
This thesis comprises 30 ECTS credits and is a compulsory part in the Master of Science with a Major in 

Chemical Engineering – Applied Biotechnology, 181 – 300 ECTS credits 

No. 1/2009 
 

 

Biodegradable Composites 
 Processing of thermoplastic polymers for medical 

applications 
 
 
 

NewBone Euro FP6 project 

Hamideh Jabari                                    Behzad Damadzadeh 
 



 ii 

 

 

Title: Biodegradable Composites, Processing of thermoplastic polymers for medical 
applications. 
 

AUTHORS: Hamideh Jabari, Behzad Damadzadeh  

 

Master thesis  

Subject Category:  Develop novel composite materials for biomedical implants 

Series and 

Number 

 Chemical Engineering-Applied biotechnology 

University of Borås  
School of Engineering 
SE-501 90 BORÅS 
Telephone +46 33 435 4640 

Examiner: Professor Mikael Skrifvars 
 

Supervisors:  Karri Airola, Mikael Skrifvars  
  

Client: Part of an on-going EU FP6 project, Newbone, at University of Borås  

Date: Jan 2009 

Keywords: Poly lactic acid, Poly glycolic acid, microcompounder, in-vitro 
degradation, biomedical application, hydroxy appetite (HAp), tri-
calcium phosphate (TCP), bioactive glass (BAG), bioceramic, medical 
composite, Differential scanning Calorimetry (DSC), inherent viscosity, 
Termogravimetric analysis (TGA), Scanning Electron 
Microscopy(SEM), biodegradable composite. 

 

 



 iii 

 

 Acknowledgment  

The authors would like to express their great gratitude to their supervisor Dr.Karri Airola, for his 
constant, abundantly helpful and friendly support. Without his support and patience, this work 
would not have been possible and authors will never forget those memorable days with him.   
They deeply acknowledge the constantly helpful and enriching support of Prof. Mikael Skrivfvars 
whom provided critical review of their work.  
Deepest gratitude is payable to the members of the NewBone project for their advice, 
interpretations and suggestions.  
The authors would also like to thank Nazdaneh Yarahmadi from the Technical Research Institute-
Sweden (SP) for her invaluable advice in compounding and thermal characterization. 
Special thanks go to Jonas Hanson for his continuous help and support during laboratory 
experiments in polymer and chemical laboratories. 
The authors are thankful to the University of Turku-Finland and specially Riina Mattila for her 
sincere, outstanding help and support in scanning electron microscopy and mechanical tests.  
The authors must convey thanks to the school of Engineering in University of Borås for 
providing the financial means and laboratory facilities. 
The authors wish to express their love and great gratitude to their beloved families, for their 
understanding and endless love, through the duration of their study. 
 



 iv 

Abstract 

Despite the recent development in PLA and PLGA based medical devices, there are still needs to 
further improve the mechanical performance of bioresorbable medical implants and their 
bioactivity. This is normally done by optimizing the filler compositions in selected groups of 
biodegradable polymer matrices. In this study, the effects of various filler levels on mechanical 
strength and thermal properties of PLA and PLGA composites were investigated. 
Composites containing different dosage of osteoconductive HAp with various particles size (0-
5µm, 0-50 µm, nano size), β-TCP, bioactive glass and biodegradable Poly-L-lactide and Poly 
lactide-glycolic acid was manufactured with melt blending, using a twin-screw extruder. 
The samples were investigated by Differential Scanning Calorimetry (DSC), thermo gravimetric 
analysis (TGA), Scanning Electron Microscopy (SEM), viscometer, three points bending 
machine, and Optical Microscopy (OM). 
The Extruder produced a porous profile. The result from TGA and SEM indicated that there was 
homogenous filler dispersion in the matrix after compounding. 
The result from DSC and Viscometer shows that there was some degradation during 
compounding. Mechanical properties of composites were modified by adding filler to matrix. The 
addition of Bioactive glass, as a filler, increases the degradation of the polymer matrix.  The best 
filler that was applied is 0-5µm and nano HAp. 
Also in in-vitro degradation part of this thesis work, the effects of calcium phosphate materials 
are investigated on degradation process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Key Words: Poly lactic acid, Poly glycolic acid, microcompounder, in-vitro degradation, 
biomedical application, hydroxy appetite (HAp), tri-calcium phosphate (TCP), bioactive glass 
(BAG), bioceramic, medical composite, Differential Scanning Calorimetry (DSC), inherent 
viscosity, Termogravimetric Analysis (TGA), Scanning Electron Microscopy, biodegradable 
composite. 
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1. Introduction 

 
1.1 Biomaterials 
 

As a definition to biomaterials Dee et al describe that “Biomaterials is a term used to indicate 
materials that constitute parts of medical implants, extracorporeal devices, and disposable that 
have been utilized in medicine, surgery, dentistry, and veterinary medicine as well as in every 
aspect of patient health care.” [1]  
“Biomaterials can be classified as natural materials, modified natural materials, metals, ceramics, 
synthetic polymers and composites”[2].  
Since living tissues (bone, ligament, connective tissue, etc.) are combinations of different 
macromolecules and other possible components, the synthetic polymer composite is the most 
feasible group of materials to develop biomaterials with characteristics perfectly fitted to the 
conditions for replacement, support, augmentation or fixation of living tissues. 
The biocompatibility and biodegradability of medical implants containing bioactive materials 
should be considered severely in vivo in case of appreciation of cellular and tissue responses[3]. 
Polymeric biomaterials behavior in living tissue may be separated into three main groups: 
Biostable, Bioabsorbable (biodegradable or resorbable) and partially biodegradable. 
Biostable polymers are inert biocompatible polymers in required to have stable properties in vivo, 
for long period of time. As an example polyethylene, polypropylene, polymethyl methacrylate 
and polyoxymethylene are typical biostable polymers. They have a broad usage in permanent 
prostheses, sutures and other implants production. 
In the cases that tissues apply for temporary support, augmentation, replacement or re-growth 
guidance, the bioabsorbable polymers are the best choice[2]. 
 

1.2 Biodegradable and Bioresorbable Polymers 
 
Biodegradable scaffolds have a significant function in tissue engineering. Biocompatibility, non-
toxicity and biodegradability are three obligatory characteristics that the scaffold manufacturing 
material should have. It means that the produced scaffold should have no harmful effect on 
surrounding tissues and organs[4].  
To have a successful bone fracture healing, implants should provide anatomical reduction of the 
fragment and adequate stability of the fixation.  
Metal implants are being used in orthopaedic operations since many years ago, in orthopaedic 
applications such as open reduction of a fracture and internal fixation, placement or removal of an 
internal fixation device without reduction of a fracture, arthroplasty of the knee or ankle and total 
hip replacement arthroplasty of the hip. Other applications of metal implants are in oral and 
maxillofacial surgery like dental implants, craniofacial plates and screws and for cardiovascular 
surgery applications such as artificial hearts, pacemakers, balloon catheters, valve replacement 
and aneurysm[5]. In orthopaedics there are many disadvantages of metal implants that become 
apparent, and encourage surgeons to substitute Bioresorbable implants. When the bone healing 
occurs, to prevent problems such as relative osteopenia, owing to the absence of normal 
functional loading, and allergic reactions to certain metal components’ the implants should not 
remain inside the body. It indicates that second surgery for removing the metal implant is 
unavoidable, that it has not only extra financial effects but also mental and medical side effects 
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for the patient. Bioresorbable implants, which are widely produced from biodegradable polymers 
are the best solutions for these disadvantages of metal implants[6, 7]. 
Wide clinical and environmental applications of Bioresorbable polymers encourage researchers to 
participate this field in recent years[8, 9]. The advantages of bioabsorbable materials are (1) no 
stress-shielding effect, (2) no need for removal after surgery, and (3) no metallic corrosion[8]. 
The biodegradable polymer applications are categorized into three major categories: drug 
delivery systems, wound closure and healing products, and surgical implant devices[10].  
“The most popular and biodegradable polymers are aliphatic polyesters, such as polylactic acid 
(PLA), polycaprolactone (PCL), poly butylenes adipate terephthalat (PBAT) and 
polyhydroxybutyrate (PHB)”[11] and also  Poly glycolic acid (PGA[10, 12, 13].  
 

1.3 PLA & PLGA and their applications 
 
Poly lactic acid (PLA), Poly glycolic acid (PGA) and their co polymers are the most commonly 
used absorbable polymers because of their similarity in chemical composites to bone 
properties[12, 13].  
They are indicated as feasible material to degrade in physiological environment in order to yield 
normal metabolites of low toxicity. 
Due to nature of biocompatibility, biodegradability, good mechanical properties and 
processability of these polymers, there are many clinical applications for them in human therapy 
such as bone fractures fixation devices (pins and screws), sustained release drug delivery systems, 
sutures and many orthopedic areas such as elbow, shoulder, knee, wrist, pelvis, etc.[7, 11, 14]. 
The bone screws, plates and pins that are manufactured from PLA and PLGA may replace metal 
implants in near the future[8].  
“Poly (glycolic acid) (PGA) is a semi-crystalline polyester with good mechanical and degradative 
properties.” [15]. Hydrolysis reactions can degrade the PGA to glycolic acid (GA) that carboxylic 
acid cycle can degrade it inside the body.  
Polylactide is isotactic semi-crystalline polyester which can be derived from both L-lactide and 
D-lactide which are obtained from the fermentation of sugar feed stocks such as corn by ring 
opening polymerization. The functional properties of these thermoplastic polyesters are more 
brilliant than petroleum-based plastics[16, 17]. The asymmetrical carbon atom in PLA structure, 
optically deactivate it[10].  
 

  
PLGA PLA 

Figure 1 :The skeletal formula of Polyglycolic acid and polylactic acid[18] 

 
 
Nevertheless blending of PLLA and PDLA is a co-crystallize stereocomplex co-polymer with 
different physical properties compared to their homopolymers. For instance the melting point of 
PDLLA is approximately 50ºC higher than PLLA or PDLA. Higher melting point is due to 
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formation of stereocomplex crystals and the strong van der Waals interaction inside their 
structure. Melt extruding of PDLLA requires a higher melting temperature compared to 
homopolymers, where the polymer may degraded significantly due to high temperature[16, 17]. 
The amorphous form of PLA is mostly utilized to produce packaging materials for food and 
consumer goods, grocery, waste and composting bags, controlled release matrices for fertilizers, 
pesticides and herbicides and in applications in which the polymer film is naturally discarded 
after use [9, 16, 19]. 
Copolymerization of PGA with other biopolymers such as one of the well-known biodegradable 
and biocompatible polymers is Poly L-lactic acid (PLLA) with its wide application in medical 
and pharmaceutical applications such as sutures, orthopaedic devices, scaffolds for tissue 
engineering and drug delivery systems. 
Despite of high biocompatibility of PLA, the experimental studies of the racemic poly lactic acid, 
it is shown that PDLLA loses its mechanical strength faster than PLLA[20, 21]. PLA produces 
very attractive products for biomedical applications[15]. Poly lactide (PLA) has been effectively 
used in several surgical implications as a biodegradable osteosynthesis material both in humans 
and animals[22].  
Various composition ratios between PLA and PGA in their co-polymers exhibit different 
properties and characteristics such as molecular weight, crystallinity, inherent viscosity, etc, and 
consequently they should have different applications. High crystalline PLGA with high molecular 
weight should be consumed in surgical sutures and bone fixation nails and screws, but amorphous 
PLGA with low molecular weight are applicable in drug delivery applications. 
Lactic/ glycolic acid co-polymers (PLGA) have been used in medical applications for more that 
30 years[23]. 
 
Table 1shows examples of different types of polymers in medical applications. As it is seen, 
several types of non-biodegradable polymers are also used in medical applications. 

 

Table 1. : Examples of Biomedical applications of polymers [1] 

 

Applications 

 

Polymer(s) 

 
Cardiovascular implants 

 
Polyethylene; poly (vinyl chloride); polyester: 
silicone rubber; poly (ethylene terephthalate); 

polytetrafluoroethylene 
 

Orthopaedic implants 
Ultra-high-molecular-weight polyethylene,        

poly (methyl mathacrylate) 
 

Drug release 
Poly (lactide-co-glycolide) 

 

Tissue engineering 
Poly (lacticacid);poly (glycolicacid); poly 

(lactide-co-glycolide) 
 
Utilization of PLA and PGA and their co polymers are common in cases where high mechanical 
strength is not necessary such as “L-PLA screws and suture anchors, PGA pins (used in foot 
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surgery), PGA-TMC soft tissue anchors, L-PLA interference screws used in anterior cruciate 
ligament reconstruction, or (DL-PLA)-PGA suture anchors for labrum or ligament attachment in 
the shoulder”[7]. 
The skull fracture fixation by metallic osteofixation materials may have some drawbacks such as 
translocation of the implant inside the skull or penetration of the screw in to the dura that may 
cause brain injury. Shortcomings such as corrosion, stress shielding and artifacts in computed 
tomography (CT), and magnetic resonance imaging (MRI) by utilization of metallic devices make 
biodegradable implants applicable as an alternative.  
Biodegradable surgical devices have sufficient mechanical strength in early fracture fixation. The 
bone fracture fixation will get started after implantation and by elapsing time, the mechanical 
strength of the implant decreases by increase in bone mechanical strength. By initiating the bone 
healing biodegradable implants decompose gradually and transfer stresses to the bone that no 
stress shielding is necessary.  
Biocompatibility of biodegradable polymers is due to appropriate host response after the 
operation. The interaction between the implanted device and the surrounding tissue resulting from 
the local tissue response for the wound healing process, with low risk of inflammation, indicates 
the biocompatibility of the biomaterial implants [24-26].  
After implantation of biomedical devices inside the body, bone healing begins and cells grow on 
the surface of artificial devices. The materials should be biocompatible to support cellular 
migration and proliferation for the infiltration of osteoblasts and finally bone formation [27, 28]. 
The mechanical strength of the polymeric fixation devices should decrease gradually with  the 
increase in bone healing [12, 29]. 
Development of a new generation of bioabsorbable implants are motivated by the undesirable  
prevalence of problems related to inflammatory reactions such as osteolysis [30]. 
Biodegradable devices are applied for long bones fractures fixation to decrease the risk of 
infection and better mechanical strength. Compared to metal fixation devices and due to atrophy 
of cortical bone, biodegradable reinforced polymeric composites can have high mechanical 
strength for fracture fixation with lower rigidity [31, 32].  
In previous studies of non-reinforced PLA sheets, rods, screws and plates, it has been recognized 
that they are capable in fixation of cancellous bone fractures of non-weight bearing bones. For 
fixation of weight bearing bones reinforcing the biopolymers is recommended in order to have 
non brittle implants [20, 21, 29] . 
The techniques for manufacturing these kinds of biomedical devices from PLA, PGA and their 
co-polymers have been improved. Especially addition of the fillers to polymers have improved 
mechanical strength for fixation of cortical bone osteotomies [22] . 
As one of the fillers bioactive glass (BAG) is indicated as an advantageous material for clinical 
usage in artificial bones for approximately 30 years. Osteoconductivity, osteopromotive 
performance and biocompatibility are the main characteristics of BAG [33] .  
Drug delivery is one of the other applications of PLA and PGA. The polymers that are degraded 
in-vivo participate in protein delivery and also increase the possibility for growth of neo-tissue on 
them as porous scaffolds. To provide such condition they should be porous and permeable to 
permit the entrance of cells and nutrients and elution of waste products, and should afford the 
appropriate surface chemistry for cell attachment. 
Moreover than the biocompatibility of these, both on the surface and the bulk, they should have 
sufficient mechanical properties to provide the correct stress environment for the neo-tissue [7]. 
Drug delivery systems could be controllable with utilization of poly lactide-glycolic acid. The 
excellent degradability, biocompatibility of PLGA, safety, non-toxicity their hydrolysis to 
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metabolic by-products, their ability to distribute drugs with various physical and chemical 
properties and molecular weights are the unique properties to have a under controlled drug 
delivery in human bodies [23, 34, 35]. 
Bioabsorbable materials are also utilized for sutures production. These sutures have many 
applications such as tendon fixation. The gradual degradation of the mechanical strength of these 
sutures is the critical point that should be maintained approximately by the end of the healing 
period. 
Polylactic acid is one of the core polymers for biodegradable suture production. The ratio of D 
and L isomers in the PLA affects the degradation rate of biodegradable sutures[36]. 
 

1.4 Degradation of PLA, PGA and their co-polymers 
 
Bioresorbable materials are absorbed biologically due to vital activity of an organism. The 
degradation process is affected by pure physiochemical reactions. The polymeric bioabsorbable 
surgical materials should preserve their mechanical supporting properties until the end of healing 
procedure (typically days, weeks or months), and then by the inception of degradation process 
steadily, the degraded fragments are absorbed by living tissues and substituted by healing 
tissues[2].  
PLA degradation is definitely dependent on many factors such as morphology (thickness and 
geometry of the article), microbial environment, moisture and temperature[19].  
The inception of biopolymers degradation is hydrolysis of ester bonds in an aqueous environment 
to produce carbon dioxide and water that are metabolized by the organism [14, 23]. 
There are many factors that differs the degradation behavior of α-hydroxy polyester implants, 
manufactured from same polymer batch and particularly implants or biomedical devices 
manufactured from polymers obtained from different sources; such as processing method, 
sterilizing method, thermal history, cristallinity, purity (especially monomer content) and 
molecular weight distribution. These parameters have an effect on degradation behavior and 
therefore the biological reaction of the injured tissue to the implanted polymer.[22]. 
The biopolymer devices step-by-step degradation to non-toxic products or hydrolysis or 
enzymatic degradation should be in contrast with the bone defect improvement.  
After implantation the ideal situation is the equal rate of tissue healing and biopolymer 
degradation [28]. Rather than equilibrium in degradation and healing rate, the mechanical 
strength of the ideal material should be maintaining its early properties for the first few weeks. 
Once the healing of the tissue regeneration gradually transfers the load to the new tissues, 
mechanical stability of biopolymer support device decrease gradually. This is the main advantage 
of polymers of the poly α-hydroxyl acids such as poly lactic acid [14]. 
The cleavage reaction (basic and acidic) of ester bonds in aliphatic polyesters during the 
hydrolytic degradation is: 
 

R-COO-R' + H2O → R-COOH + HO-R' 
 
The result of hydrolytic cleavage of ester bonds in polymer backbone is the formation of lactic 
acids monomers and finally metabolizing in a tricarboxylic acid cycle to convert to carbon 
dioxide and water. 
Some surface erosion is claimed during degradation, at macroscopic level homogeneous 
degradation of aliphatic polyesters is indicated [37].  
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At the initiation of degradation, hydrolysis occurs in the bulk homogeneously, but the neutral 
situation is changed by the generation of soluble oligomers in the matrix. By the cleavage of each 
ester bond, a carboxyl end group is formed and then in relation to autocatalysis, ester bond 
cleavage acceleration takes place. The soluble oligomers inside the matrix hardly diffuse out but 
those which are close to the surface diffuse simply causing higher acidity inside the matrix. 
Distribution of hydroxyl groups in buffered aqueous medium from the surface decrease surface 
acidity, therefore autocatalysis inside the matrix accelerates the degradation process and also the 
acidity [37].  
The bacteria inflammation in tissue surroundings is a disadvantage of spreading acidic monomers 
by the degradation of biopolymers (mostly polylactone around the tissue environment).  
Decreasing the acidity of the degradation residuals is the best alternative to overcome this 
problem. Neutralisation by alkaline matter is the best way to deactivate the acidity of lactic acid, 
glycolic acid and the monomers.  
Alkaline materials such as chitosan with basic amine groups without any calcium or phosphorous 
(natural bone elements) are not highly beneficial due to the low degradation rate of PLA-chitosan 
composites. Hence, in order to use remarkable alkaline materials with calcium and phosphorous 
for tissue engineering, hydroxyapatite (HAp), tricalcium phosphate (TCP) and bioactive glass 
(BAG) are the best choices [4, 35]. 
Reviewed studies define the basics of the in vitro degradation behavior of self-reinforced β-
TCP/PLA composites. If we want to understand the degradation behavior better, we need to 
perform specific studies in vitro and in vivo, such as observation of the crystallization kinetics 
and structural changes. Additional studies are also needed to understand the benefits of the 
external pores and  β-TCP as osteoconductive filler, because osteoconductivity is thought to be a 
desired feature in implant materials such as , in bone fracture fixations [38].  
 

