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Abstract Cracks often occur when nano-hydroxyapatite bone scaffolds are fabricated with selective 

laser sintering, which affect the performance of scaffolds. In this study, a small amount of poly (l-lactide 
acid) (PLLA) was added into nano-hydroxyapatite (nano-HAP) powder by mechanical blending in order 
to improve the sintering properties. The nano-HAP powder combined with 1wt % PLLA was sintered 
under different laser power (5W, 7.5W, 10W, 12.5W, 15W and 20W). The fabricated scaffolds were 
characterized using Scanning Electron Microscope (SEM), X-ray Diffraction (XRD), Fourier transform 
infrared spectroscopy (FT-IR) and Micro Hardness Tester. The results showed that nano-HAP particles 
grew up quickly with the laser power increasing, and there were many strip-like cracks on the surface 
of sintering zone. The cracks gradually reduced until disappeared when the laser power increased to 
15W, together with a great improvement of density. Large pores were observed on the specimen when 
the laser power further increases, accompanied with the decomposition of HAP into β-tricalcium 
phosphate (β-TCP) and tetracalcium phosphate (TTCP). And the optimum parameters were eventually 
obtained with laser power of 15W, scanning speed of 1000 mm/min, powder bed temperature of 
150ºC, laser spot diameter of 2 mm and layer thickness of 0.2 mm. We summarized that the molten 
PLLA enhanced the particle rearrangement of nano-HAP by capillary force and may absorb thermal 
stress in laser sintering process, while PLLA would be oxidized gradually until completely excluded 
from the sintered nano-HAP scaffolds, which was confirmed by FTIR analysis. This study provides a 
novel method to improve the sintering properties of nano-HAP with no adverse effects which would be 
used in the application of bone tissue engineering potentially. 
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INTRODUCTION 

Hydroxyapatite (HAP) is the main inorganic constituent of natural bone, and possesses a chemical 
composition similar to human hard tissue (Barralet et al. 2003; Hedia, 2005). It has been considered to 
be a preferable implantation material due to its excellent biocompatibility in the field of Bone Tissue 
Engineering (BTE) (Sopyan et al. 2007; Zhou and Lee, 2011). 

Selective laser sintering (SLS) can be used to prepare HAP scaffolds owning to its several merits such 
as suitable for a wide range of materials, high energy density of laser beam, convenient to control etc. 
(Liu et al. 2007; Shuai et al. 2011a). However, there is a large temperature gradient in sintering zone 
because of the concentrated energy input, rapid heating and cooling (Ramu and Yadava, 2008; Zhang 
et al. 2011). It is prone to generate thermal stress and cracks due to the poor thermal conductivity of 
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HAP (Li et al. 2004; Shuai et al. 2011b). Thus, it is necessary to improve the laser sintering property of 
HAP in order to acquire a tissue engineer scaffolds with high mechanical and biological performance. 

Several groups have reported that polymer matrix can improve the sintering properties of HAP 
composite. Tan et al. (2003) conducted the sintering experiments with PEEK/HAP (10, 20, 30 and 40wt 
%) composite to determine the sintering potential of biopolymer with high melting point in the 
environment of lower temperature. PCL/HAP composite of different percentage weights of HAP (10, 20 
and 30wt %) were analyzed for their suitability for fabrication via SLS, as well as the studies of 
PVA/HAP (10wt % HAP) on bio-composites for bone replacement applications (Wiria et al. 2007; Wiria 
et al. 2008). Nanocomposite microspheres, prepared by emulsion techniques with 10wt % carbonated 
hydroxyapatite (CHAP) nanospheres and PLLA microspheres were used to produce scaffolds (Zhou et 
al. 2008). These methods were proved to improve the laser sintering properties of HAP and fabricate 
HAP scaffolds with excellent properties. All of above scaffolds are polymer matrix composite in which 
polymers acts as binder and HAP as reinforcement. However, the presence of polymers in the 
scaffolds would result in some adverse effects when implanted in vivo, which has been well 
documented in many literatures. 

