
Abstract Spark plasma sintering (SPS) is a newly

discovered old technique which recently has been used

for superfast densification of ceramic powders. Simul-

taneous application of pulsed high dc current densities

and load is the necessary condition for rapid and full

densification of ceramic powders by SPS. Commercial

nanocrystalline magnesium oxide (nc-MgO) and

yttrium aluminum garnet (nc-YAG) powders were

densified to optical transparency using spark plasma

sintering at distinctly different homologous tempera-

tures (0.3 Tm for nc-MgO and 0.7 Tm for nc-YAG).

The observed microstructure, density and grain size

evolutions versus the SPS temperature were analyzed.

The enhanced densification of the nc-MgO powder at

the present SPS conditions was related to plastic

deformation followed by diffusion processes. Densifi-

cation of nc-YAG powder was described by the for-

mation of viscous layer at the particle surfaces and

corresponding densification by grain rotation and dif-

fusion through the liquid phase. Densification by nor-

mal grain growth takes place at higher relative

densities, regardless of the material.

Introduction

Full densification of ceramic powder compacts is an old

challenge that has led to the development of new sin-

tering strategies and densification techniques. Spark

plasma sintering (SPS), or field assisted sintering

technique (FAST), is a newly discovered old technique

which recently has been used for superfast densifica-

tion of ceramic powders [1–3]. This hot-pressing

process which is characterized by simultaneous appli-

cation of load and pulsed high dc current densities was

traditionally used for compaction and plastic defor-

mation of metallic powders and billets. It is now in

progress for superfast consolidation of monolithic and

composite ceramic powders. The very short SPS

durations, of the order of a few minutes, are most

significant during which the densification processes go

to completion [3]. This arises from the extremely high

heating and cooling rates by the electrical current

passage. Therefore, this method has special advantages

for the fabrication of bulk nanocrystalline metals and

ceramics [4, 5], joining of dissimilar materials [6],

preservation of metastable microstructures [7, 8] as

well as internal interfaces [9].

Overview on conventional sintering

The sintering of powder compacts to full density is well

treated theoretically and experimentally. Many atomic

transport mechanisms participate in sintering and

densification. The main transport mechanisms are

surface, grain boundary, and lattice diffusion, as well as

evaporation–condensation and viscous flow. While all

these mechanisms can contribute to sintering and

increasing the powder compact rigidity, only a few may

be associated with its densification. In this respect,

surface diffusion and evaporation–condensation are

not considered the densification mechanisms, but

rather as contributing to particle coarsening. Full
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densification by pore annihilation, and thus volume

shrinkage, is possible only by grain boundary and lat-

tice diffusion in crystalline powders, as well as by vis-

cous flow in non-crystalline powders. The latter

mechanisms are also associated with grain growth, as

an inevitable process, especially at the final stage of

sintering.

Special attention should be paid to the term of

surface diffusion, especially in conjunction with

nanocrystalline ceramic powders. During sintering,

competition exists between particle coarsening and

densification mechanisms that, respectively, lead either

to porous structure with large grains, or to dense

specimen followed by grain growth. Therefore, coars-

ening through surface diffusion is considered to be

detrimental to full densification, especially in the

nanocrystalline powder compacts.

On the other hand, the typical heating rates in the

conventional sintering techniques via convection and

radiation heating are of the order of 2–30 �C min–1.

Therefore, a few hours are often spent in heating the

ceramic powder compact to reach its sintering tem-

perature. Since surface diffusion is dominating at lower

temperatures, compared to the densification mecha-

nisms (grain boundary and volume diffusion), its time

scale is enough for significant particle coarsening to

occur. Alternatively, rapid heating to the sintering

temperature, as is characteristic for the SPS technique

(100–600 �C min–1), may retain the advantage of the

high specific surface at high temperatures.

