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The Formation and Characterization of Nanocrystalline Phases
by Mechanical Milling of Biphasic Calcium
Phosphate/Poly-L-Lactide Biocomposite
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Biphasic calcium phosphate/poly-L-lactide granules of 150–200 mm sizes were subjected to high-energy mechanical milling in a planetary
ball mill for up to 480 minutes. Characterization of the material obtained was carried out using X-ray diﬀraction (XRD), diﬀerential scanning
calorimetry (DSC), environmentally scanning electronic microscopy (ESEM), transmission electron microscopy (TEM) and infrared
spectroscopy (IR). These techniques conﬁrmed that mechanical milling induced signiﬁcant changes in the biocomposite structure and properties.
The most signiﬁcant changes are reduction of the HAp crystallites size from 99.8 to 26.7 nm and -TCP from 97.3 to 29.6, as well as crystallinity
of PLLA phases. Homogeneous phase distribution (arrangement) is obtained by extending the duration of mechanical milling.
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1.

Introduction

Ceramic/polymer composites play a signiﬁcant role in
bone reparations, as their properties are very similar to
natural bone tissue.1) Calcium hydroxyapatite/poly-L-lactide (HAp/PLLA) composite biomaterial belongs to this
group of composites that can be successfully implemented
in bone tissue reparation due to their osteoconductive and
biocompatible properties.2–4) HAp/PLLA consists of a biononresorbable ceramic component (hydroxyapatite, HAp)
and a bioresorbable polymer component (poly-L-lactide,
PLLA). The structure of the HAp/polymer composite
closely imitates natural bone tissues,5) that enable the
successful application of this composite as bone substitute
material. However, the work on achieving a better compatibility in mechanical properties is still in progress. Besides
biocompatibility, a response from the living organism to an
applied implant depends on various factors such as porosity,
surface microstructure, elastic modules, compressive
strength, etc.6–8) Addition of biphasic calcium phosphate
(BCP) to polymers can signiﬁcantly improve the polymer
bioactivity,9) while BCP itself can be an exceptional carrier
of growth factors which facilitates its wider application in
medicine and dentistry.10) Low content of -tricalcium
phosphate, -TCP in BCP assists the rapid bonding of bone
substitutes to natural bones via rapid dissolution of -TCP.
However, excess content of -TCP in BCP lowers the
mechanical properties and chemical stability of bone
substitutes. If the BCP component in the composite is
highly crystalline then it is bio-nonresorbable and vice
versa.11–14) It can be said that bioresorption is initiated in the
amorphous regions of PLLA. Therefore, when BCP is
highly crystalline, the time of biocomposite bioresorption
depends on the crystallinity/amorphous ratio in PLLA.15,16)
High-energy mechanical milling is a technique for
producing a homogeneous powder, with ﬁne microstructure,

by milling a powder mixture.16–18) The most typical characteristic of mechanical milling is the decreased crystallite size.
Some materials become amorphous by milling, while others
show the decrease of crystallite size to a minimal value which
is characteristic for a given material.19,20) HAp or BCP with
other bioresorbable polymers has already been studied as
well as mechanochemical synthesis of HAp,21–26) while high
energy mechanical processing of composite BCP/PLLA has
not been investigated.
This article examines the possible inﬂuence of mechanical
milling on some properties of BCP/PLLA biocomposite. The
inﬂuence of the milling time on crystallite size of BCP, on
melting temperature, and crystallinity of the polymer has
been deﬁned. The inﬂuence of the mechanical milling on
microstructure evaluation was analyzed by ESEM and TEM
analysis. Qualitative stability of the biocomposite during
mechanical treatment was deﬁned by IR spectroscopy.
2.