Poly(L-Lactide)(PLLA, (C6H8O4)n), the polymer of L,L-lactide (also known as L-lactide), has been 
widely reported to be used in the fields of orthopedic and reconstructive surgery due to its good 
biodegradation activity (Cretu et al. 2004; Walton and Cotton, 2007; Chen et al. 2010). It degrades by 
simple hydrolysis of the ester bonds into lactic acid, which is processed through metabolic pathways 
and is ultimately eliminated from the body, through the respiratory system, as carbon dioxide (von 
Recum et al. 1995; Weir et al. 2004). However, low cell adhesion to PLLA because of its hydrophobic 
surface is disadvantageous (Nakagawa et al. 2006). Moreover, PLLA causes inflammatory reactions 
and foreign-body reactions (Böstman and Pihlajamäki, 2000; Seino et al. 2007; Lee et al. 2010), and its 
degradation releases oligomers and monomers which involve the possible risk of tumor formation 
(Yanagida et al. 2009). 

In this study, we investigated a strategy to improve the sintering properties of nano-HAP for bone 
scaffolds by adding a small amount of PLLA (1wt %). The microstructure evolution was studied under 
different laser power using SEM, FTIR and XRD. The role of small amount of PLLA in enhancing the 
laser sintering properties of HAP powders was summarized using a novel sintering model. 

EXPERIMENTS  

Materials 

The nano-sized HAP powder was purchased from Nanjing Emperor Nano Material Co., Ltd. It was 
prepared by sol-gel method, with the reaction of trimethyl phosphite [(CH3O)3P] and calcium nitrate 
[Ca(NO3)2•4H2O]. The purity of HAP is ≥ 99.5%, while the whiteness of HAP is 96 and pH value is 7.41. 
The micro-sized PLLA powder was purchased from Jinan Daigang Biomaterial Co., Ltd. It was 
synthesized by the ring-opening polymerization of lactides under the catalysis of stannous octoate. The 
glass transition temperature of PLLA is 60~65ºC and melting temperature is 175~185ºC. PLLA has a 
relative molecular mass of 10000, viscosity of 0.51-1.0 dl/g and a purity of ≥ 99%. The composite 
powder combined with 99wt % nano-HAP and 1wt % PLLA was served as raw material for the sintering 
experiment. 

Experimental process 

A home-made SLS system was established for fabrication of artificial bone scaffold (Shuai et al. 2010). 
The laser is a Firestar ® t-Series 100W CO2 Laser manufactured by SYNRAD Co. USA with a 
maximum output power of 100W. The energy intensity across the laser beam diameter follows the rule 
of the Gaussian distribution. The laser beam can be focused into a spot with minimum 50 µm in 
diameter by an optical focus system. The sintered specimens were obtained under different laser 
power (5W, 7.5W, 10W, 12.5W, 15W and 20W), when other process parameters (Table 1) remain 
consistent.  
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Characterization 

The morphology and microstructure of the samples was examined with scanning electron microscope 
(SEM) (JSM-6490LV, JEOL Co. Japan). Each specimen was coated with gold prior to examination. X-
ray diffraction analysis (X-RD) was performed using a D8-ADVANCE diffractometer (Bruker Co. 
German) with Kα radiation (λ = 1.54056Å) over the 2θ range of 0-70º for the samples. Fourier 
transform infrared absorption spectra (FT-IR) of the samples were measured in the spectral range of 
400-4000 cm

-1
 using a Nicolette TM 6700 (Thermo Scientific Co. USA). The hardness of nano-HAP 

scaffolds were measured with Digital Micro Hardness Tester (model HXD-1000TM/LCD) produced by 
Taiming Optical Instrument Co. China. 

RESULTS 

Morphology and microstructure analysis  

The microstructure of initial complete nano-HAP, PLLA and the powder nano-HAP as well as 1wt %, 
PLLA were shown in Figure 1. The initial complete nano-HAP particles were long needle like with about 
150 nm in length and 20 nm in width in Figure 1a. PLLA particles were irregular and an average 
particle size of 1 to 5 µm in Figure 1b. Nano-HAP particles were embedded among PLLA micro 
particles evenly in nano-HAP powder combined with 1wt % PLLA by mechanical mixing in Figure 1c. 
Figure 1a and Figure 1b were taken at magnification factors of 40000 and 5000, respectively in order to 
show the microstructure of nano-HAP and micro-sized PLLA clearly. We tried different content of PLLA 
(0, 0.1%, 1%, and 2%) (data not shown), many long cracks appeared in the sintered specimen without 
PLLA, and the cracks reduced gradually with the increasing of PLLA content, the cracks disappeared 
completely in sintered specimens when HAP was combined with 1wt % PLLA. However, there were 
holes when the content of PLLA was over 2wt %, which made it impractical to provide sintering support 
for scaffold with complex shapes. Therefore, we chose 1wt % PLLA to proceed with the next 
experiments. 