In addition, although the debate is still on-going

concerning the actual mechanisms responsible for the

rapid densification by SPS [2, 10–12], the formation of

high local surface temperatures on the particles induced

by the electric spark is worth further discussion. As will

be shown below, the surface term may have significant

impact on ceramic powder densification by SPS.

The SPS characteristics

Typical SPS system is a hot-pressing unit in vacuum,

where the specimen is heated to the sintering temper-

ature using dc electric current pulses. The set-up con-

tains graphite die and punches, and sometimes carbon

felt insulation. Simulation of the SPS process by com-

bined thermal and electrical analyses was performed to

evaluate the dependence of the densification on the

thermal and electrical behavior of the specimen

[13–16]. Such finite element analyses led to the con-

clusion that punches generate the majority of the heat.

The specimen temperature increases due to thermal

conduction of the punches. Therefore, homogeneous

heating of too thick or large diameter isolating ceramic

specimens at short durations may be limited, owing to

the relatively low thermal conductivity of the ceramic

[13–15]. At longer durations temperature gradients as

high as 100�C may form, in favor of the external die

surface compared to the specimen center. The electri-

cal current was maximal at the end of the punch and

almost zero in the isolator (i.e. alumina) specimen; the

majority of the current was diverted to the die. In this

respect, no current was converted to heat within the

compact, in agreement with the plasma formation at

the particle surfaces. Calculated voltage contours

showed the existence of potential gradient between the

top and the bottom of the specimen, which may be the

cause for discharge.

Several different investigations have shown the

effect of various SPS parameters and powder charac-

teristics on the densification behavior. Multiple pulsing

of the electric current was found to enhance the final

density of a-alumina powders from 85 to 95% [1]. SPS

of Alumina powders at 1,550 �C and 30 MPa for

10 min was systematically investigated [17]. Decrease

in the alumina particle size, especially at short SPS

durations, was associated with continuous increase in

density. Submicrometer particle size was found to be

necessary for efficient densification by SPS, especially

for short SPS durations. This effect illustrates that the

thermal processes responsible for densification occur

mainly at the surface of the particles. Increase in the

heating rate from 20 to 300 �C min–1 had decreased the

shrinkage duration of alumina from 80 to 6 min,

respectively. Nevertheless, some threshold heating rate

existed.

Microstructural analysis of PbTiO3 with 100 nm

particles subjected to SPS for only 1 min at 1,000 and

1,100 �C showed increase in the grain size by factors of

4 and 10, respectively [18]. This indicates that surface

diffusion and particle coarsening occur very fast and

cannot be neglected during SPS, especially in nano-

crystalline powders. These and others results empha-

size the importance of the high specific surfaces needed

for rapid densification using SPS.

Experimental procedures

Pure commercial nanocrystalline MgO (Nanomaterials

Res. Inc., Longmont, CO) and YAG powders (Tal

Materials Inc., Michigan) were used for densification

by SPS. The nc-MgO powder had equiaxed polyhedral

shape particles with average particle diameter of 11 nm

and specific surface area 145 m2/g. The main impurity

was 0.01 wt% Fe. The nc-YAG powder had spherical

shape particles with average particle diameter of 34 nm
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and specific surface area 22 (m2/g). Its composition

contained 150 ppm Si, 80 ppm Cl, 60 ppm Na and

20 ppm Zr according to the ICP analysis. The dilato-

metric shrinkage curves were recorded at the heating

rate 5 �C/min.

Sintering was performed in SPS apparatus, Dr Sinter

2050 (Sumitomo Coal Mining Co. Ltd., Japan) in

Stockholm University. Generally, measured quantity

of the as-received powders were poured into the

graphite die with an inner diameter of 12 mm, and

pre-pressed to 100 MPa before heating. The pressure

was released and a low pressure of 10 MPa was applied

during the heating up procedure. The pressure was

increased to the working pressure (i.e. SPS pressure) of

100 MPa within 20 s after reaching the final sintering

temperature (i.e. SPS temperature), and held for a

constant duration (i.e. SPS duration) of either 3 min

(for nc-YAG) or 5 min (for nc-MgO). The tempera-

ture was regulated by a thermocouple that was inserted

into the pressing graphite die, at a distance of 2 mm

from the sample. The temperature range for densifi-

cation by SPS was selected based on the dilatometric

shrinkage curves. The following SPS conditions were

applied: average current density 200 A cm–2, 5 V DC,

and 3 ms pulse rate.

