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a  b  s  t r  a  c  t

Multiphase  (MP)  monoclinic  and  cubic  Y2O3 nanoparticles, 40 nm  in  diameter,  were densified  by  spark

plasma  sintering  for 5–15  min and100  MPa  at  1000 ◦C,  1100 ◦C,  and  1500 ◦C.  Densification  started with

pressure  increase at room temperature. Densification  stagnated  during  heating compared to the high

shrinkage  rate in  cubic singlephase  reference  nanopowder.  The  limited  densification of the MP nanopow

der  originated  from the  vermicular  structure (skeleton)  formed  during  the heating. Interface  controlled

monoclinic  to cubic  polymorphic  transformation  above  980 ◦C  led  to  the  formation  of large spherical

cubic  grains  within  the  vermicular matrix. This  resulted  in the  loss of  the  nanocrystalline character  and

low  final  density.

1. Introduction

Rapid sintering and densification of ceramic powders to full den

sity are nowadays a routine procedure, using the spark plasma

sintering (SPS) method. As  was noted in many hotpress stud

ies including SPS, the main densification shrinkage of the powder

aggregate takes place during the heating by particle sliding, to the

closepacked arrangement [1–4]. Further densification of the pow

der compact may be accomplished either by plastic deformation

or by diffusional processes, at the particle necks. Nevertheless, dif

fusional processes are inevitable during the final stage sintering,

when isolated pores form and can be  eliminated via bulk or grain

boundary diffusion [5,6]. Consequently, microstructure evolution

during the SPS process, due to the change in the process param

eters, such as temperature, pressure, time, atmosphere, vacuum

level, etc. may affect the densification mechanism. Many types

of phase transformations and transitions associated with crystal

symmetry changes involve changes in the microstructure and mor

phology [7]. Therefore, effects of the phase transformations during

the densification by SPS may be of prime importance to the densifi

cation process, as well as to the final phase assemblage in the dense

compact. The phase content and assemblage often have a consid

erable impact on the final properties of the sintered ceramic [8].

In this respect, Takeuchi et al. [9] investigated the densification of
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submicrometer size tetragonal BaTiO3 powders and found SPS to

be effective for preservation of the submicrometer size metastable

cubic BaTiO3 at room temperature. The preserved nanometric grain

size by SPS was also found to be a cause for the cubic phase stabi

lization at lower temperatures [10,11].

Kumar et al. [12] took advantage of the higher atomic mobil

ity near the Anatase to  Rutile phase transformation temperature to

enhance the densification of the TiO2 nanoparticles. SPS of mul

tiphase TiO2 (70% Anatase and 30% Rutile) with 20nm particle

size at 62 MPa for 5 min and 600 ◦C  resulted in complete phase

transformation to Rutile [13]. For comparison, only annealing of

the same precursor powder for 5  min at 600 ◦C preserved the

multiphase character of the powder. This exhibits the effect of

the applied pressure and possibly the electric field on the phase

transformation during the SPS. Fundamental investigation of the

current effect on solidstate reactivity during SPS was performed

on stacked Mo–Si–Mo layers [14]. No change in  the reaction mecha

nism was observed, albeit the enhanced growth rate of the reaction

product layer (MoSi2), which was related to the enhanced mobility

or the change in the defect concentration.

The present paper focuses on the effect of the polymorphic

phase transition on the microstructure and densification behavior

of multiphase Y2O3 nanoparticles during the SPS.

2. Experimental

Commercial pure (99%) multiphase (MP) Y2O3 nanopowder

(Neomat Co., Riga, Latvia) with average particle diameter of 40 nm

doi:10.1016/j.msea.2011.06.044



Fig. 1. Xray diffraction spectra from the Y2O3 nanoparticles. (a) Single phase (SP)

cubic. (b) Multiphase (MP) cubic +  monoclinic.