The SEM images of sintered nano-HAP specimens with 1wt % PLLA under different laser power are 
shown in Figure 2. No obvious morphological changes were observed on the powder layer when laser 
power was 5W in Figure 2a. It suggested that the laser power was too low to sinter HAP particles. 
When laser power was 7.5W, PLLA is molten, and HAP particles began to bond with each other 
through PLLA and there were a lot of sintering necks as well as some pores in Figure 2b. When laser 
power was 10W, many visible particles boundaries appeared between HAP particles which had regular 
cylindrical shape in Figure 2c. When laser power was 12.5W, HAP particles grew gradually and 
distributed randomly in the sintering zone. The density of sintered specimen increased but the pores 
still existed in Figure 2d. When laser power was 15W, a dense HAP ceramic was obtained (Figure 2e). 
When laser power is 20W, HAP particles still bond to each other closely in Figure 2f. The magnification 
factors were different because lower magnification (Figure 2d-e-f) can demonstrate the sintered 
microstructures at different laser power more clearly. HAP particles grow up rapidly with the increase of 
laser power.  

The macrostructures of the sintered specimens combined by 1wt % PLLA under different laser power 
are shown in Figure 3. When laser power was 5W, the powder was still loose and smooth. The laser 
power was too low to melt HAP, while PLLA micro particles which have a lower melting point melted. It 

Table 1. The process parameters in the sintering experiment. 

process parameters value 

PLLA (w%) 1 

Scan speed (mm/min) 1000 

Powder bed temperature (Cº) 150 

Laser spot diameter (mm) 2 

Layer thickness (mm) 0.2 

scan interval (mm) 4 

distance from the convex lens to the sample (mm) 43.06 

dwell time (ms) 120 
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indicated that the HAP particles are not sintered completely under the condition of low surface energy 
(Figure 3a). When laser power was 7.5W, the powder shrinks but many large and long strip-like cracks 
occur on the surface of sintering zone, which indicated that the laser power was insufficient (Figure 3b). 
With the increasing of laser power, HAP particles with enough surface energy began to melt and bond 
with each other and the cracks in sintered specimens gradually decreased and eventually a dense 
HAP ceramic was obtained in Figure 3c. When laser power was 12.5W, the cracks decreased and the 
density of sintered specimen further increased in Figure 3d. When laser power was 15W, the cracks 
disappeared and the sintered specimen had a high density in Figure 3e. When laser power is 20W, 
there existed large pores with diameters of about 50-100 μm in the sintered specimen (Figure 3f), 
which were mainly attributed to the rapid gasification and exclusion of PLLA when laser power is too 
high (Yen, 2012). When laser power was too high, many big holes existed in the sintered specimen. 

FT-IR analysis 

FT-IR spectra of initial complete nano-HAP, PLLA and the nano-HAP combined with 1wt % PLLA is 
shown in Figure 4 (Kailasanathan and Selvakumar, 2012). The peaks at 1758 cm

-1
, 1188 cm

-1
, 1455 

cm
-1

 represent the vibration of C=O, C-O, and CH(CH3) respectively in the spectrum of PLLA (Figure 
4a). The broad peaks at 1091 cm

-1
 and 1037 cm

-1
 represent the asymmetrical stretching vibration of 

PO4
3-

. The peaks at 961 cm
-1

 are due to symmetrical stretching vibration of PO4
3-

, and the peaks at 
603 cm

-1
 and 567 cm

-1
 are assigned to flexural vibration of PO4

3-
. It was consensus on the bond at 

3563 cm
-1

 and 630 cm
-1

 due to stretching vibration and flexural vibration of -OH in crystal lattice of 
nano-HAP, and the peaks at 3443 cm

-1
 and 1644 cm

-1
 might be attributed to bond water in FT-IR 

spectrum of nano-HAP. The weak peaks of PO4
3-

 and -OH at 1091 cm
-1

 and 630 cm
-1

 demonstrated 
that the original nano-HAP had a low crystalline shown in Figure 4b. In the FT-IR spectrum of the nano-
HAP combined with 1wt % PLLA, the characteristic peaks of PO4

3-
 and many peaks from 500 cm

-1
 to 

1400 cm
-1

 of PLLA overlapped, while the absorption peaks of C=O, PO4
3-

, -OH and bond water did not 
shift their positions. It seemed that the spectrum in Figure 4c is the superimposing of nano-HAP and 
PLLA, and no new peaks appeared in this spectrum. This phenomenon demonstrated that no chemical 
reaction occurred practically between HAP and PLLA.  

