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Abstract. The synthesis of nano-forsterite powders has been succeeded using an amorphous 

SiO2 powder base material from the purification of natural silica sands from Tanah Laut and 

MgO Merck with a combination of duration of mechanical activation and calcination 

temperature. The silica and magnesia powders are mixed and mechanically activated using ball 

mill for 1, 2, 3 hours. The mixture was then calcined at a temperature of 950, 1050, and 

1150°C for 4 hours to form a forsterite powder. Phase characterization was performed using X-

Ray Diffraction (XRD), while the crystalline size using Transmission Electron Microscopy 

(TEM). The analysis of diffraction data was done using the Rietica software method. Overall 

the phases formed after calcination are forsterite, periclase, cristobalite, and protoenstatite. The 

highest percentage of forsterite weight was obtained in the sample with a 3-hour mechanical 

activation treatment with a calcination temperature of 950 °C, i.e. 87.9 wt. At all temperatures, 

the forsterite content increases with increasing time of mechanical activation. An important 

invention in this study, when compared with earlier literature, is that high concentrations of 

forsterite can be formed at lower calcination temperatures. Observations with TEM show that 

the size of forsterite crystals is reduced along with the increase in the time of mechanical 

activation. The size of the forsterite crystals in the calcined samples of 950° C after mechanical 

activation for 3 hours was about 81 nm, whereas in the calcined samples 1050 °C without 

mechanical activation about 94 nm. 

 

1. Introduction 

Forsterite (Mg2SiO4) is a crystalline silicate with an orthorhombic crystal system [1] and a Pbnm space 

group. Forsterite is also composed of SiO4
-4 anions and Mg2+ cations with a 1: 2 molar choice [2]. The 

advantages of forsterite have low electrical conductivity, small dielectric constants (εr = 6.8) [3], 

chemically stable [4], good electrical insulation (electrical resistance 1013-1015 Ωcm) [5], and 

melting point 1890 °C [6]. Therefore, Forsterite is a material potentially to be applied to various areas 

of life. 

Some forsterite applications in the advent technology are used as a dielectric for millimeter waves 

[7] and insulator material for Solid Oxide Fuel Cell (SOFC) because it has a good thermal expansion 

coefficient and high stability [8]. In the field of medical forsterite is used for tissue engineering 

applications [9,10], radiotherapy [11], and as bone implants [12]. Therefore, some efforts are made to 

produce forsterite with high purity, both regarding basic materials and methods of manufacture. 

http://creativecommons.org/licenses/by/3.0
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Several methods have been carried out on the synthesis of forsterite among which are sol-gel [13], 

coprecipitation [14], solid reaction [12] and mechanical activation [1,15]. Although Fathi and 

Kharaziha [1] have performed forsterite synthesis with mechanical activation, the basic ingredients 

used are magnesium carbonate (MgCO3) and amorphous SiO2. Tavangarian and Emadi [3] have also 

performed forsterite synthesis with mechanical activation using talc base material (Mg3Si4O10(OH)2) 

and magnesium carbonate (MgCO3). The results of the research are claimed to have high purity 

forsterite, milling time of more than 10 hours, high calcination temperature (>1200°C) and the purity 

percentage quantity is not specified. It is, therefore, necessary to make a breakthrough by enriching the 

raw material to empower the potential around us given that forsterite can be synthesized from 

precursors containing silica oxide and magnesium oxide. The amorphous silica base material (ATL) 

purified from the silica sand as a source of the silica oxide was successes synthesis to form nano-

forsterite powder by mechanical activation method [16], but the periclase was still encountered (~11 

wt%). Therefore, it is urgent to reduce MgO composition on starting materials to remove the 

appearance of periclase as a secondary phase. This paper reports the influence of the milling time (1, 2 

and 3h) at various low calcination temperature (950, 1050 and 1150°C) to the purity of forsterite. 

