + 6.49(X3) + 0.0493(X1*X2) 

+ 0.486(X2*X3) + 0.000826(X1*X3) 
91.68 77.80 

 

For validation purposes, the linear regression model presented was selected and compounded using 

the same PA11-g-MA product of the blends in the design of experiments. The blend selected 

consisted of 99.5%[PA6/PBT(85/15)]+0.5%PA11-g-MA. Using the linear regression models for 

elongation at break and notched Izod impact, see Table 9, the predicted properties for the blend 

composition were calculated and compared to experimental results from the fabricated blend. It 

was found that the linear regression model predicts satisfactorily for both predictor variables, with 

an associated error lower than 5% in all cases. The differences in the prediction could be due to 

the lower R2 value of the elongation at break model which, as explained before, arise from the 

morphology and energy dissipation mechanisms that the linear model cannot capture. 

Table 10: Predicted and experimental mechanical properties for 80/20/5 PA6/PBT/PA11-g-MA 

Data Set 
Elongation at Break 

(%) 

Notched Izod Impact 

(J/m) 

Model Prediction 

(80/20) 
55.09 47.90 

Experimental Values 

(80/20) 
53.53 ± 9.58 39.982 ± 1.76 

Percent Difference 

(%) 
2.8% 16.5% 
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Response Optimization  
The contour plots built using the linear regression models, presented in Table 9, illustrates the 

variation of the desired properties of the ternary blend according to its formulation. It’s worth 

noting that more PA11-g-MA content in the blend causes the elongation at break (mm/mm) to 

increase; whereas, the notched Izod impact test decreased as more compatibilizer is added. 

Conversely, the addition of PA6 and PBT into the blend will decrease the elongation at break 

(mm/mm) with PA6 having the most significant effect. While on the other hand, the addition of 

PA6 aids the compatibilized blends impact resistance due to the better stress transfer and shear 

yielding effects. With this in mind, the balance between the stiffness and toughness can be 

manipulated by successfully managing the blends compositions in order to acquire a material 

with desired elongation at break and impact properties resembling that of neat PA6. The overlaid 

contour plot which displays the feasibility zone for a ternary blend presenting the target 

properties is shown in Figure 18. 

 

Figure 18: Overlaid contour plot showing feasibility zone for elongation at break and notch Izod impact for ternary 
PA6/PBT/PA11-g-MA blends 
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Conclusion 

The fabrication and the use of novel biobased PA11-g-MA compatibilizer in PA6/PBT blend was 

investigated and reported in this work. The following conclusion can be drawn:  

1. The presence of MA within the PA11 backbone was detected using FTIR  

2. The domain size of the PBT phase in the blend decrease and closely resembled a single 

phase after compatibilization. The complex viscosity of the PA6/PBT blends was increased 

after addition of 1 and 3 wt.% of PA11-g-MA and decreased after 5 wt.%.  

3. Through means of elongation at break, TGA, and DMA; the PA6/PBT blends exhibited 

partial miscibility behaviour when the PBT component is ≤ 20 wt.% while the elongation 

at break for the 80/20 blend increased more than 40% in comparison to the neat PA6. 

4. The Tan δ curves changed from two broader peaks to a single narrow peak after addition 

of PA11-g-MA indicating, to some degree, compatibilization has occurred. Lastly, The Tan 

δ curves of the blends shifted to a higher temperature. 

5. The crystallization rate of the PA6 was improved after blending with PBT. The degree of 

crystallinity of the blends was reduced after compatibilization due to the restriction in the 

chain mobility inhibiting the growth of the crystal structures. The incorporation of PA11-

g-MA in PA6/PBT blends promoted the growth of the perfect crystallite structure.      

6. The mechanical performance of the PA6/PBT blends was improved after compatibilized 

with PA11-g-MA compatibilizer. The toughening effect was observed in the 

compatibilized PA6/PBT blends through the increase in the elongation at break and Izod 

notched impact strength. While the HDT and storage modulus was reduced with increasing 

compatibilizer content.  

7. Lastly, the DOE and fitted models for determining the elongation at break and impact value 

was determined to be able to predict the potential value of a generated ternary blend on 
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PA6/PBT/PA11-g-MA. Since the notched Izod impact only had a R2
adjusted value of 78% it 

has a greater error associated with it and it is not a very accurate representation of the 

model; whereas, the elongation at break had a R2
adjusted of 85% which is able to more closely 

predict the outcome or response. 
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Chapter 4 – A Comparison in Composite Performance After 

Thermo-oxidative Aging of Injection Molded Polyamide 6 

with Glass Fiber, Talc, and a Sustainable Biocarbon Filler 
 

 

 

In this study, the comparison of thermo-oxidative aging on a novel bio-filler, biocarbon, 

was carried out against conventional commercially available fillers currently used in the 

automotive industry. The influence on the thermal degradation of the different fillers was 

investigated under accelerated heat aging for 1000 h at 140 °C. The composite’s performances 

were evaluated using notched Izod impact as well as both tensile and flexural tests. The 

morphological structure was investigated using a scanning electron microscopy (SEM). 

Differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) were used to 

study the microstructural changes. The glass filled composites have shown the best performances; 

while, both the talc and biocarbon composites had a similar strength and ductility. Biocarbon 

composites presented the significant advantage of a 11% density reduction in comparison to talc 

composites. After aging, the composites have shown a reduced strength and ductility; whereas, 

due to annealing the modulus of all composites increased. 
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Introduction 
Since its commercialization in the 1940’s by DuPont, Polyamide 6 (PA6), has been widely used 

and studied [1]. Polyamides (PA) are the most common thermoplastics used in the fiber industry, 

having about 75% of the market with its remaining 25% being used as engineered resins [2,3]. 

Engineered resins and fabric applications vary from parachute fibers, under the hood components 

in vehicles, films for food packaging, fuel hoses, lawnmowers, wheel covers and more [2,3]. PAs 

are particularly useful due to their engineering benefits (high heat deflection temperature, good 

chemical resistance, high strength and stiffness, wear and abrasion resistance, etc.) and having 

valuable commercial benefits (low density, highly durable, easily processed, etc.) [4].  

Polyamides do have a major drawback which is their hygroscopic nature inherent to their polar 

surface containing amide functions, and during the service life of a polymer various environmental 

conditions will cause the material to degrade, limiting its overall performance. For instance, 

vehicle engine components are under many environmental factors (e.g. harsh engine fluids, high 

continuous temperature usage, as well as mechanical wear and abrasion) which will degrade the 

polymer and shorten its useful life time. Moisture absorption is potentially detrimental as it can 

affect mechanical and thermal properties, chemical structure, due to the hydrolysis reactions 

breaking down the polymer chains and drop in the viscosity. However it can also act as a plasticizer 

leading to an increase of toughness and flexibility [5,6].  

Besides moisture absorption, oxidation is also one of the major degradation mechanisms that affect 

PA leading to alterations in both the chemical and physical structure of the material resulting in a 

loss of performances. The rate of oxidation is dependent on three main factors: temperature, gas 

permeation, and the rate of free radical production [7]. A polymer’s ability to hold on to its 

hydrogen atoms along its backbone is an important parameter in order to control the rate of radical 
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production and/or propagation (i.e. stronger affinity will lower a polymer’s chance of radical 

production and degradation). Polymer chain structures which have labile or tertiary hydrogen 

atoms that are weakly bonded, such as PA6 shown in Schematic 8, are more prone to oxidative 

attack compared to polymers that only contain aromatic or methyl hydrogen atoms [7–9]. 

