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Abstract   Experiments on poly-phase MgO-SiO4 aggregates are addressed. Vacuum sintered 

fine grained highly dense aggregates of Periclase + Forsterite 90:10 vol. mineral assembly 

were subjected to grain growth experiments and the results compared to other sibling MgO-

SiO4 systems. In addition, best sintering conditions were explored for a variety of 

temperatures and time combinations. Experimental data evinces natural brittleness for the 

aggregate due to rapid growth of the primary phase, thereupon, no deformation experiments 

could have been accomplished in this study. Annealed samples presented significant but 

unexpected increases in grain size, given the tested temperature interval (1,390-1,450 oC). 

Comparison with Forsterite + Periclase 90:10 (1 and Forsterite + Enstatite 80:20 ( 2assets 

similar growth rate coefficients for the three composite-aggregates. 
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1 Forsterite + Periclase 90:10 vol. grain growth data was provided by A. Okamoto 
2 Forsterite +Enstatite 80:10 vol. grain growth data was provided by T. Nakakouji 

  



 

 

1. Introduction 

Grain size is critical in mantle kinematics. 

This layer’s rheology works is a true 

clockwork mechanism where every movement 

must be accommodated via microstructural 

redistribution of crystal lattice, dislocations 

and vacancies. Thence, such an intricate 

network is naturally dependent on grain size. 

[Hiraga et al., 2010]. This dependence is 

corroborated by the following stress-strain 

relationship.  

𝜀̇ = 𝜎𝑛𝑓𝑂2
   𝑄 𝐶𝐻2𝑂

        𝑟 𝑑−𝑝𝜒      (1) 

Where  𝜒 = 𝑒𝑥𝑝(𝛼𝜙) 𝑒𝑥𝑝 (−
𝑄+𝑃𝑉

𝑅𝑇
) 

Other significant parameters include 

oxygen fugacity, 𝑓𝑂2
, and water concentration, 

 𝐶𝐻2𝑂
       . 

Likewise, viscosity can be described 

as the fraction, 

𝜂 =
𝜀

𝜎
     (2) 

 𝜀 being tensile stress, 𝜎 strain, d the 

average particle diameter and 𝜂 viscosity.                                     

Hence, understanding the formation 

mechanisms behind mantle material’s fabric 

would be helpful to enhance current mantle 

convection models. For that purpose, studies 

on mantle’s analogous systems have been 

conducted in the last decades. This study, as 

well as the and others it is based on the ones 

that is grounded on, focus on the observation 

of MgO-SiO4 systems (two of the main 

constituents of the lower mantle) under high 

temperature and pressure conditions. The aim 

is to reproduce at a measurable time scale the 

process occurring in the lower mantle, where 

grain growth driven by tensile stress and 

temperature increase are thought to happen 

[Hiraga et al., 2010]. To simplify the subject of 

examination, the research was directed on bi-

phase vacuum systems, with no presence of 

iron bearing phases. 

The previous investigations on similar systems 

focused on grain boundary interactions when 

applying high unidirectional pressures and 

temperatures. On the grounds of petrographic 

and seismic data, diffusion creep is believed to 

prompt polycrystalline flow in the D’’ level. 

This deformation process acts more rapidly 

than in dislocation creep [Askeland, 2010], for 

it does not need but vacancy promotion. The 

material concentrates in the direction of the 

secondary principal stress, 𝜎2, and sets in 

motion grain boundary migration mechanisms, 

allowing grain growth [Hiraga et al., 2010]. 

This grain growth is governed by 

Ostwald ripening process, whose aim is to 

reduce grain boundary curvature and, whence, 

the system’s energetical demand [Carter and 

Norton, 2013]. Eventually, the network would 

show a uniform distribution of grain sizes and 

straight phase boundaries. Inhibition is ruled 

by the secondary phase [Tasaka and Hiraga, 

2013], thus resulting in a conservation of the 

aggregates microstructure when material 

diffusion through the crystallites reaches its 

peak. Therefore, it is imperative to figure out 

the particularities of every stage of rock fabric 

evolution. 

To that end, ideally, not only should 

grain growth and creep experiments be 

conducted, but grain growth rates and 

energetical demand for every constituent 

should be compared to determine the system’s 

ruling diffusing element [Tasaka et al., 2013]. 

Unfortunately, those calculations and trials are 

not achievable due to the samples’ 

characteristics. 

