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Abstract Nanocrystalline YAG powders with 34-nm

average particle size were cold isostatic pressed (CIP)

between 10 and 240 MPa to form compacts with 43–52%

green densities. Spark plasma sintering (SPS) was per-

formed for 5 min at 1,400 �C and 90 MPa using clusters of

three disc specimens packed in series with the electric field

direction. The pore size and its volume fraction decreased

with the increase in the CIP pressure. The final density

varied between 86% and 99% and strongly depended on

the specimen location in the series. Density, grain size, and

pore size analyses showed that the specimens facing the

electric current experienced higher SPS temperatures.

Possible temperature gradient due to axial displacement of

non-conducting oxide was too low to explain the observed

effect. Effect of the green density on the final density was

marginal.

Introduction

Spark plasma sintering (SPS) is a novel hot-pressing tech-

nique used for rapid densification of ceramic powders

within a few minutes. It necessitates high heating rates from

300 to 600 �C/min which were achieved by application of

high-density pulsed dc electric current at low voltages

[1–3]. The advantage of the SPS technique is also attributed

to its versatile nature, where both the powder and the pro-

cess parameters can be controlled and affect the sintering

and densification as well as other material processes [4–7].

Therefore, SPS has recently been used for the processing of

many different materials and functionalities [8].

SPS provides the conditions for preservation of the

nanocrystalline character during densification of ceramics

[9–12]. However, it was shown that full densification

necessitated diffusional processes in order to anneal out the

closed pores at the grain boundaries. This in turn may lead

to the loss of the nanocrystalline character by enhanced

grain growth at the final stage of sintering [13]. In con-

ventional sintering, wide pore size distribution as well as

large pores in the green compact—compared to the particle

size—may result in more stable residual pores due to dif-

ferential shrinkage [14, 15]. Cold isostatic pressing (CIP) is

used for reduction of the pore size in general and to

homogenization of its distribution throughout the green

specimen, in particular. Densification of YAG and

Nd-YAG nanoparticles was recently investigated and the

underlying densification mechanisms were revealed [16,

17]. This study investigated the effect of the green density

on densification of YAG nano-powders. The experimental

findings highlighted the effect of the electric field direction

on the densification behavior.

Experimental procedure

Pure commercial YAG nano-powder (Nanocerox, U.S.A)

with average particle diameter of 34 nm was used, the

characteristics of which were given in detail elsewhere

[16]. Large series of green compacts were prepared by uni-

axial pressing of 1 g nano-powder at 17 MPa into discs of

12 mm in diameter and of 3.87-mm average thickness. The

resultant green discs were further cold isostatic pressed

(CIP) at different pressures between 10 and 240 MPa. The

compact green density was determined by weighing.
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Selected specimens differing in their CIP pressure were

used for porosity tests using Mercury porosimeter (Mac-

ropore 120). The green compacts were fired in air at

800 �C for 2 h at the heating and cooling rates of 20 �C/

min prior to the porosity test. This firing was accompanied

by *1% linear shrinkage; hence, it did not affect the

porosity character; it formed necks between the nano-par-

ticles so that the skeletal integrity of the compact is

preserved during the Hg intrusion and extrusion.

SPS experiments were performed using the SPS appa-

ratus (FCT Systems GmbH, Germany). Each SPS run

included three disc specimens located within a graphite die,

separated from each other and from the die surface by

graphite foils (Fig. 1). In this respect, the three specimens

were packed and aligned in series with the SPS electric

field. All the SPS runs were performed for 5 min at

1,400 �C and 90 MPa using the heating rate of 150 �C/min.

The average current density was 550 A cm-2 at 4 V; the

pulse and pause durations were 5 and 2 ms, respectively.

Finally, the batch was cooled to room temperature at a rate

of 117 �C/min during which the load was released simul-

taneously. The final density of the specimens was measured

by the Archimedes method using distilled water as the

immersion liquid; the relative density was calculated

assuming a theoretical density 4.5533 g cm-3. The speci-

mens were numbered in order to follow their process

history for comparison.

Scanning electron microscopy (SEM, LEO Gemini 982)

operated at 4 kV was used for microstructure character-

ization of the dense specimens. SEM specimens were

prepared by mechanical polishing down to 1 lm, followed

by thermal etching at 1,180 �C for 30 min and carbon

coating. The grain size and its distribution were determined

by image analysis using Scion image (NIH), where more

than 400 grains were counted for each specimen.

Results and discussion

The green density of the compacts showed large scatter

with respect to the CIP pressure (Fig. 2). Nevertheless, the

general trend of linear increase with the CIP pressure can

be observed as shown by the leading lines in Fig. 2.

Specimens at three different CIP pressures, which vary in

their green density (filled circles in Fig. 2) were used for

the porosity tests.

The intruded Hg volume versus pore radius in Fig. 3

revealed the pore size distribution in the fired specimens.

