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Summary 

Polymers offer a special property spectrum for applications, extending the range 

of activities of mankind. With only a few decades separating their first commercial 

development from their present pervasive use, synthetic polymers are so well integrated 

into the fabric of society that we take little notice of our dependence on them. These range 

of properties, being completely different from those of the more traditional engineering 

materials, happen to be a consequence of their molecular structure which is in turn 

determined by production. From the combination of chemical intra-bond and van der 

Waals inter-bond forces distinct melting crystallizing and glassy transitions are achieved. 

However interesting properties may polymers exhibit from an academic 

standpoint, it is their practical use which determines their relevance. Such was the case 

of polymers synthesized from glycolic acid and other α-hydroxy acids, which were not 

appreciated until an application where their instability was relevant was outlined such as 

their use as biodegradable medical devices. Thus, the efficient use of materials which 

implies the complete utilization of material properties, requires a multidisciplinary 

approach whereby material properties are harmonised with the functionalities demanded 

by such an application. 

In this context, the motivation of the research work of this Thesis has been to gain 

a deeper understanding of viscoelasticity and shape memory from a Materials Engineer 

perspective, settling the correlation amongst structure and properties of lactide derived 

biodegradable systems with regard to specific applications. 

In the first chapter, a complete characterization of the physical properties of 

several commercial (co)polymers has been conducted. It has been shown that, compared 

to the very regular poly(L-lactic acid) (PLLA), the addition of DLA or other comonomers, 

such as glycolide (GA) and ɛ-caprolactone (CL) reduce the crystallization capability as 

well as the glass transition temperature (Tg) so that at room temperature the poly(L-

lactide-co-ɛ-caprolactone) (PLCL) copolymer exhibited a markedly elastomeric 

character, with entropy elasticity. Similar observations were also made on poly(rac-DL-

lactide-co-glycolide) (PDLGA) at body temperature and on poly(DL-lactide) (PDLLA) 

at a somewhat higher temperature. 
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Thus, in search of a material for urological application, such as a temporary 

catheter in hypospadias repair, their biodegradation was further investigated in vitro and 

in vivo using a rat model. According to such investigations it was determined that PDLGA 

was the fastest copolymer to degrade whereas PLLA was the latest, being this late rate 

associated to the persistence of crystals formed during the implantation time. 

As part of the same chapter, PLCL and PDLGA were blended in different 

compositions so that a complete spectrum of properties was achieved despite all the 

studied compositions resulted immiscible as disclosed by the prevalence of the respective 

Tgs in the calorimetric scan (DSC) and definitely by the two-phase structures observed 

by scanning electron microscope (SEM).  

Secondly, concerned with processing as a necessary step in the chain of value of 

polymers (and materials in general) towards useful devices, the second chapter was 

developed where, taking advantage of the thermoplastic nature of polylactides, casting 

and, more intensely thermoconformation have been explored. 

It has been found that solvent diffusion plays the mayor role in solvent casting 

processing and if poorly controlled, tensile properties are severely affected. 

Instead, thermoconformation, is dependent on the rate of cooling from the melt 

whereby the permanent shape is fixed by solidification below the Tg, as slow 

rearrangements in sought of thermodynamic equilibrium cause the measurable evolution 

of properties such as enthalpy and yielding. 

Though this phenomenon has been observed since Griffith’s studies on ideal 

elastic solids (glasses) it still remains as an active field of research as the range of 

temperatures in which it takes place usually include the temperature of practical use and 

involve higher-order transitions so that the time temperature superposition principle is no 

longer applicable and extrapolations using parameters obtained from distinct properties 

cannot in general be made. 

Thus, the contribution to this field derived from this Thesis includes the 

identification of ductile to brittle transition (BDT) in PLLA and the enthalpy relaxation 

kinetics in PDLGA and in two PLCL copolymers differing on the randomness character.  



Summary/Resumen 

13 

On the other hand, it has been shown that orientation induced by stretching at 

T~Tg not only increases the elastic modulus (x3) but also promotes ductile fracture as 

chain molecules, being aligned in the stretching direction, are more conveniently disposed 

to yield upon application of a tensile stress in the direction of orientation. 

Following, compounding with an osteosconductive filler (HA) as a way to 

impinge increased functionalities on polymeric devices where bones are implied, such as 

fixation devices, has been investigated. Further, plasma polymerization has been explored 

and successfully applied on HA particles starting from two different monomers. 

It has been shown that the addition of particles does not overshadow the nature of 

the polymeric matrix as the elastomeric properties of PLCL matrix are preserved (and 

increased, demonstrating the enhancement of the interface adhesion) and the toughness 

of the glassy matrix. 

As a part of this chapter, the nucleating activity of particles (neat and plasma 

fucntionalized) has been characterized, disclosing that neat HA is a more active 

heterogeneous nucleating site than plasma polymerized poly(acrylic acid) particles 

(HAAA).  

The third chapter has been devoted to understanding the thermally triggered shape 

memory effect of polylactides and identifying the relevant parameters both from the 

programming conditions and from the intrinsic material properties in order to design an 

ideal polymer for its application as a biodegradable stent in coronary artery disease 

(CAD). 

The major findings of this chapter can be resumed in that whatever cause of 

reduction in the amount of entropy elasticity associated with the amorphous phase has a 

detrimental effect on the recovery of the permanent shape. 

Thus, in the case of semicrystalline polymers, the reduction of the amorphous 

phase is associated with the development of crystallinity whereas in totally amorphous 

polymers, such reduction is associated to disentanglement and chain slippage between 

chains and relaxation of these in an unstretched state. 
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However, these microstructural changes have been observed to develop during the 

first cycles (programming-recovery), so that once they have fully developed, stable values 

of recovery are achieved. 

Regarding the capacity to fix the temporary shape, it has been shown that narrower 

and sharper transitions are preferred over broader ones so that vitrification and thus 

fixation of the shape completes in a more limited temperature range. 

Finally, to conclude this summary, it must be emphasised the international 

character of this Thesis a part of which has been developed under a secondment 

agreement between the National University of Ireland Galway (NUIG) and the University 

of the Basque Country (UPV-EHU).  
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Resumen 

Los polímeros ofrecen un amplio espectro de propiedades, permitiendo ampliar 

las posibilidades del ser humano. Así, transcurridas unas pocas décadas desde su primer 

desarrollo comercial, los polímeros están tan integrados en la sociedad actual que apenas 

somos conscientes nuestra dependencia de ellos. Este rango de propiedades, siendo tan 

diferentes de aquellas propias de los materiales más tradicionales, es consecuencia de su 

estructura molecular que es a su vez determinada mediante el proceso de producción. 

Mediante la combinación de enlaces químicos intra e inter moleculares del tipo van der 

Waals, se consiguen distintas transiciones vítreas y cristalinas. Sin embargo, por muy 

interesantes que resulten las propiedades de los polímeros desde el punto de vista 

académico, es la utilidad lo que determina su relevancia. Tal fue el caso de los polímeros 

sintetizados a partir del ácido glicólico y otros α-hidroxiácidos, que fueron relegados 

hasta que se intuyó que precisamente su inestabilidad era de especial interés en 

dispositivos médicos biodegradables. Por este motivo, se desprende que el uso eficiente 

de los materiales, esto es, el pleno aprovechamiento de sus propiedades, requiere un 

abordaje multidisciplinar mediante el cual se consiga armonizar las propiedades del 

material con aquellas funcionalidades demandadas por la aplicación. 

En este contexto, la motivación del trabajo de investigación de esta Tesis ha sido 

profundizar en la comprensión de la viscoelasticidad y de la memoria de forma, desde el 

punto de vista de un Ingeniero de Materiales, estableciendo las correlaciones pertinentes 

entre estructura y propiedades de sistemas biodegradables derivados de la lactida, 

manteniendo la perspectiva de la aplicación. 

En el primer capítulo, se ha realizado la caracterización completa de varios 

(co)polímeros comerciales. Se ha demostrado que, comparado con la altamente regular 

poli(L-lactida) (PLLA), la inclusión de unidades DL-lactida u otros comonómeros como 

la glicolida (GA) o la ɛ-caprolactona (CL) durante la etapa de síntesis, reducen la 

capacidad de cristalización así como la transición vítrea (Tg), tal que, a temperatura 

ambiente, el copolímero poli(L-lactida-co- ɛ-caprolactona) (PLCL) muestra un marcado 

carácter elastomérico con elasticidad entrópica. Las mismas observaciones se dan en el 

copolímero poli(racDL-lactida-co-glicolida) (PDLGA) a la temperatura corporal y en el 
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poli(DL-lactida) a una temperatura ligeramente superior. Por tanto, en la búsqueda de un 

material para aplicaciones en urología como la cateterización temporal en la cirugía 

reconstructiva de hipospadias, se investigó su biodegradación in vitro e in vivo usando 

ratones como modelo animal. Gracias a esta investigación, se pudo determinar que el 

PDLGA era el copolímero que más rápidamente se biodegradó, siendo el más lento el 

PLLA debido a la persistencia de los cristales de PLLA desarrollados durante el tiempo 

de implantación. Como parte de este capítulo, se estudia el sistema PLCL-PDLGA, que 

comprende mezclas de ambos en varias composiciones obteniéndose una gama completa 

de propiedades a pesar de que las composiciones estudiadas resultaron inmiscibles como 

se demuestra por la prevalencia de las respectivas Tgs mediante calorimetría diferencial 

de barrido (DSC), y definitivamente a partir de las imágenes obtenidas mediante 

microscopía electrónica de barrido (SEM) que muestran dos fases bien diferenciadas. 

En segundo lugar, debido a la importancia del procesado como operación 

necesaria para transformar los polímeros en dispositivos útiles y así aportar valor, se 

desarrolla el capítulo segundo en el que, aprovechando la naturaleza termoplástica de las 

polilactidas, se exploran dos métodos de conformación: la vía húmeda con evaporación 

de disolvente y la termoconformación. 

Se determina que, en el proceso por vía húmeda, la difusión del disolvente a través 

del polímero es el parámetro relevante, que, de no ser estrictamente controlado, perjudica 

gravemente las propiedades tensiles de los filmes así conformados. 

Por otra parte, el parámetro relevante en el termoconformado es la velocidad de 

enfriamiento desde el fundido, que si bien proporciona la forma final del objeto mediante 

solidificación al enfriar por debajo de la Tg, sus propiedades están en constante evolución 

debido a la tendencia al equilibrio termodinámico del líquido subenfriado. Esta tendencia, 

que se denomina envejecimiento físico, es la responsable de la evolución cuantificable de 

propiedades como la entalpía o la fluencia. Y, aunque este fenómeno es conocido desde 

el trabajo de Griffith con vidrios cerámicos (1920), sigue constituyendo un campo activo 

de investigación ya que el rango de temperatura en el que sucede suele coincidir con la 

temperatura de utilización del polímero e incluye transiciones de órdenes superiores, no 

pudiéndose, en general, realizar extrapolaciones a partir de parámetros determinados a 

partir de otras propiedades.  
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De esta forma, la contribución de esta Tesis en este campo incluye la 

identificación de la transición dúctil frágil (BDT) en el PLLA y la cinética de relajación 

entálpica en el PDLGA y en dos copolímeros tipo PLCL con diferente carácter aleatorio.  

Por otra parte, se ha mostrado que la orientación conseguida mediante 

estiramiento de los polímeros a temperaturas cercanas a la Tg no sólo incrementa el 

módulo elástico (x3) sino que favorece la fractura dúctil, ya que las cadenas tienen una 

mejor disposición para fluir cuando se les aplica tensión en la dirección de la orientación.  

Como parte de este capítulo dedicado a la conformación, se han preparado dos 

familias de materiales compuestos de matriz polimérica (una de carácter elastomérico y 

la segunda de carácter vítreo) mediante la adición de hidroxiapatita (HA), que es una 

carga inorgánica osteoconductora, con el objetivo de impartir esta propiedad a los 

materiales para su potencial utilidad en aplicaciones en contacto con tejido óseo. Además, 

con el fin de mejorar la intercara partícula-matriz, las partículas se han funcionalizado 

mediante una capa orgánica obtenida por polimerización por plasma.  

Así, se ha demostrado que la adición de partículas no anula el carácter de la matriz 

y que la polimerización por plasma mejora la intercara entre partícula y matriz, 

alcanzándose mayores valores de elongación en el caso de la matriz elastomérica y 

superior tenacidad en el caso de la matriz vítrea. 

Como parte de este capítulo, se ha examinado la actividad de nucleación de las 

partículas, encontrándose que la HA es más activa como agente de nucleación 

heterogénea que las partículas funcionalizadas con poli(ácido acrílico) polimerizado por 

plasma.  

El tercer capítulo se ha dedicado a comprender el efecto de memoria de forma 

estimulado por temperatura en las polilactidas, identificándose los factores relevantes 

tanto del proceso de programación de la forma temporal como de las propiedades 

intrínsecas del polímero con el fin de diseñar un polímero ideal para su aplicación como 

stent biodegradable en el tratamiento de la enfermedad arterial coronaria (EAC). 

Así, las principales conclusiones obtenidas se pueden resumir en el siguiente 

corolario: aquella causa que provoque una reducción de la elasticidad entrópica asociada 
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con la fase amorfa tiene un efecto pernicioso sobre la recuperación de la forma. De esta 

manera, en el caso de los polímeros semicristalinos, la reducción de la fase amorfa se 

debe al desarrollo de cristalinidad mientras que en los polímeros totalmente amorfos, la 

reducción se debe al desenmarañamiento y deslizamiento de cadenas y relajación de éstas 

en un estado no tensionado, que no contribuye a la elasticidad entrópica. 

Por otra parte, se observa que estos cambios de la microestructura se desarrollan 

principalmente durante los primeros ciclos (programación-recuperación), tal que una vez 

desarrollados, se obtienen buenos y consistentes valores de recuperación. 

Respecto a la capacidad de fijación de la forma temporal, se ha visto que se 

prefieren transiciones estrechas y abruptas, de manera que la fijación de la forma, debida 

a la vitrificación, se complete en un rango estrecho de temperatura.  

Finalmente, para concluir este resumen, quepa destacar el carácter internacional 

de esta Tesis, que se ha completado con una estancia de larga duración (14 semanas) en 

el marco de una colaboración entre la Universidad Nacional de Irlanda (NUIG) y la 

Universidad del País Vasco (UPV-EHU). 
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Introduction 

The growth in the use of polymers and composites mirrored the incredible changes 

that occurred in the twentieth century and also contributed to these changes [1]. The newly 

introduced materials have not only challenged the older materials such as metals, woods, 

glasses and leathers for their well-established uses but have also made possible new 

products which have helped to extend the range of activities of mankind [2]. Without 

these two kinds of materials, rubbers and plastics, it is difficult to conceive how such 

everyday features of modern life [2] such as sports, packaging, transport or healthcare. 

Beginning in 1930s, the advent of war brought plastics more into demand, largely 

as substitutes for materials such as natural rubber and gutta percha, which were in short 

supply [2]. With only a few decades separating their first commercial development from 

their present pervasive use, synthetic polymers are so well integrated into the fabric of 

society that we take little notice of our dependence on them [3]. When nylon was 

introduced in the late 1930s by DuPont, it soon became a favourite in the textile and 

clothing industry [4]. Seriously, if all the polyester and nylon fibres in use today were to 

be replaced by cotton and wool, their closest natural counterparts, calculations show that 

there would not be enough arable land left to feed the populace, and we would be overrun 

by sheep [5]. The fact is, there simply are no practical natural substitutes for many of the 

synthetic polymers used in modern society [5] so that historians are beginning to speak 

of a dawning “Age of Polymers” [2, 6]. 

This class of materials possesses many interesting and useful properties that are 

completely different from those of the more traditional engineering materials, and that 

cannot be explained or handled in design situations by the traditional approaches [5] but 

happen to be a consequence of their molecular structure [5], whose basis was proposed 

by Dr. Hermann Staudinger [7] for which he was awarded with the Nobel Prize in 

chemistry [5]. Figure i illustrates how the material properties and processing properties, 

which determine the field of applications depend on molecular structure, which is in turn 

determined by production [5]. 

The occasional misuse of plastics was damaging to the industry and plastics 

became surrounded with an aura of disrepute for many years which were at first 
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considered an “ersatz” material, a substitute of the “real thing” [2]. However, as an 

understanding of the advantages and limitations of the individual plastics was developed, 

it was appreciated that it was unfair to blame the plastics themselves [2]. Thus, the 

efficient use of materials requires the complete utilization of material properties, which 

are determined by meaningful measuring and testing procedures [6]. 

 

Figure i.- The key role of molecular structure in polymer science and technology [5]. 

Like all other technical scientific disciplines, polymer testing has a decidedly 

interdisciplinary character as described in figure ii [6]. 

 

Figure ii.- The interdisciplinary character of polymer testing [6]. 
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The awareness of how to use macromolecules as materials is based on research 

into methods of synthesizing both to produce new monomers and polymers as well as to 

introduce new catalyst systems [6]. This in turn necessitated systematic basic research to 

uncover the fundamental principles affecting polymer synthesis and structure, on the one 

hand, and microscopic structure and macroscopic properties, on the other [6]. 

The processing cost and performance per unit weight of polymers became so 

favourable that capital investments have continually expanded to meet demand [4]. The 

profits were invested for further research and innovation to bring forth new technologies 

for a wide variety of applications, resulting in a positive investment cycle [4]. 

The European plastics industry makes a significant contribution to the welfare in 

Europe by enabling innovation, creating quality of life to citizens and facilitating resource 

efficiency and climate protection [8]. More than 1.45 million people are working in about 

60,000 companies (mainly small and medium sized companies in the converting sector) 

to create a turnover in excess of 320bn EUR per year [8]. 

Among the worldwide trends in the polymer industry is a shift in R&D focus from 

commodity plastics, produced in massive quantities, to engineering plastics that have 

superior properties but are produced in lower volumes [3]. In recent years, the emphasis 

has been on specialty polymers that are expensive yet have specific properties that confer 

high value [3]. 

Polymers inherently possess unique structural arrangements that allow them to 

combine chemical intra-bond and van der Waals inter-bond forces to form distinct 

melting and crystallizing transitions, which offers a special property spectrum for 

applications [4]. Still, many polymers would have remained of academic interest had not 

been found applications for them. Research in the first half of the 20th century with 

polymers synthesized from glycolic acid and other α-hydroxy acids was abandoned for 

further development because the resulting polymers were too unstable for long-term 

industrial uses [9]. However, this very instability leading to biodegradation has proven to 

be immensely important in medical uses in the last three decades [9].  
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Beginning with biodegradable sutures first approved in the 1960s [9], fixation 

devices, catheters and stents have become an invaluable tool in the armamentarium of 

medical practitioners and surgeons in clinical situations. 

Although progress to date in biomaterials can be considered revolutionary, the 

results of many published clinical trials demonstrate some common complications 

resulted from the use of resorbable implants [10] indicating that further development is 

needed. 

Moreover, beyond funding, there is a need to nurture relationships between 

polymer researchers and practitioners of medical field so that once the healing process 

and biological function to be replaced is understood [11], tailor materials become 

available upon application of scientific knowledge. 

Following this approach, three clinical situations have been explored where 

biodegradable materials are of application, focusing on the key functionality that makes 

a biomaterial suitable for such use. 

Hypospadias repair 

The first addressed clinical situation has been hypospadias repair.  

Hypospadias is one of the most frequently encountered congenital malformations 

of the genitourinary system with an incidence of 1 to 8 per 1000 male births [12]. The 

current goals of this challenging reconstructive surgery [13] are creating a straight penis, 

positioning of the meatus on the penile tip, normalization of erections and voiding, 

creating a urethra of uniform and adequate calibre, and symmetry in appearance of the 

glans and shaft [12]. 

The human urethra consists of anisotropic, visco-elastic tissue with a strain 

dependent Young’s modulus (5±2kPa for 15% uniaxial strain, 11±3kPa for 35% and 

21±4kPa for 45%) [14], with an inner diameter of about 5 mm and an outer one of about 

12 mm [15]. From an engineering point of view, the urethra functions as a valve 

constituting a mechanical barrier to urine leakage during bladder filling and a conduit for 

its release during micturition [16, 17]. The smooth muscle provides an intrinsic, 
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involuntary sphincter mechanism and the striated muscle, which extends distally from the 

proximal urethra, is known as the external urethral sphincter and is involved in the 

voluntary control of continence [18]. The smooth and striated muscle components of the 

urethra function as a sphincter to produce active urethral closure pressure, and the 

extracellular matrix (ECM), composed of collagen and elastin, plays a passive role, 

keeping the urethra from overdistending during increases in bladder pressure and voiding 

and helping it return to a closed state [18]. 

Experimental studies involving pharmacological neuromuscular blockage 

demonstrate the fundamental importance of the urethral musculature in maintaining 

continence, both at rest and during strenuous activities [17]. Changes in the mechanical 

properties of the urethra may lead to obstruction and/or incontinence [19]. 

Construction of the neourethra is performed by using a flap of penile skin, bladder 

mucosa or buccal mucosa [12] or tunica vaginalis [13]. A careful preoperative evaluation, 

precise surgical technique, and appropriate postoperative care are required to achieve the 

desired objectives of hypospadias repair [12]. 

Even in the hands of the most experienced surgeons hypospadias repair is 

associated with a number of complications including urethrocutaneous fistula, stricture, 

diverticula, and persistent chordee [12]. Although the exact etiology of fistulas cannot be 

defined, two avoidable factors usually underscore the problem: infection and tissue 

ischemia [12]. 

Temporary tubularization of the neouretra acts as an effective conduit for the urine 

during voiding and decreases the accumulation of secretions given off by the traumatized 

urethra, which may be predisposed to infection [12]. Currently, urinary diversion is 

performed by means of silicone tubing. However, silicone presents two main 

disadvantages that menace the effectiveness of hypospadias repair. 

Firstly, silicone is non-biodegradable, thus, a secondary procedure is required to 

remove the temporary conduit, adding extra cost and morbidity to the patient [20] and 

increasing the risk of an infection derived from a premature withdrawal of the conduit 

[12]. 
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Secondly, silicone is considerably stiffer than the male urethra [21], which may 

cause mechanical damage, leading in turn, to urethral dysfunction [18]. 

The biomechanical properties of the urethra, i.e., elasticity/stiffness, are a function 

of the amount of passive connective tissue and active muscle elements and their 

distribution within the tissue layers [16, 17, 22]. Those properties are strictly related to 

the histological and biochemical composition of the urethra and to its physiological 

function [22]. Increase in collagen content (i.e., fibrosis, scar tissue) after hypospadias 

repair may lead to changes in biomechanical properties (increase in stiffness) [22]. When 

persistent with time, i.e., urethral stenosis, these changes lead to long-term poor 

functional results and to technical surgical failure [22]. 

Trauma and injuries of orthopaedic tissues 

Trauma and regeneration of orthopaedic tissues are commonly associated with 

injuries to soft tissues such as ligaments and tendons, or to fractures of bones [23]. 

Among the most common trauma afflicting the young and physically active 

population are tendon and ligament injuries [23]. 

Headed by the anterior cruciate ligament (ACL) reconstruction with over 100,000 

interventions performed annually in the United States, rotator cuff tendon repair accounts 

for more than 75,000 interventions, many of which are accompanied by injuries to the 

surrounding ligaments and other tissues [24, 25]. In Spain, in 2013, there were 341,831 

hospital discharges after osseous-articular system and connective tissue diseases from 

which, 48,912 were attributable to knee internal disruption [26]. 

Bone is the most commonly replaced organ with over 800,000 grafting procedures 

performed in annually in the United States alone [23]. In Spain in 2013, the rate of 

hospital morbidity due to bone fractures alone was 424 for each 100,000 inhabitants [26]. 

Tendons and ligaments are fibrous tissues that connect muscle to bone and bone 

to bone respectively [23]. Their physiological functions include the stabilization and 

guidance of joint motion, transmission of physiological loads, and the maintenance of the 

anatomical alignment of the skeleton [27, 28]. 
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The primary constituent of tendons and ligaments is collagen [11] whose parallel 

arrangement to the direction of applied loads [29], results in one of the strongest tissues 

in the body [23]. For example, Young’s modulus of the human patellar tendon and 

anterior cruciate ligament (ACL) is approximately 650 and 350MPa, respectively [23, 

29]. However, it does not have a strong regeneration capacity [25, 27], with an average 

turnover half-life of 300 to 500 days [11]. 

ACL is reconstructed using a biological graft [25], however, the superior graft 

choice, fixation method, and surgical technique continue to be debated [30]. Generally, 

despite donor site morbidity [25], autograft tissue is preferred over allograft tissue [30], 

in order to avoid possible disease transmission and delayed incorporation of allograft 

tissue as compared with autograft [27, 30, 31]. 

Due to the significant time- and history-dependent viscoelastic properties of 

ligaments [11, 28, 32], grafts are commonly prepared on a graft board and are 

preconditioned in tension prior to implantation [32]. During reconstruction, the grafts are 

typically fixed on the femoral side and cyclically loaded, followed by application of the 

initial graft tension and tibial fixation [32]. 

However, this precautions are not sufficient to eliminate a decrease in graft tension 

due to postoperative stress relaxation [32]. The long-term improved laxity depends on the 

healing of the graft within the host bone tunnel [25, 27, 33], which is usually secondary 

to a pulling out of the graft from the bone tunnel before osteointegration occurs [25, 27, 

31, 34]. 

Bone is a composite material consisting of both fluid and solid phases [11] 

arranged in a hierarchical and complex structure at many length scales as illustrated in 

figure iii, making the material of bone heterogeneous and anisotropic [35]. The reported 

Young’s moduli for cortical bone tissue have been shown consistently to be about 20-

22GPa along the axis of long bone and about 12-14GPa transversely [36], while the 

reported Young’s moduli for trabecular bone tissue range from 1 to over 20GPa [36]. 
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Figure iii.- Hierarchical structural organization of bone: (a) cortical and cancellous bone; (b) 

osteons with Harvesian systems; (c) lamellae; (d) collagen fibre assemblies of collagen fibrils; 

(e) bone mineral crystals, collagen molecules, and non-collagenous proteins [35]. 

Two main solid phases, one organic and another inorganic, give bones their hard 

structure [11]. An organic extracellular collagenous matrix is impregnated with inorganic 

materials, especially hydroxyapatite (Ca10(PO4)6(OH)2) (consisting of the minerals 

calcium and phosphate) [11]. Unlike collagen, apatite crystals are very stiff and strong 

[11]. However, a bone’s strength is higher than that of either apatite or collagen because, 

the organic material gives bone its flexibility, while the inorganic material gives bone its 

resilience [11]. 

Bone is populated largely by three cell types: osteoblasts, osteocytes, and 

osteoclasts [23], which, being sensitive to their mechanical environment, are responsible 

for synthesis and maintenance of the extracellular matrix components, and degradation 

of the matrix during tissue remodelling [29]. 

Mechanical stimulus or stress in the skeleton is probably the major factor in the 

maintenance of the normal balance between the dynamic process of bone formation and 

resorption [37]. When physiological stress is diminished, osteoporosis rapidly develops 

[37]. 
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Protection from stress occurs if two components with different moduli of elasticity 

form one mechanical system [37]. When a load is imposed on such a system the 

component with the higher modulus bears more of the load and so protects the other 

component [37]. This situation is present when a rigid metal plate is fixed to a long bone 

[37]. Some investigators have demonstrated that in the fixation of fractures long bones 

by rigid plates this mechanism leads to osteoporosis, leading to fatigue fracture after 

removal of the plate [37]. Table i resumes some mechanical data of metals in comparison 

with those of cortical bone [37]. 

Table i.- Some mechanical data of metals used for implants of cortical bone [37]. 

 Modulus of 

elasticity  

GPa 

Ultimate tensile 

strength = UTS 

MPa 

Fatigue limit as 

percentage of UTS 

% 

316 Stainless steel 200 960 45 

Titanium (T130) 110 400 50 

Cortical bone 6-20 80-150 25-40 

Given the complex nanoscale organization of bone, the ideal device must be 

biomimetic with nanoscale organization, able to support bone growth (osteoconductive), 

induce bone formation (osteoinductive), and structurally integrate the host bone tissue 

(osteointegrative) [23]. 

To achieve the goal of improved osteointegration, conventional hydroxyapatite 

(HA) is well known for its biocompatibility and is widely available commercially with a 

Ca/P ratio of 1.67 [27]. In contact with bone, it can promote tendon osteointegration 

through increasing new bone formation in a tendon-to-bone healing [34]. The mechanism 

is associated with CaP which is easily resorbed by osteoclasts, and subsequently after the 

resorption of CaP new bone tissue is formed on the tendon surface by osteoblasts [34]. It 

has been successfully applied to treat bone defects or articular cartilage defects and to 

induce bone ingrowth into and/or onto the soft tissue or metal implants in large 

experimental animals [34]. 
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Thus, in the second chapter, devoted to conformation of polymers with enhanced 

properties and increased functionalities, two biodegradable polymers have been 

compounded with hydroxyapatite (HA), a calcium phosphate (Ca10(PO4)6(OH)2), similar 

to the inorganic content of bone [29, 38, 39] for their potential application in orthopaedics. 

Following, in the third chapter, factors affecting the shape memory of polymers 

for its importance in minimally invasive surgery and stenting of blood vessels have been 

unravelled. 

Coronary artery disease 

Coronary artery disease (CAD) affects over 15 million people in the United States 

and it is the leading cause of death for men and women [40]. 

CAD affects the arteries that supply blood to the heart [40]. It occurs when the 

passageway through the coronary arteries, or heart arteries, becomes narrowed by a build-

up of plaque, including cholesterol, fatty deposits, calcium, and other substances [40]. 

In severe cases, where a combination of lifestyle changes and medical treatment 

[40] is not effective, percutaneous transluminal coronary angioplasty (PTCA) is 

performed [41]. During this procedure the heart doctor threads a small tube (known as a 

catheter) through the groin or arm which then passes through an artery to the site of the 

blockage [40]. A small balloon located on the tip of the catheter is then slowly inflated to 

open the blockage [40]. 

This procedure can be performed with a balloon catheter alone, or can involve the 

placement of a coronary stent which expands to fit the size of the artery and helps keep 

blood flowing freely [40]. Over time, the artery wall heals around the stent [40]. 

Since Sigwart et al. [42] reported the first implantation of a self-expandable, 

stainless steel stent in human coronary arteries, various intracoronary stents have been 

tested in an attempt to prevent occlusion and restenosis after angioplasty [41]. 

Most of these stents are made of metals with a variety of designs which differ 

significantly in their geometry, composition and implant methods [41]. However, early 
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and late complications such as thrombotic closure and restenosis have been reported with 

metallic stent devices [41]. In addition, as a metal stent remains in the body indefinitely, 

it may interfere with future clinical procedures [41]. Moreover, the stent becomes a 

permanent foreign body with potentially important interactions due to the type of metal, 

electrostatic charges and possible physical irritation from individual filaments leading to 

long-term effects [41]. The mismatch in mechanical behaviour between the stent and 

vessel wall can result in excessive intimal proliferation and a high risk of thrombosis [41]. 

