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Abstract Synthesized mineral powders with particle size

of \100 nm are vacuum sintered to obtain highly dense

and fine-grained polycrystalline mantle composites: single

phase aggregates of forsterite (iron-free), olivine (iron

containing), enstatite and diopside; two-phase composites

of forsterite ? spinel and forsterite ? periclase; and,

three-phase composites of forsterite ? enstatite ? diop-

side. Nano-sized powders of colloidal SiO2 and highly

dispersed Mg(OH)2 with particle size of B50 nm are used

as chemical sources for MgO and SiO2, which are common

components for all of the aggregates. These powders

are mixed with powders of CaCO3, MgAl2O4, and

Fe(CO2CH3)2 to introduce mineral phases of diopside,

spinel, and olivine to the aggregates, respectively. To

synthesize highly dense composites through pressureless

sintering, we find that calcined powders should be com-

posed of particles that have: (1) fully or partially reacted to

the desired minerals, (2) a size of \100 nm and (3) less

propensity to coalesce. Such calcined powders are cold

isostatically pressed and then vacuum sintered. The tem-

perature and duration of the sintering process are tuned to

achieve a balance between high density and fine grain size.

Highly dense (i.e., porosity B1 vol%) polycrystalline

mantle mineral composites with grain size of 0.3–1.1 lm

are successfully synthesized with this method.

Keywords Mantle minerals � Nano-sized powders �
Vacuum sintering � Synthesis

Introduction

Laboratory experiments to investigate the physical and

chemical properties of the Earth’s interior (e.g., viscosity,

electron conductivity, and diffusivity) often begin with the

fabrication of polycrystalline aggregates of rock-forming

minerals. Conventional fabrication techniques are com-

prised of two processes: preparation of starting powders

and their densifications. To prepare the starting powders,

mineral crystals are handpicked from original rocks and

milled (e.g., Gribb and Cooper 1998). Alternatively, pow-

ders are prepared from synthetic organic compounds that

contain metallic cations in the proper proportion to form

the desired minerals (i.e., sol–gel method) (e.g., Burlicht

et al. 1991; McDonnell et al. 2002). Powders obtained

through the former method should reproduce the actual

mineral chemistry of the mantle; however, powders with

particle size smaller than a micron are difficult to obtain

even after an intense milling. Such particle size is neces-

sary to obtain highly dense aggregates after final sintering

(e.g., Carter and Norton 2007). The latter method, using

organic compounds, can offer well chemically controlled

powders with particle size of \1 lm; however, sintering

from such powders has not successfully produced sintered

S. Koizumi

Geochemical Laboratory, Graduate School of Science,

University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,

Tokyo 113-0033, Japan

e-mail: sanae@eqchem.s.u-tokyo.ac.jp

S. Koizumi � T. Hiraga (&) � C. Tachibana � M. Tasaka �
T. Miyazaki � T. Kobayashi � A. Takamasa

Earthquake Research Institute, University of Tokyo,

1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan

e-mail: hiraga@eri.u-tokyo.ac.jp

N. Ohashi

National Institute for Materials Science,

Tsukuba, Ibaraki 305-0044, Japan

S. Sano

Ube Materials Industries Ltd., Ube, Yamaguchi 755-8510, Japan

123

Phys Chem Minerals

DOI 10.1007/s00269-009-0350-y



mineral aggregates with a porosity of\1 vol% (McDonnell

et al. 2002), which might be attributed to the coalescence

and shape of the particles used. To obtain highly dense

aggregates after final sintering, the particles used must be

not only fine-grained but also spherical or equiaxed and

dispersed (i.e., no agglomeration) (e.g., Carter and Norton

2007).

For densification, the most common process utilized

within the earth science community involves hot-pressing

with a high-pressure apparatus to squeeze inter-granular

pores out of the sample. Alternatively, pressureless sin-

tering has been successfully applied to synthesize highly

dense oxides such as Al2O3, ZrO2, and Y2O3 in material

science (e.g., Saito et al. 1998; Li and Ye 2006; Mazaheri

et al. 2008); however, only a few works based on this

technique have been demonstrated in the earth science

community (e.g., McDonnell et al. 2002; Hiraga and

Kohlstedt 2007). McDonnell et al. (2002) employed the

sol–gel method to obtain forsterite powders, which were

then vacuum-sintered to form forsterite aggregates with

grain size of 1–2 lm; however, those aggregates contained

C3 vol% porosity. The porosity was improved to *2 vol%

after a subsequent hot isostatic pressing (HIP) at 950�C and

600 MPa. Porosity of \1 vol% should be achievable

through the use of a multi-anvil type apparatus that can

reach[10 GPa; however, the sample must be\30 mm3 to

achieve this pressure.