1.5 Self reinforcing biomaterials 

 
Self reinforcing the bioabsorbable polymers to produce fixation devices with sufficient 
mechanical strength for bone fracture healing started from the1980s.  
Lacking mechanical strength and osteoconductivity of polymers are adequate motivation for 
reinforcing them with bioactive ceramics [39]. 
Since bioabsorbable materials are used to meet temporary requirements such as bone fracture 
healing, their mechanical strength and osteoconductivity improved by adding bioceramic fillers 
such as HAp and β-TCP. These fillers also can neutralize the acidity that is produced by degraded 
materials. Moreover biopolymer properties such as weight loss, bioactivity, and water absorption 
and degradation rate are  affected by adding ceramic fillers such as calcium carbonates, Bioglass, 
carbonated calcium phosphates and carbonated apatite [32, 40, 41]. 
Reinforcing the biodegradable polymers is attractive to have better performance of 
physicochemical properties and make the polymer more compatible to the environment. 
This improvement is dependent on many factors such as filler concentration, filler size, filler 
dispersion, polymer degradation and processing condition. There are several methods for 
reinforcing the polymer matrices such as injection molding, compression molding, hydrostatic 
extrusion and extrusion followed by self-reinforcement using die-drawing [32, 39]. 
 In the case of melt blending extrusion method with twin screw micro-compounder as a 
processing method, the shear forces generated during compounding, residence time of extruding, 
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optimum temperature that is applied, and feeding method are critical factors that should be 
considered during the experiment [17].  
It is also observed that calcium phosphate particles are promising candidates to increase the 
degree of polymerization [42] for effectively improving the biocompatibility such as cell growth 
augmentation, bioresorbability and modulus of bioabsorbable polymers and then it could be 
considered to enhance the degradation period of biopolymer [38, 43, 44]. Reinforcing PLA and 
PLGA with mentioned bio ceramics increase bioactivity and control resoption rate due to 
availability of porous structures. To provide these porous structures the compounding process 
should be able to break the Van der Waals and electrostatic forces between agglomerated ceramic 
particles in order to achieve homogenous dispersion of particles into the matrix[45]. 
There are some disadvantages that confine biopolymer applications. Hydrolytic instability of 
PGA is one of their drawbacks and there were many attempts such as co-monomerisation with 
PLA, to overcome this problem which has not completely succeeded. Also long degradation time 
of PLLA makes it hard and brittle in order to prevent its usage in medical applications. Although 
PDLLA has faster degradation time but its low mechanical properties is mentioned as its 
shortcoming. Blending techniques is a promising alternative for improving the original 
mechanical properties of the polymer[8]. 
Several studies have been performed on blending and reinforcing of PLA, PLGA with different 
portion of calcium phosphate particles (HAp and β-TCP) and their degradation behavior [4, 24, 
34, 38, 39, 42-50].   
 

1.6 Blending method 
 

Selecting the method for blending biopolymers and fillers and profile production is critical. 
There are many methods for achieving this objective such as the  solution casting method [17, 34, 
42, 45, 51-54] and the co-precipitation method [55] and the  melt extrusion method [6, 11, 16, 17, 
19, 24, 30, 38, 39, 44-46, 49, 56, 57] 
The solvent blending method has advantages such as full dispersion of filler in the polymer 
matrix and the products are uniform with better mechanical properties[42]. 
Solvent methods are more time consuming and in commercial scale it seems not feasible 
regarding to lots of solvent for high amount of composite production. Furthermore, the main draw 
back of this method is the possibility of remaining toxic organic solvent inside the composite 
[45]. 
Melt extrusion is an alternative to produce compounded SR-Biopolymers easier and faster. 
Some researches used single screw [16, 39, 56, 57] and some of them used twin screw [17, 24, 
38, 45, 46, 49] extruder.  
Melt processing such as injection molding and extrusion are one of the famous techniques for 
production of PLLA implants devices. The thermally unstable nature of PLLA leads to some 
negative reactions during melt processing such as molar mass reduction. It has also some 
significant critical effects on color, degradation rate, mechanical properties and cell response of 
PLLA[46]. By the above-mentioned drawbacks of melt extrusion method, we decided to use melt 
extrusion method and finding the optimum processing conditions in order to produce less 
degraded profiles with satisfying properties such as thermal, mechanical and dispersion of fillers 
inside the matrix[6].  
 
 
 



 8 

1.7 Objective 

 
In this thesis work PLA, PLGA copolymers are selected due to their biocompatibility, complete 
material resorption and removal of the remaining degraded products through metabolic pathways. 
The manufactured implants from these materials are required to have sufficient and stable 
mechanical strength to tolerate mechanical stresses that applied during surgery and healing 
procedure. We compound different types of self reinforced PLA, PLGA copolymers in order to 
produce smooth, homogenous profiles with sufficient mechanical strength for medical 
applications such as pins and screws in bone fracture fixation. 
The most critical part of this project is compounding biopolymer granules with each other to 
produce homogenous structure; furthermore combination of biopolymer or their copolymers with 
different portion of fillers is important. 
The pure PLA may have not enough mechanical strength that this problem would be overcome by 
the help of reinforcing the PLA with selection of appropriate fillers with accurate concentration. 
Crystallinity is one of the important parameters that should be under control by optimization of 
processing parameters and/or changes in the formulation of the material to achieve the formerly 
aims. Crystallinity has significant effects on physical properties, particularly mechanical 
performance and durability. Consequences of increase in overall crystallinity are improvement in 
stiffness, heat deflection temperature, strength and mechanical chemical resistance of the 
polymer[9].  
HA, β-TCP and BAG are the best fillers that are introduced in most reviewed literatures.   
Since polymers are not osteoconductive, these bioactive ceramics and glasses that are composed 
of natural bone elements have osteoconductive properties and can cover this shortcoming by 
reinforcement process [4, 39]. 
In this study a twin screw micro-compounder is applied to reinforce and blend PLA, PLGA with 
HAp and β-TCP to produce profiles with diameter sizes between 2-3.5 mm. The filler particle 
sizes are from nano to 50 µm. The objectives of this study are to investigate the effect of different 
dosage and different particle sizes of HAp and β-TCP on thermal degradation and mechanical 
properties of PLA and PLGA. The fillers concentrations are augmented in consequent runs from 
0% to 30%. The produced profiles are determined with inherent viscosity, DSC, TGA and 3-point 
bending test to observe the effect of thermal extrusion of the polymers and also the effect of 
filler’s type and size on mechanical, thermal and cristallinity properties. The melting point, Tg 
and cristallinity are extracted from DSC curves. The decomposition temperature and filler 
concentration (%) are measured from TGA curves. The flexural strength in MPa, and E-modulus 
in GPa are obtained by 3-point bending machine.  Also the dispersion of fillers inside the polymer 
matrix and their porosity is observed with scanning electron microscopy. 
In in-vitro part  the degradation of pure PLA with low cristallinity (due to released enthalpy [11]) 
and SR-PLA with 25% β-tri calcium phosphate as an alkaline component are considered with in-

vitro degradation test in order to define the basics of the  in vitro degradation process. The effect 
of temperature and β-tri calcium phosphate on degradation rate, acidity, cristallinity, melting 
point and morphology of the pallets were explored. β-TCP is mentioned as osteoconductive filler 
for modifying biopolymeric implants for bone fractures healing. Formations of new crystalline 
phases are observable during this experiment. Actually the differences of mentioned parameters 
were considered at body temperature and at 55 ºC with shaking and without the shaking system. 
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2. Materials and Methods 
 

2.1. Materials 
 

2.1.1 Testing material 

 
Pure Poly (L,D-lactide) 96:4 of commercial grade and Poly (LD-lactide) 96:4 compounded 
granules with β-tricalcium (phosphate bio-ceramic additive fillers )with the ratio of 
80:20(According to TGA result).  
Since nano filler composites and granular polymers are expensive materials and there is limitation 
of using them, testing materials are applied to minimize mistaken compounding conditions and 
reduce the errors as much as possible for next runs. Also these materials are applied for in-vitro 
degradation test to observe the effects of calcium phosphate fillers on polymer degradation and 
their environment.  
 

2.1.2 Nano filler composites 

 
The nanofiller composites were submitted as ready mixtures, cryo-milled with matrix polymers. 
The research of this material group was a part of European Research project (NEWBONE). The 
batches of nanofilled composites are presented in the Table 2 below. 
 

Table 2. Specification of Nano-filler composites materials 

Smaple 

code 
Batch code Matrix polymer 

Bioceramic 

additive 
i.v 

A1 NHRC_MA_004/A1-HM-070924 PLGA 95L/5G β-TCP 2.46 
A2 NHRC_MA_004/A2-HM-070924 PLGA 95L/5G β-TCP 2.17 
B1 NHRC_MA_004/B1-HM-070924 PLA 96L/4D β-TCP 3.51 
B2 NHRC_MA_004/B2-HM-070924 PLA 96L/4D β-TCP 3.19 
C1 NHRC_MA_004/C1-HM-070924 PLGA 95L/5G HAp 2.19 
C2 NHRC_MA_004/C2-HM-070924 PLGA 95L/5G HAp 2.00 
D1 NHRC_MA_004/D1-HM-070924 PLA 96L/4D BAG 3.41 
D2 NHRC_MA_004/D2-HM-070924 PLA 96L/4D BAG 3.33 

 

 

2.1.3. Granular polymers and calcium phosphate fillers 

 
The biopolymers selected as polymer matrix are Poly (L-lactictide) with inherent viscosity (i.v.) 
of 7.02 dl g-1 supplied by PURAC (PURSORB PL65, 0709002161 biochem bv, Netherlands) and 
Poly (L-lactide co glycolide) 85:15 with inherent viscosity (i.v.) of 3.5 dl g-1 supplied by 
Boehringer Ingelheim (RESOMER® RES-0448 Boehringer Ingelheim Pharma GmbH & Co.KG 
Ingelheim, Germany).  
Hydroxyapatite and β-tricalcium phosphate bioceramic additive fillers with different particle 
sizes were selected to reinforce the biopolymers. Fillers characteristics are shown in Table 3. 
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Table 3. Bio Ceramic Fillers  

Code 
Filler 

name 
Particle size Batch Code Company 

1 HA 0-50 µm HAPCE03SPDS BERKELEY ADVANCED BIOMATERIALS INC 
2 HA 5 µm HAPSS20051201 BERKELEY ADVANCED BIOMATERIALS INC 
3 HA-nano <200 nm 02718AJ SIGMA ALDRICH 
4 β-TCP 0-50 µm Gen01070106 BERKELEY ADVANCED BIOMATERIALS INC 

 

2.2. Methods 
 

2.2.1. Compounding 
 
Easy and fast melting and shaping the reinforced biopolymers is possible with utilization of a 
twin screw micro compounder. In addition it facilitates the mechanical testing of small or for very 
expensive amounts of material. The most critical part of this project is combining biopolymer 
granules with each other or with other biopolymer granules to produce a homogenous structure. A 
small twin screw micro-compounder is used with the small sample requirements of a batch to 
make a versatile mixer that is extremely valuable to any polymer research facility. One of the 
important parts of this machine consists of two detachable fluid-tight conical mixing screws and 
the housing which are treated to minimize corrosion and become resistant against chemicals.  By 
the help of this machine there are more prospects such as using three different temperatures on 
2×3 separate heating zones of the barrel, recording the shear force from the beginning to the end 
of one batch and batch-volume up to 15gr. 
Compounding biopolymers such as PLA, PGA and their co-polymers in twin screw micro 
extruder separately or with fillers need careful attentions. Polymer degradation and destruction 
are the most significant issues during compounding. The parameters that should be considered 
before, during and after compounding to prevent polymer degradation and destruction are 
humidity, feeding time, screw speed (RPM), processing temperature and residence time. 
Combination of water molecules and biopolymer undesirably results in cleavage of ester bonds 
and then hydrolytic degradation. Prior to compounding, the polymer granules and filler should be 
dried in a vacuum oven overnight to get rid of all the humidity, water and other volatile 
component molecules. To facilitate this, during compounding, Argon protective gas is used to 
protect melt polymers from oxidation and degradation by air and humidity. 
Requirements to avoid polymer degradation during the compounding process are low screw 
speed (RPM), optimum processing temperature (between melting point and decomposition 
temperature), reasonable feeding and low residence time. 
Mixing and dispersion are excellent preventing agglomeration; shear force has direct correlation 
with RPM or axial force control[58, 59].  
Micro injection molding machine 10cc (DSM Xplore Research) and conveyer belt (Brabender-
Conveyor belt, GmbH & Co. KG) are employed to produce profiles and samples in different 
shapes. 
Small scale Injection molding machine is an excellent choice to inject compounded material into 
a temperature-controlled mold to produce domble and cubic shape samples. 
Conveyer belt is an excellent facility for profile production with the same diameter. By the help 
of belt variable pulling acceleration and production of different diameter profiles is possible (1-3 
mm). Preferable diameter for profile is (2-2.5 mm). That is achievable by increasing the RPM 
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step by step in relation to opening time. The output of the machine to produce the previously 
mentioned profile diameter is 0.6 kg/hr.  
Conversion processes of melted polymer to solid profile include the following steps: melt 
polymer is first passed into a mold (Fig.2) that its temperature is managed with a thermal 
element, and then passed through the air cooler system, and finally, fixing on the belt. 
These are some of the parameters that immediately verify compounding process was doing well 
or need reprogramming and rerunning. 
 

Figure 2. Twin Screw Micro Compounder. 

 

 

 
 
 
 

 
 

Twin screw microcompounder Mould element and air cooler Conveyor belt 

 

2.2.2. Thermal characterization 

 
Thermodynamic behavior properties, structure, and transition of polymers may be explored by 
the help of thermal analysis[60]. Differential scanning calorimeter (DSC) and Thermal 
Gravimetric Analyzer (TGA) are two of the most popular instruments for thermal 
characterization. 
 
2.2.2.1. Operating principles at DSC 

 
Heat or energy which is exchanged among a sample and its surroundings is the parameter that 
defines the scientific field named “Calorimetry.” The physical or chemical reaction as an 
uncommon adiabatic calorimetric experiment takes place in sealed container shielded from heat 
exchange with the outside environment. Heat content (∆H) of the reaction can be calculated from 
the recognized heat capacity (Cp) of the insulated container and its contents in the mixture with a 
minute measures that vary in temperature (∆T) via equation 1[60]. 
 

∆H = ∆T . Cp 

Equation 1 [60] 

Mould 

Air cooler 

Feeding hopper 

Belt 
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In a Differential Scanning Calorimeter (DSC), samples are located in a non-isolated regular 
temperature surrounding. Sample properties are measured by environmental control throughout 
the experiment. This design gives a very stable performance baseline. On the other side, DSC 
suffers from thermal conductivity and emissivity losses, thermal gradients and thermal 
atmosphere convection because the sample chamber (in which sample and reference pans are 
located) is the thermo stated at constant temperature. Consequently, the sample feels a constantly 
changing environmental gradient during the experiment. Because the sample is far away from the 
adiabatic calorimeter, the baseline has to be corrected by electronic baseline compensation. 
Factors that have significant effects on DSC results are sample size, sample history, baseline, 
thermal transport and heating rate, which are described in following paragraphs[60]: 
 

Sample size 

Since during DSC experiment, the temperature gradients inside a sample should be at the lowest 
point, so the sample size should be small in amount. Although small sample size would benefit 
better resolution, increasing the sample size would increase the instrument sensitivity. Sample 
composition has a significant effect on choosing the optimum sample size for the DSC. 3-10 mg 
is sufficient for pure polymers samples. 10-20 mg is recommended for heterogeneous materials, 
such as those containing several other compounding ingredients (rubber and composites) or 
blends and filled polymers. The gas purge is another factor for sample size, for running an 
experiment under oxygen or in the environment, thin samples approximately between 0.2-0.5 mg 
is enough to reduce diffusion effects of oxygen or air, restrain reactions and improve 
reproducibility. For heterogeneous materials, running multiple samples is recommended, with the 
aim of the production data representing the whole composition characteristics[60].  
 

Sample History 

Polymers morphology is definitely dependent on their thermal history as a characterization factor. 
Differing the crystallization and annealing temperature, or adjusting the cooling or heating rate in 
DSC will have significant effect on glass transition temperature (Tg), Crystallization temperature 
(Tc) and melting point. It is essential to ruin the prehistory of the sample to achieve a 
representative DSC curve. This is obtained by preheating the specimen over the crystalline 
melting temperature in an inert atmosphere, keep it there for a few minutes (usually, 5 min) and 
then cooling gradually to the start temperature. If the crystallization rate is slow, in order to 
complete crystallization, it is essential to keep the polymer at a temperature below the melting 
point. 
It is significant to study the prehistory of special sample, if prehistory imparts to polymers (e.g., 
whichever through processing or aging, for instance fiber and film processing from the melt). 
Sometimes it is not pleasant to ruin the prehistory of a sample to correlate the DSC response of 
the material with a process parameter (such as compounding parameter), hence enlarging the 
usefulness of the DSC curve. In this case, Thermo grams curves for sample were obtained from 
the first heating run followed by a second run using the reheat procedure noted a above[60]. 
 

Baseline 

Selecting the appropriate base line for integrating the area underneath the curve is critical for 
enthalpy determinations. For fractional area measurements in kinetics, precise base line maybe 
required, otherwise a simple straight-line approach is enough[60]. 
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Thermal transport  
The following three factors have significant effect on heat transfer:  
 

- Physical arrangement of the reference and specimen comparative to the furnace 
- Size and position of sensor and type of sensor 
- Kind of construction materials. 