Experimental Procedure

Calcium phosphate was synthesized by a reaction of
Ca(NO3 )2 with (NH4 )3 PO4 in solution. To a solution of
Ca(NO3 )2 , vigorously mixed by a magnetic stirrer with a
rate of 100 rpm/min, a solution of (NH4 )3 PO4 was added
for 180 min. The obtained suspension was heated to boiling,
and the precipitate, being held in the starting solution for
18 h, was separated by ﬁltration using a Bücihner’s funnel.
The obtained ﬁlter cake was washed with warm distilled
water till the ammonia smell dissipated. The pH of the
solution was maintained above 10 by adding ammonia due
to the stability of calcium phosphate. The obtained ﬁlter
cake was dried in vacuum at room temperature (P ¼ 10 Pa),
reducing the water content to approximately 30%. By
straining partially dried gel through plastic sieves of a mesh,
spherical granules were obtained, and dried at room
temperature. The dried granules were calcined at 1100 C
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for 6 h.2) The calcium phosphate/PLLA ratio in all samples
was 80 : 20. The PLLA fraction of 20 mass% represents a
volume fraction of 41%. Natural bone tissue consists of
60 vol% of the inorganic phase while the remaining 40 vol%
is connective tissue (of polymer nature). By BCP to PLLA
weight ratio in the composite material, the concept of
natural bone is preserved.2)
The polymeric component, a commercial PLLA (Fluka,
Germany, Mw ¼ 100000), was completely dissolved in
chloroform. Biphasic calcium phosphate granules, BCP
(containing 80 mass% HAp and 20 mass% of -tricalcium
phosphate, -TCP) were added to the PLLA-chloroform
solution. The degradation rate of TCP is 3–12 times higher
than that of HAp. Partial degradation of calcium phosphates
encourages the bonding of bone to the ceramic. Biphasic
calcium phosphates (BCP), a mixture of HAp and TCP in a
ratio of 8 : 2, is the most promising because it may enhance
the bioactivity, because it combines the reactivity of TCP and
the stability of HA.27) The average size of the granules of
BCP was 150–200 mm. The obtained mixture was dried in a
vacuum, until the solvent completely evaporated. The
mixture contained 80% BCP and 20% PLLA. Derived
powders were put in the agate vessels with balls of alumina.
Mechanical milling was carried out in a planetary mill
(RETCH model PM4), having an angle velocity of 100 rpm
in air atmosphere. The milling was completed after 8 h. The
samples were taken before treatment and 5, 15, 30, 60, 240
and 480 min after treatment.
Phases present in the samples were analyzed by X-ray
diﬀractometer (Phillips 1010), using Cu-K1;2 radiation
(0.15418 nm), in the range of 2 from 9–67 with step
increments of 0.05 , and the time of exposure was 2 s/step.
Average crystallite sizes were determined using DebyeScherrer formula. Cell parameters were evaluated from
appropriate peak positions.
DSC measurements were made by a Perkin Elmer Model
DSC-2 diﬀerential scanning calorimeter. The average mass
of samples was 3.0 mg. They were analyzed in a nitrogen
atmosphere and heated from 305 to 485 K (heating rate of
20 K min1 ). The PLLA melting temperature (Tm ) crystallization temperature (Tc ), crystallization enthalpy (Hc ) and
melting enthalpy (Hm ) were calculated.
The microstructure of the surface morphology of BCP/
PLLA composite was observed by, environmental scanning
electronic microscope (ESEM), XL 30 (FEI Company,
Hillsboro, Oregon).
To accomplish more detailed analysis of BCP/PLLA
composite particle morphology, transmission electronic microscopy, TEM (JEOL JEM 2000 FX) was used with an
acceleration voltage of 200 keV. BCP/PLLA samples were
dispersed in acetone using ultrasound and the suspensions
were deposited on a copper grid-supported transparent
carbon foil.
Phase analysis of the product sample was carried out using
IR spectroscopy, KBr pellet technique. Samples of BCP,
PLLA, and BCP/PLLA were analyzed by a Perkin Elmer
983G spectrophotometer, in the range of 4000–250 cm1 of
the IR spectrum. Constituent components were analyzed
under the same conditions.
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Fig. 2 Comparative X-ray diﬀractograms of the BCP/PLLA composite
samples taken before and during the milling.