was used. A  second highly pure (99.99%) ncY2O3 powder (Cathay

Advanced Materials, China) with 100% cubic phase, designated as

single phase (SP), was  also  used as a  reference specimen [15]. Con

stant amount of  the powder sample was poured into the graphite

die using graphite foils (Grafoil) to separate between the powder,

the die walls and the plunger surfaces. The powders were sin

tered (Dr.  Sinter, SPS 2080) at different conditions for 5–15 min  and

100 MPa  at 1000 ◦C, 1100 ◦C, and 1500 ◦C. The starting temperature

was room temperature for the 1000 ◦C treatment (designated ‘cold

compaction’), but 600 ◦C  for the 1100 ◦C and 1500 ◦C treatments

(designated ‘hot compaction’). The uniaxial pressure was applied

either a few second after the process started or when the SPS tem

perature was reached. In both  cases, the pressure was  increased

linearly with time, and held constant during the isothermal treat

ment at  the SPS temperature. The process duration refers to the

isothermal SPS treatment. A heating rate  of 100 ◦C/min and vac

uum level of  3  Pa has been used; the pulse duration was 3.3 ms.  The

SPS parameters were recorded during the process. The tempera

ture was controlled by a thermocouple for ‘cold compaction’, while

an optical pyrometer was  used above 600 ◦C for ‘hot compaction’

and at higher temperatures. The final  specimen dimensions were

8 mm in diameter and 1.7–2.5 mm  thick. The ram displacements

were expressed in terms of the linear shrinkage and the temporary

relative density, following the specimen thickness versus time, tak

ing into account the thermal expansion/shrinkage behavior of  the

specimen and the  graphite plungers [15].

The phase content of the asreceived nanopowders and the sin

tered specimens were characterized by Xray diffraction using a

diffractometer (Philips PW 3710) with monochromatic Cu  Ka radi

ation (XRD), operated at 40 kV and 30  mA.  A scanning speed of

0.5◦/min has  been  used. The microstructures were characterized

using transmission (TEM, FEI Tecnai G2 T20, operated at 200 kV)

and scanning (FEI ESEM Quanta 200, operated at 20  kV) electron

microscopes. The specimens for the electron microscopy observa

tions were prepared by the conventional methods. The thermal

stability of the nanopowders was characterized using differential

scanning calorimetry (Labsys 1600, Setaram) up to 1400 ◦C in Argon

atmosphere, at a heating rate of 5 ◦C/min. The final density of the

specimens was determined by  the Archimedes method following

ASTM standard C 2092 (±0.5% accuracy).

3. Results

Xray diffraction spectra from the asreceived nanopowders are

shown in Fig. 1. The single phase (SP)  Y2O3 nanopowder with cubic

symmetry  (JCPDS 411105) was  characterized in detail elsewhere

[16] (Fig. 1a), whereas the multiphase (MP) nanopowder revealed

polymorphs with cubic and monoclinic (JCPDS 391063) symme

tries (Fig. 1b). Quantitative analysis of  the spectrum in Fig. 1b,

assuming a powder mixture [17], resulted in 30% cubic and 70%

monoclinic phase in  the nanopowder. These results were in agree

ment with the 25:75 cubic to monoclinic phase ratio determined

by others [18].

TEM  observation of the two  powders (not shown here) exhibited

spherical morphology for the multiphase powder, compared to the

equiaxed polyhedral shape for the cubic, single phase powder [16].

Both powders exhibited lognormal grain size distributions, with

average grain size of  18  ± 8  nm and 41 ± 22 nm for the single phase

and the multiphase powders, respectively.

XRD spectra from the MP  nanopowder compacts, subjected to

SPS for 5 min  at 100  MPa and at different temperatures (Fig. 2a),

showed the transformation of the metastable monoclinic poly

morph to  the stable cubic  phase  to occur at 1100 ◦C. However,

further XRD characterization of  the MP  nanopowders sintered

for different durations at 1000 ◦C and 100 MPa  (Fig. 2b) revealed

the continuous nature of  the phase transformation kinetics

already at this temperature. The monoclinic to cubic polymorphic

phase transformation was not completed, even after 15 min  SPS

duration.