For future investigations of the properties of polycrys-

talline mineral aggregates, such as creep, diffusion, and

grain growth, it is desired to obtain samples with: (1) high

density (i.e., porosity \1 vol%), (2) fine grain size (i.e.,

B1 lm), (3) homogeneous microstructure, (4) controlled

sample shape, (5) sample size of[1 cm3, and (6) controlled

mineral assemblies and modes. To date, no techniques that

can synthesize such samples are available. Achieving high

density, fine grain size, and sample size [1 cm3 are par-

ticularly difficult but important tasks. Remaining pores

affect grain growth, creep, and diffusion experiments due to

pore drag, cavitation, and surface diffusion, respectively;

thus, reducing pores is essential for obtaining suitable

samples for the subsequent experiments. Reducing grain

size to submicron levels is an important factor for obtaining

highly dense aggregates to avoid grain boundary cracks that

can easily form during sample cooling due to interfacial

stress produced from anisotropic shrinkage of grains. Such

interfacial stress induced cracking is predicted to be sup-

pressed by reducing grain size (Evans 1978). For olivine,

aggregates with a grain size of [3 lm are predicted to be

free from this cracking (Cooper 1990). Sample size is

critical for future creep tests. Tension creep tests commonly

used in material science, for example, require a sample size

of *30 9 15 9 5 mm3. Such a sample cannot be obtained

by densification using conventional high-pressure vessels.

For these reasons, we applied a pressureless sintering

technique on synthesized nano-sized powders of minerals

to obtain highly dense and fine-grained mantle mineral

aggregates. The greatest advantage of this technique is that

the sample size is only constrained by the size of sample

room in a furnace; thus, we are able to synthesize samples

with a wide range of sizes and shapes. The use of nano-

sized powders is desirable as they provide large surface

areas and grain boundaries, which play an important role in

extracting inter-granular pores through inter-granular dif-

fusion during sintering. The mantle minerals in this study,

with the exception of periclase, were composed of more

than single metallic oxide. Nano-sized powders of such

compounds are not usually commercially available; thus,

syntheses of nano-sized powders of the desired minerals

were required. We essentially followed the method shown

by Sano et al. (2006), who produced optically transparent

forsterite aggregates by the vacuum sintering technique,

using forsterite powders prepared by a reaction of SiO2 and

Mg(OH)2 powders. Since MgO and SiO2 are major com-

ponents of the minerals forming mantle rocks, their tech-

nique was expected to be applicable to the synthesis of

mineral composites aside from forsterite as well.

Experimental procedure

Single phase aggregates of forsterite (Mg2SiO4), olivine

(Mg1.8Fe0.2SiO4), diopside (CaMgSi2O6) and enstatite

(MgSiO3), two-phase composites of forsterite ? periclase

(MgO) and forsterite ? spinel (MgAl2O4), and three-phase

composites of forsterite ? enstatite ? diopside were syn-

thesized in this study. Here, we distinguish forsterite from

olivine as Fe-free and Fe-containing phases, respectively.

Procedures for fabricating the aggregates, detailed below,

are divided into several stages: powder mixing, calcination,

forming, and sintering, as shown in Fig. 1.

Starting materials

Common starting materials for all of the aggregates were

nano-sized powders of colloidal SiO2 with an average

particle size of 30 nm and purity of[99.9% and Mg(OH)2

with an average particle size of 50 nm and purity of

[99.98% (for further detail, see Sano et al. (2006)). To

fabricate Ca, Fe, and Al-bearing phases such as olivine as

Mg–Fe solid solution, diopside, and spinel in this study,

additional powders were mixed, details of which will be

discussed in Experimental Results. Concentrations of trace

elements in both Mg(OH)2 and SiO2 powders were ana-

lyzed by X-ray fluorescence (XRF; Phillips PW2400)

revealing that all concentrations were \10 ppm. We used

highly dispersive Mg(OH)2 powders (Ube Materials Co.) in
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this study as Sano et al. (2006) showed a significant

improvement in the densification of forsterite using highly

dispersive, rather than non-dispersive, Mg(OH)2 as a

starting material.

Powder mixing

A major drawback in using nano-sized powders is the dif-

ficulty of measuring their mass precisely to achieve the

appropriate proportions for final expected chemistry. Strong

static electricity prevents precise handling of the powders,

though exposing both the powders and handling tools to a

blow from a static electricity removal tool settles the powder

to some extent. In addition, since the nano-sized powders

contain a significant amount of surface area per volume,

the contribution of absorbed water to the total weight of the

powders is not negligible. Thus, it is difficult to obtain the

correct mole ratio of MgO to SiO2 from a simple conversion

of the weight ratio of the nano-sized powders. To overcome

this hurdle, we roughly estimated the amount of absorbed

water by thermogravimetry (TG) and differential thermal

analyses (DTA) of the powders to T = 1,450�C with a ramp

rate of 20�C per minute using Rigaku Thermo Mass photo,

which will be discussed in detail below. Gas chromatogra-

phy-mass spectrometry (GC-MS) was carried out concur-

rently with these analyses; thus, we could detect not only the

removal of absorbed water but also dehydration and/or de-

corboxylation of the starting materials.

Mg(OH)2 and colloidal SiO2 powders, with and without

additional chemicals, were dispersed and mixed by ball

milling. We used 10 mm nylon-covered balls with iron

cores. High purity ethanol was used as a solvent during the

milling. The total milling time was about a day, at a rate of

*250 rpm. The slurry was then dried at *60�C, while

stirring continuously with a magnetic stirrer.