The typical relative green density of these nano-

crystalline powders, compacted by cold isostatic

pressing under 240 MPa pressure, was ~50%. The final

densities were determined by the Archimedes method

using 2-propanol as the immersion liquid.

The microstructure and the phase content of the

sintered specimens were characterized using high res-

olution scanning electron microscopy (HRSEM, LEO

Gemini 982) and X-ray diffraction (XRD, PW 1820),

respectively. The grain size (diameter) was determined

as the largest axis of the grain, directly from the

HRSEM images. At least several hundred grains were

counted for determining the grain size distribution.

The nc-MgO specimens were polished using 0.25 lm

diamond paste that revealed the microstructure with-

out etching. Since the topology of the nc-MgO surfaces

clearly exposed the true grain morphology, no stere-

ological correction factors were used. However, cor-

rection factor of 1.56 was used for the grain size

measured from the polished and thermally etched

surfaces of the YAG specimens (at 1,250 �C for

15 min). The average grain size was used for presen-

tation. The starting nc-MgO grain size was determined

using the coarsening data from the literature (see

details in Ref. [25] for nc-MgO). The original particle

size was almost doubled between 700 and 800 �C. The

starting nc-YAG grain size at all temperatures and

before the SPS process was assumed as constant

(d0 = 87 nm) and was determined by 5 h annealing of a

powder compact at 900 �C.

Results

Dilatometric linear shrinkage curves of the nc-MgO

and nc-YAG during the heating are shown in Fig. 1.

The shrinkage in the nc-MgO compact started above

700 �C (curve (a)), where the maximal shrinkage rate

(slope of the curve) occurred around 1,150 �C. The

corresponding shrinkage of the nc-YAG powder star-

ted above 1,350 �C (curve (b)) and the maximal

shrinkage rate was around 1,600 �C. Therefore, the

corresponding SPS experiments were performed at the

temperature ranges 700–800 �C for nc-MgO, and

1,250–1,500 �C for nc-YAG powders. Both powders

exhibited single phase cubic structure prior to and after

the SPS (Fig. 2).

Densification of nc-MgO

The density of the nc-MgO specimens after SPS at

100 MPa for 5 min between 700 and 800 �C is shown in

Fig. 3a. The sintered density ranged from 91 to 96%

using the density of MgO single crystal (3.582 g cm–1)

as a reference. It steadily increased with the SPS

temperature increase. The density values seem to be

underestimated since the specimens exhibited

relatively high optical transparency [5]. An example for

the microstructure of the SPS densified nc-MgO is

shown in Fig. 4a. Quantitative analysis of HRSEM

micrographs at different SPS temperatures showed the

corresponding grain sizes between 30 and 72 nm
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(Fig. 3a). The grain size was also found to increase

with the SPS temperature, though, in an accelerated

manner at 800 �C. The grain size distribution of all the

specimens exhibited log-normal character with a stan-

dard deviation equal to 50% of the average grain size.

These observations confirmed the nanocrystalline

character of both grains and pores in the present MgO

specimens.

Densification of nc-YAG

The relative density of the nc-YAG compacts versus

the SPS temperature after 3 min at 100 MPa is shown

in Fig. 3b. Sharp increase in the relative density from

83 to 99.6% was observed within the very narrow

temperature range of 150 �C, between 1,250 and

1,400 �C. The corresponding grain size in this temper-

ature range increased with temperature in a parabolic

manner and was in the submicrometer range. Further

increase in the SPS temperature up to 1,500 �C

resulted in statistically the same highest density.

