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Abstract

In the present work, the mechanical performance of polylactic acid (PLA) based
composites reinforced with hydroxyapatite (HA) or B-tricalcium phosphate (B-TCP) was
investigated. The polymer was melt compounded with 1 and 2.5 wt.% of particlesdy using an
intensive mixer or a twin screw extruder. Morphological, thermal and rheological studies
were performed to analyze the composites internal structure and filler-matrix interaction. The
mechanical behavior was investigated through uniaxial tensile and quasi-static fracture tests.
The different characterization techniques evidenced a better filler dispers?bn for composites
obtained by extrusion independently of the filler used. A relatively weak filler-matrix
interaction was revealed from morphological observations-and rheological measurements. In
addition, thermal analysis evidenced similar crystalline structure for all of the investigated
materials. In general, uniaxial tensile parameters’ displayed almost constant values
independently of the filler content or compounding method. Particularly, extruded composites
with 2.5 wt.% filler exhibited slightly increased ductility respect to neat PLA which was
related to improved filler dispersion. ThesPLA matrix displayed load-displacement curves
with ductile instability in quasi-static. fracture tests. On the other hand, the composites with
2.5 wt.% filler exhibited an incre&sed stable crack growth followed by ductile instability. The
fracture process was quantitatively described by means of critical stress intensity factor (Kig)
and strain energy release rate at propagation (Gcp) parameters. The extruded composites with
2.5 wt.% filler displayed .improved propagation fracture toughness. Based on fractured
surfaces analysis this enhanced behavior, not largely reported for untreated rigid fillers, was
attributed-torthe effective activation of the toughening mechanisms of particle debonding and
subsequent plastic void growth.
Keywords

Polylactic acid (PLA), Calcium phosphates, Mechanical properties, Fracture toughness
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1. Introduction

Biodegradable polymers such as polylactic acid (PLA), polyglycolic acid (PGA),
poly-g-caprolactone (PCL), polyhydroxylbutyrate (PHB), starch, chitosan, their blends and
composites are extensively used in a wide range of applications, including @griculture,
packaging, or biomedical products [1-5]. These polymers can be reinforced with fillers such
as: hydroxyapatite (HA), B-tricalcium phosphate (B-TCP), amorphous calcium phosphate
(ACP), biphasic calcium phosphate (BCP), clay, silica and cellulose among others, to obtain
composite materials with enhanced performance [2-9]. Particularly, the mechanical behavior
of polymer based composites has been related to a wide range of factors and characteristics
[8-9]. The effect of the filler (reinforcement type, geometry; size distribution, content, surface
condition) and processing (injection, extrusion, compression molding) should be considered
as key factors [1, 6, 10-15]. y

Many works have been reported ‘in the literature about PLA-calcium phosphates
composites, mainly focused on the chemical or thermal properties, filler surface
modifications, morphology, degradation, bioactivity, among others. However, mechanical
performance has been generally limited to some specific tests and parameters disregarding an
exhaustive analysis of fracture\behavior or failure mechanisms [2-3, 8, 12, 16-19]. In
addition, different filler types size and content, filler-matrix combination and/or testing
geometry were used.<Far.this reason, comparison among already published results can be
really complex or'even impossible. Shikinami et al. obtained PLA-HA composites (particle
size distribution: 0.3-0.5_um, filler content: 20-50 %) with enhanced bending, shear and
impact performance {20]. For PLA reinforced with unmodified HA particles (particle mean
length: 2.4um, filler content: 25-50 %) an embrittlement effect in compression behavior has
been reported by Gay et al. [8]. Hong et al. observed decreased tensile and bending strength