Continuous barotrauma and localized areas of necrosis may be induced by the long-term 

expandable forces generated by the stent attempting to return it to its unconstrained size 

[41]. Individual allergy is also a concern to those who are hypersensitive to the metals 

that make up the device [41]. Permanent implantation could also generate problems due 

to mechanical stability and corrosion, eventually resulting in the perforation of the vessel 

wall [41]. 

The problems with metallic stents have encouraged significant efforts to develop 

new stents to produce a non-thrombogenic stent site and obviate the problems of 

restenosis and neointimal hyperplasia [41]. Thus, biodegradable polymer stents are being 

investigated to prevent thrombosis and restenosis [41]. 

Biodegradable polymer stents have the potential to remain in situ for a predicted 

period of time keeping the vessel wall patent and then degrading to non-toxic substances 

[41]. Therefore, after completion of their functions and resorption of the stents, the vessel 

wall can preserve its normal function and surgical procedures to remove the stent are 

avoided [41]. The degradation rate of the stent can be controlled by the degree of 

polymerization and processing methods [41]. The release profiles of drugs from a 

biodegradable stent can also be adjusted by the degradation behaviour [41]. 

Agrawal and co-workers [43] reported a bioabsorbable intravascular stent made 

of poly(L-lactic acid) (PLLA) [43]. The collapse pressure of the braided PLLA stents 

surpassed the target pressure of 300 mmHg by a wide margin [43], thus, based on its 

mechanical properties and in vivo assessment, it was concluded that PLLA is a very 

strong candidate for use as a material for bioabsorbable polymeric stents [41]. 
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However, reported tissue reactions to PLLA and longer than expected 

biodegradation rates linked to crystallinity, fostered the research on microstructure 

changes behind the shape memory functionality and alternative polymers whose shape 

memory triggering temperatures were closer to body temperature. 

Finally, this first introductory chapter would not be concluded without a brief 

allusion to regulation upon medical devices. 

Regulatory commitments 

In Europe, medical devices should, as a general rule, bear the CE mark to indicate 

their conformity with the provisions of the corresponding Directive to enable them to 

move freely within the Community and to be put into service in accordance with their 

intended purpose [44, 45]. 

Thus the CE mark indicates that the device meets the essential requirements which 

apply to it, taking account of the intended purpose of the device [45]. 

The procedure to assess the conformity of the medical device with regulation 

depends on the class of the device. Accordingly, there are four product classes and the 

classification rules are based on the vulnerability of the human body taking account of 

the potential risks associated with the technical design and manufacture of the devices 

[45]. 

The above mentioned classifications as well as assessment procedures are 

resumed in figure iv [46]. Class I devices include low level of vulnerability associated 

with these products, therefore, the conformity assessment procedures for Class I devices 

can be carried out, as a general rule, under the sole responsibility of the manufacturers 

[45]. For Class IIa devices, the intervention of a notified body should be compulsory at 

the production stage; whereas, for devices falling within Classes IIb and III which 

constitute a high risk potential, inspection by a notified body is required with regard to 

the design and manufacture of the devices; whereas Class III is set aside for the most 

critical devices for which explicit prior authorization with regard to conformity is required 

for them to be placed on the market [45]. 
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According to the classification criteria, most of implantable devices fall into Class 

III classification as they are inserted in the body in the context of a surgical operation, 

and have a biological effect or are to be wholly or mainly absorbed in the body [45]. 

Essential requirements include general requirements, such as safety for patients and users, 

and specific requirements regarding design and construction, where chemical, physical 

and biological properties as well as infection and microbial contamination are specifically 

addressed [45]. 

More specifically, the technical file of the medical device must contain every 

detail of the design and manufacturing including product specifications such as testing 

data and reports, functionality studies, wet lab or bench top testing, materials certificates 

and/or reports on stability, biological tests, cleanroom-surveillance, certificates, risk 

management- documentation [47], clinical data [48], product validation, (sterilization, 

manufacturing, production) [49]. 
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Figure iv.- EU regulatory framework for medical devices [46] 

The estimated time to achieve CE marking in Class III products is estimated in at 

least 3-4 years, for the lowest technology readiness level (TRL) according to the Spanish 

authorities as long as conformity is fully supported [50]. Thus, considering the difficulty 
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in transferring a new material into a fully medical device, it can be understood that the 

current commercially available biodegradable devices are based on a limited number of 

approved biocompatible polymers [21, 31, 39, 41, 43, 51-64] and combinations thereof 

[61, 65-71] while understanding of their shortcomings [10, 15, 20, 21, 27, 31, 33, 34, 41, 

52, 53, 55, 57, 59, 61, 63, 67, 72-77] encourages the multidisciplinary research [9, 11, 14, 

16-19, 22, 28, 36, 75, 78, 79] in sought of the “next generation” of polymers with 

enhanced and increased functionalities [62, 80, 81]. 
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Introduction 

Polylactides 

Polymers based on lactic acid (PLA) are a most promising category of polymers 

made from renewable resources [1]. The lactic acid monomer is produced metabolically 

in two forms: L-lactic acid (with an S-stereocenter at the α-carbon) and D-lactic acid (R-

stereocenter). PLA of high molecular weight is most commonly made by ring-opening 

polymerization (ROP) of the ring-formed dimer, dilactide (lactide: 3,6-dimethyl-1,4-

dioxane-2,5-dione) which is made by depolymerisation of the polycondensed lactic acid 

(LA; 2-hydroxypropanoic acid) [1]. 

Unmodified PLA is comprised of macromolecules having a molecular 

architecture determined by its stereochemical composition (L-and D- lactic acid) [2]. 

Both meso- and DLA induce irregularity in the otherwise very regular poly(L-lactic acid) 

(PLLA) molecular architecture. Molecular imperfections are responsible for the decrease 

in both the rate and the extent of PLLA crystallization [2]. 

However, PLLA has certain shortcomings that limit its applications. Therefore, 

different approaches have been investigated to tailor the thermo-mechanical properties of 

the final material, amongst which have to be mentioned copolymerization [3, 4] (random, 

block and graft), change in molecular architecture (hyperbranched polymers, star shaped, 

or dendrimers), functionalization or blending with other polymers [5]. 

Typical comonomers that have been used for lactic acid or lactide 

copolymerization are glycolic acid or glycolide (GA) and ɛ-caprolactone (CL) [5]. The 

monomer distribution (random or block) in the copolymer depends on the monomer pairs, 

the nature of the catalysts, and the polymerization conditions [5]. 

Physical properties such as crystallinity, glass transition temperature (Tg), melting 

temperature (Tm), hydrophobicity and mechanical properties can be significantly affected 

by such modifications [5].
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Thermal properties 

In compatible and not too strongly polar systems, the glass transition temperature 

of the copolymer can be derived from assumption of: 

1/Tg=w1/Tg(1)+w2/Tg(2) (equation 1) 

Where w1 and w2 refer to the weight fraction of the two comonomers, whereas 

Tg(1) and Tg(2) represent the glass temperatures of the two corresponding homopolymers 

[6]. Conversely, deviations from the linear behaviour would be featured by convex 

upwards or downwards in a glass transition-composition representation [7].  

When cooled from elevated temperatures, liquids that are crystallisable can 

behave in two qualitatively different ways, depending on whether or not crystallization 

actually takes place [8] as explained below with the aid of figure 1.1.  

 

Figure 1.1.- Specific volume vs temperature from [8] 

Crystallinity is the regular ordering of atoms and molecules in unit cells and in a 

three-dimensional lattice [9]. Conversely, glasses are defined structurally as liquids due 

to the lack of long-range order [8]. 
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Although crystallization is favoured in linear polymer chains, polymers do not 

achieve 100% crystallinity as the ability of the chains to diffuse from the melt regions to 

regions around the nuclei decreases due to the rapid increase in viscosity as the melt 

undergoes cooling [9]. On the other hand, if the melt is cooled and crystallization does 

not take place, or is prevented, then at a temperature Tmp there is a transition from a 

supercooled melt to a rigid glass [10]. Below the glass transition temperature (Tg) the rate 

of supercooled liquid contraction slows and the volume runs essentially parallel to but 

above the crystalline line [8]. The change in liquid contraction rate, or decrease in thermal 

expansion coefficient, marks the location of the glass temperature Tg [8]. 

The physical properties of the melt, such as the specific heat capacity and thermal 

expansion coefficient change in a specific manner in the vicinity of the glass transition 

and, in principle, any of these can be followed to investigate the glass transition [10]. 

Differential scanning calorimetry (DSC) is the most popular thermal analysis 

technique [11]. The basic principle of DSC is that, when the sample undergoes a physical 

transformation such as crystallization, melting or phase transition, more or less heat will 

need to flow to the sample than to the reference to maintain both at the same temperature 

[11]. Thus, an exothermic or endothermic heat, depending on the thermal properties of 

the sample, is measured as a function of temperature or time [11]. Amorphous 

thermoplastics are characterized by the presence of only the glass transition temperature 

but do not exhibit any melting temperature [9]. 

Mechanical properties 

Tensile test is regarded as the fundamental test in mechanical material testing 

among static and quasi-static testing and measuring methods [12]. The conventional 

tensile test runs at a constant crosshead speed loading the specimen slowly and steadily 

until fracture occurs [12]. The total deformation of mechanically loaded polymers has 

several regions, whereby the absolute amount of such components depends on effective 

loading time and acting temperature [12]. 

The elastic region prevails as long as there is a bijective relationship between its 

stress and deformation states, i. e., entirely reversible in the mechanical as well as 
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thermodynamic sense [12]. With respect to different thermodynamic causes, we 

distinguish between energy elasticity and entropy elasticity [12]. The structural cause of 

energy-elastic behaviour is a change in atomic distance and valence angle in the 

macromolecule while simultaneously storing elastic potential energy, is typically very 

small [12]. In such materials, this region corresponds to a reversible strain of <0.1% and 

given a linear relation between stress and strain, is completely described by Hooke’s law 

[12]. The proportionality constant between stress and strain is called the elastic modulus 

E [12]. Instead, entropy elasticity refers to the tendency of macromolecules to return to 

their entropically most advantageous, i. e., coiled, state subsequent to deformation [12]. 

Entropy-elastic behaviour up to strains of several hundred percent can be observed, 

whereby the relationship between stress and deformation is non-linear [12]. In such cases, 

it is common to determine the E modulus as a secant modulus at an agreed deformation, 

i. e., 0.05-0.25% [12], 100%-500% [13], 20%-500% [14], 100%-300% [15, 16]. 

After the elastic deformation, polymers exhibit a mechanically reversible but 

time-dependent deformation behaviour (viscoelasticity). Based on load level, a principle 

distinction is made between the linear-viscoelastic and the non-linear viscoelastic 

deformation component [12]. 

Linear viscoelastic deformation is reversible, but time- and temperature-

dependent [12]. In contrast, in the non-linear viscoelastic deformation, molecular 

entanglements are released and the polymer properties depend not only on time and 

temperature, but also on the level of mechanical load [12]. 

In this deformation region, which is characterized by the beginning of 

microstructural material damage, molecular migrations take place leading to irreversible 

yield process and thereby to permanent deformation [12]. However, depending on the 

temperature and test time scale the same substance can behave mechanically in either 

solid-like or liquid-like fashion [8, 17]. 

A polymer tested in the glassy state at low temperatures, shows an elastic modulus 

E in the range of GPas. As the test temperature is increased the modulus falls rapidly 

through the region of Tg where the polymer is viscoelastic and the modulus is very rate 
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and temperature dependent. At a sufficiently high temperature, the polymer becomes 

rubbery. 

If the polymer is not crosslinked the modulus decreases rapidly and flows like a 

viscous liquid. Otherwise, if the polymer is crosslinked the modulus actually increases 

with increasing temperature, although over a narrow range of temperature the modulus 

remains approximately constant at 106Pa [10]. 

This form of response which combines both liquid-like and solid-like features is 

termed viscoelasticity [17]. The prominence of viscoelasticity in polymers is not 

unexpected when one considers the complicated molecular adjustments which must 

underlie any macroscopic mechanical deformation [18]. 

In a polymer, each flexible threadlike molecule pervades an average volume much 

greater than atomic dimensions and is continually changing the shape of its contour as it 

wriggles and writhes with its thermal energy [18]. Under stress, a new assortment of 

configurations is obtained; the response to the local aspects of the new distribution is 

rapid, the response to a long-range aspect is slow [18]. 

To understand material response for small disturbances, two time scales must be 

considered. One characterizes the test (τE), and the other, the material (τS) [8]. Response 

to disturbances depends on the persistence of microscopic arrangements. If testing rate 

greatly exceeds the rate of molecular rearrangements, the response is solid-like. At the 

other extreme of slow testing relative to structural relaxation rate, the response is liquid-

like [8]. 

Dynamic experiments, allow to explore the effect of time in the response of the 

material by the application of an oscillating stress which is varied periodically, usually 

with a sinusoidal alternation at a frequency ν in cycles/sec (Hz) or ω (=2πν) in radians/sec 

[18]. If the viscoelastic behaviour is linear, the strain will also alternate sinusoidally but 

will be out of phase with stress [18]. Due to the phase shift δ between stress and strain, 

its modulus has to be introduced as the complex modulus E* to describe the stress-strain 

relationship E*=E’+iE” [12]. 
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This complex modulus can be regarded as a vector in the complex plane whose 

direction is given by the phase angle δ and its amount by the ratio of stress and strain 

amplitudes. Using simple trigonometric relations, a real part E’ and an imaginary part E” 

can be distinguished [12]. 

The real part E’ is called the storage modulus and it is a measure of the energy 

stored during deformation [12, 19], while the imaginary part viscous flow is proportional 

to the energy lost due to friction and internal motions [12, 19]. 

The relation between the loss modulus (E”) and the storage modulus (E’) is called 

loss factor (tan δ) and characterizes the damping behaviour [12]. As the material becomes 

elastic, damping becomes smaller, whereas in the glass transition region, it describes a 

maximum, which is usually taken as the Tg value. 

After the glass transition, coordinated movements of the amorphous portion of the 

chain span along the temperature scale, describing the rubbery plateau whose length is 

related with the chain entanglements [20]. 

Continued heating the melt state is reached, where large-scale chain slippage 

occurs and the material flows [20]. Further heating causes the thermal degradation of 

polymers. 

Degradation 

It has been reported that the thermal degradation of PLA predominantly consists 

of random main-chain scission and unzipping depolymerisation reactions [21]. As a 

consequence of thermal degradation when PLA is melt processed during the 

manufacturing of industrial products at high temperatures, undesired molecular weight 

reduction and weight loss occur [21], leading to a detriment in the mechanical properties. 

On the other hand, the degradation mechanism that makes PLA and their 

copolymers so attractive for biomedical applications is the hydrolytic degradation of their 

ester groups in the presence of water [22]: 

-COO-+H2O→-COOH+HO- 
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Since this process is acid-catalysed [23], it has been questioned if the low-pH 

environment produced thereof would cause a strong inflammatory response [24] in the 

surrounding tissue. Thus, despite the biocompatibility of polylactides has been strongly 

supported [24-26], it must be reckoned that the local low-pH environment within and 

surrounding the device [23, 27] constitute an active field of research. 

Blends 

As it has been mentioned, compounding and blending are useful strategies either 

to increase functionalities or to overcome certain shortcomings. Compounding PLA with 

bioactive fillers [27-33] provides osteoconductivity to the biodegradable PLA matrix. 

Blending with other polymers [34, 35] imparts flexibility and toughness to the PLA 

matrix [36]. 

From a thermodynamic point of view, a mixture of polymers constitute a miscible 

system if the polymer blend is homogeneous down to the molecular level, associated with 

the negative value of the free energy of mixing (ΔGmix ≅ΔHmix≤0), whereas the system 

will be immiscible whenever (ΔGmix ≅ΔHmix>0) [37]. 

Between the two situations lie the partially miscible systems, which are systems 

miscible only under certain restricted conditions. Perhaps the most unambiguous criterion 

of polymer miscibility is the detection of a single transition whose temperature is 

intermediate between those corresponding to the two component polymers. At the other 

extreme, blends of immiscible polymers that segregate into distinct phases exhibit glass 

transition identical in temperature and width to those of the unblended components [38]. 

In such systems, the resultant properties depend on the amount and properties of 

the individual polymeric components as well as the mode of the dispersed material, and 

the interaction between the phases [39]. 

In rubber-toughened plastics, two types of behaviour have been observed [40]. In 

blends that dissipate fracture energy mainly by matrix crazing, the greatest toughness is 

achieved at an optimum rubber particle size [40]. On the other hand, in blends that 

dissipate fracture energy mainly by matrix yielding, a sharp brittle-tough transition occurs 
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at a critical rubber particle size, or when the interparticle distance is at the critical value 

[40]. 

The size and shape of the dispersed phase are much controlled by the interfacial 

tension, rheological properties, and the complex strain field during processing operations 

[40, 41], whereby a fine nodular dispersed phase is generally sought [39-42]. Mean 

diameter of the dispersed phase is related to the ratio of the melt viscosities of the 

dispersed phase (ηdp) and the polymer matrix (ηm) [3]. Minimized diameters of the 

dispersed phase, strongly improving phase dispersion, are achieved as the viscosity ratio 

(ηdp/ηm) tends to 1, i. e. when the viscosity of the dispersed phase is comparable to that of 

the matrix [3].  

The aim of this chapter is to set the basis for the design of a biodegradable polymer 

for its application as a flexible device for its use in urology. For this, pure PLLA with be 

compared with three of its copolymers, in terms of thermal, mechanical and 

biodegradability properties and correlations among the properties and microstructural 

issues will be established. 

Materials and methods 

Poly (L-lactide) (PLLA) homopolymer, Purasorb PDLG racDL-lactide/glycolide 

copolymer (PDLGA) of 53/47 molar ratio; Purasorb PDL poly-DL-lactide (PDLLA) of 

51/49 molar ratio and Purasorb PLC 7015 of 70/30 L-lactide/ɛ-caprolactone (PLCL) 

molar ratio copolymer were all supplied by Purac Biochem (The Netherlands). 

The molecular weight of the samples was determined by GPC using a Waters 1515 

GPC apparatus equipped with two Styragel columns (102 - 104 Å). Chloroform was used 

as an eluent at a flow rate of 1 mL min-1 and polystyrene standards (Shodex Standards, 

SM-105) were used to obtain a primary calibration curve. 

Differential Scanning Calorimetry (DSC) was used to determine the thermal 

transitions and analyse the phase structure of polylactides. It was performed on a Q-200 

Calorimeter from TA Instruments, calibrated with pure indium and sapphires. Sample 

weights ranged from 5 to 10mg. 
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The tensile tests were conducted in an Instron 5565 testing machine at room 

temperature under a constant crosshead speed of 5mm/min. Data recording and 

subsequent analysis was performed using Bluehill software. Tensile test specimens 

consisted on dumbbell samples punched from 1 mm thickness sheets obtained by rapid 

cooling (quenching) from the melt in a hot plate press Collin PE200.  

Polymer blends were processed in a two screw internal mixer (Brabender) at a 

constant speed of 20rpm for 10 minutes at 200ºC. After blending, sheets of 1mm thickness 

were obtained by water quenching from the melt in a hot plate press. 

Dynamic mechanic thermal analysis (DMTA) was performed in tensile mode at 

1Hz, 0.5N and 25μm and relevant temperature range for each polymer. Testing conditions 

were selected from preceding isothermal force-strain tests in order to guarantee the elastic 

regime during the test.  

The in vitro degradation of the polymers was studied by monitoring the evolution 

of Molecular weights by gel permeation chromatography (GPC) after immersion in 

phosphate buffer saline for specific periods of time.  

The degradation of bioresorbable polymers was studied in animal urinary bladder 

model. Wistar rats were divided into 5 equal groups according to the used polymers. A 

three mm length tube was fixed to the bladder wall by laparotomy. Animals remained in 

individual housing and kept under daily control of hematuria during the first 15 days and 

weekly weight and urine control for pH and lactate. Three individuals were sacrificed per 

group at 4th, 10th, and 16th week after insertion. Remaining polymer was collected for 

further characterisation and bladder tissue for histologic study. 

Results and discussion 

Table 1.1 resumes the molecular characterization of the studied polymers. As it 

can be noted, PDLLA shows the highest molecular weight as well as the highest 

polydispersity index. Conversely, the lowest molecular weight was measured for the 

PDLGA copolymer. The lowest polydispersity index was recorded for PLLA.
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Table 1.1.- Molecular characterization of the polymers. 

 Determined by GPC 

 Mn D 

 (g/mol) (-) 

PLLA-PL18 120,000 1.25 

PDLLA-0303001995 350,000 1.92 

PDLGA-0701000351 96,000 1.70 

PLCL-0508001260 107,000 1.62 

PLCL-1008000233 112,000 1.77 

Thermal characterization 

The first thermal event observable in figure 1.2 during the heating scan of PLLA 

is the glass transition temperature at 55ºC. Further heating reveals a broad exothermic 

peak in the range 91-152ºC centred about 108ºC corresponding to the cold crystallization 

and a second exothermal just before the endothermic melting peak centred about 183ºC. 

The later endotherm occurring just before the melting peak has been attributed to a 

recrystallization process by means of which a more imperfect crystalline form of PLLA 

recrystallizes in a more perfect crystal polymorph [43]. Integration of these peaks, and 

substituting in equation 2 with ∆𝐻𝑚
0 =106 J⁄g [44], reveals an overall crystallinity of ~10%. 

𝑋𝑐(%) =
∆𝐻𝑚−∆𝐻𝑐𝑐

𝑋𝑃𝐿𝐿𝐴∆𝐻𝑚
0 ∗ 100 (equation 2)  

Being PLLA optically pure, and having a stereo-regular chain microstructure, it is 

a crystallisable polymer. However, as the rate of crystallisation is to some extent slower 

than the rate of cooling, only a small proportion of the material has crystallized.  

In contrast, PDLLA containing 53% L/lactide and 47% D/lactide repeat units 

randomly distributed along the chain microstructure lacks any crystallisation capacity; 

therefore only one thermal event corresponding to the glass transition at 48ºC is 

observable in its thermogram. 
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A similar conclusion follows from observation of the thermogram of PDLGA. The 

random distribution of 51 % repeat units of DL-lactide and 49 % of glycolide, yields a 

glass transition temperature at 45ºC as revealed in its DSC scan. 

Finally, PLCL, with a molar composition of 70% L-lactide / 30% ɛ-caprotactone 

shows a Tg at 20ºC. The lack of subsequent thermal events indicates a fully amorphous 

phase were the measured Tg corresponds to a very good approximation to the theoretical 

value predicted from equation 1 based on the relative quantities of the comonomers and 

their corresponding Tgs.  

However, though no signs of crystallization have been observed under the 

scanning conditions, due to the stereo-regularity of the 70% L-lactide, it is expected that 

PLCL crystallized under specific conditions. 

 

Figure 1.2.- DSC heating scans of the four polylactides. 

As it can be noted from table 1.2, the lowest recorded Tg was that of PLCL which 

is approximately located at room temperature (RT), whereas the other scanned polymers 

exhibited their corresponding transitions at temperatures well above RT. 
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Table 1.2.- Thermal properties including glass transition temperature, Tg, cold crystallization 

temperature, Tcc, melting temperature, Tm, and crystallinity degree, Xc, as determined by DSC. 

 Tg Tcc Tm Xc 

 ºC ºC ºC % 

PLLA 55 108 183 10 

PDLLA 48 - - - 

PDLGA 45 - - - 

PLCL 20 - - - 

Mechanical characterization 

The stress-strain behaviour of these polymers has been studied by the classical 

tensile test at room temperature and a constant crosshead speed of 5mm/min. From the 

recorded values represented in figure 1.3 the elastic modulus and other relevant 

parameters such as yield stress and breaking stress have been extracted and are resumed 

in table 1.3. 

 

Figure 1.3.- Stress-strain diagram. 
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The stress-strain graph of PLLA runs essentially linear during the elastic region 

until it reaches a maximum (yield point) and a subsequent sudden drop. 

The yield point notes the beginning of the irreversible plastic deformation caused 

by strain localization of shear bands and is macroscopically observable by the formation 

of a neck. The neck stabilizes at the point of the shallow load minimum after which 

deformation proceeds at a relatively constant force by propagation of the neck shoulders 

along the test zone of the sample. When the neck advances into the clamping regions of 

the sample the stress raises until rupture occurs. 

The tensile behaviour described here corresponds to that of a glassy polymer 

tested below its glass transition temperature. As it was seen in the DSC analysis, PDLLA 

and PDLGA are also well below their Tg at the test temperature, hence, their behaviour is 

essentially the same as the one described for PLLA, but for the lack of neck propagation 

in PDLLA.  

In contrast, PLCL stretches uniformly without neck formation until strain 

hardening and whitening are noted. However, after rupture, broken pieces recover their 

original length and white colour is no longer observed. 

These observations correspond to the elastic recovery of rubber and they can be 

explained by the entropy spring definition given by Treloar [45]. This theory considers 

the rubbery state as a random coil of polymer chains. Under the application of stress, 

polymer chains uncoil and as fewer conformations are available the entropy of the system 

is lowered. Removal of the applied stress allows the chains to recover their randomly 

coiled conformations, leading to the rubber elasticity.  

Consequently, macroscopic observations of transparency to opacity and again, 

transparency correspond respectively to random, aligned and random microscopic 

evolution of chains upon application and release of tensile stress. 

In table 1.3, mechanical properties from tensile tests are resumed where values of 

yielding for glassy polymers correspond to respective coordinates where strain location 

was noted. Conversely, according to previous explanation of observed elasticity in PLCL, 

values of yielding are omitted for it. 
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Regarding the elastic modulus, which in the case of glassy polymers corresponds 

to the Young’s modulus whereas in PLCL it corresponds to the secant modulus, a three 

orders of magnitude difference between glassy and PLCL further highlights the 

contrasting observed behaviour.  

The tremendous standard deviation in strain at rupture for PDLGA and PLLA 

requires further comments. The explanation behind these values indicates that whereas 

some samples could accommodate plastic deformation leading to neck propagation, 

drawing of other samples was interrupted, as in the case of PDLLA immediately after 

yielding. As this phenomenon will be further developed in subsequent chapters, it is 

sufficient to say here that this premature failure is a consequence of physical aging. 

Table 1.3.- Mechanical properties including modulus of elasticity (E) where for PDLLA, PLGA 

and PLLA corresponds to the Young’s modulus whereas for PLCL E is the secant modulus at 

2% strain, yield stress, σY, yield strain, ɛY, rupture stress, σR and rupture strain, ɛR. 

 E Y Y R R 

 MPa MPa % MPa % 

PDLLA 1012±63 45.4±6.9 6.0±0.2 41.0±4.6 7.4±1.1 

PLCL 7.3±2.9* - - 20.7±3.2 815±102 

PDLGA 940±106 57.8±2.2 7.6±0.6 44.9±9.5 147±161 

PLLA 972±41 54.6±2.3 7.7±0.7 35.1±5.2 166±146 

The viscoelastic behaviour has been studied by means of DMA. The evolution of 

storage modulus and of tan δ with temperature is plotted in figure 1.4. 

At low temperatures, the four polymers are in a glassy state where the chains are 

essentially frozen and molecular arrangements in order to accommodate the imparted 

strain takes longer than the time scale of the experiment. The energy loss due to friction 

and internal motions is negligible, and the storage modulus displays values between 2-

3GPa. 

As the experiment proceeds, the storage modulus becomes highly temperature 

dependant undergoing a drop of three orders of magnitude. At a molecular level, this 
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transition is due to the relaxation of the main chain caused by the heating program. 

Accordingly, tan δ, which indicates how efficiently the polymer losses energy to 

molecular rearrangements and internal friction, describes a maximum, which can be taken 

as a measure of the Tg; although the values are a few degrees higher than those obtained 

by DSC. 

 

Figure 1.4.- Storage modulus and tan δ vs. temperature of the as quenched polymers. 

It is important to note that damping of PLCL takes place while the other polymers 

are in the glassy state, which is in agreement with the observed tensile behaviour.  

Following the α relaxation, the storage modulus describes a short plateau (rubbery 

modulus) after which amorphous polymers irreversibly flow featuring liquid-like. At this 

stage, the structure equilibrates rapidly relative to the perturbation rate, so the work 

expended in imposing a perturbation is effectively dissipated immediately, being the 

stored free energy negligible and the material flows. In contrast, a sudden increase in 

rigidity is noted for PLLA indicating crystallization enhanced by the mobility of chains, 

which is in agreement with the cold crystallization observed by DSC. 
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Degradation 

Figure 1.5 shows the evolution of the number average molecular weight (Mn) with 

degradation time (days) in phosphate buffer saline. Molecular weights of polylactides 

were determined by gel permeation chromatography (GPC). It is observed that PDLGA 

undergoes the fastest reduction in Mn, followed by PLCL and PLLA. The different 

biodegradation rate can be attributed to the different degradation sensitivity of the repeat 

units and to the different amorphous/semicrystalline features of the polymers studied. 

Accordingly, the presence of the hydrophobic methyl group in the repeating unit of PLA, 

improves the hydrolytic stability, whereas the high hydrophilicity of the glycolide units 

accelerate the degradation rate [46]. The molecular weight of PLCL is seen to decrease 

smoothly at an intermediate rate between pure PLLA and PDLGA, due to the intermediate 

degradation time of ɛ-caprolactone units [28, 47]. 

 

Figure 1.5.- Number average molecular weight (Mn) evolution with biodegradation time (days) 

in vitro. 
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surface. Interestingly, PLCL has developed a significant opacity and the broken pieces of 

the tube suggest brittle fracture. Finally PDLGA degradation is very advanced in week 

4th and from 3 tube parts placed in the bladder (one per specimen), only a small part of 

one of them remains at week 4th, indicative that in vivo degradation is nearly complete at 

this time. Only some calcification was appreciated. 

 4th week 10th week 16th week 

Silicone 

   

PLLA 

   

PLCL 

   

PDLGA 

 

  

Figure 1.6.- Sequence of biodegradation of the biomaterials studied in vivo. 

Observed opacity agrees with reported crystallization in PLLA and PLCL [48] 

which in the case of PLCL is preceded by a phase separation mechanism [49-51]. The 

morphology of remaining pieces suggests that as chain scission occurred in PLLA 

segments, and PCL segments were more easily hydrolysed leading to cracking of small 

particles from the film [47]. Calcifications were also detected in vessel walls during a 

long term follow up study of PDLLA copolymeric stent [52]  
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According to the in vitro and the in vivo results, PDLGA has proven to be the 

fastest biopolymer to biodegrade, followed by PLCL and PLLA respectively. As water is 

preferentially diffused in the amorphous phase where more free volume is available, 

PDLGA, having an amorphous structure degrades faster. Conversely, PLLA and PLCL 

are prone to develop crystallinity as observed by the opacity of the extracted parts, thus, 

their degradation is considerably delayed as the diffusion of water molecules to the chains 

inside the rigid crystalline regions is prohibited.  

Blends 

Thermal properties 

In order to combine the biodegradability of PDLGA and the flexibility of PLCL 

the miscibility and mechanical properties of the system PDLGA-PLCL were studied. 