The spectra of the sintered specimens under different laser powers were shown in Figure 5. It was 
observed that C=O peak at 1758 cm

-1
 gradually weakened until disappeared with the increase of laser 

power from 0W to 10W. These changes meant that PLLA particles gradually melted and oxidized in the 
sintering process. When laser power was 15W, the absorption bond ranged from 1000 cm

-1
 to 1100 

cm
-1

 of PO4
3-

 was split into two obvious peaks appeared. This phenomenon might be attributed to the 
presence of PO4

3-
 to crystal lattice of HAP and the change of HAP with high instead of low crystalline. 

It was also noted that the peaks of -OH at 3563 cm
-1

 and 630 cm
-1

 gradually increased in the sintering 
process. The result indicated the increasing of crystalline of HAP, which was consistent to the results of 
SEM analysis.  

XRD analysis 

XRD analysis is shown in Figure 6. The crystalline peaks of nano-HAP at 2θ = 25.80º, 27.98º, 28.87º, 
31.69º, 32.82º, 33.97º, 39.76º were matched with the JCPDS card 9-432 of nano-HAP. The original 
nano-HAP particles have a lower crystalline compared with that of the sintered specimen in Figure 6a. 
The XRD pattern of complete PLLA showed three characteristic peaks at 2θ = 14.56º, 16.52º, 18.89º in 
Figure 6b. In the XRD pattern of mixture of nano-HAP and 1wt %PLLA, the diffraction peaks of nano-
HAP were clear but the peaks of PLLA could not be observed in Figure 6c. This may be due to the too 
low weight percentage (1wt %) of PLLA in the composite and it was difficult to detect this tiny phase 
with XRD. However, micro amount of PLLA can be detected by FT-IR analysis. The phenomenon that 
the crystalline peaks of nano-HAP did not shift confirmed that there was no chemical reaction between 
nano-HAP and PLLA, which is consistent to the results of FT-IR.  

The typical patterns of sintered specimens with the laser power of 5W, 7.5W, 10W, 15W, and 20W 
were shown in Figure 6d-h. It suggested that the intensities of HAP peaks increased and the peak 
widths were narrowed down gradually with the increasing of laser power. These changes were 
attributed to the growth of HAP grain and the increase of its crystalline during the sintering process. 
When laser power was lower than 15W, there was no shift of the position and quantity of the peaks in 
each specimen. It suggested that no other phases generated and HAP did not decompose. When laser 
power was 20W, new peaks occurred in the XRD pattern, which represented the specific characteristic 
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peaks for β-TCP (#70-0364) and TTCP (#70-1379). This result was assigned to the following 
decomposition reaction of HAP at high temperature in Equation 1 and Equation 2: 

OHOPOCaOHPOCa 2641026410 )()()( 

 

 [Equation 1] 

9242436410 )(2)( OPCaPOCaOPOCa 
 

 [Equation 2] 

The relationships between laser power and the hardness of specimens sintered with PLLA are shown 
in Figure 7 when other processing parameters remain unchanged. It can be seen that the hardness of 
sintered specimens increased when laser power increased from 10W to 12.5W. But, the hardness of 
sintered specimens would decrease when laser power increased from 12.5W to 20W. This change was 
mainly due to the grain growth of HAP while the density of sintered specimens maintained unchanged. 
Thus, this hardness study had further support to the observation made in SEM and XRD. 

DISCUSSION  

Compared with thermally sintered (conventional) process, there is a large temperature gradient 
between sintering zone and surrounding non-sintered powder owning to the concentrated energy input 
and the poor thermal conductivity of nano-HAP. Sintering zone is prone to bear the compressive stress 
of surrounding powder when heated, while a tensile stress when cooled (Matsumoto et al. 2002). 
Moreover, the temperature of sintering zone will change quickly and dramatically in laser sintering 
process (Sun and Gupta, 2008). The thermal stress is also caused by the Gaussian distribution of laser 
beam, which can result in a radial temperature gradient in sintering zone (Gu et al. 2008). The release 
of thermal stresses can lead to cracks in sintered scaffolds. PLLA was reported to absorb the thermal 
stresses effectively by introducing transient liquid phase (TLP) in laser sintering process (Li and Yang, 
2006). The introduced TLP can wet the surface of HAP particles through viscose flow and lead to 
rearrangement of HAP particles due to the drag of capillary force σ shown in Equation 3 (Butt and 
Kappl, 2009) and the surface energy P of HAP itself (Wakai, 2007). Thus, based on these findings, a 
model of the interaction between the microstructure evolution of nano-HAP and PLLA was established 
in Figure 8. 











