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Abstract
The objective of this study was to investigate the thermal expansivities and degradation properties for several in vitro

conditioned biodegradable poly(lactic acid)/hydroxyapatite (PLA/HA) and poly(lactic acid)/b-tricalcium phosphate (PLA/

bTCP) composites with different mass% of the particle reinforcements (i.e. 10, 20 and 30). The samples were prepared by

extrusion followed by injection moulding and incubated in a customized simulated body fluid at 37 �C over 60, 90, 120,

150 and 180 days, respectively. Thermal expansion and degradation properties of in vitro conditioned samples, along with

dynamic mechanical properties of unconditioned ones, were systematically investigated through coefficients of linear

thermal expansion and thermal strain changes, decomposition temperatures, mass changes and per cent residues. The

results indicated that PLA/bTCP composites performed better than PLA/HA composites, irrespective of their filler mass%,

revealing high values of glass transition temperatures, around a mean value of 65 �C, both on dynamic mechanical analysis

and on dilatation measurements but lower values on their degradation temperatures, such as 360 �C. The results suggest the
feasibility of tailoring high-loaded osteoconductive fillers-reinforced PLA composites for various medical and engineering

applications.
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Introduction

Poly(lactic acids) (PLAs) are the most deployed

biodegradable polymers in healing products, surgical

implant devices, orthopaedic devices, bioresorbable scaf-

folds for tissue engineering, packaging, textile and envi-

ronmental applications because of their versatility, good

mechanical, thermal and optical properties as well as the

easy of processability on conventional laboratory equip-

ment [1–3]. The interest in PLA is confirmed by extensive

research papers and reviews in relation to its fabrication,

processing and deployment for other combinations [4–7].

Taking advantage of the individual properties of PLA and

accounting that the addition of fillers may enhance the

effective properties of the polymeric compounds, various

combinations with micro-fillers (e.g. talc, hydroxyapatite,

inorganic carbonates, kaolin, etc.) or nanofillers (e.g. car-

bon nanotubes, halloysite, silica, etc.) were produced.

Hydroxyapatite (HA) is of high interest being a popular

biomaterial which finds use as a bone or teeth replacement

and repair, hard tissue repair. Balancing between advan-

tages such as biocompatibility, osteointegration and

osteoconductive properties and disadvantages including

difficulties in processing owing to fragility and brittleness,

PLA/HA composites were produced with synergistic

effects on their material properties [8–11]. One of the main

challenges when producing PLA/HA composites was the

poor adhesion between the constitutive due to

hydrophilicity of HA reinforcements in combination with

the hydrophobic polymer matrix. The issue was overcome

by modification on HA surface with silane and silane

derivatives or phosphate-based solutions to enhance the
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dispersion within the PLA matrix and hence the interfacial

adhesion [12, 13].

Another variation that captured researchers’ attention is

the b-tricalcium phosphate (bTCP) that in combination

with PLA was widely deployed in tissue engineering for

regeneration due to their enhanced biocompatibility and

biodegradability [3, 14, 15]. Despite its brittleness that

confines clinical application to no-load-bearing repair and

substitution, good mechanical, dynamic mechanical and

thermal properties were reported especially in highly loa-

ded (amounts up to 30 or 40 mass%) composites [16]

making this filler an ideal material implant. Ferri et al. [17]

reported values in the range of 1.7–2.5 GPa for the tensile

modulus, 4.95–5 GPa for the elastic modulus in flexure and

2.3 GPa for the storage modulus in shear for the 30 mass%

fillers.

Addressing the osteoconductive and degradation beha-

viour of PLA and its composites for medical applications,

in vitro simulations are demanded by immersing them into

a simulated body fluid. These simulations can be done in

either a static or dynamic fluid and further assess the per-

formances of the specimens at various degradation grades

[15, 18–20]. Kang et al. [14] approached the in vitro

degradation under flowing conditions as well as dynamic

loadings of PLA/bTCP composites within 4 and 6 weeks

and measured the changes in mass, porosity, molecular

weight and compressive strength. Further, Masanori et al.

[20] shown that extension of immersion time length lowers

the mechanical properties due to dissolution of bTCP from

the surface.