 
These factors affected on the shape and size of the thermal peak and determine the thermal 
coupling. Better thermal coupling will be occurred with higher thermal conductivity environment 
gas (e.g. Helium gas). Enhancing the thermal properties of the system would be obtained by 
placing metal lid on the sample pan. The metal lid assisting to press the specimen in to fine 
contact with the pan and also it will cause decreasing heat flow to the environment[60]. 
 
Effect of heating rate 

Heating rate and resolution of transition will be reduced if the thermal resistance between the 
sample and the sensor increases. Usual heating rates for DSC experiments are in the 10-20oê/min 
range[60]. 
Abstract of distinctive parameters influencing resolution and sensitivity are identified in Table 4. 
 

Table 4  Different parameters affecting resolution and sensitivity at DSC 

Parameter Maximum resolution Maximum sensitivity 

Sample size  Small Large 
Heating rate  Slow Fast 
Sample-reference  Linked Isolated 
Particle size Small Large 
atmosphere High conductivity Low conductivity 

 

 
Figure 3. Differential scanning Calorimetry 
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Method description 

Thermal properties of the specimens were analyzed with the help of differential scanning 
Calorimetry (DSC). Specimens were tested by using TA Instruments Q1000 Differential 
Scanning Calorimeter (TA Instruments Waters-LLC., New Castle, DE, USA) (Fig.3). DSC was 
purged with 50 ml/min nitrogen gas. 
The scanning process for all samples included of two phases. Heat-cool-heat method was used for 
all samples two times. 
Weight of samples was measured by using balance KERN ALS 120-4 precision scale (KERN and 
GMBH, BALINGEN, Germany) in aluminum pans. Samples were weighted around 11 mg and 
placed in aluminum pans[39]. 
The glass transition temperature (Tg), cold crystallization temperature (Tc), inverse of the 
enthalpy of crystallization (∆Hc), melting temperature at peak value (Tm), and melting enthalpy 
(∆Hm) were obtained from DSC curves. PLA pellets and Extruded PLA typically show three 
distinctive thermal transitions: The first one is glass transition. Second, exothermic re-
crystallization peak was formed and last, a separate peak related to the melting of the resultant 
crystalline phase was obtained [49].  
The heating rate used in this study, 20ºC/min, was selected since there were no important 
discrepancies in DSC thermo grams upon changing the heating rate[34].   
No crystallization phenomena were occurred for all specimens on the DSC second run 
results[17]. The crystallinity data for all samples are extracted from DSC curves. Due to the linear 
proportion of melting enthalpy (∆Hm) with crystallinity, the ∆Hm extracted from the area under 
melting thermo grams are depicted on the curves to show the changes of crystallinity during 
polymer compounding[35, 38, 49]. According to linear proportion of melting enthalpy (∆Hm) 
with crystallinity, increase in (∆Hm) shows increase in percentage of crystallinity [14, 38]. 
 

2.2.2.2. Thermo gravimetric Analysis (TGA) 

 
Thermo gravimetric analysis (TGA) is usually applied to verify portions of volatile components 
as well as the thermal stability of them, by monitoring the weight change which happens when 
the sample is heated[61]. 
Usually air or a static atmosphere like Helium or Argon is used during the experiment, and the 
weight of specimen is recorded during the increase of temperature. TGA instruments have two 
general kinds of balance: vertical and horizontal. The first kind of TGA (vertical balance) has a 
sample pan hanging from the balance or situated over the balance on a specimen stem. Vertical 
balances do not have reference pan[61]. 
Calibration of these instruments is critical in order to make up irrepressible effects due to the 
difference in the density of purge gas with temperature and type of gas. 
Horizontal balance instruments (TA, Perkin Elmer, etc.) usually have two pans (sample and 
reference) and can carry out DTA and DSC measurements. Although there is no irrepressible 
effects on this type of balance, calibration is necessary to make up differential thermal expansion 
of the balance arms[61]. 
It is most common to perform TGA analysis in an oxidative environment (air or oxygen and inert 
gas mixtures) with a linear temperature ramp. The maximum temperature is chosen so that the 
sample weight is steady at the end of the experiment, and it is clear that all chemicals reactions 
are completed (i.e., all of the carbon is burnt off leaving behind metal oxides). 
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Two significant arithmetical pieces of information are obtained from this instrument: ash content 
(residual mass, M) and oxidation temperature (OT). Oxidation temperature can be distinct in 
several ways, such as the temperature of the maximum in the weight loss rate (dm/Dt max) and 
the weight loss onset temperature (T onset), but on the other hand, definition of ash content is 
obvious[61]. 
The former shows the temperature of the maximum rate of oxidation, whereas the latter shows 
the temperature when oxidation just starts. The location of each peak is also absolutely affected 
by the quantity and morphology of the metal catalyst particles and other carbon-based impurities, 
such as their dispersion within a specimen[61].  
It is most common to use 10-20 ºC /min heating rate in TGA measurements of carbon nanotube 
samples. Heating rate should be steady in all measurements to prevent variation in T 
measurement and at or below 5 ºC/min to prevent combustion. Choosing a heating rate of 5 
ºC/min is practical but lower than that will cause inaptly long experiments. It is strongly 
recommended to use minimum sample amounts for TGA. Around 10mg of specimens is suitable 
[61]. 
Locate specimen of test material into high alumina pan which is hanging from an analytical 
balance placed outside the furnace chamber. The balance is zeroed, and the specimen pan is 
heated according to a thermal cycle which was determined previously. The weight signal will be 
transferred from the balance to the computer for saving, along with the sample temperature and 
the elapsed time. The TGA signal will be plotted on the TGA curve, converted to a percent 
weight change on the Y-axis and the reference material temperature on the X-axis[62]. 
 

 
Figure 4. Thermo gravimetric Analysis (TGA) 

Specimens were tested by using TA Instruments Q500 thermo gravimetric analyzer (TA 
Instruments Waters-LLC., New Castle, DE, USA) (Fig.4). 
A hammer was used to convert the sample to a flat shape. Samples (20 mg) were heated from 20 
ºC to 800 ºC using 20 ºC /min. Nitrogen gas was used as purge gas. 
The TGA data were depicted as temperature versus percent weight, from which beginning and 
ending decomposition temperatures were registered. (Hereafter, these plots will be referred to as 
TGA plots). 
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The TGA data were also depicted as temperature versus derivative of percent weight, from which 
peak decomposition temperatures were registered. (Here after, these plots will be referred to as 
DTGA plots)[60]. 
 

2.2.3. Inherent viscosity` 
 
Polymer composition, molecular weight, inherent viscosity and glass transition temperature are 
the significant parameters for produced polymer characterization. 
Since the goal of this experiment is to blend and compound the matrix polymers and ceramic 
fillers in melt extrusion with lowest polymer degradation, the immediate step after compounding 
is an experiment that is able to shows the degree of polymer degradation. Gel permeation 
Chromatography (GPC) is used to indicate the molecular weight of the polymers inside the 
profiles. [63]. Another experimental method for molecular weight indication is inherent viscosity 
(i.v.) measurements[27]. The studied results indicate that the molecular weight and inherent 
viscosity as a physicochemical parameter for the polymers have linear relationship as 
demonstrated by the Mark–Houwink equation. The difference of the i.v. of extruded material and 
powders and granules indicate the effects of the melt extrusion method on the polymer. 
This viscometric method calculates the flow time of a polymer diluted in chloroform through a 
narrow capillary corresponding to the flow time of the pure chloroform through the same 
capillary. The unit of the result is (dL/g) for diluting the polymers with unit of gram in deciliter of 
chloroform [23, 64]. 
 
 

 

Figure 5. Capillary Viscometer & Visco Clock in 

water bath.  

 
 
A Polymer sample, 0.1 g, was dissolved in 100 ml chloroform (Fisher Scientific, 99.99%, Code: 
C/4960/15, Batch no: 0731835) with magnet stirrer for three days to make a polymer solution, of 
which around 18 ml was filtered with a paper filter (Munktell, Art no: 126 005, Batch no: 2240, 
size: 125 mm) and 22 µm Syringe. After filtering, it was rinsed in a capillary viscometer 
(SCHOTT-GERÄTE, Hofheim, Type and capillary no: 501 13/0C, App. no: 1034 572). 
Afterwards, the Capillary should be placed in a ViscoClock (SCHOTT, DC9V/0,6VA Germany) 
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to calculate the flux time of the solution between two marks of the capillary. The next step will be 
followed in Transparent Thermostats (CT 1650). The viscometer was equilibrated in water at 
300C Thermostat bath for 15 min (Fig.5). The flux time of the polymer solution between two 
marks was recorded and the flux time of pure chloroform was measured as a reference. Four to 
five measurements were performed for each sample, and the variation of flux time was limited 
below 0.3 s. The inherent viscosity (i.v.) was calculated using the following equation: 
 

i.v = (ln Vr)/C 

Equation 2 

 
Where Vr is the relative viscosity that is the flux time ratio of the polymer solution to the pure 
chloroform, and C is the polymer concentration having the unit of grams per deciliter [23]. 
The volume concentration of the polymer particles has a linear effect on the viscosity of the 
polymer solution [65]. 
 

2.2.4. Three point Bending test 

 
Flexural strength and flexural modulus are parameters that are calculated using the three point 
bending test. In this experiment the parameters of self-reinforced composites, with different 
component values and micro compounding conditions, are compared with the amounts of natural 
bones. 
The three point bending test machine is a Llyod (Lloyd LRX, Lloyd Instruments Ltd, Fareham, 
England) and the mentioned data are calculated with PC-software (Nexygen, Lloyd Instruments 
Ltd) (Fig.6). The loading rate of 1 mm/min is applied to the 6-8 specimens located in span length 
are circular cross-sections with the length of 25 mm and diameter of 2-2.5 mm. The flexural 
strength (Mega Pascal) σf  is calculated with the following formula, which F (Newton) is the 
maximum load, l (mm) is the span length and d (mm) is the specimen diameter[66]. 
 

σf = (8 F.l/пd3) 

Equation 3 [66] 

 
Calculation of flexural modulus Xm (Giga Pascal) of the composite specimens is calculated with 
the following formula, where Fm is the load at a convenient point in the straight-line portion of 
the trace, l is the span length, b (mm) is the width of the specimens and Y is the deflection 
corresponding to load Fm[66]. 
 

Xm = (4Fm l3/3 пd3Y) 

Equation 4 [66] 
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Figure 6. Three point bending test[6] 

 

2.2.5. Microscopic Morphology 

 

2.2.5.1 Scanning electron microscopy (SEM) 

 
Scanning Electron Microscope (SEM) is a microscope which applies electrons instead of light to 
form an image. SEM has many advantages compared to a light microscope. 
It can present images with high resolution; it means that closely spaced feature characteristics can 
be inspected at a high magnification. 
For preparing the samples for SEM, all samples should be conductive so biological specimens 
must be covered by gold layer[67, 68]. 

 
 

 

 
 
 
 
 

 
 
 

Figure 7. Scanning Electron Microscopy (SEM) & Sample gold coater 
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Scanning electron microscopy was applied to analyze the microstructure of the extruded 
materials. SEM imaging was taken by applying JSM-5500 scanning electron microscope (JEOL 
Ltd. Tokyo, Japan) (Fig.7). The applied magnification was 300X and 1500X. Specimens were 
cooled in liquid nitrogen and cut. The surfaces of samples were cut through width and length, and 
then all sections were inspected. Before SEM imaging, the surface samples were coated with gold 
using SCD-050/Bal-Tec sputter coater[30, 38]. 
 

2.2.5.2. Optical Microscopy (O.M) 

 
One can obtain primary information on the morphology of a polymer by visual inspection; on the 
other hand, more complete information can be acquired by applying optical microscopy (OM). 
Actually OM is applied to analyze the surface and thin film of polymers.  
Light microscopy is used to observe surface not smaller than 500 nm. There are several imaging 
methods of OM, e.g., transmission-reflection, bright field-dark field, phase contrast, interference 
microscopy, and polarized light, etc [69]. 
The light microscope is usually applied as a screening instrument in studying the surface of 
materials. The light microscope usually has the following constituents: light source, condenser 
lenses (to focus light on the samples), a stage (to shift the sample), objective lenses (to 
concentrate and expand the transmitted light image), and eyepiece lenses (to supply additional 
enlargement for viewing) [70]. 
Morphology of the samples was observed by optical microscope (Microscope: Nikon-SMZ 800, 
model C-DSD 230, Camera: Digital sight DS-Fi1, and NIS elements software) with different 
magnitudes from 10X to 62X. 
The images can be observed in three different ways: digitally with a video camera attachment, 
recorded photographically with a camera attachment, or directly [70]. 
From captured microscopic images, fracture surface and porosity of the polymer can be observed 
[70]. 
The routine method to observe specimens with a light microscope are, applying different optical 
density and colors of light [70]. 
During sample preparation, specimens are usually cut to produce smaller and thinner ones. There 
are different methods for cutting samples such as Cryostat sectioning of samples quickly frozen 
in liquid nitrogen or cutting by glass knives [70]. 
 

2.2.6. in.vitro degradation 

 
Pure PLA and PLA with 25% β-TCP with i.v. of 3.77 that are compounded with 230 0C, 20 rpm 
and 2 min residence time were prepared for in-vitro degradation test (see part 3.1.1.). 
Extruded polymers were cut into samples with length of 20 mm in two kinds of small (Around 
0.1 gr) and large (Around 0.5 gram) specimens and approximately 2-3 mm diameter. 
All samples were weighed (W0) with the balance (KERN, ALS-120-4, KERN & SohnGmbH, 
D723336-Germany) and dropped in the 20 ml test vials and then sodden in PBS (phosphate 
buffer saline) “SIGMA, P-5368 Germany” PH 7.4, 10 ml for small samples and 20 ml for large 
samples. 
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Two different temperature conditions were organized in three categories for 56 days (8 weeks). 
 

1- 370C Thermostatic water bath, without stirring  
2- 550C Oven, without stirring 
3- 550C Thermostatic water bath, agitation by the shaker 

 
37 0 C was selected because of the normal temperature of human body and due to comparison of 
PLA characteristics in low and high temperature and also to accelerate the degradation process, 
550 C was mentioned which is lower than the glass transition temperature (Tg) of PLA, 61,30C. 
During the test period, samples solutions were changed on weeks 1, 2, 4, 6 and 8. In each interval 
2 samples were removed for characterization. 
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3. Results and discussions 
 

3.1. Testing materials 
 

3.1.1. Compounding condition, i.v, Mechanical tests 

 
Pure PLA granules and SR-PLA were compounded with different temperatures, screw speed and 
residence times. The goal was to reach optimum compounding conditions for following materials 
and steps.  In run numbers 4-3Z, 7-3Z and 1A, three different set temperatures in three different 
zones were applied. The best running conditions were selected for in-vitro degradation test. All 
compounding conditions and mechanical test results are identified in Table 5.  
 

Table 5. Melt Processing conditions of PLDA & PLDA with β-TCP 

Run 
ID 

Matrix Filler 

Given 
level of 
additive 

[%] 

Max 
back-

pressure 
[N] 

T[ºC] 
Feeding 

time 
[min] 

rpm 
Flexural 
Stregth 
[MPa] 

E-modulus 
[GPa] 

1 
PLA 

(96L/4D) 
β-TCP 20 3500 230 10 20 * * 

4 
PLA 

(96L/4D) 
β-TCP 20 3000 220 13 20 * * 

4-3Z 
PLA 

(96L/4D) 
β-TCP 20 4000 

2
0
0
 

2
0
5
 

2
1
0
 15 20 * * 

7-3Z 
PLA 

(96L/4D) 
β-TCP 20 5400 

1
9
0
 

2
0
0
 

2
1
0
 13 15 101±1.2 3.73±0.02 

1A 
PLA 

(96L/4D) 
- - 5000 

2
1
0
 

2
1
5
 

2
2
0
 16 20 * * 

2A 
PLA 

(96L/4D) 
- - 4900 230 25 50 * * 

1 
PLA 

(96L/4D) 
- - 4300 230 12 20 122±5.4 3±0.2 

4 
PLA 

(96L/4D) 
- - 5000 220 14 20 124±1.1 3.5±0.35 

* No characterization since these materials is for run evaluation purposes only  
 
3.1.2. Thermal characterization 

 
3.1.2.1. DSC 
 
Thermo gram curves for both PLA pellets and Extruded PLA were obtained from the first heating 
run (Table 6). 
 

Table 6 DSC Running Conditions for PLDA & PLDA with β-TCP 

Material  Temperature range  Rate  

Pure PLA (Material 1) -20ºC -250ºC 20 ºC/min 
PLA+25%β-TCP (Material 2) -20ºC -250ºC 20 ºC/min 



 22 

Condition of following run is presented in compounding part. 
DSC analyses results are shown in Table 7.  
 

Table 7 Calorimetric Parameters registered from heating Thermo grams for PLA at rate of 20C/min 

Extruded PLA 
Property 

Pure PLA 

pellets Run  2A Run 1A Run 4 Run 1 

Tg 56.83 ºC 59.15ºC 58.11 ºC 60.04 ºC 59.70 ºC 
Tm 151.35 ºC 153.57 ºC 155.09 ºC 152.00 ºC 154.14 ºC 

∆Hm 18.55 J/g 22.22 J/g 20.32 J/g 21.50 J/g 23.57 J/g 
Tc 92.78  ºC 112.33 ºC 109.44  ºC 113.89  ºC 119.30 ºC 

∆Hc 5.76 J/g 6.06 J/g 2.63 J/g 5.87 J/g 7.29 J/g 

Extruded (PLA+25%β-TCP) Property 
(PLA+25%β-

TCP)  pellets Run4/3Zone Run7/3Zone Run 4 Run 1 

Tg 64.95 ºC 58.77 ºC 56.95 ºC 58.71 ºC 58.45 ºC 
Tm 154.64 ºC 155.69 ºC 154.64 ºC 155.43 ºC 155.22 ºC 

∆Hm 8.17  J/g 20.16 J/g 19.31 J/g 20.64 J/g 20.97 J/g 
Tc 127.83 ºC 109.37 ºC 110.95 ºC 110.00 ºC 112.46 ºC 

∆Hc 5.48 J/g 6.85 J/g 6.01 J/g 10.03 J/g 7.87 J/g 

 

 
 
 

 
Figure 8. Comparison of pure PLA pellets with Extruded pure PLA 
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Increase in the melting temperature, (cold -crystallization) temperatures, crystallinity percent and 
glass transition temperatures were registered. 
Extruded PLA shows higher Tm and Tg in comparison to PLA pellets, this is because of the 
molecules of Extruded PLA were organized in certain patterns which decrease the polymer chain 
mobility and increase the intra molecular forces but PLA pellets structure was comparatively 
weak [16, 71]. 
Increase in heat fusion of melting point which is indicated crystallinity percent is maybe due to 
arrangement of amorphous parts produced by melt extrusion method(Fig.8)[39]. 
The decrease in cold-crystallization temperatures, glass transition temperatures and Increase in 
crystallinity percentages was registered. There is no significant change in melting temperature 
value (Tables 7). 
 