3.

Results and Discussion

3.1 X-ray diﬀraction analysis (XRD)
Eﬀects of the mechanical milling on the structure of the
biocomposite were analyzed by X-ray diﬀraction. Diﬀractograms of starting samples of BCP and PLLA are shown in
Fig. 1. The results of XRD measurements on the samples
after each sampling period of the mechanical processing are
shown in Fig. 2.
All obtained diﬀractograms have a region that is characteristic for HAp (1) (JCPDS ﬁle no. 09-432)28) and for -TCP
(3) (JCPDS ﬁle no. 09-169).29) In addition, the most intensive
diﬀraction maximum characteristic for PLLA (2) at 2 ¼ 17
overlaps the diﬀraction peak characteristic for -TCP (110)
and the diﬀraction peak at 2 ¼ 19 overlaps the diﬀraction
peak characteristic for HAp (110). Peak broadening at
2 ¼ 17 with increasing milling time implies PLLA
crystallinity change.
Since the BCP/PLLA mixture contains a relatively small
amount of PLLA, the corresponding diﬀraction maxima of
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Table 1

Milling time
(min)

Cell parameters and crystallite size of the ceramic component in BCP/PLLA.
a (nm)

c (nm)

cs (nm)

HAp

-TCP

HAp

-TCP

HAp

-TCP

0

0.9422 (3)

1.0431 (2)

0.6892 (2)

3.739 (2)

99.6 (5)

97.3 (5)

5

0.9423 (3)

1.0429 (3)

0.6892 (2)

3.740 (3)

99.5 (5)

96.2 (6)

30

0.9421 (3)

1.0428 (3)

0.6890 (2)

3.738 (2)

61.0 (5)

61.7 (5)

60

0.9420 (3)

1.0430 (4)

0.6889 (2)

3.741 (3)

49.3 (5)

53.3 (4)

240

0.9420 (3)

1.0431 (3)

0.6882 (2)

3.739 (2)

29.1 (5)

32.3 (5)

480

0.9435 (3)

1.0441 (5)

0.6884 (2)

3.738 (3)

26.6 (5)

29.6 (5)

3.2 Diﬀerential scanning calorimetry analysis (DSC)
Rearrangement and crystallization of PLLA on the HAp
particle surfaces during composite preparation change the
melting temperature of PLLA, its enthalpy and crystallinity.11) The changes in these parameters were caused by
rearrangement of the polymer chains near the ﬁller and a
change in the density of the packing of the polymer chains.9)
DSC measurements (curves) of untreated and mechanically treated samples of BCP/PLLA composite are shown in
Fig. 3. DSC curves give information about changes occurring
in the PLLA phase of BCP/PLLA composite during milling.
They show phase transitions characteristic of pure semicrystalline PLLA: glass transitions (1), crystallization (2),
and melting (3).
Each DSC curve exhibits a small exothermic peak of
crystallization, followed by a single endothermic peak of
melting, as is typical for PLLA.30)
Apart from certain similarities, DSC curves shown in
Fig. 3 have signiﬁcantly diﬀerent shapes, positions, and peak
areas compared to the molten BCP/PLLA composite

480 min

240 min

Heat flow (a.u.)