Significant grain growth was observed at the SPS

temperatures higher than 1,400 �C, where the grain

size entered the micrometer range (Fig. 3b). The

microstructure of the fracture surface (Fig. 4b)

revealed tetrakaidekahedron shape micrometer size

grains. The significant increase in the grain growth rate

at high relative densities is often related to the change

in the pore nature from continuous to isolated pores.

Nevertheless, any change in the grain growth mecha-

nism may also be responsible for a similar enhance-

ment in the grain growth rate, as will be discussed later.

Extensive microstructural investigation was per-

formed on the different specimens in order to reveal

the densification mechanism and grain growth at vari-

ous stages, the highlights of which were summarized

below. The change in the volume fraction of the

porosity and its continuity were well observed.
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Two distinct microstructural features clearly pointed

to the densification and grain growth mechanisms.

First, a few large single crystals with faceted morpho-

logies were formed within the residual cavities as

shown in Fig. 5a. Formation of such crystals with

perfect facetted morphology may be envisaged via

evaporation–condensation mechanism. Moreover,

evaporation–condensation of YAG is expected to

occur in the presence of the melted layer at the particle

surfaces around the closed cavity. Since the vapor

pressure of YAG is relatively low at the melting point

[19], evaporation–condensation cannot be regarded as

a dominating mechanism for sintering and densifica-

tion. However, surface melting of the YAG particles is

necessary for these YAG crystals to grow by the

evaporation–condensation mechanism. However,

the second microstructural feature that characterized

the bulk of the specimens was the formation of nano-

grain clusters within the larger grains (Fig. 5b). This

microstructure is an evidence for densification and

grain growth by grain rotation mechanism [20] where

the grains are nanometric in size, as will be discussed

below. Increase in the grain cluster size (with SPS

temperature and duration) decreases the tendency for

grain rotation due to increase in the accommodation

strains associated with the grain shape changes. The

different surface relieves visible within the larger

grains and at their grain boundaries (Fig. 5b) most

probably resemble two types of grain boundaries: low-

angle grain boundaries (LAGB) within the nano-grain

clusters and separating between the nano-grains, and

high-angle grain boundaries (HAGB) separating

between the larger grains. Therefore, at the final stages

of densification, where high relative densities attained,

further densification and grain growth will be con-

trolled by curvature driven grain boundary migration

(i.e. normal grain growth). In this respect, small pores

that are located within the grains as well as at the grain

boundaries (arrowed in Fig. 5b) may be annihilated

only by further densification via volume or grain

boundary diffusions, respectively.

Discussion

Densification mechanisms

Nanocrystalline MgO

Densification of MgO powders by pressureless sintering

and hot-pressing was thoroughly investigated and well

documented in the literature [21]. Generally, the con-

ventional micrometer size powders need relatively high

temperatures above 1,500 �C for full densification.

However, the corresponding sintering temperature de-

creases with the decrease in the particle size. The den-

sification temperature may further be lowered below

800 �C by hot pressing of ultrafine and nanometer size

MgO powders [22, 23]. Systematic hot-pressing study of

the present nc-MgO powders in the temperature range

700–800 �C showed that the plastic deformation fol-

lowed by Coble creep were the dominating densification

mechanisms [24]. This was in accordance with the ex-

tremely low room temperature hardness (~7 GPa) and

low yield stress ~80 (MPa) of MgO between 600 and

800 �C [25]. The present SPS results of the nc-MgO

powders were in reasonable agreement with calculated

values using the hot isostatic pressing (HIP) model [25].