 
Figure 9. Comparison of (PLA+25%β-TCP) pellets with Extruded (PLA+25%β-TCP) 

 
 
 
Reduction in Tg after compounding is ascribed to stress release of molecular chains during 
heating (Fig.9) [39]. 
 

 

Comparison of pure PLA granules and SR-PLA before melt processing 

Thermo grams curves for pure PLA and (PLA+25%β-TCP) were obtained from the second 
heating run. 
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Table 8 DSC Running Conditions for PLDA & PLDA with β-TCP 

Material  Temperature range  Rate  

Pure PLA (Material 1) 0ºC -200ºC 20 ºC/min 
PLA+25%β-TCP (Material 2) 0ºC -200ºC 20 ºC/min 

 

Table 9 Calorimetric Parameters registered from heating Thermo grams for (PLA+25%β-TCP) and pure 

PLA at rate of 20
o
C/min 

Property  Pure PLA PLA+25 %beta-TCP 

Tg 62.35 ºC  62.42 ºC 
Tm 152.32 ºC 154.52 ºC 
∆Hm 4.97 0.301 
Tc 128.18 ºC 0 ºC 
∆Hc 4.97 0 

 

Figure 10. Comparison of pure PLA pellets with (PLA+25%β-TCP) pellets 
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Figure 11. Heat fusion of melting point  for pure PLA and PLA+25%β-TCP 

 
 
The results showed that the melting point of reinforced PLA increases in comparison to pure PLA 
and decreases in heat fusion (crystallinity percentage) of reinforced PLA in comparison to pure 
PLA. Increase in Tm is caused by adsorbing molecules to the filler surface and results in physical 
blocking of a number of molecules and partial immobilization. 
This would change the density of polymer chains, modification of compliance, and orientation in 
the near of surface. 
Melt extrusion may cause stress release of molecular chains during heating and some changes 
from raw polymer to products properties. Consequently, the less ordered structure, the lower the 
crystallinity will be observed [39]. 
 

3.1.2.2. TGA 

 
 

Table 10 Comparison of TGA data between PLA pellets and extruded PLA 
pure PLA PLA+ β -TCP 

Property 
pure PLA pellets 

Extruded pure 

PLA 
PLA+ β -TCP 

pellets 
Extruded PLA+β -

TCP 
Weight lose 99.13 % 99.04 % 78.47 % 78.31 % 
Residual 0.8722 % 1.9675 % 21.93 % 21.77 % 
Decomposition 

temperature 
385 ± 2 ºC 367 ± 10 ºC 362 ± 3 ºC 356 ± 5 ºC 
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Figure 12. comparison of TGA curves recorded at 20 ºC /min under nitrogen flow for pure PLA pellets 

and Extruded pure PLA 

 

 

Figure 13. comparison of DTG curves recorded at 20 ºC /min under nitrogen flow for pure PLA 

pellets and Extruded pure PLA 
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The comparative thermo gravimetric analysis of pure PLA and PLA + β-TCP is shown in 
Figures12 and 13. 
Melt processing DTG gradually decreases and fragments with shorter chain length to decompose 
at a quite lower temperature. 
As the decomposition proceeds, the portion of these short length macromolecules increases, 
which causes the decrease in the DTG. 
 

3.1.3. Morphology (SEM) 

 
The following images are SEM micrographs of the specimens’ surface which was cut in liquid 
nitrogen. Dispersion of micron size of filler can be observed in the polymer matrix(Fig 14,15). 
 

 
Figure 14. SEM micrographs of PLA+20%β-TCP 

 

 
Figure 15. SEM micrographs of pure PLA 

 

3.1.4. Discussion 

 
Different processing temperatures were applied to get optimum conditions for following 
experiments.  High screw speed (50 rpm) and three different processing temperatures were 
applied in three zones of the micro compounder barrel. 
The feed back of the micro compounder such as feeding time, back pressure, profile shape and 
differences in melting point, glass transition temperature, and percentage of crystallinity and 
decomposition temperature are available parameters that could be helpful to select the appropriate 
processing conditions for following experiments. 
It could be seen that applying high temperatures (210 ºC - 230 ºC) are not considered as an 
appropriate processing temperature since it results in low back pressure (around 3000 N).  
According to TGA, decomposition temperature of pure PLA and PLA+β-TCP was decreased 
around 20 ºC after melt extrusion, because breakage of long molecules of PLA results in 
fragments with shorter chain length. 
DSC measurements showed that increase in Tm and crystallinity percentage of pure PLA after 
compounding, in comparison to before compounding since the molecules of extruded PLA were 
organized in certain patterns.  These patterns decrease the polymer chain mobility and increase 
the intra molecular forces.  On the other hand, no significant change in Tm of PLA+β-TCP was 
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obtained before compounding in comparison to after compounding, but decrease in Tg occurred 
due to stress release of molecular chains during the process. 
In summary applying three different temperatures doesn’t have significant affect on heat fusion 
(crystallinity percentage), Tg and Tm of materials if compared to compounding conditions with 
the same temperatures on all zones of barrel. 
Homogenous dispersion of filler in the matrix was observed with low residence time (Only 2 
minutes) by scanning electron microscopic photographs. 

 

3.1.5. In vitro degradation 
Methods for characterization of degraded samples were weighing, thermal characterization, pH 
measurement and characterization of morphology. 
 

3.1.5.1 Weight % 

 
Each sample was gently dried with paper tissue prior to weighing with a balance scale (KERN 
ALS 120-4 precision scale, KERN & GMBH, D723336-Germany). Then the weight loss (LW) 
was calculated by the following equation: 
 

LW (%) = (W0 – Wt) / W0 *100 

Equation 5. Mass loss equation[4] 

Where, Wt is the sample weight at interval time and W0 is the sample weight at the beginning. 
Fig.16 shows that there was a significant water absorption in the first 3 weeks and there was no 
observable weight loss within 8 weeks at 370C.  Although the water absorption in PLA- β-TCP 
was a little bit higher than Pure PLA, but the total reaction of both these materials are the same.  
Due to equation 1 and in case of water absorption the sample weight “Wt” were greater than 
“W0”, therefore the Mass loss percentage would be negative. 
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Figure 16. Comparison of biopolymer degradation, pure PLA with SR-PLA-β TCP at 37ºC 
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Figure 17. Comparison of bio polymer degradation, Pure PLA and SR- PLA-β-TCP at 55ºC 

 
 
 
Using high temperature condition was a better method for observing the effect of β-TCP on PLA 
degradation within a short immersion time (8 weeks). 
Figure 17 shows the comparison of pure PLA and SR-PLA/ β-TCP at 550C.  It is observed that 
phosphate component decrease the hydrolysis and consequently the degradation rate of 
biopolymers.  Comparison of Fig16 and Fig.17 indicates that the samples had the same weight 
condition in the first two weeks, but after that, the water absorption was higher in higher 
temperature as shown.  More water penetration results in more degradation. 
 
3.1.5.2. pH 

 
The PH of all samples was measured with a pH meter (JENWAY 3510, Design and manufactured 
in the UK by Barloworld scientific Ltd, Dunmow, Essex, CM6) in each interval of the 
degradation period. 
It could be observed that the pH of degradation medium of both pure PLA and PLA/ β-TCP 
samples reduced with elapsing degradation time.  The breakage of ester linkages and production 
of lactic acid had a direct influence on PH decrease in the degradation media. 
pH reduction at different temperatures (37 and 550C) within degradation time (56 days) is 
depicted in following figures. 
Observation of no significant changes in pH values of, pure PLA and PLA/ β-TCP in 8 weeks at 
370C confirm the weight changes result of very low degradation rate in Fig.18, but high 
temperature could impel higher degradation rate with the same mechanism to the polymer as 
could be seen in Fig.19.  Moreover, at 55 0C, degradation started at the end of week2. 
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Experiment at 37º C Experiment at 55ºC 
 

1

2

3

4

5

6

7

8

9

0 7 14 28 42 56

Immersion time

P
H

Pure PLA PLA/β-TCP

 
Figure 18. Changes in PH of the dissolution media (PBS) 

as a function of degradation and sample composition pure 

PLA and PLA/β TCP at 37ºC.  
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Figure 19. Changes in PH of the dissolution media (PBS) 

as a function of degradation and sample composition pure 

PLA and PLA/β TCP at 55ºC. 

 
Since the pH of the degradation medium with both pure PLA and PLA-β-TCP samples were 
reduced with increasing time, the effects of phosphate components on pH of the mediums with 
PLA/β-TCP samples is detected in Fig.19. 
The pH of pure PLA samples is decreased to 4; however, the dispersion of phosphate component 
from PLA/ β-TCP samples in degradation medium neutralized some parts of acidity of the 
medium.  
Due to hydrophilic characteristics of β-TCP and easy infiltration of water inside the polymer, the 
degradation starts from both the surface and inside the samples. However the hydrophobic 
degradation in pure PLA was very slow at the beginning regarding to hydrophobicity of PLA and 
the acids produced inside the scaffolds could not be exported into the degradation medium. This 
is why there is little pH change at the beginning of degradation of pure PLA and then after 
approximately two weeks, the pH sharply decreases to around 3[4, 38]. 
 
3.1.5.3. Thermal characterization result 

 
Thermal characterization samples were dried in a vacuum drying oven at 40 0C, below the Tg, and 
then characterized with a DSC (TA Instruments Q1000 Differential Scanning Calorimeter “TA 
Instruments Ltd., New Castle, DE, USA”).  The pallets were heated from 0 to 250 0C (Heat-Cool-
Heat method) with rate of 20 0C and Nitrogen flow rate of 50ml/min.  DSC was used to determine 
the variation of Tg, Melting point and crystallinity. 
The scanning procedure for degraded polymer pallets consisted of two phases: 
In the first stage the sample was heated from 0 to 250◦C at the rate of 20◦C/min and then cooled 
from 250 to 00C at the rate of 200C/min to eliminate crystallinity and thermal history of the 
samples. 
In the second stage the sample was again heated from 0 to 2500C (20◦C/min)[30]. Methods 
applied for this part are described in part “2.2.2.1” (DSC).  The data are extracted from the 
second heating run of thermo gram curves [20, 30, 35]. 
The in vitro degradation behavior of the pure PLA was investigated comparatively with plain 
self-reinforced matrix polymer (PLA+β-TCP)[38]. 
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Table 11. DSC runs condition 

Material  Temperature range Rate 

Pure PLA 0ºC -250ºC 20 ºC/min 
PLA+ β- TCP  0ºC -250ºC 20 ºC/min 

 
DSC analyses results during the 8 weeks are showed in the following curves. 
 

Pure PLA PLA+β-TCP 

0

10

20

30

40

50

60

70

0 7 14 28 42 56

Immersion time [day]

G
la

s
s

 t
ra

n
s

it
io

n
 T

e
m

 [
C

]

37C-Small pallets 37C-large pallets 55C-no stirring system 55C-stirring system

 
Figure 20. Variation of Tg of Pure PLA within 8 

weeks at 37ºC and 55ºC(with and without stirring 

system). 
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Figure 21. Variation of Tg of PLA/β TCP within 8 

weeks at 37ºC and 55ºC (with and without stirring 

system). 
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Figure 22. Variation of the melting point of pure PLA 

with degradation time at different Temperature 

(37ºC,55ºC). 
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Figure 23. Variation of the melting point of PLA/β 

TCP with degradation time at different Temperature 

(37ºC,55ºC). 
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Figure 24. Heat of fusion, Pure PLA, in 37ºC and 

55ºC 
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Figure 25. Heat of fusion, SR-PLA (20%b-TCP), in 

37ºC and 55ºC 



 32 

Since degradation process of high molar mass PLA at 37ºC is in low in rate and the duration of 
the experiment is only 8 weeks, a high temperature is applied for this experiment in order to 
accelerate the degradation process, and consequently the comparison of the degradation rate of 
various polymers is more observable.  This temperature acceleration has no significant changes 
on hydrolysis mechanism of polymers [46].  
Figures 20 and 21 show that by elapsing the degradation time, the amount of Tg is decreased. 
Moreover, a comparison Tg of pure PDLLA (61.20ºC) and SR-PLA (60.26ºC) shows presence of 
β-TCP as filler in the polymer matrix has more effect on Tg decrease[44]. Polymer Mw reduction 
is continued after in vitro because of molecular chain breakage that decreases Tg of composites.  
Another point of view is the possibility of plasticization of molecular chains with inorganic 
compounds such as β-TCP[44]. 
Also following components Ca2P2O7, CaHPO4, and HAp phases produced during degradation of 
PDLLA-β-TCP in vitro may have an effect on Tg of composites because of their plasticization on 
polymer molecules. 
 

4β-Ca3(Po4)2 + H2O  →  Ca2P2O7 + Ca10(Po4)6(OH)2 

 

Ca2P2O7 + H2O → 2CaHPO4
-
 

[44] 

By decreasing the Tg, crystallinity of the composites increase over time.  That can be clarified by 
two mechanisms.  First, to initiate the hydrolysis degradation in amorphous regions of the 
polymer, the relative amount of crystallinity increases.  Second, by passing the degradation 
process, there is a possibility of rearrangement of degraded shorter molecular chains to new 
crystals [22]. The crystallinity data are extracted from DSC curves Due to linear proportion of 
melting enthalpy (∆Hm) with crystallinity ,the (∆Hm ) extracted from the area under melting 
thermo grams are depicted on the curves to show the changes of crystallinity during polymer 
hydrolysis [14, 38].  

Table 12 Variation of ∆Hm (J/g) for crystallinity investigation during in vitro (PLA and SR-PLA). 

Sample 

(Name and 

ID) 

Conditions Week 0 Week 1 Week 2 Week 4 Week 6 Week 8 

PLA 
(1ac) 

37 ºC 3.69 3,753 4.20 4.88 6.19 8.14 

PLA 
(2ac) 

37 ºC 3.69 3.828  4.72 4.96 6.59 7.53 

PLA 
(4ac) 

55 ºC  3.69 21.85 28.31 36.94 43.49 44.86 

PLA 
(5ac) 

55 ºC 
(Magnet 
stirrer) 

3.69 0.054 35.44 36.22 51.14 72.42 

SR-PLA 
(1ac) 

37 ºC 10.35 12.38 15.09 16.85 19.09 21.31 

SR-PLA 
(1ac) 

37 ºC 10.35 16.65 17.85 19.03 20.33 24.13 

SR-PLA 
(1ac) 

55 ºC 10.35 24.41 29.78 31.51 34.97 61.96 

SR-PLA 
(1ac) 

55 ºC 
(Magnet 
stirrer) 

10.35 22.81 27.28 30.20 48.44 86.04 
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This experiment indicates the increase in (∆Hm) and also the crystallinity by passing through the 
degradation process (Fig 24, 25).  In addition, it is important to investigate the effect of β-TCP on 
degradation.  The curves and extracted data show that SR-PLA degradation rate was lower than 
pure PLA. Weight percent curves confirm the literature [20, 22, 38] about the effect of β-TCP in 
modifying the in vitro degradation behavior.  The presence of β-TCP slowed the degradation rate 
of PLA.  The results indicate the higher crystallinity of PDLLA/ β-TCP compare to pure PLA.  
Since high crystalline molecules degrade slower, PDLLA/ β-TCP has low degradation rate[38].  
Increase in crystallinity results from eliminating amorphous parts of the polymer matrix by 
elapsing the degradation time and retaining the crystalline parts. By the way, reinforcing the 
biopolymers with bioceramic fillers is hard to predict and definitely dependent on fillers 
properties such as their content and also their effects on the polymer matrix during reinforcing 
and degradation process[38]. 
 

3.1.5.4. Morphology (optical Microscopy) 

 
At weeks 1, 2, 4, 6, and 8, morphology and surface fracture of the extruded materials were 
observed by optical microscopy. Samples were placed on a sample holder and the top surface of 
them was viewed under a microscope. Optical microscopy images are presented in Fig.26 (37 
0C), and Fig.27 (55 oC). The scale indicator on images is equal to 1mm.  Optical microscopy was 
applied to observe the presence of the fracture after few weeks on the surface of extruded 
material.  Representative images displaying, gradually increase the size of fracture during the 
weeks 4, 6, and 8. At greater magnification, comparison of fractured surfaces show that polymers 
at weeks 6, and 8 are more degraded than week 1, 2, and 4.  
 
The optical morphology pictures are reliable references to prove curves and data in previous 
sections (Weight%, pH and thermal properties). In 37 ºC, the porosity and fractures on pure PLA 
surface after 2 weeks could be seen but in SR-PLA it is less observable.  Additionally the pictures 
of degradation at 55 ºC indicate the degradation process, fractures and tracks on the surfaces and 
also presence of crystalline particles. The mentioned evidence is in higher amount in pure PLA 
samples. 
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Pure PLDLA Time SR-PLDLA-β TCP 
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Figure 26. Optical morphology of Pure PLDLA and SR-PLDLA degradation during in-vitro test at 37ºC 
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Pure PLDLA Time SR-PLDLA-β TCP 
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Figure 27. Optical morphology of Pure PLDLA and SR-PLDLA degradation during in-vitro test at 55ºC. 
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3.2. Nono fillers composites  

 

3.2.1. Compounding condition, i.v, Mechanical tests 

 
The matrix polymers are mixed and converted to powder previous to compounding and for 
feeding. The prepared powders are then transferred to the extruder from an upper funnel hopper.  
The residence time for all the runs is 2 minutes that was excluded from the feeding time.  For 
selecting the optimum processing parameters, such as set temperature and screw speed rpm, many 
factors were mentioned in Literature.  Poly (L,D) lactide with HAp, β-TCP and BAG were 
extruded at 180-205ºC[16, 17, 24, 38, 45, 46, 49].  
Advantageous conditions for these runs were selected primarily, with consideration of parameters 
such as melting point from DSC curves, inherent viscosity and then during the process, the 
feedback of the machine is the most reliable guideline to adjust for the best conditions.  Based 
upon our experiments, the shear force data which is shown on the screen is the important 
parameter for feeding.  The 20 and 10 rpm is applied as screw velocity for all runs since higher 
rpm velocity produces higher shear force which exceeds the force limitation of the machine.  If 
the sheer force of the machine is exceeded, it stops automatically.  If the stoppages of the 
machine continue, the next approach is to increase the processing temperature.  Likewise, the 
profile appearance could be effective feedback of the compounding conditions.  The smooth 
glossy or matt surfaces that have less difference in color compared to their powders are 
mentioned as satisfactory profiles. 
On the other hand, if the force decreases dramatically during feeding process, it is obvious that 
the polymer degradation has occurredIn this case, the running conditions should be improved and 
the feeding time should definitely be quite low and the operator should be very quick in feeding.  
All thermal processing conditions of nano-filler composite materials are in Tables 13 and 14.  
Materials, filler type and concentration, screw speed, inherent viscosity and mechanical 
properties data are also mentioned as optimization parameters. 
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Table 13 Compounding Conditions and mechanical properties of nanofiler composites (PLGA) 

Run 

ID 

 

Code 

 

Matrix 

 

Filler 

 

Given 

level of 

additive 

[%] 

 

Det.filler 

content 

[% TGA] 

 

 

Max 

back-

pressure 

[N] 

 

T[ºC] 

 

Feeding 

time 

[min] 

 

Rpm 

 

i.V. 

