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Forsterite nano crystallite was synthesized by mixing Talc and MgCO3 in a ball mill for ten hours and then heating at 1000°C 
for ten minutes. Using twin-screw extrusion and then compression molding, an ultra high molecular weight polyethylene 
(UHMWPE) reinforced by forsterite nano crystallites with volume fraction of 0/5 was produced as a composite sheet. 
Scanning electron microscopy images showed homogeneous distribution of forsterite particles in the UHMWPE matrix with 
size scale of less than 1 µm. In vitro evaluation test in simulated body fluid (SBF) solution revealed the bioactivity of this 
composite. Mechanical properties of the produced composite were then evaluated using standard tensile test. Results showed 
that this composite has a strong Young's modulus which is ten times higher than that of pure UHMWPE. In addition, the 
excellent toughness of pure UHMWPE was approximately maintained using 0/5 volume fraction of forsterite nano crystallite 
which is gained by over 300 % fracture strain.

INTRODUTION

	 Due to designing, manufacturing, and laboratory 
challenges, bio-composite materials have not yet found 
their ways into widespread commercial applications as 
implants [1, 2]. This is while such materials have deve-
loped remarkably in orthopaedic uses thanks to their 
appropriate biological and mechanical properties [3]. 
Polyethylene composite reinforced by Hydroxyapatite 
(HA) is one of the best polymer nano-composites for 
implantation  [2, 4]; nonetheless, having low yield stress 
compared to cortical bone, confines its application to 
non-load bearing implants only [4].  
	 Numerous ways have been tested to develop mecha-
nical properties of bio-composites and extend their uses 
as implants [3]. One of them is using stronger polymers 
as the matrix of bio-composites [3]; for example, up to 
now, polyether ether ketone (PEEK) [5] and poly methyl 
methacrylate (PMMA) [6] have been put to use as a 
matrix of bio-composite implants in order to enhance 
the stiffness and strength of such materials; nonetheless, 
they are too brittle to be made as a suitable replacement 
for human bones [3]. Another way to improve the 
mechanical features of bio-composites is done through 
strengthening the interface adhesion between particles 
and matrix [7]; but this method requires adding some 
coupling agents which causes a reduction in bioactivity 
of reinforcements [3]. Researchers [8, 9] have found 
that reduction in the size of reinforcement particles and 
increment of their percentage in the matrix result in better 
mechanical properties of the composites; however, they 

have reported that the reinforcement particles should 
have a size smaller than micron in order to produce 
mechanical properties comparable to that of bones [3]. 
	 In general, bone can be considered as an excellent 
example of a natural nano-composite made of two main 
nano-metric size phases: minerals and protein [3]. The 
mineral phase is mostly made up of HA while the protein 
phase has mostly made by Collagen [10-12]. To obtain 
mechanical properties similar to that of natural bone for 
fabricated bio-composites, they must have a bonelike 
microstructure [3]. Hence, due to the fact that polymer 
nano-composites reinforced by bioactive ceramics 
have the closest likeness to natural bone in mechanical 
properties, using nano-metric ceramics as reinforcement 
in polymer matrix seems to be an appropriate choice to 
gain micro-structural and mechanical properties of the 
bone [13-15]. 
	 Findings of experiments on forsterite show that 
this ceramic is biocompatible and has got no toxic 
effects on body cells [16]. Furthermore, forsterite has 
better mechanical properties, such as higher stiffness, 
fracture toughness, and elasticity modules in comparison 
with HA [17-20], to be used as reinforcement in ultra 
high molecular weight poly ethylene (UHMWPE) 
matrix. However, ceramic weight changes and the way 
SBF solution ions change vindicate the point that high 
grain size forsterite is not bioactive, in spite of its bio-
compatibility with human body [19]. In 2009, Kharaziha 
[21] examined the level of bioactivity of nano structural 
forsterite powder through floating it in SBF solution. The 
results revealed that this type of forsterite is bioactive. 
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As a result, in the current study, nano structural forsterite 
was put to use as the reinforcement to reach structural 
and mechanical properties of the bone. Hence, a 
UHMWPE bioactive composite reinforced by nano 
structural forsterite was produced and its biological and 
mechanical features were examined. 

