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Abstract 
 
This study is focused on the role of nano hydroxyapatite particles on the mechanical properties of PMMA/ 
HA nanocomposites. In order to achieve a proper and homogeneous distribution of HA particles in the 
polymer matrix, mixer milling process was applied. Wear, compression and three-point bending tests were 
conducted. It was observed that wear rate decreased by increasing in HA content in both atmosphere and ar-
tificial saliva. The results of compression tests showed that the addition of 2.5 percent HA to PMMA pro-
moted ultimate compressive strength, yield strength and modulus while caused to decrease elongation at 
break. Also it was elucidated that addition of HA more than 2.5 wt% caused a decrease in both ultimate 
compressive strength and compression yield strength and an increase in elongation at break. The results of 
three-point bending tests on the PMMA cements containing 2.5 percent HA demonstrated the maximum 
bending strength value and modulus among all the HA containing formulations. However there was no direct 
proportionality between the results of bending tests and the HA content and the addition of HA to PMMA 
(up to 10 wt%) did not change the bending properties significantly. 
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1. Introduction 
 
Polymethylmethacrylate (PMMA) is widely used as bone 
cement to secure orthopedic implants to the skeleton [1]. 
Because of its limited mechanical properties and poor 
compatibility with bone, the clinical use of this cement is 
accompanied by complications. Some examples of these 
limitations are brittleness and shrinkage of PMMA, void 
production in processing [2-4], lack of adherence to the 
bone [5,6] and exothermic reaction of polymerization 
which can damage bone tissue [7,8]. To improve the 
noted deficiencies several investigators have studied bio-
ceramic-reinforced polymer composite materials [9-12]. 
Hydroxyapatite (HA)-reinforced polymer composites are 
instances of these materials that can be used as bone ce-
ment, filling bone defects, coating of joint replacement 
prosthesis and dental implants [13]. Several investigators 
have studied HA-reinforced PMMA (PM-MA/HA) as a 
potential bone cement [10,14-16]. In fact addition of HA 
to the bone cement can improve biocompatibility and 
also enhance the mechanical properties of the cement 

because of its both biocompatibility and osteoconductiv-
ity [17-20]. Depending on HA amount added, mechani-
cal and thermal properties of the cement can differ [21]. 
It is also reported that size and surface properties of the 
particles can increase or decrease the mechanical proper-
ties of the bone cement [12,22]. Vallo et al. [23] indi-
cated that addition of up to 15 wt% HA to a commer-
cially available PMMA-based bone cement can improve 
the flexural modulus but with this amount of HA, the 
tensile and compressive strengths have been observed to 
remain constant in PMMA base cement. The fracture 
toughness of HA-reinforced PMMA has been observed 
to be increased by addition of 40 wt% HA [24]. Moursi 
et al. [25] have used three point bending test to investi-
gate the effect of addition of HA on mechanical proper-
ties of PMMA cement. It is indicated that the presence of 
HA can increase the ultimate stress of PMMA from 4-44 
MPa to 11 - 83 MPa. Kim et al. [11] produced a new 
bioactive bone cement that consists of HA, PMMA and 
chitosan. It was indicated that compressive strength of 
the cement was lower than the pure PMMA. Mechanical 
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properties of acrylic base cements reinforced with HA 
have been studied by Serbetci et al. [12]. It was found 
that addition of HA caused to increase both compressive 
strength and fatigue life unlike tensile strength of the 
cement. 

Wang et al. [26] and Roeder et al. [27] studied the ef-
fects of particle size and shape, and found that smaller 
particle size and larger aspect ratio increased the com-
posite mechanical properties. Because there are few pa-
pers that study about addition of nano hydroxyapatite in 
PMMA, this study tries to fill this gap. In this research, 
mechanical properties of nano HA-reinforced PMMA 
cement were investigated by using three point bending, 
compressive and wear test. 
 
2. Experimental Procedure 
 
2.1. Materials 
 
Cold-cure Acrylic powder (Acropars, Marlic) and Methyl 
Methacrylate (Acropars, Marlic) were used to produce 
Polymethylmethacrylate (PMMA) as the polymeric base 
of composite. Hydroxyapatite nano powders (catalogue 
No. 2196, Merck) were used as reinforcement phase 
(Figure 1). 
 