Calcination

Almost all of the calcinations were conducted under an

alumina tube furnace under the flow of oxygen to remove

the decomposed products of H2O and CO2 efficiently from

the powders. Calcination temperatures ranged from 860 to

1,160�C. To determine the effect of temperature on the

calcination, all of the calcinations were carried out for

constant time periods of 3 and/or 6 h. TG-DTA analyses, as

well as GC-MS, were used to detect gas emissions during

the heating in order to characterize the reactions during

calcination. Since alumina boats and an alumina tube fur-

nace were used for these calcinations, we checked for Al

contamination during calcination through XRF analysis;

however, no change above 10 ppm was detected.

Previous works have shown that the calcined powders

most suitable for final sintering are (e.g., Carter and Norton

2007): (1) highly dispersed, since strong interaction among

particles can enhance coagulation, preventing homogenous

densification; (2) of fine and relatively uniform particle

size, providing a larger surface area per volume and greater

quantity of grain boundaries, which consequently introduce

a larger driving force for the densification and enhance the

diffusions of atoms and vacancies required for densifica-

tion; (3) spherical and/or equiaxed shape, which are nec-

essary for making highly dense green compacts; and, (4)

fully reacted, since the reaction (i.e., phase change) often

precedes a volume change which disturbs the densification.

To determine whether the calcined powders utilized in our

tests possessed the above characteristics (1–4), we used a

scanning electron microscope (SEM) with field emission

gun JSM-7001F installed at Nano-Manufacturing Institute,

University of Tokyo and X-ray powder diffraction (XRD)

obtained on a Rigaku MiniFlex II diffractometer with Cu

Ka-radiation.

Fig. 1 Flow diagram of the fabrication of highly dense and fine-

grained monomineralic aggregates by vacuum sintering. Representa-

tive appropriate conditions for the syntheses of the aggregates are

described in the figure. Further, the lowest achievable porosity and the

finest grain size for that porosity are listed for each mineral aggregate
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Forming

Calcined powders were well-pulverized with an agate

mortar and then pelletized using alloy dies. By changing

the shape of the dies, we were able to form various types of

compacts. For this study, disc-shaped samples were used

for all sintering tests. The compacts were wrapped in a

rubber sleeve and evacuated with a rotary pump. Vacuum-

packed compacts were dropped into a water-medium

pressure vessel for cold isostatic pressing (CIP). The

compacts were pressed at 200 MPa for *10 min, resulting

in roughly 45% volume reductions.

Sintering

Sintering was carried out using the same alumina tube

furnace used for calcination. A vacuum diffusion pump

was attached to the furnace, achieving a vacuum condition

of *1 9 10-3 Pa in the furnace. Green bodies were placed

either on a platinum crucible or on a plate in the furnace.

Sintering temperature and duration ranged from 1,240 to

1,360�C and from 0 to 5 h, respectively. Those samples

sintered for 0 h were heated to the sintering temperature

and then immediately cooled after such temperature was

achieved.

Since densification and grain growth are both processes

involving inter-granular diffusion of ions and vacancies,

greater densification tends to be accompanied by grain

growth. Thus, we explored a range of temperature and

duration combinations for both calcination and sintering to

locate the conditions that balance maximized densification

and minimized grain growth. Beyond grain size and

porosity, we were also concerned with the location of

remaining pores. Pores that are left behind by migrating

grain boundaries and trapped at intra-granular regions are

very difficult to remove by additional annealing due to the

slow kinetics at intra-granular regions. Consequently, we

applied lower sintering temperatures to reduce grain

boundary mobility.

Characterizations of sintered materials

Changes in volume during the sintering process, which

were found to be good indicators of densification, were

calculated by measuring the diameter and height of the

disc-shaped samples before and after sintering. All of the

sintered samples were polished and thermally etched at

1,230–1,260�C for 0.5 h in air. Grain growth during the

thermal etching is negligible, which has been confirmed by

a comparison of grain size before and after chemical

etching. Both secondary electron imaging (SEI) and char-

acteristic X-ray mapping were used during SEM analyses

to identify grain–grain interfaces and mineral phases. Grain

shape was essentially equiaxed as will be discussed later,

thus, all mineral grains could be approximated as circles.

Their diameters were converted to grain sizes using

imaging software. Thin foils from some aggregates were

prepared for transmission electron microscopy (TEM) to

observe their microstructures. The foils were prepared from

pieces of thin sections that were ion-milled with an

accelerating voltage of *3 kV at an angle of 15�. Both

sides of the thin samples were coated with carbon to pre-

vent charging during TEM observations. The observations

were carried out on a 200 kV electron microscope (JEM-

2010F) installed at Nano-Manufacturing Institute, Univer-

sity of Tokyo. We found that the sintered materials were

too dense to allow detection of differences in density/

porosity among the samples using the Archimedes’

method. Consequently, the samples’ porosities were eval-

uated in this study by measuring the areal fraction of pores

to grains in SEM images. We additionally evaluated

porosity in the samples by observing light transparency,

which has previously been achieved with synthesized

polychrystalline forsterite (Sano et al. 2006) and which has

been found to be very sensitive to porosity, especially when

porosity is \1 vol% (Lee and Kingery 1960). We intro-

duced white light to 0.5 mm thick sections of the samples

and compared their transparencies with the naked eye.