PLLA have relatively small intensities and are not very
notable in the diﬀractogram of the composite before the
mechanical milling.
Concerning the part of the diﬀractograms characteristic for
BCP, in addition to the widening of HAp diﬀraction lines
issued by the decrease of the crystallites size during the
mechanical treatment, no other signiﬁcant changes were
observed.
The size of crystallites and the cell parameters have been
determined from the width of the diﬀraction line and DebyeScherrer formula.
Table 1 shows calculated values of the cell parameters of
the average particle of the ceramic component (HAp and TCP) in the BCP/PLLA composite before and after milling
treatment. Calculated cell parameters are in accordance with
literature values (JCPDS 9-432, a ¼ b ¼ 0:9418 nm, c ¼
0:6884 nm for HAp and JCPDS 09-169, a ¼ b ¼ 1:0429 nm,
c ¼ 3:738 nm for -TCP).28,29) From the displayed data
(Table 1) it is concluded that no signiﬁcant change of cell
parameters values of the ceramic component in BCP/PLLA
composite occurs during the mechanical treatment.
Table 1 also shows the eﬀect of milling time on the size of
crystallites of the ceramic component (HAp and -TCP).
These diagrams show the propensity of the size of crystallites
to decrease with the prolonging of the mechanical treatment
period. The sizes of crystallites decrease from 99.6 to
26.6 nm for HAp and from 97.3 to 29.6 nm for -TCP.
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Fig. 3 Corresponding DSC curves of the mechanically treated BCP/PLLA
samples according to the time of treatment.

Table 2
Milling time, t/min

Thermal properties measured by DSC.
Tm /K

Hm /Jg1

Tc /K

Hc /Jg1

0

449.8

54.9

352

14.8

30

450.3

54.5

352

14.5

240

446.4

47.2

352

11.5

480

438.8

33.7

352

10.9

biomaterial, which is the result of structural changes in the
phase of PLLA caused by mechanical milling. The inorganic
phase (BCP) is stable in the analyzed temperature range.
Increased milling time causes a reduction of PLLA melting
temperature (Tm ) in the composite (Fig. 3, Table 2).
Table 2 shows the changes of the thermal properties of
PLLA in BCP/PLLA composite biomaterial measured by
DSC as a function of the time of mechanical milling. By
increasing the time of mechanical milling, the melting
temperature and melting enthalpy of the polymer decrease.
There was no variation in the crystallization temperature.
There are many relatively similar ways of calculating the
crystallinity, c , of PLLA using DSC presented in existing
literature.12,30–34) In this study, crystallinity was calculated by
c ð%Þ ¼

HM  HC
 100
enthalpyð100%crystPLLAÞ

where enthalpy of melting (HM ) and the enthalpy of
crystallization (Hc) are proportional to the degree of
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crystallinity.34) The theoretical value of the melting enthalpy
for completely crystalline PLLA is 93.7 J/g.12,30–33) The
enthalpy of crystallization is proportional to the quantity of
the crystalline part in the sample. A decrease in (Hc)
corresponded to an increase in small and imperfect crys-

(a)

tals.35) The changes of the crystallinity of PLLA are shown in
Fig. 4.
Figure 4 shows crystallinity decreases from 42.8 to 24.3%,
calculated on polymer mass. Extending the milling time
decreases the total crystalline phase, so that in the ﬁnal result
there is an increase in the amorphous phases. It can be
concluded that by extending the mechanical milling processing some basic biological properties (for instance, time of the
bioresorption) of the BCP/PLLA composite can be projected. The surrounding particles of the ceramic component
(BCP) combined with the energy entered during mechanical
treatment induces signiﬁcant stress in the molecular chains of
PLLA.
Due to mechanical factors and breaking of chains there
was a decrease in PLLA molecular weight during mechanical processing.36) This reﬂects on the crystallinity degree
and given composite melting temperature. The most
signiﬁcant eﬀects caused by milling are the changes in
properties of PLLA in the BCP/PLLA composite biomaterial. The obtained melting enthalpy and crystallinity
degree are considerably lower than those of BCP/PLLA
composite biomaterial before milling. A decrease in
crystallinity of the PLLA phase surrounding BCP particles
under high pressure was reported earlier by Shikinami.31)
Lower crystallinity of PLLA in the BCP/PLLA composite

(c)

(d)

(b)

Fig. 5
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ESEM showing BCP/PLLA composite: a), b) before the milling; c), d) after eight hours of milling.
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(a)
(b)

Fig. 6 TEM showing BCP/PLLA composite after eight hours of milling: a) ﬁne particles of BCP, b) electron diﬀraction patterns of ﬁne
particles.