2.2. Sample Preparation 
 
For the preparation of samples, weighed amounts of 
PMMA and HA powders were mixed by a mixer mill 
(Retsich MM400, Germany) for 10 min with a vibration 
frequency of 20 s−1. The weight ratio of balls to powders 
was kept constant 8 (60 gram balls and 7.5 gram pow-
ders). After mixer milling, the same ratio of the solid/ 
liquid components were used in the preparation of com-
positions. The solid part was consisted of the mixed PMMA 
and HA powders and the liquid part was consisted of the 
PMMA monomer, the inhibitor and the catalyst. The 
weight ratio of the solid/liquid components was kept 
5/3.5 in all samples. For the cement dough preparation, 
the powder and the liquid parts were manually mixed 
together for 30 sec at temperature of 25˚C ± 1˚C and the 
homogeneous dough obtained was kept for 2 - 4 min 
(depended on the sample) to reach the sticky state. In this 
step the dough was molded using compression molding 
method. After passing about 15 min the dough was hard-
ened and the sample was ejected from the mold. The 
compositions of the samples are shown in Table 1. 

To observe both size and shape of nano size hydroxya-
patite powders, a transmission electron microscope, LEO 
919 AB, was used. Figure 1 shows transmission electron 
microscope micrograph from nano size hydroxyapatite. 
These nano powders are flake in shape and their average 
size is about 50 nm. The purity of hydroxyapatite nano 

powders that are used in this research was 99%. 
 
2.3. Mechanical Evaluation 
 
Three kind of mechanical tests have been utilized to 
evaluate the properties of PMMA/nano-hydroxyapatite 
composites. Three-point bending, compression and wear 
tests were used. In three-point bending test, for each for- 
mulation 5 samples were tested with the strain rate of 5 
mm/min. The dimensions of the samples were 3.3 × 10 × 
64 mm and the. 5 samples were also used for each for-
mulation in compressive strength test. The load rate was 
2 mm/min and the dimensions of the samples were 4 × 4 
× 8 mm. In both tests universal tensile machine Zwick 
model was utilized. For each run, 3 samples were tested 
and the average values were tabulated. 

In this research, the wear test method of pin on disc 
was utilized. 5 samples were tested for each formulation 
(according to Table 1). Each sample prepared with base 
area of 4 mm2 and 10 mm height which was attached to a 

 

 

Figure 1. TEM micrograph of nano sized hydroxyapatite. 

 
Table 1. The details of the composition of each composite 
sample. 

Notation of samples
HA 

(wt%) 
Mixer milling time 

(min) 

PMMA neat 0 0 

PMMA 0 10 

PMMA/2.5HA 2.5 10 

PMMA/5HA 5 10 

PMMA/10HA 10 10 
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removable sample holder with cyanoacrylate glue. In the 
current study a special wear device was developed. The 
device was consisted of an aluminum holder that can 
freely move up and down to allow specimens to be under 
a certain force at all times during the tests. The device 
rotated one orbit per second and number of turns re-
corded digitally for each run. A brass cup with interior 
diameter of 26 mm was utilized as container of artificial 
saliva and as holder of abrasive plate (Al2O3 abrasive 
plate with diameter of 25 mm, Dedeco, #309-0009). The 
device is shown in Figure 2. Each specimen was abraded 
by 5000 and 10,000 orbits. Samples were weighted with 
the accuracy of ±0.00001 g before and after testing. Two 
conditions were used for this test: 5 cc Fusayama Meyer 
artificial saliva [28] and atmosphere. After each 5000 
and 10,000 orbits, both saliva and abrasive plates were 
replaced, samples weights were measured and wear rate 
was calculated by the following formula 

Wear Rate =
W

L


 

where  is the difference of weight measurement 
before and after each 5000 and 10,000 orbits and L (in 
meter) is the distance for each 5000 and 10,000 rotations  
can be calculated as follows, 

W

2000 5000 2π 785.4 mL R    

7000 10000 2π 1570.8 mL R    

Chewing stress on occlusal surface of teeth is varying 
between 0.8 - 1.75 MPa [29]. Thus in this research we 
used the force of 4 N to obtain 1 MPa stress on speci-
mens. 
 

 

Figure 2. Wear device which was used in this investigation. 