values with the incorporation of unmodified HA (particle mean length: 100 nm, filler content:
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2.5-20 %) into PLA [14]. Niemeld [21] reported lower tensile performance with B-TCP
(particle size distribution: 50-125 um, filler content: 20 %) while Jin et al., for the same filler,
published improved compressive behavior (particle size distribution: not reported, filler
content: 10-30%) [22]. Due to the fact that processing can influence filler dispersion or
orientation into the polymer matrix, Mathieu et al. compared three compounding:methods for
PLA based composites reinforced with HA (specific surface area: 50 m?/g, filler content: 5-
15 %) or B-TCP (specific surface area: 1.5 m?/qg, filler content: 5-15 %). They observed
improved filler dispersion by melt extrusion, but there was no enhancement of the composites
tensile properties [23]. Rakovsky et al. reported a higher compressive strength for PLA-f-
TCP composites (size distribution: 100-300 nm, filler content: 40.%){24]. In general, most of
the published data about PLA-calcium phosphates“composites disregarded fractographic
characteristics of tested samples and the discussion about which fracture mechanisms were
involved during the failure process.

It should be highlighted, the.mechanical properties depend on the specific filler-
matrix combination used making prediction complicated. In addition, unfortunately, many
studies did not exhaustively report. composite materials characteristics, processing and
experimental behavior observed\ [5, 8,12, 14, 18, 20, 25-27]. For these reasons, the
reinforcement effect of phosphates on PLA matrices still remains under discussion, meaning
that additional and more.detailed mechanical performance analysis are required to clearly
identify the most relevantinvolved factors.

In the‘present work, the mechanical behavior of PLA based composites reinforced
with HA«or B-TCP<particles was evaluated. The effect of these two different calcium
phosphates, their size distributions, particle content and processing on the tensile and fracture
behavior was investigated. Furthermore, the fracture process was quantified by fracture

toughness parameters and qualitatively described by fractographic characteristics.
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Particularly, this work focused on the relationship, not yet clearly established for PLA-

calcium phosphates composites, between toughening mechanisms and the most rele&nt
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2. Materials and methods
2.1 Composites preparation

A commercial polylactic acid (PLA) (Ingeo 7001D, NatureWorks LLC) was_used as
the matrix (melt flow index: 6 g/10 min). Hydroxyapatite (HA) (Institute of Biomedical
Engineering, University of Buenos Aires) [28] and B-tricalcium phosphate (B-TCP) (Sigma
Aldrich) were employed as the fillers. Different composites were prepared with: 1 and 2.5
wt.% of particle (referred as: PLA-HA, PLA-B-TCP in the following text). The components
were compounded by using an intensive mixer (Brabender Plasticorder; at 190 °C and 50 rpm
for 10 min) or a twin screw extruder (Thermo Scientific Process,11;“temperature profile:
160°C, 170°C, 180°C, 190°C, 190°C, 190°C, 220 °C at 50-rpm)sComposites films (nominal
thickness B=0.25 mm) were obtained by compression:molding in a hydraulic press (T=190
°C, P=50 MPa, t=10 min) followed by rapid cooling within*the press plates under constant

pressure by circulating water.

2.2 Particles characterization

Particle size distributions: were obtained with a Master Sizer Micro (Malvern
Instrument). The analyzed fiIIers\vvere ultrasonically dispersed in deionized water for 10 min
before measurements. The Z potential of HA and 3-TCP was measured (Nicomp ZLS Z3000)

at 25°C with DI H20.

2.3 Morphology and fracture surface analysis
Dispersion.of the fillers into the PLA matrix was examined by Scanning Electron
Microscopy (SEM) (FEI QUANTA 250). In addition, fracture surface morphology of tested

samples was also observed by SEM.
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2.4 Thermal characterization

Thermal analysis was performed under nitrogen atmosphere at a heating rate of
10°C/min in the range of 25 to 230°C (Perkin Elmer Pyris 1 Differential Scanning
Calorimeter (DSC)). Crystallinity (X¢) of the different materials was determined from the

DSC curves with the following expression:

(AHpm—AH,)
AHO X W,

Xc(%) = x 100 (1)

where: AHn is the melting enthalpy, 4H is the cold crystallization.enthalpy, 4H° (93 J/g) is
~

the 100% crystalline PLA melting enthalpy and W, is the polymer weight fraction [19].