In relation to the production of PLA composites, since

NatureWorks LLC is the main leader in the market for PLA

technology and production, their biopolymers under

trademark IngeoTM are suitable for extrusion, injection

moulding, solvent casting, pultrusion or hot pressing

[21, 22]. Among previously, the twin-screw method is

highly preferred in PLA-based composites manufacturing

since enabling performance increase in material properties

[23]. Additionally, fibre high demands for additive tech-

nologies (i.e. 3D printing) enabled high-loaded PLA/HA

composite filaments production [24]. For example,

Corcione et al. [25] reported one-step solvent-free process

for fabrication of PLA/HA with mass% of 5, 15, 30 and 50,

respectively, with glass transition temperatures (Tg)

decreasing from 56.45 �C to 52.59 �C as the filler content

increases. Next, Siqueira et al. [26] investigated the mor-

phology and thermal properties of low-loaded PLA/bTCP
(1, 5 and 8 mass%) fibres obtained by electrospinning.

Their results show enhanced degree of crystallinity in high

filler content, small differences in the Tg and good thermal

stability from thermogravimetric measurements. Fused

deposition method (FDM) is another technique deployed

for PLA composites production. In a paper of

Drummer et al. [27] were investigated the processing

conditions on the mechanical and thermal properties of

PLA/bTCP composites fabricated based on a FDM tech-

nique. Their findings point to several processing parame-

ters that influence the mechanical properties and

crystallinity of the material, such as the nozzle temperature

set at 225 �C.
The aim of this contribution is to study the in vitro

degradation of neat PLA, PLA/HA and PLA/bTCP com-

posites manufactured by extrusion followed by an injection

moulding process and to assess their dynamic mechanical,

thermal expansion and thermal stability properties

accounting both different mass% filler content and degra-

dation time. This systematically approach aims to bring

future insights in the behaviour of in vitro degradation of

neat PLA- and high-loaded PLA/HA and PLA/bTCP
composites to help tailoring novel bioabsorbable materials

for specific application and various recipients.

Experimental

Materials selection

The matrix deployed for herein research is a NatureWorks

LLC (Minnetonka, USA) poly(lactic) (PLA) biopolymer,

IngeoTM 6201D delivered as pellets. Both injection

moulding and extrusion processes can be used owing to the

intrinsic PLA material properties, such as melt flow index

15–30 g 10-1 min-1 (210 �C), density 1.24 g cm-3 and

melting temperature of 150–170 �C. Further, the glass

transition temperature varies between 55 and 60 �C.
The hydroxyapatite constitutive (HA)—Ca5(OH)(PO4)3

(Sigma-Aldrich, DE), supplied as nanoparticles with mean

size B 200 nm, containing 35–40% Ca (Ca/P ratio is 1.67),

and the b-tricalcium phosphate—Ca3(PO4)2 (Sigma-

Aldrich, DE), supplied as powder with average particle size

of 4 lm ± 2 lm, are acting as reinforcements for the PLA

polymer matrix.

PLA and PLA composites preparation
and conditioning

The unfilled PLA and PLA-based composites were pro-

duced with different mass% as reported in the previous

contributions [17, 28] and further labelled as PLA, PLA-

xx% HA and PLA-xx% bTCP to differentiate among neat,

HA or bTCP-reinforced composites of different mass

fractions used (i.e. 10, 20 or 30). The PLA pellets were

dried prior manufacturing at 80 �C for 24 h to remove

residual moisture and reduce hydrolysis effects during their

processing. PLA/HA and PLA/bTCP composites speci-

mens’ manufacturing was initiated by melt blending the
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components into a L/D relation by a 24 twin-screw co-

rotating extruder at 60 rot min-1. The temperature profile

exhibited the values of 170 �C, 175 �C, 177.5 �C and

180 �C from the hopper to the die. After cooling, the

mixtures were further pelletized and processed by injection

moulding on a Meteor 270/75 machine (Mateu and Sole,

ES) at 180 �C. The samples were injected at a pressure of

1400 bar. The cycle time was 17 s, and the mould tem-

perature reached 50 �C. Samples were delivered under

plain rectangular shapes with the following dimensions:

80 9 10 9 4 mm3, covering thus different potential test-

ing requirements. In vitro studies were performed by

immersion the sample in a in situ prepared phosphate-

buffered solution (SBF) [29] accounted to simulate fluid

body conditions, at a constant temperature of 37 �C. Fresh
SBF was added into the chamber at every removing time

length (30, 60, 90, 120, 150 and 180 days, respectively)

keeping the immersion volume constant during the

experiment.