Following the above phase transformation in  the sintered

specimens, the thermal stability of both nanopowders were char

acterized by  DSC (Fig. 3). At the stage where the finer, cubic SP

nanopowder was relatively stable, the corresponding curve from

Fig. 2.  XRD spectra of the  asreceived MP  Y2O3 nanoparticles, after sintering (a) for

5 min  at 1000 ◦C,  1100 ◦C,  and 1500 ◦C. (b)  At 1000 ◦C for 5,  10, and 15 min.



Fig. 3. Differential scanning calorimetry from nanocrystalline Y2O3 .  (a) Single phase

(SP) cubic. (b) Multiphase (MP) cubic + monoclinic.

the MP nanopowder exhibited a strong exothermic peak starting

at ∼980 ◦C, with the maximum around 1200 ◦C. This is in  agree

ment with the expected monoclinic to cubic phase transformation

reported at ∼950 ◦C  [19], and in agreement with the XRD results.

Therefore, special attention was  paid  to this phase transformation

during the densification by SPS.

Following the densification behavior of the two nanopowders,

several important features were observed. First, a very rapid com

paction of  the MP  powder was directly associated with the pressure

when applied at room temperature (Fig. 4a); this room tempera

ture compaction with the pressure increase persisted for all SPS

temperatures investigated. However, further densification at ele

vated temperatures depended on  the final  SPS temperature. In the

1000 ◦C ‘cold compaction’ treatment (Fig. 4a),  the density increased

Fig. 4.  Relative density–time–temperature–pressure dependencies during SPS of

(a) MP  and (b) SP Y2O3 nanoparticles at  1000 ◦C  for 5 min  and  100 MPa.

simultaneously with the pressure increase from room temperature

(i.e. SPS starting time), and leveled at 67% within 2 min,when the

pressure reached its maximum value (100 MPa). Since  the temper

ature was  increased only after 5 min  from the SPS start (Fig. 4a),

the observed densification at room temperature can  be related to

particle sliding with negligible contribution from the diffusional

processes. However, negative ram displacement was  recorded at

∼600 ◦C during heating at a constant pressure. This displacement

could be associated with a  certain decrease in  density, but as  it  is

ceased when the SPS temperature of 1000 ◦C  was  reached, it  can

be related to the thermal expansion mismatches between that of

the graphite plungers and the close packed nanoparticle network.

Apparently, the close packed nanoparticles undergo surface dif

fusion during the heating to form a rigid skeleton. In such a case,

the rigid skeleton may  oppose further shrinkage under the con

stant pressure; if the thermal expansion of this skeleton is higher

than that of  the graphite plunger, negative ram  displacement may

occur. (Negative displacement due to thermal expansion of the

graphite mold, plungers and spacers is  usually observed with the

increasing temperature using blank specimens.) This aspect will be

discussed later in detail. The density did not change significantly

during the SPS isotherm. In addition, increase in the SPS duration

to 10 and 15 min  resulted in higher densities of  74.6 and 76.0%,

respectively.

Densification of the SP reference Y2O3 nanopowder was recently

investigated in detail under similar SPS conditions [20]. Some of

the results will be  used here  for comparison. The density of  the SP

reference specimen at 1000 ◦C treatment increased with the pres

sure increase at room temperature (Fig. 4b), although it leveled off

at a  much lower density of  42%. However, in contrast to the MP

nanopowder, further increase in the density was observed during

the heating process. Densification was  accelerated around ∼680 ◦C

and reached its  maximum value of 93% around ∼880 ◦C, before the

final SPS temperature of 1000 ◦C  was reached.

The heating rate  to the SPS temperature of  1100 ◦C was of ‘hot

compaction’ and differed from that at 1000 ◦C.  In this respect, a

heating pulse was  used to reach 600 ◦C within 3  min  under the

holding pressure of  2 MPa (Fig. 5a). This was followed by  heat

ing to  1100 ◦C for additional 5 min.  Then the pressure was  linearly

increased to 100 MPa, resulting in simultaneous increase in the

density to its final value of 66%; no further densification was

observed at the SPS isotherm. Similar densities (i.e. 63.4 and 62.8%)

were reached with further increase of  the SPS duration to 10

and 15 min,  respectively. Comparison between the densities mea

sured at two  SPS regimes, i.e. at 1000 ◦C and 1100 ◦C, revealed that

the application of pressure at the beginning (‘cold compaction’)

resulted in  higher densities.