The sensitivity is due to the electronegativity of the methyl group in the alpha position to the amide 

group, as illustrated in Schematic 8. This bond weakness in the methyl group allows for radicals 

to overtake the hydrogen atom resulting in the formation of peroxide radicals which may lead to 

chain scissions. The increasing amide and carboxylic acid end group concentrations increases the 

free volume between chains and consequently increases the degradation rate of the materials by 

lowering the molecular weight [5]. Karstens and Rossbach proposed a thermo-oxidative 

mechanism of PA6, a simplified schematic mechanism is represented in  Schematic 8 [10]. This 

study will focus only on the thermo-oxidative degradation of PA6 as it may give insight into the 

service life of nylon based components found in vehicles.   

 

Schematic 8: A schematic reaction showing a simplified mechanism of PA6 degradation [10] 

Legend of symbols: 
∆ = heat energy 
hv = light (UV) energy  

In· = radical initiation  
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The reaction schematic above, proposed by Karsten and Rossbach, displays how the labile 

hydrogens on the carbonyl group adjacent to the amide group is easily attacked and removed by 

an initiation source (i.e. water, oxygen, heat or an impurity). Once the polymer chain becomes 

radicalized the formation of peroxides and other degradation by-products will begin and to start 

chain decomposition and scission.    

Typically, durability studies are conducted over a set period of time with samples coming out at 

schedule intervals in order to observe the aging behavior and predict the material’s lifetime. The 

degradative nature of PA6 has been deeply investigated in order to better understand the aging 

behavior in hydrothermal, thermo-oxidative and photo-oxidation environments [5,11–14]. The 

environments result in two main degradative mechanisms with temperature and UV acting with 

similar mechanisms. In the end, the consequences are the same: a loss of thermo-mechanical 

properties, increase in end group concentrations resulting in a decrease of degree of crystallinity 

and an alteration of the exposed surface morphology (micro-cracks, discolouration) [5,11–14]. For 

a few decades, PA6 based composites e.g. glass fiber or clay filled composites have been the topic 

of many studies considering their high commercial interest in automotive applications. In 

composite structures, the adhesion or wetting of the filler with the matrix may be affected as 

degradation continues[15–18]. Zuo et al., [15] have observed the formation of micro-cracks in the 

adhesion between the glass fibers and the matrix after heating, resulting in propagating the failure 

mechanisms which lowering the composite’s performance.  

Traditionally, the use of biocarbon has been used in the agricultural industry as a soil amendment 

due to its ability to act as a carbon sink and effectively trap CO2 into the soil which over time 

enhances soil fertility as well as reduces greenhouse gas emissions [19]. In recent years, biocarbon 

has been gaining popularity as an environmentally sustainable alternative to conventional fillers 
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[20–24]. Moreover, government mandates and legislation, such as the corporate average fuel 

economy (CAFÉ) standards, helps to push the markets towards sustainable and green alternatives 

opposed to conventional plastics filled with mineral and glass fillers which are dense and overall 

impactful on the environment. 

With biocarbon becoming a more attractive polymeric filler there has been considerable research 

regarding the biomass source [19], pyrolysis technique (slow or fast) [25], and surface 

modifications as these variables all affect the functionality of the biocarbon [23]. Biocarbon has 

only recently been introduced into the fabrication of sustainable composites making it a relatively 

unexplored area of research. The main polymer families that have been studied with biocarbon 

acting as a filler are polyamides and polyolefins. In both systems, biocarbon acts as a rigid filler 

resulting in an increase in both tensile and flexural properties but severely decreasing both the 

impact toughness and ductility of the composite systems [20,21,26]. Besides the enhanced 

mechanical properties, carbonaceous material has been added in polymers to introduce various 

functionalities, such as: electrical conductivity, electromagnetic interference shielding, and as a 

gas/water barrier making the path more tortuous [23]. So far the durability of biocarbon filled PA6 

systems has not been readily studied except recently by Ogunsona et al., [6]. They were 

investigating the accelerated hydrothermal aging for 20 wt.% biocarbon filled PA6 composites 

against that of neat and talc filled PA6.  

This work focused on comparing the thermo-oxidative aging of a bio-based filler, biocarbon, with 

conventional commercially available fillers currently used in the automotive industry. In this 

study, differential scanning calorimetry (DSC) and dynamic mechanical analyzer (DMA) were 

used to observe the evolution of the physical transitions before and after aging. The morphological 

structure was investigated via scanning electron microscopy (SEM) of the impact fracture surface 
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to better understand the filler dispersion and surface interaction between the matrix and the filler. 

Mechanical tests (tensile, flexural and notched Izod impact) were conducted in order to compare 

the strengths of non-conditioned samples with samples that were conditioned in a thermo-oxidative 

environment (140 °C, 1000 h). 

Materials and methods 

Materials  
The commercial injection grade of polyamide 6 (PA6) used in this work is a product of BASF with 

the trade name of Ultramid B27E. The PA6 had a density and melt flow index (MFI) value of 1.13 

g/cm3 and 38 g/10min (at 250 °C, 2.16 kg) in accordance with ASTM D792 and ASTM D1238, 

respectively. The miscanthus fiber was provided by Competitive Green Technologies in 

Leamington, ON, Canada and was pyrolyzed (at ~700 °C) and hammer milled (~1/64 in). The 

Biocarbon used in this study had a density of 1.35 g/cm3 and for further information on the 

characterization of the miscanthus biocarbon used, please refer to the work of Ogunsona et al.[27]. 

The glass fiber (GF) (10 µm (D) by 3.8 mm(L)) used in this study is a product of PPG Fiber Glass, 

Ohio USA, with the trade name ChopVantage HP 3610 and was pre-treated with silane, which 

aimed to play the role of coupling agent[28]. Lastly, the talc used was ordered from IMERYS Talc, 

USA, under the trade name of Artic Mist and had a measured density of 2.60 g/cm3 and a median 

particle size of 2.0 µm with a moisture content of 0.5% [29]. 

Sample Preparation and thermo-oxidative aging 
Before extrusion, the PA6 pellets were dried at 80 °C for 24 h and the biocarbon was dried at 105 

°C until a constant weight was observed. The moisture content, before processing, of the PA6 and 

miscanthus biocarbon (MBc) was measured by a moisture analyzer IR35 (Denver Instruments) 

and was found to be 0.10% and 0.95%, respectively. The composites were compounded with 30 
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wt.% filler material and 70 wt.% of PA6. The 30 wt.% filler was determined by wanting to 

maximize the bio-content without compromising performance as well as keeping an acceptable 

density, 11% reduction, for the biocomposites. Another justification for using 30 wt.% of filler 

content is to replicate automotive under-the-hood nylon components which typically consist of 30-

40 wt.% of filler content due to their high mechanical and thermal properties [30]. Table 11 shows 

the individual constituents in each of the formulations that were investigated during this study. 

