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Abstract  

The load bearing capa city of biodegradable polymeric medical devices 

remains limited ;  an improvement in  mechanical properties  is desirable  to 

widen the range of applications . Incorporation of nanoparticles via melt 

compounding is a route to improving mechanical properties, but 

appropriate processing routes are required to ensure the best outcome, 

achieving an optimum dispersion wh ile minimising process - induced 

degradation. Various nanomaterials have been investigated for polylactic 

acid (PLA) reinforcement for orthopaedic applications ;  hydroxyapatite 

(HA), the main inorganic constituent of bone, is one of the most 

promising bioresorbable nanofillers.   

The principal focus of this work is the optimised processing of novel 

bioresorbable materials using scalable compounding techniques . The 

materials consist of :  Resomer LR706S poly(L -co-D,L - lactide) (LR706S) 

PLA matrix from Evonik ;  novel nanop articles  of hydroxyapatite (HANP) 

with rod or platelet morphology , synthesised via a hydrothermal counter -

flow process ;  dispersant coatings added in -sit u onto HANP plates. The 

molecular dispersants consist of either purchased neat dodecenylsuccinic 

anhydride (DDSA) or bespoke short chained PLA with isosorbide head 

groups polymerised via a standard ring -opening route involving lactide, a 

tin catalyst and i sosorbide initiator.  

Nanocomposites were processed  in a laboratory scale twin -screw 

recirculating extruder HAAKE Minilab II, produced by Thermo Scientific, 

fitted with co - rotating conical screws . The materials were compounded in 

various conditions in orde r to establish  processing parameters  that 

provide an agreeable compromise between particles mixing and 

minimis ing  the effect of polymer degradation . The produced materials 

were assessed by GPC, TGA, DSC, TEM, m icroCT, rheo metry  and flexural 

mechanical meas urements.  Three preferred compositions were selected 

to go forward to scaled -up manufacturing, using commercial processing 

facilities.  
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Performed experiments showed that, beyond drying the polymer and 

fillers, drying of the bottled N 2 (N 2D) was essential to  maintain high 

molecular weight of PLA, which in turn yield ed high  wall shear stress  half -

life  time  during compounding.  The highest range of molecular weights 

was reported for HANP rod composites in N 2D  with the greatest Mw at 2.5 

wt%. Additionally, molecu lar weight decreased with increasing amount of 

filler, regardless of the type of HANP.  

DSC measurements revealed that glass transition temperatures ( Tg) for 

respective HANP rod and plate nanocomposites compounded in  N2D were 

practically identical but higher than for the nanocomposites produced in 

Air. Furthermore, Tg of the nanocomposites was greater than the one 

measured for neat PLA and large changes of molecular weight were 

required (over 70% when compared to neat LR7 06S) to reflect it in the 

glass transition temperature of the material.  

The temperature at  5% weight loss for the compounded materials, 

measured in the TGA, was greater than for neat LR706S, and for HANP 

plates it was higher than for rods.  

Flexural propert ies were tested via three -point bending of miniature 

specimens and showed that modulus was independent of molecular 

weight over the considered range, while bending strength showed a small 

decrease with lowering Mw. The flexural strength and modulus were fo und 

to be higher for HANP plate nanocomposites compounded in N 2D  than 

mixed in Air, with the highest values shown for 10 wt% HANP rods in N 2D.  

TEM image analysis was carried out with a semi -quantitative approach 

and revealed superior dispersion in 2.5 wt% HANP rod nanocomposites 

mixed in N2D when compared to other materials. This was confirmed by 

microCT measurements.  

Finally, the developed novel nanocomposites were successfully used in 

the production of demonstrator resorbable proximal pins and tensile bar s 

by applying the optimised processes at scale on industrial equipment.   
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1.  Motivation and Thesis Overview  

1.1.  Introduction  

Continuous technological development is enabling substantial progress in 

medicine,  which consequently is extend ing  the length of our lives. 

However, this increase in life expectancy places greater stress on medical 

innovation as wellbeing should be  ensured  throughout our lifetime . The 

increasing demands  and expectations on  biomedical engineering can be 

met  by advances in pharma cy, medical devi ces, implants  and tissue 

engineering. Our current aging population requires medical support in 

numerous healthcare areas which results in further research i n 

biomaterials science  to provide novel materials for medical applications 

[ 1, 2]  in c ardiovascular, neural and orthopaedic technologies  [ 3] . This 

thesis will focus on bioresorbable polymeric nanocomposites [ 4, 5]  for 

orthopaedic applications [ 6, 7] .  

The majority of implants used in orthopaedic surgeries are produced from 

metals, which often have to be removed in a second operation once their 

supporting function is fulfilled, e.g. bone screws and plates. This 

additional surgery has several adverse effe cts, such as increasing the risk 

of infection for patients [ 8] . Metal implants frequent ly cause 

inflammatory reactions and require premature removal, thereby 

disturbing healing and recovery [ 9] . Recently, a regenerative bone tissue 

engineering (BTE) approach has been advanced instead of replacement 

methods, in orde r to avoid the highlighted issues. Non -degradable 

implants are successfully being replaced by implants made from 

biocompatible and biodegradable polymers of synthetic or natural origin. 

This can limit problems with inflammatory reactions and no secondary 

surgery is required [ 10 ] .  

Another major drawback of metalli c implants is stress shielding during 

healing. This causes the growth of bone structure that does not possess 

the ability to support weight once the implant is removed. Presently 

available degradable polymeric implants can prevent some issues with 

stress s hielding [ 11 ] . However, they remain limited in their load bearing 
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capability and require improvements of their mecha nical properties in 

order to overcome this limitation [ 9] .  

As a result of the highlighted issues, one of the key areas of focus for  

BTE is the fabrication of bioresorbable materials that  are able to function 

for a targeted  period  of time under load -bearing conditions . This would 

allow them  to support damaged bones during healing and to  repla ce lost 

bone stock  [ 12 ] . Appropriate  selection of bio materials :  their geometry, 

type of reinforcement inclusions and their size distribution , porosity  and 

ability to release biomolecules at a desired rate , pla ys a  critical role  in the 

development of biomedical composites for medical devices  [ 13 ] . 

The key r equirements for ideal bone su pport and replacement materials 

are:  

Á Biocompatibility  ï support of normal cellular activity without any 

immune response or toxic effects  during resorption [ 14 ] , 

Á Mechanical propertie s ï uniform stress  distr ibution and strength on 

a par with bone properties, thereby  provid ing  temporary support to 

the defect region  [ 13 ] , 

Á Porosity ï controlled volume and pore size to enable  tissue in -

growth and support of the fractured bone  [ 13 ] , 

Á Biodegradability  ï degradation rate matching growth of new tissue  

[ 15 ] , 

Á Osteoinductivity  and/or osteoconductivity ï stimulation of new 

bone formation  [ 15 , 16 ] ,  

Á Surface properties ï appropriate chemical and topographical 

properties for  influencing cellular adhesion a nd new bone formation  

[ 17 ] . 

Biodegradable nano composite materials can fulfil the  majority of the 

requirements  mentioned above by combining the characteristics of 

biodegradable polymers (e .g. saturated aliphatic polye sters like 

poly(lactic acid)) and bioactive inorganic ceramics (e.g. hydroxyapatite 
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nanoparticles). They have the potential  to deliver appropriate mechanical 

and bioactive properties , degradation control  and bioactivity by the 

volume fraction, size, shap e and arrangement of inclusions. However, 

good  nano particle dispersion throughout the polymer matrix has thus far 

only been  achieved at  a laboratory scal e [ 18 ] . Therefore commercially 

available resorbable polymeric devices  are produced only with  macro sized 

filler e.g. Ligafix 30, an anterior cruciate ligament interference screw 

(SBM, France )  composed of 30% t ricalcium phosphate and 70% of Poly -

D,L - lactic Acid [ 19 ] . Additionally, currently developed nano composite 

materials  for orthopaedic applications are still less stiff (modulus below 7 

GPa) than corti cal bone (7 -25 GPa) [ 13 , 20 ] .  

The long - term goal of this area of research is  to develo p a cust omisable 

bioresorbable material  that can be fabricated at  short notice, that is 

weight -bearing  over longer timescales , that allows for sufficient vascular 

infiltration and bone ingrowth  and that can be coupled with infection 

management  [ 17 ] . BTE  has been evolving rapidly  to match those 

demands by utilising various biocompatible polymers and ceramics.  

However , fully resorbable nanocomposites for orthopaedic implants 

remain s an unrealised goal.  Furth er investigation is required to enable 

the transfer of laboratory results into the manufacture of commercial 

articles, and this is one of the main aims of this project [ 21 ] . 

1.1.1.  Overview of the BENcH  project  

The BENcH project ( Integrated Molecular Design of Melt -processable 

Bioresorbable Engineering Nanoc omposites for Healthcare )  was an 

EPSRC- funded interdisciplinary project supported by several industrial 

collaborators [ 22 ] . The main c hallenge for the research team involve d the 

design and manufacture of novel  resorbable  polymer nanocomposite 

materials for healthcare , which could be used in applications from bone 

fracture fixation to drug delivery.  Integrated methodologies  were utilised 

in forming composite systems consisting of medical -grade degradable 

polymer  and novel n anoparticles  with dedicated molecular dispersants . 

The developed  nanocomposites  were used in the production of 
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demonstrator resorbable implants  by applying the optimised  processes at 

scale on industrial equipment .  

The project addresse d different aspects of the orthopaedics field 

including :  replacement of lost bone stock, support of damaged bones 

during healing and potentially targeted delivery of active ingredients.  

Requirements for those areas differ significantly due to the nature of 

bone structure, shown in Figure 1.1. Cancellous bone (spongy bone core 

that contains bone marrow) has relatively low mechanical demands in 

comparison to cortical bone (Youngôs modulus of 1 GPa and 17 GPa 

respectively), also k nown as compact bone, which forms the dense outer 

part of bone [ 23 ] . The market has been largely saturated with a wide 

range of materials for non - load -bearing bone repair [ 17 ] . Therefore, the 

principal focus of the project was  in the production of materials for 

mechanically demanding applications requiring sufficient strength to 

support bone over the healing period, appropriate stiffness to avoid bone 

atrophy and the ability to be tolerated by the body.  

 

Figure 1 .1 . Bone cross section. Adapted from Cancer.org [24] . 

Key challenges , and the  BENcH project aims , concentrated on scalable  

particle  synthesis, controlling and tailoring process degradation , melt 

compounding  of the bioresorbable poly(lactic acid) ( PLA)  nanocomposites 

and  establishing scalable manufacturing  methods  to produce proof -of -

concept, next generation medical devices . 
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PLA composites with inorganic, nanosized fillers  are not a new concep t . 

They have received a lot of recent attention because of their 

biocompatibility and enhanced mechanical properties, which have the 

potential to mimic the properties of bone in orthopaedic applications [ 25 ] . 

The novelty of the project is i n the use of tailored dispersants coupled to 

hydroxyapatite (HA) nanofillers. Together these give potential for 

producing fully resorbable PLA nanocomposites, where the filler is 

appropriately dispersed via melt compounding.  Melt compounding is a 

commonly  used and scalable industrial process. The applied HA 

reinforcement may also act as a pH buffer in the composite to control the 

degradation caused by the acidic decomposition products of PLA [ 9] .  

To fulfil the aforesaid expectati ons, the BENcH project had an 

interdisciplinary team of researchers working in parallel:   

Á Stream 1 ï nanoparticle and dispersant synthesis  and scaleup 

completed by Walton [26] ;  

Á Stream 2 ï rheological  study, performed by Choong et al. [27] , 

[ 28 ] ,  in vitro  hydrolytic  degradati on  and mechanical properties  

characterisation  of the produced materials carried out by Ward 

[29] ;  

Á Stream 3 ï nanocomposite manufacture , quantification, p roce ss 

conditions optimisation  and scaleup.  

This dissertation falls primarily within Stream 3.  

1.2.  Aims and objectives of this thesis  

The aim of this PhD was to produce novel bioresorbable HA -PLA 

nanocomposites for healthcare applications, via melt processing. 

Research has previously been carried out on HA-PLA nanocomposites, 

however findings reported in the literature are limited to only laboratory 

scale experiments . These provide  insufficient explanation regarding  the 

effect of processing conditions on the proper ties of the materials  and the 

particlesô dispersion.  The novelty of the current work was in the use of HA 

nanofillers coupled to tailored dispersants that together enable 
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production of a PLA nanocomposite via direct melt compounding, which is 

a scalable pr ocess.  

Appropriate nanoparticles dispersion and the controlling of process 

degradation  is necessary for obtaining a composite with improved and 

uniform mechanical properties. Therefore, eff icient compounding of  the 

nanoparticles  with PLA, via polymer melt  mixing with the filler in an 

extruder, is needed to ensure the required dispersion . Optimisation of the 

processing parameters e.g. temperature, rotational speed of the screws 

during compounding, recirculation time and calculation of the volumetric 

flow ra te are all essential for achieving a desired dispersion of 

nanoparticles and for minimising process - induced degradation.  

Furthermore, the shape of HA nanoparticles, their weight percentage in 

the composite and the type of dispersant have a profound effect  on the 

properties of the obtained material. Therefore, initially, an assessment of 

the degradation of pure PLA during processing was needed to understand 

its role in the composite degradation during melt compounding. 

Calculation of the volumetric flow of the material within the recirculating 

compounder was necessary to relate the processing parameters to the 

dispersion effectiveness and enable process scalability.  

Development of characterisation protocols  was required to analyse and 

quantify particle disp ersion and to link the specific dispersion with the 

melt compounding parameters and mechanical properties of the 

processed materials. Through extensive experimental work, the selected 

nanocomposites were produced with established scalable processing 

condit ions to manufacture proof of concept orthopaedic  medical devices .  

The core activities for this work included:  

Á Process conditions optimisation for e xtrusion and injection 

moulding (effect of molecular weight and polymer structure, 

thermal degradation durin g processing, effect of additives, flow 

effects);  
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Á Melt compounding of biodegradable resorbable PLA 

nanocomposites (effects of different particle shapes, coatings and 

loading on processing);  

Á Dispersion characterisation of the produced nanocomposites and 

association with mechanical properties;  

Á Development of characterisation protocols ï monitoring 

degradation (g el permeation chromatography ), dispersion 

quantification ( t ransmission electron mi croscopy , m icrocomputed 

tomography )  and  macros copic dispersion measures ( e.g. 

thermogravimetric analysis , d ifferential scanning calorimetry ) ;  

Á Material production  for  delivery of demonstrator pro ducts with 

industrial partners (Evonik Industries AG , TESco Associates).  

1.3.  Outline  

This thesis describes the p roduction of novel bioresorbable HA -PLA 

nanocomposites for healthcare applications via melt processing and 

consists of eight chapters.  

A review of the literature relating to the thesis in presented in Chapter 2. 

An overview of composites, predominantly nan ocomposites, is provided 

followed by a brief summary of biomaterials for medical applications, with 

an emphasis on bioresorbable HA -PLA nanocomposites similar to those 

produced in this work.  Previous experimental characterisation of thermal, 

mechanical and  rheological properties of PLA and HA -PLA nanocomposites 

and of similar systems are reported, with attention to melt processing 

conditions. An overview of nanoparticle dispersion quantification methods 

for nanoscale images is also provided.  

Chapter 3 descr ibes the materials, namely medical grade PLA and novel 

HA nanofillers, safety procedures for nanoparticles handling, the utilised 

melt processing equipment and procedures for the manufacturing of 

nanocomposites. The methodology and specimen preparation for  

characterisation techniques used in later chapters are also summarised.  
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Chapter 4 reports on melt compounding analysis: laboratory scale 

extrusion limitations and reproducibility followed by the influence of 

processing parameters, types and amount of nan osized HA filler on the 

PLA matrix and particle mixing. Wall shear stress  half - life  time  and 

mixing energy were compared to evaluate the changing properties of 

materials during compounding. A generally applicable set of processing 

parameters was identified  to enable mixing of all types of novel HA 

nanoparticles with PLA in ambient air and inert atmospheres . Capillary 

rheology measurements of polystyrene and PLA were compared through 

a Carreau model and power - law model with their flow in the back - flow 

channe l of the recirculating extruder used to approximate the number of 

recirculations during compounding for the polymers and nanocomposites.  

Chapter 5 examines the effects of the addition of different HA 

nanoparticles and using changing melt compounding parameters on the 

molar mass, thermal and mechanical properties of the materials. The 

molecular weight of PLA, before and after processing in air, N 2 and dried 

N2 are reported together with the molecular weight of all the processed 

nanocomposit es, to identify evidence for matrix degradation. Molecular 

weight was compared with wall shear stress  half - life  time to indicate the 

materials with improved particle dispersion . A rheological model  wa s also 

applied to separate the shear and temperature rel ated degradation 

effects of melt processing. The glass transition temperature and 

degradation temperature (at 5% weight loss) were compared to assess 

thermal stability  of the filled and unfilled PLA in air and inert 

atmospheres. They were linked with molec ular weight measurements in 

order to evaluate degradation caused by the presence of HA. The flexural 

mechanical properties of the materials were also linked with the 

molecular weight and combined with previous findings to seek 

correlations between the resu lts.  

Chapter 6 reports and discusses the weight residue remaining after 

nanocomposites burn off in air; a method used as a verification of the 

filler weight fraction. The influence of run - to - run variations  on the HANP 

content deviation is discussed. The mo rphology of HA -PLA 

nanocomposites wa s characterised  using t ransmission electron 
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microscopy and m icrocomputed tomography  to  observe and quantify 

particle dispersion.  

Chapter 7 focuses on scalable manufacturing, the utilisation of larger 

extruders and methodology optimisation for compounding of pelletised 

stock of the developed nanocomposites. The demonstrator resorbable 

device and tensile bars were injection moulded at  scale on industrial 

equipment . Characterisation techniques applied in the previous chapters 

were also used for the produced samples to confirm their molar mass, 

thermal and mechanical properties and HA nanoparticles dispersion. The 

influence of subsequent  processing steps on the properties of the 

materials and final products is discussed.  

Chapter 8 presents the conclusions of this work and proposes 

recommendations for future work.  

Appendix provides short video footage of scale up melt processing 

activities  carried out at Evonik Industries AG .  
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2.  Literature Review  

The following literature review is focused on poly(lactic acid) and 

hydroxyapatite reinforced PLA nanocomposites for biomedical 

applications, in particular their properties and melt processing.  