2. Methods  

ATL and MgO powder were weighed using a digital balance sheet with a composition of 49.2 wt% 

SiO2 and 50.8 wt% MgO, a preformed composition approximating a 1: 2 mol ratio of stoichiometry 

between SiO2 and MgO, then added 3wt% PVA of the total weight of SiO2 and MgO. Here, PVA acts 

as an additive. The mixing process is carried out with or without mechanical activation. The process 

without mechanical activation is done by mortar. Mechanical activation is carried out for 1, 2, and 3 

hours. Then in each sample calcination was done at temperature 950, 1050, and 1150ºC for 4 hours 

holding time. There are 12 samples with FTL 950-1150 0-3 nomenclature, code number hundreds and 

thousands of letters behind the significance of the calcination temperature while the number of units 

that follow behind means the time of milling. All the calcined samples were then tested by X-ray 

diffraction (XRD) for phase composition analysis, whereas for grain size analysis only 2 samples were 

selected in the TEM test.  

3. Result and Discussion 

Figure 1 presents the diffraction patterns of all synthesized samples showing that forsterite has been 

formed at all calcination temperatures with or without mechanical activation. Sanosh et al. [13] state 

that forsterite begins to form at a temperature of 800°C. Despite the stoichiometric ideal 1:2 molarity 

ratio, the forsterite phase formed is always followed by secondary phases. The presence of secondary 

phase is caused because forsterite can also be formed because of the reaction between MgO on the 

surface of SiO2 to form the enstatite, so it is natural that the enstatite phase (MgSiO3) or polymorphic 

(proto-enstatite and clinoenstatite) occurs. After that, the forsterite formation phase can continue when 

there is excess MgO diffusing through the surface of the enstatite [17]. So the mechanism of the 

formation reaction of forsterite in this study can be formulated in the following equation:  

 SiO2(s)  +  2MgO(s) →  Mg2SiO4(s) (1) 

 SiO2(s)  +  MgO(s) → MgSiO3(s) (2) 

MgSiO3(s) +  MgO(s) →  Mg2SiO4(s).   (3) 

XRD data for FTL 950 3 samples showed fairly wide forsterite peaks and indicated the formation 

of nano-forsterite. To confirm this formation, observations were made with TEM. Based on the TEM 

image in Fig. 2 it can be estimated that the distribution of crystal size in FTL 950 3 and FTL 1050 0 

samples is approximately 81 nm and 94 nm, respectively. The increasing of the crystal size as shown 

in Fig. 2 (B) is due to the higher calcination temperature so that grain growth is increasing. On the 

other hand in Fig. 1A, mechanical activation is carried out for 3 hours and calcined at a lower 

temperature so that the crystal size is smaller. Thus the purpose of the mechanical activation has been 

achieved that is to increase the reactivity so that the desired phase can be formed at a lower calcination 

temperature. The formation of the phase is due to the increased diffusion rate and the homogeneity of 

the particles.  
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Figure 1. X-Ray Diffraction Patterns (CuKa radiation) of  Samples after Calcined at (A) 950, (B) 

1050 and (C) 1150°C for  Mechanical Activation (a) 0, (b) 1, ( c) 2 and (d) 3 h. 

 The indexed peaks: # = Forsterite, + = Periclase, * = Cristobalite and o = Protoenstatit 

(A) 

(C) 

(B) 
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The forsterite phases (Mg2SiO4, PDF# 34-0189) and other phases identified are periclase (MgO, 

PDF# 45-0946), cristobalite-low (SiO2, PDF# 82-1232) and proto-enstatite (MgSiO3, PDF# 74-816) as 

shown in Table 1. Cristobalite is a SiO2 polymorph, and proto-enstatite is MgSiO3 polymorph. The 

presence of SiO2 and MgO indicates that the reaction between the two compounds is not yet perfect 

overall. Two things that are suspected to be the cause of the non-reaction of the two compounds are 

(1) the homogeneity of the second particle distribution of the compound and (2) the unavailability of 

energy for the reaction as in equation 1 as a result of the too low calcination temperature used. 

Meanwhile, SiO2 and MgO can react to form MgSiO3 according to equation 2 with several structures, 

one of which is proto-enstatite. This phase is formed at a temperature of calcination above 1000°C 

(Fig. 1B and 1C) as uncovered by Foster [18]. 

