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Comparison of thermal, structural and morphological
properties of poly(L-lactide) and poly(r-lactide)/
hydroxyapatite microspheres for laser sintering processes®
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Abstract: A comparison of poly(r-lactide) (PLLA) and poly(r-lactide)/hydroxyapatite (PLLA/HAp) bio-
composite microspheres fabricated by emulsion solvent evaporation technique designed for laser sin-
tering (LS) applications is presented. Key properties such as thermal and structural as well as geom-
etry, size distribution and powder flowability, which are crucial for this technique, are characterized to
validate the applicability of microspheres for LS. The biocomposite microspheres turns out to be more
suitable for the LS process than PLLA due to the higher thermal stability, broader sintering window and

higher powder flowability.
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Poréwnanie wlasciwosci termicznych, strukturalnych oraz morfologii
mikrosfer z poli(L-laktydu) i z poli(r-laktydu)/hydroksyapatytu
przeznaczonych do procesu spiekania laserowego

Streszczenie: Porownano wlasciwosci mikrosfer z poli(t-laktydu) (PLLA) i z biokompozytu poli(L-lak-
tyd)/hydroksyapatyt (PLLA/HAp), przygotowanych metoda emulsyjna z odparowaniem rozpuszczal-
nika, przeznaczonych do procesu spiekania laserowego (LS). W celu weryfikacji przydatnosci mikrosfer
do LS scharakteryzowano kluczowe dla tej techniki wiadciwosci: termiczne i strukturalne oraz geome-
trie, rozktad wymiardw i sypkos¢ proszku. Wykazano, iz mikrosfery biokompozytowe wykazuja lepsze
wlasdciwosci predestynujace je do przetwarzania metoda LS niz mikrosfery PLLA, w tym wigksza sta-
bilnos¢ termiczna, szersze okno parametrow spiekania i wigksza sypko$¢ proszku.

Stowa kluczowe: poli(t-laktyd), hydroksyapatyt, mikrosfery, biokompozyt, spiekanie laserowe, techni-
ki addytywne, zastosowania biomedyczne, okno spiekania, sypkos¢ proszku.

Additive manufacturing (AM), also known as 3D print-
ing, is a group of technologies in which manufacturing
of a solid object is done by adding and bonding together
thin layers of material in a layer-by-layer manner. One of
AM's principal technologies is a versatile process called

laser sintering which is applicable to systems based on
powder materials [1, 2].

Laser sintering is a powder bed fusion (PBF) technol-
ogy, which uses laser as a heat source to fuse (melt or
sinter) polymeric material in the form of powder. The
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LS process starts with preheating of the powder mate-
rial, then a laser whose wavelength is within the opti-
cal absorption range of the material being processed,
mostly CO,, is used to scan the desired cross-section, fus-
ing a layer of powder particles together, after which the
building platform is lowered and another layer of powder
is applied and the process is repeated layer by layer. The
unfused powder acts as a support, so additional support
structures are not required [3].

Nowadays, additive manufacturing is a novel approach
to produce medical devices in the regenerative medicine
sector [1]. Materials intended for medical applications
should be biocompatible and — in the case when their role
is limited to only a specific period after which they are
no longer needed — bioresorbable. Osteoconductivity and
osteoinductivity, which positively affect the processes of
osteogenesis, are two important features of the materials
used to rebuild bone defects. For this purpose, biopoly-
mers are often doped with an intercellular substance —
hydroxyapatite (HAp).

The poly(r-lactide)/hydroxyapatite (PLLA/HAp) bio-
composites are biomaterials designed for tissue engi-
neering. PLLA is bioresorbable; during the degradation
process, it hydrolyses into relatively harmless and well
metabolized side products. However, PLLA is not osteo-
conductive, so cannot be replaced by bone cells during its
resorption. Because of osteoconductivity and the similar-
ity to natural bones, incorporation of the bioactive HAp
particles into the PLLA matrix could improve the recon-
struction of a bone defect. Compared to PLLA, the advan-
tage of using the PLLA/HAp biocomposites is that after
their implementation HAp will support the biomineral-
ization process [4, 5]. Moreover, it has been proved that
even a small addition of HAp significantly improves the
biological response of bone cells, their adhesion, prolif-
eration and cytocompatibility [6, 7].