[dl/g] 

 

i.V 

[dl/g] 

 

Flexural 

Stregth 

[MPa] 

 

E-

modulus 

[GPa] 

 

O5B n.d. 
 

PLGA 

95L/5G 

- - - 8000 180 17 20 3.30 2.00 133 ± 2 3.3 ± 0.2 

M11 A1 
 

PLGA 

95L/5G 

β-TCP 10 12.83 6500 180 2´,30˝ 20 2.46 2.08 120 ± 6 3.80 ± 0.23 

M12 A1 
 

PLGA 

95L/5G 

β-TCP 10 12.83 8000 180 3´ 10 2.46 2.28 128 ± 8 3.58 ± 0.14 

M21 A2 
 

PLGA 

95L/5G 

β-TCP 16 15.97 5900 180 2´,11˝ 20 2.17 2.00 126 ± 1 3.80 ± 0.15 

M22 A2 
 

PLGA 

95L/5G 

β-TCP 16 15.97 7300 180 2´,30˝ 10 2.17 1.98 124 ± 3 3.50 ± 0.13 

M27 C1 
 

PLGA 

95L/5G 

HAp 16 15.08 8000+ 170 4´,30˝ 20 2.19 1.86 121 3.26 

M28 C1 
 

PLGA 

95L/5G 

HAp 16 15.08. 7950 180 5´,30˝ 20 2.19 1.85 124 3.20 

M29 C2 
 

PLGA 

95L/5G 

HAp 22 20.10 5200 180 4´ 20 2.00 1.67 114 3.31 

M30 C2 
 

PLGA 

95L/5G 

HAp 22 20.01 8000 170 10´ 20 2.00 1.67 115 ± 7 4.5 ± 0.5 
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Table 14 Compounding Conditions and mechanical properties of nanofiler composites (PLA) 

Run 

ID 

 

Code 

 

Matrix 

 

Filler 

 

Given 

level of 

additive 

[%] 

 

Det.filler 

content 

[% TGA] 

 

 

Max 

back-

pressure 

[N] 

 

T[ºC] 

 

Feeding 

time 

[min] 

 

Rpm 

 

i.V. 

[dl/g] 

 

i.V 

[dl/g] 

 

Flexural 

Stregth 

[MPa] 

 

E-modulus 

[GPa] 

 

M13 B1 
 

PLA 

96L/4D 

β-TCP 10 10.41 8000 180 10´ 20 3.51 2.92 119 ± 6 3.50 ± 0.22 

M35 B1 
 

PLA 

96L/4D 

β-TCP 10 10.41 8000 190 6´,56˝ 10 3.51 2.5 124 ± 4 3.46 ± 0.30 

M15 B2 
 

PLA 

96L/4D 

β-TCP 16 15.73 5500 210 7´ 10 3.19 2.80 128 ± 8 3.72 ± 0.48 

M16 B2 
 

PLA 

96L/4D 

β-TCP 16 15.73 7800 210 6´ 20 3.19 2.43 123 ± 6 3.63 ± 0.18 

M31 D1 
 

PLA 

96L/4D 

BAG 9 5 8.23 8000 165 2´ 20 3.41 1,46 104 ± 8 3.1 ± 0.30 

M18 D1 
 

PLA 

96L/4D 

BAG 9 5 8.23 5200 170 2´,30˝ 20 3.41 1.39 114 ± 5 3.00 ± 0.08 

M19 D2 
 

PLA 

96L/4D 

BAG 9 10 14.66 4500 170 2´,40˝ 10 3.33 1.03 105 ± 2 2.70 ± 0.23 

M20 D2 
 

PLA 

96L/4D 

BAG 9 10 14.66 3000 170 2´,50˝ 20 3.33 1.28 79 ± 8 2.53 ± 0.27 
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During compounding the above materials, all mentioned parameters were applied to produce 
good appearance profiles.  
Measuring inherent viscosity of PLGA and PLA with different portions of β-TCP, HAp and BAG 
as fillers before compounding indicates that by increasing the amount of fillers, the inherent 
viscosity is decreased1. 
The pure PLA without any filler were compounded at 190 ºC and a screw speed of 10 rpm.  A 
decrease at inherent viscosity by approximately 20% was observed. 
Blending of pure PLGA without any filler took place at a set temperature of 180 ºC and screw 
speed of 20 rpm.  The decrease in inherent viscosity was 25% and the observation of mechanical 
properties shows that flexural strength of 126 MPa and E modulus of 3.3 GPa. 
 
PLGA + β-TCP (A1-A2) 

Blending PLGA and 10% β-TCP with 180ºC set temperature and screw speed of 10 rpm the 
8000N maximum force were produced and the decrease in inherent viscosity was only 7%, 
moreover, the flexural strength was 128Mpa and E modulus of 3.6 GPa, and totally this run 
conditions was better than others. 
Actually blending PLGA and 16% β-TCP with 180ºC set temperature and screw speed of 20 rpm 
was able to produce around 6000N force and 7% of decrease in inherent viscosity and a flexural 
strength of 126 MPa and an E modulus of 3.8 GPa.  It is also possible to run the same conditions 
with 20 rpm with no significant changes in measuring parameters. 
 
PLA + β-TCP (B1-B2) 

Blending PLA and 10% β-TCP in different compounding temperatures of 180º and 190ºC are 
both reliable approaches with screw speed of 20 rpm easily achieve 8000N shear force and the 
decrease in inherent viscosity was 17%.  In mechanical tests, the flexural strength was 120 Mpa 
and E modulus was 3.5 GPa. 
By increasing in amount of β-TCP to 16%, and doing several runs, the best run conditions were 
210ºC with screw speed of 20 rpm to have shear force of 7800N and an inherent viscosity 
decrease of 12%.  Furthermore, the flexural strength is 128 MPa and E modulus 3.72 GPa. 
The increase of β-TCP filler amount significantly improves the mechanical properties and also 
lowers degradation during melt extrusion.  
 
PLGA + HAp (C1-C2) 

The processing temperatures that was applied was 170ºC and 180 ºC with a screw speed of 20 
rpm and 2 minutes residence time, the same as previous runs of PLGA.  It could be seen that with 
180 ºC the decrease of i.v. was 16.5% and with 170 ºC it was 15% since the backpressure was 
near 8000N in 170 ºC.  Actually comparison of runs M27 and M30 with all processing conditions 
and backpressures being the same indicates that with an increase in filler concentration, the i.v. 
and E-modulus and flexural strength decrease more than lower filler concentrations. 
 

PLA + BAG (D1-D2) 

After compounding PLA and BAG 9, it could be seen that BAG filler has significant effect on 
increase polymer degradation. Obviously, the shear force decreased sharply and the profile color 
darkened compared to powder. The comparison of different running conditions of both 5% and 

                                                 
 
1 The filler concentrations were removed in i.v. calculations. 
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10% of filler concentration proved that higher level of filler additive (10%) decreases the inherent 
viscosity and mechanical properties more than lower amount (5%). Therefore, optimum 
conditions for reinforcing PLA with BAG is with a set temperature of 165ºC and a screw speed of 
20 rpm to obtain 8000N shear force and decrease in inherent viscosity of 57%. In addition, the 
flexural strength was 114 MPa and E-modulus was 3 GPa It is important to mention that in this 
run the operator should be quick and careful in feeding and profile extraction. 
 

3.2.2. Thermal characterization 

 

3.2.2.1. DSC 

 
According to Decomposition temperature, different ranges of temperature was used for DSC 
experiment and it is shown in Table 15. Condition of following runs is presented in compounding 
part. 

Table 15. DSC running conditions of Nanofiller Composites for comparison before and after melt extrusion. 

Material Temperature range Rate 

PLA+10%β-TCP (B1) 0ºC -200ºC 20 ºC/min 
PLA+16%β-TCP (B2) 0ºC -200ºC 20 ºC/min 
PLA+ 5%BAG (D1) 0ºC -180ºC 20 ºC/min 
PLA+ 10%BAG (D2) 0ºC -180ºC 20 ºC/min 
PLGA +16% HAP(C1) 0 ºC-250 ºC 20 ºC/min 
PLGA +22% HAP (C2) 0 ºC-250 ºC 20 ºC/min 
PLGA +10% beta-TCP (A1) -20ºC -250ºC 20 ºC/min 
PLGA+16% β-TCP (A2) 0ºC -250ºC 20 ºC/min 

 

A1 – PLGA 95/5G + beta-TCP (90/10) and A2 - PLGA 95/5G + beta-TCP (84/16) 

Thermo grams curves of material were obtained from the second heating run.  Heating and 
cooling the specimens before reheating had the impact of erasing the materials’ original thermal 
histories attained during polymerization and processing[49]. 

Table 16. Calorimetric Parameters registered from heating Thermo grams for PLGA + β-TCP at rate of 

20C/min 

Extruded PLGA+10%β-TCP(A1) 

 Property PLGA+10%β-TCP powder(A1) 
M 11 M 12 

Tg (ºC) 60.23  55.51  56.94  
Tm (ºC) 163.01  165.34  165.27  
∆Hm (ºC) 11.19 28.53 27.63 
Tc (ºC) 131.88  89.96 93.39  
∆Hc (J.g-1) 10.33 5.26 12.39 

Extruded PLGA+ 16% β-TCP(A2) 

 Property PLGA+16%β-TCP powder(A2) 
M 21 M 22 

Tg (ºC) 59.84 ºC 60.67 ºC 61.34 
Tm (ºC) 162.81 ºC 163.46 ºC 164.38 
∆Hm (ºC) 14.35 19.01 14.79 
Tc (ºC) 128.86 ºC 132.98 ºC 135.13 
∆Hc (J.g-1) 14.94 17.77 14.90 
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Figure 28. Comparison of PLGA+10%β-TCP powder andExtruded 

PLGA+10%β-TCP 

 
 
 

Reductions in cold crystallization 
temperatures, glass transition temperature 
and increase in crystallinity percentages was 
registered. There is no significant change in 
melting temperature value.  

Thorough heating in the compounder 
released molecular chains of material and 
cause the reduction of Tg and Tc (Table 16 
and Fig. 28) [39]. 

 

 
 

 
Figure 29. Comparison of PLGA+16%β-TCP powder and Extruded 

PLGA+16%β-TCP 

 
 

Increase in cold crystallization temperature 
and crystallinity percentages was 
registered. 

There is no significant change in melting 
temperature and glass transition value. 

Polymer chain length enhanced in extruded 
material cause increases in intra and inter 
polymer chain interaction so as to decrease 
move ability of molecules and 
consequently increase in cold 
crystallization temperature and 
decomposition  temperature (Fig.29) 
[23].Increase in crystallinity percentages 
indicate degradation in extruded materials. 
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B1- PLA 96L/4D + beta-TCP (90/10) and B2- PLA 96L/4D + beta-TCP (84/16) 
Thermo grams curves for both powder and Extruded material were obtained from the second 
heating run. 
 

Table 17 Calorimetric Parameters registered from heating Thermo grams for PLA+β-TCP at rate of 

20
o
C/min 

 
 

Extruded PLA+10%β-TCP (B1) 

  
Property 

(Second curve) 

PLA+10%β-TCP 

powder(B 1) 

M 13 M 14 

Tg (
oC) 60.70  61.85  61.82  

Tm (
oC) 156.64  155.01  155.35  

∆Hm (J.g-1) 1.49 3.14 4.18 
Tc (

oC) 0  132.03  132.73  
∆Hc (J.g-1) 0  2.9 5.05 

 

Extruded PLA+16%β-TCP (B2) 

 
Property 

(Second curve) 

PLA+16%β-TCP 

powder (B 2) 

M 15 M 16 

Tg (
oC) 61.48  61.63  61.62  

Tm (
oC) 155.74  154.48  155.41  

∆Hm (J.g-1) 1.51 4.18 2.42 

Tc (
oC) 0 ºC 131.38  134.18  

∆Hc (J.g-1) 0 5.47 2.14 
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Figure 30. Comparison of PLA+10%β-TCP powder and Extruded 

PLA+10%β-TCP 

 
Figure 31. Comparison of PLA+16%β-TCP powder and Extruded 

PLA+16%β-TCP 

 
Increase in cold-crystallization temperature and increase in crystallinity percentages was 
registered. There is no significant change in melting temperature and glass transition temperatures 
value.  
The addition of ceramic fillers affects the physical properties of the polymer (Table 17). Due to 
some interactions between ceramic filler and polymer, there will be molecular stabilization[45]. 
Extruded materials were arranged in certain patterns which decreases pliability and increases 
intermolecular forces. This caused a higher Tc. 
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Increase in crystallinity percentage shows gradually degradation of extruded materials. 
 

PLGA + HAp (C1 and C2) 

Thermo grams curves for materials were obtained from the second heating run (Table 18). 
 
Table 18. Calorimetric Parameters registered from heating Thermo grams for PLA+ HAP at rate of 20C/min 

 

Extruded PLGA+16% 

HAP (C1) 

 

Property 
 

PLGA+16%HAP 

powder (C1) 

M 27 M 28 

Tg (
oC) 61.07 61.37 61.32 

Tm (
oC) 163.43 162.11 163.34 

∆Hm (J.g-1) 1.68 24.18 21.84 
Tc (

oC) 0 125.11 29.54 
∆Hc (J.g-1) 0 26.62 127.70 

 

Extruded PLGA+ 22% HAP(C2) 

 
Property 

PLGA+ 22% 

HAPpowder(C2) 
 

M 29 M 30 

Tg (
oC) 60.84 60.73 60.72 

Tm (
oC) 163.10 162.13 163.08 

∆Hm (J.g-1) 1.73 21.65 25.70 
Tc (

oC) 140.64 125.80 128.07 
∆Hc (J.g-1) 2.20 25.95 29.62 

  

 
Figure 32. Comparison of PLGA+16%HAP powder and Extruded 

PLGA+16%HAP 

 
Figure 33. Comparison of PLGA+22%HAP powder and Extruded 

PLGA+22%HAP 
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D1- PLA 96L/4D + BAG 9(95/5) and D2- PLA 96L/4D + BAG 9(90/10) 
Thermo grams curves for both powder and Extruded material were obtained from the second 
heating run (Table 19). 
 
 
Table 19. Calorimetric Parameters registered from heating Thermo grams for PLA+ BAG at rate of 20C/min 

 

Extruded PLA+ 5%BAG (D1) 

 
Property 

PLA+ 5%BAG 

powder(D1) 

M 18 M 31 

Tg (
oC) 61.79 60.97 61.56 

Tm (
oC) 153.73 155.48 156.05 

∆Hm (J.g-1) 0.5322 12.47 4.12 
Tc (

oC) 0 133.16 138.14 
∆Hc (J.g-1) 0 11.03 3.30 

 

Extruded PLA+ 10%BAG( D2) 

 
Property 

PLA+ 10%BAG  

powder( D2) 

M 19 M 20 

Tg (
oC) 61.73 ºC 61.03 59.93 

Tm (
oC) 154.17 ºC 155.36 155.71 

∆Hm (J.g-1) 0.2281 11.35 17.85 
Tc (

oC) 0 ºC 135.04 131.05 
∆Hc (J.g-1) 0 10.29 16.80 

 
 
 

 
       Figure 34. Comparison of PLA+ 5%BAG powder and 

Extruded PLA+ 5%BAG 

 

 
     Figure 35. Comparison of PLA+ 10%BAG powder and 

Extruded PLA+ 10%BAG 
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There is no significant change in Tg, and Tm value but increase in Tc and crystallinity 
percentages was registered. Reason for increase crystallinity percentages was mentioned before 
(Fig.34, 35). 
 
Comparison of matrix with different filler concentration 

Thermo grams curves for materials were obtained from the second heating run (Table 20). 

Table 20 DSC running conditions for comparison of matrix with different filler concentration. 

Material  Temperature range ºC Rate ºC/min 

PLGA+10%β-TCP powder (A1) -20 -250 20 
PLGA+ 16% β-TCPpowder(A2) -20 -250 20 
PLGA+16%HAP powder (C1) 0 -250 20 
PLGA+ 22% HAP powder(C2) 0 -250 20 
PLA+ 10% β- TCP powder (B1) -20 -250 20 
PLA+ 16% β- TCP powder(B2) -20 -250 20 
PLA+ 5%BAG powder(D1) 0 -180 20 
PLA+ 10%BAG powder( D2 0 -180 20 

 

Comparison of A1 and A2 before compound 

 
       Figure 36. Comparison  of PLGA+ 10% β- TCP powder and PLGA+ 

16% β-TCP powder 

 
 

 
 

Table 21 Calorimetric Parameters registered from heating 

Thermo grams for PLGA+ 10% β- TCP powder and 

PLGA+ 16% β-TCP powder at rate of 20C/min 

 
 

 

Property 
PLGA+10%β- TCP 

powder (A1) 

PLGA+ 16% β- 

TCP powder(A2) 

Tg (
oC) 60.23 59.84 

Tm (
oC) 163.01 162.81 

∆Hm(J.g-1) 11.19 14.35 
Tc (

oC) 131.88 128.86 

∆Hc(J.g-1) 10.33 14.94 
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Comparison of B1 and B2 before compound 

 
                  Figure 37. Comparison of PLA+10%β-TCP powder and 

PLA+16%β-TCP powder 

 

 

Table 22 Calorimetric Parameters registered from 

heating Thermo grams for PLA+10%β-TCP 

powder and PLA+16%β-TCP powder at rate of 

20C/min 
 

Property 
PLA+10%β-

TCPpowder(B1) 

PLA+ 16% β-

TCPpowder(B2) 

Tg (
oC) 60.70 61.48 

Tm (
oC) 156.64 155.74 

∆Hm(J.g-1) 1.49 1.51 
Tc (

oC) 0 0 

∆Hc(J.g-1) 0 0 

 

Comparison of C1 and C2 before compound 

 

 
   Figure 38. Comparison of for PLGA+16%HAP powder and 

PLGA+22%HAP powder 

 
 
 

Table 23 Calorimetric Parameters registered 

from heating Thermo grams for 

PLGA+16%HAP powder and PLGA+22%HAP 

powder at rate of 20C/min 

 
 
 
 

 

Property 

PLGA+16%

HAP 

powder(C1) 

PLGA+22%HAP 

powder(C2) 

Tg (
oC) 61.07 60.84 

Tm (
oC) 163.43 163.10 

∆Hm(J.g-1) 1.68 1.73 
Tc (

oC) 0 140.64 
∆Hc(J.g-1) 0 2.20 
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Comparison of D1 and D2 before compound 

 

 
     Figure 39. Comparison of PLA+ 5%BAG powder and PLA+ 10%BAG 

powder 

 
 

Table 24  Calorimetric Parameters registered 

from heating Thermo grams for PLA+ 5%BAG 

powder and PLA+ 10%BAG powder at rate of 

20C/min 

 
 
 

Property 
PLA+ 5%BAG 

powder(D1) 

PLA+ 10%BAG 

powder(D2) 

Tg (
oC) 61.79 61.73 

Tm (
oC) 153.73 154.17 

∆Hm(J.g-1) 0.5322 0.2281 
Tc (

oC) 0 0 
∆Hc(J.g-1) 0 0 

 

There is no significant change in Tm, Tg and crystallinity percentage (Fig 36,37,38,39). 
 