Based on the results obtained from the smoothing by using Rietica, each temperature increase at the 

same mechanical activation time, the forsterite content tends to rise, except for samples with a 3-hour 

mechanical activation time. The increase in percentage weight of the forsterite is due to the increasing 

availability of energy for the reaction along with the increasing temperature of calcination. The weight 

percentage decrease occurs when mechanical activation is 1 hour compared with no mechanical 

activation at all calcination temperatures. MgO and SiO2 have not fully reacted due to the 

inhomogeneity of particle distribution. Therefore, it can be said that the homogeneity of the particles 

in the sample without mechanical activation is better than the sample with 1-hour mechanical 

activation. 

 

 

(A) (B) 

Figure 2. TEM image on samples (A) FTL 950 3 and (B) FTL 1050 0 
 

Sample 
% Berat 

Forsterit Periklas Kristobalit-Low Protoenstatit 

FTL 950 0 66,9 23,6 9,5 - 

FTL 1050 0 64,4 11,2 4,5 19,9 

FTL 1150 0 94,8 1,4 0,4 3,4 

FTL 950 1 42,1 40,3 17,6 - 

FTL 1050 1 48,3 24,9 8,9 17,9 

FTL 1150 1 80,8 0,7 - 18,5 

FTL 950 2 75,9 17,4 6,7 - 

FTL 1050 2 77,4 5,9 1,3 15,4 

FTL 1150 2 81,0 0,8 - 18,2 

FTL 950 3 87,9 6,4 5,7 - 

FTL 1050 3 80,4 2,3 0,5 16,8 

FTL 1150 3 82,3 - - 17,7 

 
 
 
 
 
 

Table 1. The percentage of the weight of the phase formed in each sample was calculated using 

Rietica software by the Ritveld method. 
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At each temperature, the forsterite content always increases with the addition of mechanical 

activation time. The increase in percentage weight of the forsterite is due to changes in grain size, so 

homogeneity becomes better and more comfortable to react. The decrease in proto-enstatite and 

periclase content and increased forsterite with increasing mechanical activation time indicate the 

reaction between periclase and proto-enstatite according to equation 2 and equation 3. MgO reacts 

with SiO2 to form the enstatite, then MgO diffuses on the enstatite to form the forsterite as disclosed 

by Brindley and Hayami [17]. 

The highest forsterite content with mechanical activation is the treatment of mechanical activation 

of 3 hours with a calcination temperature of 950 ° C that reaches 87.9% wt. The high percentage of 

weight in the treatment was due to improved homogeneity and proto-enstatite phase as well as 

mechanical activation with a temperature of calcination of 1050 and 1150°C which formed the proto-

enstatite phase of 16.8 and 17.7wt% respectively. The highest forsterite content of the entire sample 

was in the treatment without mechanical activation with a temperature of calcination of 1150°C which 

reached 94.8wt%. This result is more effective than that obtained by [1] which is optimum when its 

mechanical activation for 10 hours with a calcination temperature of 1200°C. Especially when 

compared with the results obtained by [3] that produce forsterite with high purity after being treated 

with 100 hours of mechanical activation with a temperature of calcination 1200ºC. Although in [7] 

improved the results of forsterite synthesis by mechanical activation using the same basic ingredients. 

The second study optimally resulted in forsterite in 60-hour mechanical activation treatment with a 

1000 ºC calcining temperature. While there is a marked improvement in the quality of milling time 

and calcination temperature, the research is considered never before to be effective and efficient 

regarding forsterite production. 

4. Conclusion 

Success in synthesizing nano-forsterite with a fairly high percentage of weight (above 80wt%) 

although calcined at relatively low temperatures (below 1000°C) in this study. The treatment of 

mechanical activation time together with the calcination temperature in the fabrication process greatly 

influences the percentage of the purities of forsterite formed. Increased mechanical activation time in 

addition to increased the percentage of forsterite, it also decreases the calcination temperature and 

decreases the size of the crystals. The highest percentage of forsterite weight in the sample with 

mechanical activation was formed at 3-hour mechanical activation with a calcination temperature of 

950°C, of 87.9wt%. Distribution of crystal size in samples with mechanical activation for 3 hours with 

a calcination temperature of 950°C and a sample without mechanical activation with a calcination 

temperature of 1050°C of approximately 81 nm and 94 nm. 
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