Very few research teams around the world have studied
the subject of PLLA/HAp composite microspheres for bio-
medical applications [8-13]. Some of them suggested using
them as injectable bone substitutes [10], others as sub-
strates for bone scaffolds using the hot pressing method
[9]. Wen You Zhou [8] investigated such microspherical
powders as a substitute for laser sintering. Several meth-
ods are used to produce the PLA/HAp microspheres, e.g.
the solid-in-oil-in-water (5/O/W) emulsion solvent evap-
oration method [8, 9, 12, 13] and the modified (S/O/W)
method combined with HAp precipitation [10, 11]. Various
modifications of the preparation method lead to obtain-
ing microspheres of various size (from several dozen [9]
to several hundred micrometers [13]), various porosity,
etc. However, despite many literature reports, the aspect
of thermal analysis of the PLA/HAp microspherical pow-
ders has not been studied so far. It should be mentioned
that such investigations are necessary in the context of
further applications in laser sintering.

Correct LS process is conditioned by the following fac-
tors: the linking mechanism associated with the thermal

phenomena, the material with its characteristics and the
system operation along with the manufacturing param-
eters. In our work the emphasis was put on the character-
ization of material. The material used in the LS process
should be characterized by given thermal and optical
properties as well as its morphology (particle size and
shape), which mainly determine its processability [14].
The shape and surface of a single particle of material are
among the most important factors that affect the powder
behavior in the LS process. The most desirable powder
shape is that resembling a sphere, which guarantees the
free flow of the powder in a feeding system [15]. Powder
flowability is important because of the method of apply-
ing it in the process, e.g. by a moving recoater (blade) or
roller, so it has to be loose enough and should not show
a tendency to caking. Moreover, the density of the pro-
cessed material directly depends on that of applied
powder layer. The particle shape discussed depends
on the method of its preparation. The following can be
distinguished: spherical, potato-shaped (particle with
a reduced roundness) and edged (powder with angular
surface).

The main goal of this research was to characterize
selected parameters (mean particle size and size distri-
bution, shape, residual solvent content, thermal stability,
processing window and powder flowability) that are cru-
cial in LS and in verifying the suitability of the PLLA and
PLLA/HAp microspheres for this technology. The impact
of hydroxyapatite particles on the above mentioned prop-
erties of PLLA is also determined.

EXPERIMENTAL PART
Materials

In our research medical grade poly(r-lactide) Resomer
L207S (inherent viscosity 1.5-2.0 dL/g) supplied by Evonik
was used. Hydroxyapatite nanopowder (HAp) with par-
ticle size <200 nm and poly(vinyl alcohol) (PVA, Mowiol
18-88, M ~130 000, 86—-89% hydrolyzed) were purchased
from Sigma Aldrich. Dichloromethane (DCM) 99.5%
from Stanlab was used as a solvent. Hydroxyapatite was
dried at 110°C for 25 h in a vacuum drier before use, other
materials were used as received.

Fabrication of microspheres

Composite microspheres made of PLLA with a 10 wt %
content of HAp were prepared by the solid-in-oil-in-
-water emulsification (5/O/W). The dispersion of HAp in
10 cm® of DCM was sonicated for 10 min and added to
a 4% w/v solution of PLLA in DCM. The solid-in-oil (S5/O)
dispersion was mixed for 10 min with a magnetic stir-
rer and emulsified in the aqueous PVA solution (1% w/v)
by dropwise addition with a peristaltic pomp into the
PVA solution stirred at 800 rpm. The PLLA microspheres
were prepared using the oil-in-water technique (O/W).
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The PLLA solution in DCM was emulsified into the aque-
ous PVA phase just as the composite microspheres. The
volume ratio of the organic phase to the aqueous phase
was 1:3. The stirring of composite microspheres was car-
ried out for 48 h at room temperature to allow the dichlo-
romethane to evaporate. Finally, the composite micro-
spheres were separated by centrifuging and were dried
in vacuum at 40°C for 24 h [9, 16].

Methods of testing

— Thermogravimetry (TGA) measurements were per-
formed using the TGA/DSC1 Mettler Toledo system.
Samples were heated from 25°C to 650°C at a rate of
10 deg/min under 60 cm®/min of nitrogen flow.

— Differential scanning calorimetry (DSC) mea-
surements were performed using a Mettler Toledo
DSC1 system, coupled with a Huber TC 100 intra-
cooler. The instrument was calibrated using indium
(T, = 156.6°C, AH, = 28.45 ]/g) and zinc (T, = 419.7°C,
AH, =107.00 J/g) standards. Samples (~3.5 mg) were mea-
sured in 0.04 cm® aluminum pans under a constant nitro-
gen purge (60 cm’/min) from 0°C to 200°C. The heating
and cooling rate were set to 5°C/min. The initial degree of
crystallinity of PLLA was calculated from the first heat-
ing DSC curve according to Equation (1):

¥ AH 0
N

where: AH — melting enthalpy of PLLA [J/g], AH %" —
melting enthalpy of a-crystals of 100% crystalline PLLA,
143 J/g [17].