The  corresponding SP  specimen exhibited significant increase

in the density during the heating process between 800 ◦C and

∼1050 ◦C, under the 2 MPa  holding pressure only  (Fig. 5b) [20].

The maximum displacement/(shrinkage) rate was 10−2 mm s−1.

This indicated the high capillary forces in the SP to drive  den

sification, in contrast to the MP powder, where no densification

was recorded during the heating up. A  higher densification

rate (1.5 × 10−2 mm s−1) was  measured when the pressure was

increased to its maximum value. A  final density of  93%, which is

higher than that of  the MP  specimen, was  reached.

The densification behavior in  the MP  specimen at 1500 ◦C is

shown in  Fig. 6, as in the other experiments, a very fast den

sification rate (1.5  × 10−2 mm  s−1) was  recorded simultaneously

with the pressure increase. However, in this ‘hot compaction’

experiment (i.e., a heating pulse to 600 ◦C was applied before the

pressure was  increased), densification ceased when the maximum

pressure was reached. Density was stagnated during further heat

ing up  to 1350 ◦C, where an additional rapid densification rate

(5 × 10−3 mm  s−1) up to the final density was recorded. During



Fig. 5. Relative density–time–temperature–pressure dependencies during SPS of

(a) MP  and (b) SP Y2O3 nanoparticles at  1100 ◦C for  5 min  and  100 MPa.

the period of density stagnation (i.e.,  between 200 and 650 s  in

Fig. 6), the pressure experienced two disturbances expressed by

a decrease of 8–10 MPa  in the recorded pressure. These decreases

in pressure occurred around 1030 ◦C and 1280 ◦C,  and were recov

ered at 1130 ◦C and 1350 ◦C, respectively. The second pressure

recovery (increase) was responsible for the repeated increase in

densification at 1350 ◦C, as was mentioned above. These pressure

disturbances are  associated with increase in  the resistance of  the

nanoparticles to undergo sliding, whether due to the formation

of a rigid skeleton or  jamming of the agglomerated nanoparticles.

In either case, thermal expansions of both  the graphite plungers

and the specimen together with the lack of plasticity in the speci

men, introduce internal compressive stresses. Since the external

pressure applied in the system is  regulated to remain constant,

its actual value should decrease in  order to balance the internal

Fig. 6. Relative density–time–temperature–pressure dependencies during SPS of

MP cubic Y2O3 nanoparticles at 1500 ◦C  for 5 min  and 100 MPa.

Fig. 7.  SEM image showing the  homogeneous distribution of the spherical grains

throughout  the specimen sintered at 1100 ◦C for 5 min  and 100 MPa  using multi

phase  Y2O3 nanoparticles.

thermal pressures formed. This may  lead to the disturbances and

decreases observed in the present SPS experiments.

SEM images from  the specimens sintered at 1100 ◦C for differ

ent durations (i.e. 5 min, Fig. 7) showed homogeneous distribution

of many spherical shape grains throughout the matrix of the MP

Y2O3 nanoparticles. The largest diameter of  the spherical grains

was ∼15  mm after 5 min, and ∼60 mm after 10 min  durations, with

very wide grain size distributions. These spherical grains exhibited

a low volume fraction of  the specimens even after 15 min  of sinter

ing at 1100 ◦C. These spherical grains were absent after sintering

at 1500 ◦C; a regular polyhedral shape grain microstructure was

observed.