Densification up to 75% density was expected to take

place by the plastic deformation, immediate to pressure

application at the SPS temperature. This was followed

by diffusional processes to full density. Analysis of the

Fig. 5 HRSEM images from the nc-YAG subjected to SPS. (a)
The growth of the faceted YAG crystals within the cavity
indicates that evaporation–condensation mechanism is active at
these SPS conditions. SPS for 3 min at 1,250 �C and 100 MPa.
(b) Densification mechanism by the nano-grain rotation, leading

to dense nano-grain clusters within the large grains is exhibited.
The pores within the clusters (arrowed A) and at the grain
boundaries (arrowed B) are visible. SPS for 6 min at 1,400 �C
and 100 MPa
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hot-pressing kinetics showed the diffusion of Mg2+ ca-

tions along the grain boundaries to be the rate con-

trolling mechanism [24].

Nanocrystalline YAG

Unlike nc-MgO, densification of nc-YAG by plastic

deformation necessitates extremely high stresses and

temperatures due to its excellent creep resistance

properties [26]. The plastic yield stress of YAG is as

high as 360 (MPa) at 1,785 �C [27], and was estimated

as 1 to 3–4 (GPa) at lower temperatures of 1,400 and

1,150 �C, respectively [28]. Such high stresses may

barely be reached in the SPS experiments, while using

the graphite dies. Alternatively, the observed micro-

structure of the nc-YAG subjected to SPS clearly

showed crystals grown by evaporation–condensation

within a few large cavities; this should be associated

with formation of a liquid YAG at the particle sur-

faces. Therefore, densification and grain growth at the

early stages of SPS takes place by nano-grain rotation

to form dense nano-grain clusters. The originally

HAGB’s between these nano-grains converts to

LAGB’s by the grain rotation. The resultant strains

due to the shape change may be accommodated by the

viscous layer between the nano-grains. Nevertheless,

this mechanism is effective only at the first and the

intermediate stages of sintering, where the volume

fraction of the free surfaces is high enough and the

pore size is comparable to the grain size. This mecha-

nism may not be active at the final stage of sintering,

where the grain or cluster size is large and associated

with much smaller isolated pores. At this stage, no free

surfaces are available for the electric breakdown and

for the liquid supply. Large clusters necessitate also

higher accommodation strains that lower the propen-

sity for grain rotation. Further densification and espe-

cially the grain growth should then take place by

curvature driven grain boundary migration. Eventu-

ally, the LAGB’s within the large grains will also be

annihilated at the latter stages of densification during

the normal grain growth.

In order to verify the above hypothesis, the grain

size data were analyzed to reveal the possible grain

growth mechanisms associated with sintering.

Grain growth by different atomistic mechanisms can

be expressed using the equation:

dn
t � dn

0 ¼ kt ð1Þ

where

k ¼ k0 � exp � Q

RT

� �
ðm2 s�1Þ ð2Þ

where dt and d0 are the grain sizes at time t, and t = 0,

respectively, n is the grain growth exponent, k0 is the

pre-exponential constant of the diffusion coefficient, Q

is the activation energy for grain growth, T is absolute

temperature, and R is the gas constant.

The value of the grain growth exponent character-

izes the rate controlling process, i.e. n = 2 for grain

growth controlled by grain boundary diffusion, versus

n = 3 for grain growth controlled by diffusion through

the bulk. The grain size data in Fig. 3b were analyzed

according to Eqs. 1 and 2 and the resultant Arrhenius

plots were shown in Fig. 6.

At the higher temperature range 1,400–1,500 �C, the

best linear regression (R = 0.956) was found for n = 2

with the activation energy 553 ± 24 (kJ mol–1). The

pre-exponent coefficient k0 is independent of the

temperature and may be determined at the highest

temperature where solid YAG still exists, i.e. at melt-

ing temperature of YAG (Tm = 1,970 �C). Using

Eqs. 1 and 2 for data extrapolated to T = Tm and at

t = 180 (s) the resultant value of the pre-exponential

coefficient is k0 = 0.290 (m2 s–1). Therefore, the diffu-

sion coefficient responsible for the grain growth at

the higher temperature range during the SPS may be

expressed by:
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k ¼ 0:290 � exp � 553 kJ mol�1