Figure 1.7 shows the DSC analysis of the PDLGA-PLCL blends obtained by mechanical 

mixing. The scans of pure copolymers show one thermal event corresponding to their 

respective glass transition, whereas the blends display two thermal events. Applying the 

single glass transition miscibility criteria, the detection of two thermal events, denotes 

poor compatibility between pure copolymers revealing a phase-separated mixture, where 

each component retains its Tg as highlighted in figure 1.8.  

 

Figure 1.7.- DSC analysis of the PLGA-PLCL blends 
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Figure 1.8.- Glass transition temperatures regarding the PLCL content of the mixture. 

Representation of the detected Tgs for each of the compositions studied reveals a 

clear deviation from the one single Tg miscibility criteria represented by a dashed line 

where a decrease of the measured Tgs in comparison with those of pure copolymers is 

also noted. It is suggested that the increased interfacial area of the biphasic mixtures, 

provides free volume to chain segments that show an advanced glass transition due to an 

enhanced mobility at lower temperatures [53, 54]. 

Mechanical properties 

The nominal stress-strain graph of figure 1.9, displays a whole spectrum of tensile 

properties ranging from elastomeric for high PLCL content mixtures, to glassy for 

increasing content of PDLGA. However, a worsening in the tensile properties of PDLGA 

is noted, which can be associated with thermal degradation occurred as a consequence of 

the severe processing conditions. 
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Figure 1.9.- Nominal stress-strain graph of the studied system. 

Table 1.4.- Mechanical properties calculated from the tensile tests.  

 E σY ɛY σR ɛR 

 MPa MPa % MPa % 

PDLGA 1180±69 36±3 4.5±0.5 34±4 4.8±0.4 

80PDLGA20PLCL 1119±70 28±1 4.1±0.3 26±2 5±1 

60PDLGA40PLCL 650±50 19±1 7.3±0.2 17±1 13±1 

40PDLGA60PLCL 17±4 (*) 6±1 142±3 8±1 382±43 

20PDLGA80PLCL 7±2 (*) 17±1 682±27 17±1 682±27 

PLCL 3±1 (*) 15±1 679±12 19±1 840±13 

The elastic modulus of the high PDLGA content in the above mixtures given in 

table 1.4 have been calculated as the Young’s modulus whereas the elastic modulus of 

the high PLCL content corresponds to the secant modulus at 2% strain. As it can be noted 

in figure 1.10, with the exception of 80PLGA20PLCL composition, mixtures showed a 

negative deviation from ideal values (miscibility) as represented by the dashed line.  
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Figure 1.10.- Secant modulus at 2% strain against PLCL content 

Careful observation of tensile strength in table 1.4 discloses a minimum with 

intermediate PLCL content that can be better explained taking into consideration fracture 

surfaces in figure 1.11. 

These show two-phase structures where the majoritarian component constitutes 

the matrix and the minor the dispersed phase. In all cases, the contour of the phases is 

clearly defined indicating the lack of compatibility between them. Besides, from their 

appearance, two opposite failure mechanisms can be easily distinguished depending on 

the majoritarian phase. On the one hand, images a and c show an irreversibly deformed 

PDLGA matrix, with ovoid segregates of PLCL and cavities surrounded by uneven 

surfaces, indicating that the strain energy dissipation mechanism has been plastic 

deformation of the matrix around stress concentrators (PLCL particles) until rupture. 

Conversely, neither from the smooth surface of the matrix or from the round PDLGA 

particles are traces of deformation disclosed, revealing that whereas PLCL matrix has 

been highly stretched until failure, PDLGA particles had limited to hinder stress 

transmission along PLCL matrix, without shape alteration. After break, elastically 

strained PLCL chain molecules snap back to their original position in order to restore 

their high conformational entropy. Thus, due to the elastomeric behaviour of PLCL 
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described here, it is inferred that the ovoid shape of PLCL particles noted in figures a and 

b was impinged during sample conformation and not during tensile testing.  

Finally, from the fine particle size and distribution it must be noted that the highest 

compatibility [3, 39-42] was achieved by 20PDLGA80PLCL composition. 

  

80PDLGA20PLCL 20PDLGA80PLCL 

  

60PDLGA40PLCL 40PDLGA60PLCL 

Figure 1.11.- Fracture surfaces after room temperature tensile tests of biphasic mixtures.
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Conclusions 

As seen from the DSC analysis, the thermal properties of pure PLLA have been 

substantially modified by the introduction of irregularities in its chain backbone. These 

alterations restrict the crystallization capacity and bring forward the glass transition at 

lower values of temperature.  

Accordingly, the mere introduction of D units in the chain backbone of pure PLLA 

has caused a reduction in the Tg of 7-9ºC as measured by DSC and DMA respectively.  

Interestingly, the major reduction in the Tg, has been achieved by means of 

copolymerization of L-lactide with ɛ-caprolactone in a 70/30 proportion whereby 

resulting Tg was in the vicinity of room temperature.  

Monitorization of the dependence of the storage modulus with temperature by 

means of DMA discloses the solid-like behaviour of polymers (glassy) at temperatures 

below their corresponding Tg whereas a three orders of magnitude precipitation as a 

consequence of a rise in temperature, locates them into the rubbery region. Being this 

behaviour a common feature amongst polymers, it is the relative position of this transition 

in regard to the temperature of use that plays the key role.  

As it has been shown, the Tg of PLCL coincided with test temperature, causing 

PLCL to exhibit an elastomeric behaviour with low values of modulus and elastic strains 

until rupture. Conversely, as test temperature was 25-35ºC below the corresponding Tgs 

of the other polymers, these behaved as glasses with high modulus and yielding.  

On the other hand, crystallinity has been severely affected by the introduction of 

irregularities in the pure chain backbone of PLLA in different grades. Hence, it has been 

totally prohibited in the case of PDLLA and PDLGA, whereas after observation of 

whitening and opacification, it has been hindered in PLCL. 

All the biomaterials studied showed biocompatibility with urological tissue and 

differences in their biodegradation rates where associated with the development of 

crystallinity, so that PDLGA being totally amorphous was the first to biodegrade. 

Conversely, pure PLLA was the latest, whereas PLCL displayed an intermediate rate.  
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Finally, blending PDLGA with PLCL in different proportions has presented an 

alternative method in order to attain a full spectrum of mechanical properties ranging 

from toughened PDLGA to reinforced PLCL.  

DSC and SEM images revealed a two phase structure, where the highest degree 

of compatibility was achieved for a 20%PDLGA and 80% PLCL composition.  

As the studied system combines the flexibility of PLCL and the high 

biodegradation rate of PDLGA, it seems a strong candidate for its use in urological 

applications were empty places after the preferential biodegradation of PDLGA would 

promote cell colonisation while PLCL maintained its structural role until its 

biodegradation was completed.  
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Introduction  

A cornerstone of materials science is processing of materials [1]. It has become 

increasingly realized that simultaneously combining the steps of synthesis and processing 

can sometimes lead to better control of microstructure [1]. This combined approach can 

provide new materials of outstanding performance [1]. 

Rational control of microstructure in polymers includes simultaneous control of 

packing at several length scales as, due to their inherent conformational diversity, each 

molecule has an enormous number of structural states of similar energy to choose from 

[1]. In accordance, materials scientists have discovered various post-synthesis ways to 

influence and control the microstructure from the earliest days of forging, rolling and 

annealing heat treatments [1]. 

In thermoplastics (TP), the change from a fluid, processible melt to a solid article 

is fast and reversible [2]. This change takes place on cooling, or in some cases, following 

the addition and removal of a solvent [2]. Although much less important in tonnage terms 

than processing in the molten and rubbery states, solution, suspension and polymerisation 

casting processes have a useful role in polymer technology [3]. Solution processes are 

used mainly for coating, film casting and fibre spinning, i.e. in processes where the 

distance the solvent has to diffuse out of the solution once coated, cast or spun is short 

[3]. The main problem in such processes is to achieve a control of the setting of the shape 

once formed [3]. Regulation of this diffusion process is important if products of even 

quality are to be obtained [3].  

Thermoconformation 

The ability of TPs to become fluid on heating and then solidify on cooling allows 

manufacturers to produce articles using the fast processing equipment (injection 

moulders, blow moulders, extruders etc.) that have been developed for plastic industry 

[2]. The rate of cooling does not only affect the production rates, but must be considered 

as a key factor influencing the properties of the product [3]. 
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When a liquid is in equilibrium at any given temperature, there is an average 

statistical relation between its molecules that is unique because any change in 

temperature, even if infinitesimal, will change it accordingly [4]. Such a change in the 

average statistical relation, which corresponds to an equilibrium condition, requires many 

processes or readjustments involving the molecules of the liquid [4]. Although some of 

these adjustments are completed almost instantaneously, time is undoubtedly an 

important factor in the development of many others, especially if their process is affected 

by viscosity [4]. If the time required for the full development of the sluggish 

readjustments that are demanded by a given change in temperature, exceeds the time 

required to accomplish the temperature change, the liquid can be brought to a temperature 

in a state of non-equilibrium [4]. 

In this regard, thermodynamics constitutes a general framework in order to study 

manifold manifestations [5]. Therefore, using the thermodynamic variables such as 

volume or enthalpy, the equilibrium state at different temperatures can be described as 

shown schematically in figure 2.1.1. 

The representation of figure 2.1.1 assumes that when cooling from the melt, a 

substance can either crystallize or transform to a glass depending upon the experimental 

conditions [6]. Had the crystalline state been allowed to form, a step change would have 

been observed at Tc. Conversely, a rapid heating or cooling from any temperature at which 

a glass is in equilibrium causes departures from these curves [4] as shown schematically 

by traces q1 and q2, leading to corresponding structural states A and B respectively. 

Accordingly, these cooling rates, q1 and q2, are seen to give rise to two different 

glass transition temperatures, Tg (q1) and Tg (q2), defined by the intersections of the 

equilibrium liquid line and the asymptotic glassy line. The observed glass transition is 

essentially a Deborah number (DN) effect, named after the prophetess Deborah who 

declared that what appeared to mortals to be stationary, such as non-volcanic mountains 

and the size of the oceans are not necessarily so to an eternal deity [7]. The Deborah 

number is defined as the ratio of timescales of the observed and the observer, and the 

glass transition is seen when these two timescales for structural relaxation cross over and 

DN passes through unity [7].  
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Figure 2.1.1.- Illustration from [6] of the temperature dependence of the volume (or the enthalpy 

H) of an amorphous material in the glass transition region. 

Physical aging 

As already mentioned, the configuration of a glass is not completely fixed, 

therefore if a glass is kept under constant temperature (or pressure), the spontaneous 

variation of its properties can be observed, which reflects the structure rearrangement [5] 

in a gradual approach to equilibrium termed “physical aging” [8]. 

Although there are studies based on thermal density fluctuations which show that 

physical aging is accompanied by an increase in local order, conformational analysis 

using Raman spectroscopy reveals little or no change in helical tg’t conformer population 

during the physical aging process [9] in accordance with FTIR investigations on 

Polycarbonate [10]. Therefore, losses of configurational entropy measured by enthalpic 

changes [11] were associated to extremely local rearrangements compatible with a 

densified structure [10]. 
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Another aspect of physical aging is the nonlinearity or so called memory effect by 

which relaxation from a particular state depends not only on what that state is, but also 

on how that state was reached [12]. Accordingly, a glass contracts and evolves heat when 

equilibrium is approached from an undercooled condition (glass B to state C depicted in 

figure 1) but it expands and absorbs heat when equilibrium is approached from a 

superheated condition [4, 5]. Furthermore, the rates at which these heat effects develop 

depend on the rate at which the difference between actual and equilibrium temperatures 

is decreased and they are therefore controlled by the inelastic deformability [4].  

Physical aging occurs in broad temperature ranges below Tg, and spans until the 

first secondary transition (Tβ) [8]. For many polymers, the aging range includes the 

temperature range of practical interest [13]. 

It is also important to recognize that, although physical aging occurs in a wide 

variety of glasses and affects a large number of properties, the aging kinetics of a 

particular material are generally different for different properties [12]. Along with small 

decreases in the volume and enthalpy of glassy polymers on aging or annealing, rather 

profound changes are observed in some of the mechanical properties [14]. Thus, changes 

in one property cannot in general be predicted using parameters obtained from another 

property [12]. 

Of particular concern in the processing and application of polymers is the loss of 

general ductile behaviour of many polymers on aging or annealing at temperatures below 

their respective glass transition temperatures [14]. In fact, aging is a gradual continuation 

of the vitrification around Tg, therefore it will affect all those properties which in their 

dependence on temperature undergo drastic changes at Tg [13]. 

Increases of the yield stress in the range of 10MPa [15] and a severe reduction of 

notched impact strength [16] have been reported for PC after annealing under different 

conditions. Further evidences of ductile to brittle transition (BDT) in polymers have been 

given for PVC and PMMA [17] or PLLA [18, 19].
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Modes of failure 

Brittle fracture 

Ward and Orowan [20], and latter Legrand [21] attributed BDT in polymers to a 

competition between fracture stress and yielding stress [22] where the preferential 

process, determines the mode of failure. Their argument was based on the energetic 

balance proposed by Griffith [23], who explained brittle fracture of elastically stressed 

solids by the presence of very small cracks that generate small volumes of stress 

concentration around them where the theoretical strength was overcome. 

The concept of theoretical stress is linked to the existence of molecular cohesive 

forces that preserve the continuity of solids and liquids. The simplest way of obtaining a 

rough estimate of the molecular cohesion of a solid is from its surface energy [20]. 

Therefore, two new surfaces (of fracture) can be created in an elastically stressed isotropic 

solid if the elastic energy provides the surface energy of the surfaces of fracture [20]. 

Hence, the order of magnitude of the fracture stress σm must be 

𝜎𝑚 = √
2𝛼𝐸

𝑎𝜋
 (equation 1) [20, 24]  

Where σm is the tensile strength, α is the surface energy, E is the elastic modulus 

and a is the distance to overcome by external forces, that corresponds to the interatomic 

distance between two consecutive covalently bonded carbon atoms. 

Yielding 

In ductile fracture, on the other hand, the work done against the cohesive forces is 

usually negligible compared with the work of plastic deformation that has to be done in 

order to extend the crack [20]. 

Ductile mode of failure is featured by the yield or flow stress. Out of the realm of 

classical plasticity considerations and the aim to establish the yield criterion [25], early 

attempts to explain the plasticity of glassy polymers were based on modifications of the 

concepts of viscoelasticity [26]. 
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Thus, the plastic deformability of polymers was first attributed to the heat 

generated accompanying the deformation which was assumed to raise the temperature 

above that of the glass transition [26]. However, simultaneous measurements of 

temperature during yield behaviour on polycarbonate, disclosed to be insufficient to be 

the cause of the strain softening (0.1ºC; strain rate: 5.2*10-3min-1) [27]. 

Alternatively, based on the concept that molecular transport (mobility) in liquids 

and glasses was determined by the statistical redistribution of the free volume [28], it was 

suggested that stress-induced free volume [29] would produce the same molecular 

mobility existing at the glass transition temperature [26]. 

Years later, measures based on ortho-positronium lifetime studies of free volume 

in polycarbonate (PC) and polystyrene (PS) provided quantitative evidences of an overall 

increase of free volume on cold rolled samples that had underwent significant plastic 

deformation [30, 31], demonstrating that yield and the formation of free volume are 

governed by the same process [17]. However, Eyring’s theory of activated flow [32] 

provided a narrow framework upon which, the yield behaviour of PC was fitted whereas 

yielding of PVC involved a secondary transition that required the addition of a second 

term in a generalized theory [33]. 

Conversely, the double kink model [26] considered secondary and other higher-

order relaxation processes only as accompanying viscoelastic strains affecting the elastic 

stiffness of the surrounding continuum which momentarily stores the energy of activated 

molecular kink configurations [26]. 

In any case, the presence of β relaxation observed at low temperatures [34] has a 

different temperature dependence than primary or α relaxation [13], giving rise to thermo-

rheological complexity [35], where the method of reduced variables and equations 

derived thereof are no longer applicable. 
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Self-reinforcing 

The practical importance of yielding and cold-drawing found application in the 

technology of synthetic fibres after the pioneering work of Bailey [36], who disclosed 

that uniaxial orientation by stretching produced improved tensile strength and elongation 

to break in the stretch direction. More recently, self-reinforced composite materials [37-

46] have taken advantage of the preferential structural arrangement [47]. 

An amorphous polymer is said to be molecularly oriented when the directions in 

space of the chain segments are not distributed randomly [48]. According to the statistical 

theory of rubber elasticity [49], upon application of an external stress, portions of 

molecular chains between network junctures tend to uncoil elastically, increasing the 

population of trans conformers and the Kuhn length which are harder to deform [50]. At 

the same time, enhanced by high temperature, new secondary bonds are formed in relaxed 

positions [51] which do not contribute to the strain hardening effect. 

Therefore, to produce the highest levels of orientation, it is necessary to stretch 

the polymer rapidly to high stretch ratios at the lowest possible temperature, although 

limits beyond which fracture rather than stretching takes place must not be overcome 

[52]. 

A second effect of molecular orientation is the frozen-in entropy stress [48], which 

manifests itself when the temperature is varied. The frozen-in orientation, results in a 

negative contribution to the reversible coefficient of thermal expansion that causes the 

material expansion on cooling and contraction on heating [48, 53]. This thermal 

instability is the so called shape memory effect [54] that can be programmed in order to 

have multifunctional materials. However, limitations to this effect have been found due 

to the development of strain induced crystallization, demanding special attention to the 

study of the resulting changes in microstructure as a consequence of the programming 

conditions, as it will be explained in the third chapter. 

The aim of the following section is to explore two alternative processing 

techniques i. e. solvent casting and compression moulding, of use in the plastic industry. 



Chapter 2. Polymer Processing: From Grains to Devices 
Subchapter 2.1. Casting and Thermoconformation. Self-Reinforcing 

84 

The evolution of the thermal and mechanical properties will be explained on the basis of 

the resulting microstructure analysis that will be characterized using different techniques. 

Especial interest will be focused on the peculiarities of physical aging, which will 

be studied from different approaches, such as retardation enthalpy, stress relaxation and 

yielding.  

Finally, hot drawing will be studied as an alternative post-synthesis method to 

influence the microstructure of amorphous and semicrystalline compression moulded 

polymers.  

Materials and methods 

Table 2.1.1 includes the relation of polymers used in this study. Their molecular 

weights (Mw) as well as their polydispersity index (D) were determined by GPC with 

reference to polystyrene standards. PLLA PL18, and copolymers were supplied by Purac 

Biochem (The Netherlands). PLLA Biomer L9000 was supplied by Boehringer Ingelheim 

(Germany). 

Table 2.1.1.- Resume of polymers and their molecular weight, polydispersity index and test. 

Name Ref Mw (kDa) D Test/study 

PDLGA 55/45 110600655 100.3 1.65 MDSC, DMA 

PDLGA 55/45 0701000351 164.0 1.51 S-R 

PLCL 70/30 RDT 0971 177.5 1.69 DSC 

PLCL 70/30 1008000233 198.2 1.77 DSC, S-R 

PDLLA 51/49 0303001995 540.0 2.28 S-R 

PLLA PL18 0710001980 150.0 1.25 S-R 

PLLA Biomer L9000 160.0 1.7 Tensile 

The mole fraction of PLLA and PCL, as well as, the degree of randomness (η) of 

the L-Lactide/ε-caprolactone copolymers were determined by 1H and 13C Nuclear 

magnetic resonance spectroscopy in a Bruker Avance DPX 300, which corresponds to 
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300.16 and 75.5 MHz frequencies for 1H and 13C respectively, in 5mm o.d. sample tubes 

using 0.7ml of CDCl3 at room temperature (≈30ºC). 

Conformation and thermo(mechanical) treatments 

0.2mm thickness films were obtained by solvent evaporation from a 10% w/v 

solution (2g/20ml) of PLCL in chloroform. Another set of films was obtained by 

quenching from 180ºC into iced water bath. 

Annealing treatments of pellet samples of PDLGA and PLCL were carried out in 

the DSC. Those included a previous heating step simulating the thermoconformation 

process by which samples were initially heated to 100ºC or 180ºC in order to erase the 

previous thermal history and maintained at this temperature for 20 minutes. Then they 

were cooled down following different cooling rates depending on the microstructure or 

energetic target. In the case of PDLGA, the selected cooling rates of 0.5 or 50 °C min-1 

lead to corresponding energetic states as will be discussed later. For both PLCLs, cooling 

ramp was set to 50ºC/min in order to achieve a fully amorphous state. Annealing 

conditions were selected in order to maximize the aging effects. Accordingly annealing 

temperature of PDLGA samples was 37ºC (8ºC below corresponding Tg) and 8ºC for 

PLCL (14-16ºC below that of PLCLs).  

The oriented states were obtained by stretching dumbbell samples of PDLLA, 

PLCL, PLGA and PLLA at 55ºC, 39ºC, 45ºC and 60ºC respectively to ɛ=600% at a 

constant crosshead speed of 5mm/min. In order to obtain reproducible data, relaxations 

under such strain at each corresponding temperature were carried out [49] for 5minutes 

before quenching to room temperature.  

Thermal crystallizations on PLLA and PLCL were carried out in an oven. Time 

and temperature for PLLA were 3h and 100ºC whereas PLCL required ~20 days at 45ºC. 

Thermal characterization 

The resulting states from the conformation procedure and subsequent annealing 

treatments were evaluated from the first scan in a Differential Scanning Calorimeter 
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(DSC) Q-200 from TA Instruments, calibrated with pure indium and sapphires, where 5-

10mg samples were heated from -60ºC or room temperature up to 180-200ºC (depending 

on the polymer) at 10ºC/min. Thermal properties such as glass transition temperature (Tg), 

its associated heat change (ΔCp) and enthalpic relaxation (δH) using a linear base line, 

cold crystallization and melting enthalpies (ΔHcc and ΔHm), where applicable, were 

therefore obtained by means of TA universal software. From integration of these peaks, 

the overall crystallinity degree was calculated according to equation 1 considering the 

enthalpy of fusion of the polylactide crystal ∆𝐻𝑚
0 = 106𝐽/g [55] 

𝑋𝑐(%) =
∆𝐻𝑚−∆𝐻𝑐𝑐

𝑋𝑃𝐿𝐿𝐴∆𝐻𝑚
0 ∗ 100 (equation 2)  

When a more detailed study of the enthalpic relaxation was desired, as in the case 

of PDLGA, modulated scans were performed on 4-6mg samples where a sinusoidal 

heating ramp of 0.75°C modulation amplitude and 120s period was run at 0.5ºC/min. To 

correct the frequency effect, after the heating process above Tg, the samples were cooled 

under the same MDSC conditions as used for heating. Any peak area in the non-reversing 

signal on cooling can only be caused by the frequency effect. Thus, this area was 

subtracted from the peak area obtained on heating to calculate the peak area that 

corresponds just to the enthalpic recovery.  

Thermogravimetric analysis was performed by means of a TGA Q50 from TA 

instruments in the temperature range from room temperature to 600°C, with a heating rate 

of 5ºC/min under 60ml/min nitrogen flow on 10-20mg samples. Solvent content of cast 

films was thus evaluated by determination of the weight loss experimented by the samples 

in the range of ≈ 100ºC, well below the thermal degradation temperature of the polymers.  

X-ray diffraction 

The X-ray powder diffraction patterns were collected by using a Philips X’Pert 

PRO automatic diffractometer operating at 40 kV and 40 mA, in theta-theta configuration 

and with a secondary monochromator with Cu-Kα radiation (λ = 1.5418 Å). A PIXcel 

solid state detector in scanning mode with 3.347º of active length was used. The samples 

were mounted in a generic sample holders and spinning of 4s of revolution time was 
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applied. Data were collected from 10 to 50° 2θ (step size = 0.0262 and time per step = 

150 s) at RT. A fixed divergence and antiscattering slit giving a constant volume of 

sample illumination were used. 

Mechanical and dynamical characterization 

Tensile tests and orientation of the samples were carried out in an Instron 

Universal Testing machine 5565, equipped with a heat chamber, at a constant crosshead 

speed of 5mm/min. The Young’s modulus, the secant modulus, the yield stress and strain 

and the ultimate stress and strain were calculated from the nominal stress-strain diagram. 

Tensile tests were conducted under controlled conditions of 21±2ºC temperature and 

55±10% relative humidity. 

Dynamic Mechanical Analysis was performed in a Mettler Toledo DMA/SDTA 

861e, in tensile mode. Force-displacement amplitudes were 3N-30μm for PLCL and 

0.5N-25μm for the others. Single frequency tests were conducted at 1Hz whereas 

isothermal frequency series tests were performed in the range of 50 to 0.05Hz at 5 steps 

per decade. Starting temperature was 25-30ºC below Tg and end temperature 25-30ºC 

above Tg as determined by DSC for each polymer. 

Results and discussion 

Casting. Thermal characterization 

Solvent evaporation was monitored by means of sequential thermogravimetric 

analyses (TGA) conducted at different stages since the polymer solution was poured onto 

the petri dish. Figure 2.1.2 shows the TGA conducted on a PLCL film 21hours after 

casting. In there, the evaporation of the solvent can be easily distinguished from the 

thermal degradation of the polymer, occurring this later at a higher temperature.  
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Figure 2.1.2.- Thermogravimetric analysis of the PLCL film 21hours after casting. 

As time proceeds, chloroform gradually evaporates from the film as it is reflected 

in figure 2.1.3 where the weight loss ascribed to solvent evaporation is plotted at the 

corresponding time of measurement. Taking into consideration that the starting solution 

was 10%w/v, it follows that solvent evaporated mostly within the early hours, whereas 

the evaporation rate was severely decreased after 120hours following an asymptotic trend. 

 

Figure 2.1.3.- Weight loss evolution along drying time. 
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In an analogous fashion, the evolution of the thermal properties of the cast films 

was monitored by DSC. For the ease of comparison, a film was obtained by quenching 

from the melt and further characterized. 

The set of thermograms is plotted in figure 2.1.4. In there the gradual evaporation 

of solvent can be inferred by the evolution of the glass transition temperature towards 

higher values as well as by the disappearance of the second thermal event.  

 

Figure 2.1.4.- DSC thermograms of cast and quenched films of PLCL. 

Interestingly, the 3weeks film thermogram is very similar to that of the quenched 

film, in that the only disclosed event corresponds to the glass transition, although its 

apparition happens at a somewhat lower value than in the thermogram of the quenched 

film. This difference is highlighted in figure 2.1.5, where the Tgs from figure 2.1.4 are 

plotted correspondingly. 

According to the early theories of free volume and the liquid lattice model [28] it 

is suggested that when the solvent is evaporated, it leaves an empty site that can be 

occupied by the polymer molecules, increasing the number of possible configurations and 

accordingly configurational entropy. As the solvent evaporation rate is slow, the polymer 

chains accommodate consequently in a configuration close to that of equilibrium, with a 

lower value of Tg. 
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Figure 2.1.5.- Evolution of Tgs with drying time of cast films in comparison with that of the 

quenched film. 

Conversely, when the structural state is reached by rapid cooling from the melt, 

fluidity decreases many orders of magnitude in a narrow temperature range (glass 

transition range) [28] and chain molecules cannot rearrange in order to follow the 

thermodynamic equilibrium, deviating from it. Due to the kinetic nature of the glass 

transition, the more rapid the cooling is performed, the higher the temperature the 

deviation is noted, and the higher the Tg. 

Casting. Mechanical characterization 

Tensile behaviour shown in figure 2.1.6 further discloses the plasticising effect of 
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the 24h cast film, the 12% solvent content, as measured by TGA, caused high mobility of 

chain molecules, reducing intermolecular cohesive forces between chain molecules, thus 
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Figure 2.1.6.- Stress-strain graph of quenched and cast films.  

Photographs taken from the 14days casting film, as the one shown in figure 2.1.7, 

revealed the presence of cavities preferentially located at grain boundaries. It is suggested 

that these cavities may contribute to the mobility of chains in a microscopic scale whereas 

at a macroscopic scale, not only they reduce the effective section that bears the load 

during the tensile test, but also promote crack propagation and premature failure. 

 

Figure 2.1.7.- Microphotograph of cast film revealing the presence of cavities. 
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Thermoconformation. Physical aging 

Effects of cooling rate 

Effects of cooling rate and further annealing on the glass transition temperature 

and enthalpy relaxation have been studied on glassy PDLGA as a model polymer. 

Accordingly, two cooling ramps representing a rapid (quenching) and a slow departure 

from equilibrium have been performed in a modulated differential scanning calorimeter. 

The main advantage of modulated scans lies in the separation of overlapping 

effects allowing to analyse them independently, such as in the case of relaxation enthalpy 

and glass transition. Upon the application of an oscillating heating ramp, the reversing 

part of the signal, i.e. the real part of heat capacity Cp, is perfectly in-phase with the 

modulated heating rate. Conversely, the kinetic processes such as relaxation enthalpy are 

reflected in the non-reversing part of the signal. 

Figures 2.1.8 and 2.1.9 show the reversing and non-reversing Cp respectively of 

the heating scans after cooling and further annealing at 37ºC at increasing annealing 

times. In order to minimize errors due to sample preparation or relocation of pans in the 

same position in the MDSC holder, both sets of annealing treatments were conducted on 

the same sample in the MDSC. Therefore, for practical reasons the maximum annealing 

time was restricted to 24hours although further experiments revealed that this time is not 

enough for enthalpy to reach its equilibrium value at 37ºC. The glass transition 

temperature (Tg) was defined from the inflection point of the reversing Cp signal. 

Enthalpy recovery (δH) was obtained from integration of the non-reversing Cp signal. In 

order to delete the frequency effect, a cooling ramp was conducted under the same 

modulation conditions and subtracted from the values obtained from the heating ramp. 

The peak temperature (Tp) or maximum of the enthalpic endotherm was also monitored. 

Complete characterization is resumed in table 2.1.2.  
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Figure 2.1.8.- Reversing Cp of PDLGA samples aged at 37ºC after being slowly cooled at 

0.5ºC/min from 100ºC for the time (in hours) indicated by the legend. 

 

Figure 2.1.9.- Non-reversing Cp of PDLGA samples aged at 37ºC for the time (in hours) 

indicated by the legend after full annealing at 0.5ºC/min from 100ºC. 
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closer to the liquid than to the glassy state. Furthermore, the Tp showed a maximum, 

(“upper peak”) indicating a poorly stabilized glass [56] due to the high cooling rate.  

Table 2.1.2.- TMDSC results for the PDLGA melts aged at 37ºC after supercoolings from 

100ºC following two different cooling rates, that is to say 0.5 and 50ºC/min. 

Cooling rate Time Tg δH Tp 

ºCmin-1 h ºC Jg-1 ºC 

0.5 

0 44.0 1.20 42.5 

1 44.8 1.87 43.7 

2 44.8 1.89 44.2 

5 45.0 2.09 44.5 

10 45.3 2.22 44.7 

24 45.5 2.78 44.9 

50 

0 44.9 0.39 44.1 

1 44.9 1.38 43.6 

2 44.7 1.83 43.9 

5 44.9 2.13 44.3 

10 45.1 2.20 44.4 

24 45.1 2.70 44.7 

Also illustrated in table 2.1.2 is the increase of Tg, δH and Tp with isothermal 

annealing for both set of samples, suggesting a densification of chain molecules as a 

consequence of excess enthalpy and volume reduction. Accordingly, when the glasses 

were reheated during the heating scan, more energy was required for the glass transition 

as reflected by the increase of the area under the endothermic peak. Moreover, because 

of the reduction of segmental mobility, it was necessary to heat up to higher temperatures 

to finish the morphological rearrangement which occurred in the glass transition process 

[18].  