Each formulation was compounded in a co-rotating twin-screw extruder (Leistritz micro-27, 

Germany) with a barrel temperature profile of 220-250 °C and a screw speed of 100 rpm. The 

extrudates were pelletized and dried at 80 °C for 24 h before continuing to injection mold the 

formulations. The injection molding machine (ARBURG allrounder 370C, model number 370 S 

700-290/70, Germany) had a barrel temperature profile of 220-250 °C and a mold temperature and 

holding time of 40 °C and 10 seconds, respectively. 

Table 11: Compositions and designations of PA6 based composites 

Matrix and sample type 

% Weight of fillers 

PA6 wt.% Talc wt.% GF wt.% MBc wt.% Total wt.% 

Neat Polymer PA6 100 0 0 0 100 

Binary 

Systems 

PA6/Talc 70 30 0 0 100 

PA6/GF 70 0 30 0 100 

PA6/MBc 70 0 0 30 100 

Hybrid 

Systems 

PA6/Talc/GF 70 25 5 0 100 

PA6/GF/MBc 70 0 5 25 100 
 

The conditioning of the samples was performed by hanging the samples vertically inside of a 

Lindberg Blue M box furnace oven from Thermo-Scientific, in accordance to ISO 188 method A. 

The samples were subjected to heat aging for a residence time of 1000 h at 140 °C following the 

requirements from automotive part manufactures. After 1000 h, the samples were ramped down at 
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4 K/min to room temperature (25 °C) and set aside in a desiccator for 5 h before testing the material 

properties. 

Thermal analysis  
The thermal analysis of the PA6 and all the composites were conducted using a differential 

scanning calorimeter (DSC Q200) manufactured by TA instruments (USA). The DSC experiments 

were conducted under a nitrogen flow rate of 50 mL/min and the tests were performed in 

accordance to ASTM standard D726. The sample preparation consisted of gathering thin slices 

from the middle of the injection molded material and placing 7-8 mg in an aluminum pan. The 

sample was heated at 10 K/min up to 250 °C, held there for 5 min before to be cooled down at 10 

K/min. For this study, the melting temperature (Tm), cold crystallization temperature (Tcc), and 

melt enthalpy (∆Hm) were taken during the first heating thermogram in order to measure the effect 

of the aging applied. For comparison the samples unaged were tested according to the same 

method. From the thermograms, the integral of the melting peak (∆Hm) was used to calculate the 

degree of crystallinity (Xc), shown in Table 12. 

𝐄𝐪𝐧 𝟏:  𝑋𝐶composite
 = (

∆Hm

0.7 · ∆H°m
 x 100%)    

where (∆H°m) is the melting enthalpy for 100% crystalline polymer, in this case the value of 230.1 

J/g was used for PA6[31]. Due to the composites system only being 70% PA6, the degree of 

crystallinity was calculated for the composites (𝐄𝐪𝐧 𝟏) proportionally to the polymer content. 

The heat deflection temperature (HDT), viscoelastic behaviour and α-relaxation temperature (Tα) 

measured at the maximum of the Tan δ plot, of the samples were measured using a DMA Q800, 

manufactured by TA instruments (USA). The samples had dimension of 12.5 and 3.15 mm for 

width and thickness, respectively. A stress of 0.455 MPa was applied and the test ran from 30 to 
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215 °C at a rate of 2 °C/min. The HDT value was recorded when a displacement of 250 µm was 

achieved following ASTM D648. The glass transition (Tα) and viscoelastic behaviour was 

analyzed using a dual cantilever clamp with a frequency of 1 Hz and a strain of 0.010%. The tests 

were conducted from -20 to 150 °C with a ramp rate of 3 °C/min. 

Mechanical properties  
The injection molded samples were conditioned at room temperature and a relative humidity of 

50% for a period of 48 h prior to testing. The samples were subjected to tensile stresses in 

accordance to ASTM D638 type IV specimens. The tensile test was conducted on a Universal 

Testing Machine (INSTRON, Norwood, MA) at room temperature at a constant crosshead speed 

of 50 mm/min and 5 mm/min for the homopolymer and composite systems, respectively, with the 

use of a video extensometer. The flexural properties were measured in accordance to ASTM D790 

Procedure B for three-point bending tests. The experiments were conducted at room temperature 

at a constant crosshead speed of 14 mm/min with a gap span of 52 mm. 

The notched Izod impact properties were measured using a TMI Monitor Impact Tester and 

notching device (Testing Machines, DE) at room temperature with respect to ASTM standard 

D256. The samples were notched to a depth of 2 mm immediately following injection molding 

and two days before testing. 

Morphological analysis 
The impact fracture morphology was examined in order to study the interface between the matrix 

and the filler components in the composite systems. The morphology was examined using a 

scanning electron microscope (SEM, Phenom ProX, NL). The samples were sputter coated with 

gold in a vacuum environment for 15 s using a Gold Sputter Coater 108 auto (Cressington 

Scientific Instruments, UK). 
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Results 

Thermal properties 
Heat deflection temperature (HDT) and degree of crystallinity (𝑿𝑪): HDT is the measure of 

a material’s ability to withstand deformation at elevated temperatures under a constant load.  

This important parameter is used to determine the service temperature of plastic components 

[32]. Considering the high stiffness of the filler used, homopolymers, such a PA6, are expected 

to have lower HDT values when compared to the equivalent composites with rigid fillers [21]. 

The HDT of neat PA6 was measured at 138 + 4 °C while after substituting 30% of polymer with 

a reinforcement, a range between 190 to 210 °C was reached, which corresponds to a 27 to 34% 

increase, as summarized in Table 12. Such positive enhancement is beneficial for many 

applications, such as automotive and packaging industries, where it broaden the range of use of 

this type of materials. As it is generally believed that the introduction of an inorganic species (i.e. 

GF or talc) into an organic species (i.e. a polymer) can improve the new composite’s thermal 

stability as inorganic fillers have good thermal stability. One study on the hydrothermal 

degradation of PA6, conducted by Ogunsona et al., reported the presence of two degradation 

peaks around 200 to 250 °C and 350 to 500 °C where the former was the degradation of water 

molecules and the latter being nylon [6]. However, they reported little to no changes in the peak 

before and after conditioning. Another study conducted by Xia et al. observed the thermal 

degradation of PA6 and PA6/attapulgite clay nanocomposites with varying heat flows to 

investigate the influence on the thermal degradation. They observed a single weight-loss step, 

indicating the degradation behaviour of the neat polymer and the nanocomposites were the 

almost identical [33].  

The HDT for the heat aged samples increased for all the fillers investigated, as well as the degree 

of crystallinity. Indeed, during the conditioning at 140 °C for 1000 h the polymer will undergo 
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crystallization as this temperature is also coincidentally the maximum crystallization rate of PA6 

[34]. In addition, as summarized by Fornes et al., [35] an annealing at a temperature around 130 

°C would better induce the formation of the γ-crystals in opposition to the α-form more favorably 

formed at higher temperature i.e. around 190 °C. Unfortunately, the γ-form is less thermally stable 

than the α-form and consequently melt at lower temperatures [36]. In the material, an increase in 

the degree of crystallinity results in a restriction of the molecular motions i.e. an increase of the 

material rigidity which enhances the HDT. From all the systems investigated, the binary PA6:GF 

composites shows the best results. This behaviour was expected because the surface of the GF is 

grafted with silane groups which covalently bond the polymer and further restrict its motions. 