The study in hand focused on the 

aggregate ‘Periclase (MgO)-Forsterite 

(Mg2SiO4)’ being the secondary phase, 

forsterite, less than on tenth of its volume. In 



 

the past, the inverse case ‘Forsterite-Periclase, 

90:10’(1 and the comparable ‘Forsterite-

Enstatite (MgSiO3), 80:20’(2 had been vacuum 

sintered and tested successfully. Unfortunately, 

for the present aggregate, no sintered samples 

met the requisites for undertaking deformation 

experiments and thereupon, related data could 

not be collected.  

Grain growth law can be determined 

from the respective experiences by applying,   

𝑑𝑠
𝑚 − 𝑑0

𝑚 = 𝑘𝑡     (3) 

 𝑑𝑠  being the diameter for static grain 

growth and 𝑑0 the original diameter of the 

studied sample. The grain growth exponent 

was selected following former studies [Johnson 

et al., 1998; Tasaka and Hiraga., 2013] as 𝑚 =

4 has been proved suitable secondary phase-

controlled grain boundary diffusion of 

forsterite aggregates.   

In like manner, the growing velocity 

ratio states the if the constituents’ diffusions 

match, this is usually indicative of Ostwald 

ripening as main constraining phenomena in 

the grain-mosaic evolution. Therefore, 

𝑑𝑖

𝑑𝑖𝑖
=  

𝛽

𝑓𝑖𝑖
𝑧   𝜖 𝜑       (4) 

 where β is obtained from the relation 

between grain boundary and interfacial energy, 

𝑓𝑖𝑖 , is the volume fraction of the secondary 

phase, z in a measured exponent dependent of 

the secondary phase’s distribution in the 

assembly [Monohar, Ferry and Chandra, 

1998].  di and dii are the average diameters of 

the primary and secondary phases, 

respectively. If φ should be a constant value, 

the growth is simultaneous and ruled by 

Ostwald ripening. The details on this topic are 

well explained in Tasaka and Hiraga [2013]. 

 

  

 

2.    Methods 

2.1. Synthesis 

2.1.1. Powder mixing, calcination and 

forming of the Green Bodies 

 Highly dense and fine-grained 

aggregates of Periclase (MgO) and Forsterite 

(Mg2SiO4) were formed via vacuum sintering 

of nano-sized mineral powders. The mineral 

aggregates were attained following the 

procedure described in Koizumi et al. [2010].  

Highly dispersed Mg(OH)2 (>99.99% 

purity and 30 nm particle size) and colloidal 

SiO2  (>99.98% purity and 30 nm particle size ) 

were mixed by ball-milling. The experimental 

mole ratio of the powders was 𝑆𝑖: 𝑀𝑔 =

1: 4.16, so as to synthesize specimens of less 

than 10% Forsterite volume fraction. The 

powders were dispersed and mixed with iron-

cored nylon balls of 10 mm in high purity 

ethanol for ~24 ℎ, at 250 𝑟𝑝𝑚. The mixture 

was dried at ~60⁰𝐶 while whirled 

continuously with a magnetic stirrer.  

Once dried, the powders were 

subjected to calcination under an air flow 

equipped alumina box furnace (SILICONIT 

Co. Ltd., BSH-1530), at a maximum 

temperature of 700-800 ⁰C for 3h . The H2O 

and CO2  product-free batches were then 

crushed into fine uniform particles with an 

agate mortar and compacted by cylindric alloy-

dies. Subsequently, the pellets were wrapped 

in a rubber sleeve and pressurized in water 

medium for cold isostatic pressing (CIP) at 200 

MPa for 10 minutes.  

2.1.2. Sintering 

 Pressureless sintering was conducted 

to achieve the crystalline products. The green 

bodies were set onto an aluminium mesh to 

avoid contamination and introduced into a 



 

vacuumed (10 Pa) alumina tube furnace  

(SILICONIT Co. Ltd., TSH-430G). To prevent 

sudden temperature rise, constant water flow 

was supplied. The sintering temperatures 

ranged from 1,300 to 1,450°C for either 0.5 or 

1 h. The appropriate conditions for the 

required samples were to be found yet, so 

several time-temperature combinations were 

tested. The temperature interval was 

determined from the eutectic temperature point 

of the phases, and narrowed down to the lower 

end to suppress grain overgrowth and intra-

granular phases. The chosen duration was 

considered enough for the grain boundary 

diffusion to proceed and to warrant pore-free 

materials. All the steps are explained in Fig I. 