Figure 2.1.10 shows the self-retarding kinetics of δH where the reduction of free 

volume as a consequence of physical aging is responsible for the reduction of the rate of 

properties change [8, 5, 30].  
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Generally, it is convenient to express the enthalpy changes that occur during 

isothermal annealing of a glass in terms of alterations in the enthalpy displacement from 

the equilibrium glassy state, i.e. (QE-Qt). Enthalpy relaxation data expressed in this 

manner are in terms of properties of the well-defined equilibrium glassy state, rather than 

those of the generally poorly defined initial state [14]. 

Thus, a determination of the energy absorption in the Tg region for a 

corresponding sample in its equilibrium glassy state under the same programming 

conditions is necessary [14]. For the practical reasons described above, the enthalpy 

measured after 24hours annealing will be taken as the equilibrium although it is an 

oversimplification. If more accurate values were sought further annealing should be 

necessary. 

Enthalpy relaxation data obtained from PDLGA during isothermal annealing at 

37ºC are given in figure 10 were the excess enthalpy (QE-Qt) is plotted as a function of 

log time. As it can be noted, the slope of (QE-Qt) /log t is lower for slowly cooling, 

indicating a slower relaxation rate for full annealed samples.  

 

Figure 2.1.10.- Enthalpy relaxation data and linear fitting for both sets of cooling and annealing 

treatments on PLGA.

1 10

0.0

0.5

1.0

1.5

2.0
 

 

Q
E
-Q

t (
J/

g
)

Annealing time (h)

 r= 50ºC/min

 r= 0.5ºC/min



Chapter 2. Polymer Processing: From Grains to Devices 
Subchapter 2.1. Casting and Thermoconformation. Self-Reinforcing 

96 

Effects of chain topology 

In order to gain information of the effect of chain topology on the kinetics of 

physical aging, two 70/30 poly(l-lactide-co-ɛ-caprolactone) copolymers with differing 

sequence lengths have been investigated. Due to the high aspect ratio (C∞) reported for 

PLA, it is considered to have a stiff chain backbone [9, 18, 57]. Therefore, the random 

introduction of caprolactone segments is expected to decrease the overall chain stiffness, 

whereas a more ordered disruption is not. Molecular characterization by 1H NMR was 

conducted in order to determine the randomness coefficient (R) according to equation 3 

𝑅 =  
(𝐿𝐴−𝐶𝐿)

2(𝐿𝐴)(𝐶𝐿)
 (equation 3)  

where (LA) and (CL) denote the molar fraction of lactide and caprolactone 

respectively, and (LA-CL) the lactide-caprolactone diad. Thus, the copolymer with R→1 

was considered to have higher randomness character, whereas R→0 featured a higher 

blocky character. The result of molecular characterization is resumed in table 2.1.3.  

Table 2.1.3.- Molecular characterization data of PLCL-R and PLCL-B 

 Determined by GPC Determined by 1H NMR 

 Mn D PLLA PCL R 

Ref. g/mol - % % - 

PLCL-R 112,000 1.77 69.2 30.8 0.94 

PLCL-B 105,000 1.69 67.1 32.9 0.7 

The results of table 2.1.3 indicate that PLCL-B has a larger multiblock character 

than PLCL-R. 

Figure 2.1.11 shows the total heat flow recorded during the heating scans of the 

annealed samples. As it can be noted, the reversing (glass transition) and kinetic processes 

(enthalpy relaxation) overlap in the same graph. Isothermal annealing was conducted at 

8ºC (Ta=Tg-16ºC) and the associated evolution of thermal parameters is summarized in 

table 2.1.4. In both samples Tg and enthalpy relaxation increased with aging time although 

this evolution was more readily seen in PLCL-R than in PLCL-B.  
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Figure 2.1.11.- DSC curves in the glass transition region of PLCL-R and PLCL-B samples 

annealed at 8ºC for 10, 20, 30, 150 and 800min. 

Table 2.1.4.- Annealing time (ta) and corresponding measured thermal characteristics: glass 

transition temperature (Tg), specific heat change (ΔCp), Enthalpy relaxation (δH) and peak 

temperature (Tp). 

 ta Tg ΔCp δH Tp 

Ref. min ºC J/gºC J/g ºC 

PLCL-R 

10 20.5 0.57 - - 

20 21.3 0.54 - - 

30 21.2 0.52 0.27 23.6 

150 22.8 0.50 1.38 25.0 

800 24.6 0.50 2.48 27.0 

PLCL-B 

10 18.3 0.42 -  

20 18.7 0.48 -  

30 18.9 0.47 -  

150 21.7 0.49 0.74 24.7 

800 23.5 0.51 1.59 25.7 
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Effects of annealing time 

The kinetics of aging was studied from the evolution of the glass transition 

temperature with annealing time taken as the relaxation time (τ). Considering an 

Arrhenius dependence of temperature, the more random copolymer gave a higher slope 

than the blocky copolymer, supporting the idea of a speeded kinetics due to the enhanced 

flexibility associated to the higher randomness character, thus easing the rearrangements 

of the chain backbone during structural relaxation. Similar conclusions were disclosed for 

PDLLA copolymer with increasing D-lactyl content [9]. 

Further insight into physical aging was sought making use of the Time-

Temperature-Superposition (TTS) principle, and master curve construction [51]. This 

approach, uses temperature to change the scale of time or frequency [35], but its 

applicability is restricted to thermo-rheologically simple polymers. Hence, the complex 

modulus obtained from a series of isothermal frequency scans were represented as a 

function of the corresponding phase angle in figure 2.1.12  according to the Mavridish 

and Shroff’s [58] and van Gurp and Palmen [59] procedure to evaluate the 

thermorheological complexity, as simplicity cannot be proven [60], of the available data. 

As it can be noted, data from different temperatures did not superimpose indicating 

thermo-rheological complexity. 

 

Figure 2.1.12.- Graphical representation of complex modulus E* vs phase lag in degrees. 
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Therefore, the relaxation process was monitored following a different approach. 

The dynamic spectra E’(T) and E”(T) were measured at four different frequencies, and 

from the Arrhenius representation of the corresponding relaxation times against the 

inverse of E” peak temperature, the activation energy of the glass transition was compared 

for increasing annealing time.  

The shift of the relaxation spectrum towards higher temperatures with increasing 

annealing times was observed in all cases. As an example, figure 2.1.13 shows the 

evolution of E’(T) measured at 0.1Hz. In there, the effects of aging can be easily 

distinguished in the glassy part of the spectrum through the increased value of the storage 

modulus and its delayed temperature onset whereas the annihilation of the previous 

history is reckoned by the collapse of the curves in the rubbery region. Besides, in 

agreement with observations in reversing Cp, the transition from glassy to rubbery state 

completes in a narrower range of temperature as annealing time was increased.  

 

Figure 2.1.13.- Relaxation of storage modulus at increasing annealing times. Tests performed at 

0.1Hz in the tensile mode.
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Representing the natural logarithm of the inverse of the test frequency (τ) against 

the inverse of observed temperature peak in E”, the activation energy of the transition 

was estimated from the slope of the linear fitting shown in figure 2.1.14 and resumed in 

table 2.1.5 supposing an Arrhenius relation 

 
1

𝑓
= 𝜏 = 𝐴𝑒𝑥𝑝

∆𝐻

𝑅𝑇 (equation 4)  

where R= 8.32J/Kmol.  

Table 2.1.5.- Resume of temperature peak in E” at indicated frequency and annealing time 

Test frequency t0 t3h t6h t6d 

Hz ºC ºC ºC ºC 

0.03 36.6 38.1 38.5 40.9 

0.1 40.7 41.5 42.7 44.3 

1 42 42.8 43.4 46.6 

10 44.7 46.4 45.5 48.1 

 

Figure 2.1.14.- Arrhenius plot and linear fit of the observed peak temperatures for increasing 

annealing time at 37ºC 
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Table 2.1.6.- Details of linear fit from figure 14. 

 ΔH Adj. R2 

 kJ - 

t0 588.7 0.8392 

t3h 600.4 0.9083 

t6h 654.0 0.7311 

t6d 653.9 0.8572 

From table 2.1.6, it can be seen that the linear fit could be improved, although a 

clear increasing trend must be reckoned although considering that aging of a glass is a 

self retarding phenomenon, in which the characteristic relaxation time for the process is 

a structure (or time) dependent parameter at any Ta<Tg [11], highest differences were 

expected to happen during the early hours, where deviation (and consequent driving 

force) between the starting structural state and the equilibrium glassy state is maximum. 

Conversely, it seems that aging kinetics was more active between 3 and 6 hours’ aging, 

stabilizing at 654kJ.
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Ductile to brittle transition 

Samples of PLLA were tested at increasing time intervals elapsed since their 

thermoconformation. Until the test, samples were kept at a constant temperature of 20ºC. 

Neck formation was observed in all samples tested immediately after conformation, as 

shown in figure 2.1.15. As aging time increased, the percentage of samples that exhibited 

neck formation was seen to decrease at the same time that the number of samples that 

brittle fractured raised. Interestingly, after 120minutes both modes of failure equalled, but 

after 210minutes the 100% of the samples fractured in a brittle manner.  

 

Figure 2.1.15.- Observed modes of failure on PLLA within 24hours. 

Microphotographs taken from the surface of failure further disclose the disruption 

mechanisms. In the microphotograph on the left, sharp edge-on surfaces are due to 
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In order to gain full insight into the intrinsic behaviour of PLLA, the true stress- 

true strain was plotted in figure 2.1.16 where, for the ease of simplicity only the most 

representative graphs are shown. As indicated in the legend, they correspond to samples 

immediately tested (t0), and 120 (t120min), 240 (t240min), and 1440 (t1440min) minutes 

respectively after thermoconformation.  

 

Figure 2.1.16.- True stress-true strain representation of tensile behaviour 
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the corresponding for PLLAt1440 was reduced to 1.80*106 Jm-3, quantifying thus the loss 

of toughness. 

The process can be explained considering yielding as a stress activated 

phenomenon, in which the more aged is the sample, the more mechanical work is required 

to draw the material out of the rigid glassy state [29]. Accordingly, where ductile 

behaviour was noted, σY was observed to rise up to 1.6MPa further supporting this idea, 

whereas as expected, ɛY and the drawing stress (σd) remained essentially unaltered. Based 

on the theory of cracks developed by Griffith [23] in order to explain brittle fracture of 

elastically stressed glasses, and the surface energy of PLLA reported by Neuendorf [61] 

and corrected to room temperature, according to equation 1 

 𝜎𝑚 = √
2𝛼𝐸

𝑎𝜋
 (equation 1) [20, 24]  

where σm is the tensile strength, α is the surface energy, E is the elastic modulus 

an estimation of the size of the crack a was calculated to be in the order of 6.7nm. 

However, it must be reckoned that a more accurate study of the fracture energy 

should be measured in terms of the strain energy release rate and not by the area under 

the stress strain graph, because so many other phenomena may be at play [62]. 

From the conventional representation of the tensile tests, that is regarding the 

initial cross sectional area, the mechanical properties including the elastic modulus (E) 

calculated from the slope of the linear part of the graph, the yield strength (σY) taken as 

the maximum after the elastic segment, the corresponding strain (ɛY), and the stress (σB) 

and strain (ɛB) at break were obtained and listed in table 2.1.7.  

As it can be noted, within experimental errors, the elastic modulus shows an 

increasing trend for increasing time of aging. It is also noted that whereas the strain at 

yield was observed at a constant value for increasing time, the necessary stress to produce 

yielding eventually raised until it was no longer affordable, from an energetic standpoint, 

being replaced by fracture at essentially the same value of strain.  
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In the same table, the two opposite modes of failure have been emphasised by 

separately indicating ductile and fragile values of stress and strain. 

Focusing on the values of stress at rupture, three ranges of stress level (~27MPa; 

~45MPa and ~54MPa) can be distinguished, that can be better understood with the aid of 

figure 2.1.17. 

Fresh samples failed by collapse after significant drawing, at any point; 1, 2 or 3 

in figure 2.1.17, depending on internal defects, giving rise to the severe deviations of 

strain, but at a constant value of stress ~27MPa. As aging proceeded, the strain at failure 

advanced backwards, into the post yield region (points 4 and 5), so that high dispersion 

was observed in σB where ductile rupture had developed whereas ɛB leaned to stabilise. 

After 3.5hours of aging, yielding was no longer observed, as all samples failed by 

brittle fracture in the pre yield region (points 6 and 7) around a constant value of stress 

~54MPa, which is lower than the previously observed stress at yield of fresh samples, 

and around a constant value of strain ~10%. 

 

Figure 2.1.17.- Conventional tensile tests with neck formation and cold drawing 
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Table 2.1.7.- Mechanical properties calculated from tensile tests 

    Ductile Fragile 

 E σY ɛY σB ɛB σB ɛB 

 MPa MPa % MPa % MPa % 

t0 811±15 52±1 9.9±0.3 28±1 38±28   

t60 832±46 54±1 10.1±0.2 27±1 37±39 40±18 9.9±0.5 

t90 810±18 55±1 10.2±0.4 29±0.5 37±43 51±4 10.3±0.5 

t120 813±38 55±1 10.1±0.2 25±3 32±13 56±6 10.0±0.6 

t150 825±52 57±1 10.6±0.8 40±12 20±9 54±3 10.2±0.7 

t180 835±36 58±1 9.8±0.7 45±14 15±4 54±2 9.8±0.4 

t210 814±34 58±1 10.1±0.5 46±15 14±3 53±2 10±1 

t240 789±38     53±6 10±2 

t270 841±42     54±5 10±1 

t330 833±37     54±2 9.4±0.5 

t360 838±49     56±2 10±1 

t450 866±35     54±2 9.2±0.6 

t480 800±41     57±1 10.7±0.7 

t1440 886±47     54±3 9±1 

As the reason for necking in tensile specimens is non-uniformity and localization 

[63], the eventual annihilation of strain softening in favour of uniform deformation can 

be obtained by increasing the test temperature (figure 2.1.18) or alternatively decreasing 

the strain rate (figure 2.1.19).  

As it can be noted from figure 2.1.18, σY decreased with increasing the test 

temperature, suggesting the idea of yielding as a type of reaction that proceeded more 

readily at high temperature [31]. Moreover, although a certain extent of aging can be 

inferred, a glassy to rubbery transition was observed when test temperature approached 

the glass transition temperature of PLLA.  
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Figure 2.1.18.- Tensile tests of PLLA conducted at indicated temperatures 

Further testing at 60ºC, revealed the dependence of yield with strain rate (ε̇) as 

shown in figure 2.1.19. At this temperature, the reduction and eventual disappearance of 

stress drop and subsequent delay in strain hardening was noted for decreasing ε̇.  

 

Figure 2.1.19.- Tensile tests conducted on PLLA at indicated strain rates at 60ºC. 
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Self-reinforcing 

Based on tests performed on PLLA, it was concluded that suitable temperature for 

orientation lied in the vicinity of Tg. At too high temperatures, deformations can easily be 

applied but will not result in molecular orientation because of rapid relaxation, whereas 

when the temperature is too low, the polymer is in the glassy state, such deformations 

will mostly lead to rupture or if possible at all, require excessively high stresses [66]. 

Therefore, samples of semicrystalline and amorphous polymers were stretched at 

T≈Tg at a constant crosshead speed of 5mm/min up to 600% strain (see figure 2.1.20). In 

order to obtain reproducible results, samples were allowed to relax for five minutes under 

constant strain prior to quenching at room temperature for further testing. With the 

exception of PLCL, all samples kept the impinged strain at room temperature as a result 

of the vitrification of chain molecules in the oriented state. Conversely, due to the 

concurrence of the Tg at room temperature, PLCL tended to shrink in order to recover its 

original length. Therefore, PLCL oriented samples were kept in the freezer until further 

testing. 

 

Figure 2.1.20.- 3D representation of the preorientation treatment conducted on PLLA, PDLGA, 

PDLLA and PLCL at indicated temperatures 
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Tensile properties 

For the ease of discussion, in the following figures, the undeformed as-quenched 

and, were applicable, thermally crystallized samples, are presented together with those of 

the oriented ones. Figures 2.1.21 to 2.1.24 show a substantial increase in ductility in the 

tensile test with higher values of E, and σY, as resumed in table 2.1.8 as well as other 

relevant values. It is noticed that the orientation produces a threefold increase in elastic 

modulus, as well as in the ultimate stress. It is also remarkable the increase in ductility of 

PDLLA when in oriented state, reaching values of 55% strain at rupture.  

 

Figure 2.1.21.- Tensile tests of PDLLA 
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Subsequent cold drawing extends until limited chain extensibility due to junctions 

(entanglements and/or crystallites) causes the strain hardening effect. 

PDLLA, having the highest molecular weight and polydispersity index, showed 

multiple drops (σd) and the longest cold drawing plateau suggesting that despite the initial 

600% preorientation, many molecules remained in the coiled conformation and whenever 

a portion of these relaxed, caused a new drop. Conversely, the lack of σd and limited 

plateau in PLLA suggests the development of strain induced crystallinity, where the strain 

hardening effect is ascribed to the limited extensibility of the amorphous segments 

between lamellae [69].  

 

Figure 2.1.22.- Tensile tests of PLLA 
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Figure 2.1.23.-Tensile tests of PDLGA 

It should be noted here that handling of PLCL was difficult and despite our efforts, 
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Figure 2.1.24.- Tensile tests of PLCL. 
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Values from table 2.1.8 mirrored the significant increase of elastic modulus and 

stress at yield observed in glassy polymers due to orientation. Conversely, in PLCL 

thermal crystallization caused the highest increase of modulus, preserving the elastomeric 

character of PLCL as it can be inferred by the high values of ɛR, whereas orientation 

caused a comparatively premature failure at ~190% strain. 

Table 2.1.8.- Tensile properties of the polymers in the as quenched, crystallized and oriented 

states 

 E σY ɛY σR ɛR 

 MPa MPa % MPa % 

PDLLA_a 1012±63 45.4±6.9 6.0±0.2 41.0±4.6 7.4±1.1 

PDLLA_o 2800±126 74.3±2.1 3.5±0.1 113±42 55.1±30.3 

PDLGA_a 940±106 57.8±2.2 7.6±0.6 45.9±9.5 147±161 

PDLGA_o 3160±215 91.1±2.3 4.0±0.2 137±16 36.4±4.8 

PLCL_a 7.3±2.9 16.2±0.6 669±31 20.7±3.2 815±102 

PLCL_c 36.0±1.9 14.3±0.4 496±14 16.5±1.7 664±93 

PLCL_o 29.6±7.9 23.2±4.1  41.0±2.0 184±17 

PLLA_a 972±41 54.6±2.3 7.7±0.7 35.1±5.2 165±146 

PLLA_c 1116±78 63.7±1.0 7.7±0.24 57.3±2.3 9.9±2.0 

PLLA_o 3727±149 127.1±0.5 6.1±0.1 172±24 23.2±7.2 
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Dynamic mechanical analysis 

Figures 2.1.25 to 2.1.28 show the DMA spectra for all polymers. In all cases, the 

observed effect of orientation in the storage modulus is an increase of its value, and a 

delay in its relaxation. As the storage modulus represents the elastic response, these 

effects are in accordance with observations from the tensile tests, and explained by the 

same underlying molecular alignment, that being less coiled is harder to deform. Besides, 

the extended conformation promotes second order interactions between neighbouring 

chains that must be overcome to allow relaxation. The observed reduction in the height 

of the damping peak, also ascribed to the increased rigidity of frozen segments, indicates 

lesser mechanical losses [70]. At this stage, extended chains try to recoil to their high 

entropic undisturbed dimensions [66, 71], exerting recovery stress [72-74] that plays its 

role opposing to modulus relaxation. Accordingly, the length of the rubbery plateau where 

junctures (entanglements) break and reform in new unstressed positions where they no 

longer contribute to stress [51] is reduced due to the shrinkage phenomenon in 

comparison to the extended plateau observed in isotropic as quenched samples.  

 

Figure 2.1.25.- Relaxation spectrum and tan δ of PDLLA  
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Figure 2.1.26.- Relaxation spectrum and tan δ of PDLGA 

 

Figure 2.1.27.- Relaxation spectrum and tan δ of PLLA 
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development of strain induced crystallization opposes to amorphous shrinkage [49] and 

tends to stabilize E’ at the featuring value of crystalline PLLA at that temperature [75]. It 

is noteworthy the phase separation phenomenon observable in the relaxation spectra of 

crystallized PLCL, where the contribution of each comonomer to the total E’ is easily 

perceived.  

 

Figure 2.1.28.- Relaxation spectrum and tan δ of PLCL 
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[77]. Shrinkage although exothermic by nature, does not generate the exotherm in 

question after the Tg [77]. The correlation between mechanical shrinkage and exothermic 

heat flow can therefore be only indirectly casual [77]. 

 

Figure 2.1.29.- Heating scans of PDLLA 

 

Figure 2.1.30.- Heating scans of PDLGA 
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Figure 2.1.31.- Heating scans of PLLA 
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Figure 2.1.32.- Heating scans of PLCL 
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Table 2.1.9.- Thermal analysis of the as quenched, crystallized and oriented states of the studied 

polylactides 

 Tg1 ΔHr1 Tg2 ΔHr2 Tm ΔHm Xc 

 ºC J/g ºC J/g ºC J/g % 

PDLLA_a 48 0.46 - -  - - 

PDLLA_o 49 4.95 - -  - - 

PDLGA_a 45 0.70 - -  - - 

PDLGA_o 46 5.58 - -  - - 

PLCL_a 20 - - -  - - 

PLCL_o 17 - 43 1.98 96 3.71 1 

PLCL_c 15 - 68 1.58 97 3.43 3.2 

PLLA_a 55 - - - 183 55.2 10.2 

PLLA_o 72 0.55 - - 180 64 47.4 

PLLA_c 70 - - - 181 57.5 44.3 

As it can be noted from table 2.1.9, both crystallisable polymers have developed 

a certain degree of crystallinity as a consequence of the combined stretching and heating, 

which in the case of PLLA is higher than that obtained by heating only.  

X-ray diffraction 

In order to further investigate the type of crystals formed thereof, their 

corresponding X-ray diffraction patterns were collected. The X-ray diffraction pattern is 

itself sufficient evidence for the existence of a crystalline structure though in some cases, 

the crystallization is only partial and the crystallites are very small [49]. As expected, the 

diffractograms of PDLLA and PDLGA showed a halo featuring an amorphous structure. 

Conversely, PLLA and PLCL samples revealed the existence of crystalline-like structures 

by the presence of certain scattering peaks. Those peaks were narrower and more intense 

in the thermally crystallized samples, and their location corresponded to that reported in 

literature [47, 85-87], as highlighted in figure 2.1.35 and comments, than the observed 

peaks in the oriented samples. From the less intense signal and higher breadth it was 

inferred that instead of crystals, long range symmetry structures were achieved. 
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Some authors have reported the presence of β crystals, termed shish-kebab, after 

drawing semicrystalline PLLA α crystals at high temperatures, with a featuring reflection 

at 2θ = 29.9º [84]. However, it was not seen in our diffractogram.  

 

Figure 2.1.33.- Diffractograms of PLLA 

 

Figure 2.1.34.- Diffractograms of PLCL 
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Figure 2.1.35.- Diffractograms of PLLA (black) and PLCL (red) and detail of their diffraction 

peaks in crystallized state 

The main scattering peak at 2θ = 16.6-16.8º, and less intense peaks at ~19 and 

~22º of figure 2.1.35 have been attributed to the set of planes (200) or (110), (203), and 

(015) of the α crystalline form of poly(lactide) respectively [47, 85].  
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scattering peaks it can be said that the presence of ɛ-caprolactone units in the backbone 

of PLLA has a moderate effect on the shape of PLLA crystals in the copolymer [86]. 

Furthermore, the typical diffraction peaks of crystalline PCL at 2θ=21.4º cannot be 

observed in the pattern of the copolymer, which indicates that PCL is fully amorphous 

phase in the copolymer [87]. 

Oriented samples were heated above Tg and allowed to shrink, and their 

diffraction spectra were collected and plotted in figure 2.1.34. The existence of an even 

less intense band suggested the endurance of the long range symmetry.  

The application of the Scherrer equation (eq. 5) to the diffraction peak, allows 

estimating a crystalline average size or coherent diffraction domain. The estimation of 

the dimensions of the crystallites depends on the broadening of the spots in the diffraction 

pattern as the crystal dimensions are diminished [49]. The method is applicable only when 
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the dimensions are less than 10000Å and becomes increasingly accurate as the 

dimensions are reduced [49]. In addition may be a broadening due to other factors such 

as imperfections of the crystal lattice [49]. For these reasons, estimates of the size of the 

crystallites must be regarded as subject of considerable uncertainty [49]. 

𝜏 =  
𝐾𝜆

𝛽𝜏𝑐𝑜𝑠𝜃
 (equation 5) 

Where τ is the coherent diffraction domain, K is the shape factor, λ is the X-ray 

wavelength (copper Kα), βτ (=B-b) is the line broadening at half the maximum intensity 

(FWHM) in radians, being B the observed width, b the instrumental width and θ the Bragg 

angle. Calculated values for PLLA and PLCL, crystallized (c), oriented (o), and after 

shrinkage (oHT) are listed in table 2.1.10. 

Table 2.1.10.- Parameters used in the Scherrer equation, and calculated domain sizes 

 βτ K λ b τ 

 º  Å  nm 

PLLA_c 0.25 

0.85 1.5418 0.1 

50 

PLLA_o 3.13 2-3 

PLLA_oHT 3.08 2-3 

PLCL_c 0.31 40 

PLCL_o 0.84 10 

PLCL_oHT 0.67 10 

As it can be noted in table 2.1.10, domain sizes were very small, yet coherence of 

the results must be claimed as obtained value for thermally crystallized PLLA was in 

close agreement with previously reported size [88] and from comparison between the 

corresponding values of thermally crystallized and oriented it follows that higher values 

were obtained by thermal crystallization than those obtained by the combined effect of 

orientation and heat. It must also be noted that the size of the domains after shrinkage 

produced by subsequent heating of oriented samples was not altered, indicating 

irreversible changes in the microstructure. 
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Conclusions 

In the present work, several induced features have been explored from different 

approaches. 

It has been demonstrated that solvent casting, being a handy way to obtain thin 

films, revealed severely comprised final properties due to the presence of cavities 

generated during solvent evaporation. Therefore, more rigorous control over the solvent 

evaporation must be undertaken if films of better quality are sought. 

Conversely, thermoconformation is a comparatively fast production process 

whose main drawbacks are developed after conformation in a thermo-reversible process 

termed physical aging that preferentially affects amorphous phases. The aging range, 

delimited by the glass transition temperature and the secondary β transition may include 

the temperature of practical use. Amongst the observed changes that take place during 

this structural relaxation are enthalpy relaxation, whose kinetics is favoured by the highest 

deviation from thermodynamic equilibrium caused by rapid quenching, and by a more 

random sequence of comonomer segments distribution, that increase flexibility of the 

chain backbone, making it easier for it to accommodate the structural changes in the 

approach towards thermodynamic equilibrium.  

As a consequence of these structural changes, increasing relaxation times and, of 

special technological importance, the measured loss of ductility have also been disclosed. 

In tensile tests, the loss of ductility has been associated the the increase of the 

necessary stress in order to cause yielding that, in the presence of small cracks (in the 

range of 7nm), preferentially caused brittle fracture. 

In agreement with this, dynamic mechanical measurements revealed that higher 

activation energy was demanded for the glassy to rubbery transition in aged glasses.  

Alternatively, a general enhancement in ductility as well as an elastic modulus 

improvement was obtained by pre-stretching glassy polymers at temperatures in the 

vicinity of their corresponding Tg. 
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It was speculated that the preferential arrangement of chains favoured physical 

bonds between chains, which contribute to the raise in E, and, upon application of 

sufficient stress, yielding. 

Further, it was demonstrated that the pre-stretching protocol induced 

crystallization in semycristalline polymers, and an estimation of their size was calculated 

upon application of the Scherrer equation.  
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Introduction  

Understanding the healing process of the tissue to be replaced and fitting the 

material design requirements of the implant to the short-term needs of the system avoids 

the need to meet long term arduous and unrealistic material design demands [1]. Amongst 

the synthetic polymers, PLA and its copolymers have received considerable attention for 

their biocompatibility and resorbability [2] making ideal candidates out of them for such 

applications in surgery where a temporary replacement is needed.  

Experimental studies have found sutures, rods, screws and plates made of non-

reinforced PLA suitable for fixation of cancellous bone fractures and osteotomies of non-

weight loading bones [3]. However, the mechanical properties of these non-reinforced 

materials are not sufficient for fixation of weight loading bones [3]. The search for strong 

artificial implants able to perform in load-bearing situations, has led to the development 

of strong organic/inorganic composites that would combine the flexibility, toughness and 

bioresorbability of a polymer with the stiffness, strength and osteoconductivity of a 

ceramic [4]. Their advantage is that biodegradable polymers would allow for bone growth 

into degraded sections and further permit load transfer from the implant to the bone, 

thereby lessening the effect of stress shielding [4]. 

However, many tissues in the body have elastomeric properties [5]. Tendons 

transmit tensile loads from muscle to bone and are designed to undergo considerable 

extension and support large tensile forces [1]. Therefore, successful replacement of these 

tissues requires the development of compliant elastomeric scaffolds that readily recover 

from relatively large deformations without mechanical irritation to the host [5]. 

One of the most important parameters to match polymer and application is the 

relative position of its glass transition temperature (or in the case of crystalline polymers, 

crystal melting point) regarding the temperature of use (i. e. body temperature), as due to 

the thermoplastic nature of these polymers, they undergo transitions in their physical 

properties [6]. Figure 2.2.1 resumes the transitions of the modulus when the temperature 

is raised. Therefore, if the application requires a stiff material, the polymer of choice must 

have its Tg at a higher temperature than the temperature of use. Conversely, if a rubbery 
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material is desired, the selection will be made amongst those polymers having their Tg 

below the body temperature.  