From the talc and biocarbon reinforced PA6 composites at equivalent loadings, talc shows the best 

HDT enhancement which can be supported by the high surface to volume ratio of the small 

platelets, in comparison to the micrometric biocarbon used in this study. 

Table 12: Thermal data of all composite materials for both unaged and heat aged samples measured by DMA and DSC 

Matrix 

type 
Material 

HDT 

(oC)* 

Tαg 

(oC)* 
Tm (oC)** TCc (oC)** ΧC** 

Neat 

Polymer 

PA6 – unaged 
138.10  

(4.17) 

56.34 

(0.70) 

222.29 

(1.16) 

193.40 

(0.21) 

20.57 

(0.39) 

PA6  – heat aged 
175.64 

(6.54) 

72.70 

(1.20) 

223.14 

(1.23) 

192.41 

(0.81) 

28.77 

(0.32) 

Binary 

Systems 

PA6/Biocarbon  – unaged 
187.19 

(1.12) 

53.70 

(1.93) 

221.38 

(0.45) 

194.44 

(0.26) 

28.99 

(0.79) 

PA6/Biocarbon – heat 

aged 

197.14 

(1.18) 

64.66 

(0.95) 

220.77 

(0.75) 

196.67 

(0.08) 

31.68 

(0.35) 

PA6/Talc – unaged 
201.18 

(2.57) 

58.24 

(0.11) 

222.32 

(0.50) 

199.09 

(0.59) 

29.28 

(1.97) 

PA6/Talc – heat aged 
206.44 

(0.39) 

66.43 

(0.56) 

220.88 

(0.04) 

198.61 

(0.89) 

33.86 

(2.87) 

PA6/GF – unaged 
207.17 

(0.69) 

61.10 

(1.25) 

222.20 

(0.36) 

193.70 

(1.03) 

29.28 

(2.03) 

PA6/GF – heat aged 
210.62 

(0.05) 

71.69 

(2.54) 
220.68 

(0.08) 

192.37 

(0.10) 

32.53 

(2.91) 
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*HDT and Tαg (oC) measured from DMA  

**Tm (oC), TCc (oC) and ΧC where achieved through DSC 
 

The observation of the melting behaviour, as shown in Table 12 and Figure 19, illustrates that neat 

PA6 experiences a maximum melting peak at ~223 °C, while once compounded with any of the 

fillers a shift to a slightly lower temperature (i.e. ~221 °C) is observed. A shift of the melting to a 

lower temperature is a sign of a decrease in the thermal stability. During the cooling, neat PA6 

shows a peak crystallization temperature of 193 °C while the composites range from 191 to 199 

°C. The presence of a filler in PA6 is then slightly favoring its crystallization probably by 

restricting the chain motions. As shown elsewhere for talc [37] and GF [38] reinforced PA6, those 

fillers act as nucleating agent in PA6 matrix. Focusing on the heat aged sample of PA6, it can be 

seen that the onset of melting begins much sooner (~150 °C) than in the unaged samples (~200 

°C), showing a shift of 50 °C to lower temperature. Zhao et al., [39] who investigated the influence 

of annealing at different temperature and time on PA6, have attributed this behaviour to the earlier 

melting of the most imperfect crystals that are formed during the long annealing process. This 

annealing would then form γ-crystals shifting the onset of melting to lower temperatures. This 

theory is supported by the observation of the onset of degradation starting right after the 

temperature of annealing applied. The addition of any filler in the unaged matrix increases the 

crystallinity from ~21% to ~29%, which corresponds to a 8% enhancement. As we can notice, the 

percentage enhancement of degree of crystallinity is similar to the HDT increase. After aging, the 

neat polymer shows the greatest change in crystallinity when compared to both the composites and 

Hybrid 

Systems 

PA6/Biocarbon/GF  – 

unaged 

188.16 

(3.51) 

53.28 

(0.54) 

221.84 

(0.20) 

192.15 

(0.08) 

29.27 

(0.28) 

PA6/Biocarbon/GF – heat 

aged 

194.69 

(0.25) 

64.49 

(0.74) 

220.55 

(0.54) 

191.44 

(2.42) 

31.67 

(4.61) 

PA6/Talc/GF – unaged 
200.74 

(4.85) 

55.71 

(1.26) 

223.75 

(0.02) 

199.02 

(0.67) 

29.15 

(0.90) 

PA6/Talc/GF – heat aged 
204.56 

(2.18) 

63.32 

(1.49) 

221.04 

(0.09) 

197.24 

(0.20) 

31.11 

(1.07) 
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the heat aged samples. The annealing applied on PA6 results in an increase in the Xc (up to 29%) 

while it reach 32% after any compounding. The presence of the filler material has the same effect 

on the value of crystallinity than a treatment at 140 °C for 1000 h. Consequently, in PA6 the fillers 

are acting as nucleating agent restricting the mobility of more amorphous parts. After aging, the 

fillers are further increasing the molecular chain packing by crystallizing the rigid amorphous 

fraction as already observed elsewhere [11]. Several authors also suggested that the radical 

molecules generated during heating, and the polymer chains of lower molecular weight generated 

during thermo-oxidative degradation, could play a role in the increasing crystallinity [11,14,40]. 

For this, the low molecular weight polymers would have a nucleating effect on the PA6 matrix and 

then increase the primary crystallization [11,14]. Furthermore, the hybrid systems are not showing 

any crystallinity enhancement, similarly to the conclusion made from HDT experiments. 
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Figure 19: Thermograms of (A) the cooling and (B) first heating cycles for PA6 and PA6/MBc 

Dynamic mechanical analysis (DMA): DMA tests were conducted in order to determine the 

viscoelastic properties (storage and loss moduli) in the glassy and rubbery states as well as the α-

relaxation temperature (Tα) measured as the maxima of the tan δ curve. The results shown in Table 

12 and Figure 20 depict two distinct trends; the first being a reduction in amplitude in the α-

relaxation for the composite systems in comparison to the neat polymer, and the second being a 

shift of the peak to a higher temperature for the heat aged samples. The α-relaxation is a measure 

of the relaxation of the mobile parts which correspond to the amorphous parts (rigid- and mobile- 

amorphous fractions) only. For this reason, the amplitude decrease can be attributed to a reduction 

in the amorphous region which confirms the earlier results obtained, showing an increase of both 
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Xc and HDT. As observed earlier with the measure of degree of crystallinity, the addition of filler 

in the PA6 matrix shows the same relaxation shape and amplitude than PA6 after aging. A peak 

broadening is observed after both filler addition and aging, which stress an increase of the 

polydispersity of the relaxation time induced by a higher heterogeneity of the molecular chains 

constrain. The crosslinking of amine and carboxylic groups resulting from the radical reactions 

occurring during degradation at high temperature could also contribute to this relaxation decrease. 