EXPERINEMTAL

Production of
Forsterite/UHMWPE composite

	 Mechanical activation method [22] was used to 
produce forsterite powder using a ball mill made up 
of a Zirconium cylindrical container comprised of four 
Zirconium balls with the diameter of 2 cm and average 
weight of 23 g. The weight proportion of the balls to 
the powder and the speed were chosen 10:1 and 300 rpm 
respectively. In so doing, 4.85 g of MgCO3 (Merk, 
Germany, with more than 99 % purity and average 
particle size of 2 µm) was mixed with 4.35 g of Talc 
powder (Aldrich, Germany, with more than 99 % purity 
and average particle size of 10 µm). Then the mixture 
was ballmilled for 10 hours. Afterwards, the outcome 
was heated at the temperature of 1000°C for 10 minutes. 
The forsterite powder and UHMWPE reactor powder 
(Petrochemical Co. of Arak, Iran, with the purity of 
more than 99 % and average particle size of 200 µm and 
a weight average molecular weight of 6 × 106 g∙mol-1)
were mixed and homogenized with forsterite volume 
fraction 0.5 (Vforsterite = 0.5) using ball mill. Then, the 
obtained mixture was compounded in a twin-screw ex-
trusion (Bra Bender, Germany). The extrudate was then 
pelletized into small pieces and compression molded by 
hot press (230°C, 10 MPa) to produce sheets. 

Characterisation of
Forsterite/UHMWPE composite

	 X-ray diffractometer (XRD, Phillips X’pert-MPD, 
using Ni filtered Cu Kα with λCu Kα = 0.154 nm, radia-
tion at 40 kV and 30 mA) was applied to study phase 
structure of  produced forsterite powder, specify forsteri-
te crystallites size, examine phase structure of compo-
site, and determine the size of forsterite crystallites in 
UHMWPE matrix. The obtained diffractometer patterns 
(time per step: 1 s and step size: 0.04º) were with the 
range of 20 < 2θ < 60 degrees for forsterite and 10 < 
< 2θ < 100 degrees for composite. The patterns obtained 
from XRD tests were then compared to standards ga-
thered by JCDPS [23]. The crystallite size of forsterite 
was measured by Williamson & Hall Equation [21]. 
Transmission electron microscopy (TEM, LEO 912 AB) 
was put to use to study the morphology of particles 
and measure the size scale of the produced forsterite. 
In addition, scanning electron microscopy (SEM, Philips 
XL30) was employed to investigate the size variation 

and distribution of forsterite particles in UHMWPE 
matrix. In order to specifying the tensile mechanical 
properties of forsterite/UHMWPE composite, it under-
went tensile testing [3]. To perform this test according 
to ASTM D638 type IV [24], the produced compression 
molded sheet was cut into standard specimens with 
thickness of 0.62 ± 0.08 mm and width of 5.89 ± 0.03 mm. 
The tensile tests were performed using a tensile testing 
machine (Zwick/material prufung, Germany). At first, the 
specimens were stretched with the speed of 2.5 mm∙min-1 
up to their 3 % of elongation for accurate measurement 
of Young’s modulus from the linear part of the stress-
strain curves [3]. The extensions of specimens were 
precisely recorded using an extensometer. The tensile 
tests were then conducted with the speed of 50 mm∙min-1 
up to their failure to determine specimens’ yield strength 
and break strain [3]. To ensure accurate measurement of 
mechanical properties and avoid any undesired error, the 
tests were repeated for five identical specimens and the 
average measures have been reported.

In vitro evaluation

	 In order to evaluate in vitro bioactivity, simulated 
body fluid (SBF) solution prepared by kokubo [25] me-
thod was applied. In so doing, the obtained forsterite/
UHMWPE composite was floated in the SBF solution at 
the solid/liquid ratio of 1.5 mg ml-1 for 1, 7, 14, 21, and 
28 days and cured in a bathroom with a fixed temperature 
of 37°C. Note that this ratio is quite common and 
widely used by experts to study the in vitro bioactivity 
of biomaterials [21]. The pH of the solution was also 
recorded each day using an electrolyte-type pH meter. 
The specimens were then taken out, rinsed with water 
and dried at 100°C for one day. In order to study the 
presence of Calcium Phosphate(C-P) and investigate the 
morphology of the precipitates on the surface of spe-
cimens, X-ray Diffractometer (XRD, Phillips X’pert-
MPD), scanning electron microscopy (SEM, Philips 
XL30) and energy dispersive X-ray (EDX, Phillips, 
AIS200) were used. Using EDX, the presence of Calcium 
and Phosphor on the aforementioned samples could be 
proven. 