Particularly, in the case of block copolymers which are made of different 

monomeric units (or segments), or in immiscible systems where each constituent retains 

its own Tg, two service temperatures can be identified. The lower service temperature 

depends on the Tg of the soft phase or segment while the upper service temperature 

depends on the Tg or Tm of the hard phase or segment [6]  

 

Figure 2.2.1.- Idealized stiffness of several materials at various temperatures, adapted from [6] 

Still, the major difficulty lies in the graft integration. Some authors have found 

that initially excellent biocompatibility of PLA with intramedullary bone turned into 

deleterious response upon implant degradation and speculated that these adverse effects 

were due to degradation by-products [7]. Further experiments with bioluminescent 

bacteria acute toxicity assay on PLA and PGA reported that these polymers produced 

toxic solutions, probably due to the acidic nature of their degradation by-products [8, 9]. 
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Upon degradation by hydrolysis, PLA produces lactic acid which is incorporated in the 

tricarboxylic acid cycle and is excreted as carbon dioxide and water [10]. It is possible 

that when poly(α-hydroxy acids) are implanted in large sizes or in anatomical regions 

without access to sufficient quantities of body fluids, the resulting release of large 

amounts of acidic degradation by-products might overwhelm the body’s capacity to 

provide adequate local buffering [10]. Such scenario would lead to a lowering of the local 

pH and could be detrimental to the surrounding cells and tissue [10]. 

A three to five year follow-up multicentre study upon ACL reconstruction using 

the LARS ligament (Ligament Advanced Reinforcement System; Surgical Implants and 

Devices, Arc-sur-Tille, France) revealed that instead of the fibrocartilage transitional 

zone found in the native ACL insertion site, an interposed layer of fibrous scar tissue 

appeared at the interface between the graft and the bone tunnel [11]. It was presumed that 

the inflammation at the graft-bone interface might induce the scar tissue formation and 

hamper the graft osteointegration within the bone tunnel [12]. The poor bone-tendon 

interface has been reported to be the cause of devastating effects in anterior cruciate 

ligament reconstruction [11-16]. 

A proposed way to improve the artificial ligament graft healing in the bone is 

through alleviating the inflammation and promoting graft biocompatibility [12]. The 

addition of nano-HA into the degradable matrix not only helps maintain the pH at non-

toxic levels during degradation by neutralizing the acid degradation products of poly(α-

hydroxy acids) but also enhances the bone induction capacity of the scaffold [17]. 

Hydroxyapatite (HA) has been used for bone repair and tissue engineering due to its 

biocompatibility, osteoconductivity, and osteoinductivity [17]. 

Synthetic HA (Ca10(PO4)6(OH)2) is closely related to the carbonated apatite that 

constitutes the mineral component in the bone [4] although some differences may be 

expected in their chemical composition as bone does not have pure or stoichiometric HA 

[18]. However, synthetic HA is osteoconductive when porous and believed to aid bone 

formation in vivo [4]. In contact with bone, HA often develops a mechanically tight bond 

with bone which may be of a chemical nature [19].
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Fiber matrix interfacial adhesion 

It is known from the literature on particle reinforced polymer composites that 

ideally, the reinforcing particles should be well dispersed in the host polymer matrix at a 

high level of loading, and be well bonded to the matrix phase to achieve maximum 

reinforcement [20]. Nano-sized HA particles, like other nano-sized particles, have a large 

surface area that results in a high interfacial energy [20]. In general, these particles will 

tend to agglomerate both during the preparation of the particles and during the mixing 

with the polymer phase in an attempt to minimize the free energy of the system [20]. If 

this occurs in the composite, it can cause a reduction in the reinforcing effect of the 

particles which will ultimately affect the mechanical properties of the composite [20]. To 

maintain the stability of the particles, a dispersing agent is necessary [20]. Amongst the 

reported dispersing agents for HA, poly(acrylic acid) has been identified as a useful 

alternative because of its biocompatibility in other systems [20].  

Often, the mechanical strength of the composite is compromised by the bonding 

characteristics at the interface between the constituents [21]. A common problem with 

HA-polymer composites is the weak binding strength between the nano-filler and the 

polymer matrix since they cannot form strong bonds during the mixing process [17]. 

Coating particles with a polymer film would lead to the formation of strong bonds with 

the polymer matrix [17]. A strong interface results in a fibre-reinforced composite with 

high strength and stiffness [21]. 

Fibre-matrix interphase adhesion [22] can be analysed by DMA, assuming that 

composite dissipation is attributable not only to the matrix amount present in the 

composite, but also to the fibre-matrix interactions at interfaces that will tend to form 

layers of immobilized interphase [22]. Since inorganic fillers do not contribute to 

damping, composite dissipation may be given by the eq. 1: 

(tanδ)c

(tanδ)m
= 1 − bVf (equation 1) 

Where m and c indexes refer to matrix and composite dissipation respectively, Vf 

is the fibre volume content and b is a parameter introduced to correct the volume fraction 
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of reinforcement because of the formation of a layer of immobilized interphase resulting 

from fibre-matrix interactions [22].  

Plasma polymerization technology is a useful way to activate nano-HA powder 

surfaces by creating a degradable film with functional groups at nanoscale thickness [17]. 

An ideal coating would be biocompatible, ultrathin and degradable, so that the bioactivity 

of the filler is not shielded [17]. Plasmas modify surface physical-chemical properties 

keeping however bulk properties unaltered [23]. Plasma generated with gaseous organic 

monomers can polymerize and crosslink on the exposed surface, forming a dense 

polymeric coating with specific characteristics [23]. The interest in plasma polymerized 

films lies in their unique coating properties which include good adherence and conformal 

coating of substrates [24]. Furthermore, the study of the chemistry of such coatings 

demonstrates the high retention of monomer functionalities such as carboxylic acid, 

hydroxyl, ester, sulfone and amine, depending on the starting monomer [24].  

The aim of this work is to explore the possibilities of plasma coating particles for 

two different polymer matrix composites of potential use as load bearing devices in case 

of stiff PLA matrix and as artificial tendon with improved osteointegration with an 

elastomeric PLCL matrix. PLCL is a copolymer made of randomly polymerised lactide 

and ɛ-caprolactone polymers [25]. PLCL has a good track record in such medical 

applications as vascular grafts and for periodontal regeneration [25]. The most attractive 

property of PLCL compared to other synthetic polymers is its elasticity, which is inherent 

to most natural bone [25]. However, PLCL has a relatively low affinity for osteoblasts 

[25]. Studies conducted on Coll/HA/PLCL showed that osteoblast-like cells adhered and 

spread more significantly in the Coll/HA/PLCL scaffold than in the PLCL scaffold [25], 

suggesting that the Coll/HA/PLCL scaffold provides an appropriate environment for the 

human osteoblast [25].  

Accordingly, two monomers have been used for the plasma polymerized coating 

following different purposes. With the aim of potentiating the good dispersion of the 

particles into both matrices, acrylic acid has been used as the starting monomer for plasma 

polymerization. In order to maximize the bonding interface between HA particles and 

polymer matrix, chemical affinity has been promoted by the use of ɛ-caprolactone as the 

starting monomer for plasma coating in the PLCL matrix composite.  
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Surface analytical techniques such as XPS and FTIR have been used for the 

characterization of the polymer coating thin film, whereas mechanical properties of the 

composites have been measured by DMA and tensile tests. 

With a reported elastic moduli of 114GPa [4, 21], the addition of HA particles is 

expected to increase the strength of both matrices [26] and to have an influence on 

crystallization kinetics due to their nucleating activity [27]. Although processing 

temperatures of the composites are low enough to prevent phase and compositional 

changes of the HA [28], some authors have found that the addition of bioglass particles 

boosts thermal degradation [29, 30, 31] of the polymeric matrix. Therefore, thermal 

degradation of the composites will be studied in order to assess the suitability of injection 

moulding as a processing technique for medical devices with enhanced biocompatibility.  

Materials and methods 

Hydroxyapatite (Plasma Biotal Ltd, UK), poly(L-lactide-co-ɛ-caprolactone) 

(Purasorb PLC 7015 L-lactide/caprolactone copolymer ratio M/M% 70/30, ref 

100800233, Mn: 112900g/mol and D: 1.71), and Polylactide PLLA (PL18 Mn: 

120000g/mol and D: 1.25), both from Purac Biomaterials, The Netherlands, were used as 

received without any further purification.  

The monomers used for plasma treatments were ɛ-caprolactone (99%, Alfa Aesar, 

Germany) and acrylic acid (anhydrous, 99%) from Sigma-Aldrich Chemie GmbH, 

Germany. 

Composite preparation 

A series of poly(L-lactide-co-ɛ-caprolactone)/hydroxyapatite and 

PLLA/hydroxyapatite composites with HA content of 0%, 10%, 20% and 30% (w/w) 

were prepared by melt blending into a 15 cm3 co-rotating twin screw microcompounder 

from DSM Xplore at processing temperatures between 190 and 200ºC. Dumbbell samples 

were injection moulded between 200 and 240ºC.
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Plasma treatment procedure 

The surface modification of hydroxyapatite by plasma deposition was performed 

in a Pico LF40 (Diener electronic GmbH&Co., Germany). In both cases, the plasma 

treatments consisted on three steps. First, hydroxyapatite powder was introduced in the 

plasma chamber and activated for 5min under 0.4mbar of oxygen gas pressure at 700W 

generator power. After evacuating the plasma chamber, the corresponding monomer was 

fed into the chamber until 0.3mbar chamber inner pressure was achieved. Then plasma 

polymerization of ɛ-caprolactone was performed for 60min under 0.3mbar of monomer 

gas pressure at 120W generator power whereas conditions for acrylic acid plasma 

treatment lasted 45min under 70W generator power. Finally, the plasma treated 

hydroxyapatite powder was deactivated for 5 min under 0.3 mbar of monomer gas 

pressure with the generator off.  

SEM 

The HA particles and the tensile fracture surfaces of the composite samples were 

examined in a scanning electron microscope at various magnifications. SEM micrographs 

of gold-coated samples were obtained at 15 and 5kV respectively. 

Thermal analyses 

The thermal stability of composites was verified by TGA using a TA Instruments 

Q50 thermogravimetric analyser in the temperature range from room temperature to 

600°C, with a heating rate of 5ºC/min under 60ml/min nitrogen flow on 10-20mg 

samples. 

A TA Instruments DSC Q200 thermal analysis system was employed for thermal 

characterisation. In order to investigate the influence of injection processing upon the 

resulting state 5mg samples cut from the dumbbell samples were heated from -30 to 

200°C, at 10°C/min, under nitrogen flow for PLCL system, whereas the PLLA system 

was evaluated from 0 to 250ºC at 10ºC/min.  
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With the aim of study the activity of the filler and the effect of the organic layer 

in the crystallisation behaviour of the composites, each sample was heated to 200ºC and 

cooled at the following cooling rates: 0.5, 1, 2, 3, 4, 6, 8, 10, 20, 30, 40ºC/min. From DSC 

measurements, the degree of crystallinity of the composites and the nucleating activity of 

the fillers were calculated. The degree of crystallinity of the samples was calculated from 

the ratio of their enthalpy of fusion to the enthalpy of fusion of the polylactide crystal 

∆𝐻𝑚
0  [32]. For this purpose, 106J/g was used for ∆𝐻𝑚

0  [32]. In all cases, the PLLA content 

of the composites was corrected according to the TGA measurements conducted on the 

same samples after the DSC scans.  

Nucleating activity (ϕ) was graphically calculated from the ratio of the slopes, log 

r versus 1/𝛥𝑇𝑝
2 with and without the nucleating agent following the method proposed by 

Dobreva [27]. ϕ is a factor by which the work of three-dimensional nucleation decreases 

with the addition of a foreign substrate [33]. If the foreign substrate is extremely active, 

ϕ approaches 0, while for inert particles ϕ approaches 1 [33]. According to ref. [27], in 

the vicinity of the melting temperature, Tm, the cooling rate, r, and the undercooling, ΔTp, 

corresponding to the peak of the DSC crystallization curve are connected as  

log 𝑟 = 𝑐𝑜𝑛𝑠𝑡𝐼 − (𝐵2 2.3∆𝑇𝑝
2⁄ ) (equation 2)  

for the homogeneous case and for the heterogeneous case [27]: 

 log 𝑟 = 𝑐𝑜𝑛𝑠𝑡𝐼 − (𝐵2𝜙 2.3∆𝑇𝑝
2⁄ ) (equation 3)  

Here 

 𝐵2 = 𝐵1 𝑛𝑇𝑚⁄ , (equation 4)  

where n is the Kolmogorov-Avrami exponent and B1 is defined by 

 𝐵1 = 𝜔(𝜎3𝑉𝑚
2 𝑘𝐵Δ𝑆𝑚

2⁄ ) (equation 5)  

where ω is the steric shape factor, σ is the specific surface energy, Vm is the molar 

volume, kB is the Boltzmann’s constant and ΔSm is the molar entropy of melting [27]. In 

deriving eqs. (2) and (3), it is assumed that the degree of overall crystallization 

corresponding to the peak of the DSC curve always has a constant value [27] and that the 
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kinetics of crystallization are determined by the rate of nucleation [27]. This effect is 

evident from the simple fact that in the vicinity of Tm the potential barrier for crystal 

growth is much smaller than the kinetic barrier for nucleation [27]. It is seen from eqs. 

that the ratio of the slopes of the linear functions, obtained in coordinates, log r versus 

1/𝛥𝑇𝑝
2 in cooling experiments T→Tm for the homogeneous and for the heterogeneous 

case, respectively, would give directly the value of ϕ [27]. 

Dynamic mechanical analysis (DMA) was performed in a Metler Toledo 861e 

dynamic mechanical analyser. Specimens were placed in the DMA instrument and 

oscillated to 3N-30μm or 0.5N-25μm amplitude at 1Hz frequency in the tensile mode. 

The specimens were heated from 5°C to 90°C at a heating rate of 1°C/min in nitrogen 

atmosphere. The storage modulus (E’), and loss tangent (tan δ) were used to evaluate the 

glass transition temperature. The intensity of the transition (S) and the fibre-matrix 

interface adhesion parameter (b) were calculated in order to study the effect of the filler 

and the coupling agent. S refers to the mobility and content of the amorphous phase and 

defined as: 

 𝑆 =
𝐸′𝑏 −𝐸′𝑎

𝐸′𝑎
 (equation 6)  

where Ea’ denotes the storage modulus after and Eb’ before the transition. A higher 

value of S means a superior mobility or a higher content of the amorphous phase.  

On the other hand, the fibre-matrix interface adhesion parameter (b) can be 

graphically calculated from the representation in a coordinated axis of (tan δ)c/ (tan δ)m 

against the volume fraction of the reinforcement [22]. When b=1, there is no formation 

of immobilized layer, and thus the composite damping is given by that of the matrix 

amount present in the composite [22]. When b>1, the strength of fibre-matrix interactions 

leads to an immobilized layer to be formed [22]. The stronger the interfacial interactions, 

the thicker the immobilized layer, and the higher the value of parameter b. The transition 

point from weak (b<1) to strong (b>1) interphase adhesion corresponds to an ideal 

composite (b=1) [22].
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Tensile tests 

Mechanical tests were carried out using an Instron tensile machine 5565 type at a 

speed of 10 mm/min in the case of PLCL system and at 5mm/min in the case of PLLA 

system, both at room temperature. Dumbbell tensile specimens of 1mm thickness and 4 

mm width were tested. 

Young’s modulus of the samples was determined from the slope of the stress-

strain function at its linear part and the fracture strain was the elongation at break from 

the tensile curve. The reported mechanical properties were calculated by averaging 

measurements of five specimens. 

XPS 

X-ray photoelectron spectroscopy (XPS) was performed in a SPECS (Berlin, 

Germany) equipped with a Phoibos 150 1D-DLD analyser and a monochromatic Al Kα 

(1486.6 eV) X-ray source. Wide scans (step energy 1 eV, dwell time 0.1 s, pass energy 

40 eV) were used to identify the existing elements. High resolution spectra (C1s, O1s, 

Ca2p and P2p) were acquired at an electron take-off angle of 90º (step energy 0.1 eV, 

dwell time 0.1 s, pass energy 20 eV). 

Spectrum were analysed by means of CasaXPS 2.3.16, that models the Gauss-

Lorentzian contributions after background subtraction (Shirley). The hydrocarbon peak 

component in the C1s spectra was set at 285.0eV to correct sample charging (other peaks 

were corrected accordingly). 

The concentrations presented from XPS data are in atomic percent excluding 

hydrogen which the technique does not detect. RSF correction factors were applied to 

correct differences in element sensitivity of the apparatus.
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Results and discussion 

Surface functionalization 

Surface modification of HA powder by plasma deposition of poly(ɛ-caprolactone) 

and poly(acrylic acid) was evaluated by means of TGA, time of deposition from 

dispersion, XPS, FTIR and SEM. 

Figure 2.2.2 shows the weight loss as a consequence of thermal degradation. The 

weight loss experimented by neat HA at 100ºC can be attributed to the loss of humidity, 

whereas the degradation of the organic layer measured in ɛ-caprolactone and acrylic acid 

treated particles showed a weight loss of 1.3 and 4.4% respectively. The higher weight 

loss observed in acrylic acid treated particles suggests that a higher deposition of organic 

layer has been achieved compared with the ɛ-caprolactone plasma treated particles.  

 

Figure 2.2.2.- Thermal degradation behaviour of neat and plasma treated HA.
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Table 2.2.1.- Weight loss calculated from the thermo gravimetric analysis of figure 2.2.1. 

 Weight loss  

 % 

HA 0.521 

HAɛcap 1.303 

HAAA 4.438 

The stability of the HA suspensions with and without poly(ɛ-caprolactone) plasma 

treatment was investigated qualitatively by visual observation of their sedimentation rates 

as shown in figure 2.2.3. HA and HAɛ-cap particles were dispersed in CHCl3 and were left 

to sediment for varying times (0, 1’, 5’ and 90’) while photographs were taken. It can be 

observed, that plasma treated particles kept longer in dispersion than not treated particles, 

which started sedimentation 1 minute after dispersion. As time elapsed the difference 

became more noticeable. After 90minutes, approximately all HA particles were observed 

to sediment, whereas plasma treated particles still showed signs of dispersion. 

  

  

Figure 2.2.3.- Photographs taken after 0, 1’, 5’ and 90’ dispersion of neat and ɛ-caprolactone 

plasma treated HA particles in CHCl3. 
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The XPS wide surveys of the plasma treated Hydroxyapatite particles are showed 

in figure 2.2.4. In both surveys, the signals of oxygen, carbon, calcium and phosphorus 

can be distinguished. The presence of Ca and P from the HA, suggests either that the 

thickness of the deposited layer is less than the XPS analysis depth or that the surface is 

not uniformly covered, thus revealing the substrate of HA. 

 

 

Figure 2.2.4.- XPS wide survey from plasma deposited coatings, a) poly(ɛ-caprolactone) and b) 

poly(acrylic acid). 
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For each plasma treatment, the narrow spectrum of O, C, Ca and P were analysed 

and their atomic concentration was determined.  

The narrow analysis of C1s peak of poly(ɛ-caprolactone) is shown in figure 5. It 

can be seen that two peaks [34] corresponding to C-C/C-H and O-C=O respectively, are 

enough to match the obtained spectra, indicating that only two species are present. The 

lack of C-O and C=O peaks suggests that no degradation has taken place under the plasma 

polymerisation conditions and that the O-C=O functionality is fully retained from the 

monomer structure.  

 

Figure 2.2.5 XPS C1s peaks HA poly(ɛ-caprolactone). 

Results of the poly(ɛ-caprolactone) plasma treatment are listed in table 2.2.2. 

Considering the stoichiometry of the existing species, by application of the law of 

conservation of mass, the source of the elements can be deduced. Therefore, in the case 

of synthetic HA, its constituents must keep the relation: Ca10(PO4)6(OH)2 [18].
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Table 2.2.2. Integration parameters of the existing elements: element bonding, position (in eV), 

full width at half maximum (FWHM), relative sensitivity factors (RSF), integrated area, 

percentage of atomic concentration, total percentage of the element. 

Name Group Pos. FWHM R.S.F. Area % Conc. %Total 

O1s  531.84 2.656 2.93 120314.7 47.96 47.96 

C1s 

C-C 284.92 2.591 1 18707.5 21.85 
25.81 

O-C=O 288.81 2.673 1 3386.5 3.96 

Ca2p 

Ca 2p 3/2 347.51 2.377 5.07 51398.3 11.84 
16.71 

Ca 2p 1/2 351.14 2.022 5.07 21154 4.87 

P2p  132.7 2.501 1.19 9702 9.52 9.52 

Analysing the concentrations of table 2.2.2, it can be seen that the relation found 

between Ca and P is 1.76, which is near the ratio 10/6 found in the stoichiometric formula. 

Applying the same reasoning to oxygen, we find that the concentration of this element in 

HA is 2.4 times that of Ca; therefore, 40.10% from the total oxygen is bound to HA 

leaving 7.86% which is approximately twice the concentration of C found due to the 

contribution of the O-C=O group of poly(ɛ-caprolactone).  

The chemical composition of the plasma polymerised poly(ɛ-caprolactone) was 

also analysed by FTIR. In order to maximize the signal of the coating, KBr was used as 

a substrate for plasma deposition. The corresponding spectra is shown in figure 2.2.6 

together with the monomer and the conventional polymer for the sake of comparison. 
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Figure 2.2.6.- FTIR spectra of the conventional polymer poly(ɛ-caprolactone), monomer (ɛ-

caprolactone) and plasma polymerized poly(ɛ-caprolactone). 
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a group of thin absorption bands proper of the cyclic structure of the monomer. The 

disappearance on the thin absorption bands and the lack of degradation bands indicate 
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caprolactone) only two species are present. Again, the lack of C-O and C=O peaks 

suggests that no degradation has taken place under the plasma polymerisation conditions 

and that the O-C=O functionality is fully retained from the monomer structure.  

 

Figure 2.2.7.- XPS C1s peaks HA poly(acrylic acid). 

Table 2.2.3 Analysis of the poly(acrylic acid) plasma treated HA XPS spectra. 

Name Group Pos. FWHM R.S.F. Area % Conc. %Total 

O1s  532.28 3.074 2.93 106869 43.39 43.39 

C1s 
C-C 284.95 2.622 1 27158.7 32.31 

42.34 
O-C=O 288.86 2.275 1 8431.9 10.03 

Ca2p 
Ca 2p 3/2 374.72 2.551 5.07 28807.1 6.76 

9.46 
Ca 2p 1/2 351.36 2.033 5.07 11514.5 2.70 

P2p  133.56 2.307 1.19 4807.6 4.81 4.81 

From table 2.2.3, the ratio between Ca and P (1.97) is slightly higher than expected 

(1.67). According to the stoichiometry, the oxygen content due to the HA is 2.4 times the 

Ca content, leaving 20.69% oxygen which is nearly twice the carbon content due to the 

acidic group. 
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FTIR was used to identify functional groups of the plasma polymer film deposited 

over HA particles. The obtained spectra for the plasma polymerized poly(acrylic acid) is 

represented in figure 2.2.8 together with the corresponding spectra of the monomer and 

the conventional polymer. 

 

Figure 2.2.8.- FTIR spectra of the conventional poly(acrylic acid), starting monomer acrylic 

acid and plasma polymerized poly(acrylic acid). 

From the plasma polymerized poly(acrylic acid) spectra, C-H (2950cm-1), 

carbonyl -C=O (1710cm-1) and H-C-H (1459cm-1) can be observed [23]. In there, the lack 

of the C=C and =CH2 absorption bands (1637 and 984cm-1) indicated the reaction of the 

carbon-carbon double bond.  
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Neat and plasma treated particles were observed by SEM. Photographs taken at 

several magnifications in figure 2.2.9 show the presence of circular aggregates of about 

30μm and fine irregular single particles ranging from 0.1 to 1μm. Aggregates are larger 

structures of fine particles that tend to combine together and form strongly bonded 

agglomerates [18, 20]. To form high quality and high performance ceramic polymer 

composites, the particle aggregates must be broken down during composite processing 

[18]. Therefore, specially designed processing equipment is often required [35]. In 

general, irregular shaped particles are preferred to spherical ones because the molten 

polymer can penetrate to the particle surface during high temperature composite 

processing and can form a mechanical interlock with the particle, while the smooth 

surface of spherical particles does not provide such a locking mechanism [18]. 

 HA HAɛ-cap HAAA 

x200 

   

x1000 

   

x2500 

   

Figure 2.2.9.- SEM photographs of the neat, ɛ-caprolactone and acrylic acid plasma treated HA 

particles.
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Elastomer matrix composites 

PLCL matrix composites were prepared by mixing the appropriate quantities in a 

twin screw micro-compounder during 15minutes at 200ºC. In this process, HA is 

intercalated and dispersed in the polymer melt by application of shear forces during 

compounding [36]. After 15 minutes mixing, composites are injected at 200-225ºC 

depending on the HA content. Although at these temperatures, phase and compositional 

changes of the HA are not expected [28], some authors have reported boosted thermal 

degradation of polymer matrix in bioglass composites processed by thermoplastic 

techniques [29]. Therefore, thermogravimetric analysis (TGA) was conducted on 10-

20mg weight samples cut from the injected samples by heating them under an inert 

atmosphere from room temperature to 600ºC at 5ºC/min heating rate. TGA provides a 

good indication of the polymer’s bulk degradation rate e. g. for a certain value of 

residence time at a specified temperature, yet it offers little insight into changes in 

processing-related properties, which are not always coupled to material loss [37]. 

However a detailed description of the degradation mechanisms including inherent 

viscosity measurements, gel permeation chromatography (GPC) [37] or mass 

spectrometry (MS) and Fourier transform infrared spectrometry (FTIR) [38] are beyond 

the scope of this study. Accordingly, thermal stability is discussed in terms of the relative 

position of thermal degradation onset temperature (Tonset) regarding that of the neat 

polymer.  

Thermal analysis 

The increase in thermal stabilities observed in natural ceramic or clay-polymer 

composites has been attributed to the higher thermal properties of clay and to the 

interaction between the clay particles and the polymer matrix [36]. The nanoclays are 

believed to increase the barrier properties by creating a maze or a “tortuous path” that 

retard the progress of gas molecules through the matrix resin [39, 40]. Several works with 

layered silicates and aliphatic polyesters [36, 39-41] or polyurethanes [42] reinforced 

composites have reported the enhancement of the thermal stability of the polymeric 

matrix as a consequence of the incorporation of natural (clays) or synthetic ceramics. 

However, Ray [40] reported a slight degradation of PLA during processing with an 
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associated reduction in Mw from 177K of PLA to 165K for the 4%montmorillonite. 

Ignjatovic et al. [43] studied the effect of hot-processing time on degradation of HA/Poly-

L-lactide composite biomaterial [43] and found evidences that increasing the hot 

processing time decreased the thermal stability of PLA matrix [43]. Still, they explained 

the thermal degradation of PLLA by the final OH groups that “attack” the basic chain at 

temperatures higher than 500K (223ºC) [43] and did not refer to the presence of 

impurities, moisture or metals that may catalyse the degradation [44-46]. Moreover, they 

observed greater thermal stability of composites before hot processing and ascribed it to 

the presence of HA particles which in the composite acted as barriers preventing heat 

transfer [43]. Ural et al. studied the degradation of PLCL/HA composites and found that 

they degraded much slower than pure copolymer and suggested the possibility that HA 

particles could absorb the degradation products, monomers and oligomers which further 

reduced the autocatalytic degradation of the polymer phase [47]. Although Ural et al. 

referred to hydrolytic degradation, it is possible that the same mechanism applies during 

thermal degradation. Weight loss percentage of neat PLCL and 30% HA content 

composites are represented in figure 2.2.10. Thermal onset temperature (Tonset) and 5 (T5), 

10 (T10), and 60% (T60), weight loss temperatures are listed in table 2.2.4. 

 

Figure 2.2.10.- Thermogravimetric analysis of the PLCL-30HA system 
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Table 2.2.4.- Tonset, T5, T10, T60 of unfilled and HA and HAɛ-cap samples 

  Neat 

  0HA 10HA 20HA 30HA 

Tonset ºC 307 294 301 300 

T5 ºC 290 287 292 293 

T10 ºC 303 299 303 302 

T60 ºC 326 327 332 330 

  HAɛ-cap 

  10HA 20HA 30HA 

Tonset ºC 310 309 312 

T5 ºC 303 303 308 

T10 ºC 310 310 315 

T60 ºC 335 334 339 

  HAAA 

  10HA 20HA 30HA 

Tonset ºC 327 330 330 

T5 ºC 320 321 324 

T10 ºC 327 329 331 

T60 ºC 346 349 348 

As seen from figure 2.2.10 and table 2.2.4, the Tonset of HA loaded composites is 

advanced 6-13 degrees compared to the neat polymer, indicating a moderate effect in the 

thermal stability due to the addition of neat HA particles. Being the thermal degradation 

a complex mechanism, it is presumed that impurities may catalyse any of the reactions 

that take place during the thermal degradation of the polymeric matrix. In contrast a delay 

in Tonset is noted for the plasma coated particles composites, indicating that their thermal 

stability has been considerably enhanced by the plasma polymerization of the nanoHA, 

being the most effective the poly(acrylic acid) plasma treatment. Similar results have been 

reported on coated particles composites [30, 48] although different arguments were 

outlaid to explain the observed enhancement. 
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The reason underlying the reported improvement of thermal stability of l-lactide 

grafted HA particles (g-HA) was a barrier effect of the g-HA particles which slowed down 

product volatilization and thermal transport which assisted composites with high thermal 

stability [48]. 

On the other hand, the proposed mechanism that laid behind the improvement of 

the thermal stability due to the plasma polymerization of bioglass particles was to avoid 

the degradation reaction between the Si-O- groups present in the surface of bioglass 

particles and the C=O groups present in the polymer backbone [30, 31].  

From TGA, the actual composition of the composites was obtained attributing the 

weight loss to the organic phase content. Accordingly, considering density values of 1.2 

g/cm3 for PLCL [49] and 3.2 g/cm3 [4] for HA, the volume fraction of HA was calculated. 

A summary is listed in table 2.2.5. 

Table 2.2.5.- Thermogravimetric analysis of the PLCL system. 

 Neat HAɛ-cap HAAA 

 w/w HA VHA w/w HA VHA w/w HA VHA 

 % % % % % % % % % 

PLCL0HA 92.7         

PLCL10HA 87.8 12.2 0.05 86.9 13.1 0.05 90.9 9.1 0.04 

PLCL20HA 84.4 15.6 0.06 81.3 18.7 0.08 84.8 15.2 0.06 

PLCL30HA 70.1 29.9 0.14 72.5 27.5 0.12 73.7 26.3 0.12 

From table 2.2.5, no significant deviations in composition from the theoretical 

values can be inferred.  

DSC showed small variations of Tg, ascribed to measurement deviations. 

Decreasing values of ΔCp for increasing HA compositions are attributed to the decrease 

of polymeric content that changes from glassy to rubbery state during the heating scan.
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Table 2.2.6.- Glass transition temperature (Tg) and corresponding step in specific heat capacity 

(ΔCp) of plain polymer matrix and its composites. 

 Neat HA HAɛ-cap HAAA 

 Tg ΔCp Tg ΔCp Tg ΔCp 

 ºC J/(gºC) ºC J/(gºC) ºC J/(gºC) 

PLCL0HA 20.5 0.492     

PLCL10HA 20.1 0.408 20.8 0.425 20.3 0.410 

PLCL20HA 19.7 0.368 20.1 0.412 20.4 0.365 

PLCL30HA 21.4 0.329 19.8 0.320 19.5 0.367 

Tensile tests 

Tensile tests conducted on dumbbell samples are shown in figure 2.2.11. From the 

obtained graphs, the secant modulus at a 2% strain and stress and strain at rupture were 

calculated and are resumed in table 2.2.7.  