RT

 !
ðm2 s�1Þ: ð3Þ

On the other hand, grain growth of pure and dense

YAG fibers between 1,400 and 1,700 �C was found to

follow the normal grain growth, where n = 2, and

Q = 540 kJ mol–1 [29]. Similar extrapolation of the

data from [29] leads to k0 = 0.174 (m2 s–1) for the

diffusion coefficient responsible for normal grain

growth, i.e. ionic diffusion perpendicular to the grain

boundary:

k ¼ 0:174 � exp � 540 kJ mol�1

RT

 !
ðm2 s�1Þ: ð4Þ

Comparison between Eqs. 3 and 4 indicates very

close activation energies as well as the pre-exponential

constants. The activation energy for diffusion of Yb3+

cation (which is comparable to Y3+ self diffusion) along

the grain boundaries in YAG was reported as

530 (kJ mol–1) [30], very close to that found in the

present work. On the other hand, very similar activa-

tion energy of 540 (kJ mol–1) [31] and close activation

energy of 565 ± 85 (kJ mol–1) [30] were also reported

for volume diffusion of Yb3+ cations using YAG single

crystals and polycrystals, respectively.

Calculating the diffusion coefficients at 1,400 �C

using Eqs. 3 and 4 results, respectively, in values of

1.57 · 10–18 (m2 s–1) and 2.39 · 10–18 (m2 s–1) which

are almost identical to the value of 2.06 · 10–18 (m2 s–1)

obtained at the same temperature for volume diffusion

of Yb3+ in YAG single crystal [31]. Very close activa-

tion energy of 549 (kJ mol–1) and diffusion coefficient

of 1.50 · 10–18 (m2 s–1) were calculated using the

Nabarro–Herring equation for creep data of polycrys-

talline YAG at 1,400 �C [32]. All these findings indicate

that the grain growth is actually controlled by volume

diffusion of the slowest cation (i.e. Y3+) towards the

grain boundary. Thus, the calculated diffusion coeffi-

cients from Eqs. 3 and 4 represent the diffusion coef-

ficient of Y3+ perpendicular to the grain boundary, and

are comparable to its volume diffusion.

These facts indicate that grain growth at the higher

temperature range takes place by Y3+ diffusion per-

pendicular to the grain boundary which is manifested

by normal (parabolic) grain growth law. This is in

agreement with both the ambipolar diffusion of Y3+

and almost fully dense nature of the specimens (above

99%), where continuous grain boundary network is

present.

Different grain growth behavior was found at the

lower temperature range 1,250–1,400 �C. The best

linear regression (R = 0.995) was found for n = 3 with

the activation energy of 435 ± 11 (kJ mol–1). The grain

growth exponent n = 3 is characteristic of grain growth

processes controlled by mass transport through the

volume [33]. However, it should be noted that at this

temperature range the specimens is not fully dense and

the average grain size is below 500 nm (Fig. 3b). In

addition, some evidence for particle surface melting

was observed (Fig. 5a). Let assume that application of

the pulsed dc current leads to accumulation of electric

charge on the ceramic particle surfaces that in turn

initiate a spark by a surface discharge and to plasma

formation (ionized gas colliding to the particle

surfaces). Such plasma is expected to induce local sur-

face temperatures as high as the melting temperature of

the YAG particles (~1,970 �C). At the same time, these

particle surfaces are subjected to applied stress, thus

allow melt continuity across the particle–particle

interfaces. The thickness of the melt at such interfaces

may be of a few atomic distances, comparable to twice

the surface diffusion depth of the particle. In such a

case, densification and grain growth of the nano-grains

may proceed by grain rotation and its shape accom-

modation aided by its surrounding viscous layer.

Deformation by grain boundary rotation is considered

as a viscous process [34] and the corresponding grain

growth may be treated by diffusion through the liquid

phase. In order to either verify or negate this possibility,

the diffusion coefficient that may be responsible for

grain growth in the lower temperature range should be

estimated as is described below.