2.5 Rheological characterization

The complex viscosity (n*), storage modulus (G’ and loss modulus (G") were
obtained in small-amplitude oscillatory shear flow experime;ts using a rotational rheometer
(Anton Paar Rheometer MCR-301) provided with a CTD 600 thermo chamber. The tests
were carried out at 165°C using parallel"plates of 25 mm diameter with a strain of y=1.0%,
dynamic strain sweep was initially conducted to determine the linear viscoelastic region,
within a frequency range of 0.14500 s°%

N

2.6 Mechanical characterization

Uniaxial tensile, tests were performed in a INSTRON 1125 dynamometer at a
crosshead speed of.5 mm/min by following ASTM D882-02 standard recommendations.
Characteristic stress-strain curves and parameters were obtained from these tests. Quasi-static
fracture/tests were also carried out at 1 mm/min on deeply double edge-notched tensile
(DDENT) specimens (length (L)=30 mm, depth (W)=20 mm, notch (a)=5mm, thickness
(B)=0:25mm).

The crack initiation was evaluated by the critical stress intensity factor (Kig) as [29]:
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ko= ) @
2

where: Fq is the load at crack initiation (obtained by a secant line with a 95% of the Initial

elastic loading slope) and f ( ) is the geometrical factor defined by [29-30]:

m
f (%) = JJ% [1.122 —0.561 (%) —0.205 (%)2 +0.471 (%)3 0.149 (%)4] 3)

Propagation fracture toughness was characterized by the strain energy release rate

~

(Gep) as follows [20]:

U,
%= B -a) @

where: Ut is the overall fracture energy.
All mechanical tests were performed at/roomtemperature. A minimum of five
samples were tested for each material and.the average/values with their deviations were

reported.
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3. Results and discussion
3.1 Calcium phosphate filler analysis

Particle size distributions for both filler used are presented in figure 1. For HA, a bi-
modal broad distribution (0.4-140 um) was obtained with most frequent valuesf 3.40 um
and 41.40 um. For B-TCPa unimodal narrower distribution was observed (0.4-60,um) with.a
most frequent value of 6.10 um. On the other hand, the zeta potential values obtained were: —
4 mV for HA and -32 mV for B-TCP particles. It can be found inthe literature a higher
agglomeration tendency for fillers with reduced sizes and/or low [surface Eharge [11, 31-32].
Based on the obtained results, the smaller HA particles could be largely'agglomerated due to
the zeta potential value. While, for B-TCP counteracting.effects.can be considered. On one
hand a higher agglomeration tendency, related to the increased frequency of small filler sizes,

but on the other hand the larger repulsive electrostaticsforces.”

3.2 Morphological analysis

Figure 2 shows typical SEM micregraphs for PLA-HA and PLA-B-TCP composites
samples obtained with the different.compounding methods. It can be observed that, both
fillers were locally agglomerated \(indicated by arrows) but they were also clean of the matrix
material suggesting a relatively low interfacial adhesion between both phases. Otherwise, for
higher interactions, the filler should be coated by the matrix and hardly distinguishable [33].
Similar morphologies have been reported for untreated calcium phosphates composites [14,
23, 34-35]. In addition, for composites obtained with the extruder reduced agglomerates
frequencyswas observed (figure 2.b) suggesting a more efficient melt compounding in this