Composite samples characterization

Dynamic mechanical analysis (DMA)

Dynamic mechanical measurements were taken by aid of a

controlled stress rheometer AR-G2 (TA Instruments, New

Castle, USA) at a frequency of 1 Hz, in torsion mode,

within 25–110 �C temperature range, using a 2 �C min-1

heating rate in the dynamic step. The experimental runs

comply the ASTM D5279-13 standard procedure. Plano-

parallel sample dimensions were set as 40 9 10 9 4 mm3

and were cut by aid of a diamond disc cutting machine.

Measurement set up and data acquisition were handled in

the Rheology Advantage Instrument Control AR environ-

ment enabling information gathering for the storage mod-

ulus in shear (G0) and damping curves (tan d).

Dilatometry (DIL)

Specimens’ expansivity was monitored by aid of a push rod

dilatometer DIL 402 PC (Netzsch GmbH, D), in controlled

atmosphere, within 25–95 �C temperature range deploying

2.5 K min-1 heating rate in the dynamic step, followed by

a 15 min isothermal. The experimental runs comply the

ASTM E228:2011 standard procedures. Specimens’

dimensions were set as 25 mm 9 5 mm in length and

width, respectively, shaped by aid of the same cutting

device as previously. Accompanying software Proteus�

enabled outcomes retrieval, such as the coefficient of linear

thermal expansion (CLTE or a), technical alpha (aT)
inflexion points and their corresponding glass transition

temperatures (Tg), namely.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis on specimens was performed

by aid of a STA 449 F3 Jupiter� (Netzsch GmbH, D) at a

heating rate of 10 �C min-1, in controlled N2 atmosphere

at a 20 mL min-1 flow rate. The measurements comply the

ISO 11358-1:2014 procedures. Dynamic mode was

deployed in the heating step within the selected 25–650 �C
temperature range. Alumina crucible was used for each

individual specimen excerpt. The mass loss was recorded

in response to temperature increases.

Scanning electron microscopy (SEM)

Specimens morphology was investigated by aid of a field

emission scanningmicroscopeFESEMZeissUltra55 (Oxford

Instruments, UK) at an acceleration voltage of 2 kV. The

samples were subjected to a cryofracture process by aid of

liquid nitrogen. To enhance image details on the particle

dispersion the samples were sputtered with platinum in a

sputter coater EMITECH SC7620 (Quorum Technologies

Ltd., UK). Along with the previous device, a scanning

microscope (SEM) module Phenom (FEI Company, Eind-

hoven, NL) was deployed to characterize the samples surface

morphology from a different perspective. In this case, the

surfaces were sputtered by an Au–Pd alloy.

Results and discussion

Morphological characterization of PLA/HA
and PLA/bTCP composites

Morphologies of PLA/HA and PLA/bTCP composites are

shown in the excerpts in Figs. 1 and 2. As it can be seen

Fig. 1 FESEM images at 910,000 on cryofractured surfaces of PLA/

HA composites with different mass% hydroxyapatites: a neat PLA,

b 10 mass% HA, c 20 mass% HA and d 30 mass% HA
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from the FESEM images on the PLA/HA composites (see

Fig. 1), along with increase on the mass% content, the

surfaces are becoming rougher and more porous and the

fracture process can be characterized as fragile in its

essence. Additionally, HA fillers have good dispersion

within the PLA matrix with enhanced filler/matrix interface

at lower mass% contents, as further seen in Fig. 2a–c. On

the other hand, the FESEM images of PLA/bTCP (see

Fig. 2d–f) reveal less particle dispersion within the PLA

matrix compared with their HA counterparts. The particles

of bTCP are more hydrophilic than the HA particles. As a

result, bTCP particles aggregates degrade the mechanical

properties of their compounds, behaving as crack initiators

as already reported [17, 29].