 

2.1.2. Characterizations of sintered 

materials 

 The volume reduction of the sintered 

aggregates was quantified by measuring width 

and height of the pellets of before and after the 

process to evaluate the densification degree of 

the products.  

The samples were mirror-polished and 

etched for posterior analysis. Both, chemical 

(acid attack of colloidal silica nanoparticles) 

and thermal etching were applied, using the 

former box furnace for the second thermal 

treatment. For the grain boundaries to emerge, 

the sections were heated at 1,300⁰𝐶 for half an 

hour, in air. That temperature and time were 

considered appropiate enough to prevent 

significant grain growth and allow 

thermodynamic redistribution at grain-grain 

Fig I.   Flow diagram for pressureless vacuum sintering of fine grained highly dense aggregates. Based on Koizumi et al. 

[2010]. The table refers to the actual temperature measured at the sample’s surface, circa 20o bellow the setting 

temperature. To simplify, the setting temperatures will be addressed in the text.  
 



 

boundaries. Surface topography and 

morphology were investigated by secondary 

electron imaging (SEI) during SEM. To ward 

off charging during due to the electron beam, 

the cuts were carbon coated (10𝑛𝑚)  with 

argon laser at an angle of 30⁰ and at 100𝐶/𝑠𝑒𝑐 

tilt frecuency. The exploration was conducted 

by using a scanning electron microscope 

(SEM) with field emission gun JSM-7001F 

installed at Nano-Manufacturing Institute, 

University of Tokyo. 

 

2.2.    Grain Growth Experiments 

 Temperature driven static grain growth 

was promoted to study diffusion between both 

phases. For this purpose, 4 samples were 

produced under the best sintering conditions 

(1,400°C for one hour; calcination at 700°C for 

0.5 h). These samples were cut to allow for 

twisting of a wire near the core of the body. 

For the test, a high temperature deformation 

machine was employed as furnace (AG-

X50kN, SHIMADZU). The samples were 

hung at stepped distance from the heat source 

to enable measurement of a temperature 

gradient in the same test. A single sample was 

located directly on the heating zone on an 

alumina plate. For all samples except one, each 

sample’s core temperature was directly 

recorded with the help of a thermocouple. The 

annealing was carried out for 120 h at 

maximum temperatures of 1,390, 1,410, 1,430 

and 1,450, being the set annealing temperature 

the latter one.  

 The samples were properly mirror-

polished and etched as described in (3.1.3.) 

  

2.3. Measurements of Grain Size 

 For all the sintered and annealed 

samples, microstructural analysis was 

conducted by using a scanning electron 

microscope (SEM) with field emission gun 

JSM-7001F (Nano-Manufacturing Institute, 

University of Tokyo). To size up the grains, 

more than 100 individuals were outlined by 

hand with the help of image software (Adobe 

Photoshop CS6) and processed afterwards to 

create a skeleton outline of the boundaries of 

each phase. 

 The procedure targets the 

measurement of grain size as a cross-sectional 

area based on the whole population of the 

section so as to minimize uncertainties due to 

the cut effect and the intersection probability 

effect [T. B. Tengen et al., 2009]. Via a second 

image processing program, ImageJ, the 

skeletal drawing was analysed to obtain the 

major and minor axis length of the ellipsis 

derived from the grain outlines. Eventually, the 

measured data was converted from pixels to 

microns and, thus, enabling calculation of the 

area, critical length values of the axis and 

average aspect ratio of the specimens.  

 

3.    Results 

3.1. Sintering Results 

  As it was mentioned in (2.1.), no 

previous record of sintering essays were 

available for the composition of study, 

therefore, the best sintering conditions were 

explored by changing calcination and sintering 

temperature and time. Taking those parameters 

into account, three series of condition sets can 

be distinguished: ‘N Series’, that is, those 

specimens calcined at 7000𝐶 for 30 minutes, 

and sintered at 1,4000𝐶  and 1,4500𝐶 for 1 ℎ; 

‘H Series’ calcinated at 8000𝐶 for 30 minutes, 

and sintered at 1,4000𝐶, 1,3800𝐶, 1,3500𝐶 

and 1,3000𝐶 for 1 ℎ, and ‘HB Series’ calcined 

at 8000𝐶 for 30 minutes, and sintered at 

1,4000𝐶 and 1,3800𝐶 for 0.5 ℎ.  