RESULTS AND DISCUSSION

Characterization and microstructure

	 Figure 1 represents the outcome of X-ray deffrac-
tometer (XRD) test on produced forsterite. This figure 
shows that only pure forsterite phase is identifiable; in 
addition, no secondary destructive phase was observed 
due to 10 minutes heating. The size of forsterite crys-
tallites were equal to 30 nm which was computed 
applying Williamson-Hall Equation. Figure 2 is the TEM 
micrograph for forsterite which shows creation of 
uniform sized and spherical shape particles. According 
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to this figure, the average size of forsterite particles 
is 50 nm which agrees with the results obtained from 
Williamson-Hall Equation. Forsterite particles of 
this size are bioactive and can produce bone making 
materials in contact with bio-environment [22]. 

	 Figure 3 illustrates XRD pattern for forsterite/
UHMWPE composite. This figure shows that extrusion 
operation, compression molding and laboratory condi-
tion of the experiment haven’t had any undesired effects 
on primary materials used in producing composite. 
No pollution or secondary destructive phase was obser-
ved in the temperature and operating condition of extru-
sion. According to this figure, there are two high peaks 
in the range of 20 < 2θ < 28 degrees which are related 
to UHMWPE. Other small peaks in the range of 20 < 
< 2θ < 80 degrees are related to forsterite that performs 
as composite reinforcement. The height of peaks 
and their angles confirm the expected quantity and 
quality analysis of the composite. Taken the fact that 
the specimens picked up for XRD test were randomly 
selected from the produced composite sheet, they can 
be regarded as a representative sample which confirms 
uniform dispersion of forsterite in the matrix. Sizes 
of forsterite crystallites existing in UHMWPE matrix 

were computed with the help of Williamson-Hall 
Equation and again it was equal to 30 nm which shows 
that production process of composite has no effect on 
the size of crystallites in forsterite microstructure; this 
certifies that our applied production procedure only 
determines mechanical pro-perties and does not affect 
any biological features. Hence, the method used to 
produce Forsterite-Poly Ethylene nano-composite is an 
appropriate one that was benefitted from in this study.

	 Basically, the parameters affect mechanical pro-
perties of reinforced composites are size scale and 
uniform dispersion of reinforcing particles in the matrix 
[8, 9]; therefore, using a SEM microscope, size scale 
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Figure 1.  XRD pattern of the synthesized forsterite.

Figure 2.  TEM micrograph of the synthesized forsterite.
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Figure 3.  XRD pattern of the forsterite/UHMWPE composite.

Figure 4.  SEM Microstructure of the forsterite/UHMWPE 
composite film: a) plan; b) cross section.

b) cross section

a) plan
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and distribution of forsterite particles in the matrix 
were studied. Figure 4a represents SEM picture of bulk 
composite samples randomly selected from the original 
sheet. The picture shows that although forsterite partic-
les have agglomerated in some areas due to extrusion 
process and compression and operating temperature, the 
distribution of forsterite particles in the matrix are still 
acceptable. Note that the agglomeration of forsterite is 
only surface adhesion of particles which doesn’t change 
crystallite size and hence, doesn’t affect biological 
properties [21, 22]. Furthermore, based on the picture, 
the average size of reinforcing particles is less than 1 µm 
which is a suitable size to reach expected mechanical 
properties for the composite [3]. Figure 4b shows the 
cross section of the composite. It also can be seen that 
forsterite nano-crystallites have uniformly dispersed 
in the cross section. In addition, the figure illustrates 
appropriate tangling between dispersed reinforcing 
particles and matrix which in turn causes improvement 
in mechanical properties of the produced composite. 
From this angle of view, again the average size of 
reinforcing particles of our composite is less than 1 µm.