— Wide-angle X-ray diffraction (WAXD) experiments
were done at room temperature on a Rigaku Ultima IV dif-
fractometer (Bragg-Brentano geometry). Measurements
were carried out using an X-ray tube with a copper anode
CuKat (A = 1.54178 A), powered by a high voltage genera-
tor (40 kV, 30 mA). Data were collected within the range of
20 from 2.5 to 60.0° in a fixed time-scan mode with a step
width of 0.005° and the speed of 5°/min. The background
corrected WAXD patterns were resolved into Lorentzian
shape diffraction peaks and diffusion maxima by using
the Levenberg-Marquardt non-linear fitting procedure
implemented in OriginPro 9.0. The curve fitting coeffi-
cient r* was approximately 99.9%. The deconvolution of
the diffraction curve of composite microspheres was car-
ried out based on available literature on the crystalline
structure of PLLA and HAp [18-21].

— A scanning electron microscope (Zeiss SEM EVO
MAZ25) was used to determine the morphology of pre-
pared powder. To ensure a high resolution of analysis,
the samples were coated with Au (sputter current: 40 mA,
sputter time: 50 s) using a Quorum machine. Captured
images were used to qualify powder morphology such as
particle shape, size and surface, which influence powder
flowability that is one of the key factors for LS powder
preparation [15].

— Drylaser diffraction spectroscopy (HELOS/BR 4470 C,
RODOS/T4, R4) was used to measure the powder particle
size and distribution. To ensure proper optical concen-
tration, the samples were fed with a VIBRI feeder (with
the feed rate of 80% and the gap width at 3.5 mm) and
dispersed using a pressure of 0.2 MPa. Along with the
cumulative distribution and distribution density, the
particle size, D50, was determined that represents the
powder particle diameter. In terms of volume, 50% of
the powder consists of smaller particles, including those
below 20 um, which adversely affect the powder flow-
ability, especially at high temperatures [14].

— The dynamic powder flowability was evalu-
ated using the Revolution Powder Analysis (RPA).
Measurements were carried out using the GranuDrum
(GranuTools) with a drum with an inner diameter of
84 mm and 20 mm in width. For each batch the drum
was filled with 55 cm® of powder. The sampling time was
set to 1 second with frame count 25 for each tested rota-
tional speed. The basic dynamic flowability parameters
such as the first avalanche angle (AA), flowing angle («,)
and cohesive index (o,) were calculated with respect to
the rotational speed (2 and 60 rpm).

RESULTS AND DISCUSSION
Scanning electron microscopy

SEM images for both analyzed materials are shown in
Fig. 1.

The particles of PLLA can be distinguished as a spheri-
cal shape with a smooth and homogenous surface, which
is commonly referred to as powder morphology favorable
for the LS process [15]. In Figs. 1c, 1d the biocomposite
microspheres with visible inclusions of HAp are shown.
Compared to neat PLLA, the microspheres prepared with
added HAp have reduced sphericity and surface smooth-
ness. Moreover, some particle pores are visible, which
yields an overall less desirable but still suitable powder’s
morphology for LS.

Thermogravimetry
A thermogravimetric analysis shown in Fig. 2 was car-

ried out for composite microspheres in order to determine

Table 1. Mass losses at 200°C and 600°C and the temperature
corresponding to 5 wt % of mass loss of hydroxyapatite particles
and microspheres of PLLA and PLLA/HAp

Mass loss at Mass loss at T
Material 25-200°C 25-600°C %
0, 0, C
Yo To
PLLA 0.0008 99.0251 330.7
PLLA/HAp 0.1310 91.8339 336.2
HAp 0.4259 0.7599 -
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Fig. 1. SEM images of: a, b) PLLA, ¢, d) PLLA/HAp

the thermal stability of microspheres and the hydroxyap-
atite and residual solvent content.

Mass losses at 200°C and 600°C and the temperature
corresponding to 5 wt % of mass loss (T ,) of hydroxyap-
atite particles and microspheres of PLLA and PLLA/HAp
are summarized in Table 1.