3. Results and Discussions 
 
3.1. Compression Test 
 
Surgical PMMA cement is brittle in nature. Like all other 
brittle materials, it is weak under tension but quite strong 
in compression, and is capable of yielding under uniaxial 
compression. The main direction of load on bone cement 
in a total hip implant is compression, and therefore the 
measurements of compression yield strength values of 
the prepared cements are very important [30]. 

The average values of ultimate compressive strength 
(σC), elongation at break (εfC), compressive elastic modulus 
(EC) and compression yield strength (σy) of the cement 
samples are given in Table 2. The schematic figure of 
these values is shown in Figure 3. 

According to the results, PMMA cements containing 
2.5 percent HA had the maximum value of ultimate 
compressive strength, elastic modulus of compression 
and compression yield strength among all other formula-
tions. Also the minimum value of elongation at break 
was also in this sample. It was observed that HA addition 
more than 2.5 wt% caused a decrease of ultimate com-
pressive strength and compression yield strength. In 
elongation at break results, it was observed that HA ad-
dition more than 2.5 wt% caused an increase in these 
values. Although the results of elongation at break were 

 
Table 2. The results of the compression test of each com-
posite sample. 

Sample σC εfC EC σy 

PMMA neat 222 4.0 29 131 

PMMA 188 4.1 26 98 

PMMA/2.5HA 254 3.7 36 124 

PMMA/5HA 203 4.1 24 83 

PMMA/10HA 186 4.2 26 83 

 

 

Figure 3. The values of ultimate compressive strength (σC), 
elongation at break (εfC), compressive elastic modulus (EC) 
and compression yield strength (σy) of the cement samples. 
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very close to each other, and there was no direct propor-
tionality between the results of elastic modulus of com-
pression and the HA content. 

In most, but not all, composites, ultimate compressive 
strength decreases with increasing filler content and av-
erage particle size. The decrease in ultimate compressive 
strength and compression yield strength can be explained 
as follows. During the setting and cooling stage of PMMA, 
since the shrinkage of PMMA matrix is more than the 
shrinkage of HA particles, HA particles would be firmly 
entrapped and squeezed in the PMMA matrix. As a result 
of this, a circumferential tensile stress forms in the bone 
cement matrix that is adjacent to HA particles. This 
stress is a hoop stress and it simulates the case of weak 
bonding between HA particles and PMMA matrix (Fig-
ure 4) [30]. In the case of load application, the HA parti-
cles in the continuous phase of PMMA constitute a sec-
ond phase, and the interface between the two phases acts 
like a grain boundary resisting propagation of a crack. A 
friction force that is opposite to the direction of the crack 
initiating force will be present at the edges of the crack. 
The hoop stress is still present at that site, but the mag-
nitude of the friction force is probably higher than the 
circumferential force. The hoop stress helps the crack 
edges to be separated (Figure 5) [30]. The weak bonding 
area produced between these two phases may cause a 
decrease in ultimate compressive strength and compres-
sion yield strength. 
 

 

Figure 4. Mechanism of the formation of mechanical bond-
ing between bone cement matrix and HA particle [30]. 

 

Figure 5. Effect of loading direction on crack propagation 
in compressive loading [30]. 
 

In addition, this is in accordance with the reports that 
addition of HA without any chemical treatment decreased 
the mechanical strength of the bone cement. The ob-
served compressive behavior can be explained by the 
degree of adhesion between the HA articles and the ma-
trix. Poor adhesion between the components causes a 
decrease in yield stress as if the system is filled with 
voids. HA nanoparticles behave as load carriers leading 
to good mechanical properties if they are present in small 
amounts and distributed homogeneously in the cement 
dough (like PMMA-2.5HA sample). If the proportion of 
the HA particles increases, this could lead to non-ho- 
mogeneous distribution and, therefore, aggregation of 
particles may occur. This may cause phase segregation 
and non-homogeneity in the structure and poor adhesion 
to the matrix leading to a decrease in the compressive 
strength [30]. 

Except elastic modulus of compression that it’s values 
were very close to each other, all the other values (σC, εfC 

and σy) decreased by applying the mixer milling process 
(PMMA-neat and PMMA samples). It can be inferred 
that the changes take place in polymer structure through 
milling cause the changes of compression parameters 
significantly. 
 