  

 



 

N Series 

 The N Series showed scant cracking 

and very low porosity, mainly intergranular. 

The overall appearance of the sample surface 

was homogeneous, with the secondary phase 

located at grain junctions (Fig II. a and b). The 

grains were equiaxed, with very low aspect 

ratio values. Average particle diameters were 

approximately one micron for periclase and 

300 microns for Forsterite (Table. I. i). 

Nevertheless, the specimens showed some 

unreacted areas and a few anomalous great 

pores. Volume reduction was achieved up to a 

~60%. 

Table I(i).    Measured data for the samples vacuum 

sintered from powders calcined at 700oC. Best 

densification was achieved in this series. No significant 

differences were observed between both temperatures. 

 H Series 

 The samples calcinated at 8000𝐶 for 

30 minutes, and sintered at 1,4000𝐶 for one 

hour, offered very dense microstructure with 

sparse porosity or cracks (Fig II. c). The 

average grain sizes were less than half the ones 

for N series at the same sintering temperature 

(Table I.ii). However, the surface distribution 

was not uniform, displaying large areas with 

far larger periclase grain dimensions and 

intragranular cracks due to the punctual 

overgrowth. Volume reduction for this 

temperature was of 58%, very close to that of 

N Series (Table I.ii.). The samples attained at 

1,3800𝐶 for one hour showed similar grain 

sizes as the former, but with a slightly 

heterogeneous distribution and moderate 

porosity (Fig II. e). Volume reduction for this 

specimen were considerably lower (45%). The 

sample sintered at 1,3500𝐶  showed a mosaic 

of vey small grain particles and irregular grain 

boundaries with very high porosity (Fig II. d). 

The sample was brittle and volume reduction 

lower than 35%. The lowest sintering 

temperature  1,3000𝐶 for 1 ℎ resulted in not 

totally reacted materials (Fig II f).  

Table I(ii).     Average grain sizes of periclase and 

forsterite, the primary phase to secondary phase size ratio 

and the respective volume reduction percentage are listed 

above.  
       

 

HB Series 

 Time was also tested in the search for 

the best densification conditions. To avoid 

unreacted areas and prevent periclase from 

overgrowing, the H series for  1,4000𝐶 and 

1,3800𝐶 sintering experiences were repeated 

but for shorter time (0.5 h). For both cases, an 

homogeneously distributed very fine grained 

microstructure was obtained (Fig. II. i and j). 

Regardless of the high densification of the 

specimens, the series presented evidence of not 

having completed thoroughly the solid-state 

reaction. The lower temperature one displayed 

some unreacted spots voids, probably due to 

melt. Similarly, the 1,4000𝐶  specimen 

exhibited gaps between some grain boundaries. 

The volume reduction was of 37% for the 

1,4000𝐶 and of 50% for 1,3800𝐶 (Table I.iii). 

Table I.(iii)   Measured data for the 800 oC calcination 

samples after sintering. The samples were sintered for 

0.5h. 

 

Sample 
Sint. 

T (oC) 

Grain 

Size Per 

(μm) 

Grain 

Size Fo 

(μm) 

Vol. 

Red. 

(%) 

N-1 1450 1.19 0.31 60.37 

N-2 1400 0.99 0.29 61.91 

Sample 
Sint. 

T (oC) 

Grain 

Size Per 

(μm) 

Grain 

Size Fo 

(μm) 

Vol. 

Red. 

(%) 

H-1 1400 0.47 0.15 58.73 

H-2 1380 0.66 0.16 45.19 

H-3 1350 0.18 0.16 34.45 

H-4 1300 <0.1 <0.1 37.46 

Sample 
Sint. 

 T (oC) 

Grain 

Size Per 

(μm) 

Grain 

Size Fo 

(μm) 

Vol. 

Red. 

(%) 

HB-1 1400 0.47 0.12 37.4 

HB-2 1380 0.41 0.11 50.31 



 

 

Fig II.  SEM images of Periclase-Forsterite aggregates: N 

Series a sintered at 1400°C, b 1450°C.  H Series c 1400°C, 

d 1350°C, e 1380°C, f 1300°C. HB Series g 1380°C , h 

1400°C. Scale bar is 1 µm for all the captures except for f 

that stands for 100 nm. Notice that other than N Series and 

H Series 1350°C and 1300°C, periclase measures over. H 

Series 1300°C did not achieve the sintering reaction, the 

image shows the halfway reacted green body. 