Concentration ratios of MgO/SiO2 for all of the samples

were measured by electron probe micro analysis (EPMA) to

confirm that the ratios did not change during sintering.

Selective evaporation of Mg has been found in forsterite

aggregates sintered at[1,400�C (Sano et al. 2006); however,

all sintering temperatures used in this study were\1,400�C,

and we confirmed that the ratios of MgO/SiO2 did not change

during sintering.

Results and discussion

Forsterite

We mixed nano-sized powders of SiO2 and Mg(OH)2

resulting in a final mole ratio of MgO:SiO2 = 2.00:1.00 for

the sintered materials. Sano et al. (2006) showed that

Mg(OH)2 decomposed to MgO at *400�C and reacted

with SiO2 at *850�C to form forsterite based on their TG-

DTA analyses. Calcinations at temperatures of 860–

1,160�C with a fixed calcination time of 3 h were tested to

determine the best temperature for calcination. We

obtained XRD patterns from all the calcined powders and

found that a majority of the pattern peaks represented

Bragg reflections of forsterite in all the samples. Since all

calcined powders were fine grained and originated from the

well-mixed nano-sized powders, each particle in the pow-

ders should have been oriented randomly and, so, the
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intensity changes cannot be attributed to the orientation

effect. Thus, the relative peak intensities should reflect a

progress of solid-state reaction to forsterite phase in each

sample. A broad peak at low angle, an indicator of the

presence of an amorphous phase (probably unreacted sil-

ica), and strong MgO peak are recognized in the sample

calcined at 910�C showing that the reaction was not

completed (Fig. 2a). Relative intensity of MgO peak

decreased with increasing calcination temperature

(Fig. 2a–c) and the peak finally disappeared after calcina-

tion at the highest temperature (i.e., 1160�C). We did not

find a change in intensities when calcination time was

increased to 6 h, indicating that no further reaction

occurred after 3 h calcination. After the calcinations, par-

ticles with average sizes of 50, 70, 80, 90, 100 and 120 nm

were observed at temperatures of 860, 910, 960, 1,010,

1,060, 1,160�C, respectively (Fig. 3). Particle size was

homogenous within each powdered sample. Coalescence of

the particles, followed by formation of neck structures, was

observed for all calcination temperatures; however, their

development became significantly more pronounced at

higher temperatures.

Green bodies from all of the powders calcined at dif-

ferent temperatures were vacuum sintered at 1,310�C for

3 h. By changing the types of dies filled with the calcined

powders, sintered aggregates with various sizes and shapes

were formed as shown in Fig. 4; the arrow in this figure

indicates the size and shape of samples used for examining

the qualities of our final products in this study. Micro-

structures of all the sintered aggregates exhibited relatively

homogeneous grain size and foam texture (Fig. 5a–f).

Essentially zero porosity (i.e.,\0.1 vol%) was observed for

the aggregates calcined at 910 and 960�C (Fig. 5b, c), and

0.1–0.3 vol% porosity was found from the aggregate cal-

cined at 860 and 1,010�C (Fig. 5a, d). Large porosities of

1–3 vol% were found in the aggregates calcined at 1,060

and 1,160�C (Fig. 5e, f). The porosities found in all sam-

ples were derived primarily from inter-granular pores.

Volume reductions of C40 vol% from the green bodies

to sintered materials occurred (Fig. 6). Consistent with

porosities detected in SEM, volume reduction peaked at the

calcination temperature of 910–960�C and decreased with

further increasing calcination temperature. Grain shape

is essentially equiaxed (Fig. 5a–f) and the grain size

remained nearly constant at 500 nm among the samples

calcined at different temperatures (Fig. 6).

Under TEM, we did not recognize any dislocations,

precipitates, or planar defects at intra-granular regions

(Fig. 7). Even inter-granular regions were free from pre-

cipitates, grain boundary film, and secondary phases at

triple grain junctions. Pores with a size of \50 nm, which

were difficult to distinguish at the resolution of SEM,

were rarely observed. All of the grain boundaries contain

strain contrasts, as indicated by the arrows in the figure,

which are indicative of dispersive structural distortions of

neighboring grains. The identical structure has been rec-

ognized at forsterite grain boundaries in HIPed wet dunite

(McDonnell et al. 1999), and similar structures at smaller

size have been observed at olivine grain boundaries in

olivine ? basalt system (Hiraga et al. 2002). They

showed that the contrast was not derived from disloca-

tions to accommodate crystallographic misorientation of

neighboring grains, from crystallographic step of the grain

boundaries, or from chemical anomaly at the boundaries.

We believe that the strain was formed from anisotropic

shrinkage of two neighboring grains during sample cool-

ing, resulting in an accumulation of misfit elastic strain at

the boundaries.

To see how sintering duration affects densification,

powders calcined at 960�C for 3 h were sintered at 1,260�C

for 0–5 h. As noted above, sintering for 0 h involved ele-

vating to the maximum temperature and immediately

lowering the temperature. The sintering temperature used

here was lower than the ideal sintering temperature

(&1,400�C; Sano et al. 2006), at which 99.3% relative

density was achieved after 10 h sintering. As shown in

Fig. 8a, inter-granular pores remained (&4.5 vol%) after

0 h sintering but decreased significantly after 0.5 h.