Dynamic mechanical properties of PLA/HA
and PLA/bTCP composites

Dynamic mechanical properties of neat PLA and PLA/HA

or PLA/bTCP composites were retrieved within selected

temperature range and oscillating frequency of 1 Hz to

provide insights in the interfacial adhesion between HA or

bTCP reinforcements and the PLA matrix in addition to

SEM images.

Figure 3 shows the variation of storage modulus in shear

(G0) of PLA, PLA/bTCP and PLA/HA composites within

temperature range. As can be seen, the G0 of all samples

preserves approximatively a constant evolution with tem-

perature increase below their glass transition temperature

Tg. Additionally, PLA/HA and PLA/bTCP composites

exhibit higher values of G0 compared with neat PLA and

ascending with the increase in HA and bTCP mass fraction,

thus samples becoming stiffer. Further, the slope of the

glass transition Tg varies for PLA/HA composites, the

abrupt decrease within a relatively narrow temperature

range showing both an enhanced interfacial adhesion

between the PLA matrix and HA reinforcements and the

ability of former to withstand frequency depended

mechanical loadings. However, no variation is observed in

the Tg evolution in all PLA/bTCP composites due to the

non-matrix-particle interaction. In the rubbery plateau,

samples’ behaviour follows an increased tendency. These

variations can be ascribed to the cold crystallization tran-

sition occurring at temperatures above 95 �C. The higher

the content of bTCP, the lower the temperature of crys-

tallization process occurrence. This indicates that bTCP
reinforcements act as a nucleating agent in the process.

Fig. 2 SEM images of PLA

composites with different

mass% fillers: a 10 mass% HA,

b 20 mass% HA, c 30 mass%

HA, d 10 mass% bTCP,
e 20 mass% bTCP and

f 30 mass% bTCP

1E9

1E8

1E7

50 60 70 80 90 100 110

Temperature/°C

G
′/P

a
PLA/10β-TCP
PLA/20β-TCP
PLA/30β-TCP

PLA

PLA/10HA
PLA/20HA
PLA/30HA

Fig. 3 Storage modulus (G0) over temperature range of unconditioned

PLA/HA and PLA/bTCP composites
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In line with above, interface adhesion between PLA

matrix and HA or bTCP fillers of different mass% can be

further sized by exploring their corresponding damping

curves (tan d) as plotted in Fig. 4. Generally, lower tan d
values point towards good adhesion at matrix/filler inter-

face due to reduction in the chain polymer mobility,

whereas higher values suggest weak adhesion [30]. These

curves are further deployed to recover glass transition

temperatures Tg of the samples under discussion. The

values are, as following: PLA—69.44 �C; PLA/HA com-

posites—55.89 �C, 56.08 �C and 54.54 �C; PLA/bTCP
composites—65.92 �C, 65.72 �C and 64.50 �C, respec-

tively, in mass% increasing order. Supplementary, the

decrease in Tg values is due to a variation in the degree of

crystallinity. Ferri et al. [29] showed that the degree of

crystallinity lowers as the HA content increases. Owing to

HA particles’ hydrophilicity, a hydrolysis process occurs

during the specimen manufacturing due to the moisture

within these particles. As a result, the lactic acid oligomers

produced will plasticize the PLA matrix, enabling the

polymer chains to move easier. Thus, as the HA content

increases, the presence of moisture increases and larger

chain cleavages occur, allowing greater mobility of the

polymer chains. The slight shift in the Tg values for each

materials class can be assigned to mass% filler content. The

height of tan d is associated with the mobility of amor-

phous region in the polymer matrix. As presented, PLA/

bTCP composites exhibit sharp and high tan d peaks

indicating that they have good structural damping proper-

ties and consequently improved capacity to absorb

mechanical energy compared to neat PLA. Comparatively,

PLA/HA composites not only exhibit a reduction in the

sharpness and height of their tan d peaks but accentuated

left shift of Tg values.