TGA confirms the presence of HAp particles in micro-
spheres, as indicated by the 8.17 wt % residue at 600°C
whereas the PLLA microspheres are almost completely
degraded. Precise HAp content in composite microspheres
was calculated from mass loss at 600°C, taking into account

100
90 -
80 -
70 ~
60 -
50 +
40 -
30 ~
20 -

10 4 e c e e ecc e t.__

0 PLLA
0 100 200 300 400 500 600

Temperature, °C

HAp

Mass, %

PLLA/HAp

Fig. 2. TGA curves of HAp particles and the microspheres of
PLLA and PLLA/HAp

amass loss of 0.76 wt % of neat HAp. The established HAp
content of 7.32 wt % is lower than assumed in the micro-
sphere preparation procedure. Moreover, to investigate the
influence of HAp on the thermal stability of microspheres,
the temperature corresponding to the 5 wt % of mass loss
(T,) was determined. T, value for composite micro-
spheres is 5.5°C higher than that for the microspheres of
neat PLLA. Residual solvents and adsorbed/absorbed water
content are important in additive processing as a key qual-
ity parameter of applied powders. In order to minimize the
aggregation of powder particles and to avoid the formation
of explosive vapors during laser treatment, the residual sol-
vents must be removed [15]. The residual solvent content
determined as a mass loss at 200°C for thus prepared com-
posite microspheres was 0.13 wt %, which indicates that an
additional drying step is required. Detailed analysis of the
conditioning parameters such as the drying temperature
and time on the thermal and structural properties of micro-
spheres will be discussed in our next paper.

Differential scanning calorimetry

The DSC analysis was performed in order to charac-
terise the thermal properties of microspheres, such as
the glass transition temperature (T, melting tempera-
ture (T ), crystallization temperature (T) and enthalpy of
melting (AH ) and crystallization (AH ) and the influence
of HAp on the thermal properties of PLLA. The main
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Table 2. The thermal parameters of the PLLA and PLLA/HAp microspheres based on the first and second heating DSC scans

Microspheres | T', oC | ’1"Cconsct, oC | “’ oC | AH((, ]/g AHa » J/g | Tmb’ oC Tmonset/ OC Tmpcak’ OC | AHm/ ]/g | XCDSC, %

1% heating

PLLA 75.3 - - - - 135.1 174.9 178.4 59.07 41.3

PLLA/HAp 70.1 - - - - 145.5 174.2 178.2 52.13 39.3
2" heating

PLLA 61.3 86.4 99.5 -5.43 -6.15 - - 1779 48.42 339

PLLA/HAp 65.3 97.2 98.2 -1.51 -1.60 - - 179.2 44.76 34.8

Table 3. The thermal parameters of the PLLA and PLLA/HAp microspheres based the cooling DSC scan

Microspheres Torset,°C T,°C AH, /g T,°C Snggmning, ° s C

PLLA 116.1 106.4 -28.87 61.5 116.1-135.1 116.1-174.9

PLLA/HAp 1204 112.9 -34.30 68.0 120.4-145.1 120.4-174.2

purpose was to determine the temperature range of the
processing window.

In Fig. 3 the DSC curves of the PLLA and PLLA/HAp
microspheres are shown and the determined thermal
properties are collected in Tables 2 and 3. In the DSC
curves from the first heating there are two characteris-
tic thermal effects: the glass transition with T, at 75.3°C
for PLLA and at 70.1°C for the PLLA/HAp microspheres
and the melting endotherm with a peak temperature
(T ) at 178°C. The glass transition temperature of the
PLLA microspheres determined from the first heating
is higher than that of PLLA in composite microspheres.
This is mainly due to the higher crystallinity of PLLA.
Typically, an opposite influence of HAp particles on T,
of PLLA is observed [22]. The higher T of PLLA in the
presence of HAp is explained by the reduced chain seg-
ment mobility in the amorphous phase. In the case of
presented microspheres we can suggest that the higher
T, of PLLA is mainly due to the higher crystallinity. This
interpretation agrees with the results on T, for both cool-
ing and the second heating. In contrast to the first heat-
ing, T for PLLA in composite microspheres is higher than
that for PLLA microspheres, as determined in cooling

and the second heating. The difference in T, of the PLLA
and PLLA/HAp microspheres could be explamed by the
well-known influence of morphology on the T, proper-
ties of PLLA [23].