Essentially zero porosity was achieved after 5 h. This

observation is consistent with the measurement of volume

reduction during sintering (Fig. 9), in which the reduction

Fig. 2 XRD patterns from the calcined powders prepared for the

synthesis of forsterite and from the sintered aggregate. Reflections of

forsterite and periclase phases are indicated by different symbols.

Broad peaks shown by dotted lines are indicative of the presence of an

amorphous phase. Patterns from the powders calcined for 3 h at

a 910�C, b 960�C and c 1,010�C. d Pattern from the aggregate

sintered at 1,310�C for 3 h
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increased with increasing sintering time. Following the

densification, average grain size increased from 200 nm at

0 h sintering to 360 nm after 5 h sintering. Reflecting

superb densification, the sample calcined at 960�C for 3 h

and sintered at 1,310�C for 3 h exhibited light transparency

(Fig. 10a).

In summary, a calcination temperature of \900�C is

found to be too low for the final densification, probably due

to the presence of a significant amount of unreacted par-

ticles. A calcination temperature of [1,000�C is very high

for the final densification, as the presence of coalesced and/

or larger particles causes heterogeneous and slow sintering

within the samples. For sintering, a temperature of 1,260–

1,310�C with a controlled time can provide essentially

fully dense aggregates of forsterite with grain size that can

be minimized to 360 nm.

Enstatite

We used a similar approach for the synthesis of enstatite

aggregates and all of the other composites in order to

determine the best conditions for preparing calcined

Fig. 3 SEM images of the

calcined powders prepared for

the synthesis of forsterite. All

powders were calcined for a

constant time of 3 h, but at

different temperatures: a after

860�C calcination, b 910�C,

c 960�C, d 1,010�C, e 1,060�C,

and f 1,160�C

Fig. 4 Sintered forsterite aggregates of different shapes and sizes.

Arrow see text

Phys Chem Minerals

123



Fig. 5 SEM images of

forsterite aggregates, sintered at

constant conditions of 1,310�C

for 3 h but calcined for 3 h at

different temperatures of

a 860�C, b 910�C, c 960�C,

d 1,010�C, e 1,060�C and

f 1,160�C

Fig. 6 Volume reduction (-DV), porosity, and grain size of forsterite

after sintering with respect to calcination temperatures. All samples

were calcined for a constant time of 3 h and sintered at a constant

temperature of 1,310�C for 3 h

Fig. 7 TEM bright field image of the sintered forsterite aggregates

calcined at 960�C for 3 h and sintered at a temperature of 1,310�C for

3 h. Arrows show strain contrasts along the grain boundaries
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powders and for sintering as we did for forsterite, and

representative results are shown here. We mixed nano-

sized powders of SiO2 and Mg(OH)2, resulting in a final

mole ratio of MgO:SiO2 = 1.00:1.00 in the sintered

materials. TG-DTA analysis revealed a steep decrease in

weight and a sharp endoergic peak at 390�C (Fig. 11a).

This behavior is identical to that observed in forsterite

aggregates (Sano et al. 2006). GC-MS showed that dehy-

dration occurred at this temperature (Fig. 11b), evidencing

a decomposition of Mg(OH)2 to MgO at this stage. The

broad exoergic peak in the DTA profile at C900�C

(Fig. 11a) was likely caused by a continuous solid-state

reaction between MgO and SiO2 to form forsterite rather

than enstatite, which was supported by the appearance of

forsterite peaks in XRD (Fig. 12a). The diffraction pattern

was obtained from the sample after 960�C calcination for

3 h; however, a broad peak (shown by hatched lines in the

Fig. 8 SEM images of

forsterite aggregates calcined at

960�C for 3 h and sintered at a

constant temperature of 1,260�C

for durations of a 0 h, b 0.5 h,

c 2 h, and d 5 h

Fig. 9 Volume reduction (-DV), porosity, and grain size of forsterite

with respect to varied sintering durations. All samples were calcined

at constant conditions of 960�C for 3 h and sintered at a constant

temperature of 1,260�C

Fig. 10 Comparisons of light transparency of the aggregates of a forsterite, b enstatite, c diopside, d olivine, e forsterite ? periclase,

f forsterite ? spinel and g forsterite ? enstatite ? diopside. All sample thicknesses were fixed at 0.5 mm

Phys Chem Minerals

123



figure) that is indicative of the presence of an amorphous

phase (probably unreacted silica) still remained, which was

not observed in the case of forsterite synthesis (Fig. 2b).

The broad peak disappeared after calcination at 1,160�C

for 3 h; however, the diffraction pattern still exhibited the

reflections of forsterite phase (Fig. 12b). Very small peaks

from enstatite phase were identified in the pattern. Even

after 1,260�C calcination, the peak intensities of forsterite

still overwhelmed those of enstatite. A significant coagu-

lation of particles occurred with calcination at C1,260�C.

Consequently, we could not bring such calcined powders

containing enstatite phase to the next stage of forming.