Thermal expansion of PLA/HA and PLA/bTCP
composites

Dilatometry measurements aimed to bring supplementary

information on the PLA and PLA composites behaviour

with temperature from thermal expansivity perspective.

Thus, along with the physical alpha K-1 (CLTE—coeffi-

cient of linear thermal expansion) and thermal strain fields

developed within in vitro conditioned PLA and PLA

composites under discussion, technical alpha (aT, K
-1) was

additionally provided since represents a unique value

within an imposed temperature values (25–95 �C) to be

used as further reference.

Further insights in this thermal property was considered

by collecting the CLTE values at 37 �C that corresponds to

an average temperature of human body following one of

the major application domains of these PLA-based com-

posites, namely bone fixtures. Table 1 lists these values for

all specimens covering selected mass% of HA and bTCP
fillers over the in vitro conditioning days. A closer look

into the values, generally, reveals a decrease tendency with

the increase mass% of the inorganic filler, both HA and

bTCP fillers for identical time conditioning range as well

as, individually, with degradation time increase.

Inorganic fillers significantly reduce thermal expansion

values as their mass% increases, statement that can be

easily prove if considering the simple rule of mixture

during that the polymer matrix content reduces [31].

Another influencing factor can be regarded to the cooling

time during the specimen preparation especially in semi-

crystalline polymers whose crystallization process requires

time. The latter was not investigated herein and thus was

hypothetically accounted [25, 32].

The influence of in vitro conditioning upon expansivities

of PLA and PLA-based composite specimens was further

investigated, and it can be sized in the curves of Fig. 5 that

represents excerpts from the database. The CLTE in all

specimens exhibits the same tendency over temperature

with minor discrepancies due to the different mass% of

fillers. Additionally, there are differences among HA and

bTCP-reinforced PLA composites, the latter revealing the

lowest variation over the temperature range. One reason for

this behaviour can be regarded to the random distribution

of the HA and bTCP fillers within the PLA matrix and

furthermore to the increases in the agglomeration degree as

the mass% increases. Further, intakes during the immersion

within simulated fluid body pose supplementary influence

since it causes both mass changes and changes in porosity

[14]. These can be sized better in the changes due to

immersion times up to 90 days (3 months) followed small

4

3

2

1

0
60 70 80 90

Temperature/°C

ta
n 

δ

PLA/βTCP 10%
PLA/β-TCP 20%
PLA/β-TCP 30%
PLA/HA 10%
PLA/HA 10%
PLA/HA 30%

PLA

Fig. 4 Damping curves of unconditioned neat PLA, PLA/HA and

PLA/bTCP composites
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variations caused by further exposure to the simulated body

fluid for 150 and 180 days, respectively. This is consistent

with the degradation rates of the scaffolds that should

match the formation of a new bone that is being shifted

with one month compared with the reported time intervals,

due to the high HA and bTCP loading within the PLA

matrix [15]. Further, the linear expansion is higher above

45 �C in neat PLA and PLA composites herein (above Tg
as follows) as polymer chain mobility changes due to a

crystallization process.

With respect to the thermal strain developed within the

PLA, these revealed identical trends in all specimens

irrespective of the inorganic fillers and mass% deployed, as

it can be seen in the excerpt plots from Fig. 6. A closer
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Fig. 5 Physical alpha over temperature range of in vitro conditioned neat PLA, PLA/HA and PLA/bTCP composites (60, 90, 150, 180 days)

Table 1 CLTE 10-5 K-1 of PLA, PLA-HA and PLA-bTCP in vitro conditioned samples, retrieved at temperature of 37 �C

Days PLA PLA-10%HA PLA-20%HA PLA-30%HA PLA-10%bTCP PLA-20%bTCP PLA-30%bTCP

0 7.3008 6.9734 7.1013 6.2054 6.3177 6.7050 6.2941

30 7.2918 7.0929 7.0549 6.3621 6.1344 6.5369 6.4274

60 6.9816 6.8994 7.0348 6.5614 6.4546 6.6789 6.3347

90 7.2317 7.2546 7.2757 6.5256 6.7862 6.7476 6.2611

120 7.3728 7.3247 7.5189 6.9607 6.8317 6.7442 6.4398

150 6.7815 7.0931 6.6381 6.5462 6.4963 6.5001 6.1178

180 7.0029 7.3561 7.3238 7.288 6.549 6.4561 6.6908
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look reveals the influence of the immersion time especially

upon the PLA specimen individually that is more pro-

nounced in the 60-day conditioned sample, while the pre-

vious apply for debates on the measures.