Shu et al. investigated the long term thermal oxidative aging of PA6 at 110, 130 and 150 °C, and 

shown a decrease of the concentration of carboxylic acid over aging time and simultaneously an 

increase of concentration of amine group [11]. A branching between the chains of PA6 would 

increase the rigidity of PA6 and disfavor the relaxation motions. Unfortunately, for the biocarbon 

reinforced composites the black color of the solution after polymer dissolution made impossible 

for dosage aiming to determine the concentration of carboxylic acid and amine end-groups. The 

authors also observed a shift to higher temperatures of the α-relaxation which was attributed to the 

molecular crosslinking occurring in the oven during the initial stage of degradation. Furthermore, 

the hybrid systems see supporting information Figure S2 and S3, show the same trend as the binary 

systems, as shown in Figure 20 and Figure 21.  
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Figure 20: Tan delta versus temperature of the binary PA6 composites: (A)Neat PA6; B) PA6/Talc; C) PA6/Mbc; and D) 

PA6/GF) 

The storage modulus, before heat aging, for the homopolymer is 2.8 GPa while the MBc, GF, and 

Talc composites have moduli of 3.3, 4.5, 4.9 GPa, respectively Figure 21. This increase of storage 

modulus after filler addition was expected as the stiff fillers would cause the PA6 matrix to become 

stiffer. The heat aged samples, show even higher storage moduli values when compared to the 

unaged samples, which is likely due to the additional effect of the crystal growth occurring during 

annealing. The fillers can be classified in an order of performances where talc > GF > MBc > neat 

PA6. The higher modulus value reached in presence of talc can be explained by the intrinsic 

Young’s modulus of the fillers and its particle size.  According to the literature, the Young’s 

modulus of GF is 70-86 GPa [41] and the one of biocarbon pyrolyzed at 700 °C is between 5-15 

B 

C D 
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GPa [27]. Higher the stiffness of the filler and higher is the effect on the matrix. In the case of talc, 

as the platelets after exfoliation are in the nanoscale, it is to be expected that the high aspect ratio 

of those platelets would further increase the stiffness of the materials.
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Figure 21: The storage modulus for the single filled PA6 composites (A) Neat PA6; B) PA6/Talc; C-PA6/Mbc; and D) PA6/GF) 

Morphological Properties 

The morphological structures of the notched Izod impact surfaces were examined before and after 

heat aging in order to see if there were any noticeable effects on the interface of the systems. As 

shown in Figure 22 (A-F), there are some slight differences at the interface filler: matrix when 

comparing the unaged and heat aged samples. The SEM images show relatively good wetting and 

dispersion of all fillers in the different PA6 systems which are a contributing factor for their good 

mechanical properties.  



104 
 

The unaged talc filled PA6 system, shown in Figure 22 (A), displays good adhesion and dispersion 

of the talc particles loaded at 30% which would help to improve its overall performance as its 

modulus is significantly increased. The GF composites, in Figure 22 (C), displays very good 

wetting due to the covalent bon between GF and PA6, and has no apparent surface damage giving 

the material excellent mechanical and thermal properties. Figure 22 (E) illustrates that the unaged 

MBc composite has imperfections and micropores, also known as stress concentration factors 

[SCF] (i.e. cracks, holes, and inconsistent particle shape), within it. 

Due to the high loading, good dispersion and small particle size of the talc filler in Figure 22(A, 

B), there appears to be no difference between the unaged and the heat aged samples. Unlike the 

talc composites, the aged PA6:GF samples show a more coarse surface when compared to the 

unaged sample, as shown in Figure 22 (D). It could be assumed that the rough surface is a result 

of chain decomposition and would further results in interfacial debonding. A study done by Zuo 

et al., [42] were investigating the thermooxidative aging behaviour of long glass fiber injection 

molded PA6 samples. They found microcracks in the heat aged samples that grew perpendicularly 

to dispersed glass fibers, some cracks branched from the glass fibers while the unaged samples 

had little to no microcracks. They also noticed that an increased amount of microcracks can be 

correlated to the fiber/matrix interface failing to provide pull out resistance and any stress applied 

to the composite would accelerate crack propagation [42].   

Lastly, for the heat aged MBc composites in Figure 22 (F), there also does not appear to be any 

difference between before and after heat aging. The presence of SCF inside and on the surface of 

biocarbon particles may have also resulted in the PA6:MBc composite experiencing the most 

significant property degradation after heat aging as the SFC could propagate cracks faster as well 

as reactifs, such as radicals and O2 that may have been introduced to the system. Impurities within 
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the system could accelerate the rate on radical production leading to chain scissions and 

embrittlement ultimately causing the material to fail after 1000 h at 140 °C. In addition, the 

presence of moisture (0.95% after drying) in the biocarbon pores could have induced the hydrolysis 

of the PA6 chains during both the reactive extrusion and the heat aging. Such phenomenon would 

further decrease the mechanical properties of the materials. 
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Figure 22: The SEM images of unaged and heat aged samples A) PA6/Talc unaged; B) PA6/Talc aged; C) PA6/GF unaged; D) 

PA6/GF aged; E) PA6/MBc unaged; F) PA6/MBc aged. 

The main noticeable physical difference was the macroscopic surface of the composites, which 

showed a significant change in color when comparing the unaged to the heat aged samples, as 

shown in Figure 23. The discoloration is attributed to the material undergoing internal chemical 

changes leading to a glass-like embrittlement as a consequence of chain scission [42,43]. The 
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physical texture of the composites changed as well causing the surface became coarse and eroded. 

Also observed by Zuo et al., [42], a change in colour was attributed to the thermal degradation on 

the polyamide groups (i.e. N-H and C-H) on the surface of the composite material which they 

highlighted by a weakening of FTIR signal in those regions. It should be noted that since the 

biocarbon (MBc) is a black natural colorant a macroscopic comparison between before and after 

heat aging on PA6:MBc was irrelevant.  

 

Figure 23: Digital photos of neat PA6 (left) and PA6/MBc (right) illustrating the significant colour change before and after heat 

aging 

Mechanical properties 

Tensile properties: The addition of fillers in the PA6 matrix has shown a beneficial effect on both 

the tensile strength and modulus. For the unaged samples, it is clear that the best performing 

composite is the PA6:GF system, as shown in Figure 24. This is due to glass fibers being randomly 

oriented as well as the glass fiber being sized for a polyamide system, resulting in better adhesion 

and minimal pull-out, as shown in the SEM section. The addition of biocarbon did not drastically 

change the overall tensile strength and modulus of the composite after 30 wt.% addition. After 

tensile measurements, a similar result was recently shown by Ogunsona et al. who investigated the 

influence of biocarbon loadings on the thermo-mechanical properties of PA6 composites [44]. The 
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authors shown that the use of 40 wt.% biocarbon is beneficial to both the strength and modulus. 

