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Abstract— Hydroxyapatite (HA) powder has been prepared 
through mechanochemical synthesis from a dry powder mix-
ture of calcium hydroxide Ca(OH)2 and di-ammonium hydro-
gen phosphate (NH4)2HPO4. Three different rotation speeds of 
170 rpm (M1), 270 rpm (M2) and 370 rpm (M3) were used in 
this method. The as synthesized powder analyzed by FTIR and 
XRD confirmed the formation of HA structure with nano 
crystallite size in all milling speeds. XRD results showed the 
wide broad peaks of HA powders narrowed and crystallinity 
increased (31.0-42.5%) when the milling speed was accelerated 
to 370 rpm. The powders were compacted using cold isostatic 
pressing at 200 MPa and then subjected to 1150oC, 1250oC and 
1350oC sintering. The sintered compacts were mechanically 
tested by Vickers microhardness indentation method. Powder 
synthesized at 370 rpm was found to have a significant  
hardness, 5.3 GPa obtained after 1250oC sintering.  
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I.   INTRODUCTION  

Hydroxyapatite (HA) is usually used for a number of 
biomedical applications in the forms of granules, blocks, as 
coating [1-4], as composite with polymer and ceramic [5-7], 
for bone augmentation and middle-ear implants [4]. HA has 
shown also the benefits in therapeutic antitumor vaccine [8] 
and was useful for drug delivery and antibiotics [9-10]. HA 
naturally contained in human bone as the crystals within 
collagen. The high strength and crack resistance or fracture 
toughness are necessary for the reliable work of an implant 
in the body [11]. Many improvements have been made 
earlier to overcome the limitation of HA in loading applica-
tion by controlling microstructures via novel sintering tech-
nique or utilization of nano powders and by adding dopants 
[12-13]. Development of dense HA ceramics with superior 
mechanical properties is possible if the starting powder is 
stoichiometric with better powder properties such as crystal-
linity, agglomeration, and morphology. A decrease in grain 
size to nano scale in dense sintered materials is a desired 
parameter to enhance the mechanical and biological proper-
ties of HA-based bioceramic materials [14].  

Various morphology, stoichiometry and level of crystal-
linity can be achieved depend on the technique and methods 
use for synthesis process. There have been several methods 
applied in synthesized HA nanocrystalline powder consist 
of co-precipitation [9], emulsion/microemulsion [15], sol-
gel [16], hydrothermal [17] and mechanochemical [18]. 
Mechanochemical method is simple and low cost compared 
to other methods. The chemical processes occurring during 
mechanical action on solids became to be more specific and 
versatile. Besides, mechanochemical treatment has been 
recently receiving attention as an alternative route in prepar-
ing materials characterized by better biocompatibility with 
natural bone [18, 19]. Since then, there are several studies 
using a wet medium in mechanical milling have been re-
ported [20-22] instead of milling in dry condition [18,23].  
In this present study, HA powder was prepared through 
mechanochemical route without using any wet medium. The 
effect of speed will be investigated into powder properties 
as well as sintered dense bodies. 

II.   MATERIALS AND METHODS 

The two precursors for synthesis HA powder were com-
mercially available calcium hydroxide Ca(OH)2 (R&M 
Chemicals) and di-ammonium hydrogen phosphate 
(NH4)2HPO4 (Systerm). The reaction of the two precursors as 
follows 

 
5Ca(OH)2 + 3(NH4)2HPO4 → Ca5(PO4)3OH + 6NH3 + 
9H2O                                                                                   (1) 

 
In the planetary ball mill, the precursor powders with 

molar ratio of 1.67 Ca/P were loaded and mixed in stainless 
steel vials and ball as a milling medium. Powder to ball 
mass ratio was 1/6 and the milling time was taken to 15 
hours with three different rotation or milling speeds; 170 
rpm (M1), 270 rpm (M2) and 370 rpm (M3).  

To determine the weight loss, the as synthesized powders 
were subjected to thermal analysis in a heating rate of 
10oC/min from room temperature to 1300oC under atmosphere 
using Perkin Elmer Phyris Diamond TG-DTA equipment. 
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Phases in the as synthesized powders were identified us-
ing an X-ray diffractometer (CuKα, Shimadzu XRD 6000 
diffractometer). All measurement were performed at room 
temperature with the range of 2θ=25-55oC at 2oC/min scan 
speed. All samples were analyzed by referring to standards 
of the Joint Committee of Powder Diffraction Standards 
(JCPDS) card number, 09-0432 [24].   