Physical alpha curves enable glass transition tempera-

ture Tg retrieval, as provided in Table 2 for all specimens

and immersion time lengths considered. A general

decreasing tendency of Tg values in all PLA and PLA

composites can be sized over the immersion time range,

more pronounced in 30 mass% HA-reinforced PLA sam-

ples, from 53.9 �C to 45.3 �C and 45.7 �C, respectively.
These are consistent with the previous findings from dif-

ferential scanning calorimetry (DSC) measurements on

unconditioned PLA/HA composites [28]. On the other
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Fig. 6 Thermal strain over temperature range of in vitro conditioned neat PLA, PLA/HA and PLA/bTCP composites (60, 90, 150, 180 days)

Table 2 Tg/�C values of PLA, PLA-HA and PLA-bTCP in vitro conditioned samples from DIL measurements

Days PLA PLA-10%HA PLA-20%HA PLA-30%HA PLA-10%bTCP PLA-20%bTCP PLA-30%bTCP

0 62.3 57.6 52.9 50.6 61 60.5 58.1

30 60 62.4 53.6 53.9 59.7 61.8 57.2

60 62.9 54.8 53.7 45.3 60 56.5 55.4

90 61.1 48.9 49.7 45.5 59.7 59.4 57.2

120 59.6 51.2 61.8 52.3 59.6 57.7 57.7

150 57.9 51.5 59.8 51.18 59 59 54.6

180 58.7 57.4 51.8 45.7 56.4 56.6 53.1
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hand, for the PLA/bTCP in vitro conditioned samples,

minor changes are encountered along with their mass%

increase as well as with immersion time. This can be

related to the good particle distribution within the PLA

matrix. The values fluctuate around 59 �C with two

exceptions. One holds in the highest immersion time

(180 days) where the Tg values are decreasing around

56 �C in all samples and the other in the 30 mass% bTCP-
reinforced PLA matrix. Further, as debated in the cited

references of the previous works of the herein research

group, this can be related to the partial hydrolysis of PLA

polymer chain due to the highly loaded and hydrophilic HA

and bTCP fillers that not only hydrolyze the ester groups of

PLA matrix but promote a plasticization process with the

formed lactic acid oligomers.

Another value of interest is technical alpha (aT) that was
computed over the temperature range against a reference

temperature (25 �C in this case) to enable both a quick data

analysis and reference values to other studies, database or

computer simulations. Therefore, Fig. 7 shows the varia-

tion of this property for unfilled PLA, PLA/HA and PLA/

bTCP composites over the immersion time. Generally,

similar lowering effects hold with the addition of HA and

bTCP fillers within the PLA matrix, as previously identi-

fied. Supplementary, the preceding debates are exposed as

abrupt variations over time in the PLA/HA samples and

small changes as those encountered in the PLA/bTCP
composites. Again, measurements on samples immersed

within 90 days reveal differences that can be regarded to

the maximum simulated fluid body intakes and degrada-

tion, and further considered as initial points of the satura-

tion process.

Thermal degradation of PLA/HA and PLA/bTCP
composites

The thermogravimetric (TG) and derivative thermogravi-

metric (DTG) curves of PLA/bTCP excerpts corresponding

to 10% and 30% filler loadings, respectively, immersed in

simulated body fluid are shown in Figs. 8 and 9. All

composite samples exhibit one main decomposition step

under pyrolytic conditions, with onset temperatures within

300–333 �C range, while differences are due to different

filler mass% content.