As highlighted earlier, it is hypothesized that this may be due to the imperfect structure or the SCF 

of the biocarbon as there are cracks, pores, and holes throughout the individual particles. It is know 

that failure in a material is much more likely to occur when large defects and larger bodies would 

break at lower tensile stresses due to easier crack propagation [32]. This occurs when the elastic 

strain energy which is relieved by the crack growth is exceed by the energy given in order create 

new surfaces [32]. The presence of a stress concentration factor, like a crack, changes the 

distribution of the stress around a particle and the failure mechanism may become intensified. The 

addition of talc also did not have a significant effect on the tensile strength either compared to the 

homopolymer but it did meaningfully raise the modulus (3.5 to 7.5 GPa). The difference in tensile 

modulus between the talc and biocarbon composites is likely due to the morphological differences 

highlighted by SEM in Figure 22 (A,B,E,F). The hybrid systems experience a good balance of 

mechanical strength when both biocarbon and glass fibers are added together. The talc and glass 

fiber hybrid composites, which are common composite materials for the automotive industry, also 

experienced a good balance of mechanical strength and modulus. Although the tensile strength 

was comparable in the hybrid systems, PA6:GF:MBc and PA6:GF:Talc had significantly 

differences in their moduli (~4 GPa and ~6 GPa) attributed both to the morphology of the 

composites and the bonding between filler and matrix. 
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Figure 24: Polyamide 6 based composites before and after heat aging. A) Neat PA6; B) PA6/Talc; C) PA6/MBc; D) PA6/GF; E) 

PA6/GF/Talc; F) PA6/GF/MBc. Top: Tensile strength and Bottom: Tensile modulus 

After 1000 h at 140 °C, it was observed that all mechanical strengths and ductility were decreased. 

Table 13 displays the percent reduction for various mechanical properties; please note that a 

positive value in the table indicates retention of properties rather than reduction of properties. The 

homopolymer experienced the most significant mechanical properties loss, which is likely due to 

the higher amount of polymer in the material undergoing thermal degradation. The next most 

significant decrease in the composite systems is, in average, the PA6:MBc system experiencing 

up to 62% loss for both tensile and flexural strength and elongation at break. This drastic decrease 

in the mechanical properties is expected to be inherent to the high porosity of biocarbon particles 

which could trap water molecules and release it during the annealing. In such a case the water 
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molecules in the vicinity of the particles would undergo polymer chain hydrolysis and then result 

in a decrease of the mechanical properties. Similarly, multiple studies have reported, on different 

biomass sources and pyrolysis conditions, that biocarbon can have various levels of oxygen 

trapped within it, ranging from 38 – 44 wt.% [22,45,46] before drying but after pyrolysis. This 

may inherently cause some oxygen to be trapped in the composite systems which could accelerate 

the radical initiation step of oxidative degradation as polyamides are sensitive to moisture and 

oxygen. Behazin et al., [40], investigated the thermal aging of a toughened poly(propylene) [PP] 

matrix with biocarbon, at 110 °C for 1000 h. They observed through energy-dispersive 

spectrometer (EDS) that with increasing aging time there is higher oxygen content starting at the 

edge of the samples, compared to the that natural diffuse into the core, which illustrates the 

possibility of degradation process [40]. 

Talc experienced a moderate decrease in properties, having dropped 42% from its unaged tensile 

strength properties. This could be due to talc having oxygen and hydroxyls functions in its 

structure, able to undergo thermooxidative degradation during aging [47]. The hybrid filled system 

of talc and glass fiber, which is a typical automotive formulation for engine components, 

experienced a 12% decrease in its tensile strength property which is far better than the 56% 

reduction that the biocarbon and glass fiber composite experienced.  
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Table 13: Tabulated mechanical properties from all mechanical tests preformed 

Note: 
a
 + a positive sign indicates an overall increase of properties after heat aging rather experiencing a reduction 

 

Notched Izod Impact and Elongation at break properties:  The notched Izod impact data, are 

shown in Figure 25. The addition of talc into the PA6 matrix did not have noticeable effects on the 

impact strength (53.1 J/m) when comparing it to the homopolymer (52.4 J/m). The addition of 

biocarbon drastically decreased the systems impact strength which again can be attributed to a few 

factors with the biocarbon (e.g. non-uniform particle size, presence of micropores, and particle 

distribution). The rigid fillers caused the system to experience a loss in the system’s ductility 

having the biocarbon system with the lowest elongation at break. Ogunsona  et al., [21] observed 

that simply milling pyrolyzed miscanthus biocarbon to a smaller particle size increased the 

homogeneity of the particle shape and size by breaking the bridges between the micropores. 

Milling the biocarbon to a smaller and more spherical shape caused the impact strength of the 

polyamide based composites to be higher than that of the un-milled and randomly assorted 

biocarbon composites. This globular shape of the milled biocarbon may cause a “crack tip” failure 

mechanism which can dissipate energy quickly hindering crack propagation when the crack is 

introduced to a spherically shaped filler [21]. 

Matrix and sample type 

%Reduction after 1000 hr at 140 °C 

% 

Tensile 

strength 

%  

Tensile 

modulus 

% 

Flexural 

strength 

% 

Flexural 

modulus 

% Notched 

izod impact 

strength 

% Elong. to 

break 

Neat 

polymer 
PA6 66.75 +24.38

a
 64.72 +22.25

a
 67.49 80.18 

Binary 

systems 

PA6:Talc 41.70 +16.32
a
 43.23 +13.83

a
 2.85 88.66 

PA6:MBc 61.91 +2.84
a
 63.59 +16.83

a
 34.74 64.29 

PA6:GF 7.75 +15.53
a
 5.63 +14.81

a
 28.16 58.55 

Hybrid 

systems 

PA6:GF:Talc 11.40 +1.14
a
 24.74 +16.11

a
 56.65 45.69 

PA6:GF:MBc 55.91 +18.84
a
 49.84 +21.63

a
 33.43 66.42 
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Figure 25: Polyamide 6 based composites before and after heat aging. A) Neat PA6; B) PA6/Talc; C) PA6/MBc; D) PA6/GF; E) 

PA6/GF/Talc; F) PA6/GF/MBc. Top: Notched Izod Impact and Bottom: %Elongation at Break 

Density and specific modulus: Lastly, for the physical properties of the unaged and heat aged 

samples, shown in Table 14, it can be seen that the neat PA6 material has the lowest density value 

of 1.13 g/cm3 followed by the biocarbon biocomposites with densities of 1.20 g/cm3 and 1.22 

g/cm3, for the binary and hybrid systems respectively. While, the synthetic composites have 

densities ranging from 1.35 to 1.37 g/cm3 which is 13% and 12% heavier than the biocomposites. 

Using the density and tensile modulus data the specific modulus or specific stiffness could be 

determined which displayed a similar trend as the young’s modulus with the synthetic filler 

materials having the highest specific modulus (4.4 to 5.6 GPa/g·cm-3) and the biocarbon 

biocomposites having the lowest (3.3 GPa/g·cm-3). After heat aging, the density was relatively 
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unaffected with a very slight increase of 0 to 1.2% experienced by all materials. Much like the 

young’s modulus, after heat aging the specific modulus also increased due to annealing. 

Table 14: Density and Specific Modulus data for the unaged and heat aged samples 

Conclusion 
Since degradation is an inherent part of a material’s life it is important to both monitor and control 

the aging behavior of plastic components. Through this work, it was observed that the bio-based 

filler, biocarbon, follows similar trends as conventional commercially available fillers (i.e. talc). 