Firstly, the concept of composites is briefly introduced with emphasis on 

nanocomposites as materials  with nanosized filler. A review of a range of 

matrices with various nanofillers is presented and PLA nanocomposites 

are introduced as example of biodegrad able materials with particular 

attention to manufacturing of HA -PLA nanocomposites. Next, biomaterials 

for medical applications are discussed with emphasis applied to the 

degradable bioesters, especially PLA and in particular HA reinforced PLA 

nanocomposit es for orthopaedic devices. Properties of PLA are compared 

with the nanocomposite to highlight the change in material response due 

to the presence of HA nanofillers. Several HA -PLA nanocomposite 

systems are reviewed to show the influence of HA nanoparticle s (nHA) on 

the material thermal stability, limiting degradation, mechanical 

reinforcement  and rheological response . Melt processing of PLA and its 

nanocomposites filled with nHA is reviewed with focus on the equipment 

and methods to summarise favourable pr ocessing parameters to 

minimise materials degradation and maximise particle dispersion. Finally, 

the last section is concerned with quantifying the dispersion of 

nanoparticles  on transmission  electron microscopy  micrographs. This is 

followed by some closin g remarks and a summary of the presented 

literature review.  

2.1.  Composites  

A composite is a material comprising of two or more phases or 

constituents, where a reinforcement (often the discontinuous phase) is 

dispersed in a matrix (continuous phase) [ 30 ] . Composites can be 

natural, for example, wood (cellulose fibres in lignin) and bone ( collagen 

reinforced with HA), or artificial [ 31 ] , for example, chipboard (wood 

waste embedded in resin glue) and concrete  (sand and stones in 

cement). The most widely studied composites are synthetic comp osites 
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based on a polymeric matrix reinforced with various fibres, e.g. 

thermoplastics with glass fibres used in the manufacture of internal bus 

panels and seats [ 32 ] , or with mineral fillers, such as polypropylene 

mixed with talc for domestic appliances  [ 33 ] . Nanocomposites are a 

special case of composites where interface interactions between phases 

are maximised due to the large available surface area of the nanosized 

filler [ 34 ] .  

2.1.1.  Nanocomposites overview  

Nanoparticles are often classified via their number of nano -scale 

dimensions (i.e. less than 100 nm) [ 34 ] :  

(i)  one -dimensional -  rod, needle or tube e.g. magnesium 

hydroxide  needles  [ 35 ] . 

(ii)  two dimensional -  platelet structures e.g. layered silicates [ 36 ] . 

(iii)  sphere - like thre e-dimensional structures e.g. zinc oxide [ 37 ] .  

2.1.1.1.  Nanocomposites  

The greater surface area of the reinforcement in nanomaterials leads to a 

potential improvement in stress transfer. Additionally, as a result of the 

smaller dimensions of th e filler, the size of flaws becomes smaller and the 

composites become stronger [ 31 ] . Finally, less material is required for 

effective reinforcement therefore the produced materials have densities 

comparab le to pristine polymer. For these reasons, nanomaterials have 

become an attractive option for high end niche applications in the 

automotive industry, aerospace and healthcare.  

Polymers reinforced with carbon nanotubes are an example of composites 

filled wi th one -dimensional nanoparticles which are both conductive and 

have excellent mechanical properties [ 38 ] . As an example, p olycarbonate  

filled with carbon n anotubes is a candidate material for the production of 

conductive packaging for sensitive electronics capable of dissipating static 

charge [ 39 ] . 

Naturally occurring m ontmorillonite s are extensively investigated two 

dimensional nanoparticles. After surface modification they readily 

exfoliate i n the polymers improving mechanical and thermal properties, 
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e.g. p olyimide -  clay nanocomposites  [ 40 ]  which, when compared to the 

original polymer, can be utilised in applications at higher temperatures 

such as  the material for engine covers [ 41 ] . 

Carbon black is a well know additive [ 42 ] , representing three -dimensional 

nanoparticles, which is extensively used for elastome rs reinforcement, 

particularly rubbers [ 43 ] . It increases the strength, stiffness and wear 

resistance of rubber, all of which are essential propertie s for vehicle 

tyres, and is also utilised in applications  where improved static charge 

dissipation is required [ 44 ] .  

2.1.1.2.  PLA nanocomposites  

Due to increasing everyday usage of petroleum -based polymers creating 

undegradable waste there is a great demand for development of green 

materials with nontoxic compone nts allowing for composting. Research 

efforts in biodegradable polymers have focused on a family of polyesters, 

especially PLA due to commercial availability, melt processability on the 

existing equipment and good properties of the final product [ 45 ] . The 

application of PLA ranges from agriculture  through to disposable cutlery 

and biodegradable packaging , and to medical devices.  PLA 

nanocomposites are expected to have improved mechanical properties in  

comparison to the neat  polymer, hence various nanomaterials have been 

investigated for PLA reinforcement . These include, but are not limited to, 

organic clays, minerals, silicates and carbon nanotubes.  

PLA modification with naturally occurring silicates additionally offers  

improved gas barrier properties which are of particular interest to the 

food packaging industry to preserve freshness. In a study by Sinh a Ray 

et al. [46] , the testing of PLA -organically modified layered silicate 

nanocomposites, prepared by melt extrusion of PLA and montmorillonite 

modified with octadecylammonium cation (C 3C18-mmt), is reported. 

Benefits from this nanocomposite include: increased strength, decreased 

gas permeability  and higher modulus in the solid and melt state. When 

comparing PLA/4 wt% C 3C18 -mmt with PLA in solid state, experimental 

data showed increases of 56% (86 MPa to 137 MPa) in flexural strength, 

increases of 15% (4.8 GPa to 5.5 GPa) in flexural modulus, increases of 
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47% in storage modulus, and reductions of 12% in oxygen gas 

permeability. The incorporated nanoparticles enhanced the material 

properties even at only 4 wt% and intensified the rate of degradation. 

Ove r a 60 -day period, under compost, the neat PLA had ~60% residual 

weight, whereas the PLA/4 wt% C 3C18-mmt had fully degraded which is 

exceptionally beneficial for removal of packaging waste.  

Batch to batch variations in the produced nanocomposites cause var ying 

degradation rate and mechanical properties between the manufactured 

products. Scale up and production of a successful nanocomposite on a 

large scale eliminates the variation in properties seen between small 

batches, however such scale up can be limite d due to cost of the 

materials or their shelf life. Therefore, production of a masterbatch, a 

concentrated uniform composite premix diluted  further during 

subsequent processing, was considered as another method to uniform 

properties of produced items. This technique was utilised by  Villmow et 

al.  [ 47 ]  for extrusion of multi -walled carbon nanotube  (MWNT)  PLA 

comp osites . It was proven that compounding temperature, screw profile  

and  rotation speed all affect dispersion quality within the composite. 

Application of a master batch with a high dispersion index resulted in  

diluted composites with similar high MWNT dispers ion, while composites 

produced from inferior masterbatches contained primary agglomerates . 

Therefore, masterbatch quality is crucial  for further processing.  

Another factor influencing PLA nanocomposite degradation is the degree 

of dispersion of the reinforcing particles, which can be aided with 

surfactants, and the content of hydrophilic groups in the discontinuous 

phase which causes faster degradation [ 10 ] . Arment ano et al. [48]  

reported a 70% weight loss of  poly(DL - lactide -co-glycolide)  (PLGA) and 

PLGA films with single wall carbon nanotubes including c arboxyl groups  in 

biological fluid taking 22 days and 18 days respectively, i.e. 18% faster 

degradation.  

PLA m odification with inorganic nanofillers like hydroxyapatite improves 

mechanical and gas barrier properties in a similar way to clays. HA is a 

naturally occurring mineral with applications ranging from the preserving 
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of antique canvas and paper from acidic d eterioration [ 49 ] , through to 

bone cements [ 50 ] , and to commercially available enamel restoring 

toothpastes. HA rei nforced PLA materials for biomedical applications and 

the nanocomposite constituents will be further discussed in the 

subsequent section.  

2.2.  Biomaterials for medical applications  

The minimal requirements for biomaterials are: nontoxicity, efficacy, 

serialisab ility and biocompatibility. Implanted materials can induce a 

foreign body reaction, which is a natural body defence response, causing 

implant rejection or encapsulation. Consequently, research efforts in 

biodegradable polymers for medical devices have focu sed on polyesters 

[ 51 , 52 ]  as they do not require long lasting biocompatibility or repeat 

operation s for removal.  

The following biodegradable polyesters attracted significant attention: 

poly(glycolic acid) (PGA), poly(lactic acid) [ 2] , polycaprolactone (PCL) 

[ 53 ] , poly(p -dioxanone) [ 11 ] , poly(3 -hydroxybutyrate), polyethylene 

oxide [ 54 ]  and their co -polymers, all of which share promising and 

comparably good properties for the fixation of tissue. Such polyesters 

started to be used in medic ine as (i) devices for tissue fixation, e.g. bone 

plates [ 55 ]  ligament screws [ 56 ]  and suture anchors [ 53 , 57 ] ; (ii) drug 

delivery systems (by controlling the diffusion of active ingredients) [ 58 , 

59 ] ; and (iii) wound treatments [ 60 , 61 ]  like surgical staples, sutu res or 

artificial skin [ 62 ] . However, each of these bioabsorbable products on 

their own have some shortcomings which limit their usage [ 63 ] . 

2.2.1.  Biodegrad able poly(lactic acid)  

Out of all the biodegradable polyesters, PLA is receiving the greatest 

attention because, in addition to its biomedical applicability, it has 

increasing commercial availability.  As PLA degradation rate is comparable 

to bone healing r ate, i.e. the time take n for total  polymer  degradation  is 

similar to the timescales  involved in  bone remodelling , it has been 

applied mainly in the orthopaedic field [ 53 ] . Numerically, for bone 

healing, soft callus formation generally occurs in the first  4-6 weeks, 
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adequate strength is seen to be gained with in 3 -6 months  and  bone 

remodelling is completed  within several months  to several years  [ 64] ; 

naturally all timescales are dependent on the age and health of the 

patient . In comparison, amorphous PLA maintains its strength up to 12 

weeks, this is followed by gradual degradation [ 55 ]  and absorbs in vivo 

within 12 -16 months  [ 18 ] .  

2.2.1.1.  PLA origins  

PLA marked its place in the world of polymers in 1932 when Carothers 

pioneered the manufacture of this aliphatic polyester from lactic acid. 

However, the original product had low molecular weight and poor 

mechanical properties. In 1954 DuPon t patented higher molecular weight 

PLA but its predisposition to hydrolytic degradation, common to all 

aliphatic polyesters studied at that time, halted this research. Ethicon 

resumed work in this area, and in 1972, introduced high -strength fibres 

for bioc ompatible resorbable sutures made from copolymers of lactic acid 

and glycolic acids. However, until the late 1980s, the high production cost 

of aliphatic polyesters limited their application exclusively to medical 

products [ 65 ] .  

The technology to produce PLA on a commercial scale was developed by 

a newly established company, Cargill Dow LLC, in 1997. They patented a 

low -cost continuous process for the production of lactic acid -based 

polymers in the melt. The Cargill process is described in detail by Henton 

et al.  [ 66 ] , along with further information regarding the bacterial 

fermentation process of lactic acid production, and Cargillôs method life 

cycle analysis with green chemistry principle s.  

2.2.1.2.  Synthesis  

PLA is a chiral polymer which can be synthesised from optically active D -  

or L -enantiomers of lactic acid ( 2-hydroxy propionic acid) . The molecular 

structure of PLA is shown in Figure 2.1. The relative amounts of the two 

enantiomers and their distribution determine many properties of the 

polymer. PLA tends to be crystalline opaque white material with L -content 

greater than 90% or totally amorphous and tran sparent polymer with 

lower stereopurity [ 67 ] .  
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Figure 2 .1 . Structural repeat unit  of PLA  with the  chiral carbon atom  

marked by * . Adapted  from Jiang et al. [ 67 ] . 

Poly(L - lactic acid) (PLLA) crystalizes in three different structural 

conformations ï Ŭ, ȁ and , which develop under different temperature 

and pressure dependent processing conditions. Additional information 

regarding PLA crystallinity a nd complex thermodynamic changes 

occurring during crystallisation, relevant for modifying polymer 

properties, can be found  in Fambri and Migliaresi  [ 68 ] .  

Commercially available high molecular weight PLA resins , greater than 

Ḑ100  kg.mol -1 (1 g.mol -1 = 1 Da)  are typically copolymers of PLLA and 

poly(D - lactic acid) (PDLA)  or poly(D,L - lactic acid) (PDLLA) and  are 

produced via the lactide ring -opening polymerization (ROP) route [ 69 ] . 

ROP process , illustrated in Figure 2.2, starts wit h lactic acid, derived from 

renewable resources, followed by condensation to the low molecular 

weight PLA pre -poly mer that is catalytically  converted to a mixture of 

lactide stereoisomers. Next, lactides undergo a ring opening reaction 

using a catalyst to form the polymer chain [ 66 ] . 

 

Figure 2 .2 . Production of PLA from lactic  acid via lactide ROP. Adapted 

from Henton et al. [ 66 ] . 
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2.2.1.3.  Bone fixation devices  

Many commercially available PLA products have been employed in the 

medical field [ 2, 51 ] , such as: ligament and tendon reconstruct ion fibres, 

stents for vascular and urological surgeries, meshes for guided bone 

regeneration, bone mini plates for facial restorations, pins, screws, rods, 

suture anchors, meniscus arrows, rivets for the skull, lumbar interbody 

cage devices [ 51 , 53 , 57 ]  and injecta ble microspheres in temporary 

fillings in facial reconstructive and cosmetic surgeries [ 70 ] . Figure 2.3 

illustrates examples of PLA bone fixation devices produced by Gunze and 

Conmed.  

(a)   (b)  

Figure 2 .3 . PLA bone fixation devices: (a) GRAND FIX -  plates, screws, 

rods and spacers, adapted from Gunze  [ 71 ] , (b) lmpact -  PLA suture 

anchor  for shoulder reconstruction, adapted from Conmed  [ 72 ] . 

As shown above, PLA bone fixation devices were successfully 

commercialised and utilised in surgical procedures. Nevertheless, the s ize 

of PLA devices is limited due to bulk degradation of the polymer [ 73 ]  

which produces poor results for fixation under load. Bulk degra dation is a 

process by which both the inside of the material and the surface degrade 

equally with initial loss of the molecular weight of PLA without total mass 

loss [ 52 ] . T he polymer mass remains while the product  degrades thus 

causing loss in mechanical properties while blocking tissue ingrowth . 

Subsequently the macroscopic structure of the polymer deteriorates, 

which then leads to a major mass  loss at the end of the degradation 

process [ 11 ] . Formation of acidic products from degradation has an 

autocatalytic  effect on the hydrolysis reaction thereby increasing 

degradation rate [ 74 ] . Burst of acidic decomposition products can cause 
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an inflammatory response, illustrated in Figure 2.4. It is therefore 

important to match the degradation rate of any  biomedical device with 

the rate of tissue regeneration. Figure 2.5 compares changes to 

mechanical properties of implant and tissue during tissue regeneration.  

  

Fig ure 2 .4 . Example of a burst releas e of degradation material  causing 

local inflammatory reaction  (A) in shoulder fixture  (B) screw in the 

wrist.  Adapted from Parsons [ 75 ] . 

The toughness of PLA used for bone fixation c an be improved by  self -

reinforcing with PLA fibres or drawing, which increases average 

orientation and crystallinity. Experimental data from TÖrmälä et al. [54]  

indicates that bending stiffness of PLLA can be increased from 113 -142 

MPa unreinforced to 300 MPa self - reinforced, with fibres wit h a draw ratio 

of 12. The increased stiffness was found to be dependent on draw ratio 

e.g. fibres with a draw ratio of 4 provided only 200 MPa of stiffness.  

 

Figure 2 .5 . Estimation of applicable range of mechanical properties for 

bioresorbable medical device  during tissue regeneration. Adapted from 

Suzuki and Ikada  [ 53 ] . 
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However, this strength adjustment is complex as the healing rate is 

dependent on the patient and on the extent of the tissue damage. 

Additionally, degradation products like oligomers, monomers, additives, 

residues of polymerisa tion initiators and catalysts are also of concern as 

they may cause toxic effects in the body. These compounds are released 

continuously in the body therefore their amount is limited within the 

established regulations, and safety of their metabolites must be 

considered. Another concern is the method of sterilisation used for 

biodegradable medical devices. PLA is sensitive to radiation which causes 

its degradation, and therefore it is usually sterilised by toxic ethylene 

oxide requiring extensive degassing [ 53 ] .  

Mechanical limitations of PLA devices causing poor results for fixation 

under load can be mitigated by inclusion of filler e.g. HA.  

2.2.2.  Resor bable hydroxyapatite  

Hydroxyapatite , HA (Ca 10(PO4) 6(OH) 2) is the main inorganic component of 

bone [ 76 ]  and is used as a dental and orthopaedic material.  Advantages 

of incorporating HA in PLA include (i) improvements of mechanical 

propertie s in comparison to the neat  polymer , (ii) generation of 

nanotopography imitating the structure of bone [ 77 ] , (iii) formation of a 

biologically active surface  which provides a bonding interface with  tissues 

[ 18 ]  and (iv) potentially neutralization of acidic degradation products of 

PLA [ 9] .  

However, lack of adhesion between HA and PLA was shown in [ 78 ]  and a 

key to the improvem ent of the interfacial adhesion and mechanical 

properties of the nanocomposites is through modification of the HA 

surface. This was illustrated in studies by Qiu et al. [78 ]  and Hong et al. 

[79]  where nHA was successfully gr afted with L - lactide via extensive 

mixing in heated solvent, discussed further in Section 2.5.3 . For 

additional information on various other s urface modification s of nHA, for 

example with several carboxylic acids  and  silanes , for materials for 

biomedical applications, the reader is referred to a paper by Ġupov§ [4] . 
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2.2.3.  HA - PLA biocomposites  

HA-PLA composites for medical applications are of high interest as they 

combine the osteoconductivity and bone bonding ability of hydroxyapatite  

[ 2]  with the biodegradability and easy processing of polylactic acid [ 45 ] .  

HA-PLA composites can be obtained via: solvent mixing [ 80 -83 ] , 

sintering [ 84 ] , forging [ 85 , 86 ] , in situ polymerization [ 87 ]  and melt 

compounding [ 9, 20 , 88 -91 ] . However, the most common technologies 

for processing PLA based nanomaterials are extrusion and injection 

moulding discussed further in Section 2.4 . 

HA-PLA nanocomposites were studied by various research groups with 

examples of the work shown below. Mathieu et al. [ 80 ]  produced 5 ï30 

wt% nHA -PLLA via solvent mixing, sintering and twin screw extrusion 

under nitrogen, examples of s canning electron  microscopy (SEM) images 

are shown in Figure 2.6. The composites  obtained via melt compounding 

had homogenous filler dispersion and exhibited a 36.8% higher modulus 

at 10 wt% HA, approx. 0.52 GPa, in comparison to compounds mixed in 

a solvent ( chloroform ), approx. 0.38 GPa.  