3.2.2.2. TGA 
 
Methods are the same as with previous materials. Compounding conditions of the following runs 
were explained in compounder part (See part 3.2.1). 
TGA curves and DTG curves of Matrix material is presentenced in Appendix part. 
The comparative thermo gravimetric analysis of Powder and Extruded materials are presented in 
table 25. 
It is obtained that the DTG gradually increases after compounding. Extruded materials were 
arranged in certain pattern which is decreased pliability and increase intermolecular forces; this 
caused a higher Tc and consequently increases in DTG. 
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Table 25. Comparison of TGA data between pellets materials and extruded materials 

PLGA+10%β-TCP (A1) PLGA+16%β-TCP pellets (A2) 

Property PLGA+10% β-

TCP pellets 

Extruded 

PLGA+10%β-

TCP-M11 

Extruded 

PLGA+10%β-

TCP--M12 

PLGA+16%β-

TCP pellets 

Extruded 

PLGA+16%

β-TCP ,M21 

Extruded 

PLGA+16%β-

TCP,M22 

Weight lose(w/w%) 87.19 88.10  86.53  84.21 84.24 84.04 
Residual (w/w%) 13.15 12.06  13.45  15.97 15.81 16.08 
Decomposition 

temperature (ºC) 
368 374 370 ± 8  368± 1  372  370  

PLA+10%β-TCP (B1) PLA+16%β-TCP (B2) 

Property PLA+10%β-

TCP pellets 

Extruded 

PLA+10%β-

TCP,M13 

Extruded 

PLA+10%β-

TCP,M14 

PLA+16%β- TCP 

pellets 

Extruded 

PLA+16%β- 

TCP,M15 

Extruded 

PLA+16%β- 

TCP,M16 

Weight lose(w/w%) 89.87  90.20  90.11  84.29 85.23 84.98 
Residual (w/w%) 10.41  9.41  9.81  15.73  14.83 15.12 
Decomposition 

temperature (ºC) 
375± 5  378± 1  381  376± 1  376± 1  370± 1  

PLGA+16%HAp(C1) PLGA+22%HAp(C2) 
Property PLGA+16% 

HAp,Powder 

PLGA+16% 

HAp,M27 

PLGA+16% 

HAp,M28 

PLGA+22% 

HAp, Powder 

PLGA+22%

HAp,M29 

PLGA+22% 

HAp,M30 

Weight lose(w/w%) 85.16  84.07  84.77  79.61 79.90 79.34 
Residual (w/w%) 14.78  16.49  15.92  20.62 20.52 21.27 
Decomposition 

temperature (ºC) 
364  357 369  365.92 336.32 348  

PLA+5% BAG (D1) PLA+10%BAG(D2) 

Property PLA+5% 

BAG pellets 
Extruded PLA+5% BAG,M18 

PLA+10%BAG 

Pellets 

ExtrudedPL

A+10%BAG,

M19 

ExtrudedPLA+

10%BAG,M20 

Weight lose(w/w%) 93.52  92.14  86.89  86.17  86.93 
Residual (w/w%) 8.23  8.57  14.66  14.52  13.37 
Decomposition 

temperature (ºC) 
297± 3 302  282± 1  287  260  
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Figure 40. Comparison of TGA curves recorded at 20 

o
C/min under nitrogen flow for pure PLGA+10%β-TCP 

pellets and Extruded PLGA+10%β-CP, M11 

 

 
Figure 41. Comparison of DTG curves recorded at 20 

o
C /min under nitrogen flow for pure PLGA+10%β-

TCP pellets and Extruded PLGA+10%β-CP, M11 
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3.2.3. Morphology (SEM) 
 
The following images display SEM micrographs of specimen’s surface which was cut in liquid 
nitrogen. Similar features were observed in the samples which were cut through width and length. 
In representative images, one can recognize dispersion of the micron-size of fillers in polymer 
matrix. 
 
 
 

 
Figure 42. SEM micrograph of dispersion of 10% β-

TCP in PLGA-nitrogen cut /A1-M11 

 

 
Figure 43. SEM micrograph of dispersion of 10% β-

TCP in PLGA-nitrogen cut /A1-M12 

 

 
Figure 44. SEM micrograph of dispersion of 16% β-

TCP in PLGA-nitrogen cut /A2-M21 

 

 
Figure 45. SEM micrograph of dispersion of 16% β-

TCP in PLGA-nitrogen cut /A2-M22 
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Figure 46. SEM micrograph of dispersion of 10% β-

TCP in PLA-nitrogen cut /B1-M13 

 
Figure 47. SEM micrograph of dispersion of 10% β-

TCP in PLA-nitrogen cut /B1-M14 

 
Figure 48. SEM micrograph of dispersion of 16% β-

TCP in PLA-nitrogen cut /B2-M15 

 
Figure 49. SEM micrograph of dispersion of 16% β-

TCP in PLA-nitrogen cut /B2-M16 

 
Figure 50. SEM micrograph of dispersion of 5% 

BAG in PLA-nitrogen cut /D1-M18 

 
Figure 51. SEM micrograph of dispersion of 10% 

BAG in PLA-nitrogen cut /D2-M19 
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Figure 52. SEM micrographs of dispersion of 10% BAG in PLA-nitrogen cut /D2-M20 

 

3.2.4. Discussion 
 
Adding β-TCP to PLGA was compounded with satisfactory feeding time (3 min) without any 
extraordinary machine stoppage and backpressure close to maximum (8000N). The polymer 
degradation was not considerable due to low decrease in i.v. and low increase in crystallinity and 
the profile has a smooth glossy surface. Variations of ∆Hm and Tg are reasonably confirm the 
inherent viscosity data. The different running conditions with two different filler concentration 
(10-16%) indicate that 10 percent filler concentration with processing temperature of 180 ºC and 
screw speed of 10 rpm is the best alternative to obtain the best mechanical strength and E-
modulus to the composites having PLGA as matrix polymer. However increase filler 
concentration from 10% to 16% has no significant changes in E-modulus and flexural strength 
but higher portion of β-TCP could protect the polymers and decrease the rate of degradation.  
 
In reinforcement of PLGA with HAp, the compounding process faced some difficulties such as 
unexpected machine stoppages and higher feeding time. Consequently, high decrease in i.v. and 
high increase in crystallinity percentage are reliable evidence to show higher polymer degradation 
and lower mechanical properties compared to β-TCP filler. The combination of HAp with two 
different filler concentration in PLGA has no significant difference in decrease in i.v. but lower 
concentration (16%) with processing temperature of 180 ºC and screw speed of 20 rpm are the 
optimum compounding conditions.  
Comparison results between HAp and β-TCP filler in PLGA indicates that degradation in PLGA 
mixed with β-TCP is higher than HAp. 
 
Compounding of β-TCP with PLDA has some interesting results. Despite higher sensitivity of 
PLDA to high temperature, it was observed that high processing temperature is required for 
compounding PLA with acceptable feeding time and minimum machine stoppage.  
 
Reinforcing the PLDA with 10% β-TCP indicates that processing temperature of 190 ºC with a 
screw speed of 10 rpm are the best conditions to acquire maximum backpressure, acceptable 
mechanical strength, and E-modulus, reasonable decrease in i.v. and low increase in percentage 
of crystallinity. Also, by increasing the filler concentration to 16%; possibly gives the lower rate 
of polymer degradation and better improve of E-modulus and no decrease in flexural strength 
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with the same compounding conditions with the exception of increasing processing temperature 
to 210 ºC, that thermal properties do not confirm the inherent viscosity results. 
Compounding of BAG filler with PLDA causes high degradation during the process. The 
evidences for this are significant decrease of backpressure, dark color of profiles, and decrease 
i.v. to less than half of the original amount, significant increase of crystallinity percentage, and 
low mechanical strength and E-modulus. It could be seen that after different runs the best 
conditions to obtain less degradation, high backpressure and acceptable mechanical properties are 
with a running temperature of 165 ºC and screw speed of 20 rpm. Furthermore, the operator 
should be fast and careful during the feeding process.  
In conclusion, all the experimental polymers were degraded during melt extrusion, but the 
optimum processing conditions could be obtained for each material and its reinforcing filler.  
Interpretation and comparison of all results imply that combination of PLGA and β-TCP obtained 
the best mechanical properties and minimum polymer degradation. Furthermore, a combination 
of PLA with β-TCP could produced the same flexural strength but with lower E-modulus and 
more polymer degradation.  
The twin screw microcompounder has many advantages such as ability to produce smooth glossy 
profile with homogenous dispersion of filler inside the polymer matrix. This instrument is also 
able to produce more than 100 cm of this homogenous profile with diameter of 2.5-3 mm and 
production rate of 0.6kg/hr in one batch. 
 

3.3. Granular polymers with calcium phosphate fillers 

 

3.3.1. Compounding condition, i.v, Mechanical tests 

 
The matrix polymers are hand-mixed and dried at 40oC overnight previous to compounding and 
feeding. The granules and powders are fed from an upper funnel hopper. The residence time for 
all the runs is 2 minutes that was excluded from the feeding time. For selecting the optimum 
processing parameters, such as set temperature and screw speed rpm, many factors were 
mentioned in Literature and also the previous experiences results of compounding nanofiller 
materials and experimental materials were supplied.  
Advantageous conditions for these runs were selected primarily, with consideration of parameters 
such as melting point from DSC curves, inherent viscosity and then during the process, the 
feedback of the machine is the most reliable guideline to adjust for the best conditions. Based 
upon our experiments, the shear force data which is shown on the screen is the important 
parameter for feeding. The 20 rpm is applied as screw velocity for all runs.If the force decreases 
dramatically during feeding process, it is obvious that the polymer degradation has occurred. In 
this case, the running conditions should be improved and the feeding time should definitely be 
quite low and the operator should be very quick in feeding. All thermal processing conditions of 
granular polymer materials are in Tables 26 and 27. Materials, filler type and concentration, 
screw speed, inherent viscosity and mechanical properties data are also mentioned as 
optimization parameters. 
In this part HAp and β-TCP with different particle size are filler additives to PLGA and PLLA 
granules that 10, 20 and 30 weight percentage of the fillers were applied. 
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Table 26 Compounding conditions (PLGA)  

Run 
ID 

Matrix Filler 

Given 
level of 
additive 

[%] 

Det.filler 
content 
[% TGA] 

Max 
back-

pressure 
[N] 

T 
[ºC] 

Feeding 
time 
[min] 

rpm 
i.V. 

[dL/g] 
i.V 

[dl/g] 

Flexural 
Stregth 
[MPa] 

E-modulus 
[GPa] 

O5B 
PLGA 

82L/12G 
- 0 0 8000+ 180 10´ 20 3.30 2 133 ± 2 3.3 ± 0.20 

O2 
PLGA 

82L/12G 

HAp 0-
50 µm 

10 7.71 8000+ 200 3´ 20 3.30 2.20 120 ± 3 3.5 ± 0.20 

O3 
PLGA 

82L/12G 

HAp 0-
50 µm 

20 17.35 8000+ 200 3´,20˝ 20 3.30 2.30 115 ± 6 3.3 ± 0.20 

O4 
PLGA 

82L/12G 

HA 0-
50 µm 

30 28.37 8000+ 200 4´ 20 3.30 2.40 100 ± 3 3.6 ± 0.20 

O6 
PLGA 

82L/12G 

HAp 5 
µm 

10 7.47 8000+ 200 4´30˝ 20 3.30 2.25 121 ± 5 3.4 ± 0.15 

O7 
PLGA 

82L/12G 

HAp 5 
µm 

20 16.28 8000+ 200 4´ 20 3.30 2.44 123 ± 2 3.8 ± 0.20 

O8 
PLGA 

82L/12G 

HA 5 
µm 

30 27.04 8000+ 200 4´ 20 3.30 2.44 118 ± 3 4.3 ± 0.20 

O20 
PLGA 

95L/5G 

HAp 
nano 

30 28.19 8000+ 190 6´ 20 3.30 2.36 105 ± 10 3.8 ± 0.60 

O21 
PLGA 

95L/5G 

HAp 
nano 

10 10.43 8000+ 190 12´ 20 3.30 2.82 136 ± 5 3.7 ± 0.20 

O22 
PLGA 

95L/5G 

HAp 
nano 

20 17.34 8000+ 190 16´ 20 3.30 2.60 129 ± 6 3.8 ± 0.20 

O23 
PLGA 
95L/5G 

β-TCP 20 27.04 6900 200 4´ 20 3.30 2.00 113 ± 4 4 ± 0.20 
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Table 27 Compounding conditions (PLLA) 

Run 
ID 

Matrix Filler 

Given 
level of 
additive 

[%] 

Det.filler 
content 
[% TGA] 

Max 
back-

pressure 
[N] 

T 
[ºC] 

Feeding 
time [min] 

rpm 
i.V. 

[dL/g] 
i.V 

[dl/g] 

Flexural 
Stregth 
[MPa] 

E-modulus 
[GPa] 

O9 PLLA - 0 0 8000+ 215 13´ 20 5.26 2.93 131 ± 2 3.1 ± 0.06 

O10 PLLA 
HAp 0-
50 µm 

10 5.10 8000+ 215 22´ 20 5.26 2.90 121 ± 4 3.6 ± 0.30 

O11 PLLA 
HAp 0-
50 µm 

20 14.24 8000+ 215 15´ 20 5.26 3.30 120 ± 4 3.8 ± 0.40 

O12 PLLA 
HAp0-
50µm 

30 24.98 8000+ 215 13´ 20 5.26 3.24 106 ± 5 3.8 ± 0.40 

O13 PLLA 
HAp 5 

µm 
10 9.12 8000+ 215 20´ 20 5.26 3.45 115 ± 0.8 3.3 ± 0.10 

O14 PLLA 
HAp 5 

µm 
20 15.44 8000+ 215 21´ 20 5.26 2.45 122.5 ± 2 4 ± 0.20 

O15 PLLA 
HAp 5 

µm 
30 25.48 8000+ 215 10´ 20 5.26 2.00 119 ± 3 4.5 ± 0.20 

O16 PLLA 
HAp 
nano 

10 7.91 80000 215 10´ 20 5.26 2.23 124 ± 6 3.2 ± 0.20 

O17 PLLA 
HAp 
nano 

20 16.23 7100 215 6´ 20 5.26 1.50 109 ± 3 3.5 ± 0.40 

O18 PLLA 
HAp 
nano 

30 25.39 5000 215 2´ 20 5.26 1.90 91 ± 5 3.3 ± 0.30 

O19 PLLA β-TCP 20 16.45 7500 215 8´ 20 5.26 2.40 123 ± 2 3.6 ± 0.30 
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PLGA+ β-TCP 

20% of filler concentration was blended with PLGA in a reasonable feeding time of 4 minutes 
and 200 ºC set temperature and 20 rpm screw speed which resulted in a maximum machine 
backpressure of 6900N and i.v. decreased from 3.3 to 2.  Modulus of elasticity successfully 
increased to 4 GPa and the flexural strength decreased to 113 MPa. 
 
PLGA+ HAp (0-50 µm) 

For all three filler concentrations, melt blending was done between 3 to 4 minutes with a 
processing temperature of 200 ºC and a screw speed of 20 while backpressure was 8000N.  
Inherent viscosity reduction was around one unit and mechanical properties were not improved 
significantly.  In addition, there is no linear change in e-modulus with increase in filler 
concentration.  
 
PLGA+ HAp (0-5 µm) 

Increased filler concentrations from 10 to 30 percent in thermal extrusion process with around 4 
minutes feeding time, set temperature of 200 ºC and a screw speed of 20 rpm. This successfully 
enhanced the e-modulus to 4.3 GPa and i.v. reduction of around 1 unit.  It is also important that 
flexural strength decrease was not more than 10 MPa.  
 
PLGA+ HAp (nano) 

Reinforcing PLGA with HAp nano particles occurred in 190 ºC and a screw speed of 20 rpm.  
Compared to other PLGA runs, lower temperature was selected because longer feeding time, but 
i.v. reduction was less than 1 unit and increasing filler concentration to 30% improved the e-
modulus to 3.8 GPa. It is worth noting that the addition of nano particles could enhance the 
flexural strength.  
 
PLLA+ β-TCP 

The best processing conditions for compounding PLLA and 20% β-TCP was at a set temperature 
215 ºC and screw speed of 20 rpm.  Despite fine feeding time (8 min) and reasonable mechanical 
properties (E-modulus 3.6 GPa, Strength 123 MPa), polymer degradation was 3 units reduction of 
inherent viscosity.  
 
PLLA+ HAp (0-50 µm) 

Micro compounder processing temperature was set at 215 ºC with screw speed of 20 rpm for 
combining PLLA and HAp with 0-50 µm particle size.  Reduction of inherent viscosity was not 
more than 2 units in all three filler concentrations.  It is also observed that 20% filler 
concentration attained better enhancement in modulus of elasticity (3.8 GPa) and lower decrease 
in flexural strength compare to other concentrations.  
 
PLLA+ HAp (0-5 µm) 

PLLA were self-reinforced with HAp (0-5 µm particle size) in the microcompounder at a 
processing temperature of 215 ºC and screw speed of 20 rpm.  Polymers degradation was almost 
like reinforcing with HAp (0-50 µm) and with 30% filler concentration, e-modulus changeded to 
4.5 MPa and flexural strength decreased to 119 MPa. 
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PLLA+ HAp (nano) 

Melt blending of PLLA with HAp nano particles at 215 ºC and screw speed of 20 rpm were 
evaluated with three different filler concentrations (10%, 20% and 30%). Polymer degradation 
was considerably higher with more than 3 units of inherent viscosity reduction and also no 
significant enhancement in E-modulus and asharp decrease in flexural strength with increase in 
filler concentration.  
 
3.3.2. Thermal characterization 

 

3.3.2.1. DSC 

 
This heating/cooling cycle was done two times.  The (Tg) for all samples was determined from 
the second heating run, (Tm), (∆Hm), (Tc) and (∆Hc) were obtained from first heating run since 
melting point is not indicated very obviously in second run. 
All PLGAs are amorphous more willingly than crystalline (Wikipedia), so no crystallization 
phenomena occurred for all specimens on DSC second run results[17].The crystallinity was 
determined from the melting enthalpy using 93.7 J.g−1 as the melting endotherm of 100% PLLA.  
Considering the melting endotherm of 100% PLLA is 93.7 J/g , the crystallinity percentage 
calculated by using the following equation from Fisher et al., Kolloid--Z.U.Z. Polym., 251:980-
990 (1972). 