case.
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3.3 Thermal analysis

The second heating DSC scans for the materials processed with the twin screw
extruder are shown in figure 3. A cold crystallization effect was detected as well as the
presence of a double melting peak related to a polymorphism and melt recrystallization of the
unstable crystals formed during the cold crystallization process [36]. The filler effectiveness
on the crystallization and thermal behavior strongly depends on particle dispersion, size,
shape, surface characteristics and content, among others [37-39]. Particularly, it has been
reported that the incorporation of HA can influence the PLA matriX in different ways [39-41].
Liu et al. explained the retardant nucleating effect due to the chemistry of HA [40]. On the
other hand, Zhou et al. discussed the nucleating efficieney ofispherical HA nanoparticles
[41]. In addition, Persson et al. observed a dropped of the crystallization peak with HA
content and increased crystallinity at filler loadings larger than 15 wt.%. They discussed the
ability of HA to form PLA crystals at lower temperatures or to act as a nucleating agent [39].
Frone et al. reported the thermal performance of PLA-cellulose nanofibers composites [36].
They observed a shift of Tcc to lower values with untreated cellulose while for silane treated
cellulose cold crystallization temperature increased. The authors explained this behavior in
terms of an improvement of t@ filler-matrix adhesion that hindered the polymer chain
mobility. Shi et al. analyzed the crystallization behavior of PLA reinforced with precipitated
calcium carbonate (PCC).and halloysite natural nanotubes (HNT) [42]. They observed lower
Tec values with PCC content. The enhanced crystallization behavior was explained by the
simultaneousdncrease of contact surface area and nucleating sites.

In.general, for the investigated materials no clear trends of thermal properties (table 1)
were observed irrespectively of the composition or processing method. The quite constant Tg
value can be explained by the low filler loading considered [36]. In this situation, only a

marginal fraction of PLA chains could be restricted by the particles and DSC scanning was
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Page 10 of 35



Page 11 of 35

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MRX-109531.R1

not sufficiently sensitive to properly detect this effect [36]. The lack of variation of Tm also
confirmed the not restricted polymer chain mobility [42]. In addition, the constant melting
temperature suggested similar crystalline structure for all of the investigated materials [36].
However, for extruded composites, both fillers promoted the PLA crystallization at lower
temperatures as detected by the shift of the T values, similarly to the reported. results for

other reinforcements above mentioned.

3.4 Rheological analysis

The rheological behavior of the PLA based composites obtained with the twin screw
extruder is displayed in figure 4. The n* and G" parameters, showed increased values,
compared to the neat PLA, with filler content related to a hydrodynamic effect due to the
presence of the particles into the polymer [3]. Pafticularly, the PLA-2.5 wt.% B-TCP
composite exhibited the largest increment on the complex viscosity. In addition, composite
materials can reach a solid-like behavior due to. filler interactions and easily achieved with
reduced filler sizes [3, 43-44]. The G” curves of composites displayed a rheological behavior
close to a frequency-independent.plateau suggesting that a percolated network was not fully
developed. Similar rheological be\haviors were obtained for the composites compounded with
the intensive mixer (results not'shown here).

The composites interaction and structure were also analyzed by the Han and Cole-
Cole diagrams. Taking into.account the Han plot, slope variations for composites compared
to the neat matrix are related to the filler-matrix interaction and to a more complex internal
structure«In’ addition, a shift to higher frequencies of the inflection point suggests larger
energy. required to modify the internal structure due to higher contact area or stronger
interactions [45-46]. Li et al. investigated the rheological performance of PLA reinforced

with silica [46]. They observed notable variations of the slope and the inflection point beyond

11
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percolation threshold, meaning that strong internal interactions were achieved. Figure 4.c
shows for the composites a reduced slope, independently of the filler type or content. The
lack of variation of the inflection point indicates an almost constant energy consumed to
modify the internal structure probably due to the low filler content, to a weak filler-matrix
interaction or to the superposition of both effects.

Taking into account the Cole-Cole diagram, a perfect arc means a single relaxation
time distribution. The presence of internal structures such as: agglomeration, internal
network, house-of-cards or skeleton, among others are detected by the pre\sence of a tail or a
second arc. In addition, for composite material diagrams two parts ¢an be analyzed: a half-arc
at low viscosities related to the local dynamic of polymer.and a rigid‘tail at higher viscosities
in accordance with long-term relaxation times of restrained polymer chains [47-48]. PLA-B-
TCP composites (figure 4.d) exhibited a tail ‘independently of the filler content and
compounding method. In addition, the rigid tail of extruded composites displayed a higher
slope compared to the internal mixer.ones. This behavior observed for extruded composites,
suggests a larger influence of the restrained\polymer chains on the whole relaxation spectrum
that can be achieved by a more ordered internal network [41, 45-46]. Similar effect of the

compounding method was found{or the PLA-HA composites (results not shown here).