     

Figure 2 .6 . SEM images of 5 wt% HA - PLLA produced by (A) solvent 

mixing, (B) sintering and (C) extrusion. Scale bar 50 µ m in (A) and 500 

µ m in (B) and (C). Adapted from Mathieu et al. [80] . 

Wilberforce et al.  [ 20 ]  produced nano and micro HA -PLLA composites also 

via melt mixing in a twin extruder. BSE -SEM images of the obtained 10 -

30 wt% HA -PLLA nanocomposites are shown in Figure 2.7.  

Delabarde et al .  [ 88 ]  compounded PLLA  with 0.5 -10 wt% nHA in a twin 

screw co - rotating extruder to investigate effects of accelerated ageing  on 

the nanocomposite films submerged  in aqueous NaOH at 50 °C; 

examples of their SEM images are shown in Figure 2.8. 
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Figure 2 .7 . BSE - SEM images of freeze fractured HA - PLLA 

nanocomposites at: (A) 10 wt%, (B) 20 wt%, (C) 30 wt%. Adapted from 

Wilberforce et al.  [ 20 ] .   

   

Figure 2 .8 . SEM images of amorphous PLLA - 10 wt% nHA after  (a) 1 

week , ( b ) 3 weeks and ( c) 5 weeks of ageing . Scale bar 1 0 µ m. Adapted 

from Delaba rde et al. [88] . 

All the melt processed materials were produced on a laboratory scale. 

The majority of these were from semicrystaline PLLA [ 9, 20 , 80 , 88 -90 ]  

of relatively low average molecular weight  (Mw) for the utilised polymer 

packaging grades [ 9, 89 , 90 ]  with the highest Mw of 218  kg.mol -1 [ 9] . For 

the medical grade PLA [ 20 , 80 , 88 , 91 ] , the highest Mw was 350 kg.mol -1 

[ 20 ] . The compounded HA nanofiller ranged from custom synthesised 

particles [ 9, 20 , 80 , 91 ]  to commercially available products [ 88 -90 ] . 

Previous research in the area of extruded HA -PLA nanocomposites, 

introduced above, provides a reasonable starting point for optimising 

processing of novel HA nanofillers with high molecular weight, medical 

grade, amorphous PLA via melt compounding, dedicated for scale -up, 

focused on in this work. Melt compounding parameters applie d in the 

relevant research will be further discussed in Section 2.4.1.2 . 
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2.3.  Thermal properties  

2.3.1.  Transition temperatures and melt density of PLA  

The glass transition temper ature (Tg)  and the melting temperature (Tm)  

of PLA are  dependent on both the molecular weight and the isomeric  

purity of the resin . Decreasing the amount of PLLA relative to PDLA 

reduces the order in the polymer causing a decrease of the Tg and Tm  

from 50 -70 °C and 170 -190 °C respectively for isotactic PLLA, to 34 °C 

and 155 °C for syndiotactic PLA. In contrast, equimolar blending of p ure 

PLLA with PDLA increases Tm  for the PLA stereocomplex to 230 °C. A rise 

in both Tg and Tm  is also caused by increasing the molecular weight of 

PLA, which is shown in Figure 2.9 [ 68 ] . Additionally, Dorgan et al. [ 92 ]  

demonstrated, via differential scanning calorimetry of commercial grade 

branched and linear PLAs with comparably high molecular weights, that 

different architectures have indistinguishable melting and  glass transition 

temperatures.  

 

Figure 2 .9 . Increase of glass transition temperature of PDLLA (o) and 

PLLA ( ƀ) and melting temperature of PLLA ( Ƹ) with increasing 

molecular weight. Adapted  from Fambri et al. [68] . 

The transition temperatures, Tg and Tm , are important in establis hing 

operating temperatures for processing. Articles requiring good thermal 

stability could be produced from highly crystalline PLA by injection 
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moulding, whereas more amorphous resins with a higher content of PDLA 

could be used for extrusion [ 69 ] . 

The physical cha racteristics of PLA, such as density, heat capacity, 

mechanical and rheological properties, are greatly dependent on Tm  and 

Tg. Amorphous PLA transitions from a glassy state to a rubbery state 

above Tg (~58 °C) and will behave like a viscous fluid upon further 

heating. However, below Tg, amorphous PLA becomes a glass that is 

susceptible to creep. Once PLA is cooled to room temperature, and below, 

it behaves as a brittle polymer [ 66 ] .  

2.3.2.  PLA thermal stability and de gradation  

Polymer degradation is an irreversible process changing the molecular 

structure of a material. Starting from the manufacture of the polymer up 

to product decomposition, polymer degradation results in a loss of 

properties and fragmentation. The process is affected by environmental 

and processing conditions over a period of time. Although polymer 

degradation can be affected by numerous factors this section focuses on 

thermal degradation of PLA  during processing.  

Thermal degradation usually alters the physical and optical properties of 

polymers, resulting in, for example: a change in colour, a decrease in 

molecular weight, a reduction in ductility, embrittlement and chalking 

(erosion of the top layer of the polymer causing a powdery residue). 

Various mechanisms are responsible for thermally induced changes such 

as depolymerisation and chain scission. Thermal degradation of polymers 

is also related to their melting temperature regime and their str uctural 

composition [ 10 ] .  

Degradation of polymers can be as sessed by various methods. These 

include g el permeation chromatography , which measures molecular 

weight via hydrodynamic volume; s canning electron microscop y or 

atomic force microscopy, which enables observation of visual changes; X-

ray diffraction, which monitors changes in the crystal structure; and 

electrochemical impedance spectroscopy, which enables surface energy 
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measurements [ 10 ] . Also, rheological measurements can reflect the loss 

in molecular weight of PLA in the molten state [ 28 , 93 ] .  

PLA has rather poor thermal stab ility: the temperature for maximum rate 

of decomposition ranges from 240 °C to 370 °C [ 94 ] . The exact figure is 

strongly dependent on the structure of the polymer chain end -groups, 

the molecular weight, macromolecular architecture and sample purity. 

The upper limit of thermal resistance of PLLA has been studied by 

Libiszowski et al. [ 94 ]  who measured the onset temperature of thermal 

degradation as 337 °C and the temperature of maximum degradation 

rate as 376 °C. 

PLA degradation at higher melt processing temperatures dur ing 

manufacturing causes an undesired loss of weight and molecular weight 

reduction of the polymer in final products. Taubner et al. [95]  reported 

that processing of dried PLLA with number average molecular weight ( Mn) 

initially of 40 kg.mol -1 in a twin -screw extruder with screw rotation 

speeds of 120 rpm and 20 rpm at 210 °C caused the Mn to drop to 33.6 

kg. mol -1 and 30.2 kg.mol -1 respectively and at 240 °C the Mn values 

decreased severely to 25.6 kg.mol -1 and 13.6 kg.mol -1 respectively. 

Faster screw speed led to reduced degradation which may be due to 

shorter residence time; numerically, when the speed was i ncreased from 

20 rpm to 120 rpm the residence time decreased from 7 min to under 2 

min).  

Thermal degradation mechanisms for this polyester are complex and can 

be mostly attributed to: hydrolysis by water residue in the polymer, 

unzipping depolymerisation and intra -  and inter -molecular 

transesterification forming decomposition products e.g. cyclic lactide 

oligomers.  Various transesterification degradation reactions of PLA were 

summarised by Lim et al. [ 69 ] . Kopinke et al. [96]  proposed that above 

200 °C, PLA can degrade through intra -  and inte r-molecular ester 

exchange, cis -elimination, radical and concerted non - radical reactions, 

resulting in the formation of acetaldehyde, methylketene, carbon 

monoxide and dioxide. Other important factors that should be also taken 

into consideration to control  the thermal degradation process of the 
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polymer include residues of the polymerisation catalyst, chain -end 

structures, depolymerisation catalysts, stereoisomeric  composition, 

racemization and copolymerisation [ 97 ] . Lee et al. [98]  reported 

expe riments on thermal degradation dependency on chain -end structures 

and observed an increase from ~260  °C to ~450 °C in the temperature to 

complete weight loss when using OH -  and Cl - terminated polylactides 

respectively.  

2.3.3.  Thermal stability of HA - PLA  nanocompos ites  

Inclusion of nHA in PLA changes the temperature at 5% weight loss  ( t 5% ) 

of the polymer. Wan et al. [81]  demonstrated an increase in t 5%  with 

increasing amounts of particles for HA -PLA nanocomposites produced via 

mixing in preheated dimethylformamide at 60 °C and subsequent freeze 

drying. Numerically, when compared to PLA only, for the nanocomposite 

with 10 wt% nHA, t 5%  increased by 4.9 °C which increased by a further 

8.3 °C for 20 wt% nHA. Liu et al. [90] , in their study on microinjection 

moulded 5 wt% nHA -PLA, showed 2 °C decrease in t 5%  for the 

microinjection moulded sample when compared with conventionally 

injection moulded material. This infers a decrease of molecular weight 

due to increased shearing, however Mn was not provided to validate this 

assumption.  

2.4.  Melt processing of PLA  and the  nanocomposites  

PLA resins and composites can be converted into a wide range of 

products via melt processing, which involves heating the polymer above 

Tm  (or softening t emperature for amorphous PLA) to enable shaping, 

followed by cooling to stabilize the dimensions.  

Properties of PLA can be adapted for different fabrication processes, such 

as extrusion, injection moulding, stretch blow moulding, thermoforming, 

film and sheet casting, foaming, fibre spinning and electrospinning. 

Controlling polymer branching, molecular weight distribution and content 

of D - isomer enables tailoring of PLA for specific applications.  
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One common drawback of industrial p rocessing of PLA in the molten state 

is the aforementioned degradation discussed in Section 2.3.2 , causing 

lactide formation, which then fumes and fouls the equipm ent. This can be 

minimised by stabilising the polymer with additives and a catalyst [ 66 ] , 

and by elevating the temperature of the processing equipment to reduce 

lactide condensation. All thermal proce ssing operations are expected to 

influence the degradation of PLA to some degree [ 69 ] . 

The importance of adequate drying of PLA before further  processing 

cannot be under stated. Moisture residue combined with the temperature 

and manufacturing time contributes greatl y to the molecular weight drop 

of the polymer via hydrolysis. Henton et al. [66]  reported that 

amorphous PLA significantly reduces its Mw from ~300 kg.mol -1 to ~5 

kg.mol -1 during a month when exposed to 60 °C and 80% relative 

humidity, respectively. PLA is a hygroscopic thermoplastic which readily 

absorbs moisture from the atmosphere. Therefore, it is generally packed 

in dry air, preferably under vacuum, and stored in sealed containers. 

Commercially available PLA is dried by the manufacturer to moisture 

levels below 400 ppm  before shipping, and is followed subsequently by 

drying, directly before processing, to 200 ppm or even 50 ppm to ensure 

a reasonable safe ty margin. Generally, PLA handling before processing 

should be minimalized and performed in a dry air atmosphere. Ideally the 

polymer should be conveyed directly from the dryer to the processing 

equipment. Most manufacturers recommend drying crystalline PL A at 65 

°C to 87 °C, and amorphous PLA at lower temperature, in vacuum ovens 

purged with dry air or using dehumidified air with a dew point of -40 °C 

[ 99 ] . 

The most common technologies for processing thermoplastics materials, 

including PLA and its nanocomposites, are extrusion and injection 

moulding. Therefore, this section focuses on these two techniques . 

2.4.1.  Extrusion  

For extrusion, the optimal quantity of PDLA in PLA is in the range of 4 -8 

wt%, which does not allow PLLA crystallisation during processing. This 

decrease of isomeric purity also depresses the Tm  of PLA, which expands 
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the processing window and r educes thermal and hydrolytic degradation. 

The temperature during extrusion must be greater than Tm  to enable 

homogenous melting, but low enough to limit thermal degradation. 

Usually the processing temperature is set between 40 °C and 50 °C 

above Tm  to ens ure complete melting of PLA [ 100 ] .  

2.4.1.1.  Mixing with a single screw extruder  

Figure 2.10  illustrates the c onstruction of an extruder, which  consists of 

the following parts : (i) a feed section which conveys the received polymer 

pellets into the screw; (ii) a transition secti on, also known as the melting 

or compression section, where the decreasing flight depth compresses 

the polymer; (iii) a metering section with constant shallow flight depth 

which pumps out the required amount of molten polymer. The length - to -

diameter ratio (L/D ) describes the proportion of flight length to the outer 

diameter of the screw and controls the shear and residence time of the 

melt. Thus screws with large L/D  provide better mixing, greater shear 

heating and longer melt residence time in the extruder. Commercially 

available PLA can be processed with conventional extruders, used for 

other thermoplastics, with an L/D  of 24 -30 [ 69 ] . Particularly useful is 

low -shear equipme nt used for extruding p olyethylene terephthalate , with 

an L/D  of 20 [ 101 ] , as it provides gentle mixing thereby minimising 

degradation of PLA. Compression ratio is another important screw factor 

which is obtained from the ratio of the fli ght depth in the feed section to 

the flight depth in the metering section. The bigger the compression 

ratio, the greater the shear heating provided by the screw. PLA is usually 

processed within a compression ratio of 2 -3 [ 69 ] . 

 

Figure 2 .10 . Representative construction  of  a single - screw extruder . 

Adapted from Lim et al . [ 69 ] . 
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The extruder screw is driven by a motor which transports PLA pellets 

from the feeding zone, fed there via the hopper, through further sect ions 

of the barrel. Friction occurring during this process produces most of the 

heat required to melt the polymer. However, heater bands are also 

wrapped around the extruder barrel to provide uniform temperature 

distribution, usually within the range of 20 0-210 °C, to ensure even 

melting of PLA thereby achieving optimal viscosity for processing i.e. 

500 -1000 Pa.s at shear rates of 10 -50 s -1 for a molecular weight of ~100 

kg.mol -1. Rheological properties of PLA must be taken into consideration 

during extrusion [ 100 ] . 

2.4.1.2.  Compounding  in  a  twin - screw extruder  

The conventional single screw extruders are usua lly unable to provide 

sufficient mixing to break up and disperse filler agglomerates in the 

polymer melt. A twin -screw extruder  typically achieves better particle 

dispersion in the mat rix  [ 69 ]  by exerting greater shearing. T his section 

will focus mainly on reviewing the processing aspects  of twin -screw 

extrusion of  PLA nanocomposites filled with hydroxyapatite s. Attempts 

were made by various research groups to produce uniformly dispersed 

nanocom posites via a range of different extruders with examples of the 

work shown below.  

Mathieu et al. [ 80 ]  ground  pre -dried PLLA pellets in liq uid nitrogen down 

to 1 mm and mixed them with pre -dried 5 wt% nHA in glass vials. 

Further mixing was performed in a Micro 5 Compounder with two conical 

co- rotating screws at two temperatures 200 °C and 205 °C and at 3 

different speeds for 1 -4 minutes under  nitrogen (to minimise oxidative 

degradation of the polymer). Optimum compounding conditions were 

achieved at a temperature of 205 °C and a speed of 100 rpm. The 

composites obtained via this process were observed to have homogenous 

filler dispersion.  

Wilbe rforce et al.  [ 20 ]  also utilised a small twin screw extruder (HAAKE II 

microcompounder, Thermofisher Scient ific ) for optimised melt mixing of 

PLLA with 10 -30 wt% of nano and micro sized HA. They successfully 
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compounded materials at 200 °C with a speed of 125 rpm for 15 

minutes.  

Delabarde et al .  [ 88 ]  conducted melt compounding tests within an 

operating regime similar to the experiments performed by M athieu et al. 

[ 80 ] , using a DSM Micro 5 compounder with co - rotating screws to mix 

PLLA with 0.5 -10 wt% nHA at 200 °C and with a screw speed of 110 rpm 

to obtain compression moulded films.  

2.4.2.  Injection moulding  

Injection moulding enables the conversion of molten polymer into articles 

of a complex shape requiring high dimensional precision. Figure 2.11  

illustrates the c onstruction of an injection moulding machine, which 

consist of: a mould, operating under high pressure, and a reciprocating 

extruder plasticising and conveying the polymer melt.  

 

Figure 2 .11 . I njection mould ing machine with  a reciproca ting  screw.  

Top: backward screw rotation accumulating  polymer melt in the front of 

the barrel. Bottom: once the moulds are clamped the screw moves 

forward injecting m olten polymer into the mould via the hot runner. 

Adapted from Lim et al. [ 100 ] . 
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This e xtruding unit contains a reciprocating screw that can move axially 

within the barrel to build up the pressure necessary for the injection and 

compression of the molten polymer into the mould. Most injection 

moulding machines for PLA are two -stage systems i ntegrating a 

reciprocating screw extruder with a shooting pot. The extruder feeds the 

plasticized polymer into the shooting pot under relatively low pressure 

which rises once the plunger injects the melt from the shooting pot to the 

mould via a hot runner.  The screw can continue rotating through the 

majority of the cycle which enables uniform melt quality and more 

consistent shot size, reducing cycle time [ 100 ] . A typical injection 

moulding cycle is illustrated in Figure 2.12 . 

 

Figure 2 .12 . Injection moulding cycle. Adapted from Lim et al. [ 69 ] . 

Cycle time is often minimised to maximise the production throughput, 

which is achieved via:  

(i) Reduction of operational time of non -process events like mould 

opening, part ejection and mould closing [ 69 ] . Typically up to 95%  of 

the cycle time is taken by cooling of polymer in the mould [ 10 2, 103 ] .  

(ii) Another method involves transferring partially cooled elements and 

then cooling further outside of the injection mould on chilled surfaces. 

However, this is not a feasible method for production of PLA medical 

devices, where dimensional control is vital, due to increased part 
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shrinkage during further cooling without applied hold pressure. PLA 

products undergoing isobaric cooling in the mould at 24 °C have an 

expected shrinkage strain of  0.004 [ 101 ] .  

(iii) Lowering the mould temperature enhances heat removal from the 

polymer which also reduces the cycle time. However, lactide condenses 

on cold tooling surfaces, which limits the minimum mould temperature to 

25 -30 °C. Dep osition of the lactide layers can be also decreased by 

polishing moulds and increasing injection speed during fill [ 69 ] . Typical 

injection speeds for biopolymers range from 0.013 m.s -1 to 0.051 m.s -1 

[ 101 ] .  