 

3.2.    Grain Growth Results 

 To evaluate the response of the system 

thermodynamic changes, the best sintering 

sample, N Series 1,4000𝐶,was chosen to 

undergo high temperature driven static grain 

growth. As mentioned previously, four 

individuals were set in staggered manner to 

evaluate small temperature changes. Thus, the 

temperature gradient was of approximately 

200𝐶, ranging from 1,3900𝐶 to 1,4500𝐶. The 

annealing was completed after 120 ℎ, for more 

precise results, longer annealing time would be 

ideal but this lapse was considered enough to 

judge the effects of grain boundary diffusion in 

the PerFo10 system. 

 On the whole, all the samples 

evidenced a significant growth for both phases 

with regard to the original one (Fig III.). 

Periclase was trice its size and Forsterite 

doubled the sintering diameter (Table II). 

Notwithstanding this magnification, the growth 

was slowed down after the first step and the 

difference between the successive increases 

was not remarkable. The 1,4100𝐶 sample (Fig 

III. a) shows slightly higher values than 

expected, straying away from the otherwise 

totally linear perfect fit. This outlaw value was 

attributed to mistakes while forming and no 

further investigation was assessed. As shown 

in Fig V., the slope for periclase was steeper 

than the one for forsterite. This outcome was 

predictable due to the diffusivity rate 

difference between silicon and magnesium and 

the greater number of periclase-periclase grain 

boundaries that made the growth of the 

magnesium oxide easier [Hiraga et al., 2010]. 

However, Silicon containing phase,-forsterite-, 

experienced a significant growth, considering 

Silicon’s slow diffusivity and exiguous 

presence in the assembly [Askeland, 1998; 

Tasaka and Hiraga, 2013]. To determinate if 

grain growth had been simultaneous for both 

phases, the diameter of periclase over the 

diameter of Forsterite, 
𝑑𝑃𝑒𝑟

𝑑𝐹𝑜
, was checked for 

every growth stage and plotted afterwards (Fig. 

VI). The linear fit to zero confirmed that was 

indeed, proportional and therefore the 

diffusion was attained jointly [Monohar, Ferry 

and Chandra, 1998]. This indicated that the 

Zener relationship ruled the system 

thermodynamic redistribution and 

subsequently that Ostwald ripening should be 

the main driving force for the grain boundary 

rearrangement [Tasaka and Hiraga, 2013]. 

To measure growth rates, equation (3) 

was employed. Grain growth coefficient is also 

related to activation energy by Arrhenius’ 

equation 𝑘 = 𝑘0 exp (−
𝑄

𝑅𝑇
 ), where Q is the 



 

activation energy, R is the gas constant and T 

the temperature in Kelvin.  Both equations  

¡Error! No hay texto con el estilo especificado en el documento.    Measured grain sizes for annealed samples of PerFo10 

and respective growth rates obtained from the grain growth law (eq.2). 

were combined to get the activation energy in 

the usual fashion. Thus, 
1

𝑡
ln(𝑘) was plotted 

against 1/𝑇 and Q obtained from the slope 

(Fig VII). Intersection values were not 

considered as 𝑘0 was expected to be irrelevant 

for both cases.  

The values were 349.17
𝑘𝐽

𝑚𝑜𝑙
  for periclase and 

242.21
𝑘𝐽

𝑚𝑜𝑙
 for forsterite. These results will be 

later discussed in the following section. 

 

Fig III.   SEM images of the Grain growth results. Here 

are shown the samples after annealing N Series 1400°C 

(Fig II.-a.)  at i 1390°C, j 1410°C, k 1430°C and l 

1450°C for 120 hours. Scale bar is 1 µm for all the 

captures. Periclase is trice its original size. 

 

 

 

 

 

 

4.    Discussion 

4.1.    Sintering.  

 To accomplish the aim of performing 

creep experiments, equiaxial grains of no more 

than 1 µ𝑚 and negligible porosity or cracking 

were essential; that is, specimens ductile 

enough to endure high pressures. Moreover, 

the microstructure should be ordered so that 

the secondary phase was dispersed 

homogeneously and located at grain junctions 

[Koizumi et al., 2010]. Pursuing those 

characteristics, a list of temperatures was 

selected from the range near to three quarters 

the eutectic point of the forsterite-periclase 

phase diagram. For the calcination 

temperature, a value low enough to maintain 

the primary particle size was applied (700o𝐶). 