The functional group of both the as synthesized powders 
and the powders after sintering were analyzed using a Per-
kin-Elmer Spectrum FTIR spectrometer of 4000-400cm-1 
scanning range with resolution of 4 cm-1.  

The as synthesized powders were uniaxially pressed into 
pellets in a steel die of 10.5 mm in diameter using 2.5 MPa 
loading for two minutes , followed by cold isostatic pressing 
(CIP) at 200 MPa for five minutes. The green bodies were 
sintered at three different temperatures; 1150oC, 1250oC and 
1350oC with both heating and cooling rates were 5oC/min in 
two hours holding time.  Sintered compacted powders were 
then subjected to Vickers microhardness testing using in-
dentation technique (MVK H2) after polished at 1000 grid 
of silicon carbide. 

III.   RESULTS 

A.   X-Ray Diffraction (XRD) Analysis 

Figure 1 shows the XRD patterns of the as synthesized 
powder at three different milling speeds. HA characteristic 
with the broad peaks already appeared in lower milling 
speed of 170 rpm. However, the powder still containing the 
unreacted precursor belongs to di-ammonium hydrogen 
phosphate (DAP). As the milling speed increased to 270 
rpm, the HA peaks intensely growth with peaks improved. 
The DAP peaks were not detected.  At 370 rpm, the narrow 
peaks observed with the new peaks of HA detected at (112) 
and (212) compared to previous milling speeds.                             

The crystallite size of the powders was calculated using 
Scherrer formula  [25] 

 
                                      (1) 

 
where D is the crystallite size (nm); k is the shape coeffi-
cient, 0.9; λ is the wave length (nm); θ is the diffraction 
angle (o);  is the experimental full width at half maximum 
(FWHM);  is the standard FHWM value. For this pur-
pose, FWHM at (002) (2θ=25.8o) has been chosen to  
 

calculate the crystallite size. Table 1 shows the crystallite 
sizes of the samples. The crystallite size was not propor-
tional with the milling speed, so it was not affected by the 
various speed applied. In contrast, the crystallinity of  
the powders was increased as the speed level up to until  
370 rpm. 

Table 1 Crystallite size and crystallinity of HA powder 

Sample Milling Speed 
(rpm) 

Crystallite size 
(nm) 

Crystallinity 
(%) 

M1 170 4.71 31.0 
M2 270 3.08 32.0 
M3 370 4.87 42.5 

 

Fig. 1 XRD patterns of as-synthesized HA powder with various milling 
speeds 

B.   Thermal Gravimetric Analysis (TGA) 

The graph in figure 2 shows that all of powder samples 
start to loss the weight below 100oC. This situation is attri-
buted to the evaporation of adsorbed water and phase trans-
formation occurs until 900oC. This trend was continuous 
until 1300oC.   

C.   Fourier Transform Infra Red (FTIR) 

The chemical functional group of the synthesized cal-
cium phosphate powder was determined by using FTIR 
analysis. Figure 3 for example shows the FTIR spectra for 
HA powder through dry mechanochemical synthesis with 
different speeds.  

Phosphate (PO4) band have four vibration modes ν1,  
ν2, ν3, and ν4. All samples indicate that at ν1 and ν2 modes, 
PO4 band was appeared at around 962 cm-1 and 474 cm-1 
respectively. ν3 mode also consist of PO4 band at around 
1088 cm-1 and 1023 cm-1. Besides that the PO4 band also 
was detected at ν4 mode at around 599 cm-1 and 560 cm-1. 
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Fig. 2 TGA graphs of milled HA powders at different speed heated to 
1300oC in air (heating rate=10oC/min) 

 
From M1 HA powders, ν1, ν3 and ν4 modes became 

weak when sintering temperature increased from 1150oC to 
1350oC except for ν2 mode which disappeared when sinter-
ing temperature increased. This trend also similar with M2 
and M3 HA powders. 