 

Figure 2.2.11.- Stress-strain graph of neat HA composites 
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Figure 2.2.12.- Stress-strain graph of HAɛ-cap  composites. 

 

Figure 2.2.13.- Stress-strain graph of HAAA (right) composites. 
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strength to limited segmental stress transfer based on observations that the static strength 

of polymer samples depends on their molecular weight [50]. According to this theory, the 

introduction of defects or heterogeneities such as a second phase, will affect stress 

transmission through chain molecules in different ways. If there is a strong interface (e. 

g., covalent bonds) between reinforcement filler and polymer matrix, load will be 

transferred to the filler, which will bear the load, increasing the tensile strength of the 

composite [18]. In contrast, poor bonding strength between polymer and filler serves as 

a crack path whose growth is subjected to fracture energy and energy dissipation 

mechanisms at the crack tip [4].  

In the studied systems, as depicted in figures 2.2.11 to 2.2.13 and resumed in table 

2.2.7, the addition of HA shows an increase in E2% and in σR compared to the neat 

polymer. However, the obtained data have not been revealed to be very reproducible 

making it difficult to stablish a correlation with increasing HA, HAɛ-cap and HAAA content. 

The presence of agglomerates (as shown in figures 2.2.15 to 2.2.17), that have 

endured conformation and impurities on HA surface are thought to have reduced the 

effectiveness of the plasma coating and contributed to the observed variability on the 

measured properties. Great variances in surface properties such as contact angle 

measurements have been ascribed to impurities present in HA [4]. 

For the ease of discussion, obtained data have been compared to theoretical values 

predicted according to a model proposed by Nicolais and Narkis [52] which assumes 

spherical particles with no adhesion between them and matrix, being the load carried by 

the continuous polymer phase [53]. The tensile strength of the composite, σc, is given by 

𝜎𝑐 =  𝜎𝑚(1 − 1.21𝑉𝑓
2 3⁄

) (equation 7)  

where the σm is the tensile strength of the matrix and Vf is the volume fraction of 

the filler. As it can be seen in table 2.2.7, experimental results are higher than predicted 

values, suggesting some adhesion between matrix and particles and consequent load 

transfer. The work of adhesion between PLA and HA and between PCL and HA has been 

reported to be 57±1 and 48±3mJ/m2 respectively [4]. These values are usually attributed 

to the formation of a physical bond (e. g. van der Waals and dispersion forces) at the 



Chapter 2. Polymer Processing: From Grains to Devices 
Subchapter 2.2. Thermoconformation. Compounding 

159 

organic/inorganic interface and the absence of interfacial chemical bonding [4]. 

Interestingly, the highest values of σR and the lowest values of ɛR have been obtained for 

neat HA composites; whereas plasma coated particles composites achieved higher values 

of ɛR for lower values of σR. This trend suggests that due to the chemical modification of 

the HA surface, crack propagation has been hampered in favour of higher extended 

chains. 

Corresponding values of ɛR have been plotted in figure 2.2.14. It can be easily 

noted that the highest extension is obtained for HAAA composites. 

Table 2.2.7.- Mechanical properties of PLCL composites. 

  E2% σR σC ɛR 

  MPa MPa MPa % 

 PLCL 3.7±0.1 19.7±0.7  532±26 

Neat 

HA 

PLCL10HA 7.6±0.6 22.7±0.8 16.5 502±27 

PLCL20HA 16.8±5.3 25.1±1.5 15.9 506±40 

PLCL30HA 31.9±0.8 24.9±1.4 13.4 485±36 

HAɛ-Cap 

PLCL10HA 13.8±2.3 23.2±0.6 16.3 563±10 

PLCL20HA 14.6±2.4 23.2±0.6 15.3 580±30 

PLCL30HA 19.7±1.7 21.8±1.0 13.8 558±43 

HAAA 

PLCL10HA 10.3±1.8 21.9±1.4 17.1 606±27 

PLCL20HA 6.2±0.3 23.1±2.1 16.0 706±78 

PLCL30HA 13.4±4.9 22.4±1.0 14.0 671±62 
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Figure 2.2.14.- Elongation at break vs HA content as determined by TGA. 
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Figure 2.2.15.- SEM photographs of the rupture surfaces of neat HA composites 
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Figure 2.2.16.- SEM photographs of the rupture surfaces of HAɛ-cap composites 
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Figure 2.2.17.- SEM photographs of rupture surfaces of HAAA composites 

Dynamic mechanical analysis 

DMA provides a sensitive test method for chemical and structural changes of 

polymeric materials and composites as a function of temperature [54]. Pure PLCL and its 
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elastic.  
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Figure 2.2.18.-Evolution of storage modulus and loss factor of with temperature. 

The DMA results of the plasma coated particles show a similar trend than 

uncoated particles. Increasing the HAɛ-cap content increases the storage modulus and the 

highest increase is observed for the 30% composite. The height of the tan δ does not 

reveal any significant decrease, indicating the damping character of the composites in the 

transition. 

 

Figure 2.2.19.- Evolution of storage modulus and loss factor with temperature of HAɛ-cap 
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Figure 2.2.20.- Evolution of storage modulus and loss factor with temperature of the 

poly(acrylic acid) functionalized system. 

The intensity of the transition (S) from glassy to rubbery state refers to the 
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mobility or a higher content of the amorphous phase [56]. Thus, corresponding values of 
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extremely low compared to that of PLCL matrix, it is possible that new damping 

mechanisms may be introduced that are not present in the unfilled polymer, which include 

particle-particle friction where particles are in contact with each other in agglomerates 

that occur at the higher volume fractions [53]. 

 

Figure 2.2.21.- Intensity of transition corresponding to HA neat (black), HAAA (red) and HAɛ-cap 

(blue) content. 
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Figure 2.2.22.- Tan δ (composite)/tan δ (matrix) versus fibre volume content (Vf) as determined 

by TGA 

Glassy matrix composites 
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HA, plasma coating would create a barrier between impurities and PLA, thus increasing 

the thermal stability.  

 

Figure 2.2.23.-Thermogravimetric analysis of neat PLLA and 30% HA composites. 
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Tensile tests 

Mechanical strength and elasticity modulus play a significant role in implantation 

and exploitation of the biomaterial [43]. The addition of HA, which has a reported 

Young’s modulus of 35-120GPa and a tensile strength of 100-900MPa [4] is expected to 

have a reinforcing effect on PLLA matrix, although as explained previously, the fracture 

reinforcement effect is subjected to the interface adhesion between matrix and filler and 

to plastic dissipation mechanisms at the crack tip [4]. The mechanical properties were 

calculated from tensile tests conducted on PLLA and its composites. Graphical 

representation and corresponding fracture surfaces are shown in figures 2.2.24 to 2.2.29. 

From figure 2.2.24 the reduction of elongation at break by addition of 10% HA 

into the polymer matrix can be noted, which suggests an inadequate adhesion of the filler 

particles to the polymer matrix [26]. Although some authors have reported PLA to be 

linked chemically with calcium orthophosphates such as TCP or HA [62] by means of a 

weak ionic bond between Ca in orthophosphates and oxygen in a C=O ester group double 

bond [26] the bonding strength at PLLA/HA interface has been reported to be in the range 

of physical bond (20±4MPa) and not in the chemical bonding range [4]. On the other 

hand, the shape of the fillers is also a key factor in crack propagation being the fibre-

shaped fillers more effective than particulate ones [26].  

Plasma modified particles seem to produce a considerable reinforcing effect as 

seen in figure 2.2.24. The observed increased in elastic modulus suggests a better 

interface between the functionalized particles and the matrix, able to share the applied 

load efficiently due to the formation of a bond between functionalized particles and PLA 

matrix. Some authors have reported 6-11GPa of modulus of elasticity in bending mode 

for a 30-70%wt calcium metaphosphate glass fibre which is in the range of natural cortical 

bone [62]. However, greater increases have been obtained for fibres. The modulus of 

elasticity of PLLA composites was increased to 4.3GPa when 5μm particle size HA was 

used [26].  
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Figure 2.2.24.- Tensile tests conducted on PLLA, 10HA and 10HAAA composites. 

Interestingly, the addition of 10%HAAA particles increased the ductile behaviour 

with neck formation and growth suggesting the development of dissipation mechanisms 

at the crack tip by plastic deformation. 
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figure 2.2.28.  
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Figure 2.2.25.- Stress-strain graph of PLLA (black) and its composites 20%HA (red) and 

20%HAAA (green). 

Further increasing the HA content caused discontinuities in the matrix reducing 

the plasticization capacity and promoting brittle behaviour as evidenced by tensile tests 

and surface micrographs of figures 2.2.26 and 2.2.29 respectively. 

 

Figure 2.2.26.- Stress-strain graph of PLLA (black) and its composites 30%HA (red) and 

30%HAAA (green). 

0 5 10

0

10

20

30

40

50

60

70

 

 


 (

M
P

a)

%)

 PLLA

 20HA 

 20HA
AA

0 5 10

0

10

20

30

40

50

60

70

 

 


 (

M
P

a)

 (%)

 PLLA

 30HA

 30HA
AA



Chapter 2. Polymer Processing: From Grains to Devices 
Subchapter 2.2. Thermoconformation. Compounding 

171 

Table 2.2.9.- Mechanical properties of PLLA composites 

 E σY ɛY σR ɛR 

 MPa MPa % MPa % 

PLLA 1360.5±80.2 65.7±0.8 7.3±0.3 57.2±0.7 10.2±0.5 

10HA 1404.7±54.0 63.8±5.3 7.2±0.3 58.2±4.8 7.8±0.4 

20HA 1571.0±92.8 63.6±1.6 7.5±0.4 62.9±1.5 7.6±0.5 

30HA 1564.1±111.4 58.7±3.4 5.9±0.5 58.4±3.2 6.0±0.5 

10HAAA 1657.2±128.2 63.9±1.0 5.8±0.4 41.0±12.7 57.6±62.2 

20HAAA 1743.0±79.0 63.3±2.2 5.4±0.3 61.2±1.7 7.0±2.5 

30HAAA 1873.3±179.8 52.3±9.2 3.7±0.4 52.8±7.0 3.7±0.3 

Table 2.2.9 resumes the mechanical properties of the composites and the neat 

polymer. It can be seen that the addition of neat HA causes a moderate increase in the 

elastic modulus, whereas the functionalization of these particles with poly(acrylic acid) 

has a stronger reinforcing effect on the composites. 

SEM 

The fracture surfaces were analysed by SEM, and corresponding photographs are 

shown in figures 2.2.27 to 2.2.29.  

Fracture surfaces of figure 2.2.27 show the uniform distribution of HA particles 

onto the surface whereas the presence of aggregates was not observed, indicating that a 

good dispersion had been achieved during mixing operation. 

Photographs at 500 and 3000 augmentations of neat PLLA and neat HA composite 

displayed even surfaces, in accordance with the scarce plastic strain measured by tensile 

tests, whereas plasma coated particles were surrounded by a markedly deformed polymer 

matrix. 



Chapter 2. Polymer Processing: From Grains to Devices 
Subchapter 2.2. Thermoconformation. Compounding 

172 

 PLLA 10HA 10HAAA 

X50 

   

X500 

   

X3000 

   

Figure 2.2.27.- SEM photographs of the fracture surface after tensile tests 
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Figure 2.2.28.- SEM photographs of the fracture surface after tensile tests. 
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Figure 2.2.29.- SEM photographs of the fracture surfaces.  

Observation of the surfaces at x3000 lead to note the presence of smooth irregular 

voids carelessly distributed onto the surface. From their appearance and the lack of plastic 

deformation it can be inferred to have been formed during the solidification of the melt 

as a consequence of the presence of air bubbles. Their existence is thought to have 

disguised the reinforcement of the HA particles promoting brittle fracture due to stress 

concentration and reduction of the effective cross section that bore the load during the 

tensile tests. 

Dynamic mechanical analysis 

Figure 2.2.30 compares the temperature dependence of E’ of neat PLA and 

10%HA composites, showing an increase of E’ as a consequence of HA addition and 

further increase for functionalized particles. Moreover, due to the presence of particles, 

E’ after the glass transition maintains at higher values than plain matrix polymer. Similar 

results have been reported when HA was added to polylactides [54]. Further increasing 

the temperature shows a recovery in the storage modulus. This recovery is usually 

ascribed to the cold crystallization promoted during the heating scan. It is observable that 
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the filled composites exhibit a higher recovery of the storage modulus, suggesting higher 

presence of crystals. The faster crystallization in filled composites could derive from an 

amorphous phase with greater mobility resulting in a higher value of tan δ peak [56]. The 

effect of particles as nucleating agents will be discussed later. 

 

Figure 2.2.30.- Dynamic mechanical analysis of PLLA (black), 10HA (red) and 10HAAA 

(green).  

Differences in tan δ are easily seen in figure 2.2.30. When incorporating HA 

particles, the loss tangent decreased mainly due to the volume effect [5] although the 

predominating viscous character of the matrix is preserved as in all cases tan δ>1. Besides, 

the peak temperature of 10% HA is advanced regarding that of the bare polymer. Some 

authors have reported the decrease of Tg with increasing nano-particle loading and 

attributed it to the creation of large interfacial zone leading to dispersed regions of high 

chain mobility [57, 63]. Conversely, the addition of HAAA particles retarded the 

apparition of Tg. It is possible that this retardation is due to the partial immobilization of 

the polymer and a physical blocking of a number of molecular configurations as a result 

of adsorption onto the filler surface [54]. If an adsorbed layer is more rigid than the 

polymer matrix, then the glass transition of this layer would be expected to be greater 

than that of the polymer matrix [54]. Thus, the adsorbed layer of polymer on the filler 

surface can increase both the modulus and the transition [54].  
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Figure 2.2.31.- Dynamic mechanical analysis of PLLA (black) and PLLA/HA (red) and 

PLLA/HAAA (green) composites with 20% weight HA. 

 

Figure 2.2.32.- Dynamic mechanical analysis of PLLA (black) and PLLA/HA (red) and 

PLLA/HAAA (green) composites with 30% weight HA. 
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trend observed in tan δ. Apart from this, the observed increase of E’ below glass transition 

and after cold crystallization followed the expected trend.  

In order to evaluate the amorphous phase, the intensity of transition (S) was 

calculated from the DMA data. Obtained values are plotted for each composition in figure 

2.2.33. 

The intensity of transition is subjected to the amount and mobility of the 

amorphous phase that changes from glassy to rubbery state because HA in this 

temperature range displays negligible changes in its mechanical properties [54]. 

Interestingly, increasing the filler content increases S, indicating an enhanced mobility of 

the amorphous phase by the addition of particles, noting the highest increase of S in 

poly(acrylic acid) functionalized particles.  

 

Figure 2.2.33.- Intensity of transition corresponding to HA neat (black) and HAAA (red) volume 

fraction. 

In order to further characterize the fibre-matrix interface adhesion, parameter (b) 

was graphically calculated from figure 34. Linear fit of the data gave b=-0.5364 for HA 

composites and b=2.7881 for HAAA composites. Interpretation of b<1 suggest the 

formation of a weak interface, whereas b>1 suggest a thick immobilized layer [22]. 
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Figure 2.2.34.- Tan δ (composite)/tan δ (matrix) versus fibre volume content (Vf) as determined 

by TGA. 

Following the observed cold crystallization in DMA, a further study on 

crystallization kinetics of PLLA composites was conducted in order to elucidate the role 

of HA particles as nucleating agents. Studies on polylactide/layered silicate 

nanocomposites have shown that the surface of the dispersed silicate act as a nucleating 

agent for PLA crystallization, leading to the formation of smaller spherulites starting from 

increased number of nuclei [64]. Therefore, it can be inferred that the strength 

enhancement observed in filled composites is not only due to the reinforcement effect of 

particles but to increased crystallinity degree as a consequence of their nucleating activity. 

Non-isothermal crystallization kinetics 

Since in its amorphous form, the range of applications of PLA is severely limited 

by its low Tg, many attempts have been made to increase the crystallization rate of PLA 

[65]. In the present study, the non-isothermal crystallization kinetics of PLLA, 30HA and 

30HAAA was evaluated. Accordingly, 5mg samples of the above mentioned compositions 

were submitted to different cooling rates and subsequent heating ramps. Details are 

showed in figure 2.2.35. Subsequent heating scans revealed that decreasing cooling rates 

gave place to the apparition of two endothermic peaks that eventually converged into one 

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0.5

0.6

0.7

0.8

0.9

1.0

 

 

(T
an

 
) c/(

T
an

 
) m

HA content (%)

 Ideal

 HA
AA

 HA



Chapter 2. Polymer Processing: From Grains to Devices 
Subchapter 2.2. Thermoconformation. Compounding 

178 

single peak as cooling rate was increased. Together with this, the apparition of an 

exothermic peak just before the melting was observed.  

 

Figure 2.2.35.- DSC thermograms obtained from nonisothermal crystallization and subsequent 

heating scans of PLLA. 

The nonisothermal crystallization thermograms for neat PLLA and 30% HA 

composites obtained at 8 cooling rates are represented in figures 2.2.36 to 2.2.38. From 

these curves, the peak temperature (Tp) at which the sample exhibits the fastest 

crystallization were extracted and used for further calculations. It can be seen that the 

crystallization exotherm becomes broader and shifts to a lower temperature with 

increasing cooling rates, as would be expected for crystallization in a nucleation 

controlled region [65]. It is also noted the eventual displacement of the maximum towards 

lower values of temperature. This maximum has been attributed to crystallization in the 

α’ polymorph that causes a drastic increase of crystallization rate below 120ºC [66]. 

According to figures 2.2.36 to 2.2.38, PLLA and 30HAAA reached the maximum at 

6ºC/min, whereas 30HA at 8ºC/min. 
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Figure 2.2.36.- DSC thermograms obtained for nonisothermal crystallization of neat PLLA at 

the indicated cooling rates. 

 

Figure 2.2.37.- DSC thermograms obtained for nonisothermal crystallization of 30HA 

composite at the indicated cooling rates. 
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Figure 2.2.38.- DSC thermograms obtained for nonisothermal crystallization of 30HAAA 

composite at the indicated cooling rates. 

It must be pointed out that visual examination of curves 2.2.35 to 2.2.38 may lead 
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developed during the cooling scan was calculated and plotted accordingly figure 2.2.39. 
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Figure 2.2.39.- Calculated Xc for the corresponding cooling rate. 

Representation of Xc against the corresponding cooling rate suggests three regions 

of crystallization kinetics where the highest Xc values were achieved for the slowest 

cooling rate. Conversely, cooling faster than 30ºC/min for PLLA or 40ºC/min for 30HA 

and 30HAAA composites led to amorphous structures. Similar results have been reported 

by other authors [66, 32]. At 0.5ºC/min cooling rate, 30HA followed by pure PLLA 

exhibited the highest Xc. In the range between 1 and 8-10ºC/min, Xc seem to follow a 

linear relation with cooling rate. In this region, 30HA showed the highest Xc, whereas 

pure PLLA exhibited the lowest values. Interestingly, the trend of 30HAAA was more 

similar to pure PLLA than to 30HA. For 10ºC/min cooling rate, Xc of composites was 

higher than 37% whereas that of PLLA was 31%. From the above discussion it is inferred 

that HA and HAAA had a different influence upon crystallization. Therefore, their 

nucleating activity (ϕ) was calculated according to ref. [27] from the ratio of the slopes 

of log r (being r the cooling rate) versus 1/𝛥𝑇𝑝
2 as shown in figure 2.2.40. 
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Figure 2.2.40.- Plots of log r versus 1/𝛥𝑇𝑝
2 for PLLA and HA and HAAA composites. 

Linear fitting of data gave the slopes: -0.0088 for PLLA, -0.0079 for HA and -

0.0085 for HAAA, leading to ϕHA=0.89772 and ϕHAAA=0.96591. Interpretation of ϕ, 

renders that HA is a more active heterogeneous nucleating site than HAAA although both 

particles are quite inert as their activity factor is near unity. 

Considering the influence of the cooling rates on the nonisothermal crystallization 

process, the activation energy could be determined by calculating the variation of the 

crystallization peak with cooling rate after Kissinger [67]: 

𝑑[𝑙𝑛(𝜙 𝑇𝑝
2⁄ )]

𝑑(1 𝑇𝑝⁄ )
= −

Δ𝐸𝑐

𝑅
 (equation 8) 

Where ΔEc is the crystallization activation energy, and R is the gas constant 

(8.31J/Kmol). The activation energy can be obtained from the slope of the plot of 

𝑙𝑛(𝜙 𝑇𝑝
2⁄ ) versus 1 𝑇𝑝⁄ , which is represented in figure 2.2.41 for neat PLLA and 30%HA 

composites. The calculated ΔEc for neat PLLA, 30HA and 30HAAA were -180.27kJ/mol, 

-228.56kJ/mol and -209.59kJ/mol respectively. ΔEc values are negative, indicating that 

the rate of crystallization increased with decreasing temperature, and the crystallization 

process of polymer is a barrierless and spontaneous process (the lower the value of ΔEc 
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the faster the crystallization rate) [66]. The obtained value for PLLA is quite similar to 

reported values in literature -149.67kJ/mol [66] and -146.86kJ/mol [68]  

 

Figure 2.2.41.- Plot of 𝑙𝑛(𝜙 𝑇𝑝
2⁄ ) as a function of 1 𝑇𝑝⁄ , for neat PLLA (black) and 30HAAA 

(green) and 30HA (red) composites. 

Subsequent heating scans performed after each cooling ramp, revealed the 

presence of double melting peaks as shown in figure 2.2.42. It was noted that in all cases, 

the lower melting peak gradually disappeared for increasing cooling rates, being more 

persistent in the composites than in the neat PLLA. The disappearance of the lower 

melting peak was accompanied by a shift towards lower temperature of the prevalent 

melting peak and the apparition of an endotherm just before melting. Interestingly, 

featuring peaks of 30HAAA were centred at the same temperatures than so of PLLA. 

According to ref. [32], a double melting is a common phenomenon for polymers that has 

been described as lamellar rearrangement [69] or annealing whereby crystals of low 
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Figure 2.2.42.- Melting curves of PLLA, 30HA and 30HAAA after cooling at the indicated 

cooling rates. 

Conclusions 

In this subchapter, plasma polymerization has been successfully performed on an 

osteoconductive filler (HA) as quantitatively demonstrated by thermogravimetric 

analysis (TGA), infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) 

and more qualitatively by visual observation of sedimentation of suspended particles in 

chloroform. 

Following, these particles were compounded with two biodegradable and 

biocompatible polymeric matrices (PLCL and PLLA) for their potential use as fixation 

devices with enhanced osteoconductivity. 

Thermogravimetric analysis revealed a significant enhancement in thermal 

stability of elastomeric matrix composites, whereas it was more subtle in the glassy matrix 

composites.  

Tensile tests revealed an increased elastic modulus of PLCL composites by the 

addition of neat HA, whereas composites of plasma coated particles showed enhanced 

elongation at break.  

150 160 170 180 190 200

 0.5ºC/min

 6ºC/min

 2ºC/min

 

 

 PLLA

 30HA

 30HA
AA

H
ea

t 
fl

o
w

 (
W

/g
) 

  
  
E

x
o
  
>

Temperature (ºC)

 1ºC/min



Chapter 2. Polymer Processing: From Grains to Devices 
Subchapter 2.2. Thermoconformation. Compounding 

185 

In PLLA composites, compounding with plasma coated particles caused the 

highest increase of E. Except for 10% HAAA composites, the addition of particles reduced 

the strain at break. The presence of smooth irregular voids distributed onto the surface 

makes us speculate about the presence of air bubbles that may have jeopardized the effect 

of particles.  

Dynamic mechanical analysis of PLCL composites did not reveal spectacular 

changes, probably due to the low strain regime of the measurements. Conversely, storage 

modulus and damping of PLLA revealed very sensitive to the addition of particles. In 

general, the addition of HA particles increased E’ in the solid (glassy and recrystallized) 

states, whereas increasing the HAAA content promoted damping alikeness with neat 

PLLA.  

This alikeness was further observed during the non-isothermal crystallization 

kinetics evaluation whereby it was concluded that neat HA is a more heterogeneous 

nucleating site than HAAA. 
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Introduction 

Shape memory materials are stimuli-responsive materials which have the 

capability of changing their shape upon application of an external stimulus [1] such as 

heat or light [2, 3, 4] or exposition to a particular environment [5] such as ionic 

concentration, magnetic field [6], electric field [7], moisture [7, 8] or immersion in water 

[9, 10]. 

The shape memory effect (SME) has been reported in alloys, ceramics, hydrogels, 

polymers [11] and even in human red blood cells [12]. However, comparisons amongst 

“smart” [1, 2, 5, 7, 13-16] materials are only useful with respect to specific applications 

because the underlying physical principles are quite different [16, 17]. For instance, the 

SME of shape memory alloys (SMAs) is based on a martensitic phase transition taking 

place without diffusion [1], whereas shape-memory polymers have their own special 

shape-memory mechanism [18]. 

As the shape memory does not require a specific chemical structure, the intrinsic 

material properties can be adjusted to the need of specific applications (functionalization) 

by variation of molecular parameters [15], such as the type of monomer or the comonomer 

ratio [7, 9]. The on-demand movement [10] as a function of polymers results from a 

combination of polymer’s architecture (morphology) [4, 7] and a shape memory creation 

procedure, often called programming [4, 9, 19]. 

Thermoresponsive shape memory polymers (SMPs) [14] are elastic polymer 

networks equipped with suitable stimuli-sensitive switches [7, 9]. The network of 

crosslinks, which persist through the temperature and deformation range of operation 

determine the permanent shape [20], whereas the switches are responsible for the transient 

[21] or temporary shape [22]. The crosslinks can be chemical bonds (thermosets), 

physical entanglements (thermoplastics), or small crystalline domains (phase-segregated 

block copolymers) [20]. Molecular switches [23] make use of reversible thermal 

transitions such as the glass transition (Tg) or melting temperature (Tm) [24]. 

To display shape memory functionality relevant to the particular application [1, 7, 

9, 25], SMPs must be first processed to receive their permanent shape [23] by 
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conventional processing methods [9] above a certain temperature (Tperm) determined by 

the nature of the polymer. For instance, in linear block copolymers the hard segments 

provide the highest thermal transition [1, 4, 7, 9] whereas in semicrystalline 

homopolymers, the processing temperature is linked to the melting temperature of the 

crystalline domain [26, 27]. Afterwards, the polymer sample is deformed and the intended 

temporary shape is fixed [1, 9]. 

Although the programming process can be performed at a low temperature 

(Tdef<Ttrans) [1, 4, 28], generally, higher temperatures (Tdef>Ttrans) are preferred over cold 

stretching protocols, as the temporary shape is more easily conferred [23] and the shape 

memory effect is significantly enhanced [4]. 

Whether the transformation temperature is a glass or a melting transition, the 

microstructure will require appropriate design to allow for sharp transitions [15]. Melting 

transitions are usually narrower than glass transitions [15]. However, as melting and 

crystallization exhibit a large hysteresis on heating and cooling which increases further 

with increasing cooling or heating rates, the overall thermomechanical cycle associated 

may still be longer than that based on glass transition [15]. Moreover, very fast cooling 

rates could jeopardize the extent of crystallization, hampering the shape memory effect 

[15]. 

The molecular mechanism underpinning the SME of amorphous SMPs is the 

dramatic change in the temperature dependence of the chain mobility induced by the glass 

transition [20] and associated entropy elasticity of the rubbery state [4, 8, 9]. Basic 

principles of shape memory effects and their application procedure can be best described 

with their modulus (E)-temperature (T) [28] or frequency (ω) behaviour [29] such as the 

master curve of a typical linear amorphous polymer shown in figure 3.1. Here, two 

relaxation processes are obvious: the glass to rubber transition and the terminal zone 

relaxation [29]. 
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Figure 3.1.- G’ mastercurve for a typical linear amorphous polymer 

Entropy elasticity 

The glass transition is a consequence of submolecular units moving in the same 

time frame as the measurement frequency (ω) [29]. At high frequencies the apparatus 

views the material as a glass since the submolecular units cannot move as rapidly as ω 

and at lower frequencies the material appears less rigid as submolecular unit movement 

is in the same time frame as ω [29]. At lower frequencies still, a plateau region is observed 

due to the presence of the transient entanglement network [29]. According to the classic 

rubber elasticity theory, the plateau modulus GN
0 is proportional to both cross-link density 

and temperature, or  

GN
0=νkBT=ρRT/Mc (equation 1)  

where ν is the number density of network chains, ρ is the mass density, R is the 

universal gas constant, and Mc is the molecular weight between cross-links [4, 8]. In the 

rubbery region, polymer networks exhibit ‘‘superelasticity’’ wherein the polymer chain 

segments between cross-link points can deform quite freely and are prone to being twisted 
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randomly, via rotations about backbone bonds, maintaining a maximum entropy (S = 

kBlnΩ (equation 2), kB being Boltzmann’s constant and Ω being the number of 

configurations) and minimum internal energy as macroscopic deformation occurs [1, 8]. 

Therefore, the associated modulus of elasticity is dictated by the configurational entropy 

reduction [6, 17] that occurs with deformation of the constituent chains and is therefore 

often termed ‘‘entropy elasticity’’ [8, 4]. When the stress is released, this reduced entropy 

makes the long polymer chains “snap back” into their original positions [3, 4, 7-9, 26, 28, 

30, 31]. Further chain orientation leads to chain slippage and decoupling of crosslinks 

[32] featuring the terminal zone relaxation [29]. The length of the plateau and the breadth 

and shape of the terminal zone relaxation, are strong functions of the molecular weight 

distribution (MWD) [29]. Conversely, chain mobility can be reduced by cooling below 

the glass transition temperature, freezing the structure in a nonequilibrium configuration 

and allowing the material to store a deformed shape [20, 28]. The sharper the transition, 

the more sensitive to temperature is the material [23, 28], and in consequence, the more 

effectively the deformation is fixed over chain relaxation. Furthermore, a high elasticity 

ratio (Eglassy/Erubbery), preferably of two orders of magnitude [15, 28, 33], allows easy 

shaping at T>Tg and opposes great resistance to deformation at T<Tg [34]. Reheating to 

above Tg restores the mobility and allows the structure to relax again to an equilibrium 

random coil configuration of maximum entropy, and the material to recover its 

memorized permanent shape [20, 23].  

For samples with higher storage modulus at high temperature, more deforming 

energy is needed at Tdef and more energy are stored with the loss of elastic entropy when 

cooling down to Tfix [34]. As a result, the samples with higher storage modulus and low 

loss modulus, have higher tendency to return to their original shapes [8, 26, 27, 34-36]. 