Fig. 1 Set-up of the three specimens in series with respect to the

electric field and current
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Fig. 2 Green density versus CIP pressure of YAG nano-powder com-

pacts. The filled circles represent the specimens used for porosimetry
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Fig. 3 Intruded Hg volume exhibit nanometric, micrometer (single

arrow) and sub-micrometer size pores (double arrow) in CIPed nc-

YAG. The average nanometric pore size between 20 and 30 nm

decreases with the increase in the CIP pressure (insert)
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The main pore volume is related to the many nanometric

pores (see inset in Fig. 3) with average pore radius between

20 and 30 nm. Low fraction of this pore volume can be

related to a fewer micrometer and sub-micrometer size

pores. The larger pores diminished at higher CIP pressures;

the average nanometric pore size and its volume decreased

as well with the increase in the CIP pressure.

The final density after SPS versus the green density

showed large scatter (Fig. 4). The final density generally

increased with the increase in the green density. However,

the final density was strongly associated with the speci-

men’s location, with respect to the incoming electric

current. The specimens facing the electric current (i.e., 1st

in the row in Fig. 4) exhibited higher densities than those

located as second or third (i.e., backing the electric current)

in the row. The dashed line in Fig. 4 highlights this trend.

Only one exception was found where specimen located at

the center (i.e., 2nd in the row) with lowest green density

(45%) exhibited very high final density (97.5%). The

present findings may indicate that the specimens facing the

current experienced the highest temperature, while those

located as the third in the row experienced the lowest

temperature in the same SPS run. It may have an important

impact for re-evaluation of the symmetrical temperature

gradients assumed along the disc/cylinder thickness in

finite element analyses of the SPS process [18–22]. Once

the direction of the electric field and the electrical con-

ductivity of the specimen were considered, asymmetric

electrical potential with higher values at the specimen

surface facing the current flow were calculated [23]. This is

in agreement with the present experimental findings.

On the other hand, modeling the current distribution

during SPS of non-conducting material (alumina) [8]

indicated that axial displacement of the specimen changes

its temperature; for a 3-mm thick specimen the axial

temperature change was calculated as *17 �C/mm. Using

those calculations (Fig. 14 in Ref. 20) and the densities and

dimensional changes measured in our nc-YAG specimens,

the specimens facing (1st row) and backing (3rd row) the

current may experience temperature gradient up to 62 �C

(77 �C for the maximal displacement and 15 �C for the

minimal displacement). Yet, it should be noted that the

calculations in the above model were performed assuming

the electrical resistivity of Alumina to be constant with

temperature (i.e., 108 Xm) [20]. Since electrical conduc-

tivity of most oxides increases exponentially with

temperature, the expected temperature gradient between

the externally located specimens (1st and 3rd row) should

be far lower, because of the axial displacement during the

SPS. Consequently, the observed differences in the final

densities are too high to be related to the temperature

change due to the specimen axial displacement. This is in

agreement with the temperature gradient assumption along

the die axis due to axially asymmetric current flow: spec-

imens facing the current flow experienced higher SPS

temperatures than those at the back.

Apparently the effect of green density on final densifi-

cation of the specimens faded due to the limited range of

the former (from 43 to 51%), combined with strong tem-

perature effect caused by the relative location of the

specimens. The temperature effect due to the current

asymmetry along the pressing axis can further be supported

following the average grain size and pore size in the

studied specimens, as shown in Fig. 5. The average grain

size and pore size were both in the nanometer size range.

The average grain size increased with the increase in the

final density (Fig. 5a) and was consistent with higher

temperatures assumed for the specimens facing the electric

current. Accordingly, the average pore size decreased with

the increase in final density (Fig. 5b). The trajectories of

the grain size and pore size versus final density were shown

by arrows and followed the temperature increase as

expected.

It is worth to note that both the grain size-density and

the pore size-density trajectories span over a wide range of

values, the boundaries of which are schematically drawn by

the solid lines in Fig. 5a and b, respectively. Following this

trend, two specimens facing the electric current (1st in the

row) but showing distinctly different characteristics were

compared, i.e., 94.5% dense specimen with 520 ± 20-nm

grain size (CIPed at 150 MPa, green density 51%) versus

denser specimen with 99.0% density and 340 ± 10-nm

grain size (CIPed at 200 MPa, green density 49%)

(Fig. 5a); these specimens were designated, respectively,
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Fig. 4 Final density versus the green density. The specimens facing

the electric current (1st in the row) exhibited higher final densities

compared to those in the second row and third row (backing the

current). The dashed line highlights the relative location of the

specimens only
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as ‘A’ and ‘B’ (denser) in Fig. 5a. The sintered micro-

structure of these two specimens in SEM significantly

differed from each other. Specimen A was composed of

grains that exceeded the micrometer size with large size

distribution (Fig. 6a). Many isolated pores were found at

both the grain boundaries and the grain interiors. In con-

trast, specimen B exhibited nanometric grain size below

650 nm and relatively narrow grain size distribution

(Fig. 6b); no pores were observed within the grains. In

order to compare the resultant microstructures with respect

to their evolution during the SPS, the corresponding

shrinkage curves versus temperature and duration are

shown in Fig. 7. It was apparent that shrinkage took place

during both the heating and at the SPS temperature. The

total shrinkage during both the heating (3.6 vs. 3.8 mm)

and at the SPS temperature (4.8 vs. 5.2) were comparable.