Grain growth controlled by diffusion through the

liquid phase may be expressed as [35]:

d3
t � d3

0 ¼ kD � t ð5Þ

where

kD ¼
8cSLXDVC0

9RT
� f ð6Þ

where cSL is the solid–liquid interfacial energy, W is the

atomic volume of the diffusing species, DV is the vol-

ume diffusion coefficient, and f is the volume fraction

of the solid.

Assuming that the particle surfaces contain a

‘‘viscous’’ layer of constant thickness, the volume

fraction of this layer may be calculated for

tetrakaidekahedron morphology [36]. For 34 nm in

diameter YAG nanoparticles and layer thickness
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d = 1 nm, the volume fraction of the ‘‘viscous’’ layer is

~10%, leaving the volume fraction of the solid particle

to be f = 0.9.

The interfacial energy cSL is expected to be rela-

tively small, due to the identical composition of the

solid and liquid, and thus the full wetting (spreading) of

the solid by the liquid. In such a case, the Young’s

equation for the surface energies in equilibrium is:

cSV ¼ cSL þ cLV � cos hð Þ ð7Þ

where indices S, L, and V refer to solid, liquid and

vapor, respectively, and h is the wetting angle.

For full wetting, h tends to zero, thus cos(h) fi 1.

Since the surface energies are positive, cSL cannot be

greater than cLV. The latter cLV for YAG was deter-

mined to be 0.781 (J m–2) [37]. Therefore, it is rea-

sonable to use a lower value for cSL, i.e. 0.5 (J m–2),

close to that reported for molten glass on alumina [38].

Solubility of solid YAG in liquid YAG is 100%.

However, the ionic specie that may control the diffu-

sion rate in the ‘viscous’ layer is the slowest ion, due to

the ambipolar nature of the diffusion in oxides. The

slowest ion in crystalline YAG was found to be Y3+

cation according to diffusion and creep results [31].

Following this choice for the ‘‘viscous’’ YAG layer, the

solubility of Y3+ in stoichiometric YAG may be used,

i.e. C0 = 0.373. Consequently, the evaluated diffusion

coefficient should then be referred to that of Y3+ cation

in ‘viscous’ YAG.

Using the grain size data at 1,350 �C in the lower

SPS temperature range (Fig. 6b), t = 180 (s),

W = 8.347 · 10–4 (m3 mol–1), the diffusion coefficient

for Y3+ through the d = 1 nm ‘‘viscous’’ surface layer is

given by:

DY3þ

viscous ¼ 4:31� 10�14 ðm2 s�1Þ: ð8Þ

In order to get an estimation for the diffusion

coefficient of the Y3+ cation in ‘‘viscous’’ YAG, one

can consider diffusion of cation in liquid according to

Stokes–Einstein equation:

Dcation
liquid ¼

kT

3pg � r0
ð9Þ

where g is the melt viscosity and r0 is the ionic radius.

Numerous crystal growth studies indicate that liquid

YAG can severely be undercooled to form glass under

containerless melt-process conditions [37, 39–41]. The

viscosity of molten YAG around its melting tempera-

ture (1,970 �C) is of the order of 0.05 (Pa s) and was

found to weakly depend on temperature, exhibiting

‘‘fragile’’ glass [37]. However, the viscosity at the lower

temperature range of 1,600–1,650 K for pulling glass

fibers was reported in the range of 30–300 (Pa s) [39].

Therefore, using the value of 300 (Pa s) at 1,327 �C

(i.e. 1,600 K) together with the ionic radius of Y3+ as

0.104 nm in Eq. 9 results in a diffusion coefficient of

7.5 · 10–14 (m2 s–1). This value is very close to the

diffusion coefficient value derived in Eq. 8 for diffusion

controlled grain growth through the viscous YAG.