Another difference between the PLLA and PLLA/HAp
microspheres, important in terms of LS, concerns the tem-
perature range of melting transition. The PLLA micro-
spheres are characterized by a broader range of melting
than those made of PLLA/HAp. Beginning of melting
endotherm (T ") of PLLA begins at 135.1°C, whereas T °
of PLLA in composite microspheres is 10°C higher. The
higher initial temperature of melting of composite micro-
spheres is beneficial to the sintering window. The sin-
tering window for semicrystalline polymers is typically
defined as the temperature band between the onset of
melting and that of melt crystallization [15]. The sinter-
ing window defined in this way (SW___ ) is within the
range of 116.1-174.9°C for the PLLA microspheres and
120.4-174.2°C for the composite microspheres. We sug-
gest to use temperature of beginning of melting endo-
therm (T !) instead of the onset temperature. The melting
of the semicrystalline polymers is a very broad transi-
tion and the onset temperature doesn’t take into account

a) b)
%T | T T T T T T % T T T T
w0 £| [102W/g w £ ‘ 02W/g
= XP5C = 41.3% =
é PLLA é
——————
< 9 PLLA
9 N = ——
g g 4
g SC — 0, 2
| PLLA/HAp X =39.3% z
@O — Cg
i i PLLA/HAp
:E 1 E 1 1 1 1 1
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200

Temperature, °C

Temperature, °C

Fig. 3. DSC curves of the PLLA and PLLA/HAp microspheres: a) the first heating and cooling, b) the second heating
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the shape of the leading edge of polymer melting peak.
Thus, we designate the beginning of melting endotherm
(T ") as a high temperature limit of the sintering window
(SW eginning)- The higher temperature limit of the sinter-
ing window set at T " allows one to consider the existence
of a broad leading edge of the melting peak such as in
the case of the PLLA microspheres and eliminates from
the sintering window any thermal phenomena occurring
above T °. SW peginning 1S Narrower than SW__ and respects
the range of 116.1-135.1°C for the PLLA microspheres and
120.4-145.1°C for the composite microspheres. Compared
to the PLLA microspheres, the composite microspheres
have a broader processing window, set as the tempera-
ture range between T °" and the beginning of melting
endotherm, despite the higher onset temperature of melt
crystallization.

The narrower range of melting transition for the
PLLA/HAp microspheres is also associated with the
lower melting enthalpy of PLLA in composite micro-
spheres compared to the neat PLLA microspheres. Thus,
PLLA in composite microspheres has a lower crystallin-
ity (X P*), as calculated taking into account the enthalpy
of melting of a-form 100% crystalline PLLA (AH, '%%)
[17]. The presence of only a-form crystals is indicated by
there being no exothermic effect of o-a transition in the
first heating DSC curves [24]. The lower X "¢ of PLLA
in the composite indicates that the HAp particles do not
increase the crystallinity of PLLA during microsphere
formation. But as evidenced by the higher onset tempera-
ture (T °*') and the peak temperature (T P***) of melt crys-
tallization exotherm, the higher enthalpy (AH ) and the
narrower temperature range, the HAp particles nucle-
ate melt crystallization of PLLA. On subsequent heating
both types of microspheres crystallize above the glass
transition, but the enthalpy of cold crystallization (AH_)
of composite microspheres if lower than that of PLLA
microspheres. The next difference in thermal properties
is concerned with the o’-a transition, as it stems from

(110/200) —PLLA/HAp
—PLLA
—»=HAp
oy
2
A
Bl
(203)/(113)

L

a i

10 20 30 40 50 60
20, °

Fig. 4. Diffraction curves of the PLLA and PLLA/HAp micro-
spheres

the shape of the small exothermic peak preceding the
melting of PLLA noticeable in the second heating DSC
curves. The enthalpy of a’-« transition (AH ) in com-
posite microspheres is lower due to the lower enthalpy of
cold crystallization upon o phase was formed.

Wide-angle X-ray diffraction analysis

The WAXD analysis was carried out to confirm the
composite structure of the produced microspheres and
to determine the degree of crystallinity of the polymer in
the composite microspheres. Figure 4 shows the diffrac-
tion patterns obtained for the PLLA/HAp microspheres
(the red line) in relation to those obtained for the neat
PLLA microspheres (the black line). The course of the ref-
erence curve is characteristic of polylactide [19, 21].

The diffraction maxima on the graph denoted with
stars correspond to the crystalline o phase of this poly-
mer. Additional reflections (marked with an arrow) can
be seen for the PLLA/HAp sample (especially for angular
positions above 25 degrees) that correspond to the HAp
crystal structure [18]. The obtained diffraction curves
were deconvoluted into the diffraction peaks derived
from the crystal structure of PLLA and HAp and the
diffuse scattering maxima indicating the presence of
the amorphous phase of PLLA. Deconvolution for the
PLLA/HAp microspheres is shown in Fig. 5.