3.5 Mechanical performance analysis
Uniaxial tensile behavior

Figures 5 and 6 display stress-strain curves and tensile parameters values for the
different materials_investigated. In general, neat PLA and the composites exhibited similar
tensile behavior ‘characterized by the presence of a yield point followed by strain softening
before final fracture. Elastic modulus, tensile strength and strain at break values did not show

significant variations among the different composites. Particularly, the slight variations of

12
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composite tensile strength values confirmed the relatively weak filler-matrix interaction
previously observed by SEM [10-11]. The effect of filler size, content and filler-matrix
adhesion on the strength of particulate polymer composites has been reviewed by Fu et al.
[10]. Briefly, they analyzed the relevance of interfacial strength related to the load transfer
capability from the polymer matrix to the rigid fillers. For composites with well dispersed
particles and strong bonding, filler content leads to increased strength particularly for
nanocomposites due to the larger surface contact area. In addition, tensile strength can be also
affected by the polymer crystallinity [10, 40]. The thermal analysis described before suggests
quite similar crystalline structure for all of the investigated materials. For this reason, it
should not be considered as a key factor to explain, their. mechanical performance.
Composites with 2.5 wt.% filler processed with the intensive mixer exhibited lower ductility
respect to neat PLA probably due to the presence of large ag@lomerates. On the contrary, the
same composite material obtained by extrusion.showed slightly enhanced post-yield behavior
that has been related in the literature to.improved filler dispersion [10].

SEM fractographs of samples broken in tensile tests (figure 7) exhibited, in general,
smooth fracture surfaces related to-the absence of significant dissipation mechanisms [49-50].
For the composites processed {vith the intensive mixer (figure 7.a.2 and 7.a.3), larger
agglomerates (indicated by arrows) able to promote easy crack growth were observed. In
addition, for all of the composites investigated fracture surfaces did not reveal generalized
particle debonding suggesting this toughening mechanism was not properly activated under

uniaxial tensile loading.

Quasi-static fracture behavior
For'neat PLA, load-displacement curves obtained in quasi-static fracture tests (figure

8) showed fracture behavior with ductile instability characterized by an almost instantaneous

13
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drop of load from the maximum to zeroand related to a low propagation energy [51]. In
accordance with this observation, lateral views of PLA samples did not display any signs of
permanent damage such as stress whitening. On the other hand, composites exhibited a slight
increase of stable crack growth displaying nonlinear load-displacement behavior, followed hy
ductile instability after the maximum load. In addition, tested samples “of\composites
displayed different levels of stress whitening which can be extensively observed for extruded
PLA-2.5 wt% B-TCP. It should be highlighted that, the 2.5 wt.% HA composite processed
with the intensive mixer exhibited similar fracture behavior to neat PLAY"

Figure 9 displays initiation and propagation fracture toughness values for the different
materials investigated. Crack initiation toughness values (figure 9.a.1 and 9.a.2) for PLA-HA
remained almost constant independently of the filler content or processing method used. On
the other hand, for extruded PLA-B-TCP composites the Kig Values were improved respect to
neat PLA. In general, propagation fracture toughness'(figure 9.b.1 and 9.b.2) exhibited
increased values for both fillers irrespectively of the processing method (except for the PLA-
2.5 wt.% HA composite processed with the, intensive mixer). It can be highlighted that, the
lower scatter of values for extruded cemposites also suggests improved filler dispersion.