The main difference was the immediate and time-inde-

pendent initial shrinkage. It started in specimen A at

770 �C and 70 MPa, compared to 700 �C and 62 MPa in

specimen B; the absolute shrinkage value was three times

higher in specimen A compared with specimen B (3.2 vs.

1 mm). This difference is the main cause for the different

density and grain size observed in these specimens, as will

be shown below.

Recently, we thoroughly investigated the densification

of the same nc-YAG powders by SPS [16, 17, 24]. It was

shown that YAG exhibits very high yield stress above

*800 MPa at 1,500 �C [25]; it cannot be plastically

deformed during the SPS under 90 MPa pressure. Never-

theless, the analysis of the grain growth kinetics and the

microstructure evolution were in agreement with densifi-

cation through grain rotation and sliding aided by surface

viscous layer [16]. Following this mechanism, the imme-

diate initial shrinkage in the studied specimens can be

related to particles sliding over each other. On the one

hand, the nano pore size and the micrometer pores were

found to decrease in their size and volume fraction at

increased CIP pressure. On the other hand, the decrease in

the nanostructure features (particle and pore size) was

shown to enhance the conditions for plasma formation, i.e.,

at lower input energy. These trends are consistent with the

expectation for the lower immediate shrinkage observed in

B specimen at lower temperature and pressure (Fig. 7b).

However, the main shrinkage in specimen B is time
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Fig. 5 a The increase in average grain size and b the decrease in

average pore size with the increase in the final density, as shown by

the trajectories (arrowed) that follow the temperature increase due to

the specimen location in the row. The specimens ‘A’ and ‘B’ in (a)

are discussed in the text

Fig. 6 SEM images showing

the nc-YAG microstructure

a 94.5% dense specimen with

520 ± 20 nm grain size, and

b 99.0% dense specimen with

340 ± 10 nm grain size. The

residual pores are visible in

(a) but lack in (b)
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dependent during the heating and enables steady state

sliding of the nano-particles; enough time is provided for

the pores to be released from the evolving dense nano-grain

clusters. In contrast, the higher immediate initial shrinkage

in specimen A, which occurred at slightly higher temper-

ature and pressure (Fig. 7a), is associated with dynamic

compaction of the nano-particles. Consequently, the pores

are trapped in the immediately densified nano-grain clus-

ters, and their annealing out may necessitate lattice

diffusion at high temperatures and for long durations,

especially when the clusters undergo coarsening. In sum-

mary, the three fold higher rapid densification in specimen

A at 800 �C provides locally dense regions that coarsen in

contrast to slower densification rate and finer grains which

evolve in specimen B. These processes are in agreement

with the microstructures observed above. Similar effects

and mechanisms were found and reported when changing

the temperature at which the pressure is applied to the

green compact [17].

Finally, a possible effect of the applied pressure gradient

in the cluster of the three discs due to frictional forces

should be evaluated. Graphite foils were used as high-

temperature lubricants to separate between the specimens

as well as between their surfaces and the die/punch sur-

faces (Fig. 1). For such compaction configuration with the

height-to-diameter ratio of 1/3, the axial stress ratio for the

bottom/top of alumina compact was 80% [26, 27]. There-

fore, the applied pressure may be lower, i.e., 80 MPa in the

specimens backing the current. In this respect, the effect of

the applied pressure (50 and 100 MPa) on the final density

of similar nc-YAG powders was investigated [28]. Appli-

cation of these pressures for 3 min at 1,400 �C resulted in

only 1% difference in the resultant densities. However,

much larger density difference of 11% was recorded when

the PS temperature was lowered only by 50–1,350 �C [28].

Recalling for our data, the reduced applied pressure of

80 MPa at 1,400 �C may not be responsible for the 10–

15% difference density between the specimens facing and

backing the current (Fig. 5). Nevertheless, the reduced

applied pressure combined with the reduced SPS temper-

ature may be responsible for the lower densities of the

specimens backing the current.

Conclusions

The effect of CIP pressure and green density on the final

density of nc-YAG densified by SPS was low to marginal,

most probably because of the narrow range of the green

density investigated. Apparently, efficient particle rear-

rangement takes place during the pressure application in

SPS that screens the effect of the inherited green density

from the CIP. This is in accordance with the rapid densi-

fication reported between 1,250 and 1,400 �C where

enhanced particle surface diffusion exist [16].

Increase in the average grain size and decrease in the

average pore size with increase in the final density showed

the trajectories that followed the temperature increase.

Effect of the electric current (field) direction on the spec-

imen density (hence specimen temperature) was clearly

observed, indicating the existence of asymmetric temper-

ature gradient along the die axis. Specimens facing the

incoming current exhibited higher densities than those

backing the current flow. The contribution to the axial

temperature gradient due to the electrically non-conductive

specimen and the axial displacement are too insignificant to

explain the observed effect.
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