During i njection mould ing the  molten polymer is shaped in a mould under 

pressure  while it is cooling. Quenching of molten PLA at high cooling rate 

will produce a highly amorphous polymer which is more brittle under 

ambient conditions.  A study on the fracture toughness of quenched PLA 

was undertaken in Park et al. [104] ; results indicated a toughness of 

approx. 4.2 MPa.m 0.5  and 3.2 MPa.m 0. 5 in static and dynamic loading 

conditions respectively. Surgical orthopaedic fixtures require mechanical 

properties matching at least those of cancellous bone (compressive 

strength between 2 -20 MPa and elastic modulus between 0.1 -2 GPa) and 

ideally reachi ng the lower range of strength for cortical bone 

(compressive strength 100 -200 MPa and elastic modulus 7 -25 GPa) [ 13 , 

20 ] . Cancellous bone properties could be achieved and exceeded by using 

crystalline PLA [ 100 ] . High levels of crystallinity may be obtained  during 

fast cooling via rapid crystallisation of PLA containing less than 1% of 

PDLA. To achieve this nucleating agents are often added to resins to 

enhance the development of crystallinit y during the cooling cycle [ 66 ] . In 

a study by Kolstad [105]  talc was used as a nucleating agent in poly(91 % 

L- lactide -co-9%  m eso- lactid e) and results showed, at 90  °C, a 

crystallisation half - time reduction of 32% when increasing talc levels 

from 2 wt% to 6 wt%. Another option to increase the crys tallinity of PLA 

is annealing of the injection moulded articles at temperatures greater 

than Tg but below Tm . Thermal processing history of PLA can be observed 

via differential scanning calorimetry measurements.  
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Figure 2 .13 . Pressure - volume - temperature plot for PLA 7000D 

manufactured by NatureWorks LLC. Adapted from Lim et al. [69] . 

The diagram presented in Figure 2.13  illustrates the fill, hold and cool 

events occurring during injection moulding of PLA. The process of 

injection moulding consists of an isothermal injection of polymer into a 

mould (trace ab in Figure 2.13 ) where it undergoes isobaric cooling (trace 

bc), followed by isochoric cooling once the gate temperature drops below 

Tg (trace cd). The article is then ejected and continues isobaric cool ing to 

room temperature outside the mould (trace de). The injection moulding 

steps have influence on the shrinkage of the manufactured PLA articles, 

which is minimalized by applying increased pressure during isobaric 

cooling. However, large hold pressure l eads to forming ñflashò on the 

injected article due to excessive material flow into the mould parting line 

[ 69 ] . 

2.5.  Mechanical and rheological properties  

2.5.1.  Properties of PLA  

Viscometry of dilute polymer solutions enables the determination of 

polymer molecular weight. Solution viscosity of PLA in solvent is often 

used for molecular weight evaluation despite the fact that is not a directly 

applicable property for the melt proces sed polymer. Melt rheology links 

the molecular structure of PLA with dynamic properties such as viscosity. 
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Melts of low molecular weight PLA behave similarly to Newtonian fluids 

under applied shear, whereas high molecular weight PLA becomes a 

pseudoplastic  non -Newtonian fluid [ 69 ] . 

During processing, polymers undergo shear deformation and therefore 

their viscosity can be described as the resistance of material to flow. With 

increasing viscosity, the applied force required to deform the fluid 

increases as well [ 93 ] .  

Semicrystalline PLA usually has a higher shear viscosity than amorphous 

PLA, with the same molecular weight, under identical processing 

conditions due t o differences in polymer chain structure, such as 

molecular geometry, flexibility and  the intermolecular forces . The 

partially organised pattern of molecules in semicrystalline PLA, in 

comparison to the entirely random order in amorphous PLA, provides a 

gr eater resistance to flow as a result of reduced polymer chain flexibility 

and stronger intermolecular forces [ 106 ] . Furthermore, with an 

increasing shear rate the viscosity of the melt decreases significantly, and 

the molten polymer shows shear - thinning behaviour. Viscoe lastic 

properties of PLA melts can be characterised by the zero -shear viscosity 

(Ȅ0) which is strongly affected by the molecular weight [ 69 ] . This Ȅ0 value 

is attained at the limit of low shear rate and can be obtained from 

dynamic experiments. However, interpretat ion of the melt rheology of 

PLA is not always consistent mainly due to difficulties with measurement 

of absolute PLA molecular weight and added complications arising from 

the array of optical copolymers examined [ 66 ] .  

Dorgan et al. [92]  reported an increase of Ȅ0 and shear thinning in PLA 

after incorporating star -shaped polymer chain architectures obtained 

through multi -armed initiators. Their polymer  chain length can be 

described by the span molecular weight, which is defined as the longest 

linear chain span found across the polymer molecule. For star polymers 

the maximum span is the length of two star arms. It has been confirmed  

experimentally that t he Ȅ0 of monodisperse star polymers depends only 

on the span molecular weight. Dorgan  demonstrated that architectural 

modifications of the polymer caused changes in flow properties, 
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enhancing PLAôs applicability for melt processing. An example comparing 

the complex viscosity of a four -arm tetrol - initiated PLA star and a diol -

initiated linear PLA, having identical molecular weight and composition, 

can be found in Figure 2.14 . Characteristics expected of branched 

materials are seen: a higher Ȅ0 and a lower viscosity at high shear rates 

for star materials.  

 

Figure 2 .14 . Flow curves for star (TI) and li near (DI) PLA both having 

nominal Mw  of 260 kg.mol - 1 . Adapted from Dorgan et al. [92] . 

Factors such as: molecular weight distribution of the polymer, degree and 

type of branching, isomeric composition, me lt stability and shear rate, 

affect the flow characteristics of PLA and must therefore be taken into 

consideration during both (i) modelling and optimisation of processing 

operations and (ii) tooling design [ 66 ] . The rheological parameters of the 

polymer melt are  also influenced by processing conditions, e.g. increasing 

temperature  during extrusion  causes a decrease of melt viscosity . 

PLA mechanical properties are also affected by the molecular weight, the 

chain architecture, and the degree of crystallinity [ 93 ] . Overall, PLA 

exhibits good mechanical properties, with tensile strengths ranging from 

50 MPa to 70 MPa, modulus of elasticity values from 3 G Pa to 4 GPa,  

elongation at break between 2% and 5%, flexural modulus of 4 -5 GPa 

and flexural strength of 100 MPa [ 107 ] . As a result of these properties it 
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could replace many thermoplastics in processing applications e.g. 

thermoformed polystyrene dairy containers, b lown -extruded polyethylene 

cling films and blow -mouldable p olyethylene terephthalate  bottles. 

However, the low elongation at break limits some of its uses. It is also 

worth noting that although amorphous PLA is brittle at room 

temperature, it has good stre ngth and stiffness.  

The mechanical properties of PLA can be adjusted to suit application by 

several approaches. To modify the strength, these include: (i) blending 

with other polymers, e.g. PCL/PLLA blend (in solution) with composition 

ratio 80:20, which decreases tensile strength to 22 MPa while increasing 

elongation at break to 11%  (ii) copolymerisation, e.g. addition of 10 

wt% of PLLA -PCL copolymer to 80:20 PCL/PLA blend, which modifies 

tensile strength to 19 MPa and elongation at break to 31% [ 108 ] , and 

(iii) plasticization, e.g . with 20 wt% of tributyl citrate which decreases 

tensile strength to 7.1 MPa and increases elongation at break to 350% 

[ 107 ] . Cr ystallisation of PLLA considerably improves the mechanical 

properties of the polymer and it can be encouraged via several 

manufacturing methods such as: (i) annealing ï thermally inducing 

crystallisation, e.g. annealing PLLA with Mw ~50 kg.mol -1 at 105 °C 

increased crystallinity from 9 to 52%, flexural strength from 100 to 113 

MPa, and Izod impact resistance (notched)  from 2.5 to 7 kJ.m -2 (ii) 

freezing in mechanical orientation, e.g. drawing PLLA film in biaxial 

orientation with stretching of 2 -6 times in both directions at temperature 

above Tg (70 -90 °C) increases tensile strength to 100 -200 MPa and 

elongation at break to 50 -150% [ 107 ] , and (iii) nucleation via 

incorporating a filler during extrusion, e.g. addition of 6 wt% talc to PLLA 

reduces the crystallization half - time from 3 min at 110 °C to 25 s [ 69 ] . 

2.5.2.  Polymer reinforcement with m icro and 

nanoparticles  

Wilberforce et al.  [ 20 ]  produced nano and micro HA -PLLA composites via 

twin screw extrusion. The HA size variation influenced the dynamic 

mechanical properties of the compounded composites. Consequently, it 

was established that the storage modulus of the nanocomposites was 
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higher than that for the microcomposites, e.g. for 30 wt% of nano and 

micro HA -PLLA composites, the modulus reached 6.7 GPa and 5.6 GPa 

respectively, and approached the lower range of values displayed by 

cortical bone (7 -8 GPa) in dry conditions. The storage modulus values for 

nHA-PLLA composites were higher as there was more nHA per unit 

volume to reinforce the  polymer chains and their surface area is greater, 

which may be promoting a more effective stiffening of the PLLA.  

McManus et al. [82]  obtained 30 -50 wt% nano and mic ro HA -PLA via 

solvent mixing. When compared with neat PLA, bending modulus 

increased for both the conventional composites and the nanocomposites 

by factors of 2.5 -9.5 and 2.7 -16.3, respectively. When comparing micro -  

and nanosized fillers the greatest diff erence in bending modulus was 

shown for 40 wt% HA -PLA where the modulus for the nanomaterial was 

3.6 times greater than for the composite with a micro sized filler.  

The effects of a bimodal distribution of micro -HA (5 µm) and nHA (100 

nm) particles on the flexural properties of melt compounded HA -PLLA 

composites were investigated by Takayama et al. [109] . The materials 

contained 10 wt% HA, which for the bimodal nanocomposite consisted of 

5 wt% micro -HA and 5 wt% nHA. The bending properties were ef fectively 

improved for the material with bimodal distribution showing 

approximately 40% increase in modulus in comparison to composites 

with monomodal distribution. As expected, flexural strength was the 

lowest for the nanocomposite, approximately 40% lowe r than that for the 

microcomposite. The highest strength was again seen for the bimodal 

material which was approximately 8% higher than the microcomposite.  

2.5.3.  Effect of n HA reinforcement of PLA  

Addition of nanoparticles to polymers is expected to significantly improve 

mechanical properties of the polymer, for example stiffness, over those of 

the neat matrix and conventional microcomposites [ 82 ] , mainly due to 

the large surface area of nanofillers [ 110 ] . Mechanical properties of 

nanocomposites also depend on factors such as the initial molecular 

weight and crystallinity of PLA, polymer degradation in relation to 

processing conditions, nHA morphology, loading content, degree of 
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dispersion in the matrix and interfacial adhesion [ 81 ] . Examples of work 

on changing mechanical properties for nHA -PLA are provided  below.  

Wan et al. [81]  produced 10 -30 wt% nanocomposites via solution 

intercalation  of custom synthesised plate - like nHA and commercially 

available PLA. The greatest tensile strength and modulus were obtained 

for 20 wt% nHA -PLA which increased by 33% and 21% respectively when 

compared with neat PLA. The decrease of mechanical properties for 

higher nHA content was attributed to nanoparticle agglomeration.  

Mathieu et al. [80]  claimed to obtain a minimal increase in tensile 

modulus for melt compounded 5 -10 wt% nHA -PLLA when compared with 

only extruded polymer. However, the change in  modulus is not clear on 

the provided graphical results due to the error size.  

Liu et al. [89]  compared mechanical properties of PDLA, PLLA and 1:1 

PDLA/PLLA blends with their 2 wt% HA nanocomposites produced by melt 

compounding. At 20 °C the storage modulus for 2 wt% nHA -PDLA/PLLA 

was 5% higher than for PDLA/PLLA blend, while no significant difference 

was observed in the tensile strength and elongation. Tensile strength for 

2 wt% nHA -PLLA decreased by  7% when compared with PLLA only and 

no difference was shown in their elongation.  

Delabarde et al .  [ 88 ]  me lt compounded PLLA with 0.5 -10 wt% nHA to 

produce compression moulded films which were conditioned at 200 °C 

and quenched in cold water for amorphous structure.  An increase in the 

rate of mass loss during ageing in 0.01M NaOH at 50 °C was observed in 

the presence of nHA, in comparison with films produced only with PLLA. 

In one case, numerical data indicated a 100% increase in mass loss over 

a 5 -week period from 1.5% (PLLA amorphous) to 3% (10 wt% nHA -  PLLA 

amorphous). However, the decrease in tensile stren gth and strain to 

failure within the aging time was less pronounced for nanocomposites  

than in the unmodified films since the nHA acted as a reinforcement. 

Over a 5 -week period, the yield stress for amorphous PLLA decreased by 

a factor of 6.5 (approx. from  52 MPa to 8 MPa), whereas for 10 wt% 

nHA-  PLLA amorphous  the factor was 1.25 (approx. from 50 MPa to 40 

MPa).  
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Qiu et al. [78]  compared properties of PLLA ( Mn 179  kg.mol -1) 

nanocomposites, produced via melt compounding and compression 

moulded into samples followed by annealing, with 5 -30 wt% needle - like 

nHA grafted with L - lactide (LLA -g-nHA) and nHA needle - like filler without 

surface modification. The tensile strength for  5-15 wt%  LLA-g-nHA/PLLA 

increased 8 -12% when compared with PLLA only (61 MPa), while the 

tensile strength of 20 wt% LLA -g-nHA/PLLA was comparable with the 5 

wt% nanocomposite and further decreased to 2% below the strength of 

neat polymer with addition of 30 wt% particles. For 5 -20 wt% unmodified 

nHA-PLLA nanocomposite the tensile strength only decreased by 6 -34% 

when compared with pure PLLA. The tensile modulus for LLA -g-nHA 

nanocomposites with the same filler content range increased almost 

lin early by 9 -76% when compared with PLLA only (1.65 GPa). For 

nanocomposites with unmodified nHA, tensile modulus initially increased 

by 9% for 5 wt% nHA and subsequently decreased down to 9% below 

the modulus of neat polymer for 20 wt% nHA.  

Hong et al. [111]  also grafted nHA with L - lactide and prepared 

nanocomposites with PLLA ( Mw 300 kg.mol -1), produced via solvent 

mixing and compression moulded into samples, with 2 -20 wt% 

unmodified nHA and LLA -g-nHA. Half of the sp ecimens prepared from 

each nanocomposite were then annealed. Tensile strength of the 

nanocomposites, as moulded, with unmodified nHA decreased with 

increasing amounts of filler by 3 -22% when compared to neat PLLA (60 

MPa), while addition of LLA -g-nHA did n ot alter the strength of the 

materials. Annealing increased tensile strength of neat PLLA (by 17% to 

70.5 MPa) and both LLA -g-nHA and unmodified nHA nanocomposites. The 

strength for the annealed nHA -PLLA decreased with increasing amounts 

of filler when com pared to annealed PLLA; this decrease occurred at a 

greater rate in relation to these nanocomposites as moulded. The 

strength decreased by 4 -33% for annealed nHA -PLLA, and for 20 wt% 

nHA, to a level similar to that of unannealed sample. Tensile strength of  

the annealed nanocomposites with grafted particles increased by 6% at 4 

wt% LLA -g-nHA, when compared with annealed PLLA, followed by a 

decrease in strength with increased particle loading, which at 10 -20 wt% 
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LLA-g-nHA, decreased to a level obtained for PL LA as moulded. On the 

other hand, tensile modulus was unaffected by the type of the 

nanocomposite, i.e. unmodified or grafted nHA. The modulus of the 

materials as moulded increased with increasing amounts of filler by 21 -

64% when compared with PLLA (1.9 GP a). For the annealed materials the 

modulus increased by 10 -23% with increasing amount of HA when 

compared with annealed PLLA (3.1 GPa). Bending modulus of the 

nanocomposites as moulded was also compared and was reported to 

increase with the amount of parti cles, and for materials with LLA -g-nHA it 

increased by 16 -69% when compared to PLLA only (3.2 GPa). For 

composites with unmodified nHA the increase was to a lesser extent at 6 -

47%. The bending strength of annealed nanocomposites with grafted 

particles, in similar fashion to the tensile strength of these annealed 

materials, increased by 5% at 4 wt% LLA -g-nHA when compared with 

annealed PLLA (121 MPa). This was followed by a decrease of strength to 

40% the strength of annealed PLLA for 20 wt% LLA -g-nHA. For 

unmodified nHA -PLLA the bending strength decreased more rapidly by 2 -

50%.  

Melt processability of nanocomposites can be evaluated via melt rheology 

which also determines strength of interactions between the particles and 

polymer matrix and material structure  (filler dispersion) which influence 

mechanical properties [ 46 ] . Typically, addition of particles to a polymer 

melt causes viscosity to increase, for example modified layered nanoclays 

in PLA [ 46 , 112 , 113 ], in line with Einsteinôs theory about the viscosity of 

liquids for dilute dispersions [ 114 ] . However, at high shear rates, well 

dispersed nanocomposites exhibit shear thinning of the melt due to shear 

alignment of filler e.g. PLA nanocomposites with increasing amounts of 

intercalated clay plates of C 3C18 -mmt [ 46 ]  or percolated fibrous sepiolite 

[ 115 ] . This shear thinning happens at a greater extent with larger 

amounts of particles yet without decreasing molecular weight of the 

polymer matrix.  Similar melt behaviour was found for PLA 

nanocomposites with SiO 2 grafted with lactide [ 116 , 117 ]  and unmodified 

nHA-PCL, the latter one with lower shear thinning response [ 118 ] . 

Additionally, Pluta [119]  reported that melt mixing PLA with fixed 
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amounts of organoclay but for a longer period of time also increased th e 

filler network formation, similarly seen when increasing the amount of 

nanoparticles in the composite, nevertheless at a cost of decreasing 

molecular weight of the matrix despite compounding under dried N 2 (to 

limit hydrolytic and oxidative degradation o f the polymer). For additional 

information on linear rheology of nanocomposites the reader is referred 

to a paper by Song et al. [114] .  

2.6.  Quantifying nanoparticles  dispersion  

The distribution of nanoparticles in composites has previously been 

investigated via various im aging techniques ranging from optical 

microscopy [ 47 ] , SEM [ 80 , 89 , 120 ]  and X - ray micro computer 

tomography (micro CT) [ 9, 121 ]  for detection of macro and micro sized 

agglomeration, followed by transmission electron microscopy (TEM) [ 88 , 

109 , 113 , 122 ]  to observe dispersion of the nanofiller. There are several 

ima ge analysis approaches developed for dispersion/agglomeration 

estimation on micrographs of composites, with examples described 

below, which ideally should be implemented programmatically  with pixel 

by pixel particles edge detection [ 123 , 124 ]  to eliminate subjectivity 

during thresholding for image binarization . 