The samples produced from the powder 

calcinated at this temperature, N Series, meet 

the requirements in most of their volume, as 

they display a balanced microstructure of small 

grains and little porosity-No significant 

differences in grain sizes or volume reduction 

were detected, so only 1,400𝑂𝐶 will be 

considered as representative of the series-. 

Nevertheless, some spots hold unreacted 

aggregates and gigantic pores. The most likely 

explanation for those odd spots was thought to 

be a not efficient enough calcination. Had the 

volatile fraction not been removed, the solid-

state reaction could have not been utterly 

completed. Following this idea, a new bunch 

Annealing T (oC) 
Grain Size Per 

(μm) 

Grain Size Fo 

(μm) 
K Pe K Fo 

1,390.00 2.38 0.85 7.16E-05 1.20E-06 

1,410.00 2.88 1.10 1.56E-04 3.32E-06 

1,430.00 2.97 0.88 1.76E-04 1.36E-06 

1,450.00 2.99 1.08 1.82E-04 3.17E-06 



 

 

of powders was calcinated at 800oC and 

sintered at 1,400𝑂𝐶 (H Series, a). The results 

in this case were, however, unexpected; the 

microstructure was optimal in all the 

characteristics described but there were some 

regions where periclase had grown enormous 

or where there was no forsterite at all. This 

overgrowth had leaded to cracking, void 

forming, and brittleness. In response to this 

result, lower sintering temperatures were 

explored for the same powders. The 1,300𝑂𝐶 

sample was not completely sintered. The 

resulting pellet had the aspect of a green body 

and was easily crushed while manipulating it. 

The microstructure was checked in the said 

SEM analysis after coated it with Osmium, 

showing slightly grown particles of calcined 

powders. The 1,350𝑂𝐶 sample presented a 

monolithic appearance, but with no luster and 

opaque to the naked eye. The Secondary 

Electron Images seconded that the grain 

boundaries were not totally developed and 

pores were abundant. Finally, 1,380𝑂𝐶 was 

sintered. This latter trial presented a well-

balanced mosaic of fine grains and but porosity 

made up a too large volume fraction.  

All in all, from the reported results it 

can be determined that sintering temperatures 

below1,380𝑂𝐶 are not enough to consolidate 

the polycrystalline aggregate. Likewise, the 

range 1,380𝑂𝐶 − 1,400𝑂𝐶  provided the best 

grain disposition, subsequent exploration was 

directed to test that temperature interval for 

different sintering duration.  

 HB Series reproduced the reported 

best sintering temperatures, but halved 

sintering time. This attempt was directed to 

avoid the overgrowth of periclase detected in 

H Series 1,400𝑂𝐶. The results however, 

acknowledged very low volume reductions.  

 

This was probably due to the undeveloped 

boundaries exposed in SEM. The phenomenon 

was accompanied by unreacted regions for the 

1,380𝑂𝐶 case.  On the whole, the samples had 

an unripe appearance, leading to the thought 

that half an hour was not enough for reaching 

the system’s maturity.  

 It must be remarked that for the H 

Series, volume reduction increased with higher 

sintering temperatures, reaching its peak at 

1,400𝑂𝐶. (Fig IV.) This relationship does 

nothing but confirm that the best sintering 

conditions are around that set of parameter 

values. 

 Further investigations should be 

carried out to test longer sintering times for the 

H Series 1,380𝑂𝐶 settings. It has been 

reported that longer sintering times allow more 

efficient bonding, and, therefore, better 

densification [Koizumi et al., 2010]. It might 

also be taken into account that the anomalies 

found in H Series 1,400𝑂𝐶 could have been 

produced because of an inhomogeneous 

milling of the calcined powders. Either way, 

the sintering and calcination temperatures for 

those experiences should be highly considered 

when generating future specimens. 

 

 

 

Fig IV.    Grain size vs volume reduction for H 

Series. 



 

 

Fig V (left) and VI (right).    Grain growth results showing both phases correlation. Fig V corroborates grain size stabilized 

around 3 µm for periclase and 100 nm for forsterite after a fast first instance increase. Fig VI. Shows Zener relationship for  

the phase ratio.