Xc (%) = (∆Hm -∆Hc).100/ (93.7) 
[20, 45, 56, 72] 

 
Specimens were run in the temperature range of 0–200ºC with nitrogen purge gas at heating rate 
of 20ºC/min. 
The conditions of the following runs are presented in the compounding discussion (See part 
3.3.1) and DSC analyses results are shown in Table 28. 
Melt extrusion had insignificant effect on Tg but Tm of profile decreased with addition of filler 
concentration in matrix at the same compounding condition and also ∆Hm, that perform 
crystallinity, increase with adding filler by 10 % and 20 % evidently but decrease for 30 % filler. 
The decrease in Tm during compounding is ascribed to stress release of molecular chains during 
heating[39]. Also during the melt extrusion method, PLA was apparently degraded, and polymer 
chains broken into oligomers or monomers, causing decrease in Tm[45]. 
Although an increase in residence time cause a more homogeneous dispersion of fillers in 
polymer matrix, with better contact between components, but there was also the risk of polymer 
degradation, as indicated by DSC with a minor decrease in Tm[45]. 
Mixing method can affect on the physical characteristics of polymer matrix which can be 
revealed by DSC curves. DSC measurements expose a decrease melting point Tm and an increase 
in crystallinity percentage, representing a change of chemical structure or polymer morphology, 
during melt extrusion(Table 28) [45]. 
As a matter of fact fillers can act as nucleating agent for materials, therefore cause a less degree 
of crystallinity, for instance in 30% filler, decrease in degree of crystallinity was observed in 
compare to 10% and 20%. Also presence of fillers limited the degradation of polymer chains. 
Due to some interactions between ceramic fillers and polymer, there will be molecular 
stabilization[45]. 
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Table 28 Calorimetric Parameters registered from heating Thermo grams for PLGA at rate of 20C/min 

PLGA + HAP 50µm 
Property Pure PLGA 

PLGA+10 % HAP PLGA+20 %HAp PLGA+30 % HAp 

glass-transition 

temperature ºC 
59.25 59.84 59.38 59.31 

Melting point ºC 159.75 156.86 156.4 155.02 
enthalpies of the melting 

peaks (∆Hm) J.g
-1

 
14.67 15.84 17.34 11.61  

Cold Crystallization ( Tc) 98.45 101.81 101.68 102.12 
enthalpy of the cold 

crystallization( ∆Hc) J.g
-1

 
6.57 4.69 5.8 7.01 

Crystallinity percent (%) 15.65 15.5 15.35 8.79 

PLGA +HAP 5µm Property Pure PLGA 
PLGA+10 %HAP PLGA+20%HAp PLGA+30%HAp 

glass-transition 

temperature ºC 
59.25 59.58 59.23 59.12 

Melting point ºC 159.75 156.72 156.92 155.97 
enthalpies of the melting 

peaks (∆Hm) J.g
-1

 
14.67 19.96  19.58  14.72  

Cold Crystallization ( Tc) 98.45 97.43 103.75 106.12 
enthalpy of the cold 

crystallization( ∆Hc) J.g
-1

 
6.57 11.59 9.75 10.10 

Crystallinity percent (%) 15.65 19.81 17.55 11.46 

PLGA +nanoHAP  Property Pure PLGA 
PLGA+10%HAp PLGA+20%HAp PLGA+30%HAp 

glass-transition 

temperature ºC 
59.25 59.94 60.23 59.10 

Melting point ºC 159.75 156.68 156.93 155.82 
enthalpies of the melting 

peaks (∆Hm) J.g
-1

 
14.67 15.29 14.96 13.32 

Cold Crystallization ( Tc) 98.45 98.27 104.74 110.11 
enthalpy of the cold 

crystallization( ∆Hc) J.g
-1

 
6.57 7.59 7.79 8.33 

Crystallinity percent (%) 15.65 14.52 13.25 10.23 

PLGA+β-TCP Property Pure PLGA 
PLGA+20% β-TCP 

glass-transition 

temperature ºC 
59.25 59.75 

Melting point ºC 159.75 157.08 
enthalpies of the melting 

peaks (∆Hm) J.g
-1

 
14.67 9.01  

Cold Crystallization ( Tc) 98.45 127.86 
enthalpy of the cold 

crystallization( ∆Hc) J.g
-1

 
6.57 3.71 

Crystallinity percent (%) 15.65 7.78 

Another reason for increase crystallinity percentage is alteration of physical properties of raw 
materials in conversion to products through the melt extrusion and it will be controlled by cooling 
rates after extrusion, the molecules have to be rearranged, as a result more arranged amorphous 
section and crystallinity are present. Usually, the greater the ordered structure, the higher 
crystallinity[39]. 
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Figure 53. DSC thermo grams for melting point  of pure PLGA and PLGA+ HAp 50µm profile at weight ratios of 10%, 20% and 

30% 
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Figure 54. Crystallinity Percentage for pure PLGA and PLGA+ HAp 

50µm  profile at weight ratios of 10%, 20% and 30% 

 

 

Figure 55. DSC thermo grams for glass transition 

temperature of pure PLGA and PLGA+ HAp 50µm 

profile at weight ratios of 10%, 20% and 30% 
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PLGA+HAp5µm 

 
Figure 56. DSC thermo grams for melting point  of pure PLGA and PLGA+ HAp 5µm profile at weight ratios 10%, 20% and 30% 
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Figure 57.Crystallinity Percentage for pure PLGA and PLGA+ HAp 

5µm  profile at weight ratios of 10%, 20% and 30% 

 

 

 

Figure 58. DSC thermo grams for glass transition 

temperature of pure PLGA and PLGA+ HAp 5µm  

profile at weight ratios of 10%, 20% and 30% 
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PLGA+HAp nano 

 
Figure 59 DSC thermo grams for melting point  of pure PLGA and PLGA+ nano HAp profile at weight ratios of 10%, 20% and 

30%. 
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Figure 60.Crystallinity Percentage for pure PLGA and PLGA+  nano 

HAp profile at weight ratios of 10%, 20% and 30% 

 

 

 

 
Figure 61:DSC thermo grams for glass transition 

temperature of pure PLGA and PLGA+ nano HAp 

profile at weight ratios of 10%, 20% and 30%. 
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PLGA+ß-TCP 

 
Figure 62. DSC thermo grams for melting point of pure PLGA and PLGA+ ß-TCP profile at weight ratios of 20% 
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Figure 63.Crystallinity Percentage of profile  at weight ratios  of 

20% for pure PLGA and  PLGA+ß-TCP 

 

   

 

 
Figure 64 DSC thermo grams for glass transition 

temperature of pure PLGA and PLGA+ ß-TCP 

profile at weight ratios of 20% 
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Table 29. Calorimetric Parameters registered from heating Thermo grams for PL65at rate of 20
O

C/min 

PL65+ HAp 50µm 
Property Pure PL65 

PL65+10 %HAp PL65+20%HAp PL65+30%HAp 

glass-transition 

temperature (ºC) 
63.25 63.37 63.73 63.25 

Melting point (ºC) 176.93 176.89 176.64 175.76 
enthalpies of the melting 

peaks (∆Hm) (J.g
-1

) 
32.47 32.75 28.8 24.54 

Crystallization ( Tc) (ºC) 114.2 113.37 115.42 114.28 
enthalpy of the 

crystallization( ∆Hc) (J.g
-1

) 
31.32 31.11 29.32 24.73 

Crystallinity percent (%) 1.2 1.68 0 0 

PL65+HAP 5µm Property Pure PL65 
PL65+10 %HAp PL65+20%HAp PL65+30%HAp 

glass-transition 

temperature (ºC) 
63.25 63.14 62.72 62.14 

Melting point (ºC) 176.93 178.20 178.28 177.80 
enthalpies of the melting 

peaks (∆Hm) (J.g
-1

) 
32.47 30.01 36.84 35.15 

Crystallization ( Tc) (ºC) 114.2 106.18 96 95.03 
enthalpy of the 

crystallization( ∆Hc) (J.g
-1

) 
31.32 24.96 4.97 2.25 

Crystallinity percent (%) 1.2 4.89 28.56 26.33 

PL65+nanoHAP  Property Pure PL65 
PL65+10 %HAp PL65+20%HAp PL65+30%HAp 

glass-transition 

temperature (ºC) 
63.25 62.79 62.28 61.91 

Melting point (ºC) 176.93 178.91 178.21 176.96 
enthalpies of the melting 

peaks (∆Hm) (J.g
-1

) 
32.47 43.71 40.77 34.15 

Crystallization ( Tc) (ºC) 114.2 98.86 96.03 95.07 
enthalpy of the 

crystallization( ∆Hc) (J.g
-1

) 
31.32 4.92 2.15 1.38 

Crystallinity percent (%) 1.2 38.08 34.62 26.22 

PL65+β-TCP Property Pure PL65 
PL65+20% β-TCP 

glass-transition 

temperature (ºC) 
63.25 63.04 

Melting point (ºC) 176.93 178.65 
enthalpies of the melting 

peaks (∆Hm) (J.g
-1

) 
32.47 37.18 

Crystallization ( Tc) (ºC) 114.2 96.61 
enthalpy of the 

crystallization( ∆Hc) (J.g
-1

) 
31.32 4.06 

Crystallinity percent (%) 1.2 29.69 
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Result for PL65+ HAp 50µm 
Thermal degradation of PLA is very complicated, and different mechanisms have been 
postulated, including 1-intramolecular trasesterification; 2-intermolecular trasesterification; 3-
hydrolysis and 4-prylitic elimination[46]. 
Melt extrusion had insignificant effect on Tg and melting point, but it caused an increase in 
crystallinity percentage by adding 10 % filler and decreased for 20 % and 30 % filler. Decrease in 
crystallinity percentage for 30% and 20 % indicated that there was less degradation in matrix. 
Melt extrusion may cause some changes from raw polymer to products properties consequently, 
the less ordered structure, the lower the crystallinity will be observed[39]. 
 
Result for PL65+ HAp 5µm 

The glass transition is kinetic phenomenon which includes the polymer viscoelasticity which, in 
turn, is affected by experimental situation such as previous thermal history of the specimen and 
heating rate[73]. 
There is no significant change in Tg by adding filler to matrix but the melting point of matrix 
increases by adding HAP. Two reasons can be mentioned for increasing melting point of matrix 
after compound by adding filler.  One reason is that thermal movement of molecular chains of 
PLA was restricted by HAp particles during the endothermic process. Another reason is that 
interfacial interaction of the two phases supplied an increase in the melting point of polymer.  
Therefore, the DSC thermo gram also implied that there was chemical bonding between PLA and 
HAp[73]. 
On the other hand crystallinity percentage increases by adding amount of filler from 10% to 30 
%.  For instance, the crystallinity percentage of pure PLA and PL65+ HAP 5µm with weight ratio 
of 10%, 20% and 30% are 1.2%, 8.37%, 33.72%, and 35.06% respectively. The increase in 
crystallinity percentage shows an increase in the degradation of matrixes. 
The outcome of the increase in crystallinity of PLA and PL65+ HAP 5µm is less randomly 
oriented polymeric chains, and as a result, less energy was needed to allow them to crystallize 
under heating. Also increasing crystallinity caused decrease in enthalpy of re-crystallization [49]. 
Also the same result of PL65+ HAp 5µm appeared for PL65+nanoHAp and PL65+β-TCP(Table 
29). 
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PL65+ HAp 50µm 

 
Figure 65. DSC thermo grams for melting point and glass transition temperature PL65 and PL65+ HAp 50µm profile with 

weight ratios of 10%, 20% and 30%. 
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Figure 66. Crystallinity Percentage of pure PL65 and PL65+ HAP 50µm profile with weight ratios of 10%, 20% and 30% 
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PL65+ HAP 5µm 

 
Figure 67. DSC thermo grams for melting point and glass transition temperature of pure PL65 and PL65+ HAp 5µm 

profile with weight ratios of 10%, 20% and 30% 
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Figure 68. Crystallinity Percentage of  pure PL65 and PL65+ HAP 5µm profile with weight ratio of 10%, 20% and 

30% 
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PL65+ nanoHAp 

 
Figure 69. DSC thermo grams for melting point and glass transition temperature of pure PL65 and PL65+ 

nanoHAp profile at weight ratios of 10%, 20% and 30%. 
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Figure 70. Crystallinity Percentage of pure PL65 and PL65+ nano HAp profile at weight ratios of 10%, 20% 

and 30%. 
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PL65+β-TCP 

 
Figure 71. DSC thermo grams for melting point and glass transition temperature of pure PL65 and 

PL65+β-TCP profile with weight ratios of20% 
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Figure 72. Crystallinity Percentage of pure PL65 and PL65+ß-TCP profile 
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3.3.2.2. TGA  

The production of long homogenous profiles is the aim of this project and since there is no 
specific preparation and mixing procedure before compounding, filler distribution in the polymer 
matrix needed to be identified. It is also important to clarify the actual filler concentration in 
compounded profiles compared to intended amounts. In addition, due to the risk of thermal 
degradation in this process, the residence time of the polymer in the compounder should be 
adjusted slightly related to homogenous distribution of fillers in the polymer matrix.  

Table 30. Comparison of TGA data between pure materials and filled materials 

PLGA +10%  HAp 50µm 
Property 

First Middle End 

Weight lose (w/w%) 93.06 92.43 92.99 
Residual (w/w%) 7.14 7.71 7.3 

PLGA +20%HAp 50µm Property 
First Middle End 

Weight lose (w/w%) 86.83 83.00 85.85 
Residual (w/w%) 13.40 17.35 14.50 

PLGA +30% HAp 50µm Property 
First Middle End 

Weight lose (w/w%) 73.10 71.90 76.44 
Residual (w/w%) 26.98 28.37 25.48 

PLGA +20% β-TCP Property 
First Middle End 

Weight lose (w/w%) 83.05 81.44 81.14 
Residual (w/w%) 18.01 18.97 19.55 

PLGA +10%  HAp 5µm 
Property 

First Middle End 

Weight lose (w/w%) 95.52 93.34 93.19 
Residual (w/w%) 5.40 7.47 6.99 

PLGA +20%HAp 5µm Property 
First Middle End 

Weight lose (w/w%) 86.61 84.51 83.30 
Residual (w/w%) 13.68 16.28 16.92 

PLGA +30% HAp 5µm Property 
First Middle End 

Weight lose (w/w%) 76.39 73.73 75.57 
Residual (w/w%) 24.23 27.04 24.76 

PLGA +10%nano HAp 
Property 

First Middle End 

Weight lose (w/w%) 90.52 89.88 92.15 
Residual (w/w%) 9.89 10.43 8.73 

PLGA +20% nano HAp Property 
First Middle End 

Weight lose (w/w%) 84.97 83.11 84.13 
Residual (w/w%) 15.33 17.34 16.48 

PLGA +30% nano HAp Property 
First Middle End 

Weight lose (w/w%) 75.56 72.33 76.93 
Residual (w/w%) 24.87 28.19 23.94 



 71 

 
PL65 +10% HAp 50µm 

Property 
First Middle End 

Weight lose (w/w%) 96.81 96.30 96.63 
Residual (w/w%) 3.44 5.1 4.95 

PL65 +20%HAp 50µm Property 
First Middle End 

Weight lose (w/w%) 89.22 86.02 87.16 
Residual (w/w%) 10.89 14.24 13.45 

PL65 +30% HAp 50µm Property 
First Middle End 

Weight lose (w/w%) 80.02 75.26 78.20 
Residual (w/w%) 20.10 24.98 22.26 

PL65 +20% β-TCP Property 
First Middle End 

Weight lose (w/w%) 84.86 84.17 82.39 
Residual (w/w%) 15.30 16.45 17.89 

PL65 +10% HAp 5µm 
Property 

First Middle End 

Weight lose (w/w%) 92.08 91.31 91.89 
Residual (w/w%) 8.28 9.12 8.44 

PL65+20%HAp 5µm Property 
First Middle End 

Weight lose (w/w%) 84.53 84.75 84.44 
Residual (w/w%) 15.84 15.44 15.68 

PL65+30% HAp 5µm Property 
First Middle End 

Weight lose (w/w%) 76.81 75.11 76.02 
Residual (w/w%) 23.52 25.48 24.27 

PL65 +10%nano HAp 
Property 

First Middle End 

Weight lose (w/w%) 92.50 90.48 91.58 
Residual (w/w%) 7.91 10.16 8.6 

PL65 +20% nano HAp Property 
First Middle End 

Weight lose (w/w%) 86.31 84.39 83.05 
Residual (w/w%) 14.28 16.23 17.97 

PL65 +30% nano HAp Property 
First Middle End 

Weight lose (w/w%) 78.22 75.08 74.13 
Residual (w/w%) 22.88 25.39 26.65 
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The first, middle and end of each profile is tested with TGA and when the samples were heated 
up to 600 oC, then the residuals indicate the filler concentration in the polymer matrix. The whole 
method is the same as with previously tested materials. 

 
Interpretation of the data from TGA curves clearly point out that thermal combining of polymer 
granules and filler powders in 2 minutes residence time almost successfully produced 
homogenous profiles.  The difference of filler concentration in all parts of profiles is ±2% and the 
actual concentration is 3-5 percent less than intended amount.  HAp and β-TCP fillers distribution 
with particle size 0-50 µm were not as homogenous as the nano particles and the 0-5 µm 
particles. Also, it is shown that large particles were agglomerated and not disperse in all parts of 
polymer matrix.  Filler concentration in PLGA is more close to the intended amount compared to 
PLLA. This is due to presence of more PLLA residuals from previous runs and the dilution of 
these residuals with next runs(Table 30).  
 