Built on previous ideas of mean inter -particle distance which are 

insensitive to agglomeration, Khare et al. [125]  focused on particle free 

areas to estimate nanocomposite dispersion by simply fitting on the 

micrograph the largest possible square (aligned with the image edges) 

wit hout including any particles. If the type and amount of filler in the 

system is unchanged but the size of particle free square increases, 

increased agglomeration is indicated due to ineffective mixing as shown 

in Figure 2.15 . A reduction in the particle free area occurs as a result of 

improved dispersion and increased amounts of the filler in the 

nanocomposite.  

The opposite idea is to focus on the area occupied by the part icles to 

produce histograms with particle areas to estimate particle dispersion 
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based on the size of detected agglomerates [ 39 ] . However, on its own, 

this approach is insensitive to particle distribution.  

 

Figure 2 .15 . Estimation of nanocompos ite dispersion on micrographs, 

with (a) randomly distributed (b) clustered and (c) agglomerated filler, 

by finding the largest possible square of free space without 

encapsulating particles. Adapted from Khare et al. [125] . 

A third approach includes populating the micrograph with a rrays of lines, 

at least two parallel lines in any direction for anisotropic materials and 

two perpendicular lines, or even better a grid of lines, for isotropic 

nanocomposite, as shown in Figure 2.16 . Intersections between the 

imposed lines and the nanoparticles were used to obtain a Dispersion 

Quantity metric based on the mean of the particle free -path distance and 

its standard deviation; for calculation details see Luo et al. [36] .  

(a)   (b)  

Figure 2 .16 . Estimation of distances between nanoparticles on 

micrographs by applying (a) parallel lines or (b) grid. Adapted from Luo 

et al. [36] . 



 

42  

A more sophisticated technique e mploys Delaunay triangulation based on 

covering the image with a network of triangles where each vertex is 

placed at a geometric centre of a particle or agglomerate. For well 

dispersed systems the area of the micrograph would be populated with 

triangles of  similar surface area, while for nanocomposites with uneven 

distribution the size of the triangles would vary significantly as shown in 

Figure 2.17 . Taylor et al. [126]  used the mean triangle area and its 

standard deviation to obtain an Area Disorder metric which ranged from 

zero to one. Intuitively, the Area Disorder increases for poor dispersions 

and decreases for well disper sed systems. This method is particularly 

useful for comparing dispersion of materials with different nanoparticle 

morphology and varying agglomeration, as the triangulation is based on 

the geometric centre of each detected shape.  

 (a)   (b)  

Figure 2 .17 . Image triangulation of micrographs for (a) well and (b) 

poorly dispersed materials, with the same nanoparticle content, with 

triangle vertexes at the geometric centre of each detected shape. 

Adapted from Taylor et al. [126] . 

However, in practice quantification of dispersion on nanocomposite 

images has proven difficult to apply in an automated manner. The 

acquired TEM micrographs of biodegradable materials frequentl y have 

multiple points of varying brightness and contrast due to beam sensitivity 

of the sample, which persists even upon using TEM with a less powerful 

electron gun and lowering accelerati ng voltage, causing nanosized 

sections to locally warp in the field  of view. Similarly, striations 

originating from the ultramicrotome knife, used for precision cutting of 
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the sample, can cause image shading distortions [ 122 ]  which are difficult 

to eliminate. Therefore, fe w PLA nanocomposites research groups have 

attempted quantitative analysis of the acquired TEM micrographs due to 

inherent image uniformity issues which additionally challenge automation 

of the process despite commercially available image analysis software.  

2.7.  Summary  

This literature overview regarding the processing of biodegradable 

polyesters and their nanocomposites focused on progress in melt 

compounding of bioresorbable nHA -PLA materials,  for orthopaedic 

applications, their properties and characterisation. Challenges in 

optimisation of melt processing of high molecular weight PLA with nHA 

were highlighted, including polymer degradation, effects of filler 

morphology, coatings and dispersion, to provide foundations for the 

development of a sc alable manufacturing route.  

Until now nHA -PLA have not been produced at scale, from high molecular 

weight medical grade polymer and large uniform batches of tailored 

nanoparticles, to deliver feedstock for manufacturing of internal 

orthopaedic devices. One  of the aims of this thesis is to build on pre -

existing nHA -PLA research by understanding the influence of processing 

conditions on properties of the nanocomposites obtained at the 

laboratory scale and to transfer this knowledge into material production 

fo r delivery of demonstrator implants.  
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3.  Methodology  

3.1.  Materials  

3.1.1.  Poly mers  

Two polymer  matri x materials  were used in this study at various stages ; 

polystyrene (PS) and polylactic acid.  The polystyrene was no . 430102 

from Aldrich . Two grades of PLA were used:  Ingeo 2003D (2003D) from 

NatureWorks and Resomer LR706S (LR706S)  from Evonik Industries AG  

which were amorphous . The 430102 grade of PS from Aldrich is a hard 

yet brittle thermoplastic with high transparency dedicated for extrusion or 

injection moulding o f packaging containers and disposable cutlery. The 

2003D PLA is a crop -derived transparent biopolymer designed for 

extrusion of food packaging and cutlery. The LR706S PLA is a synthetic, 

transparent, high molecular weight biodegradable polymer intended  for  

medical device  applications. Table 3.1 presents the  properties  of these 

polymers, including: w eight average molecular weight Mw, i ntrinsic 

viscosity  IV, optical isome r composition with chiral enantiomers provided 

in the D, L convention, density ȍ, melting and glass transition 

temperatures, Tm  and Tg respectively, and recommended drying 

conditions , provided by the manufacturers and obtained from literature.  

Table 3 .1 . Properties of polymers used in this study.  

 PS 2003D  LR706S  

Mw  [kg . mol - 1 ] 

( * CH2 Cl2 )  
192  130 *  [ 127 ]  446 *  [ 127 ]  

IV [dl.g - 1 ]  

(25°C, CHCl 3 )  
-  1.3 [ 128 , 129 ]  4  

Enantiomers  -  
L:D  95:5 

[ 130 ]  
L:D,L  70:30  

ȍ [g . cm - 3 ]  
1.04 - 1.07 

[ 129 ]  
1.24  1.248 [ 129 ]  

Tg  [ °C ]  100 [ 129 ]  59 [ 130 ]  59.8 [ 28 ]  

Tm  [ °C ]  240 [ 129 ]  150 - 158 [ 130 ]  -  

Drying  -  
Vacuum oven 
50  °C , >5 h  

Vacuum oven 
50  °C , >5 h  
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3.1.2.  Hydroxyapatite nanoparticles  

Novel hydroxyapatite nanoparticle (HANP) fillers used in this work were 

developed at the University of Nottingham (UoN) in a laboratory scale 

counter -current hydrothermal reactor  [ 131 ] . To produce the particle s, a 

stream of heated and pressurised ammonium phosphate solution is 

mixed with a room temperature stream of calcium nitrate tetrahydrate 

solution under controlled conditions. Instant nucleation of HA occurs at 

the mixing point [ 76 , 132 ] . The aqueous suspension of HANP that is 

obtained can be freeze -dried to provide ceramic powder suitable for 

compounding. Depending on the pH of the so lutions in the reactor, HANP 

can be produced in rod (pH ~10) or plate (pH ~8) shape 1, as shown on 

SEM and TEM  images in Figure 3.1.  

 

Figure 3 .1 . (a) SEM and (b) TEM image of HANP  plates, and (c) SEM and 

(d) TEM image of HANP  rods. Adapted from Lester et al. [76] . 

HANP are polydisperse and Lester et al. [76]  provided only maximum 

dimensions of: 2 µm by 2 µm and 80 nm for plates and diameters up to 

40 nm for rods with maximum length,  up to 1.3 µm, estimated from 

                                       
1 HANP plates and rods were manufactured by a team of Prof E. H. Lester and Dr 
M. Gimeno -Fabra at UoN and given for the benefit of project BENcH to explore 

the influence of HANP reinforcement on PLA. HANP plates and rods allocated for 
scale up activities were purchased from Promethean Particles and produced in a 

larger reactor following the manufacturing route described above.  
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Figure 3.1(c). The volume and surface area of a single cuboid plate and 

cylindrical rod were calculated with aforesaid dimensions and converted 

to cm. Representations of the shape proportions are shown in Figure 3.2. 

(a)       (b)  

Figure 3 .2 . Comparison of maximum dimensions, at a scale of 35.000:1, 

for HANP (a) plat e and (b) rod.  

The number of times in which a cuboid plate and cylindrical rod volume 

would occur in one cm 3 was multiplied by their respective surface area. 

The specific surface area was calculated, using a HA density of 3.156 

g.cm 3 [ 20 ] , which for HANP rods was estimated at being nearly 4 times 

greater than that for HANP plates (at least 32 m 2.g -1 and 9 m 2.g -1 

respectively).  Based on those values, Table 3.2 provides a comparison of 

the theoretical surface area for HANP rod and plate for nanocomposites at 

identical particle loading.  

Table 3 .2 . Examples of theoretical HANP surface area in 5 g of HANP - PLA 

nanocomposite samples.  

HANP [wt %]  HANP [v%]  
Surface area [m 2 .g - 1 ]  

HANP rod  HANP plate  

2.5  1  4  1.13  

5  2  8  2.25  

10  4  16  4.50  

 

Brunauer -Emmett -Teller measurements for specific surface area and 

pycnometry for bulk density were not performed as they do not account 
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for material agglomeration and also due to consideration of equipment 

contamination with nanoparticles during sample dec ompression.  

3.1.3.  HANP coated with dispersants  

As hydrolytic degradation tests of HA -PLA nanocomposites show loss of 

tensile strength due to lack of adhesion between the filler and matrix 

[ 78 ]  a key to the improvement of interfacial adhesion is modification of 

the HA surface [ 79 ] . Enhancing matrix - reinforcement interactions  enables 

eff icient compounding of  the nanoparticles  with polymer to ensure the 

necessary dispersion during melt processing  [ 26 ] .  

The HANP plates used in this work can be coated in th e reactor  in situ .  

Tailored novel dispersants are added to the room temperature stream by 

incorporating an organic solvent and the oligomers become grafted onto 

the surface of the HANP [ 133 ] . The produced coated  HANP are 

polydisperse, see TEM images in Figure 3.3, with average dimensions of 

300  × 115 × 20 nm  [ 26 ] . All the modified HANP shown on SEM and TEM 

images in Figure 3.3 had pla te - like shapes, demonstrating that the 

coating process and the dispersants had little or no effect on the original 

HANP morphology. The HANP rods could not be coated in the reactor due 

to basic pH required to produce rods shape which affected dispersants 

attachment [ 134 ] . Coating level , confirmed by t hermogravimetric 

analysis , varies due to the polymer chain length and concentration of the 

dispersant in the solution (which was adjusted to limit excess polymer 

formation in the final HANP product and prevent blockages within the 

continuous flow rig)  [ 26 ] .  

Table 3.3 summarises coated HA NP plates 2 used in this research with 

applied three different groups of dispersants based on: (a) head group 

functionalized polyolefins i .e. d odecenyl succinic anhydride (DDSA)  

dissolved in ethanol [ 133 ] , (b) short  chain linear polylactides with an 

isosorbide head group and  (c) branched chain polylactides produced 

using sorbitol, the last two dissolved in acetone [ 26 ] . The isosorbide 

                                       
2 DDSAHA were produced by a team of Prof E. H. Lester and Dr M. Gimeno -

Fabra, and is8PLAHA, is16PLAHA, is24PLAHA and starPLAHA were manufactured 
by a team of Prof D. J. Irvine and Dr  K. Walton at UoN and given for the benefit 

of project BENcH to explore infl uence of coating on HANP dispersion in PLA.  
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ended linear PLA coatings have t hree different chain length s which 

consist of 8, 16 and 24 lactic acid mer units (abbreviated as is8PLA, 

is16 PLA and is24 PLA respectively) corresponding to molecular weights of 

600 g.mol -1, 1200 g.mol -1 and 1800 kg .mol -1, respectively (without the 

head group) [ 26 ] . The branched PLA dispersant have six -armed star like 

polymer morphology with chain length of 7 lactic acid mer units per arm 

(starPLA) with  overall molecular weight of 3000 g.mol -1 [ 26 ] . Coating 

level varies due to the polymer chain length and concentration of the 

dispersant in the solution (which was adjusted to limit excess polymer 

formation in the final HANP product and prevent blockages within the 

continuous flow  rig ) [ 26 ] .  

The coated HA nanoplates synthesised in the counter -current 

hydrothermal reactor  [ 131 ]  were extracted from the obtained product 

suspension via adding organic solvent, toluene for DDSA coated HANP 

[ 133 ]  and acetone for polylactide coated HANP [ 26 ] , in the proportion of 

1:6 by volume. The organic and aqueo us phases were separated and 

coated HANP from the organic solution were centrifuged and washed 

twice with distilled w ater, to remove excess of unbound dispersant 

(residue visible in the right bottom corner of the SEM image of is24PLAHA  

in Figure 3.3), followed by freeze drying.  

Table 3 .3 . HANP plates coated with various dispersants: (a) DDSA, (b) 

linear po lylactides and (c) branched polylactides; produced at: (1) UoN 

or (2) Promethean Particles as a larger batch for scale up activities.  

Coated HANP  Name  Coating [wt %]   

DDSA coated plates 1 a  DDSA HA 1 2 [ 133 ]  

is8PLA  coated plates 1b  is8PLA HA 50 [ 134 ]  

is16PLA coated plates 1b  is16PLA HA 30 [ 134 ]  

is24PLA  coated plates 1b  is24PLAHA  55 [ 134 ]  

starPLA coated plates 1c  starPLA HA 35 [ 134 ]  

is16PLA  coated plates 2b  is16PLA HApp  48 [ 134 ]  
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Figure 3 .3 . SEM (left) and TEM (centre and right) micrographs of: 

DDSAHA adapted from Gimeno - Fabra et al. [133] , is8PLAHA, is16PLAHA, 

is24PLAHA  and starPLAHA  adapted from Walton [134] . 
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3.1.3.1.  Particles for the nanocomposites scale - up  

The is16PLAHApp  were produced using Promethean Particles facilities, in 

a larger reactor following the manufacturing route described in Section 

3.1.3   for polylactide coated HANP,  and allocated for scale up activities.  

As trial runs with is16PLAHApp  (with coating level of 55% [ 26 ] ) gave 

yellowed nanocomposite, which indicates remaining residue of unbound 

polylactide with HANP that was confirmed via optical observation of 

microsized polymeric lumps, particles were washed again with 

tetrahydrofuran (THF)  [ 134 ] . The method being: adding of 50 ml of THF 

to 5 g of is16PLAHApp  and sonicating for 10 min, centrifuging the 

suspension, decanting the solvent an d HANP freeze drying, which gave a 

refined product without visible unbound PLA (coating level of 48%, 

confirmed by t hermogravimetric analysis ) [ 134 ] . 

3.2.  Processing methods  

3.2.1.  Handling of HA nanoparticles  

There are currently no Work Place Exposure Limits in UK specifically for 

nanoparticles [ 135 ] . However, exposure to dry nanoparticle powders 

could be harmfu l by inhalation and may lead to inflammation due to 

oxidative stress, possibly causing a respiratory condition, and must be 

treated with care [ 136 , 137 ] . Therefore, particle drying was carried out in 

tall tempered glass  vials in: (i) a dedicated oven with disabled convection 

and ventilation or (ii) a vacu um oven with controllable gradual vacuuming 

and decompression rate, to avoid particle agitation and spread with air 

flow. Weighing and mixing actions involving HANP were performed in a 

dry anaerobic glove box where any potential spillage would be contained  

in a sealed environment. Prepared polymer/nanoparticle mixtures were 

transported in sealed glass vials. Materials were introduced to the 

extruder under an extraction cone with an applied  high -efficiency 

particulate absorber  (HEPA) filter. Additional perso nal protection was 

used in the form of disposable gloves and a face mask with positive 

pressure air flow and filter. Additionally, a handheld vacuum device with 

HEPA filter was provided in case of any particle spillage. Any tools which 

https://en.wikipedia.org/wiki/Tempered_glass
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had been in contact with HANP were cleaned under the extraction cone 

with wet wipes, which were then sealed in a bag for disposal.  

3.2.2.  Melt compounding  

Melt processing was performed using a twin -screw recirculating extrude r 

HAAKE Mini Lab II  (MiniLab), produced by Thermo Scientific,  fitted with 

co- rotating conical screws.  Transportation, melting, pressure build up and 

mixing are simultaneous processes taking place in the barrel of the 

compounder.  A gas inlet point placed at the bottom of the barrel, shown 

in Figure 3.4(a), allows for compounding under inert gas. Two pressure 

transducers in th e recirculation channel provide  pressure difference  (ǧP) 

measurem ents that can be used to determine the wall shear stress ( Űw). 

The chamber temperature ( TML), screw rotation speed ( ns) and torque ( T) 

can be pre -set in the Thermo Haake PolyLab Monitor software. Data is 

collected over the total experiment time ( t ML) inclu ding materials loading, 

mixing and extrusion. The system has the following alarm thresholds: 

temperature 360  °C, screw rotation speed 360 rpm , torque 5.5 Nm and 

pressure 210 bar. Figure 3.4(b) provides an image of the mixing chamber 

of the MiniLab with the co - rotating screws in place. The extruder has a 

maximum filling volume of 7 ml and a recirculating loop volume ( VL) of 5 

ml, marked on Figure 3.4(b) with red arrows. The back flow channel 

volume is 1.5 ml [ 138 ] . Samples can be extruded through a die via a 

pneumatically controlled bypass valve in the form of a tape or rod 

dependin g on the shape of the applied die. The system also allows for 

direct extrusion of the compounded material via an adaptor die to the 

barrel of a compatible MiniJet injection moulder.  

3.2.2.1.  Processing procedures and parameters  

Prior to compounding in Air and N 2, PLA was dried at 50 °C in a vacuum 

oven for a minimum of 8 h and HANP were used directly from a dry 

anaerobic glove box where they were stored after freeze drying at the 

end of the manufacturing process. For compounding in N2D all the 

materials were dried in an oven including: uncoated HANP at 300 °C with 

disabled convection and ventilation for a minimum of 8 h, coated HANP at 

50 °C in a vacuum oven for 3 h and PLA as previously stated.  
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(a)  

(b)  

Figure 3 .4 . Open barrel of HAAKE MiniL ab II  com pounder; (a) with gas 

inlet port and two pressure transducers (P1, P2) marked, (b) with 

inserted co - rotating screws,  red arrows showing recirculation in the 

back flow channel  and  green arrows indicating extrusion.  

LR706S and HANP were fed manually into the MiniLab in 3 -4 gradual 

loadings over 3 -4 min. PLA or polymer/nanoparticle mixtures were filled 

from a glass vial via the funnel  slowly,  to prevent  overflow , and pushed 

through the  feeding  pipe into the extruder ch amber  with T-bar plunger 

with a copper end. Pressure was applied on the T-bar plunger  steadily, to 

avoid overloading pressure sensors and reaching alarm thresholds, and  

was exerted by hand only. Material filled into the compounder  was 

recirculated via an i ntegrated back - flow channel.   