Pukéanszky et al. propc&ed a /theoretical model for strain energy release rate

E

_ . Ge Em

(1+2.5¢) o . . .
= Bg) predictions as a function of the filler content. This

model can be applied (figure 10) to analyze the filler-matrix interaction and particle
dispersion [52-54]. The decreasing trend of In(Gcrel) Values with filler content suggests filler
agglomerations,@s can be abserved for PLA-HA processed with the intensive mixer (figure
10.a). On the other hand, the increasing trend values for the extruded composites can be
related to an tmprovement of filler dispersion. In addition, the linear regression slopes

indicate,similar filler-matrix interactions for both systems.
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Page 14 of 35



Page 15 of 35

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MRX-109531.R1

In a similar way as previously described for the uniaxial tensile behavior, for neat
PLA smooth surfaces (figure 11) with localized ductile tearing were observed. In addition,
composite materials displayed rougher surfaces with more frequent ductile tearing. 1t can be
highlighted for the PLA-2.5 wt.% composites (figure 11.b.3), the evidence<of particle
debonding followed by plastic void growth and subsequent matrix ductile tearingsThe air gap
placed around the filler (indicated by arrows) had not been previously detected in the
morphological analysis, meaning that particles were initially bonded to the polymer matrix.
The enhancement of fracture toughness parameters and fracture surface\morphology also
suggests increased ductility.

Briefly, composites propagation fracture toughness-was enhanced respect to neat PLA
(except for the PLA-2.5wt.% HA composite processed with the intensive mixer). Particularly,
extruded composites displayed improved filler (dispérsion,” meaning that the mechanical
performance observed can be related to the concomitant effect of a good filler dispersion in
the PLA matrix and a relatively low filler-matrix interaction that promote particle debonding
and subsequent plastic void growth [10-11,)61, 55-57]. More specifically, the favorable effect
of weak interactions should be_discussed. It is commonly assumed for polymer based
composites the need to improv&filler-matrix interaction to successfully obtain enhanced
performance. This point of view is really accurate for a wide range of physical and/or
mechanical properties'but.not for all of them. Stronger interactions can promote higher tensile
strength, barrier properties,.and thermal stability, among others [4, 14, 46]. On the contrary,
composite materials toughness represents an energetic phenomena meaning that energy
dissipationsmechanisms, elastic-plastic deformation process and energy release rates should
be taken into account and not only the load bearing capability of the investigated system [55-
56, 58]. Thio et al. reported improved toughness for PP/CaCOs; composites and concluded

that weaker adhesion promotes earlier debonding leading to extensive matrix plastic

15
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deformation [58]. In a similar way, Fu et al. argued that low interfacial adhesion is favorable
for brittle matrix if micro-cavitation and/or micro-debonding is properly activated [10].
Finally, the results obtained in this work suggest that, toughening of PLA-calcium phasphates
composites can be achieved even without filler modification or the incorporation of any
compatibilizer provided filler particles are adequately dispersed. The results of this
investigation seem to be very promising for biomedical applications, where.biodegradable

materials are extensively investigated and improved performances are still required [4-5].

~
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4. Conclusions

PLA based composites reinforced with calcium phosphates were melt compounded by
intensive mixing and twin screw extrusion. Morphological analysis displayed improved filler
dispersion with only marginal agglomerates for the extruded composites. In addition, SEM
observations suggested a relatively poor filler-matrix interaction for both particles. Thermal
analysis indicated the fillers capability to induce the PLA crystallization at lower
temperatures but an almost constant crystalline structure was also detected for all composites.
This result suggests that reinforcement effect should be more dominant instead of nucleating
one on the mechanical performance of the investigated composite.materials. On the other
hand, the rheological behavior indicated a more ordered. internal structure for extruded
composites. Taking into account the mechanical performance, extruded composites with 2.5
wt.% filler exhibited slightly increased strain at break valués in uniaxial tensile tests. In a
similar way, propagation fracture toughness values (Gep)Were higher for extruded composites
compared to neat PLA. Fractured surfaces suggested that particle debonding and subsequent
plastic void growth were the main toughening mechanisms.