In all cases, the thermal and microstructural properties (i.e. heat deflection temperature and glass 

transition temperature) are shifted to a higher temperature when compared to the unaged and/or 

neat PA6 polymer. Also, the unaged composites and the heat aged samples all experienced an 

increase in crystallinity which is likely due to the combined effect of filler addition and eventually 

annealing making the polymeric structure more ordered and brittle.   

Furthermore, the tensile and impact strengths of the composites were observed to decrease after 

undergoing accelerated thermo-oxidative conditioning for 1000 h at 140 °C. The hybrid systems 

demonstrated good mechanical strengths while having impact strengths similar to the neat polymer 

 Neat Polymer Binary  Systems Hybrid Systems 

 

PA6 – 

un-

aged 

PA6  – 

heat 

aged 

PA6 : 

MBc  – 

un-aged 

PA6 : 

MBc – 

heat 

aged 

PA6 : 

Talc – 

un-

aged 

PA6 : 

Talc – 

heat 

aged 

PA6 : 

GF – 

un-

aged 

PA6 : 

GF – 

heat 

aged 

PA6: 

MBc: 

GF  – 

un-

aged 

PA6: 

MBc: 

GF – 

heat 

aged 

PA6: 

Talc: 

GF – 

un-

aged 

PA6: 

Talc: 

GF –  

heat  

aged 

Density 

(g/cm3) 
1.130 1.140 1.200  1.200  1.350  1.360 1.360  1.360  1.222 1.224  1.360 1.377  

Tensile 

Modulus 

(GPa) 

2.781  3.459  3.938  4.050  6.388  7.431  6.031  6.946  6.772  6.849  4.215  5.009  

Specific 

Modulus 

(GPa/g·cm-3) 

2.461 3.034 3.282 3.375 4.732 5.464 4.435 5.107 5.542 5.596 3.099 3.638 
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as shown in Figure 24 and Figure 25. However, much like the binary systems, the hybrid systems 

also experienced degradation after heat aging and PA6:GF:Talc composite retained much more 

tensile strength compared to the PA6:GF:MBc (11 and 55%, respectively). The degradation for 

the biocarbon composites were more significant than the conventional fillers but this may be due 

to the physical structure of the biocarbon containing stress concentration factors as well as the 

trapping and permeation of oxygen within the matrix by reducing the number of pores and 

inherently the volume within the pores. With possible refinement of the biocarbon particles (ball 

milling and sieving) the amount of degradation could be minimized and biocarbon could be an 

attractive substitute for conventional fillers as conventional fillers. Lastly, another direction this 

research may take is to explore chemical modification, coupling agents and/or physical surface 

modification for biocarbon in order to observe the effects they have on the matrix-filler interaction 

and bonding. 
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Chapter 5 – Conclusion and Future Works 
 

 

 

The final chapter of this thesis highlights the overall key outcomes of the projects that 

were previously discussed. Moreover, some notable suggestions and recommendations for the 

continuation of this work are presented to enhance the current work. 
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Conclusion 

This research was an attempt to gain fundamental knowledge about opportunities and limitations 

of polyamide and polyester blends as well as the further investigation into the use of biocarbon in 

new applications, specifically with a focus in the automotive industry. As discussed, the limitations 

of natural fibers during the fabrication process of NFC with high processing temperatures (> 200 

°C) (i.e. PA6 and PBT) have hindered their production and usage in various industries. The 

limitations can be fixed through means of adding more processing steps and through increased 

costs; however, that does not make them commercially viable when compared to the current and 

conventionally used compounding materials and processes.  

Through this thesis, the preparation and characterization of polymer blends and biocomposites 

were performed, where petroleum based PA6 and PBT were mixed and compounded together with 

a sustainable biobased reinforcement material derived from pyrolyzed biomass. In the first study, 

the binary blends of PA6/PBT were evaluated based on their mechanical, morphological and 

thermal properties in order to see what effect the addition of PBT had within a PA6 matrix. 

Through thermal and mechanical testing, it was observed that adding more than 20 wt.% PBT into 

a PA6 matrix begins to negatively affect its overall performance. After determining the best blend 

combinations, the selected blends were compatibilized with a tailor-made PA11 grafted maleic 

anhydride compatibilizer. The grafting of the maleated compatibilizer validated through means of 

FTIR, DMA and SEM. After the incorporation of the PA11-g-MA compatibilizer, it was shown 

that it acted as an effective toughening agent since it had minimal effect (1-2% difference) in its 

tensile and flexural strength and moduli while drastically improving its elongation at break and 

impact resistance. Lastly, after the addition of the compatibilizer the morphology changed to form 

a cohesive and nearly uniform single phase. The domain size of the PBT phase in the blend 
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decreased and closely resembled a single phase after compatibilization. The complex viscosity of 

the PA6/PBT blends  increased after addition of 1 and 3 wt.% of PA11-g-MA and decreased after 

5 wt.%. The mechanical performance of the PA6/PBT blends was improved after compatibilized 

with PA11-g-MA compatibilizer. The toughening effect was observed in the compatibilized 

PA6/PBT blends through the increase in the elongation at break and Izod notched impact strength; 

while, the HDT and storage modulus was reduced with increasing compatibilizer content.  

For the second study, the durability of the PA6/biocarbon (30 wt.%) biocomposite was studied by 

means of an aggressive and accelerated thermo-oxidative environment at an elevated temperature 

at 140 °C for a time of 1000 h. For comparison, commercially available fillers such as glass fiber 

and talc reinforced polyamide were subject to the same conditioning during the same trail. Results 

showed that the overall retention of properties of the biocarbon/PA6 composites was better than 

the neat PA6 and comparable to that of the PA6/talc composite. The PA6/Biocarbon composites 

presented a significant advantage of 11% density reduction in comparison to both the PA6/GF and 

PA6/talc filled composites, which could help with the fuel economy in the automotive industry. 

The homopolymer experienced the most significant mechanical properties loss, which is likely due 

to the higher amount of polymeric material undergoing thermal degradation.  

Future work directions 

Suggestions for future research work to assess the viability and suitability of the materials 

fabricated for specific applications are the following:  

 Varying the amount of maleic anhydride used during the reactive extrusion of the PA11-

g-MA compatibilizer could yield interesting results and could further improve the 

miscibility of these two polymers. 
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 Through the use of NMR, to investigate the actual bonding mechanisms that are taking 

place between the polyamides and polyesters used in the study to better understand what 

is occurring and how it affects the overall properties.  

 To investigate the effect of surface modification on biocarbon reinforcement in order to 

improve the adhesion and compatibility between the filler and matrix for better properties. 