Melt was mixed  at 210 °C with a ns of 50 rpm for 15 min in ambient air 

(Air) or in bottled nitrogen (N 2) ,  at  1 bar and a flow rate of 0.3 l. min -1, 

which was in - line dried with a liquid nitrogen moisture trap (N 2D) to 

remove re sidual wate r, as shown in Figure 3.5.  
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Figure 3 .5 . Flow diagram of N 2  drying setup and connection to MiniLab.  

These compounding conditions were chosen as tests carried out at lower 

temperatures were unsuccessful as alarm thresholds were reached for 

the pressure sensors. A ns of 50  rpm and recirculation time of 15 min 

were p referred to minimise matrix degradation due to applied shear yet 

to provide sufficient mixing for the nanocomposites. Further details 

regarding establishing the compounding method are discussed 

throughout Section 4.4 analysing influence of processing param eters on 

HA-PLA melt compounding.  

The Thermo Haake software records TML, ns, T and ǧP data during 

material recirculation. An example of those measurements is shown in 

Figure 3.6 where: (i) materials loading ended at 3.5 min with the 

maximum peak for T and ǧP, (ii) followed by 15 min of mixing and 

recirculation through the back flow channel and (iii) finished with 

extrusion marked with sudden decrease of T and ǧP due to opening of 

the bypass valve.  

Collected data allows for the calculation of mixing energy Emix  (in J)  

[ 121 ] :  

 

Ὁ ὲςʌ Ὕ Ὠὸ ( 3 .1 )  
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where t R is the mixing and recirculation time (in min). Emix  will be used to 

calculate s pecific mechanical energy as a comparison parameter between 

different extruders during scale -up activities, as shown later in Section 

7.4.  

 

Figure 3 .6 . Raw data collected during c ompounding in MiniLab of 2.5 

wt% uncoated HANP plates in LR706S in N 2 D at 210 °C  and 50 rpm, 

where (i) marks material loading stage, (ii) mixing during recirculation 

and (iii) bypass valve opening and extrusion.  

3.2.2.2.  Recirculating extruder analysis  

The back - flow channel acts as a rheological slit capillary die of known 

dimensions with two pressure sensors, P1 and P 2, as shown in Figure 

3.4. This allows  for the me asur ement of ǧP which can be used to 

compute r heological information concerning  the flow behaviour of the 

material. By considering force equilibrium on an element of fluid in a 

uniform rectangular channel, illustrated in Figure 3.7, referring to the 

back - flow channel, wall shear stress (in Pa) was defined [ 139 ]  as:  

 
†

Ὤ  ῳὖ

ς ὰ
 

( 3 .2 )  

where MiniLab back flow channel height hML=1.5 mm and length 

(between P1 and P2) lML=64 mm. The channel geometry also allows  for 

calculation of the a pparent shear stress  † :  
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†
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( 3 .3 )  

where MiniLab back flow channel width wML=10 mm, and the relative 

shear rate    [ 139 ] :  

 


φ ὗ

ύ  Ὤ
 

( 3 .4 )  

 

Figure 3 .7 . Forces acting on an element of fluid in a rectangular channel.  

Qrel , see Equation (3.5), is the relative volumetric flow rate [ 138 ] , 

correlated with set ns by the volumetric flow factor Ff =8.10 -7 m 3 obtained  

for the MiniLab experimentally and provided by the equipment producer.  

 ὗ
ὲ

φπ
 Ὂ ( 3 .5 )  

As viscosity Ȅ is defined as the ratio of the shear stress Ű to the shear 

rate  [ 93 ] :  

 –
†

 
 ( 3 .6 )  

substituting Equations (3.3) and (3.4) into Equation (3.6) gives relative 

viscosity Ȅrel . The correlation between ns and Qrel  is not absolu te hence 

  and Ȅrel  obtained in MiniLab are only relative values at any given 

temperature.  

To obtain flow curves from  rheometry test in capillary mode  in the 

MiniLab , different ns are set and ǧP is then measured between pressure 

sensors of the back - flow channel  over approx. 40 s for a given 

temperature. One measurement point obtained in the capillary mode, 
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e.g. Figure 3.8, is equivalent to a standard recirculation test in MiniLab, 

e.g. Figure 3.6, carried out with constan t ns but over longer period of 

time. The example of the capillary mode measurements, shown in Figure 

3.8, presents the results of a rheometry test performed in MiniLa b with 

PS (which thermal degradation is less pronounced than for PLA). The 

acquired data, when verified with viscosity measurements carried out in a 

capillary rheometer, enables determination of the actual volumetric flow 

rate Q in the back - flow channel, w hich will be discussed in Section 4.8 

providing better correlation between ns and Q.  

 (a)  

(b)  

Figure 3 .8 . PS relative viscosity measurements from capillary mode in 

MiniLab. (A) log( Ȅrel ) as a function of log( Űap ). (B) log( Űap ) as a function 

of log( ♬rel ).  

3.2.3.  Injection moulding  

The HAAKE MiniJet injection moulding machine, see Figure 3.9, is a small 

piston inje ction moulding (IM) system produced by Thermo Scientific 
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requiring only approx. 5 g of material . It can be fitted with a range of 

moulds, including a  custom Ø25 mm 1 mm thick disc mould.  

 (a)   (b)  

Figure 3 .9 . (a) O pened Haa ke MiniJet injection moulder and (b) s ystem 

description with available moulds.  

Through the use of a special die it was possible to transfer c ompounded 

materials directly from the MiniLab to the MiniJet, to produce specimens 

for further ch aracterisation ; see Figure 3.10  for injection mounding cycle. 

Melt was injected from the barrel at 205 oC, for 5 s, with an injection 

piston at 800 bar , into  a mould at a temperature of 45 oC. This was 

followed by a 15 s hold  at 800 bar  to allow for sample freezing below Tg 

during cooling [ 140 ] . The sample was then manually removed from the 

mould which was immediately reinserted in the MiniLab and allowed to 

heat up for 30 s before starting the next injection cycle.  

This MiniLab to MiniJet melt transfer was used to emulate the industrial 

continuous injection moulding process without an intermediate cooling 

stage. However, due to residual IM stress within the samples produced 

for Ward [29]  for further mechanical testing , the injection mouldin g step 

was subsequently removed and replaced with compression moulding.  
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Figure 3 .10 . MiniJet injection moulding cycle.  

3.2.4.  Compression moulding  

Extruded materials from the compounder were  compression moulded 

(CM) at 170 °C for 15 min using a Daniels hand operated hydraulic 

heated press with in -house flash moulds [ 141 ]  to produce isotropic Ø25 

mm and Ø8 mm discs with 0.5 mm thickness. The applied moulds can 

produce multiple samples with thickness dictated by the mould thick ness 

as shown in Figure 3.11 (a). Flash moulds conduct the heat to the 

material and distribute the exerted pressure over the surface of the 

mould. Pressure forces are not applied straight onto the specimens, as 

the excess melt is directed away from the cavity to form flash, leaving 

hot material to form to shape in the cavity.  

The moulding stack, shown in Figure 3.11 (b), consisted of: a lower and 

upper stainless steel sheet followed by disposable aluminium foil sheets 

encapsulating the stainless steel flash mould with the required cavities. 

The aluminium foils were applied for easy sa mple release when 

separating moulded materials from the stainless steel sheets. The moulds 

and aluminium foils were cleaned with acetone prior to moulding. 

Extrudate tapes were cut into 2 × 5 mm pieces and inserted into the 
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mould cavities with 10 wt% exces s and placed in the moulding stack 

which was positioned between the preheated press platens. Prior to 

moulding, all materials were dried at 50 °C in a vacuum oven for a 

minimum of 8 h.  

The moulding cycle consisted of: a 10 min warm up with gradual lowering  

of press platens, a 3 min pressure cycling from 0 to 40 bar to release any 

air trapped between PLA or nanocomposite fragments, a 2 min hold at 40 

bar, followed by cooling until ~50 °C (below PLA Tg) for 6 min with a 

stream of water passed through cooling channels in the platens. The 

cooled samples were then removed from the mould.  

(a)  

(b)  

Figure 3 .11 . (a) Multiple specimens mould capable of producing discs of 

Ø25 mm  and 0.5 mm thickness; (b) a schematic di agram of the 

moulding stack.  

3.2.5.  Thermogravimetric analysis  

Thermogravimetric analysis (TGA)  tests were performed using a Thermal 

Analysis Instruments TGA Discovery to confirm the HANP content and 

thermal stability for all the nanocomposite specimens.  
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TGA platinum pans were washed with tap water to remove ash residue 

from previous tests and burne d off with a pure butane blow torch until 

they glowed orange for 10 s to remove any water or sample residue. 

Each sample, for which mass ranged between 9 mg and 13 mg, was 

placed on a tared pan and inserted into the TGA auto sampler. Clean 

bottled air was used as a purge gas, flowing at 40 ml.min -1, over nitrogen 

as PLA burn off in nitrogen was incomplete as evidenced by substantial 

black tarry charring. Materials were held in the furnace at ambient 

temperature for 10 min to equilibrate them to the ambient conditions, 

followed by heating up at 5 °C.min -1 up to 500 °C and were subsequently 

held isothermally at 500 °C  for 20 min. Three repeats were carried out 

for each nanocomposite by separately burning off three samples from the 

same batch. Measurements were  acquired by TRIOS software by Thermal 

Analysis Instruments and exported to Excel for analysis.  

HANP weight percentage was calculated after subtracting the mass of 

LR706S  ash residue ( m ash) from the r esidual sample mass after burn off 

(m f). Firstly, m ash  was obtained by averaging results of six LR706S burn 

off test for increased accuracy due to small final mass. Subsequently 

HANP weight percentage was calculated using:  

 (!.0 ×ÔϷ
ά  ά

ά
 

( 3 .7 )  

wh ere m o is the original mass of the sample before the burn off test.  

It is worth noting that the TGA technique was also used to monitor 

polymer degradation and stability once filled with various HANP, with 

respect to neat LR706S, by comparing the temperatur e at 5% weight loss 

which indicates degradation onset [ 142 ] .  

3.2.6.  Chromatography  

Polymer molecular weights were analysed using g el permeation 

chromatography (GPC) , using THF as eluent and calibrated with 

polystyrene standards. GPC is a type of  size exclusion chromatography, 

where dissolved polymer is passed through a col umn with packing 

containing pores of different sizes. Separation of polymer chains by 
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molecule size occurs by trapping smaller molecules in the pores of 

the  adsorbent  [ 143 ] .  

Materials were dried in a vacuum oven at 50 °C for at leas t 8 h prior to 

dissolving in THF in the proportion of 1 mg of material per 1 ml of 

solvent. After 4 h solutions were shaken in vials by hand for 10 s and 

transferred with a glass syringe and a p olytetrafluoroethylene  0.45 ȉm 

filter into 1.5 ml GPC sample v ials. Measurements were performed using 

an Agilent Technologies 1260 Infinity GPC system. Three repeats were 

carried out on each sample.  

Mn,  Mw, and polydispersity index (PDI) were used to describe the total 

molecular weight of LR706S and the nanocomposite s. Mn and  Mw are 

described by the following expressions:  

 
ὓ
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( 3 .8 )  

where Ni is the number of moles of each polymer species of molar mass 

Mi, and  

 
ὓ

Вὔὓ

Вὔὓ
 

( 3 .9 )  

Additionally, PDI can be calculated from:  
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( 3 .10 )  

Analysis of the results, an example of which is provided in  

Figure 3.12 , was performed using  the dedicated Astra software. Molecu lar 

weight differentiated with respect to polymer species residence time in 

the column was divided into (1) the total peak containing: (2) main peak 

from 10 min to 16.5 min with majority of the molecules and (3) peak 

with short chained species from 16.5 mi n to 18.9 min, which were then 

all converted into molecular weights in kg.mol -1. A summary of results 

from fractions of peak 2 and 3 with total values from the full spread in 

peak 1 provides complete evaluation of molecular weights for a given 

specimen, wh ere Mp marks molecular weight of the highest peak . 

However, in this study mole cular weight values from the main peak (2) 

https://en.wikipedia.org/wiki/Adsorbent
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were only taken into consideration as the total Mn and PDI were highly 

sensitive to the amount of the short chained specimens from the peak 

(3), as shown in  Figure 3.12 (b), which was contained in a  small 

percentage of the total peak area. This approach was found in other PLA 

research where only the main peak area was regarded [ 89 , 144 ] . 

(a)  

 Peak Results     

  Peak 1  Peak 2  Peak 3  

 Peak Area [%]  100.00  93.32  6.68  

 Mn  [kg.mol - 1 ]  10.61  115.40  0.78  

 Mp  [kg.mol - 1 ]  424.70  424.70  1.39  

 Mw  [kg.mol - 1 ]  354.80  380.10  1.12  

(b)  PDI ( Mw / Mn )  33.44  3.29  1.44  

 

Figure 3 .12 . Example GPC analysis with Astra software showing (a) 

molecular weight differentiated with respect to polymer species 

residence time in the column separated into: the total peak 1 containing 

main peak 2 and peak 3 with short chained species; (b) conversion into 

molecular weights.  

3.2.7.  Differential scanning calorimetry  

A preliminary d ifferential scanning calorimetry  (DSC) analysis was 

performed to explore the i nfluence  of (i)  addition of HANP in LR706S and 
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(ii) decrease of polymer m atrix molecular weight due to thermal 

degradation, on Tg.  

Calorimetric scans were carried out using a Thermal Analysis Instruments 

DSC2500 Discovery with N 2 as a purge gas at 50 ml.min -1 for sample and 

325 ml.min -1 for base. Samples were sealed in standard  hermetic 

aluminium pans and heated from  room temperature to 220 °C at a rate 

of 10 °C.min -1, followed by cooling to 20 °C at 25 °C .min -1, and a second 

heating up to 220 °C at 10 °C.min -1. Specimens, with mass ranging 

between 2.5 mg and 5 mg, were tested i n the DSC chamber against an 

empty reference pan. Three repeats were carried out for each material by 

separately carrying out heat/cool/heat cycle for three samples from the 

same batch. The initial heating cycle was carried out to erase sample 

thermal hist ory whilst the secondary heating cycle was used for 

determining the Tg of material with a defined thermal history. 

Measurements were acquired by TRIOS software by Thermal Analysis 

Instruments which was also used to analyse results. A plot of normalised 

heat flow against temperature was produced and Tg was established by 

find ing the peak of the temperature derivative of the curve, as illustrated 

in Figure 3.13 .  

 

Figure 3 .13 . D etermination of Tg  using the peak of derivative heat flow 

compared with  the inflection step change of heat flow as a function of 

temperature . 
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This method was applied as it is less user dependant than finding Tg by 

determining the inflection of the heat flow - temperature curve between 

the three tangent lines where data limits are selected by the user.  

3.2.8.  Capillary rheometry  

Measurements were carried out with a t win bore  Malvern Instruments 

Rosand RH10 rheometer, using a capillary die with length of L = 32 mm 

in the left -hand bore and an orifice die with essentially 0 mm length in 

the right -hand bore, all illustrated in Figure 3.14 . This set of t ungsten 

carbide dies , both with slit diameter of d = 2 mm, was used to perform 

the Bagley correction of viscosity via directly measuring the die entrance 

pressure drop to co rrect Űw [ 145 ] :  

 
†

Ὠ ῳὖ ῳὖ

τ ,
 

( 3 .11 )  

where ǧPL is pressure difference for capillary die and ǧP0 is pressure 

difference for orifice die.  

 (a) (b)  

Figure 3 .14 . (a) Components schematic of the Rosand capillary 

rheometer and (b) cross section of the capillary and orifice die, adapted 

from Malvern [146] . 

The rheometer measures the viscosity of a sample by testing the same 

material in both bores which are temperature controlled. Pistons inside of 

the barrels are forcing mater ial at identical defined speed through the 

dies which are held  at the bores bottom  by retention nut s. Pressure 

transducers measure the change of pressure directly above the dies.  
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PLA was dried prior to rheometric tests at 50 °C in a vacuum oven for a 

minimum of 8 h, PS was used directly as it is not hygroscopic. Each 

sample was loaded and preheated in the barrels up to 5 min. Two 

measurement pre - tests were carried out over 5 min to compress the 

polymer granules in the bores and remove air voids. Once the melt flow 

reached equilibrium the first data point was acquired, usually around 12 

min from loading the material. Each test was performed with a fresh 

polymer sample after cleaning the rheometer components between the 

measurement s.  

The constant shear rate test was carried out to investigate the 

relationship between Űw and . The test consists of several speed stages 

where each applies a constant . Viscosity is derived from the measured 

pressure, the piston speed and the die geo metry. R ate -controlled 

measurements were executed  for PLA at 210 °C and PS at 200 °C and 

210 °C by applying a logarithmic  ramp  up in 9 steps  ranging from  2 s -1 

to 289 s -1, illustrated in Figure 3.15 . 

 

Figure 3 .15 . Example of constant shear rate test in capillary rheometer 

for 2003D at 210 °C . 

A low speed degradation test was also performed by applying a single 

constant low  for a specified length of time to investigate sample 

viscosity degradation at defined temperature. The following 

measurements were performed at 210 °C for: (i) 2003D: at  of 18 s -1 for 
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15 min, (ii) LR706S: at  of 30 s -1 for 15 min, example shown in Figure 

3.16 . 

 

Figure 3 .16 . Example data from 3 runs of a low speed degradation test 

in the capillary rheometer for 2003D at 210 °C  and at a constant shear  

rate of 18 s - 1 . 

3.2.9.  Ultramicrotomy  and Transmission Electron 

Mi croscopy  

Ultramictrotomy  sect ions , with  thick ness of 9 0 nm , were cut with a 

freshly prepared sharp glass knife at room temperature  using either a 

manual RMC PT-PC PowerTome or an automatic Reicher t -Jung Ultracut 

with a speed of 0.8  mm .s-1. The extrudate block face was firstly trimmed 

with a blade into a trapeze shape with a height of ~2 mm. This was 

followed by directly mounting the trimmed extrudate in the 

ultramicrotome sample holder using a chuc k, without embedding the 

material in a resin. Specimens were secured firmly in the holder to 

prevent any movement during cutting and reduce vibrations in the setup 

enabling consistent slice thickness; see Figure 3.17 (a) for diagram of an 

ultramicrotome cutting sample. Note that the cutting surface was 

perpendicular to the extrusion direction. Sections were collected from the 

knife block dry with an eyelash tool, as illustrated in Figure 3.17 (b), and 

supported on copper locket grids.  The floating of sections on water for 
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ease of collection and confirming section thickness based on colour 

refraction was not possible as PLA is hygroscopic . Sporadic knife macro -

striation marks and marginal thickness variations within the sections 

were negligible as images were acquired at nanoscale.  