 

 

4.2.     Grain Growth 

 Temperature driven static grain growth 

is translated into grain boundary movement. 

This redistribution of grain configuration is 

promoted by lattice diffusion and grain 

boundary diffusion. Diffusion at interfacial 

areas depends on all the constituents of the 

reacting particles, and this should be limited by 

the slowest of them [F. J. Humphreys and M. 

Hatherly, 1995]. In our study, three ions 

participated in the reaction: magnesium, 

silicon and oxygen. Silicon has the slowest 

diffusivity rate of the triplet, far from the fast 

diffusion capacity that is characteristic of 

Magnesium, under dry conditions [Askeland, 

2010].  Therefore, diffusion along the 

boundaries should be rate-controlled either by 

coupled diffusion of silicon and oxygen or 

counter diffusion of magnesium and silicon 

[Takasa et al., 2013]. Despite this fact, 

significant enough increase of forsterite was 

detected after 120 ℎ of annealing in 

temperature gap of only 20𝑂𝐶.  

 The growth happened at the same time 

for periclase and enstatite, as it was confirmed 

by a linear Zener relationship. This confirms 

that Ostwald ripening was the main process 

involved in grain growth. Ostwald ripening is a 

mechanism that increases the disappearance of 

the smallest grains, to achieve energetically 

more efficient grain boundary networks 

[Humphreys and Hatherly, 1995; Carter and 

Norton, 2013]. This is a constraining 

phenomenon, where grain sizes of all the 

particle are uniformized. As a result, the 

growth of the primary phase should have been 

slowed down by the secondary phase. 

Surprisingly, periclase grew much more than it 

was predicted, as it tripled its original 

dimensions after annealing. It was interesting 

to compare this result to previous studies 

conducted in other MgO-SiO4 systems, so the 

obtained activation energies where compared 

to those of Forsterite-Periclase 90:10 and 

Forsterite-Enstatite 80:20. ‘FoEn20’, presented  

values of 466.76
𝑘𝐽

𝑚𝑜𝑙
  and 663.17

𝑘𝐽

𝑚𝑜𝑙
 for 

enstatite and forsterite respectively, ‘FoPer10’ 

provided 786.74
𝑘𝐽

𝑚𝑜𝑙
  and 996.63

𝑘𝐽

𝑚𝑜𝑙
 . 

‘PeFo10’ reached values of 349.17
𝑘𝐽

𝑚𝑜𝑙
 for 

periclase and 242.21
𝑘𝐽

𝑚𝑜𝑙
 for forsterite. It was 

predictable for the PeFo10 system to have 

lower values, due the scant availability of the 

slowest ion, as the silicon bearing phase 



 

 

accounted for a very small volume fraction. In 

consequence, grain growth should have been  

more strongly inhibited and that reflected in 

the Arrhenius relationship. Regardless of the 

evident lower values, the difference is not as 

significant as it was expected, and the growing 

rates are even comparable to the other systems 

(Fig VIII.).  To explain this behaviour, it 

would be reasonable to think that magnesium 

played a more important part in this system, 

than in the former two, as it was the only 

common cation present in all the assembly.  

 

  

System Qi (kJ/mol) Qii (kJ/mol) 

FoEn20 966.63 786.74 

FoPe10 663.16 466.76 

PeFo10 345.17 242.21 

Fig VII(left) and VIII(right). Arrhenius type 

relationships and comparison of all the other MgO-SiO4 

systems. Fig VII. Shows activation energies for the 

studied phases and Fig VIII. compares the results for the 

secondary phase in the three described systems. 

Table III(below, left). Shows activation energies for the 

three MgO-SiO4 systems 

 



 

 

 

6.    Conclusions 

 The subject of study demonstrated 

relatively fast diffusivity in relation to its 

constituents. In the future, this value should be 

obtained by experimental and mathematical 

approaches to verify the extent to which each 

element is participating in the reaction 

complex. Furthermore, periclase’s rapid 

synthesis provoked an uneven situation where 

this phase’s grain size increased more than 

desired before forsterite reached its maturity. 

This and both phases’ characteristic brittleness 

resulted in fragile specimens not suitable for 

creep experiments. Based on the former 

observations, temperatures near 1,380oC and 

longer sintering times should be explored to 

prevent excessive overgrowth and reach 

appropriate boundary development. 
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