compared with pure PLLA and the formation of larger
amorphous regions were found to occur due to separation
and decrease in PLLA crystal regions caused by BCP
particles under high pressure.
The application of this kind of material, with an increase of
the amorphous phase in biological systems, would be noted
by more intensive bioresorption in amorphous regions. Thus,
the composite would show greater bioresorption.31)
3.3

Environmental scanning electronic microscopy
(ESEM)
The surface microstructure of BCP/PLLA composite
biomaterial before mechanical treatment is shown in
Figs. 5(a) and 5(b). We can observe that crystallites of
BCP (average size of around 70–95 nm) are connected with
basic polymer matrix to form larger aggregates (average size
of granules around 150–200 mm). Figures 5(c) and 5(d) show
the surface microstructure of BCP/PLLA composite biomaterial after 8 h of mechanical milling. It is noticeable that
average size of agglomerates of ceramic particles after
milling is reduced to 5–20 mm. The PLLA polymer matrix
has not changed after the mechanical processing.
By comparing the ESEM images of the BCP/PLLA
composite microstructure before and after 8 h of milling, it is
concluded that during mechanical treatment, the composite
becomes more homogeneous and ceramic particles are
uniformly arranged in PLLA ﬁne polymer matrix.
3.4 Transmission electron microscopy (TEM)
A high resolution image of BCP/PLLA particles after 8 h
of mechanical treatment is shown in Fig. 6(a). Greater

ampliﬁcation enables size evaluation of the individual
particles. There are various particle sizes ranging from 30
to 50 nm. Results of crystallite size obtained by TEM are
diﬀerent from results obtained by XRD which is expected
because of diﬀerences in these determination methods.
Deﬁning the grain size by XRD method is based on the
number of approximations and it gives the mean value of the
crystallites, while TEM method is based on the direct
observance of the system and is closer to the real status.
During TEM, the organic phase could not have been deﬁned.
This was probably due to the fact, that the high energy of the
electron beam of the TEM (200 keV) causes the melting and
decomposition of polylactide.11) Figure 6(b) also shows the
electron diﬀraction patterns taken from the ﬁne particles.
3.5 Infrared spectroscopy (IR)
IR spectroscopy was used to analyze any possible
structural changes during mechanical milling. Figure 7
shows the comparative IR spectra of BCP/PLLA composite
biomaterial before and after 8 h of mechanical treatment. The
IR spectrum in Fig. 7(a) shows all characteristic bands for
PLLA.37–41) The stretching mode of C=O group at
1755 cm1 is detected. The bending modes of CH3 group at
1381 and 1451 cm1 and stretching modes of C-H group at
2994 and 2943 cm1 are also present. The IR spectrum in
Fig. 7(b) shows all characteristic bands for HAp.37–41) The
asymmetrical stretching (3 ) modes at 1088 and 1048 cm1
and bending (4 ) modes at 601 and 570 cm1 of the PO4 3
group were observed. The symmetrical stretching modes (1
and 2 ) of PO4 3 group were also found at 957 and 473 cm1 .
The liberation and stretching mode of the OH was detected
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Fig. 7 Comparative IR spectrograms of a) PLLA; b) BCP and c) BCP/
PLLA composite sample taken after 8 h of milling.

Table 3 Assignation of IR vibration bands of BCP/PLLA composite ( –
stretching vibrations,  -bending vibrations).
BCP

Milling
time
(min)

Vibration
 (PO4

3

)

 (PO4

3

)

L (OH)
480

3

PLLA

Wavenumber
(cm1 )

Vibration

Wavenumber
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Conclusion

The analysis of mechanical processing of BCP/PLLA
composite indicates the possibility to create speciﬁc properties in BCP/PLLA by applying mechanical treatment. The
noticeable changes occur in the both constituent phases of
BCP/PLLA composite during the mechanical treatment.
Based on X-ray analysis, increasing the time of mechanical
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