(a) (b)  

Figure 3 .17 . Diagram of (a) part of the ultramicroto me with arrows 

marking advance of the arm towards the knife to cut the sample, 

adapted from Efimov et al. [147]  and (b) sample cut by a glass knife 

with sections collected with an eyelash tool, adapted fr om Michler 

[148] . 

TEM was utilised  to investigate the nanocomposite morphology  directly 

after extrusion . The instrument used for acquiring images was a FEI 

TECNAI G2 BioTWIN with tungsten filament gun at an accelerati ng 

voltage of 120 kV and 100 kV.   

3.2.10.  Microcomputed Tomography  and image 

rendering  

The micro CT scans  were performed using a XRadia/Zeiss VersaXRM -410 

with source voltage 40 kV, lens magnification 10, field of view 2 mm by 2 

mm  and resolution of 1 µm. Images were provided as DICOM files. 

Samples used for the measurements were either 5 mm x 5 mm x 1 mm 

pieces cut out from IM discs or CM Ø8 mm  discs with 0.5 mm thickness, 

produced as per methods described in Section 3.2.3  and 3.2.4  

respectively.  

Materialise Interactive Medical Image Control System (Mim ics) software 

for 3D image processing was used to model nanocomposites from a slice -
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by -slice stack of 2D micro CT scans. Firstly, a mean filter of 2 was applied, 

which is a type of spatial filter, to decrease noise in the images stack by 

reducing the amount  of intensity variations. Secondly, two separate 3D 

masks were applied to determine LR706S matrix and HANP filler, which 

were then rendered with opening filter via dilation of the previously 

eroded entities for further morphological noise removal. Finally,  extracted 

masks were transferred from Mimics to 3 -matic -  computer aided design 

software, which was employed for compiling a 3D model, exported as a 

3D PDF file, and sample analysis to calculate volume percentage of 

matrix and particle. Detected HANP was treated as filler agglomeration 

and it was assumed that the reminder of nanoparticles below scan 

resolution were well dispersed. Fraction of the detected in micro CT scan 

HANP volume percentage to total HANP volume percentage, calculated 

from TGA measuremen ts, provides a measure for particles agglomeration 

in the nanocomposite.  

3.2.11.  Mechanical testing fixture and specimen 

preparation  

The compression moulded isotropic Ø25 mm  disc specimens, 

manufactured as per methods described in Section 3.2.4 , were used to 

produce minibars. Discs  were sectioned into small pieces using a custom 

cutting tool which used two single bevel blades separated by spacers  

[ 149 ] , illustrated in Figure 3.18 (a) . The spacers determined the sample 

width of 2 mm. The strips cut fro m the discs  were then sectioned into 

small bars of approximately 8 mm in length, shown in Figure 3.18 (b), 

with a razor blade. Bar dimensions were measured using a micrometre 

and a scanner (HP Scanjet G4010 with o ptical scanning resolution  up to 

4800 dpi ) for thickness and width , respectively . 

Mechanical tests were carried out using a custom in -house miniature 3 -

point bending rig [ 149 ] , shown in Figure 3.19 , with specimen sizes of 8 x 

2 x 0.5 mm. The rectangular s amples  were modelled as perfect beams 

where the ir  flexural strength was calculated as the maximum stress 

experienced during specimen  deformation:  
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where  ů is the stress,  F is the  force  required to deform a sample , l the 

span length and h the thickness  of the specimen . All tests were 

performed to failure at a fixed strain rate of 0.1 s -1.  

(a)  (b)  

Figure 3 .18 . (a) Custom single bevel tool for cutting polymers into thin 

strips for sectioning with a single blade into (b) minibars.  

3-point bending based on ASTM D790, ISO 178 was  selected due to both 

its basic set up and it being comparable to the loading  which  the final 

products will experienc e if implant ed in the body as  fracture plate s. The 

reduced testing dimensions are  easily scalable  [ 149 ] ; however, increased 

measurement  error is  possible due to inaccuracies in the radius of 

curvature of the loading pin  versus sample size [ 150 ] . This effect will 

therefore need to be considered for testing of actual medical devices.  

Although the material would be affected by water presence, which occurs 

in vivo , to remove the effects of moisture uptake and allow for focus on 

matrix reinforcement with HANP, specimens were tested in a dry 

environment.  

The flexural modulus, flexural strength and the strain at maximum stress 

(marked with a dotted line on the right in Figure 3.20 ) can be obtained 

from the flexural testing of the polymer  and nanocomposites . The flexural 

modulus  (E)  is calculated from the linear slope within the elastic region of 

material  testing  whic h is typically within the region of 0%  -  1% strain  (Ů) 

ï up to the left dotted line marked in Figure 3.20 . Once the sample  

begins to experience plastic deformation a r eduction in ů with increasing 

Ů will be observed .  
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Figure 3 .19 . 3 - point bending test fixture with loading cell for minibars.  

 

 

Figure 3 .20 . Stress versus strain graph obtained from measurements on 

the 3 - point bending rig. Modulus is calculated from the linear region up 

to 0.01 Ů, marked with a dotted line on the left, and the Maximum Stress 

point, which strain w as marked with the right dotted line, is the yield.  

For LR706S  the modulus  was calculated from the region  between 0.6% 

and 1%  Ů. Alterations were made for nano composites which experienced 

plastic deformation or breakage at Ů lower than 0.6% and flexural  
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mo dulus was calculated, using equation (3.13 ), from a visually assessed  

linear slope region of the stress -strain curve.  

 Ὁ
Ў„

Ў‐
 ( 3 .13 )  
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4.  Melt compounding analysis  

This chapter describes  melt mixing that was performed  in the MiniLab, to 

pr oduce HANP -LR706S nanocomposites. The processing equipment and 

methods were presented in Sections 3.2.2 and 3.2.2.1. The objective was 

to conduct various experiments to minimise the effect of degradation by 

adjusting processing parameters to maximise parti cle dispersion and 

eventually mechanical properties for the produced materials. Wall shear 

stress and mixing energy measurements acquired during compounding 

were analysed to evaluate the influence of (i) processing parameters  and 

(ii) the amount and type o f HANP , on polymer matrix and particles 

dispersion.  Finally, the relation between pr essure difference  in the 

MiniLab and the volumetric flow rate was calculated through capillary 

rheometry measurements and the number of times material is 

recirculating in t he extruder was estimated.  

4.1.  Trend line fitting and data filtering  

An exponential decay was fitted with 95% confidence bounds to w̱, 

illustrated in Figure 4.1(a-b), to quantify  matrix degradation , by means 

of its effect on the wall shear stress, during melt compounding.  Note that 

wall shear stress drops over time, due to mixing effects as well as due to 

degradation; in this chapter only the term degradation is used but t he 

influence of mixing effects is also implied. Exponential decay can be 

described by the following equation:  

 † ὸ †   Ὡ    ( 4 .1 )  

where Űw0  is Űw at t R = 0 and ȈD is the decay rate, which relates to a 

characteristic timescale of the process, A, in the following way:  

 ‗
ρ

ὃ 
 ( 4 .2 )  

Therefore Equation (4.1)  can also be written as:  

 † ὸ †   Ὡ   ϳ  ( 4 .3 )  
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(a)  

(b)  

(c)  

Figure 4 .1 . (a) Wall shear stress for recirculation of LR706S in N 2D  at 

210 °C  and 50 rpm, (b) data fitted with exponential decay (ED) and ( c) 

filtered with  moving average (MA) of five points.  
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When the base of the exponential is chosen  to be 2, instead of e, then 

the scaling time is the half - life, t 1/2 :  

 † ὸ †   ς   Ⱦϳ  ( 4 .4 )  

Therefore, the time required for the decaying w̱ to fall to half of its initial 

value can be described as:  

 ὸȾ
ÌÎ ς

‗  
ÌÎςὃ ( 4 .5 )  

The raw  data was filtered with a simple moving a verage of nine  points  

(recorded during period of 8 s) to aid visual isation  of the acquired 

measurements, as shown in Figure 4.1(c ) . 

4.2.  Compounding limitations  

To minimise matrix thermal degradation [ 144 , 151 ] , all melt 

compounding was performed at the lowest achievable temperature of 210 

°C. Reducing the temperature below this threshold wa s not possible as 

increased melt viscosity caused the MiniLab emergency stop due to 

pressure sensors alarm limits being exceeded. The influence of a 

combination of polymer thermal, mechanical, oxidative and hydrolytic 

degradation [ 152 ]  can be observed through decreasing Űw values over t R. 

The degradation and the effects from mixing are also reflected in 

variations of Űw0 , t 1/2  and Emi x for melt processing under different 

conditions. The larger the magnitude of t 1/2 the smaller the rate of decay 

of Űw which  indicates less matrix degradation which is also associated 

with higher Űw0 . The higher ns was  used to mix the materials within t R the 

larger the magnitude of Emix  which is also influenced by other processing 

parameters, e.g. compounding under inert gas (moisture content).  

PLA swelling caused by increased temperature was also taken into 

consideration to not exceed the MiniLab maximum  filling volume  (VML)  

during compounding. PLA density at 210 °C (ȍPLA210 ) was calculated with 

the following equation  [ 153 ] :  
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where, PLA density at 150 °C is ȍPLA150  = 1.1452 g.cm -3 [ 153 ]  and PLA 

melt  thermal coefficient of expansion at 150  °C is Ŭl = 0.00074 °C -1 

[ 153 ] .  

VML can be described as:  

 ὠ
ά

”

ά

”
 ( 4 .7 )  

where, HA density is ȍHA = 3.156  g.cm -3 [ 20 ] , m HA is the mass of HA and 

m PLA is the mass of PLA. From a nanocomposite weight percentage 

calculation we obtain m PLA:  
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( 4 .8 )  

where wt% HA is the desired HA weight percentage.  

By substituting Equat ion (4.7) into (4.8) we obtain m HA:  
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 ( 4 .9 )  

Equations (4.8) and  (4.9) allow for calculation of the required m PLA and 

m HA to obtain the desired wt% HA within the MiniLab maximum filling 

volume  to avoid overfilling of the extruder. For example to produce 2.5 

wt% HANP rod nanocomposite, 7.553 g of LR70S and 0.194 g of HANP 

rod was required.  

For melt compounding of HANP with LR706S, throughout this thesis, 

nominal val ues of particle wt% in nanocomposites are provided as those 

calculated to obtain the desired HANP concentration. However, the actual 

achieved particle wt% in the nanocomposites was confirmed via 

thermogravimetric measurements and discussed in detail, toget her with 

compliance variability between the calculated and measured HANP 

content, in Section 6.1.1.  
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4.3.  Compounding reproducibility  

Due to the high cost of LR706S and the restricted amount of HANP, 

experiments were designed to maximise data from a limited numb er of 

tests and most of the nanocomposites were produced in a single run. 

Experimental reproducibility  was demonstrated via PLA recirculation tests 

and HANP -LR706S compounding experiments, illustrated in Figure 4.2 

and Figure 4.3, which are numerically compared in Table 4.1.  

(a)  

(b)  

Figure 4 .2 . Repeated experiments of LR706S  recirculation in Air  and N 2D  

at 210 °C  and 50 rpm  for 15 min presented as (a) Űw  and ( b) Emix .  

For the two repeats of LR706S recirculation in N 2D, where the plots in 

Figure 4.2 appear very similar, the numerical difference in Űw0 , t 1/2  and 
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Emix  was 1.3%, 21.1% and 0.2% respectively. Therefore, despite an  

almost  identical Emix  used to mix the polymer in N 2D  and similar Űw0 , the 

difference in t 1/2  was found to be the greatest from all compared tests. 

Variation in Űw0 , t 1/2  and Emix  for the two LR7 06S recirculation tests in Air 

was 10.1%, 10.7% and 18.7% respectively. These tests displayed the 

smallest difference in t 1/2  indicating similar degradation of the polymer.  

(a)  

(b)  

Figure 4 .3 . Repeated co mpounding of 10 wt% HANP plates with LR706S 

in Air at 210 °C  and 100 rpm  for 15 min presented as (a) Űw  and (b) Emix . 

For the compounding of 10 wt% HANP -LR706S, shown in Figure 4.3, the 

difference in Űw0 , t 1/2  and Emix  was 21.6%, 32.8% and 41.8% respectively, 

showing the greatest difference in Emix . These results indicate that despite 

the same melt compounding condition s, experiments have inherent run -
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to - run variation likely due to manual handling. A difference of 0.81 wt% 

(9%) HANP was found between the two nominal 10 wt% HANP plate 

nanocomposites (for details see Table 6.5 in Section 6.1.1.4) and this 

particle variatio n caused additional vertical shift of the compounding 

curves. Repeatability can also be observed for overlapping t R periods later 

in this chapter, in Figure 4.7 and Figure 4.8, where the influence of 

mixing time is illustrated . 

Table 4 .1 . Experimental reproducibility  for LR706S recirculation and 

compounding of 10 wt% HANP - LR706S nanocomposites carried out at 

210 °C  and various n s for 15 min in Air and N 2D . Exponential decay was 

fitted with 95% confidence bounds . 

Gas Run  Material  
HANP 

[wt%]  

n s  

[ rpm ]  

Űw0  

[ k Pa]  

t 1/2  

[ s]  

Emix  [kJ] 

at t R = 

10 min  

N2D  #1  LR706S  -  50  
11 9.0  

±0.7  

1983  

±69  
5.39  

N2D  #2  LR706S  -  50  
117 .5  

±0.6  

2513  

±96  
5.37  

Air  #1  LR706S  -  50  
124 .3  

±0.8  

782  

±13  
4.43  

Air  #2  LR706S  -  50  
111 .8  

±0.5  

698  

±7  
3.60  

Air  #1  
HANP 
plate  

10  100  
45.4  
±0.5  

185 
±3  

2.61  

Air  #2  
HANP 

plate  
10  100  

57 .9  

±0.6  

275  

±4  
4.47  

 

The main cause behind the observed run - to - run variations was thought 

to be human input. The MiniLab was fed manually in 3 to 4 rounds due to 

the small volume of the feeding tube . As a result,  loading overpressure 

occasionally occur red  leading to small amou nts of melt moving into free 

space behind the screws.  Moreover, some of the coated HANP had a large 

static charge which persisted despite active earthing within the MiniLab 

and trials using a Milty Zerostat Anti -Static Gun . This static caused small 

portion s of particles to deposit on surfaces near the feeding tube in an 

uncontrollable manner. The extruder was utilised in recirculation to aid 

the screw mixing process hence any loading differences would lead to 

batch - to -batch variations influencing Űw0 , t 1/2  and Emix  during melt 

compounding. Becoming more proficient at loading materials into the 
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MiniLab improved processing repeatability and the compliance between 

the theoretical and measured HANP content in the majority of the 

produced nanocomposites, discussed furthe r in Section 6.1.1.  

4.4.  Influence of processing parameters  on  polymer 

matrix and particle  dispersion  

Neat LR706S was mixed in the twin -screw extruder under various 

conditions to assess PLA degradation during compounding and study the 

role of the matrix on the behaviour of the filled materials.  

HANP-LR706S nanocomposites were compounded in the MiniLab, 

following particle handling procedures described in Section 3.2.1, with 

varying mixing parameters to explore optimal conditions for particle 

dispersion and minim ise polymer matrix degradation. The influence of 

HANP on PLA, in comparison to LR706S melt only, was observed during 

compounding.  

4.4.1.  Screw speed  

Various screw speeds were used for polymer recirculation to explore 

optimum mixing conditions firstly in Air and followed by tests carried out 

in N 2 which are summarised in Table 4.2. Finally, a range of wt% 

uncoated and coated HANP were mixed with LR706S at comparable screw 

speeds in Air and N 2 to optimise compounding conditions, summarised in 

Table 4.3. 

4.4.1.1.  PLA  

In principle, for polymers with high thermal stability recirculated in the 

MiniL ab, ǧP is greater with greater ns, hence Űw0 is also higher for greater 

ns. Additionally, polymers with high molecular weight, like LR706S, have 

higher melt viscosity causing greater ǧP and Űw during mixing which 

gradually decreases over recirculation time  due to polymer degradation. 

For LR706S recirculated in Air at 50 rpm and 100 rpm, illustrated in 

Figure 4.4, Emix  increased with higher ns while Űw0 and  t 1/2  decreased. This 

implies greater mechanical and hydrolytic degradation due to increased 

shear and moisture present in ambient air.  
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(a)  

(b)  

Figure 4 .4 . Recirculation of LR706S in Air  at 210 °C  for 15 min at 50 rpm 

and 100 rpm presented as (a) Űw  and (b) Emix .  

In contrast, for similar experiments carried out in nitrogen at 50 rpm, 

100 rpm and 150 rpm, shown in Figure 4.5, Emix , Űw0 and  t 1/2  increased 

with ns which infers le ss matrix decomposition during melt processing 

despite more mechanical force induced through sheering, with the 

exception of t 1/2  in the 150 rpm test. It was observed that t 1/2  increased 

by 25.8% for N 2 recirculation when increasing ns from 50 rpm to 100 

rpm , while it decreased by 13.8% when further increasing ns to 150 rpm. 

This suggests that shear above 100 rpm caused mechanical degradation 

of the polymer which could not be compensated by the beneficial 

influence of inert gas. It was therefore hypothesized that melt processing 

under N 2 limits thermo -oxidative an d hydrolytic degradation of PLA [ 151 , 



 

81  

154 ] , witnessed by the longer t 1/2  values in comparison to those from 

experiments undertaken in Air. This is in line with PLA degradation 

studies by Witzke [153]  which suggest hydrolysis is the dominant 

degradation mechanism  during melt processing in Air.  

(a)  

(b)  

Figure 4 .5 . Recirculation of  LR706S in N 2  at 210 °C  for ~15 min at 50 

rpm, 100 rpm and 150 rpm presented as (a) Űw  and (b) Emix . 

The  t 1/2  summarised in Table 4.2 suggests that the least degradation 

occurred during recirculation of LR706S in N 2 at 100 rpm which was 

mixed with a Emix  over 4 times larger, after 10 min, than that at 50 rpm. 

This reveals t hat LR706S would need to be recirculated in N 2 at 50 rpm 

for a longer period to achieve the same Emix  as for 100 rpm , however that 

would cause substantial polymer matrix degradation due to the smaller 
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t 1/2 . Emix  increased for experiments in both Air and N 2 by at least 50% for 

each 50 rpm increase in ns. This indicates that better mixing properties 

are achievable using h igher screw speeds, however, they are 

compromised by mechanical degradation of PLA inferred by the 

decreased t 1/2  for the N 2 test at 150 rpm and the Air test at 100 rpm. 