In Vitro Bioactivity

	 EDX spectra along with the morphology of com- 
posite after 28 days floating in SBF solution are 
presented in Figure 5. SEM picture shows tiny particles 
which precipitate on the surface of the composite. The 
EDX analysis confirms the presence of Calcium and 
Phosphorus in the ball-like particles and indicates that 
they are mostly made up of these two elements. It should 
be noted that the presence of Mg and Si in the EDX 
spectra originates from the remained forsterite. These 
findings verify that forsterite particles of the composite 
could successfully react with the SBF solution to produce 
bone-making elements which proves the bioactivity of 
the composite.
	 Figure 6 illustrates X-ray diffractometer pattern of 
a forsterite/UHMWPE composite sample both before 
and after its 28-day floating in SBF solution to identify 
phases produced by bioactivity evaluation test. The 
comparison between these two patterns demonstrates a 
new sharp peak and two other shorter ones in the range 
of 25 < 2θ < 35 degrees after 28 days floating in SBF 
solution. These peaks reveal the presence of Calcium 
ion and Phosphate group. 

	 Another point that can be inferred from the XRD 
pattern is that the forsterite peaks intensities have 
reduced after 28 days which is due to two main reasons; 
first, the forsterite crystallites have reacted with SBF 
solution and transformed to Calcium ion and Phosphate 
group; second, the precipitated productions on the 
surface of the sample cause diffraction of X-ray waves 
to other angles.  

PH Changes

	 Figure 7 shows changes of pH of SBF solution 
during 28 days. It can be seen that the pH on the first 
12 days has increased. This is due to dissolution of 
Mg ions from the forsterite crystallites and correspon-
ding production of Calcium ions and Phosphate groups; 
however, the slope of the diagram has decrease gradually 
which is because of both consumption of forsterite 
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Figure 5.  SEM photograph and EDX spectrum of the forste-
rite/UHMWPE composite after immersion in SBF solution for 
28 days.
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Figure 6.  XRD patterns of forsterite/UHMWPE composite 
surface before and after SBF immersion (28 days).
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crystallites and creation of Calcium and Phosphate 
precipitates on surface of the sample; this precipitation 
has caused reduction of dissolution of Mg from fors-
terite crystallites and simultaneous reduction of Ca-P 
production. According to Figure 7, the decrement of the 
slope of the diagram has continued for 12 days until the 
pH has become stable. 

Mechanical Properties

	 Figure 8 presents typical stress-strain curves 
for the composite and pure UHMWPE prepared in a 
similar procedure (compression molding and swelling 
extrusion) due to comparison purposes. Mechanical 
properties of the composite and pure UHMWPE along 
with those for cortical bone are also summarized at 
Table 1. Results show that the Young’s modulus of the 

composite is about twelve times more than that of pure 
UHMWPE. This value agrees with the range of Young’s 
modulus of cortical bone; so it can be concluded that 
it will prevent stress shielding phenomenon in case of 
implementation [15]. 
	 According to the results, the yield stress of forsterite 
(50 vol. %)/UHMWPE composite has not considerably 
changed in comparison with pure UHMWPE. It is also 
seen that adding 50 volume percentage of forsterite par-
ticles to UHMWPE matrix has substantially decreased 
its fracture strain; however, it is still more than 300 % 
which is very high for this amount of forsterite as 
reinforcement. In addition, the fracture strain of 
composite is much higher than that of cortical bone 
which resulted in superior toughness of composite. 
Basically, the high toughness of composite is due to 
uniform distribution of forsterite nano crystallites in 
the matrix which effectively restrain generation and 
growth of micro-cracks during tensile test. Results 
confirm allowance of using 50 vol. % of reinforcement 
in a forsterite/UHMWPE system without considerable 
ductility reduction. 

CONCLUSIONS

	 UHMWPE reinforced by 50 % volume percentage 
of forsterite nano crystallite was fabricated using twin-
screw extruder and compression molding. The results of 
the test-studies brought us to conclude that: 
●	The method used to produce this composite caused 

homogenous dispersion of reinforcements in the 
matrix.

●	The composite showed a satisfactory in vitro bioacti-
vity resulted from reaction between forsterite nano 
crystallites and SBF solution. 

●	No reduction was found in the yield strength of com-
posite compared to pure UHMWPE; in addition, its 
ductility was also approximately maintained. The 
composite also exhibited high toughness and Young’s 
modulus comparable to that of cortical bone.  
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