TEM images from the specimens sintered at different temper

atures clearly revealed the microstructure evolution during the

SPS. First, at 1000 ◦C  and 1100 ◦C, close to the phase transfor

mation temperature, many polycrystalline spherical particles of

submicrometer and micrometersize in  diameter were observed

within the porous nanoparticle matrix (Fig. 8a).  Higher magnifica

tion proved the internal structure of the large particles (Fig. 8b  and

c) to be composed of subgrains separated by dislocation networks;

in some occasions, internal submicrometersize pores were also

observed. The matrix was  comprised of partially sintered nanopar

ticles which formed a porous network resembling the vermicular

structure (the upper part  in Fig. 8b). Detailed examination of the

interface between the spherical particles and the vermicular struc

ture revealed that the former grow on the account of the porous

nanoparticle skeleton (Fig. 8c). Selected area diffraction patterns

confirmed the cubic crystal symmetry of the spherical particles

(Fig. 8d). Therefore, it  seems that the spherical particles present

nucleation and interfacecontrolled growth of the cubic grains on

the account of  the monoclinic nanoparticles.

Finally, TEM images from the 1500 ◦C  treated specimen,

shown in Fig. 9, exhibit the micrometer size polyhedral shape

grains with nanometric closed pores. Many grains were com

prised of subgrains separated by dislocation networks (Fig. 9b).

A few nanometer size grains and closed pores were still

visible along the subgrain boundaries and at their corners

(arrowed in Fig. 9b). This microstructure can be considered as

an almost fully transformed version of  the vermicular structure

to the cubic grains. The microstructure evolution in the refer

ence singlephase cubic nanoparticle compacts during the SPS

were described in detail elsewhere [15,16,20]. At  SPS temper

atures below 1100 ◦C,  the nanometric character of the dense



Fig. 8. TEM images showing the (a) nucleation and growth of  the  spherical cubic Y2O3 grains on account of the multiphase nanocrystalline matrix at 1000 ◦C. (b) Higher

magnification of (a)  showing the vermicular structure of the matrix nanoparticles. (c)  The interfacecontrolled growth of the  spherical cubic grains at 1100 ◦C. (d) Selected

area diffraction pattern confirmed the cubic symmetry of the spherical Y2O3 grains.

compacts was preserved. However, significant grain growth to

micrometersize grains was observed at higher temperatures [16].

The microstructural evolution associated with the polymorphic

phase transformation is the basis for the observed densification

behavior of the multiphase nanoparticles and will be discussed

below.

4. Discussion

The  observed densification behavior of  the two  nanopowders

can be explained by the metastable nature of  the monoclinic poly

morph. The monoclinic phase is a high pressure version of Y2O3,

but can be retained in a metastable state  at the atmospheric

conditions when in  the nanoparticle form. These aspects of poly

morphism, especially in the Y2O3 nanoparticles, were discussed

in detail elsewhere [19,21,22]. Although both powders exhibited a

close to nanocrystalline particle size (18nm vs. 41nm), the sur

face enthalpy of  the monoclinic polymorph is significantly higher

(2.78 J  m−2) than that of the cubic phase (1.66 J  m−2) [19]. There

fore, the highly active surfaces of  the monoclinic nanoparticles

act as an efficient driving force for  lowtemperature sintering

and neck formation. This type  of high sinterability is well  char

acterized in transition alumina (galumina) and lead to rapid

formation of a rigid porous skeleton by  surface diffusion at low

temperatures  [23]; the resultant vermicular structure leads to

lowdensity sintered compacts. In this respect, consolidation of

alumina nanoparticles by SPS showed enhanced densification of

the aalumina compared to that of transition galumina [24].

Surprisingly, dense aalumina was obtained at a  considerably

lower SPS temperature, albeit originally with a  larger particle size.

This behavior was related to g → a  phase transformation during

the SPS, which in turn  led to the formation of  the vermicular

structure.

The theoretical densities of the cubic (c) and monoclinic (m)

Y2O3 polymorphs are 5.030 g cm−3 and 5.468 g cm−3,  respectively

[19]. Consequently, the polymorphic m → c  phase transforma

tion is  associated with ∼8% volume increase. Nevertheless, the

DSC results indicated the polymorphic transformation temper

ature to be around 1000 ◦C,  where a rigid skeleton of m Y2O3

has been  developed fairly well. On one hand, the kinetics of this

interfacecontrolled polymorphic phase transformation is more

sluggish compared to the SPS heating time scale, as evidenced

by XRD analysis. On the other hand, the presence of the nano

pores within the spherical particles is  an  evidence for a very rapid

interfacecontrolled process (i.e. nanopores were not annealed by

diffusion). Consequently the change in  the compact volume dur

ing the heating, due to the phase transformation, may be marginal.