XRD from the aggregate sintered for 2 h at 1,310�C

demonstrated peaks only of enstatite phase; thus, the

appearance of forsterite phase after calcination should have

been the result of incomplete and/or semi-stable reaction

(Fig. 12c). Even though semi-stable forsterite phase was

dominant, particle growth became significant with

increasing calcination temperature (Fig. 13a, b). Particle

size was homogenous within each powdered sample;

however, we could not obtain calcined powders that were

both fully reacted and had particle size of \100 nm.

Representative microstructures of the sintered aggre-

gates are shown in Fig. 13c, d. Overall, enstatite grain

boundaries were sluggish relative to that of forsterite. Each

aggregate was formed from starting powders calcined at

960 and 1,160�C for 3 h, respectively, and then sintered at

the same conditions: 1,310�C for 2 h. Characteristics of

these samples are summarized in Fig. 14a, along with the

characteristics of the sintered enstatite aggregates started

from powders calcined at temperatures of 860–1,160�C for

3 h and sintered at a constant temperature and duration

(1,310�C and 2 h). We found a significant grain growth for

the sample calcined at B910�C, which may relate to the

presence of a large volume of amorphous phase in the

sample before sintering. Porosity was minimized to *1

vol% after 960 ± 50�C calcination. Both intra- and inter-

granular pores developed in such samples (Fig. 13c). In

contrast, only inter-granular pores (though numerous) were

present in the samples calcined at higher temperature

(Fig. 13d), which should explain the small volume reduc-

tion found at C1,060�C calcination (Fig. 14a). Such pores

seem to work as a pinning phase for grain boundary

migration resulting in finer grain size in the sintered sam-

ples. The large volume reduction without minimized

porosity at low temperature might be attributed to the

disappearance of amorphous silica during sintering.

To see how sintering duration affects densification and

grain size, powders calcined at 960�C for 3 h were sintered

at 1,310�C for 1–5 h (Fig. 14b). Grain growth of enstatite

was comparable to that of forsterite for sintering durations

from 0 to 3 h; however, significant growth was observed

after 5 h sintering in enstatite, while the growth of

Fig. 11 Results of TG-DTA and GC-MS for the powder mixtures

prepared for the synthesis of enstatite aggregates. a TG-DTA showing

a steep decrease in weight and a sharp endoergic peak at *390�C.

b GC-MS profile showing intense dehydration at *390�C

Fig. 12 XRD patterns from the calcined powders prepared for the

synthesis of enstatite aggregates and from the sintered aggregate.

Reflections of forsterite and enstatite phases are indicated by different

symbols. A broad peak, shown by hatched lines, is indicative of the

presence of amorphous phase. Patterns from the powders calcined at a
960�C for 3 h and b 1,160�C for 3 h. c Pattern from the aggregate

sintered at 1,310�C for 2 h
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forsterite was nearly completed at this stage (Fig. 9).

Normally, the rate of grain growth becomes suppressed

with increasing sintering time, as can be seen in the data for

forsterite here; we do not have a good explanation for the

grain growth of enstatite observed in this study. Although

we do not show the result here, we found significant grain

boundary cracking in the samples with grain size of

[1 lm. Although the cracks were not included during the

porosity measurements, some difficulty in distinguishing

cracks from the pores may explain the increase in measured

porosity after 3 h sintering (Fig. 14b). Enstatite is known to

have a complex stability field of Mg2Si2O6 polymorphs

such as protoenstatite, clinoenstatite, and orthoenstatite at

high temperatures (e.g., Jackson et al. 2004). Although the

temperature for phase transition is still under debate, pro-

toensatite was likely to be present during the sintering and

even thermal etching periods; however, it transformed to

orthoenstatite during the sample cooling. Such transition

involves severe volumetric change and twinning, which

might result in the appearance of cracking, sluggish grain

boundaries and streaking at the mineral surface (Fig. 13c,

d). Reflecting the difficulty in eliminating pores in enstatite

aggregates compared with that in forsterite, we did not

observe any light transparency from enstatite samples

(Fig. 10b).

Thus far, we do not have a good explanation for the

formation of forsterite rather than of enstatite phase during

calcination at temperatures B1,260�C. The difficulty in

achieving the reaction to enstatite phase prohibits us from

preparing calcined powders that are reacted, fine grained,

and have less propensity to coalesce. As a result, we could

not obtain enstatite aggregates that were both fine grained

and had low porosity, which was achieved for forsterite

(Fig. 14b). In summary, the lowest achievable porosity and

the finest grain size for that porosity are 1.1 vol% and

500 nm, respectively, for enstatite (Fig. 14a, b).

Diopside

To synthesize diopside aggregates, we used calcium car-

bonate (CaCO3, 99.9% in purity, Kojundo Kagaku Labo-

ratory Co.) with a particle size of *1 lm as a calcium

source. CaCO3 and nano-sized powders of Mg(OH)2 and

SiO2 were mixed to provide a resulting mole ratio of

MgO:SiO2:CaO = 1.00:2.00:1.00 in the final sintered

aggregates.