3.3.3. Morphology 

 
Profile morphology is applied to explore the structure, the appearance of profiles and the filler 
distribution. It is divided to two scales, macroscopic and microscopic (electron microscopy) 
scales. 
In the macroscopic scale, the effects of different filler concentrations on surface, color and 
appearance of profiles was investigated. These differences are obvious in the following pictures 
and a comparison of profiles with and without fillers is possible(Fig.73). 
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PLGA+HAp (0-50µm) 
 

PLGA+HAp (0-5µm) 

 
PLLA+HAp (0-50µm) 
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PLLA+β-TCP (0-50µm) 
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PLGA+β-TCP (0-50µm) 

Figure 73. Effect of filler percent on profile color 
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3.3.3.1. SEM, Cross section area 

 
Scanning electron microscopy is a method for demonstrating the filler distribution with different 
concentrations in a polymer matrix. Samples were broken in liquid nitrogen and gold coated 
before electron microscopy. The highest magnification that provides the best visibility was 
1500X. Subsequent SEM pictures are from profiles with zero, ten, twenty and thirty percent of 
filler concentrations.  
Homogenous distribution of fillers is evidently observable in SEM pictures especially with nano 
particles and 0-5 µm particle size. Agglomeration of fillers with 0-50 µm particle size is evidence 
for less homogenous profiles with large filler particle size (Fig. 74-95). 
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Figure 74 SEM micrographs pure PLGA-

nitrogen cut 

Figure 75 SEM micrographs of dispersion of 

20% β-TCP in PLGA-nitrogen cut 
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PLGA+HAP50 

 

 
Figure 76 SEM micrographs of dispersion of 10% 

HAP 50 µm in PLGA-nitrogen cut 

 

 
Figure 77 SEM micrographs of dispersion of 20% 

HAP 50 µm in PLGA-nitrogen cut 

 

 
Figure 78. SEM micrographs of dispersion of 30% HAP 50 µm in PLGA-nitrogen cut 
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PLGA+HAp5 µm 

 

 
Figure 79. SEM micrographs of dispersion of 10% 

HAp 5 µm in PLGA-nitrogen cut 

 
 

 
Figure 81. SEM micrographs of dispersion of 30% HAp 5 µm in PLGA-nitrogen cut 

 

 

 

 

 

 

 

 

 

 

Figure 80. SEM micrographs of dispersion of 

20% HAp 5 µm in PLGA-nitrogen cut 
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PLGA+ nano HAp 

 

  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 83.SEM micrographs of dispersion of 

20% nano HAp in PLGA-nitrogen cut 

Figure 82.SEM micrographs of dispersion of 

10%  nano HAp in PLGA-nitrogen cut 

Figure 84 SEM micrographs of dispersion of 

30% nano HAp in PLGA-nitrogen cut 
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PL65+HAp50 µm 

 

  

 
Figure 87.SEM micrographs of dispersion of 30% HAp 50 µm in PL65-nitrogen cut 

 

 

 

 

 

 

 

 

 

 

 

Figure 85.SEM micrographs of dispersion of 

10% HAp 50 µm in PL65-nitrogen cut 
Figure 86 SEM micrographs of dispersion of 

20% HAp 50 µm in PL65-nitrogen cut 
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PL65+HAp5 µm 

 

  

 
 

 

 

 

 

 

 

 

 

 

 

Figure 88.SEM micrographs of dispersion of 

10% HAp 5 µm in PL65-nitrogen cut 

 

Figure 89.SEM micrographs of dispersion of 

20% HAp 5 µm in PL65-nitrogen cut 

Figure 90.SEM micrographs of dispersion of 

30% HAp 5 µm in PL65-nitrogen cut 
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PLGA+ nano HAp 

 

 
Figure 91. SEM micrographs of dispersion of 10% 

nano HAp in PL65-nitrogen cut 

 

 
Figure 92. SEM micrographs of dispersion of 20% 

nano HAp in PL65-nitrogen cut 

 

 
 

 

 

 

 

 

 
 
 

 

 

 

 

Figure 93.SEM micrographs of dispersion of 

30% nano HAp in PL65-nitrogen cut 
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Pure PL65 PL65+20% β-TCP 

 

 
 

 
 

 

3.3.3.2. SEM, Surface porosity 

 

  

Figure 96. SEM, surface analysis of self-reinforced profiles. 

Surface morphology analysis shows a porous but not rough surface that is good to modify Osseo-
integration and cell proliferation after implantation(Fig 96). 
 
 

 

 

Figure 94.SEM micrographs PLG65 nitrogen 

cut 

 

Figure 95.SEM micrographs of dispersion of 

20% β-TCP in PL65-nitrogen cut 



 82 

3.3.4. Discussion 

 
Inherent viscosity measurement is the helpful method to define the optimum processing 
conditions of compounding such as processing temperature, screw speed RPM and residence 
time. Biopolymers with high inherent viscosity (5-7 dL/g) usually need higher temperature for 
melting but in the compounding, the lower rotation of screws (10 rpm) is preferred in order to 
prevent producing of high shear force and prevent unnecessary machine stoppages. 
Since preferable feeding time is less than 15 minutes and preferably less than 10 minutes, 
surpassing this amount indicate that material is melting with difficulty and melting temperature 
and RPM data should be reconsidered.  
On the other hand extraordinary low feeding time and also low shear force (<1500 N) indicates 
that processing temperature is high and polymer degradation is in critical range. By opening the 
nozzle the dark slurry liquid will pour out and there is no possibility of profile production.  
Profile surface is one of the essential parameters that should be checked after compounding 
process. Rough surface, unexpected porosity or fish skin appearance' is an indicator for poor 
blending or poor compounding conditions and therefore not acceptable. 
To our experience and based on feeding conditions, degradation calculations (i.v., Crystallinity, 
Tg and melting point) and morphology tests (profile appearance and SEM) best compounding 
conditions were selected. Moreover the vise versa relation of screw speed on backpressure should 
be mentioned.  
It could be seen that adjusting the screw speed to 20 rpm let us to decrease set temperature as low 
as possible to produce backpressure higher than 7500N with lower degradation rate and fine filler 
distribution. Low screw speed and set temperature directly increase the feeding time and it is 
observed that higher feeding time has no significant effect on polymer degradation.  
Optimum melt processing temperature for PLGA is 190-200 ºC and for PLLA is 215 ºC.  
Interpretation of inherent viscosity and DSC results (Tables 26-29) for comparison the polymer 
degradation with different fillers and different concentrations clearly indicate that Tg and melting 
points are almost the same and the focus is on variations of i.v. and crystallinity percentage that 
considered with enthalpy of cold crystallinity.  
PLGA granules were successfully protected in melt blending with reinforcing by calcium 
phosphate fillers. Although in pure PLGA inherent viscosity was reduced from 3.3 to 2 but in 
self-reinforced polymers it reduced less than one unit. With increase in filler concentrations to 
30% inherent viscosity increase and crystallinity decrease simultaneously and it shows molecular 
stabilization and polymer protection with addition of bioceramic fillers.  
Improvement of mechanical properties is further objectives of biopolymer re-enforcement and 
flexural strength and modulus of elasticity parameters are observable in compounding results 
(Tables 26, 27) Modulus of elasticity is improved with addition of ceramic fillers from 3.3 GPa in 
pure PLGA to around 4 GPa in 30% of filler concentrations. Conversely flexural strength is 
decreased with increase in filler concentration.  
Comparison of HAp with three different particle size and β-TCP specify that best polymer 
protection and best mechanical properties were in 30% HAp 5µm with E-modulus of 4.3 GPa and 
flexural strength of 120 MPa and 20% HAp nano particles with E-modulus of 3.8 GPa and 
flexural strength of 129 MPa. 20% β-TCP 0-50 µm successfully improve the modulus of 
elasticity to 4 GPa but flexural strength decrease to 113 MPa and inherent viscosity decrease to 2. 
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HAp 0-50 µm particles could effectively protect the polymer matrix from degradation but 
decrease of flexural strength, not significant increase in E-modulus and filler agglomeration in 
polymer matrix are shortcomings of this filler. 
Compounding the PLLA granules has some difficulties due to high range of polymer degradation. 
The inherent viscosity of pure PLLA decreased from 5.2 to more or less than 2, also sharp 
decrease of backpressure during compounding confirm high degradation rate of PLLA. Addition 
of ceramic fillers could not improve the polymer degradation but protect the polymer chains from 
further breakage and they could improve the modulus of elasticity.  
HAp 5 µm filler with 30% concentration improve the E-modulus to 4.5 MPa and flexural strength 
is decreased to 120 MPa but 20% concentration has better degradation rate (i.v.:2.45) and flexural 
strength (123 MPa). Increase HAp 50 µm concentration to 30% has better polymer protection 
compare to other fillers.  
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4. Conclusion 
 
� Minimum degradation was obtained in compounding of PLGA matrix polymers with 

various fillers (i.v. 3.3 to 2.6). 
 
� Reasonable mechanical properties were achieved, particularly in profiles having 5 

micrometer microspheres hydroxyapatite (HAp) fillers.  
 
� High rate of degradation in compounding PLLA (PL65) (i.v. 5.5 to 2.5 was typically 

obtained. 
 
� Some agglomeration of fillers with size distribution 0-50 micrometers with all the 

investigated polymer matrices was observed. 
 

� In nanofilled materials, PLGA cryomilled with b-TCP showed the best mechanical 
properties and minimum polymer degradation compare to HAp. 

 
� Nanofilled PLA with b-TCP could also be produced at the same mechanical properties as 

with PLGA but in the PLA matrix, there was more degradation observed. 
 

� Most of the nanofilled compositions produce smooth glossy profile with homogenous 
dispersion of filler inside the polymer matrix. With the exception of PLA polymer loaded 
with beta-TCP nanofillers and PLGA polymer loaded with HAp nanofillers. In other 
samples, no comparison to other materials studied with microfillers, no rough surfaces or 
fish-skin alike surfaces were observed. 

 
� Production of uniform and homogenous profile with diameter of 2.5-3 mm was managed 

in the by manually varying the microcompounder screw speed. An approximate profile 
production rate 0.6kg/hr was obtained. 

 
� Increasing the filler level in all batches do normally protect the polymer matrices of 

composites from degradation. 
 

� Very high rates of degradation were seen when compounding PLA pre/mixed with 
bioactive glass (BAG). 

 
� Based on gravimetric analysis and determination of pH of the in vitro degraded materials, 

the beta-TCP could protect the polymer from degradation also in the samples that were 
immersed in PBS at various temperatures for 56 days. 
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         Appendix 

TGA curves of nano filler composite materials 

A1 

 

 

 
Figure 97. Comparison of TGA curves recorded at 20 

o
C /min under 

nitrogen flow for PLGA+10%β- TCP pellets and Extruded 

PLGA+10%β- TCP, M12 

 

Figure 98. Comparison of DTG curves recorded at 20 
o
C /min 

under nitrogen flow for PLGA+10%β- TCP pellets and 

Extruded PLGA+10%β- TCP, M12 

 

 
Figure 99. Comparison of TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PLGA+16%HAP pellets and Extruded 

PLGA+16%HAP, M27 

 

Figure 100. Comparison of DTG curves recorded at 20 
o
C/min 

under nitrogen flow for PLA+10%β- TCP pellets and 

Extruded PLA+10%β- TCP, M13 
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Figure 101. Comparison of TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PLA+10%β- TCP pellets and Extruded PLA+10%β- 

TCP, M14 

 

Figure 102. Comparison of DTG curves recorded at 20 
o
C/min 

under nitrogen flow for PLA+10%β- TCP pellets and 

Extruded PLA+10%β- TCP, M14 

 

 

Figure 104. Comparison of DTG curves recorded at 20 
o
C/min 

under nitrogen flow for PLGA+16%HAP pellets and Extruded 

PLGA+16%HAP, M27 

Figure 103. Comparison of TGA curves recorded at 20 
o
C/min 

under nitrogen flow for PLGA+16%HAP pellets and Extruded 

PLGA+16%HAP, M27 

C1 
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D1 

 
Figure 107. Comparison of TGA curves recorded at 20 

o
C/min 

under nitrogen flow for PLA+5% BAG pellets and Extruded 

PLA+5% BAG, M18 

 
 

 
Figure 108. Comparison of DTG curves recorded at 20 

o
C/min 

under nitrogen flow for PLA+5% BAG pellets and Extruded 

PLA+5% BAG, M18 

  

 
 
 

Figure 105. Comparison of TGA curves recorded at 20 
o
C/min 

under nitrogen flow for PLGA+16%HAP pellets and Extruded 

PLGA+16%HAP, M28 

Figure 106. Comparison of DTG curves recorded at 20 
o
C/min 

under nitrogen flow for PLGA+16%HAP pellets and Extruded 

PLGA+16%HAP, M28 
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A2 

 
Figure 109. Comparison of TGA curves recorded at 20 

o
C/min 

under nitrogen flow for PLGA+16%β-CP pellets and Extruded 

PLGA+16%β-CP ,M21 

 

 

 
Figure 110. Comparison of DTG curves recorded at 20 

o
C/min under 

nitrogen flow PLGA+16%β-CP pellets and Extruded PLGA+16%β-

CP ,M21 

 

 
 

 
Figure 111. Comparison of TGA curves recorded at 20 

o
C/min 

under nitrogen flow for PLGA+16%β-CP pellets and Extruded 

PLGA+16%β-CP ,M22 

 
 
 

 

  
 
 

Figure 112. Comparison of DTG curves recorded at 20 
o
C/min under 

nitrogen flow PLGA+16%β-CP pellets and Extruded PLGA+16%β-

CP ,M22 
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B2 

 
Figure 113. Comparison of TGA curves recorded at 20 

o
C/min 

under nitrogen flow for PLA+16%β- TCP pellets and Extruded 

PLA+16%β-TCP,M15 

 

 

 
Figure 114. Comparison of DTG curves recorded at 20 

o
C/min 

under nitrogen flow PLA+16%β- TCP pellets and Extruded 

PLA+16%β-TCP,M15 

 

 
Figure 115. Comparison of TGA curves recorded at 20 

o
C/min 

under nitrogen flow for PLA+16%β- TCP pellets and Extruded 

PLA+16%β-TCP,M16 

 

 
Figure 116. Comparison of DTG curves recorded at 20 

o
C/min 

under nitrogen flow PLA+16%β- TCP pellets and Extruded 

PLA+16%β-TCP,M16 
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Figure 118. Comparison of DTG curves recorded at 20 
o
C/min 

under nitrogen flow for PLGA+22%HAP pellets and Extruded 

PLGA+22%HAP, M29 

Figure 119. Comparison of TGA curves recorded at 20 
o
C/min 

under nitrogen flow for PLGA+22%HAP pellets and Extruded 

PLGA+22%HAP, M30 

Figure 120 Comparison of DTG curves recorded at 20 
o
C/min under 

nitrogen flow for PLGA+22%HAP pellets and Extruded 

PLGA+22%HAP, M30 

Figure 117. Comparison of TGA curves recorded at 20 
o
C/min 

under nitrogen flow for PLGA+22%HAP pellets and Extruded 

PLGA+22%HAP, M29 



 95 

D2: 

 

 
 

Figure 121. Comparison of TGA curves recorded at 20 
o
C/min 

under nitrogen flow for PLA+10%BAG pellets and Extruded 

PLA+10%BAG,M19 

 
 

 

 
Figure 122. Comparison of DTG curves recorded at 20 

o
C/min 

under nitrogen flow for PLA+10%BAG pellets and Extruded 

PLA+10%BAG,M19 

 

 

 
Figure 123. Comparison of TGA curves recorded at 20 

o
C/min 

under nitrogen flow for PLA+10%BAG pellets and Extruded 

PLA+10%BAG,M20 

 
 

 
 

 
Figure 124. Comparison of DTG curves recorded at 20 

o
C/min 

under nitrogen flow for PLA+10%BAG pellets and Extruded 

PLA+10%BAG,M20 
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TGA curves of granular materials 

PLGA+HAP 50 µm 

 

 
 

 

 
 

 

 

 
Figure 127. TGA curves recorded at 20 

o
C/min under nitrogen flow for PLGA+ 30%HAP 50 µm from 

first,middle and end  of profile 

 
 
 

 

Figure 125. TGA curves recorded at 20 
o
C/min under 

nitrogen flow for PLGA+ 10%HAP 50 µm from 

first,middle and end of  profile 

 

Figure 126. TGA curves recorded at 20 
o
C/min under 

nitrogen flow for PLGA+ 20%HAP 50 µm from 

first,middle and end of profile 
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PLGA+HAP 5 µm 

 

 
Figure 128. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PLGA+ 10%HAP 5 µm from 

first,middle and end of  profile 

 

 

 
Figure 129. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PLGA+ 20%HAP 5 µm from 

first,middle and end of  profile 

 

 
Figure 130. TGA curves recorded at 20 

o
C/min under nitrogen flow for PLGA+ 30%HAP 5 µm from 

first,middle and end of  profile 

 

 

 

 



 98 

 

PLGA+ nano HAP 
 

 
Figure 131. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PLGA+ 10% nano HAP from first, 

middle and end of profile 

 

 

 
Figure 132. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PLGA+20% nano HAP from first, 

middle and end of profile 

 

 
Figure 133. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PLGA+ 30% nano HAP from first, 

middle and end of profile 

 

 
Figure 134. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PLGA+ 20% β-TCP from first, 

middle and end of profile 
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PL65 + HAP 50µm 

 

 
Figure 135.TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PL65+ 10%HAP 50 µm from first, 

middle and end of  profile 

 

 

 
Figure 136.TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PL65+ 20%HAP 50 µm from first, 

middle and end of  profile 

 

 

 
Figure 137 TGA curves recorded at 20 

o
C/min under nitrogen flow for PL65+ 20%HAP 50 µm from first, middle 

and end of  profile 
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PL65 + HAP 5µm 
 

 
Figure 138. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PL65+ 10%HAP 5 µm from first, 

middle and end of profile 

 

 

 
Figure 139. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PL65+ 20%HAP 5 µm from first, 

middle and end of profile 

 
 

 
Figure 140. TGA curves recorded at 20 

o
C/min under nitrogen flow for PL65+ 20%HAP 5 µm from first, 

middle and end of profile 
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PL65 +nano HAP 

 
Figure 141. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PL65+ 10% nanoHAP from first, 

middle and end f profile 

 

 
Figure 142. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PL65+ 20% nanoHAP from first, 

middle and end f profile 

 

 
Figure 143. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PL65+ 30% nanoHAP from 

first,middle and end f profile 

 

 
Figure 144. TGA curves recorded at 20 

o
C/min under 

nitrogen flow for PL65+ 20% β-TCP from first, 

middle and end of profile 
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Mechanical properties of granular materials with different types of fillers. 
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Figure 145. Flexural strength of PLGA/HAp (0-50) 

(a); Modulus of elasticity of PLGA/HAp (0-50) (b) 
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Figure 146. Flexural strength of PLGA/HAp (0-5) 

(a); Modulus of elasticity of PLGA/HAp (0-5) (b) 
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Figure 147. Flexural strength of PLGA/HAp (nano) 

(a); Modulus of elasticity of PLGA/HAp (nano) (b) 
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Figure 148. Flexural strength of PLGA/β-TCP (0-50 

µm) (a); Modulus of elasticity of PLGA/β-TCP (0-50 

µm) (b) 
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Figure 149. Flexural strength of PLLA/HAp (0-50) 

(a); Modulus of elasticity of PLLA/HAp (0-50) (b) 
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Figure 150. Flexural strength of PLLA/HAp (0-5) 

(a); Modulus of elasticity of PLLA/HAp (0-5) (b) 
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Figure 151. Flexural strength of PLLA/HAp (nano) 

(a); Modulus of elasticity of PLLA/HAp (nano) (b) 
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Figure 152. Flexural strength of PLLA/β-TCP (0-50 

µm) (a); Modulus of elasticity of PLLA/β-TCP (0-50 

µm) (b) 
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