Similar effects were reported during densification of  Si3N4 with



           

Fig. 9. TEM images showing the (a) micrometersize cubic grains formed at 1500 ◦C.

A few pores are visible along the  grain boundaries. (b) Many subgrain boundaries

decorated  with dislocation networks and  nanograins were present (arrowed).

metallic sintering additive by  SPS [25], where significant shrink

age occurred by particle rearrangement and while a  liquid  phase

was formed. However, minor shrinkage was observed when phase

transformation and grain growth via solutionreprecipitation took

place.

Based on the microstructure developed in the multiphase

nanoparticle compacts, the following processes may be considered.

First, the application of external pressure at room  temperature

enables particle sliding and rearrangement. The early and rapid

densification stage ceases when reaching the maximal pressure

applied. Second, highly reactive surfaces of  the m nanoparticles

enable enhanced neck formation and growth by surface diffusion

during the heating. The partially sintered m nanoparticles form

a rigid and porous skeleton with a  vermicular structure which

opposes further densification by particle sliding. At and above the

polymorphic m → c  phase transformation temperature, nucleation

of the stable c  phase  takes place, homogeneously throughout the

porous skeleton (the homogeneous/heterogeneous nature of the

nucleation event was not investigated here). Further growth of  the

cubic nuclei by this interfacedcontrolled transformation results

in spherical polycrystalline particles. Apparently, the 8% volume

increase  accompanied to the transformation, is not sufficient to

overcome the volume constraints imposed on  the growing spher

ical particles within the rigid porous matrix. Consequently, the

elastic constraints may  be reduced by  the formation of dislocation

networks and subgrains, which, in turn, grow on the account of

the m + c nanoparticles, at their growing front. When the rapidly

growing front of the spherical particle faces a large cavity of  the

vermicular structure, it may  surpass it, due to insufficient time for

diffusion, resulting in  occluded nanopores. At higher temperature,

when the phase transformation is accomplished, particle sliding,

dislocation creep, and grain growth may  be responsible for the later

stage densification close to full density.

Finally, the effect  of  the volume change during the polymor

phic phase transformation to densification of the multiphase Y2O3

nanoparticles was negligible. Nevertheless, the metastable nature

and the high surface activity of this polymorph were the major

cause for the formation of  the vermicular structure, which in turn,

inhibited the densification during the heating by SPS. The interface

controlled character of  the transformation led to the formation

of very large cubic grains, responsible for the loss of  nanometric

character of  the compact subjected to  densification.

5. Summary

Spark plasma sintering of the multiphase monoclinic and cubic

Y2O3 nanoparticles at 1000 ◦C  exhibited limited densification

compared to the rapid densification of  the cubic singlephase coun

terpart. XRD of the multiphase sintered compacts revealed that the

polymorphic monoclinic to cubic phase transformation occurred

during the SPS around 1000 ◦C,  and was completed by reaching

1100 ◦C. The metastable monoclinic phase led to rapid neck forma

tion during the heating which resulted in  a vermicular nanometric

matrix with open porosity network; this limited further densifi

cation of the multiphase nanopowder and ended in very low final

densities. At SPS temperatures above the polymorphic transforma

tion temperature, homogeneous nucleation of  the spherical cubic

Y2O3 grains  was observed within the vermicular matrix. This inter

face controlled monoclinic to cubic phase transformation resulted

in the loss of  the nanocrystalline character of the compact. SPS of the

multiphase nanoparticles at 1500 ◦C showed similar densification

behavior as the pure cubic Y2O3, resulting in a dense microstructure

and coarse micrometersize polyhedral shaped grains.
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