3.2. Three-Point Bending Test 
 
The average values of ultimate bending strength (σb), 
elongation at break (εfb) and elastic modulus of bending 
(Eb) are given in Table 3. The schematic figure of these 
values is shown in Figure 6. 
 
Table 3. The results of the three-point bending test of each 
composite sample. 

Sample σb εfb Eb 

PMMA neat 59 3.0 1.9 
PMMA 65 3.5 1.8 

PMMA/2.5HA 67 3.5 2.0 
PMMA/5HA 64 3.6 1.8 

PMMA/10HA 67 3.7 1.9 
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Figure 6. The values of ultimate bending strength (σb), 
elongation at break (εfb) and elastic modulus of bending (Eb) 
of the cement samples. 

 
PMMA cements containing 2.5 and 10 percents HA 

demonstrated the maximum bending strength value (67 
MPa) among all the HA containing formulations. How-
ever there was no direct proportionality between the re-
sults of bending strength and the HA content. Further-
more increasing the HA content caused the slight in-
creased of elongation at break. Also the result showed 
that elastic modulus of bending in PMMA cements con-
taining 2.5 percent HA had the maximum value between 
the samples. But, there was no direct proportionality be-
tween the results of these values and the HA content to-
tally. However the results of ultimate bending strength, 
elongation at break and elastic modulus of bending were 
very close to each other. So it can be inferred that the 
addition of HA to PMMA (up to 10 wt%) did not change 
the bending properties significantly. But, it can be said 
that the mixer milling process had the significant effect 
on increasing of bending strength and elongation at break 
in PMMA samples (PMMA-neat and PMMA samples). 
So similar to compression results tests the milling proc-
ess causes the changes of bending parameters signifi-
cantly. 
 
3.3. Wear Test 
 
Figure 7 shows the results of wear tests in atmosphere. It 
can be observed that wear rate decreases by increasing in 
HA content. This is because of presence of ceramic 
powders of HA which have high hardness that can im-
prove sliding wear rate [31]. For PMMA/2.5%HA com-
paring to pure PMMA, this improvement in wear rates is 
more obvious which emphasis the role of HA in im-
provement of wear rate. For both 5000 and 10,000 orbit 
this trend can be observed. 

Figure 8 shows the results of wear test in Fusayama 

Meyer artificial saliva. As seen, because of third body 
abrasion effect, the improvement in wear rate of PMMA 
at the presence of HA nano powders is greater than at-
mosphere. Abraded particles act as an additional abrasive 
surface and cause more wear [31-34]. During “mastica-
tion” in the mouth, this type of wear occurs and is preva-
lent in patients who eat abrasive diet such as grained 
bread. In wet condition (saliva) the abraded particles are 
removed from the surface but it can not happen in dry 
condition (atmosphere). This is the reason for higher 
wear rate in atmosphere in comparison with saliva. Both 
Figures 7 and 8 shows that there is no significant differ-
ence between wear rate of neat and mixer milled PMMA. 

Figures 9 and 10 are comparisons between 5000 and 
10,000 rotations in saliva and atmospheric media. In both 
figures it can be observed that there is a higher wear rate 
in atmospheric media in comparison with saliva. As it 
was mentioned, this is because of more third body abra-
sion in atmosphere than in saliva. 

 

 

Figure 7. Wear test in atmosphere. 

 

 

Figure 8. Wear test in Fusayama Meyer artificial saliva. 

Copyright © 2011 SciRes.                                                                                 ENG 



 
800 S. M. ZEBARJAD  ET  AL. 

 

Figure 9. Comparison between Wear tests in Fusayama 
Meyer artificial saliva and atmosphere in 5000 orbits. 
 

 

Figure 10. Comparison between Wear tests in Fusayama 
Meyer artificial saliva and atmosphere in 10,000 orbits. 

 
4. Conclusions 
 
To investigate the role of HA on mechanical properties 
of PMMA, Wear test, compression and three-point bending 
tests was carried out. The results of current study might 
be summarized as follows: 

1) Wear rate decreases by increasing in HA content in 
both atmosphere and artificial saliva. 

2) There was no direct proportionality between the re-
sults of compression tests and the HA content. 

3) The addition of HA to PMMA (up to 10 wt%) did 
not change the bending properties significantly. 

4) The mixer milling process causes the significant 
changes of mechanical properties of PMMA. 
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