Shape memory effect quantification  

Shape memory properties are quantified in cyclic, thermomechanical tensile tests 

or bending tests [4, 7, 9]. The data obtained from these tests allow the determination of 

the strain fixity ratio Rf, the strain recovery ratio Rr, the switching temperature Tswitch [9, 

11, 31] and the recovery temperature interval (ΔTrec) [4]. Rf quantifies the ability to fix a 

mechanical deformation (ɛm) applied in the programming process [9]. Rr quantifies the 
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ability of the material to memorize its permanent shape after programming using a certain 

ɛm [9]. The characteristic switching temperature Tswitch, represents the temperature of the 

maximum recovery rate (νr) [31] for description of recovery kinetics [31] and is 

determined as the inflection point of the strain–temperature recovery curve [31]. Finally, 

the recovery temperature interval is defined as the difference between the temperature at 

which the recovery starts and the temperature where the recovery is completed [4]. 

However, these properties depend on such parameters of the test protocols as 

temperature of deformation, temperature of fixation of the temporary shape, 

cooling/heating rate, maximum strain, mode of control (strain or stress) [4, 33], therefore, 

if fully understanding of the SME is sought, appropriate and tailored characterization 

methods on different levels of hierarchy [4] are needed. In this sense, suitable techniques 

for the exploration of structure-function relations [12] and gain a detailed knowledge of 

the molecular mechanism of the SME [1] are nuclear magnetic resonance (NMR), wide 

and small X-ray scattering, modulated and/or standard differential scanning calorimetry 

((M)DSC) and dynamic mechanical thermal analysis (DMTA). 

Finally, as a part of a comprehensive characterization, constitutive equations [15] 

and modelling approaches [4] provide a useful framework for the description and most 

importantly, the design of SMPs of tailored functionalities for particular applications. 

Applications of the shape memory effect 

These applications span over various areas of everyday life and include fabrics, 

intelligent packaging, self-repairing autobodies, switches and sensors [9]. Other 

application areas can be seen in reusable composite tooling, aerospace industry or nano-

actuators [9, 16, 22]. Yet, new shape-memory polymers can be more expensive than 

established engineering plastics notably at the beginning of the commercialization phase 

[9]. Therefore, first applications for SMPs can preferentially be found in areas, where 

only their functionality is really the key technology enabling a specific application [9]. 

Aerospace and medicine industries seem to be two of these niches [9]. 

Although a variety of thermoresponsive SMPs have been developed, 

biodegradability is often required for those intended for use as biomedical materials in 
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the body [14]. One example of their application is in implant devices for minimally 

invasive surgery [14]. Degradable implants can be inserted into the body in a compressed 

(temporary) shape through a small incision [14]. When the device is placed in the correct 

position, it achieves its application (permanent) shape when its temperature reaches Ttrans 

[14]. The device degrades after a defined time period, thus eliminating the need for a 

second surgery for removal [14]. 

To date, the most widely used stent polymers are biodegradable poly(L-lactic 

acid) (PLLA) [37], poly(DL-lactic acid) [38], poly(lactide-co-glycolide) (PLGA) and 

polycaprolactone (PCL) [24]. For instance, Tamai et al. [39] have successfully developed 

a self-expandable stent using PLLA [24]. However, the self-expansion can only happen 

at 70◦C which will cause some trauma to the cells. Therefore, although temperatures in 

the range of 60ºC can be tolerated for short periods of time [40] in areas of the body which 

are less sensitive to damage by elevated temperatures, several strategies have been 

explored including as indirect triggering [24, 41], plasticising effect of water molecules 

[7, 8, 9, 10, 42] or copolymerization [5, 11, 14, 18, 27, 35, 36, 43-47]. 

The aim of this chapter is to gain further insight into the shape memory effect, 

exploring the stress-strain-temperature dependence of the shape memory response based 

on characterization methods on the macroscopic as well as on the molecular and 

morphological level. Relevant data compiled thereof will serve to two main purposes 

namely, to fit the network model for a comparative study of the short term mechanical 

performance of three physical stent geometries [48] and to design a SMP with enhanced 

performance.
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Materials and methods 

Commercial (co)polymers 

Optically pure poly(L-lactide) Biomer L9000 of Mw= 160kDa and polydispersity 

index (D)= 1.7, was supplied by Boehringer Ingelheim (Germany). Commercial poly(L-

lactide-co-ɛ-capolactone) copolymer (PLCL 70/30 ref 1008000233; Mw=198.2kDa and 

D=1.77) and poly(DL-lactide-co-glycolide) (PDLGA 53/47 ref 0701000351; 

Mw=164.0kDa and D=1.51) were purchased from Purac Biochem (The Netherlands). 

Tailored (co)polymers 

Statistical poly(L-lactide-co- ε-caprolactone) (PLCL) copolymers of different L-

lactide content were synthesized starting from L-lactide monomer (assay > 99.5%), 

obtained from Purac Biochem (The Netherlands), and ε-caprolactone monomer (assay 

>98%), provided by Merck. Stannous octoate (assay 95%) was the catalyst employed for 

the synthesis of the copolymers showing higher blocky character (R ~ 0.40). Bismuth 

(III) subsalicylate (99.9% metals basis) was added to carry out the polymerization of the 

random (R → 1) PLCLs. Both catalysts were supplied by Sigma Aldrich. Ring-opening 

polymerizations (ROP) were conducted in bulk at 130ºC by a one pot-one-step procedure. 

The synthesis reactions of the Sn(Oct)2-initiated PLCLs (2000:1 comonomers:catalyst 

molar ratio) were carried out for 24 hours while  the copolymerizations induced by BiSS 

(1500:1 comonomers: catalyst molar ratio) were maintained at the temperature of reaction 

for 72 hours. The products were dissolved in chloroform and precipitated pouring the 

polymer solution into excess of methanol in order to remove the catalyst impurities and 

the monomers that did not react. 

Several poly(DL-lactide)s (PDLLA) were synthesized using D,L-lactide 

monomer (50:50 mix of L-lactide and D-lactide, assay > 99.5%) and different contents of 

lauryl alcohol, which was added to control the molecular mass of the polymer. Ring-

opening polymerizations (ROP) were conducted in bulk by a one pot-one-step procedure. 

The synthesis reactions using triphenyl bismuth as catalyst (1000:1 comonomers:catalyst 

molar ratio) were conducted for 24 hours at 130ºC. Afterwards, the products were 
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dissolved in chloroform and precipitated pouring the polymer solution into excess of 

methanol in order to remove the catalyst impurities and those monomers that did not react. 

Molecular characterization 

The molecular weight of the samples was determined by GPC using a Waters 1515 

GPC apparatus equipped with two Styragel columns (102 - 104 Å). Chloroform was used 

as an eluent at a flow rate of 1 mL min-1 and polystyrene standards (Shodex Standards, 

SM-105) were used to obtain a primary calibration curve. 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded in a Bruker 

Avance DPX 300 at 300.16 MHz of resonance frequency, respectively, using 5 mm O.D. 

sample tubes and following the experimental conditions described in previous works [49]. 

The signals of the lactide methine, centred at 5.15 ppm, and the signals of the α and ε 

methylenes of the ε-caprolactone, around 2.35 and 4.1 ppm, from the 1H NMR spectrum 

can be assigned to the different dyads [50]. The copolymer composition and the 

microstructural magnitudes of the copolymers were obtained from the average dyad 

relative molar fractions. Equations 3-7 [51] were employed to obtain the number-average 

sequence lengths (li) of L-LA and CL building blocks, the Bernoullian random number-

average sequence lengths (li)random and the randomness character (R): 

𝑙𝐿𝐴 =
2(𝐿𝐴)

(𝐿𝐴−𝐶𝐿)
 (equation 3);  

𝑙𝐶𝐿 =
2(𝐶𝐿)

(𝐿𝐴−𝐶𝐿)
 (equation 4); 

(𝑙𝐿𝐴)𝑟𝑎𝑛𝑑𝑜𝑚 =
1

(𝐶𝐿)
 (equation 5); 

(𝑙𝐶𝐿)𝑟𝑎𝑛𝑑𝑜𝑚 =
1

(𝐿𝐴)
 (equation 6); 

𝑅 =
(𝑙𝐿𝐴)𝑟𝑎𝑛𝑑𝑜𝑚

𝑙𝐿𝐴
=

(𝑙𝐶𝐿)𝑟𝑎𝑛𝑑𝑜𝑚

𝑙𝐶𝐿
=

(𝐿𝐴−𝐶𝐿)

2(𝐿𝐴)(𝐶𝐿)
 (equation 7) 

Where (LA) and (CL) are the two comonomer molar fractions, obtained from the 

integration of the lactide methane signals and the ɛ-caprolactone methylene signals, and 

(LA-CL) is the LA-CL average dyad relative molar fraction.  
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X-ray diffraction 

The X-ray powder diffraction patterns were collected by using a PHILIPS 

X’PERT PRO automatic diffractometer operating at 40 kV and 40 mA, in theta-theta 

configuration and with a secondary monochromator with Cu-Kα radiation (λ = 1.5418 

Å). A PIXcel solid state detector in scanning mode with 3.347º of active length was used. 

The samples were mounted in a generic sample holders and spinning of 4s of revolution 

time was applied. Data were collected from 10 to 50° 2θ (step size = 0.0262 and time per 

step = 150 s) at RT. A fixed divergence and antiscattering slit giving a constant volume 

of sample illumination were used.  

Stress relaxation 

An Instron 5565 universal testing machine equipped with an Instron-SFL 3119 

temperature controlled chamber was used for the stress relaxation, cyclic and shape 

memory tests. Stress relaxation tests were performed at three test temperatures 60, 65 and 

70ºC and five strain levels (ɛ=100, 200, 300, 400 and 500%). ISO 527-2 type 5A 

dumbbell specimens were stretched at a constant strain rate of 50mm/min until the 

required deformation and then held at constant strain for 900s while monitoring stress 

decay.  

Isothermal cyclic tests 

Cyclic tests were programmed by means of the test profiler module included in 

the Bluehill software. Dumbbell samples were stretched isothermally until the maximum 

strain (ɛm=200, 400%) at 50mm/min and unloaded until the initial zero strain position 

allowing for shape recovery. After the recovery time (6’ or 60’) had elapsed, the second 

cycle was started at 50mm/min. some tests were deliberately interrupted for further 

characterization of stretched/recovered samples (refer to figure 2). From complete tests, 

the strain fixity ratio Rf and strain recovery ratio Rr were calculated according to equations 

𝑅𝑓 =
𝜀𝑢

𝜀𝑚
∗ 100 (equation 8); 𝑅𝑟 =

𝜀𝑚−𝜀𝑢 (𝑁)

𝜀𝑚
∗ 100 (equation 9) 
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In cases were more than 2 cycles were performed, the dependence on number of 

cycles of shape fixity and shape recoverability, was calculated by following equations 

𝑅𝑓(𝑁) =
𝜀𝑢 (𝑁)

𝜀𝑚
∗ 100 (equation 10); 𝑅𝑟(𝑁) =

𝜀𝑚−𝜀𝑢 (𝑁)

𝜀𝑚−𝜀𝑝(𝑁−1)
∗ 100 (equation 11) 

Where ɛp(N) represents the residual strain after heating at THIGH in the Nth cycle 

[33]. Rf is the ratio of ɛu to maximum strain ɛm, and Rr is the ratio of recoverable strain to 

deformed strain in each cycle N. For the sake of comparison, and despite otherwise 

indicated, values of ɛp and ɛu at σ=0.33MPa were used for calculations. 

 

Figure 3.2.- Isothermal stretch and recovery cyclic tests until X00% strain and further 

elongation  

Shape memory tests 

Shape memory tests consisted on a heating-stretching-cooling protocol [4] where 

a single cycle includes programming the test piece and recovering its permanent shape 

[1]. Unless otherwise indicated, the test piece was first heated up to a temperature Thigh 

above the switching temperature Ttrans and stretched to the maximum strain ɛm [1]. Then, 

the sample was cooled down below the transition temperature Ttrans under a constant strain 

ɛm to a temperature TLOW, thus fixing the temporary shape [1]. Retracting the clamps of 

the tensile tester to the original distance of 0% strain caused the sample to bend [1]. After 
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heating the sample up to THIGH>Ttrans, it contracted and the permanent shape was 

recovered [1]. Then the subsequent cycle was started. The thermomechanic test 

(schematically depicted in figure 3.3) was accomplished by separately programming the 

mechanic test by means of the test profiler module contained in the Bluehill software and 

the thermal cycles with the iTools software of the temperature controller (eurotherm 

2408).  

 

Figure 3.3.- Schematic representation of shape memory test protocol including strain and 

temperature segments as well as observed stress evolution. 

As the effect of temperature and strain were variables to be studied separately, 
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maintained constant for 2 minutes while temperature was lowered to TLOW. Then stress is 

completely removed by unloading at 50mm/min. Next temperature is raised in 4 minutes 

until THIGH is achieved, thus triggering the shape memory effect. 

Dynamic mechanical analysis 

Dynamic Mechanical Analysis was performed in a Mettler Toledo DMA/SDTA 

861e, in tensile mode. Force-displacement amplitudes were 0.3N-20μm for PLCL 

samples and 0.5N-25μm for PDLGA and PDLLA samples. Single frequency tests were 

conducted at 1Hz whereas isothermal frequency series tests were performed in the range 

of 50 to 0.05Hz at 5 steps per decade. Starting temperature was 25-30ºC below Tg and 

end temperature 25-30ºC above Tg as determined by DSC for each polymer. 

Dynamic viscoelastic analysis 

The dynamic viscoelastic behaviour in the terminal zone of synthesised PDLLA 

samples was investigated using an ARG2 TA Instruments rheometer with a parallel plate 

fixture of 25 mm diameter. Isothermal dynamic frequency tests were conducted in the 

linear viscoelastic regime in the molten state.  

Thermal analysis 

Differential scanning calorimetry was run on 5-10mg samples at a heating rate of 

10ºC/min by means of a Q-200 MDSC from TA Instruments, calibrated with pure indium 

and sapphires in standard mode for determination of thermal properties. First order 

transitions such as crystallization and melting corresponded to endo- and exothermic 

peaks respectively, from whose integration, the overall crystallinity degree was calculated 

according to equation 12 [52] 

𝑋𝑐(%) =
∆𝐻𝑚−∆𝐻𝑐𝑐

𝑋𝑃𝐿𝐿𝐴∆𝐻𝑚
0 ∗ 100 (equation 12)  

considering the enthalpy of fusion of the polylactide crystal ∆𝐻𝑚
0 = 106𝐽/g [52]. 
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The glass transition (Tg) was defined by the inflection point of the endothermic 

step in heat capacity. 

When a more detailed study of the enthalpic relaxation was desired, modulated 

scans were performed on 4-6mg samples where a sinusoidal heating ramp of 0.75°C 

modulation amplitude and 120s period was run at 0.5ºC/min. To correct the frequency 

effect, after the heating process above Tg, the samples were cooled under the same MDSC 

conditions as used for heating. Any peak area in the non-reversing signal on cooling can 

only be caused by the frequency effect. Thus, this area was subtracted from the peak area 

obtained on heating to calculate the peak area that corresponds just to the enthalpic 

recovery. 

Results and discussion 

Effect of programming conditions 

Stress relaxation tests 

Stress relaxation tests were performed at three temperatures located above the 

glass transition temperature but below the cold crystallization temperature of PLLA. As 

it can be seen in figures 3.4 and 3.5, at these temperatures dumbbell samples stretched 

uniformly, showing an elastomeric trend. As expected, the lower the test temperature the 

higher drawing stress was demanded for a fixed level of strain.  
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Figure 3.4.- Stress strain resumed representation of the stress relaxation tests  

 

Figure 3.5.- Photographs of unstretched and relaxed samples showing uniform elongation. 
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Stress evolution during the loading and relaxation steps is illustrated in figure 3.6.  

 

Figure 3.6.- Loading to ɛ=100% and stress relaxation at 60, 65 and 70ºC. 

From the stress relaxation tests, the relaxation strength (Δ) was calculated 

according to equation 13 [53], and obtained values are resumed in table 3.1 and figure 

3.7. 

 ∆= (
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𝜎𝑓
) (equation 13)  

For 60 and 65ºC relaxation tests, relaxation strength increased with strain although 
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Figure 3.7.- Relaxation strength 

Table 3.1.- Relaxation strength 

 Δ60ºC Δ65ºC Δ70ºC 

 MPa/MPa MPa/MPa MPa/MPa 

ɛ=100% 1.4±0.1 1.0±0.1 2.1±0.1 

ɛ=200% 1.9±0.0 4.4±0.5 6.4±0.5 

ɛ=300% 2.0±0.8 2.6±0.2 2.1±0.2 

ɛ=400% 2.3±0.1 3.3±0.1 2.1±0.1 

ɛ=500% 2.9±0.1 4.8±0.1 2.7±0.1 

Thermal analysis 

After the stress relaxation tests, samples of 5mg were cut from the central part of 

the stretched specimens and their thermal properties were determined by DSC. For the 

ease of discussion only the most representative traces are shown in figure 8, including the 

corresponding of the original as quenched PLLA. The glass transition is revealed by the 

step in the base line. The onset of cold crystallization is located at ~93ºC describing the 

featuring exotherm that spans until the endothermic fusion of the crystals centred at 

173ºC. Integration of these peaks allow to calculate the energy involved in the respective 
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processes, from whose difference according to equation 12 [52], the crystallinity degree 

of the as quenched PLLA was estimated to be ~8%.  

From the upper part of figure 8, it can be said that a 100% strain did not 

significantly affect the position and shape of the glass transition event but prompted the 

cold crystallization and the apparition of a second endotherm just immediately before the 

melting peak for the three temperatures considered. In the lower part of the same figure, 

the thermograms revealed meaningful changes in the microstructure when strain was 

increased to ɛ=500%. Firstly, the glass transition event is clearly delayed and under the 

highest test temperature it is severely hindered. Moreover, the cold crystallization peak is 

observed to advance to lower temperatures and eventually disappeared under the most 

extreme conditions. 

Based on the corresponding thermograms of lower test temperatures (60 and 

65ºC), it is suggested that two overlapping effects are taking place simultaneously 

annihilating the DSC signal. On the one hand, relaxation of oriented chains manifests 

itself by the enthalpic relaxation after the glass transition as seen in traces labelled 60 and 

65ºC. The second overlapping effect is the crystallization enhanced by chain orientation, 

as already seen for lower strain levels. However, the prevalence of the cold crystallization 

in samples stretched at 60ºC make us infer the presence of different types of crystals i. e.: 

strained crystals and unstrained crystals or recrystallization of formerly ones. The 

observed second crystallization exothermic as well as the shoulder on the 70ºC melting 

peak further support this suggestion.  
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Figure 3.8.- DSC heating scans of as quenched and relaxed samples 

Table 3.2.- Glass transition temperature and crystallinity degree determined from DSC heating 

scans. 

 Tg (ºC) Xc (%) 

 A. Q. 60ºC 65ºC 70ºC A. Q. 60ºC 65ºC 70ºC 

ɛ=0 56.4    7.9    

ɛ=100%  59.0 60.5 59.7  9.9 22.6 13.5 

ɛ=200%  64.0 63.9 64.3  32.0 47.4 52.3 

ɛ=300%  66.5 65.9 67.6  31.0 45.1 52.3 

ɛ=400%  66.0 67.0 71.7  23.6 46.2 54.3 

ɛ=500%  68.4 69.7 73.0  27.4 45.8 53.7 

The overall crystallinity degree was increased. The highest change was observed 

between 100 and 200% elongation. Except for the 100% strain, the highest values were 

obtained at 70ºC.  

40 60 80 100 120 140 160 180

 60ºC

 65ºC

 70ºC

 60ºC

 65ºC

 70ºC

 As quenched

 

 



H
ea

t 
fl

o
w

 (
W

/g
) 

 E
x
o
>

Temperature (ºC)





Chapter 3. Shape-Memory 

211 

 

Figure 3.9.- Crystallinity developed as a consequence of temperature and strain combined 

effects 

X-ray diffraction 

Accordingly, to gain more insight in the morphology of the crystals, the X-ray 

powder diffraction patterns of the stretched and relaxed samples were collected and are 

represented in figures 3.10 and 3.11. For the sake of discussion, additional diffraction 

patterns corresponding to as quenched and annealed samples are also included. Annealing 

treatments consisted on exposure to the indicated temperature (100ºC or 60ºC) in order 

to induce crystallization on quenched PLLA samples. The diffraction patterns were 

interpreted based on the following fundamentals. In an ideally perfect crystal, in which 

all atoms throughout its entire extent are placed accurately at the points of an undistorted 

space lattice, the crystal is considered to have negligible absorption of the x-ray beam. 

Therefore, the reflected wavelets at the various atomic planes interact with each 

other and with the incoming beam, and the observed intensity of the reflected beam is the 

result of this interaction [54]. Up to a certain angle θ’ only a few seconds of arc from the 

angle θ which satisfies the Bragg equation for the plane under consideration, the resultant 

intensity is zero [54]. Then, within the small range θ’ to θ, the intensity rises sharply to 
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be made up of tiny crystal fragments in completely random arrangement (powder), these 

fragments are so small that each one extracts only a negligible amount of energy from the 

beam [54]. In this situation, no phase relationships exist between the waves reflected from 

different fragments, and the complete reflection, being the sum of contributions from 

individual fragments, shows the featuring powder diffraction halo [54]. Accordingly, an 

intermediate situation is that of imperfect or distorted crystals. In this case, randomness 

in the population of atomic sites in three-dimensional structures leads to distortion and 

broadening of powder reflections, as well as to an increased background [54]. Figures 

3.10 and 3.11 show the above mentioned situation. Samples labelled “as quenched” in 

figure 10, “80’-60ºC” and “60ºC” produced plain patterns, indicating amorphous 

microstructures, whereas diffraction peaks were detected in samples labelled “3h-100ºC”, 

“65ºC” and “70ºC”. Amorphous spectra are supported on DSC traces of figure 3.8 and 

table 3.2 in that the crystallinity degree is too low to produce observable diffraction 

patterns. Regarding the low temperature annealed sample, emphasis is laid on the fact 

that the isolated effect of temperature is not enough to cause crystallization, as, according 

to the DSC of the as quenched sample, the onset of cold crystallization is located at 93ºC.  

 

Figure 3.10.- Diffractograms of PLLA 
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PLLA [6, 26, 27, 55-58]. These peaks were also distinguishable in samples stretched at 

65 and 70ºC. However, from their lesser intensity and slightly deviated positions, their 

scarce presence and imperfect nature are inferred respectively, in accordance with DSC 

observations.  

 

Figure 3.11.- Diffractograms of PLLA 

As it can be noted in figure 3.11, further stretching increases the intensity of the 

main peak at 2θ=16.4º, which is also discernible in sample stretched at 60ºC, and causes 

the apparition of a third secondary peak in sample stretched at 70ºC. With this additional 

information, interpretation of DSC traces is straightforward. Due to the combined effect 

of strain and temperature, the initially amorphous chains of PLLA are stretched and 

oriented preferentially in the draw direction. From this preferential arrangement, cold 

crystallization progresses at the stretching temperature, leading to the development of 

imperfect crystalline domains that manifest themselves by diffraction patterns, the more 

similar to the typical α form of PLA, the more extreme stretching conditions. At the same 

time, the development of these crystals takes place at the expense of a diminished and 

hindered amorphous phase as deducted from the significantly delayed glass transition 

temperature (table 3.2). 
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On the other hand, the least altered microstructure corresponds to samples 

stretched at 60ºC, where a reduced cold crystallization kinetics [59] has been 

demonstrated after X-ray and DSC observations. At the light of the described picture, if 

shape recovery is an entropic driven phenomenon linked to reversible coiling of the 

amorphous chains [26], the development of a crystalline phase [6, 26, 27, 55, 57, 60] is 

expected to avoid it, unless the recovery stress [27] of the amorphous chains, stored 

during deformation, overcomes the resistance opposed by the crystalline network [61]. In 

this regard, from relaxation tests illustrated in figures 3.4 and 3.6 and resumed in table 

3.1, it is easily seen that samples stretched at 60ºC store more stress than their counterparts 

for the same strain level. 

Isothermal cyclic tests 

Hence, the recovery ratio as well as the fixity ratio were calculated from cyclic 

isothermal tests conducted at these temperatures, two strain levels and two elapsed times 

allowed for recovery (herein forth recovery time). As already defined, the strain fixity 

ratio (Rf) quantifies the capability to maintain the deformed strain whereas the strain 

recovery ratio represents the shape recovery. Values resumed in table 3.3 correspond to 

the arithmetic media extracted from five measurements. Tests conducted at 60, 65 and 

70ºC for 400% strain and 6’ recovery time are illustrated in figure 3.12.  

Table 3.3.- Strain recovery and strain fixity rates for isothermal cyclic tests 

 60ºC 65ºC 70ºC 

 Rf Rr Rf Rr Rf Rr 

σ=0.33MPa % % % % % % 

ɛ=200%; t=6’ 93.1±2.6 94.6±1.3 46.7±5.8 86.3±1.9 69.8±2.2 32.4±3.2 

ɛ=400%; t=6’ 96.5±0.3 70.1±10.9 87.0±0.5 61.8±12.1 88.0±0.4 20.2±1.4 

ɛ=400%; t=60’ 96.3±0.4 94.6±1.0 86.4±0.6 56.0±3.7 87.8±0.6 20.0±0.8 

According to table 3.3, it can be seen that for both levels of strain, samples 

stretched at 60ºC showed the highest values, whereas 65ºC samples the lowest, and 

samples at 70ºC yielded intermediate values. The highest values showed by samples 
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stretched at 60ºC are expected since at this temperature molecular chains are in the least 

mobile scenario, as indicated by the higher drawing stress, contributing to fix the 

impinged strain. Following the same reasoning, samples stretched at 65ºC showed less 

fixity ratio suggesting a temperature enhanced mobility and, in consequence, recovery. 

Interestingly, samples stretched at 70ºC did not follow this trend, suggesting the 

development of a stabilising structure that contributes to fix the strain against the recovery 

force, in agreement with previous analyses. In all cases, increasing the strain led to an 

enhanced fixity ratio.  

The strain recovery, calculated from the onset of the second cycle revealed that, 

as expected, samples tested at 60ºC yielded the highest ratio. In all cases, the effect of 

increasing the strain led to a reduction of the recovery which was only seen to improve 

by extending the recovery time to 60minutes in the 60ºC tests. To further characterize the 

structure-properties relationships, samples from intermediate stages of the tests were 

analysed by DSC (figures 3.13 to 3.15) and x-ray diffraction (figures 3.16 to 3.18).  

 

Figure 3.12.- Isothermal stretch and recovery cyclic tests until 400% strain and further 

elongation until rupture
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Thermal analysis 

 

Figure 3.13.- DSC of samples extracted from stretched samples at the indicated temperatures 

after a recovery time of 6 minutes (just before the beginning of the second cycle).  

 

Figure 3.14.- DSC of samples extracted from stretched samples at the indicated temperatures 

after a recovery time of 6 minutes (just before the beginning of the second cycle). 

40 60 80 100 120 140 160 180 200

 

 

 As quenched

 60ºC

 65ºC

 70ºC

H
ea

t 
F

lo
w

 (
W

/g
) 

E
x
o
 >

Temperature (ºC)

200% + recovery time=6'

40 60 80 100 120 140 160 180 200

 

 

 As quenched

 60ºC

 65ºC

 70ºC

H
ea

t 
F

lo
w

 (
W

/g
) 

  
E

x
o
 >

Temperature (ºC)

 = 400% + recovery time = 6'



Chapter 3. Shape-Memory 

217 

 

Figure 3.15.- DSC of samples extracted from stretched samples at the indicated temperatures 

after a recovery time of 60 minutes (just before the beginning of the second cycle). 
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network that is progressively developed and improved by continued heating until they are 

caused to melt. Further analysing the corresponding DSC of 60’ recovery time sample 

brings more light into the matter. In there, the obtained Rr equalled that registered for 

ɛ=200% as a consequence of extended recovery time. However, the forwarded bimodal 

crystallization, and the missing enthalpic recovery make us infer that chains relaxed in an 

extended conformation [62], becoming nucleus of subsequent crystallization as the 

heating ramp in the DSC proceeded.  

Table 3.4.- Crystallinity degree calculated from DSC traces 

 Xc (60ºC) Xc(65ºC) Xc(70ºC) 

 % % % 

ɛ=200%; t=6’ 2.6 30.3 51.6 

ɛ=400%; t=6’ 12.4 46.3 52.3 

ɛ=400%; t=60’ 15.4 46.5 51.2 

X-ray diffraction 

The slightly displaced and broadened diffraction peaks in figures 3.16 to 3.18 

strongly support the idea of imperfect crystals. As it can be seen in table 3.4 and 

corresponding diffraction patterns, higher test temperatures promoted the apparition of 

the crystalline phase at earlier stages. 
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Figure 3.16.- Diffractograms of PLLA 

 

Figure 3.17.- Diffractograms of PLLA 
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Figure 3.18.- Diffractograms of PLLA 

Isothermal cyclic tests 

Following, cyclic life over consecutive cyclic tests was assessed over 4 cycles at 

60, 65 and 70ºC. As it can be noted in the three dimensional graph of figure 3.19, samples 

were stretched until ɛ=400% and allowed for 60’ to recover before the start of successive 

cycle. Strain fixity and recovery ratios between successive cycles as well as total values 

were calculated and are resumed in table 3.5. 

Focusing on the recovery values obtained after the first cycle, the deleterious 

effect of increased crystallinity associated to the combined action of strain and 

temperature are more readily seen in 70ºC samples. As it can be noted in figure 3.19, the 

corresponding onset of the second loading cycle was the last to take off, indicating a 

residual strain and therefore a poor Rr value. However, in the same table, better values of 

Rr are registered in subsequent cycles, suggesting a training effect [28, 33, 63] by means 

of which the “damages”, in this case, the residual strain caused by the development of a 

crystalline network, occur during the first cycle, after which, high and stable recovery is 

achieved.  
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Figure 3.19.-Isothermal cyclic tests 

Table 3.5.- Partial and total shape recovery and shape fixity values 

 1st Cycle 2nd Cycle 3rd Cycle 4th Cycle Total 

 Rr Rf Rr Rf Rr Rf Rr Rf=Rf,T Rr 

 % % % % % % % % % 

60ºC 95.4 96.8 92.7 96.7 78.7 97.0 74.8 97.1 52.1 

65ºC 72.1 88.0 72.1 90.7 74.3 93.7 80.5 93.8 31.1 

70ºC 20.6 87.8 71.6 87.7 83.5 90.4 95.3 94.0 11.7 

For the ease of clarity, recorded values of Rr are plotted in figure 3.20 at the 

corresponding number of cycle, respectively. The total recovery values are also included 

in the same graph and represented by coloured discontinuous lines. In it, the training 

effect is easily seen in 70ºC test, where recovery is enhanced by successive cycles, 

whereas in 65ºC test it was more subtle, and in 60ºC it seemed to have an adverse effect. 
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Based on above described analyses and conclusions extracted thereof, it is 

suggested that whereas the crystalline network is fulfilled after the first cycle (all 

crystallisable segments have done so) in 70ºC test, it is progressively developing in lower 

temperature tests, markedly on 60ºC. As already described, the crystallization kinetics at 

60ºC runs slower [64], maintaining the high percentage of amorphous phase (Xa=1-Xc) 

after the first cycle, which is, at the same time responsible of the high recovery values 

reported [65]. This very amorphous phase is also responsible of the strain hardening effect 

observed in figure 19 as a consequence of chain entanglements and limited chain 

extensibility [60, 66, 67], whereas the maximum observed in higher temperature tests, is 

associated to plastic deformation of the crystalline domain [27]. Therefore, had further 

cycling been performed at 60ºC, it is inferred that the decreasing trend would have 

persisted until the whole crystallisable phase had developed a stable network [6].  