In TG-DTA analyses, a steep decrease in weight and a

sharp endoergic peak appeared at *380�C (Fig. 15a),

which we attribute to the dehydration of Mg(OH)2

(Fig. 15b). Similarly, a steep decrease in weight and a

sharp endoergic peak appeared at *790�C (Fig. 15a) and

is attributed to decorboxylation of CaCO3 (Fig. 15b). The

GC-MS profile showed that the decorboxylation began at

*600�C and completed at *790�C. However, diffraction

patterns continued to indicate the presence of calcium

carbonate and periclase in the sample after B960�C calci-

nation, which contradicts the achievement of decorboxy-

lation at B790�C (Fig. 15b). CaO formed from the

decorboxylation is highly reactive with CO2 in the air; thus,

carbonation must have occurred while the sample cooled

Fig. 13 SEM images of the

calcined powders and sintered

aggregates of enstatite.

a Powders calcined at 960�C for

3 h. b Powders calcined at

1,160�C for 3 h. c, d Aggregates

sintered at 1,310�C for 2 h

formed from the starting

powders shown in a, b,

respectively
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following TG-DTA analyses. XRD results indicate com-

plex reactions during calcination at B1,160�C. A small

broad peak in XRD similar to that appeared in Figs. 2a and

12a, attributed to the presence of amorphous silica,

remained at B910�C. Not only diopside but also montic-

ellite (CaMgSiO4) and akermanite (CaMgSi2O7) phases

were present after calcination at 860–1,060 and 910–

1,160�C, respectively (Fig. 16a). Exoergic peaks at 800–

1,100�C in Fig. 15a likely resulted from the continuous

reactions to form and to consume such (semi-stable) pha-

ses. After sintering at 1,260�C, only peaks from diopside

phase appeared in the diffraction pattern (Fig. 16b).

Although we do not have supporting evidence, we consider

the appearances of an exoergic peak at *1,300�C and a

small endoergic peak at *1,350�C to be attributed to

reactions between the sample and the sample holder

(Fig. 15a). Through SEM observations of the calcined

powders, we found that particle growth was not significant

at B1,010�C and that heterogeneous particle coalescences

and/or growth occurred at C1,060�C. Thus, the powder

calcined at 1,010�C was chosen for the subsequent sinter-

ing (Fig. 16c). Diopside green compact was sintered at

1,260�C for 2 h. Given the low sintering temperature used,

grain growth was found to be rather significant relative to

other minerals, resulting in a final grain size of *1.1 lm

(Fig. 16d). Although the sintered aggregates had a very low

light transparency (Fig. 10c), their porosity was found to be

very low (*0.1 vol%).

Olivine

To synthsize iron-containing olivine, we used iron acetate

(Fe(CO2CH3)2, 99.95% purity, Sigma–Aldrich) as an iron

source. Iron acetate and nano-sized powders of Mg(OH)2

and SiO2 were mixed, resulting in a mole ratio of MgO:-

SiO2:FeO = 1.80:1.00:0.20 in the final sintered aggregates.

The powder mixtures were first calcined at 960�C for 3 h

under controlled oxygen fugacity by mixing the gases of

H2 and CO2. Particle growth during calcination at this

temperature was much more significant relative to other

minerals, resulting in *100 nm particle size; conse-

quently, we changed the calcination conditions to 860�C

for 3 h to obtain finer particles (&60 nm) with homoge-

neous particle size (Fig. 17a). The green bodies were

wrapped in a nickel foil sleeve and then vacuum sintered at

1,240�C for 2 h, while kept at a constant oxygen fugacity

Fig. 14 Volume reduction (-DV), porosity, and grain size of

enstatite after sintering with respect to calcination temperature (a)
and sintering durations (b). All the samples in a were sintered at

1,310�C for 2 h. All samples in b were calcined at constant conditions

of 960�C for 3 h and sintered at a constant temperature of 1,310�C

Fig. 15 a, b Results of TG-DTA and GC-MS for the powder

mixtures for synthesis of diopside aggregates. a TG-DTA result

showing a steep decrease in weight and a sharp endoergic peak at

*380�C. b GC-MS profile showing intense dehydration and decorb-

oxylation at *380�C and 600–790�C, respectively
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of Ni/NiO. Olivine with forsterite content of Fo90 was

obtained as a final product. The aggregates demonstrated a

homogeneous microstructure, with an average grain size of

720 nm and porosity of 0.7 vol% (Fig. 17b). We did not

detect any light transparency in this sample (Fig. 10d). The

brownish spots that appear should represent iron oxide,

which is the remnant of the reaction. We detected very

small amount of the phase in SEI imaging indicating a

fraction of \0.1%.

Two-phase materials (forsterite ? periclase

and forsterite ? spinel)

We introduced periclase and spinel phases, respectively,

into forsterite to synthesize two-phase aggregates. By

simply mixing nano-sized powders of SiO2 and Mg(OH)2

to obtain a mole ratio of MgO:SiO2 = 2.10:1.00, we were

then able to introduce periclase grains into the aggregates

with a periclase fraction of 10 vol%. Calcination at 960�C

for 3 h and sintering at 1,360�C for 0.5 h, which are suit-

able conditions for the synthesis of forsterite aggregates,

resulted in well-sintered fine-grained materials (Fig. 18a).