Insights in the degradation process can be accounted

from the TG characteristic temperatures of unconditioned

PLA, PLA/HA and PLA/bTCP composites at a heating rate

of 10 K min-1 as provided in Table 3 and further from the

decomposition temperatures (Td) corresponding to 25%,

50% and 75% specimen mass loss as listed in Table 4 for

the degraded samples. Since it is beyond of the purpose of

this study to debate on degradation temperature and

methods used to be identified (either maximum peak of

DTG curve or temperature at 50% mass loss of the sample)

to have an indication of destabilization as suggested in the

literature, we will focus next on the values listed in above

tables [13].
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Thermal stability of PLAs was reported to be poor and

highly sensitive to heat due to intramolecular trans-esteri-

fication resulting in the formation of lactide oligomers,

carboxylic groups, etc. [3, 33]. In this study, the improved

stability of in vitro conditioned samples can be explained

by the manufacturing method that resulted in water

removal. Supplementary, it is noteworthy to underline that

highly loading the PLA matrix with HA or bTCP results in

improvements of the thermal stability of all composite

systems. HA-reinforced PLA composite systems revealed

an increase in their onset degradation temperature with the

addition of inorganic filler, from 326 �C up to 333 �C with

fillers’ mass% increase. Comparatively, bTCP-reinforced
PLA composites show a decrease in the values from

305 �C to 297.7 �C of the same measure, with fillers’

mass% increase. As for the decomposition temperatures

associated with the maximum peak of DTG curves, high

values are identified in PLA/HA composites compared with

their counterparts, PLA/bTCP for all mass% considered,

resulting in improvements on the thermal stability of the

former composition.

In Table 3 were provided the percentage residues for

neat PLA, PLA/HA and PLA/bTCP composites. These

values increase with the increase of the mass% of the fil-

lers, either HA or bTCP, the higher the amount the higher

samples’ thermal stability. In highly loaded PLA com-

posites (20, 30 mass%), the residues are comparable:

19.5% for PLA-20%HA and 22.8% for PLA-20% bTCP,
28.95% for PLA-20%HA and 28.7% for PLA-20% bTCP,
respectively, and include small quantities of residual ashes

from PLA.

Following the contribution of Schindler et al. [34] and

the known correlations between glass transition and melt-

ing temperatures [35] as well as between melting and

decomposition temperatures, our experimental data were

shaped as illustrated in Fig. 10. The values correspond to

the unconditioned PLA, PLA/HA and PLA/bTCP samples

aiming to ease data comparison accounting similar values

from other contributions or to further tailor these

combinations.

From Fig. 10, it can be concluded that PLA polymer has

the highest glass transition and melting temperatures but

relatively a low decomposition temperature. This beha-

viour does not preclude its identification by means of a

dedicated software. Additionally, these plots outline better

the differences debated due to filler type, either HA or

bTCP. As it can be seen, the tendency points towards a

clustering effect in all mass% considered. PLA/bTCP
composites are characterized by high values of their glass

temperatures but reduced decomposition temperatures,

whereas PLA/HA composites reveal high values on their

decomposition temperatures.
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Table 3 Thermal degradation results of PLA, PLA/HA and PLA/bTCP samples

Mass loss data PLA PLA-10%HA PLA-20%HA PLA-30%HA PLA-

10%bTCP
PLA-

20%bTCP
PLA-

30%bTCP

Tonset (�C) 326.2 326.6 333.3 333.8 305.0 300.5 297.7

Tmid (�C) 357.7 369.9 375.4 378.5 357.3 361.8 359.4

Tmax (�C) 364.6 370.5 377.3 378.9 360.9 364.0 359.1

Tend (�C) 377.6 392.2 399.7 396.8 374.9 374.2 369.8

Mass change% 96.71

(651 �C)
91.05

(650.3 �C)
80.5

(650.1 �C)
71.05

(650.7 �C)
87.9 (650.1 �C) 77.2 (650.2 �C) 71.3 (650 �C)

Residual

mass%

3.29 (651 �C) 8.95 (650.3 �C) 19.5

(650.1 �C)
28.95

(650.7 �C)
12.1 (650.1 �C) 22.8 (650.2 �C) 28.7 (650 �C)

Tonset, initial temperature of the degradation curve; Tmid, temperature with the middle of degradation curve; Tmax, temperature of highest

degradation; Tend, final temperature of the degradation curve
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Conclusions