 

Figure 3.20.-Strain recovery rate  

In order to further evaluate the effect of the programming condition, PDLGA 

copolymer was tested at different levels of strain (ɛ=50; 200 and 300%) and programming 

temperatures (THIGH=45ºC and THIGH=60ºC) maintaining the temperature for fixation of 

the temporary shape (TLOW=29ºC). Values of strain at a negligible stress=0.33MPa 

allowed the calculation of relevant parameters listed in table 3.6.  

1 2 3 4

0

20

40

60

80

100

 

 

S
tr

ai
n
 r

ec
o
v
er

y
 (

%
)

Cycles 

 60ºC

 65ºC

 70ºC



Chapter 3. Shape-Memory 

223 

Table 3.6.- Partial and total shape recovery and fixity ratios 

  1st cycle 2nd cycle  

  Rr Rf Rr Rf=RfT Rr 

45ºC 

ɛ=50% 48.2±2.6 99.6±0.1 97.8±7.0 99.6±0.1 47.2±9.2 

ɛ=200% 63.0±6.8 99.5±0.1 97.2±3.2 99.5±0.1 61.2±6.4 

ɛ=300% 81.4±1.1 99.6±0.0 97.2±0.5 99.6±0.0 79.1±1.4 

60ºC 

ɛ=50% 64.8±0.5 99.8±0.1 91.6±0.5 99.8±0.1 59.4±0.6 

ɛ=200% 82.2±0.2 99.9±0.1 92.6±0.3 99.9±0.1 79.1±0.2 

ɛ=300% 83.5±0.7 99.8±0.1 94.3±0.1 99.8±0.1 78.7±0.6 

Table 3.6 shows high recovery values under the selected conditions. In all cases, 

recovery obtained after the first cycle was enhanced by further training. Comparing values 

recorded at 45ºC with those recorded at 60ºC, higher recovery is achieved with increasing 

the strain level. In all cases fixity approached the 100%.  

In order to gain further insight in the molecular mechanism behind the fixity and 

recovery effects, some tests were interrupted at an intermediate stage and further 

characterized by modulated DSC. Figure 3.21 represents the stress evolution during the 

programming step in a shape memory test protocol. Specifically, samples were stretched 

at 60ºC at a constant strain rate=50mm/min. Once the indicated strain level was achieved, 

temperature was lowered to TLOW under constant strain, while the stress relaxation 

behaviour was recorded. As it can be seen, stress decreased a little in the vicinity of THIGH, 

but increases with a decrease in temperature below the glass transition temperature Tg. 

As it can be noted, this thermal stress that opposes to thermal contraction [32, 33] is more 

readily seen on the lower strain sample, where stress relaxation in the early period of the 

cooling process is small and the thermal stress Δσth= Eα*ΔT (equation 14) due to the 

temperature change ΔT is large [32]. The reason why stress increases significantly at 

temperatures below Tg in the cooling process is due to the fact that E is large at low 

temperature [32]. 
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Figure 3.21.- Shape fixation protocol 

Figure 3.22 shows the non-reversing Cp of two consecutive heating scans 

performed in modulated DSC in order to separately analyse the contribution of orientation 

to relaxation from that associated to aging effects. In order to correct the frequency effect, 

after the heating process above Tg, samples were cooled under the same MDSC conditions 

as used for heating. Any peak area in the non-reversing signal on cooling can only be 

caused by the frequency effect. Thus, this area was subtracted from the peak area obtained 

on heating to calculate the peak area that corresponds just to the enthalpic recovery. 

Obtained values are summarized in table 3.7. In all cases, the enthalpic recovery of the 

first scan makes its apparition before it does in the second, indicating that relaxation of 

orientation (shape recovery) starts at a lower temperature [17, 68, 69]. Presumably, 

segmental mobility is advanced due to an enhanced heat transfer during the low rate 

heating scan (0.5ºC/min) of small scale samples [34]. Thus, activated molecular segments 

“try” to shorten the distances between their ends at a lower temperature. In the same 

graph, the area of the enthalpic recovery grows with increasing strain, markedly on 

samples programed at 45ºC. It is suggested that chain relaxation occurred during the 

programming step at 60ºC lead to a decrease in the local orientation. Nevertheless, as 

resumed in table 3.6, shape recovery was not spoiled and a better recovery was observed 

for ɛ=50% and ɛ=200%. 
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Figure 3.22.- MDSC heating scans 

Table 3.7.- Corrected enthalpies  

  1st scan 2nd scan 

  ΔH ΔH 

  J/g J/g 

45 

ɛ=50% 1.176 0.342 

ɛ=200% 1.555 0.112 

ɛ=300% 2.118 0.195 

60 

ɛ=50% 0.886 0.298 

ɛ=200% 0.525 0.455 

ɛ=300% 1.215 0.095 

For the sake of illustrating the multiple relaxation modes, the complex moduli 

obtained from isothermal frequency scans on PDLGA samples were plotted according to 

Mavridis and Shroff’s [70] procedure in order to identify thermorheological complexity.  
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Figure 3.23.- Mavridis and Shroff’s plot of PDLGA 

Figure 3.23 shows the Mavridis and Shroff’s plot of a PDLGA sample without 

further treatment after compression moulded, whereas figure 3.24 shows the 

corresponding of a stretched sample up to ɛ=50% at 60ºC. Accordingly, the lack of 

superposition in both figures, revealed the different dependence on temperature of 

existing relaxation modes, where the relaxation of orientation in figure 3.24 is more than 

obvious.  

 

Figure 3.24.- Mavridis and Shroff’s plot of stretched PDLGA 
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Effects of comonomer 

In order to evaluate the influence of the type of comonomer in the shape memory 

behaviour of PLLA, shape memory tests were performed on PLLA, PLCL and PDLGA. 

Therefore, tests were conducted at THIGH=Tg and TLOW=Tg-16ºC. In all cases, the training 

effect between successive cycles as well as the total recovery and fixity values were 

calculated. For the ease of clarity, table 3.8 resumes the arithmetic media, calculated from 

at least five measurements whereas both arithmetic media and corresponding standard 

deviation are represented in figure 3.25. It must be noted in table 8 that the strain fixity 

ratio of the last cycle corresponds to the total fixity ratio (Rf(5)=Rf,T). 

Table 3.8.- Partial and total shape recovery and fixity ratios 

Cycle 1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle T 

 Rr Rf Rr Rf Rr Rf Rr Rf Rr Rf=Rt Rr 

 % % % % % % % % % % % 

PLLA 72.9 99.5 99.3 99.5 99.4 99.2 99.4 99.2 100 99.2 71.5 

PLCL 91.8 62.8 99.3 64.7 99.5 64.5 99.7 64.6 99.7 63.6 89.6 

PDLGA 85.5 54.5 98.7 55.13 99.0 55.6 99.61 56.4 99.6 56.3 82.6 

 

Figure 3.25.- Calculated strain recovery ratio  
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According to figure 3.25 and table 3.8, the introduction of soft segments (CL) and 

irregularity (DL) significantly enhances the shape recovery as compared to values of pure 

PLLA. Again, the training effect is identified by the progressive improvement of strain 

recovery values.  

Effects of chain topology 

In order to evaluate the influence of the sequence length over the SME and related 

properties, segments of ɛ-caprolactone were introduced in the rigid backbone of PLLA 

[61, 71-73] by copolymerization. As already described in the materials and methods 

section, variations in sequence length were achieved by separately conducting two 

copolymerization reactions with different catalysts. The number average sequence 

lengths (li) of LA and CL building blocks, the Bernoullian random number-average 

sequence lengths and the randomness character (R) were calculated from the recorded 

proton nuclear magnetic resonance (1H NMR) spectra and are resumed in table 3.9. 

Additionally, the molecular weights (Mw) and polydispersity index (D) are also included. 

Herein forth, the copolymer with the highest randomness character will be named PLCL-

R whereas the copolymer with the lowest, PLCL-B. 

Table 3.9.- NMR characterization and GPC measurements of the PLCL copolymers 

Sample Catalyst 

Copolymer 

Molar 

composition 

Mw 

(x103) 
D Microstructure 

  %LA %CL g/mol - lLA lCL R 

PLCL-R BiSS 69.1 30.9 80.4 1.84 3.22 1.44 1.01 

PLCL-B Sn(Oct)2 69.6 30.4 133.7 1.77 7.94 3.47 0.41 

1 Calculated from H1 NMR. lLA and lCL are the LA and CL number average 

sequence lengths. These values are compared to the Bernoullian random number-average 

sequence lengths (lA=1/B), obtaining the randomness character value (R). 

Their corresponding phase structure and thermal behaviour was also determined 

by DSC as shown in figure 3.29. The first noticeable effect of copolymerization with 



Chapter 3. Shape-Memory 

229 

flexible segments of CL [18, 47] is the shift to lower temperatures of the glass transition 

temperature, compared to that of pure PLLA. Secondly, whereas the shorter and more 

randomly distributed sequences yielded an amorphous microstructure featured by a single 

thermal event, namely a sharp glass transition at 15ºC, longer sequences caused the glass 

transition to delay and span over a wider temperature range. Besides, the apparition of the 

cold crystallization peak further supports the presence of phase segregated domains.  

Tensile tests were conducted at several temperatures (0, 15, 21, (30), 37ºC). 

Elastic modulus were determined from the elastic part of the stress/strain curve, where 

the glassy to rubbery transition was demonstrated by the decay of the elastic modulus, as 

it can be seen in figure 3.26. Interestingly, the effect of sequence length was more readily 

seen at intermediate and higher temperatures, where the greatest values were recorded for 

PLCL-B, whereas this difference seems to annihilate for decreasing test temperature, 

where both values seem to converge.  

To gain further insight in the molecular dynamics, Dynamic mechanical analysis 

was performed for both copolymers in a temperature range from below to above their 

respective glass transition temperatures. Corresponding storage modulus E’ and tan δ are 

represented in figure 3.27. 

 

Figure 3.26.- Elastic modulus calculated as the secant modulus at ɛ=2%. 
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In general, both copolymers show the characteristic behaviour of non-crystalline 

thermoplastic polymers with high storage modulus and small damping at low temperature 

and a softening range where the modulus decreases very rapidly while the damping 

becomes very large and shows a maximum. In accordance with DSC measurements, the 

glass transition of PLCL-R is narrower while the corresponding of PLCL-B starting at 

lower temperatures as suggested by the cross point needs a broader range to complete. 

The cross point agrees with figure 3.26 too, where intersection was expected at lower 

temperatures. Close observation to tan δ curves indicate higher damping at low 

temperature for PLCL-B whereas its peak height is significantly lower as compared to 

PLCL-R. These observations suggest that longer sequences induce a heterogeneous 

behaviour that contributes to broaden the transition region. 

The origin of this heterogeneity can be found in the course of the polymerization 

reaction whereby the different reactivity of the components cause differences in the 

composition between the first and the last molecules formed. Accordingly, the first 

molecules formed would be rich in the more reactive component while the molecules 

formed at the end of the reaction would be rich in the less reactive component [45]. When 

an heterogeneous copolymer formed thereof is submitted to subsequent heating scans (as 

in DSC or DMA) the molecules that are rich in the lower melting component start to 

soften earlier than they would in a homogeneous copolymer where all molecular segments 

are in a similar environment [45], whereas molecules rich in the higher melting 

component take longer to soften. The consequence of this heterogeneity is a broadening 

of the transition range and higher damping, whereas a homogeneous copolymer (PLCL-

R) exhibits a narrower transition and a sharper damping peak, which are associated with 

enhanced shape memory properties [14, 26, 33, 45].  
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Figure 27.-Dynamic mechanical thermal analysis 
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Figure 3.28.- Isothermal cyclic tests 
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In both samples the training effect is observed when strain recovery values of the 

second cycle are compared to those recorded in the first cycle. In this regard, despite the 

higher recovery of PLCL-R, signs of irreversible strain are also perceived. 

The DSC scans conducted on tested samples evidenced the presence of a melting 

peak in both samples, whose location was strongly influenced by the sequence length of 

the corresponding blocks. Due to the strain induced crystallization, the amorphous phase 

content has diminished, as inferred by the reduced step height of the glass transition 

temperature. The shorter sequences of PLA in PLCL-R yielded a melting peak at 96ºC 

with an estimated crystallinity associated to the LA content 2.4%. The DSC of PLCL-B 

further discloses the phase segregation and strain induced crystallization with an 

estimated value of 27.5%.  

 

Figure 3.29.- DSC heating scans as quenched (before) and after cyclic tests
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Table 3.11.-Thermal properties and crystallinity degree 

  Tg Tm Xc 

  ºC ºC % 

PLCL-R 
Before 12 - - 

After 11 95.8 2.4 

PLCL-B 
Before 30 154.4 3.4 

After 31 154.6 27.5 

In an analogous fashion as in segmented polyurethanes, in which fixity was 

associated to the hard segment [1, 11, 28, 74-76], in PLCL copolymers, it is associated to 

PLA segments [18], whereas recovery to soft PCL segments [18]. 

Effect of entanglements 

Finally, in order to characterize the role of entanglements on SME of an 

amorphous glassy polymer [77], a range of increasing molecular weight series of PDLLA 

were synthesised, whose molecular and thermal properties are resumed in table 3.12.  

Table 3.12.- Molecular weight (Mw), polydispersity index (D) and glass transition temperatures 

(Tg) 

Reference 
Mw(*103) D Tg 

g/mol  ºC 

PDLLA67 67.1 1.70 47 

PDLLA100 101.3 1.76 46 

PDLLA129 129.8 1.77 46 

PDLLA155 155.8 1.75 44 

PDLLA190 186.3 1.75 46 

As a consequence of the increased irregularity caused by the randomly distributed 

enantiomers of opposite configuration [52, 78, 79] along the chain backbone, the resulting 

copolymers were totally amorphous [52, 57] whose only thermal event was the Tg. As the 
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molecular weight exceeds 20,000 [80], the corresponding glass transition temperatures 

laid around a constant value of ~46ºC independently of their molecular weight [81]. 

Dynamic mechanical analysis 

The evolution of storage modulus within the test temperature range obtained from 

dynamic mechanical analysis is illustrated in figure 3.30. In all cases, the sharp transition 

from glassy state to rubbery state is completed within a narrow temperature range (ΔTTran 

≈17ºC), as listed in table 3.10, indicating a high sensitivity to temperature variation [28]. 

From these curves, the elasticity ratio (Eglassy/Erubbery) was calculated and included in table 

3.13. As it can be noted, all values were well above 100, whereby outstanding shape fixity 

[15, 28, 33, 34] is inferred. Another interesting feature from figure 3.30 is the progressive 

extension of the rubbery plateau with increasing molecular weight. According to 

molecular theories of undiluted polymers [82], the plateau zone is the intermediate region 

limited by configurational rearrangements between and beyond entanglements, whose 

extension is a strong function of the molecular weight distribution [29]. However 

illustrating figure 3.30 may be, offers limited information regarding the terminal zone of 

the lower molecular weight samples, as DMA is a solid state characterization method.  

 

Figure 3.30.- Storage modulus evolution with temperature 
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Table 3.13.- Glassy to rubbery temperature transition range (ΔTTran) and elastic ratio (Eg/Er) 

 ΔTTran Eg/Er 

 ºC - 

PDLLA67 13 1545 

PDLLA100 15 1290 

PDLLA129 19 650 

PDLLA155 18 760 

PDLLA190 18 665 

Dynamic viscoelastic analysis 

Therefore, for a better characterization of the terminal zone, rheologic measures 

were conducted in the molten state in the linear viscoelastic regime. From these, their 

corresponding master curves were constructed and the rubbery plateau modulus, 𝐺𝑁
0 , the 

molecular weight between entanglements, Me, as well as the flow activation energy were 

calculated and resumed in table 3.14. 

Firstly, the thermorheological simplicity was evaluated according to the Mavridis 

and Shroff construction that, as shown in figures 3.31 to 3.35 superimposed satisfactorily.  

 

Figure 3.31.- Mavridis and Shroff’s plot of a PDLLA67 
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Figure 3.32.- Mavridis and Shroff’s plot of a PDLLA100 

 

Figure 3.33.- Mavridis and Shroff’s plot of a PDLLA129 
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Figure 3.34.- Mavridis and Shroff’s plot of a PDLLA155 

 

Figure 3.35.- Mavridis and Shroff’s plot of PDLLA190 
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species arising from the uncrossability of the backbone contours in covalent chain 

molecules [84]. Therefore, calculated values laid as expected, around a constant value. 

Taking 𝐺𝑁
0=5.8*105Pa, the entanglement molecular weight was calculated according to 

equation 16 𝑀𝑒 =
𝜌𝑅𝑇

𝐺𝑁
0  (equation 16) with ρ=106 g/m3; R=8.31(Pa*m3)/(mol*K) and a 

reference temperature of 363K. Thus Me=5200g/mol. As in all cases, the molecular 

weight (Mw) exceeded the critical value for chain entanglements, Mc, being Mc=2Me 

(equation 17) [82, 85] the presence of a network of entanglements was demonstrated.  

The shift factor aT used to apply the time-temperature superposition is very well 

adjusted to an Arrhenius-like equation 18 aT=Bexp(Ea/RT) (equation 18), where Ea, the 

activation energy of flow constitutes an indirect tool to evaluate the characteristic ratio, 

that is to say, the chain rigidity [85]. Therefore, upon knowing Ea, the characteristic ratio 

C∞ was estimated according to Ea=4.3 exp(4.65log C∞/2) (equation 19), and included in 

table 3.14. Comparing with reported values for pure PLLA (C∞=7-12) [68, 70, 86], it must 

be reckoned that, within experimental error, the obtained value of C∞=12 was slightly 

higher than expected, as the incorporation of L-D junctions is known to increase chain 

flexibility [61, 87]. Accordingly, a recently published article listed 𝐺𝑁
0  = 2*105Pa and 

C∞=10.32 for a commercial PDLLA (Mw=320000g/mol) [88]. Nevertheless, as the 

higher value of 𝐺𝑁
0  is consistent with the higher value of C∞ coherence behind reported 

values hitherto must be claimed.  

Further, according to the strong and fragile classification of glass forming liquids 

[89] the dynamic fragility, m, was calculated from values of C1 and C2 according to 

equation m=TgC1/C2 (equation 20) [90] and considering a Tg=46ºC to be 24.6±1.5; which 

is stronger than previously reported for the aforementioned commercial PDLLA from 

DMA measurements [90].  

Following, the crossover values (ωx, Gx) at which G’(ω)=G”(ω) the corresponding 

relaxation times (equation 21) were determined from figures 3.36 to 3.42 and included in 

table 3.14. 

 τ=1/ωx (equation 21)  



Chapter 3. Shape-Memory 

240 

A remarkable feature from these figures lays on the prevalence of storage modulus 

over the loss modulus, anticipating good recovery values from the shape memory 

standpoint. 

 

Figure 3.36.-Master curves of PDLLA67 

 

Figure 3.37.- Master curves of PDLLA100 

-2 0 2 4

0

2

4

6

8

L
o
g
 G

', 
L

o
g
 G

" 
(P

a)

Log ang. Freq (rad/s)

 G'

 G"

1.2

1.4

1.6

1.8

2.0

  

 L
o
g
 


º

 

-2 0 2 4

2

4

6

L
o
g
 G

', 
L

o
g
 G

" 
(P

a)

Log ang. Freq (rad/s)

 G'

 G"

1.2

1.5

1.8

2.1

  

 L
o
g
 

 (
º)

 



Chapter 3. Shape-Memory 

241 

 

Figure 3.39.- Master curves of PDLLA129 

 

Figure 3.40.- Master curves of PDLLA155 

-2 0 2 4

2

4

6

L
o
g
 G

', 
L

o
g
 G

" 
(P

a)

Log ang. Freq (rad/s)

 G'

 G"
1.2

1.6

2.0

  

 L
o
g
 

 (
º)

 

-4 -2 0 2 4

2

3

4

5

6

7

L
o
g
 G

', 
L

o
g
 G

" 
(P

a)

Log ang. Freq (rad/s)

 G'

 G"

0.9

1.2

1.5

1.8

2.1

  

 L
o
g
 

 (
º)

 



Chapter 3. Shape-Memory 

242 

 

Figure 3.41.- Master curves of PDLLA190 

Table 3.14.- Rheological parameters of the terminal zone: entanglement modulus (𝐺𝑁
0), cross 

over frequency (ωx), flow activation energy (Ea), fitting parametres (C1 and C2), reference 

temperature for master curves construction (Tref), characteristic ratio (C∞), and relaxation time 

(τ)  

Mw 
𝑮𝑵

𝟎  

*105 

Log (ang. 

Frequency) 
Ea C1 C2 Tref C∞ τ 

kDa Pa Rad/s kJ/mol   ºC  s 

67 5.7 0.9 158.6 8.494 119.8 90 11.9 0.126 

100 5.8 0.1 171.9 7.447 91.70 90 12.4 0.794 

129 5.7 -0.1 161.6 7.458 99.86 90 12.05 1.259 

155 5.8 -1.0 173.7 7.059 84.56 90 14.5 10.0 

190 5.7 -1.1 162.6 7.289 96.10 90 12.1 12.589 

As it can be noted in table 3.14, relaxation times evolve toward higher values with 

increasing molecular weight as predicted by the reptation model [85], which is as the 

same time, proportional to the disentanglement time τd.
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Shape memory tests 

Accordingly, shape memory properties were determined from a 2 cycles test 

protocol that consisted on a programming step whereby a strain ɛ=200% was impinged 

at a constant strain rate=50mm/min at THIGH=Tg+10ºC (as resumed in table 3.15), 

subsequently fixed by cooling to TLOW=Tg-16ºC in 2minutes afterwards clamps were 

approached to their original position of 0% strain to allow for recovery at T=THIGH before 

the start of the second cycle. From these, the strain fixity ratio and the strain recovery 

ratio were calculated and listed in table 3.16.  

Table 3.15.- Glass transition temperature (Tg) and corresponding temperatures for strain (THIGH) 

and fixation (TLOW) of the temporary shape. 

Name 
Tg THIGH=Tg+10ºC TLOW=Tg-16ºC 

ºC ºC ºC 

PDLLA67 47 57 31 

PDLLA100 46 56 30 

PDLLA129 46 56 30 

PDLLA155 44 54 28 

PDLLA190 46 56 30 

For the ease of clarity, only the most significant curves have been plotted in figure 

3.42. As it can be seen during the first cycle and up to ~0.2MPa, three curves overlapped, 

although herein forward the lowest molecular weight sample deviated significantly, 

whereas 100kDa did at ~0.5MPa. Interestingly, the lowest molecular weight sample was 

the last to upturn during the second cycle, whereas sample labelled 190kDa was the first 

one at a significantly lower strain value, thus reflecting a higher recovery as resumed in 

table 3.16. In the same graph, the sudden increase of stress at ɛ=200% is caused by the 

thermal stress [33, 32] originated during the cooling down to T=TLOW, in coherence with 

the high elasticity ratios resumed in table 3.13 and associated fixity ratios of table 3.16.  
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Figure 3.42.- Shape memory tests 

Table 3.16.- Partial and total strain fixity and recovery values  

 Cycle 1 Cycle 2 Total 

 Rf Rr Rf Rr Rf Rr 

σ=0.1MPa % % % % % % 

PDLLA67 99.8±0.1 73.4±0.9 99.8±0.1 85.3±1.0 99.8±0.1 62.6±0.6 

PDLLA100 99.6±0.1 88.4±1.3 99.7±0.1 93.4±0.4 99.7±0.1 82.6±1.6 

PDLLA129 99.7±0.1 91.1±1.3 99.7±0.1 94.9±0.4 99.7±0.1 86.6±1.4 

PDLLA155 99.5±0.7 94.0±0.7 99.7±0.2 96.4±0.2 99.7±0.2 90.7±0.9 

PDLLA190 99.8±0.0 95.0±0.7 99.8±0.0 97.0±0.8 99.8±0.0 92.1±0.9 

The relationship between molecular weight and shape memory properties is 

highlighted in figures 3.43 and 3.44 where Rr and Rf are plotted correspondingly.  
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Figure 3.43.- Strain recovery ratio  

 

Figure 3.44.- Strain fixity ratio  
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remarkable in all cases. Conversely, despite the reasonable values of recovery for all 

samples, they showed a clear trend as highlighted in figure 4.43. It is reasoned that under 

the test conditions, irreversible strain ascribed to chain slippage opposed to recovery. 

Being chain slippage dictated by chain disentangling, it follows that samples with shorter 

relaxation time in the terminal zone (τ) showed the poorer values of recovery. Thus, it is 

suggested that beyond the featuring value of 𝐺𝑁
0 , the relaxation time of entanglements in 

the terminal zone, is the relevant parameter in the design of glassy polymers with 

enhanced shape recovery.  

Conclusions 

The aim of this chapter was to gain further insight into the shape memory effect 

(SME) of polylactides, as due to their biocompatibility and biodegradability they have 

settled as ideal candidates for the development of medical devices.  

Thus, two approaches have been followed in order to study the thermally triggered 

SME based on the glass transition as the switching phase. On the one hand, the effects of 

temperature, strain and recovery time during the shape memory creation procedure have 

been disclosed. On the other, making use of the synthetic route, molecular parameters 

such as the comonomer type, sequence length or molecular weight have been explored.  

It has been shown that the capacity to fix the temporary shape is associated to 

temperature sensitivity, whereby the sharper the transition, the higher the fixity of the 

temporary shape. 

Instead, the capacity to recover the permanent shape is sensitive to irreversible 

changes in the amorphous phase caused during the programming procedure that, oppose 

to entropic elasticity. Two sources of these irreversible changes such as strain induced 

crystallization and chain slippage in the terminal zone have been investigated. 

It has been proved that strain induced crystallization causes the main detrimental 

effect in semicrystaline polymers, as its development reduces the available amount of 

amorphous phase, which is responsible for shape recovery. 
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Conversely, in amorphous polymers where crystallization is prohibited as a 

consequence of a highly irregular topology, chain slippage associated with 

disentanglement of chains and relaxation of these in an unstretched state, has been 

identified to be the cause of reduced recovery effect. 

However, upon fully development of these, both families of polymers 

demonstrated a stable and enhanced recovery during subsequent tests, evidencing the 

relevance of the training effect as a previous step upon a practical situation. 
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Due to their molecular structure, polymers offer a wide spectrum of properties that 

can be easily modified in order to match those demanded by application. In this Thesis, 

several strategies have been explored in order to tune the viscoelastic properties and shape 

memory of several polylactide based polymers, whose effects have been rationalised 

taking into consideration the observed microstructural changes. 

Copolymerization and blending 

It has been shown that compared to pure PLLA, the introduction of a second 

copolymer during the synthesis step, has hindered and even prohibited the crystallization 

capacity of the copolymer and promoted the glass transition event.  

The importance of the glass transition and, more specifically, their relative 

position to the temperature of use, relies on the three orders of magnitude change of i. e. 

storage modulus that takes place on its vicinity categorizing polymers into glasses and 

elastomers.  

In compatible and not to strongly polar systems, the glass transition temperature 

can be derived from the assumption of the law of mixtures, so that a tailor glass transition 

copolymer can be easily designed. 

Blending has proven to be a useful strategy to attain a full spectrum of properties 

flanked by those of pure copolymers even when miscibility is not achieved. In such cases, 

it is the majoritarian component which determines the resultant properties of the blend. 

Thermoconformation  

Following synthesis, the necessary step towards a useful device is processing the 

polymer. One of such techniques is based on easily shaping polymers above their melting 

temperature and fixing by solidification on cooling below their corresponding glass 

transition temperature.  

Here, the rate of cooling has a decidedly strong influence over the microstructure. 

More explicitly, in those polymers with crystallization capacity, the resulting 

crystalline (Xc) and amorphous (Xa=1-Xc) fractions are consequence of rapid (Xc=0%) or 
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slow cooling. Although crystallization is favoured in linear polymer chains, polymers do 

not achieve 100% crystallinity as the ability of chains to diffuse from the melt regions to 

regions around the nuclei severely decreases with the rapid increase in viscosity while the 

melt is cooled, so that an amorphous region is always present. 

In polymers that inherently lack crystallization capacity, it is the glass transition 

temperature which reflects the deviation from thermodynamic equilibrium. 

Thus, the resulting structural state constitutes an undercooled liquid with excess 

of thermodynamic properties that kept under constant temperature (or pressure) gradually 

approaches to equilibrium according to a process termed physical aging. 

Amongst the peculiarities of physical aging are its thermal reversibility, its 

memory (nonlinearity), and its kinetics. Moreover, it has been claimed to be the 

responsible of ductile to brittle transition in polymers. 

Though physical aging is a universal phenomenon associated to the extremely 

local rearrangements of the frozen amorphous phase, it has been shown that in polymers, 

a more irregular chain microstructure (higher randomness character) shows a faster aging 

kinetics. It has been rationalised that these irregularities act as joint points providing 

further flexibility to the chain backbone so that it can more easily accommodate the 

corresponding rearrangements of its segments in search of thermodynamic equilibrium. 

Self-reinforcing 

Behind this term is the observed enhancement in toughness and ductile behaviour 

of polylactide based polymers as a consequence of molecular orientation impinged by 

stretching at temperatures in the vicinity of the glass transition temperature. It was 

speculated that this arrangement favoured physical bonds between adjacent chains, which 

contributed to the spectacular raise of the elastic modulus, and upon application of 

sufficient stress, yielding. 

Unexpectedly, in semicrystalline polymers, this stretching procedure caused a 

higher crystallization degree than that achieved by thermal treatment.  
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Plasma polymerization and compounding 

Surface modification of Hydroxyapatite powder by plasma polymerization 

starting from two different monomers has showed to have a positive influence from many 

standpoints. 

Regarding processing by thermoconformation, plasma coating has improved the 

thermal stability of the polymeric matrix, retarding the onset of thermal degradation, 

therefore extending the achievable processing temperature. 

On the other hand, from the mechanical properties of the composite viewpoint, 

plasma polymerization has enhanced the interface adhesion between polymeric matrix 

and inorganic particles, leading to superior properties of the composite, yet preserving the 

character of the matrix. 

In fact, the polymeric matrix composites demonstrated a higher resemblance to 

the neat polymeric matrix (damping, homogeneous nucleation and crystallization 

kinetics) than neat particles composites did. 

Thermally triggered shape memory  

Deeping into the fascinating shape memory effect based on the glass transition as 

the switching phase, it has been concluded that those factors that cause a deleterious effect 

on the entropic elasticity or on the amorphous phase will have so upon the shape memory 

effect. Amongst these, a distinction has been made between extrinsic conditions such as 

the programming procedure (temperature, temporary strain, recovery time) and intrinsic 

factors such as chain topology and molecular weight. 

Interestingly, after fully development of these detrimental effects, (training 

effect), stable recovery has been achieved. 
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