We measured average forsterite and periclase grain sizes of

360 and 220 nm, respectively, and a porosity of\0.1 vol%

in these aggregates. Periclase grains were distributed

homogeneously in the sample but remained at the inter-

granular regions of forsterite grains. We obtained relatively

good transparency for this aggregate (Fig. 10e).

Spinel powder, with a particle size of *250 nm, is

commercially available (Taimei Co.). We mixed this spinel

powder with nano-sized powders of Mg(OH)2 and SiO2

before calcination. As a result, final aggregates with mole

ratio of MgO:SiO2:Al2O3 = 2.05:1.00:0.05 were obtained.

Calcination at 1,000�C for 3 h and sintering at 1,360�C for

Fig. 16 Result of XRD and

SEM analyses of calcined

powders and of the sintered

aggregate of diopside. a XRD

pattern from the powders

calcined at 1,010�C for 3 h.

Reflections of diopside,

akermanite and monticellite

phases are given in the figure.

b XRD pattern from the

aggregate sintered at 1,260�C

for 2 h. c SEM image of the

powder analyzed in a. d SEM

image of the sintered aggregate

analyzed in b

Fig. 17 SEM images of a olivine powders calcined at 860�C for 3 h

and b olivine aggregate sintered at 1,240�C for 2 h formed from the

starting powder shown in a
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0 h resulted in sintered aggregates with a pore fraction of

\0.1 vol%, an average forsterite grain size of 490 nm, and

an average spinel grain size of 220 nm, with spinel con-

stituting 5 vol% (Fig. 18b). Spinel grains were distributed

homogeneously in the sample but always remained at the

inter-granular regions of forsterite grains. We obtained

relatively good transparency for this aggregate (Fig. 10f).

Densifications without significant grain growth were

achieved for both systems. The presence of the second

phases at the inter-granular regions indicates that they

effectively pinned the motion of forsterite grain bound-

aries; otherwise, the second phase would be included in the

forsterite grains. Our results show that the same pinning

effect can be achieved with periclase and spinel grains to

inhibit grain growth of forsterite.

Three-phase material

(forsterite ? enstatite ? diopside)

We prepared the powder mixture to a mole ratio of

MgO:SiO2:CaO = 1.52:1.00:0.06, resulting in a sintered

aggregate with a mineral mode of 81 vol% of forsterite, 10

vol% of enstatite, and 9 vol% of diopside. This aggregate is

a good analog for upper-mantle composites. Calcination at

960�C for 3 h and sintering at 1,310�C for 3 h resulted in

final average grain sizes of 800, 500 and 400 nm for for-

sterite, enstatite, and diopside, respectively (Fig. 18c). Pore

fraction was \0.1 vol% and, as a result, relatively good

light transparency was achieved (Fig. 10g).

Summary

This study develops a fabrication technique to obtain

mantle mineral composites with full densification and fine

grain size. As shown, choosing the appropriate calcination

temperature/duration and sintering temperature/duration

for each mineral assembly is essential to obtain highly

dense and fine-grained materials. Representative appro-

priate conditions for syntheses of monomineralic aggre-

gates based on our technique are shown in the flow diagram

in Fig. 1. The introduction of second and/or third phases

into the aggregates does not appear to adversely affect

desired density or grain size. Rather, the presence of

additional phases appears not only to inhibit grain growth

but also to assist in densification through effective grain

boundary pinning, which offers a sufficient time frame for

the elimination of inter-granular pores. The sample densi-

ties we have achieved here are not only higher than pre-

vious samples synthesized through a pressureless sintering

technique (McDonnell et al. 2002), but are also higher than

samples hot-pressed in conventional high-pressure vessels,

such as a gas medium apparatus and piston cylinder. Our

achieved density is comparable to that of hot-pressed

samples using a multi-anvil type apparatus. Our technique

has also achieved grain sizes of B1 lm across all aggre-

gates and sizes as low as 300 nm in some mineral assem-

blies. As far as the authors are aware, the achievement of

such fine grain size is only comparable to the results shown

by Dohmen et al. (2002) and Irifune et al. (2008) where

the samples were synthesized from crystallization from

deposited thin film and from hot-pressing using a multi-

anvil apparatus, respectively. Further, all of the mineral

aggregates with such grain size are free from grain

boundary cracking as predicted. Thus, as a result of the

effective densification during sintering and the suppression

of microcracks during sample cooling, many of the

aggregates exhibit light transparency, even though the light

had to pass through more than 500 mineral grains in the

Fig. 18 SEM ? EDX mapping images of two and three-phase

composites. a forsterite ? periclase (green forsterite, red periclase),

b forsterite ? spinel (green forsterite, blue spinel) and c forste-

rite ? enstatite ? diopside (green forsterite, purple enstatite, pink
diopside)
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tested sample sections. This technique additionally allows

for the synthesis of samples of greater size and variable

shape. We are confident that the technique that we have

demonstrated here provides a union of high-density and

fine grain size, combined with a flexibility of size and

shape, which will prove invaluable in preparing aggregate

samples for mechanical testing throughout the earth sci-

ence community.
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