Hence, these results support the formation of liquid

phase at the particle surfaces that in turn enhances the

densification. The calculated activation energy,

435 ± 11 (kJ mol–1) is very close to that of the YAG

enthalpy of fusion, 420 (kJ mol–1) [42], that is to

maintain the liquid YAG at the particle surfaces during

the process.

The formation of the liquid phase may also be

supported by the formation of the polyhedral-shape

faceted YAG single crystals within the closed cavities

by the evaporation–condensation mechanism. Since

the vapor pressure of YAG is relatively low at the

melting point, evaporation–condensation cannot be

regarded as a dominating mechanism for sintering, but

by-product of the liquid formation. However, in the

presence of liquid YAG, such an evaporation may be

enhanced and result in the microstructure observed in

Fig. 5.

Summary of SPS mechanisms

Analysis of the density and grain size versus the SPS

parameters and the observed microstructures reveal

that different mechanisms dominated the fast densifi-

cation to full density of nc-MgO and nc-YAG. Where

nc-MgO was densified by plastic deformation imme-

diate to the pressure application at the SPS tempera-

ture [5, 25] the nc-YAG did not plastically deform but

densified via the liquid phase. In both oxides, the

measured SPS temperatures were far below the melt-

ing temperatures (i.e. 0.31–0.34 Tm in MgO and

0.68–0.79 Tm in YAG). As was shown, the nc-YAG

powder particles apparently experienced very high

local surface temperatures which resulted in surface

melting. Despite these differences, the rapid densifi-

cation in both oxides can be described by existing

densification mechanisms, such as plastic deformation

(i.e. nc-MgO) and liquid phase sintering (i.e. nc-YAG).

These densification mechanisms are dictated by the

fundamental properties of these oxides such as their

crystal structure and defects. Magnesium oxide with

the Rock-salt crystal structure and ionic bond charac-

ter, is considered as a ductile ceramic, and undergoes
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plastic deformation at 700 �C and 100 MPa [25]. This

plasticity may be enhanced in the reducing atmosphere

(partial CO atmosphere in the SPS vacuum chamber),

where high concentration of oxygen vacancies may

enhance the metallic character of the neighbor Mg ions

[43]. The YAG crystal, on the other hand, has a Garnet

crystal structure with mixed covalent–ionic bonds [44]

and large Burger vector, thus barely undergoes plastic

deformation even at high temperatures [45].

Observation of the present findings and other SPS

experiments from the literature [1, 46–48] may point to

two competing densification processes during the SPS

that depend on the physical and morphological prop-

erties of the powder. Densification is controlled by

plastic deformation when the applied pressure is higher

than the yield stress at the SPS temperature. However,

plastic deformation is absent when the particle yield

stress is higher than the corresponding applied pres-

sure. On the other hand, the main electric power in the

SPS was found to be delivered by the component at

zero frequency in agreement with the static nature of

the applied dc field [15]. In this respect, the applied dc

field with zero frequency dictates the surface space

charge as a main polarization mechanism for the non-

conducting ceramic particles [49]. Accumulation of this

space charge by pulsed dc current and its concurrent

discharge are believed to cause the ionization of the

surrounding gas and plasma formation [2, 50], hence

the local surface heating and melting of the powder

[48].

High temperature plastic deformation due to the

applied pressure is expected to increase the solid–solid

(grain boundary) interfaces on the expense of the

solid–gas (free surface) interfaces. This will lead to a

decrease in the volume fraction of the available solid–

gas interfaces, and thus diminish the space charge

polarization effect. Consequently, plastic deformation

mechanism may dominate in densification of ceramic

particles with low yield stress. Particles with high yield

stress are expected to preserve their geometry and

morphology, and enhance the space charge build-up

during the repeated pulsed dc current. In such ceramic

particles, densification by liquid phase formation may

dominate. The crossover between the two densification

mechanisms depends on the SPS process parameters

[46], as well as on several mechanical, physical and

electrical properties of the ceramic particles and their

field and temperature dependence. This crossover may

also be controlled by the temperature at which the

pressure is applied.
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