The main topic of this work is the in vitro conditioning of

biodegradable composites formed by PLA matrix with

different mass% HA and bTCP constitutive to determine

the relevance of immersion time and fillers loading upon

the thermal expansivity and thermal stability behaviour of

these composites. It was found that both composite com-

binations show similar trends in their CTLE and thermal

strain evolution with temperature, while the increase in the

filler content gives rise to a decrease in the measured CTLE

coefficients, inherent behaviour for these materials. More

pronounced effects were registered with the bTCP filler,

irrespective of the mass% content, giving rise to an

enhanced thermal stability. Further, immersion time

increase leads to an increasing tendency of CTLE values in

all composites that can be regarded to the dissolution of

HA and bTCP from the surface leaving the PLA consti-

tutive to act as the main ‘‘contributor’’ to the property

investigated. Certainly, manufacturing process itself and

processing conditions may pose an influence on the results,

but further investigations were not tackled in this study.

Concerning the thermogravimetric measurements, all

in vitro conditioned PLA-based composite samples follow

a single-step decomposition process, with differences due

to the filler type and content. Among all, the PLA/HA

combinations revealed enhanced onset temperatures on

their decomposition curves, highest mass change and rel-

atively lowest value on the residues comparatively with

their PLA/bTCP counterparts. The same apply with respect

to the decomposition temperatures associated with the

maximum peak of DTG curves.

Dynamic mechanical analysis on unconditioned PLA

and PLA-based composites was added to provide insights

in the glass temperatures, Tg, from the peak values in the

tan d curves. Sharp and higher peaks were found in the

PLA/bTCP composites with direct consequences on their

enhanced capacity to absorb mechanical energy and thus to
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Fig. 10 Glass transition, melting and decomposition temperatures of

unconditioned neat PLA, PLA/HA and PLA/bTCP composites

Table 4 Decomposition temperatures for PLA, PLA/HA and PLA/bTCP samples for different mass loss values

Samples Td/�C

25% 50% 75%

30 days 60 days 90 days 180 days 30 days 60 days 90 days 180 days 30 days 60 days 90 days 180 days

PLA 356.1 349.5 354.3 354.7 366.1 358.1 364.3 364.5 375.3 366.0 373.3 373.6

PLA-10%HA 356.7 354.1 355.3 350.6 367.3 365.4 366.5 363.3 379.3 376.0 377.4 374.3

PLA-20%HA 357.1 356.3 355.3 346.9 368.6 368.4 366.4 362.6 382.9 381.5 377.3 377.2

PLA-10%HA 358.3 354.9 351.6 353.0 370.0 369.5 368.3 367.7 – – – –

PLA-10%bTCP 352.9 350.6 347.4 346.8 355.7 353.8 350.4 349.1 358.1 355.5 353.1 351.1

PLA-20%bTCP 350.5 348.5 346.1 338.3 353.7 353.3 348.9 341.6 356.0 354.5 351.7 345.3

PLA-30%bTCP 345.1 343.9 341.3 330.1 348.5 347.8 339.8 335.7 – – – –
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withstand frequency depended mechanical loadings. Fur-

ther data processing under decomposition over melting and

melting over glass transition temperatures facilitates

improved comprehension on these PLA and PLA-based

composites as well as comparison with other reported data

from the literature.

The main conclusion that can be withdrawn from the

present study is that the increase in HA or bTCP fillers

content within the PLA matrix does not limit the com-

posites material performance, even though in vitro condi-

tioned for an extended time range. Moreover, the double-

step manufacturing process, extrusion followed by injec-

tion moulding, is a comfortable and easy route in devel-

oping PLA, PLA/HA and PLA/bTCP composites with

enhanced dynamic mechanical and thermal properties.

These findings help to further tailor high-loaded osteo-

conductive fillers-reinforced PLA composites for various

medical and engineering applications.

References

1. Auras R, Lim LT, Selke S, Tsuji H. Poly(lactic acid): structures,

production, synthesis, and applications. New York: Wiley; 2010.

2. Murariu M, Dubois P. PLA composites: from production to

properties. Adv Drug Deliv Rev. 2016;107:17–46.

3. Haaparanta A-M, Haimi S, Ellä V, Hopper N, Miettinen S,
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