The deconvolution for neat PLLA was carried out
according to the same procedure. The crystallinity degree
(X WAXP) of PLLA was calculated as a ratio of integral inten-
sities of PLLA crystalline reflections to the total integral
intensity (excluding the reflections assigned to hydroxy-
apatite). This ratio was 41.9% for PLLA in the composite
microspheres and 45.1% for the neat PLLA microspheres.
These results agree with the calorimetric analysis. A lower
crystallinity of PLLA in composite microspheres was also
calculated based on the DSC results. Based on integral
intensities attributed to HAp, the content of HAp crystal

/g\ f  ceceeee expermental data
[ .
=1 —— fitted curve
=B X0 =419% —— PLLA
=1
= —— HAp
=
= =
1) )
g )
E . § *
o —
< =
—_ ~
S 5
</ S
J A ‘l'.{.‘ Wy “’iiu
7 T~a AT - % Rl 4
AA,' l\ SN B AN iy 4

5 10 15 20 25 30 35 40 45 50 55 60
20, °

Fig.5. Deconvolution of the diffraction profile for the PLLA/HAp
microspheres
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Fig. 6. Cumulative distribution and distribution density of the
PLLA and PLLA/HAp powders

5.0
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Fig. 7. Cohesive index curves recorded as a function of the in-
creasing (1) and decreasing ({) rotation speed for the prepared
powders

Table 4. The first avalanche angle (AA), flowing angle (), cohesive index (0,) and particle size distribution of prepared powders

. a ° | o;,au.
Microspheres AA,° - - d50, um <20 pm, %
at 30 rpm (increasing speed)
PLLA 30.0 51.0 28.0 36.01 14.60
PLLA/HAp 38.3 36.2 154 47.08 6.02

domains was determined to be 6.3%, which is in good
relation to the HAp content derived from the TGA curve.

Particle size distribution

The cumulative distribution and the distribution den-
sity of the prepared microspheres are shown in Fig. 6.

Both powder distributions can be characterized as
normal, narrow and unimodal. Basic PSD (Particle Size
Distribution) parameters are listed in Table 4.

The microspheres with added HAp are bigger and
have less particles below 10 um, which in this case should
be beneficial in terms of powder flowability properties.
The powder distribution for both PLLA and PLLA/HAp
meets the requirements stated for the raw material for LS.

Powder flowability

The basic flowability parameters are shown in Table 4.
Cohesion index curves are presented in Fig. 7.

The avalanche angle, which is the first angle that trig-
gers the pouring of powder, provides information that in
the quasi-static conditions raw PLLA has a better flow-
ability. However, when looking at the cohesive index,
especially for lower velocities (up to 40 rpm) one can see
that the dynamic flowability properties of PLLA/HAp are
significantly better, which shows by the smaller cohesive

index. These differences may be caused by the lower per-
centage of particles below 10 um and the overall bigger
size of particles in the composite PLLA powder.

CONCLUSIONS

The PLLA microspheres and the PLLA/HAp biocom-
posite microspheres were obtained using the traditional
emulsion solvent evaporation method. The materials that
we received have a spherical shape with the median diam-
eter of 36 pm and 47 pm for the PLLA and the PLLA/HAp
microspheres, respectively. An addition of ca. 10 wt % of
hydroxyapatite to the PLLA matrix resulted in remark-
ably better dynamic flowability properties (15.4 a.u.) com-
pared to the case of neat PLLA microspheres (28.0 a.u.).
Hydroxyapatite also has improved the thermal stability
of biocomposite (330.7°C for PLLA compared to 336.2°C
for PLLA/HAp). The sintering window, i.e. the range
between the temperature of the beginning of melting
endotherm and that of the onset of melt crystallization is
30% broader for the PLLA/HAp microspheres compared
to than for the neat PLLA microspheres. Detailed charac-
teristics of the PLLA and PLLA/HAp microspheres indi-
cate suitability of both these types of materials for the
laser sintering process, although the PLLA/HAp micro-
spheres have better properties. Both materials were pre-
pared for testing using a new two-beam laser sintering
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method, in which one beam preheats the material in
a larger area, while the second one, with a small diam-
eter, sinters the microsphere with a given resolution. This
research will be presented in our next publication.
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