The weak band of hydroxyl group was detected at 628 
cm-1 [22, 26] from all of the as synthesized HA powders at 
different milling speeds. In M1 HA powders, the hydroxyl 
band exists clearly at 1150oC compared to the as synthe-
sized powder, and changed to a weak band at 1250oC until 
vanished at 1350oC sintering temperature. On the other 
hand, M2 HA powder reduced the OH band from 1150oC to 
1250oC and lost consequently at 1350oC. In contrary, the 
small hydroxyl band only stayed at 1150oC and fully re-
moved at 1250oC and 1350oC. 

Band around 1635-1646 cm-1 was attributed to the 
present of water in all powder samples. At the same time, 
the broad band of absorbed moisture can be seen at the 
range of 3200-3600 cm-1[27]. These bands totally disap-
peared when subjected to the heat treatment from 1150oC to 
1350oC sintering temperature.  

D.   Vickers Micro Hardness 

The effect of sintering temperature on the Vickers hard-
ness is shown in figure 4. In this test, M3 compacted powd-
er yielded significant hardness, 5.3 GPa when sintered at 
1250 oC followed by M1 compacted powder, 5.1 GPa sin-
tered at 1350oC. Only hardness in M1 compacted powder 
was continuously increased with sintering temperature 
compared to M2 and M3 compacted powders which were 
increased initially at 1250oC and then dropped when they 
reached at 1350oC sintering temperature. At 1150oC, hard-
ness in M2 compacted powder (4.6 GPa) was found higher 
than M3 and M1 (2.9 GPa and 2.1 GPa). 

 
 

Fig. 3 The FTIR spectra of HA powder milled at 370 rpm rpm before (a) 
and after sintering at 1150oC (b), 1250oC (c) and 1350oC (d). [(  ): H2O),  
(  ): PO4, (  ): OH] 
 

 

Fig. 4  Microhardness graph for sintered compacted powder samples at 
three different milling speed 

IV.   DISCUSSION 

From XRD analysis, nanocrystallite size of HA powder 
obtained after milling at different speed denoted as M1, M2 
and M3. HA structure starts to form in early of milling 
speed, 170 rpm. At this speed, another phase which is be-
lieved belongs to precursor, was existed and it indicated that 
the process was not reacted at all. Higher milling speed has 
led to the formation of single HA without formation of any 
secondary phase. The crystallinity was increased from 31-
42.5% with the milling speed and it can be seen from the 
peaks which were intensely growth as the speed increased. 
Mechanical milling on powders size did not affected by 
milling speed and the size around 3 to 5 nm yielded through 
this method. This size was significantly lower than previous 
study by Silva et al [28] using CaHPO4, CaCO3 and 
NH4H2PO4 as precursors in dry milling at 370 rpm for  
15 hours.  

It is noted that the weight of all powder samples dropped 
at the range of 900oC an above might be associated with the 
formation of β-TCP by releasing the hydroxyl group. This 
condition was similar with FTIR spectra where hydroxyl 
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group merely disappeared as heated from 1150oC -1350oC. 
In addition, the phosphate band was maintained but the peak 
was reduced until 1350oC. During sintering process, some 
of impurities were detected from the band in the range of 
1970 cm-1 - 2600 cm-1. At 1150oC, greater hardness is 
shown by M2 compacted powder, 4.6 GPa which related to 
the smaller crystallite size obtained compared to M1 and 
M3 compacted powders. At 1250oC, significant hardness 
was found in M3 compacted powder, 5.3 GPa followed by 
M2 compacted powder. This consolidation might be attri-
buted to the sintering effect on M3 powder compaction. 

V.   CONCLUSION 

The dry mixture of Ca(OH)2 and (NH4)2HPO4 from dif-
ferent milling speeds has been successfully produced nano-
crystalline hydroxyapatite. The milled HA at different 
speeds were analyzed by XRD, FTIR and TGA analysis. 
HA powder was obtained in all milling speeds. All of HA 
powders showed the continuous weight loss until 1300oC. 
The M3 compacted HA powder was found to have a greater 
hardness, 5.3 GPa at 1250oC.  FTIR analysis of sintered 
compacted powder results in weak bands when temperature 
increased. The higher milling speed has increased the per-
cent of crystallinity of the powders obtained. The morphol-
ogy analysis and powder characterization after synthesized 
and sintering process will be carried out in future study. 
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