 Another aspect to further investigate is the effect that the biocarbon particle size has on the 

thermo-oxidative degradation on a polyamide 6 matrix as well as how the addition of a 

copper-iodide heat stabilizer will affect the retained properties after heat aging. 
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Appendix 

Supporting information for Chapter 3 
 

Table S15: Thermal degradation of the PA6/PBT blends 

Sample 
Blend ratio 

(wt.%) 
Deg. Onset (°C) Deg. Offset (°C) Weight loss (%) 

PA6/PBT 

 

Neat PA6 388.61 453.10 98.70 

90/10 356.69 452.65 97.29 

80/20 362.38 450.69 97.33 

70/30 351.01 403.58 93.30 

60/40 346.81 398.72 92.57 

50/50 346.97 397.66 93.03 

Neat PBT 360.10 402.42 92.88 

 

 

Table S16: Relative crystallinity of the PA6/PBT blends 

Sample 
Blend ratio 

(wt.%) 
Xrelative (%) 

PA6/PBT 

 

Neat PA6 26.14 

90/10 27.84 

80/20 26.30 

70/30 25.49 

60/40 25.27 

50/50 26.41 

Neat PBT 30.77 
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Table S17: mechanical and physical data of the PA6/PBT blends compatibilized blends with PA11-g-MA at 1, 3, and 5 wt.% 

Sample 
Blend ratio 

(wt.%) 

Density 

(g/cm3) 

Flexural 

Strength 

(MPa) 

14mm/min 

Flexural 

Modulus 

(GPa) 

14mm/min 

Impact Str. 

(J/m) 

MFI 

250 oC 

2.16 lbs 

(g/10min) 

PA6/PBT 

Neat PA6 
1.135 

(0.003) 

113.34 

(0.76) 

2.868 

(0.018) 

53.967 

(2.82) 

38.46 

(1.09) 

90/10 
1.148 

(0.005) 

115.77 

(0.23) 

3.120 

(0.022) 

49.146 

(4.394) 

39.33 

(0.83) 

80/20 
1.170 

(0.005) 

113.52 

(0.82) 

3.105 

(0.032) 

40.356 

(0.858) 

39.50 

(0.62) 

70/30 
1.183 

(0.000) 

107.85 

(1.07) 

2.845 

(0.039) 

40.134 

(1.443) 

41.64 

(0.95) 

60/40 
1.206 

(0.003) 

111.55 

(1.73) 

3.046 

(0.037) 

37.795 

(3.169) 

43.84 

(1.09) 

50/50 
1.220 

(0.009) 

100.61 

(0.85) 

2.748 

(0.035) 

36.151 

(1.783) 

49.52 

(0.65) 

Neat PBT 
1.320 

(0.002) 

93.65 

(0.82) 

2.729 

(0.044) 

39.526 

(0.955) 

70.02 

(1.98) 
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Figure S26: SEM images (x5000 with 10 um) of the PA6/PBT blends 
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Table S18: Relative crystallinity of the PA6/PBT blends compatibilized blends with PA11-g-MA at 1, 3 and 5 wt.% 

Sample 
Blend ratio 

(wt.%) 

PA11-g-MA 

(wt.%) 
Xrelative (%) 

PA6/PBT 

+ 

PA11-g-MA 

 

90/10 

0 27.84 

1 25.83 

3 24.20 

5 23.29 

80/20 

0 26.30 

1 25.67 

3 25.00 

5 24.95 

70/30 

0 25.49 

1 24.90 

3 24.76 

5 24.00 
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Table S19: mechanical and physical data of the PA6/PBT blends compatibilized blends with PA11-g-MA at 1, 3, and 5 wt.% 

Sample 

Blend 

ratio 

(wt.%) 

PA11-g-

MA 

(wt.%) 

Density 

(g/cm3) 

Flexural 

Strength 

(MPa) 

14mm/min 

Flexural 

Modulus 

(GPa) 

14mm/min 

MFI 

250 oC 

2.16 lbs 

(g/10min) 

PA6/PBT 

+ 

PA11-g-MA 

90/10 

0 
1.148 

(0.005) 

115.77 

(0.23) 

3.120 

(0.022) 

38.46 

(1.09) 

1 
1.147 

(0.000) 

111.26 

(1.49) 

2.888 

(0.039) 

20.25 

(1.98) 

3 
1.146 

(0.004) 

111.55 

(1.04) 

2.856 

(0.044) 

15.40 

(1.55) 

5 
1.140 

(0.002) 

111.97 

(0.64) 

2.813 

(0.010) 

13.30 

(0.96) 

80/20 

0 
1.170 

(0.005) 

113.52 

(0.82) 

3.105 

(0.032) 

39.50 

(0.62) 

1 
1.156 

(0.000) 

109.43 

(0.49) 

2.852 

(0.020) 

27.20 

(3.81) 

3 
1.151 

(0.000) 

111.29 

(0.49) 

2.869 

(0.039) 

18.15 

(2.21) 

5 
1.157 

(0.001) 

109.91 

(1.11) 

2.834 

(0.037) 

15.90 

(1.73) 

70/30 

0 
1.183 

(0.000) 

107.85 

(1.07) 

2.845 

(0.039) 

41.64 

(0.95) 

1 
1.179 

(0.012) 

106.89 

(0.84) 

2.847 

(0.028) 

32.80 

(4.81) 

3 
1.181 

(0.012) 

104.95 

(0.22) 

2.813 

(0.014) 

19.35 

(2.16) 

5 
1.171 

(0.006) 

103.36 

(0.92) 

2.804 

(0.031) 

10.80 

(1.59) 
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Table S20: Analysis of Variance (ANOVA) table for Elongation at Break (mm/mm) 

Source DF Seq SS Adj SS Adj MS F P 

Linear 2 2363.83 166.329 83.1643 352.83 0.000 

Quadratic 3 4330.04 246.475 82.1584 348.56 0.000 

Special Cubic 1 349.04 97.246 97.2458 412.57 0.000 

Full Cubic 1 1.04 1.038 1.0383 4.40 0.090 

Lack-of-fit 1 1.18 1.179 1.785 * * 

Error 4 0.00 0.000 0.0000 
  

Total 12 7045.13 
    

 

 

 

 

Table S21: Analysis of Variance (ANOVA) table for notched Izod impact strength (J/m) 

Source DF Seq SS Adj SS Adj MS F P 

Linear 2 318.811 285.037 53.1351 14.26 0.003 

Quadratic 3 28.803 32.4017 10.8006 0.31 0.744 

Special Cubic 1 4.970 4.9701 4.9701 1.33 0.292 

Lack-of-fit 2 22.357 22.3568 11.1784 * * 

Error 4 0.000 0.0000 0.0000 
  

Total 12 341.167 
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Figure S27: Residual plots for linear regression of Elongation at Break data versus blend composition 

 

 

Figure S28: Residual plots for linear regression of notched Izod impact data versus blend composition 
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Figure S29: Contour plots for Elongation at break (mm/mm) for PA6/PBT/PA11-g-MA ternary blends. 

 

  

Figure S30: Contour plots for Elongation at break (mm/mm) for PA6/PBT/PA11-g-MA ternary blends. 
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Supporting information for Chapter 4 
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Figure S31: Flexural strength (A) and modulus (B) of Polyamide 6 based composites before and after heat aging 
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Figure S32: Tan delta plots of the binary PA6 composites used to infer the Tg of a material (A- PA6:Talc:GF/B-PA6:MBc:GF) 
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Figure S33: The Storage Modulus for the single filled PA6 composites (A- PA6:Talc:GF/B-PA6:MBc:GF) 
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Figure S34: The SEM images of unaged and heat aged samples PA6:GF:MBc C: unaged and D: aged; PA6:GF:Talc C: unaged 

and D: aged; PA6:GF C: unaged and D: aged 
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