It can be remarked that, the internal structure and filler-matrix interaction were
analyzed by different experimeqtal methodologies due to their close relationship to the
mechanical performance of composite materials. In this way, the results of this investigation
indicated that toughness,of PLA-calcium phosphates composites can be improved with
untreated particles. However, a properly filler dispersion superimposed with a relatively low
interaction aré required for the effective activation of the energy absorption mechanisms.
Furthermaore; dispersion was more relevant on the tensile and fracture behavior, rather than
the filler type or the particle size distribution. In addition, the trends observed for propagation

fracture toughness revealed that maximum values have not still been reached, and further
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improvements could be probably achieved with larger filler contents. Hence, further work is

in progress to confirm these expectations.
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Table 1: Thermal properties of PLA composites.

Tg(°C) | Tee (°C) | Tm (°C) | Tm2 (°C) | Xc (%0)
Intensive mixer
PLA 62.5 117.5 150.7 157.7 6.7
PP-1%HA 62.6 116.4 150.2 156.8 4.8
PP-2.5%HA 61.7 117.3 149.1 156.2 2.6
PP-1%p-TCP 62.5 115.6 149.9 156:7 F 8.7
PP-2.5%B-TCP | 6238 114.6 149.8 156.1 4.7
Twin screw extruder
PLA 60.5 117.4 149.4 156.9 8.9
PP-1%0HA 61.5 108.5 148.1 156.8 10.9
PP-2.5%HA 61.7 108.9 1476 g 156.1 8.8
PP-1%p-TCP 62.2 114.8 150.2 157.6 5.2
PP-2.5%-TCP 61.8 109.5 148.2 156.3 6.8

Tg: glass transition temperature,
temperatures, Xc: crystallinity

Tee: cold, crystallization temperature, Tmi-2: melting
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Figure 1. Particle size distributions for HA and B-TCP.
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Figure 2. SEM images of: a.1) PLA-2.5 wt.% HA, a.2) PLA-2.5 wt.% B-TCP obtained with

mixer and b.1) PLA-2.5 wt.% HA, b.2) PLA-2.5 wt.% B-TCP obtained with extruder.
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Figure 3. DSC thermograms for PLA composites obtained with extruder: a) PLA-HA and b)

PLA-B-TCP.
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Figure 4. Rheological properties for PLA composites obtained with extruder: a) complex

viscosity (n*), b) storage modulus (G"), c) Han diagram and d) Cole-Cole diagram.
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Figure 5. Stress-strain curves for PLA composites obtained with different compounding

methods: a) intensive mixer and b) twin screw extruder.
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Figure 6. Tensile parameters for PLA composites obtained with different compounding

methods: a) intensive mixer and b) twin screw extruder.
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Figure 7. Tensile tested surfaces of: a.1) PLA, a.2) PLA-2.5 wt.% HA, a.3) PLA-2.5 wt.%

B-TCP obtained with mixer and b.1) PLA, b.2) PLA-2.5 wt.% HA, b.3) PLA-2.5 wt.% -

oNOYTULT D WN =

TCP obtained with extruder.
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Figure 8. Load-displacement curves for PLA composites obtained with different

compounding methods: a) intensive mixer and b) twin screw extruder.
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Figure 9. Fracture toughness characterization for PLA composites: a) stress intensity factor

(a.1: mixer, a.2: extruder) and b) propagation fracture toughness (b.1: mixer, b.2: extruder).
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Figure 10. Reduced strain energy release rate (Gcrel) for composites obtained with different

compounding methods: a) PLA-HA and b) PLA-B-TCP.
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Figure 11. Quasi-static fractured surfaces of: a.1) PLA, a.2) PLA-2.5wt.% HA, a.3) PLA-

2.5wWt.% B-TCP obtained with mixer and b.1) PLA, b.2) PLA-2.5wt.% HA, b.3) PLA-

oNOYTULT D WN =

2.5wWt.% B-TCP obtained with extruder.
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