21

11

rr


 

[Equation 3] 

γ is the surface tension of liquid-vapor interface, r1 and r2 are the curvature radiuses of two curved 
liquid surfaces. 

When sintering temperature reaches the melting point of PLLA, it melts and viscose flow exists in 
sintering zone. But particles rearrangement cannot occur because the surface energy of HAP particles 
is insufficient. Thus the molten PLLA can only fill part of gaps between HAP particles and absorb a little 
thermal stress in sintering zone (Figure 8b). With the increase of sintering temperature, HAP particles 
will get enough surface energy and experience particle rearrangement due to both the drag of capillary 
force and surface tension. PLLA can fill the gaps evenly between HAP particles and effectively absorb 
the thermal stress in sintering zone (Figure 8c). Under laser irradiation, the molten PLLA will gradually 
be oxidized until disappear finally and HAP particles will bond to each other by grain boundary diffusion 
until a dense HAP ceramic is obtained in Figure 8d. 
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CONCLUDING REMARKS 

A strategy of adding a small amount of PLLA (1wt %) into nano-HAP powder was proved to improve 
the sintering performance of nano-HAP bone scaffolds. No cracks appeared on the surface of the 
scaffolds and the densification was improved with the laser power of 15W. There were large pores on 
the specimen, which may be attributed to the rapid gasification and exclusion of PLLA when laser 
power is too high. It was also found that HAP decomposed into β-TCP and TTCP. Therefore, optimum 
parameters were eventually obtained. In a summary, the molten PLLA enhanced the particle 
rearrangement of nano-HAP by capillary force and may absorb thermal stress in laser sintering 
process, while PLLA would be oxidized gradually until completely excluded from the sintered nano-
HAP scaffolds. This study provides a novel method to improve the sintering properties of nano-HAP. 
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Figures 
 

 

 

Fig. 1 SEM micrograph. (a) initial complete nano-HAP; (b) complete PLLA; (c) nano-HAP 
combined with 1wt % PLLA. 
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Fig. 2 The SEM images of sintered nano-HAP specimens by addition of 1wt % PLLA before sintering 
under different laser power: (a) 5W; (b) 7.5W; (c) 10W; (d) 12.5W; (e) 15W; (f) 20W when other parameters 
remain consistent. 
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Fig. 3 SEM macrograph of sintered nano-HAP specimens by addition of 1wt % PLLA before sintering 
under different laser power: (a) 5W; (b) 7.5W; (c) 10W; (d) 12.5W; (e) 15W; (f) 20W. 
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Fig. 4 FT-IR spectra of initial (a) PLLA; (b) nano-HAP and; (c) nano-HAP specimens by addition of 1wt 
% PLLA without sintering. 

 

 

 

 

Fig. 5 FT-IR spectra of nano-HAP specimens by addition of 1wt % PLLA before sintering under 
different laser power (a) 5W; (b) 7.5W; (c) 10W; (d) 15W and; (e) 20W. 
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Fig. 6 XRD pattern of (a) nano-HAP, (b) PLLA, (c-h) nano-HAP specimens by addition of 1wt % PLLA 
before sintering under different laser power. (c: 0W; d: 5W; e: 7.5W; f: 10W; g: 15W; h: 20W). 
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Fig. 7 Hardness of nano-HAP scaffolds under different laser power. (a) specimens sintered without PLLA; (b) 
specimens sintered with PLLA. 

 

 

 

 

 

 

Fig. 8 Microstructure evolution mechanism on which PLLA affects HAP particles rearrangement. (a) The 
mixture of nano-HAP with 1wt % PLLA before sintering; (b) sintering temperature reaches the melting point of 
PLLA; (c) particle rearrangement; (d) HAP particles bind to each; 1: HAP particles; 2: PLLA; 3: molten PLLA filling 
part gaps between HAP particles; 4: molten PLLA filling the gaps evenly; 5: grain boundary. 
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