Higher Űw0 with increasing ns for the N 2 tests suggests that the presence 

of inert gas  limits mechanical degradation induced through polymer 

shearing. However, note that all Űw0 values for PLA e xperiments 

conducted in N 2 were  lower when compared with corresponding Air tests, 

i.e. 42.5% and 24.5% lower at 50 rpm and 100 rpm respectively, whi ch 

could be attributed to moisture content in the bottled gas discussed 

further in Section 4.4.3.1 . 

Through analysing t 1/2  and Űw0 values provided in Table 4.2, a 

compromise set of parameters for the mixing of LR706S in the MiniLab 

was established: 50 rpm in Air and 100 rpm in N 2.  

Table 4 .2 . Recirculation of LR706S in Air and N 2  at 210 °C  for  t R of ~15 

min at various n s. 

Gas 
n s 

[ rpm ]  

Űw0  

[ k Pa]  

t 1/2  

[ s]  

Emix  [kJ] at 

t R= 10  min  

Air  50  124 .3±0.8  782 ±13  4.43  

Air  100  112 .4±1.0  580 ±11  10.24  

N2  50  71 .4±0.3  859 ±9  2.46  

N2  100  84 .8±0.2  1157 ±11  10.45  

N2  150  99 .4±0.3  997 ±11  22.24  

4.4.1.2.  Nanocomposites  

For neat LR706S mixed in Air, Űw0 and  t 1/2  decreased with increasing ns 

(see Table 4.2) inferring polymer degradation due to increased shear.  In 

contrast, for HANP -LR706S recirculated in Air, Űw0,  t 1/2  and  Emix  increased 

with higher ns, which is shown in Figure 4.6, e.g. for 5 wt% HANP -

LR706S the aforementioned values increased by 10.4%, 25.9% and 

72.7% respectively when increasing ns from 50 rpm to 100 rpm. This 

would suggest a limiting of mechanical degradation due to inclusion of 

HANP. However, Űw0,  t 1/2  and  Emix  are objectively lower for the 

abovementioned nanocomposites than for LR706S only at particular 
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screw speeds, see Table 4.2. For example for 10 wt% HANP -LR706S at 

100 rpm Űw0,  t 1/2  and  Emix  are 37.1%, 44.9% and 42.1% lower 

respectively than for LR706S at 100 rpm. Additionally, in Figure 4.6, for 

10 wt% HANP -LR706S for ns raised fro m 50 rpm up to 100 rpm Űw0 

increased by 42%,  Emix  by 79.1% while t 1/2  only by 3.4%. It was 

therefore hypothesized that presence of nanoparticle aggregates in 

polymer matrix due to incomplete dispersion creates additional shear 

which causes greater degradat ion of PLA.  

(a)  

(b)  

Figure 4 .6 . Compounding of plate HANP with LR706S in Air  at 210 °C  for 

~15 min at 50 rpm and 100 rpm presented as (a) Űw  and (b) Emix .  

For similar experiments carried out in N2 with coated and uncoated HANP, 

Űw0,  t 1/2  and  Emix  increased when increasing ns from 50 rpm to 100 rpm, 
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e.g. for 2.8 wt% DDSAHA they increased by 10.5%, 38% and 73.2% 

respectively. This infers less matrix decomposition with added HANP 

during melt processing despite more mechanical force induced through 

shearing. For nanocomposites pr oduced with a ns of 150 rpm, t 1/2  reduced 

e.g. for 2.5 wt% HANP it decreased by 32.4% when compared with 100 

rpm test. This suggests that compounding of HANP and LR706S with 

shear above 100 rpm caused more mechanical degradation of the 

polymer which could not be compensated for by the beneficial influence 

of inert gas and addition of HANP. However, it must be mentioned that 

Űw0 and t 1/2  values for nanocomposites compounded  in N 2 were  higher 

when compared with recirculation of neat LR706S in N 2 regardless of  

screw speed, which could be attributed to the desiccating effect of added 

particles discussed further in Section 4.4.3.2 . 

Table 4 .3 . Compounding of plate HANP and DDSAHA with LR706S in Air 

and N 2  at 210 °C  for ~15 min at 50 -  150 rpm.  

Gas HANP type  
HANP 

[wt%]  

n s  

[rpm]  

Űw0  

[ k Pa]  

t 1/2 

[ s]  

Emix  [kJ] 

at t R = 

10 min  

N2  HANP plate  2.5  150  
135 .7 

±1.1  

1161  

±35  
26.83  

N2  HANP plate  2.5  100  
133 .8 
±0.9  

1717  
±56  

16.29  

N2  HANP plate  2.5  50  
121 .1 

±0.7  

1735  

±52  
5.11  

N2  DDSAHA  2.8  150  
135 .9 

±0.9  

1880  

±65  
30.87  

N2  DDSAHA  2.8  100  
134 .7 

±0.8  

2325  

±89  
17.53  

N2  DDSAHA  2.8  50  
120 .6 

±0.8  

1441  

±44  
4.70  

Air  HANP plate  5  100  
101 .7 

±0.7  

504  

±7  
9.72  

Air  HANP plate  5  50  
91 .2 
±1.1  

374  
±8  

2.65  

Air  HANP plate  10  100  
70 .7 

±1.1  

320  

±8  
5.93  

Air  HANP plate  10  50  
41 .0 

±0.3  

309  

±4  
1.24  

 

The  t 1/2 summarised in Table 4.3 suggests that the least degradation 

occurred during compounding of 2.8 wt% DDSAHA in N 2 at 100 rpm 
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which was mixed with a Emix  over 4 times larger, after 10 min, than that 

at 50 rpm. However, the influence of the increased Emix  with raised ns, for 

the N 2 tests at 150 rpm, caused mechanical degradation of polymer 

matrix.  

Higher Űw0 with increasing ns for N 2 and Air compounding tes ts suggests 

that pressure in the extruder increases with greater mixing of particles 

with polymer melt. However, note that all Űw0 and t 1/2 values for 

compounding  in Air were lower when compared with corresponding N2 

tests, which again can be linked to use  of inert gas and the desiccating 

effect of added particles limiting degradation of PLA in bottled N 2.  

Through analysing t 1/2  and Űw0 values provided in Table 4.3, applicable ns 

for compounding of HANP with LR706S in the MiniLab was established to 

be 100 rpm in both Air and N 2. However, the chosen screw speed for 

subsequent compounding runs was 50 rpm as this allows for the loading 

and processing of a variety of nanocomposites without exceeding the 

MiniLab pressure sensors alarm limits. Without this constraint, the 

following could be achievable: (i) a decrease in processing temperature 

by at least 5 °C to minimise thermal degradation of the polymer, (ii) an 

increase in ns to 100 rpm for better mixing, and as a result (iii) a 

decrease in recirculation time.  

4.4.2.  Mixing  time  

LR706S was recirculated in the MiniLab for various lengths of time to find 

optimal cond itions which would aid screw mixing and not cause 

substantial matrix degradation due to prolonged residence in the extruder 

at an elevated temperature. Firstly, experiments were carried out in Air 

at 100 rpm for 4 ï 27 min, illustrated in Figure 4.7, followed by tests 

conducted in N 2 at 150 rpm for 10 min and 15 min, all of which are 

summarised in Table 4.4. Finally, 5.6 wt% DDSAHA was compounded 

with LR706S in N 2D to explore optimal mixing time when compromising 

between particle dispersion and PLA degradation. Those experiments 

were conducted at 50 rpm for 5 ï 15 min, shown in Figure 4.8 and 

summarised in Table 4.5. 
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 (a)  

(b)  

Figure 4 .7 . Recirculation of LR706S in Air  at 210 °C  and 10 0 rpm  for 4 

min, 15 min and 27 min presented as (a) Űw  and (b) Emix .  

All tests carried out for LR706S and nanocomposites were nominally 

identical for respective ns with exception of mixing duration. However, 

slight random fluctuations of Űw0 and Emix  for the overlapping time periods 

were found. This run - to - run variation is inherent due to manual handling 

and the values remain comparable within the same order of magnitude. 

The analysis of t 1/2  variations revealed a decrease of t 1/2  with recirculation 

time for shorter runs due to greater uncertainty in fitting a model to less 

data. This is most likely due to the initial transient period after sample 

loading which had the greatest effect on short time experiments while 

during longer r ecirculation this effect was less prominent. Hence only t 1/2  

for the longest tests was compared: for LR706S recirculated for 27 min at 
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100 rpm in Air, t 1/2  was 722 s, in N 2 for 15 min at 150 rpm it was 997 s, 

while for 5.6 wt% DDSAHA compounded for 15 min at 50 rpm in N 2D, t 1/2  

was 729 s, which in average gives 816 s.  

Figure 4.7(b) reveals an Emix  increase of 64.2% for LR706S recirculated in 

Air at 100 rpm for 15 min w hen compared to the 4 min test. Increasing 

the recirculation time to 27 min resulted in a further 13.2% increase in 

Emix . A lower Emix  increase of 31.7% was recorded for PLA melt mixing in 

N2 at 150 rpm when the recirculation time was changed from 10 min t o 

15 min as shown in Table 4.4.  

Table 4 .4 . Recirculation of LR706S in Air  and N 2  at  210 °C  for 4 -  27 min 

at various n s. 

Gas 
n s  

[rpm]  

t R 

[min]  

Űw0  

[ k Pa]  

t 1/2  

[ s]  

Emix  [kJ] 

at t R = 5 
min  

Emix  [kJ] 

at t R = 
final  

Air  100  27  
114 .3 
±0.6  

722  
±7  

6.74  21.64  

Air  100  15  
112 .4 

±1.0  

580  

±11  
5.96  13.66  

Air  100  4  
135 .4 

±2.0  

383  

±25  
-  4.88  

N2  150  15  
99 .4 

±0.3  

997  

±11  
12.13  30.93  

N2  150  10  
96 .9 

±0.4  

856  

±13  
11.47  21.12  

 

Graphical results for the compounding of nanocomposites, shown in 

Figure 4.8, again appear similar in the overlapping time periods, with an 

Emix  increase of 25.7% when comparing the 5 min and 10 min test. This 

further increased by 25.8% for experiment conducted for 15  min; refer to 

Table 4.5 for numerical results. For the overlapping time periods a 

difference in Űw0 and Emix  was found which suggests a potential variation 

in the amount of HANP between the runs. This variation in HANP is later 

confirmed in Table 6.7 in Section 6.1.1.4.  

As an increase in t 1/2  with the mixing time was expected to occur due to 

improved fitting of an exponential decay to more Űw data from longer 

runs , an optimum mixing time was chosen based on the  hypothesis  that 

longer t R in the MiniLab gives  particles the opportunity to mix better with 



 

88  

PLA despite causing increased matrix degradation.  This was lat er 

reflected in the improved flexural properties of the 5.6 wt% DDSAHA -

LR706S compounded for 15 min, shown in Figure 5.33 in Section 5.3.1.3, 

when compared with the nanocomposite mixed for less time and with 

LR706S mixed for 15 min. By additionally reviewi ng compounding 

conditions applied by Wilberforce et al. [20] , who also utilised the MiniL ab 

for compounding of nHA with high molecular weight PLA , it was decided 

that 15 min for t R will be an agreeable compromise between particle 

mixing with LR706S and limiting matrix degradation.  

(a)  

(b)  

Figure 4 .8 . Compounding of 5.6 wt% DDSAHA and LR706S in N 2D  at 210 

°C  and 5 0 rpm  for 5 -  15 min presented as (a) Űw  and (b) Emix .  
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Table 4 .5 . Comparison of 5.6 wt% DDSAHA compounding with LR706S in 

N 2D  at 210 °C  and 5 0 rpm  for 5 -  15 min.  

Gas 
HANP 

type  

HANP 

[wt%]  

t R 

[min]  

Űw0  

[ k Pa]  

t 1/2 

[ s]  

Emix  [kJ] 

at t R = 

5min  

Emix  [kJ] 

at t R = 

final  

N2D  DDSAHA  5.6  5  
97 .2 

±1.2  

499  

±26  
1.92  1.97  

N2D  DDSAHA  5.6  10  
80 .2 

±0.5  

606  

±11  
1.52  2.65  

N2D  DDSAHA  5.6  15  
92 .9 

±0.7  

729  

±13  
1.83  4.05  

4.4.3.  Mixing under inert gas  

4.4.3.1.  PS and PLA  

PS was processed in the MiniLab in Air and N 2D, shown in Figure 4.9, to 

investigate the influence of inert gas on this thermoplastic polymer which 

is fairly stable during melt compounding; recirculation data is 

summarised in Table 4.6. Due to its lower molecular weight, PS has a 

substantially lower Űw0 when compared with PLA, shown in Figure 4.10 , 

however its t 1/2  is much longer: around 3 times longer than LR706S in Air 

and 29 times longer than in N 2D. This confirms superior thermal stability 

of PS in comparison to PLA though mixing under N 2D still had beneficial 

effects on PS as t 1/2  increased by 95.5% when compared with mixing in 

Air.  

LR706S was  recirculated  at 210 °C and  50 rpm for 15 min in Air , N2 and 

N2D to investigate the influence of gas on the mixing process, see Figure 

4.10 . It was expected that experiments in N 2 will improve mixing 

parameters in comparison to Air, however Emix  and Űw0 decreased 

substantially by 44.5% and 42.5% respectively despite a 9% increase in 

t 1/2 , as shown in Table 4.7. 

Figure 4.10  illustrates the importance of carefully drying nitrogen when it 

is used as an inert gas for melt processing of PLA. This prevents an 

excessive decrease in molecular weight caused by the presence of water, 

which can be a significant contaminant in bottled gas, and as a result 

considerably mitigates the reduction in Űw  during compounding [ 155 ] .  
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(a)  

(b)  

Figure 4 .9 . Recirculation of PS  at 210 °C  and 100 rpm for 15 min in Air 

and N 2D  presented as (a) Űw  and (b) Emix . D ata filtered with moving 

average of nine  points . 

The t 1/2  for mixing in Air was the smallest, inferring faster degradati on 

causing greater reduction in molecular weight. After recirculation  in N 2 

that had not been dried, the final Űw was much lower than for either N 2D 

(58% less) or Air (35% less). The slight increase in t 1/2  implied that 

mixing under inert gas decreased thermo -oxidative degradation however 

the significant decrease of Emix  and Űw0 suggests moisture in N 2 caused 

hydrolytic degradation which was even greater than that in Air. It was 

expected that ppm moisture co ntent in N 2 would be removed while 

passing through the gas inlet of the hot MiniLab chamber, however the 

above results indicate otherwise.  
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Table 4 .6 . Comparison of PS  recirculation at 210 °C  and 100 rpm for 15  

min in Air and N 2D . 

Gas Polymer  
Űw0  

[ k Pa]  
t 1/2  

[ s]  
Emix  [kJ] at 
t R = 10 min  

N 2D  PS 15.1±0.01  58308 ± 655 5  2.77  

Air  PS 12 .0 ±0.01  2598 ±21  2.33  

 

(a)  

(b)  

Figure 4 .10 . Recirculation of LR706S at 210  °C  and 50 rpm for 15 min in 

Air, N 2  and N 2D  presented as (a) Űw  and (b) Emix .  

Therefore, N 2 was in - line dried with a liquid nitrogen moisture trap, 

where gas was passed through a coil immersed in a dewar with liquid N 2 

to remove any residual water  by freezing . This gas drying process 

improved mixing parameters as t 1/2  and Emix  increased by 60.5% and 
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17.8% respectively for N 2D  in comparison with recirculation in Air and Űw0 

remained within the same order of magnitude. Thus, it was proved that 

even r esidual moisture content in the processing gas can cause severe 

hydrolytic degradation of PLA as displayed by substantially decreased t 1/2  

val ues. These findings are  in line with those from other studies , for 

example  [ 144 ] , which suggest that the removal of moisture and oxygen 

during melt processing determines the extent of PLA degradation.  

Table 4 .7 . Comparison of LR706S recirculation at 210 °C  and 50 rpm for 

15 min in Air, N 2  and N 2D . 

Gas Polymer  
Űw0  

[ k Pa]  

t 1/2  

[ s]  

Emix  [kJ] at 

t R = 10 min  

N 2D  LR706S  11 9.0 ±0.7  1983 ±69  5.39  

Air  LR706S  124 .3 ±0.8  782 ±13  4.43  

N 2  LR706S  71 .4 ±0.3  859 ±9  2.46  

4.4.3.2.  Nanocomposites  

Subsequently, HANP was  mixed with LR706S at 210 °C and  50 rpm for 

15 min in Air , N2 and N2D to investigate the influence of gas on the 

compounding process, see Figure 4.11 . Based on LR706S recirculation in 

the MiniLab in various gas atmospheres, shown in Figure 4.10 , it was 

expected that compounding in N 2D  will improve t 1/2  in comparison to 

compounding in N 2 and Air, as demonstrated through an array of 

experiments summar ised in Table 4.8. The general trend for the 

equivalent tests carried out in Air, N 2 and N 2D  shown that Űw0 remained in 

the same order of magnitude and  t 1/2  and Emix  increased , with the lowest 

values for tests in Air and the highest value for tests in  N2D.  

Unlike findings from the recirculation of neat LR706S in N 2, for 

nanocomposites mixed under N 2,  Emix  and Űw0 increased in comparison to 

values from experiments conducted in Air, e.g. for 2.5 wt% HANP plates 

they increased by 20.7% and 29.6% respectively, see Figure 4.11 . Fo r all 

compounding experiments t 1/2  was the greatest for tests carried out 

under in - line dried N 2 when compared with the Air runs, as illustrated in 

Figure 4.12 , e.g. for 3 .6 wt% is16PLAHA  t 1/2  increased by 66.8% for the 

N2D run.  
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(a)  

(b)  

Figure 4 .11 . Compounding of 2.5 wt% plate HANP and LR706S at 210 °C  

and 50 rpm for 15 min in Air, N 2  and N 2D  presented as (a) Űw  and (b) Emix .  

The greatest increase in t 1/2  for experiments conducted in N2D was 

observed for 2.5 wt% HANP plates and rods, when compared to 

compounding in Air, which increased 21 -  and 19 - fold respectively. This 

infers a decrease of hydrolytic degradation  of PLA through moisture 

removal with N 2D and desiccating effects from the addition of dried HANP. 

Subsequently, a N 2 drying process was applied for final compounding 

experiments, including scale -up activities, as it was demonstrated that 

tests conducted u nder N 2D  caused the least polymer degradation. This 

was evidenced by increased melt viscosity, which was witnessed by 

sharkskin extrudates, for all materials compounded under N 2D, shown in 

Figure 4.13 . This elastic surface instability, caused by extrusion at high 
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