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Abstract

The high sintering temperature required for aluminum nitride (AIN) at typically 280@ an impediment to its development as an engineering
material. Spark plasma sintering (SPS) of AIN is carried out with samarium oxidgd$ras sintering additive at a sintering temperature

as low as 1500-160C. The effect of sintering temperature and SPS cycle on the microstructure and performance of AIN is studied. There
appears to be a direct correlation between SPS temperature and number of repeated SPS sintering cycle per sample with the density of the
final sintered sample. The addition of 83 as a sintering aid (1 and 3 wt.%) improves the properties and density of AIN noticeably. Thermal
conductivity of AIN samples improves with increase in number of SPS cycle (maximum of 2) and sintering temperature (up@).1600
Thermal conductivity is found to be greatly improved with the presence ef0gras sintering additive, with a thermal conductivity value

about 118 Wm?! K1) for the 3 wt.% SmOs-doped AIN sample SPS at 1500 for 3 min. Dielectric constant of the sintered AIN samples

is dependent on the relative density of the samples. The number of repeated SPS cycle and sintering aid do not, however, cause significant
elevation of the dielectric constant of the final sintered samples. Microstructures of the AIN samples show that, densification of AIN sample

is effectively enhanced through increase in the operating SPS temperature and the employment of multiple SPS cycles. Additgn of Sm
greatly improves the densification of AIN sample while maintaining a fine grain structure. Tf@;Simpant modifies the microstructures to
decidedly faceted AIN grains, resulting in the flattening of AIN-AIN grain contacts.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction temperatures above 18003 Furthermore, sintering at
high temperatures is undesirable from the vantage point of
The recent advancement in the density and performancea mass production systeéfand may promote significant
of integrated circuits at higher and faster clock speeds hasgrain growth, causing a reduction of mechanical strefgth.
infused an acute prerequisite for enhanced thermal managetn addition, as oxygen can easily dissolve in the AIN lat-
ment of electronic chips.The commercial importance of tice, or at the grain boundary to form defects that scatter
aluminum nitride (AIN) stems from its high thermal conduc- phonons, the thermal conductivity of sintered AIN ceramics
tivity and moderately low dielectric constahMoreover, the s inadvertently reduced, significanfiyn order to lower the
thermal coefficient of AIN matches well with that of silicon, sintering temperature and remove the oxygen atoms from

and it displays desirable properties like high thermal resis- the grain boundaries and lattices, so as to improve the ther-
tance and thermal shock behavior. With these exceptionalmal conductivity, sintering additives such as(%,” Ca082

properties, AIN is considered to be a potential candidate for Sm,04571011 and Cag!%13 have been studied. Among
high performance substrate material. these additives, rare earth oxides(4, SmpOs etc.) have

However, due to the covalent bonding, and small self- proved to be the most effective sintering additive¥et,
diffusion coefficients of constituent elements, full densi- due to the high liquidus temperature of AIN-8;-Re.O,
fication of pure AIN is difficult to attain, even at high (Re: rare earth), purification of AIN lattice still initiates at

a temperature higher than 180D.>
* Corresponding author. Tel65-6-791-1859. In order to enhance AIN densification at relatively low
E-mail address. mkakhor@ntu.edu.sg (K.A. Khor). processing temperatures, one can introduce some less ef-

0955-2219/$% — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2003.12.020



1058 K.A. Khor et al. / Journal of the European Ceramic Society 25 (2005) 1057-1065

fective low melting point additives like Ca®pr use fine ferent isothermal SPS duration, sintering temperatures and
grain size raw powders. However, the side effects of thesenumber of repeated SPS cycles are employed as sintering
methods are compromised materials properties, and highconditions.
materials cost:1* Another way is to introduce advanced
sintering methods such as spark plasma sintering.

Spark plasma sintering (SPS) is a recently developed?2. Experimental materials and procedure
densification method by which powders can be sintered
very rapidly at relatively low temperaturé$:2® In the Commercial AIN powder (A1120, Cerac Specialty Inor-
SPS process, a pulsed direct current (dc) is applied to theganic, purity, USA, 99.8%) was used for the study. The av-
sintering powder, and the activation of powder particles is €rage grain size was measured with a laser-diffraction par-
thought to be achieved through the application of electrical ticle size analyzer. The analysis was performed with ultra-
discharges. The sintering mechanism of SPS can be foundsonic option to de-agglomerate the powde&g. 1(a)shows
elsewhere in the |iteratu|?é-__23 The app"cation of an ex- the particle size distribution of AIN powder, which has an
ternal electric field leads to improved densification during average particle size of 2.fim. Particle morphology of the
sintering and requires a considerably shorter cycle time as-received powder is shown fig. 1(b) The powder par-
compared with conventional sintering techniques. Thus, ticles are generally irregular in shape.
this process holds promise to consolidate difficult-to-sinter ~Samarium oxide (SpOsz) powder was chosen as the sin-
materials faster, and offers the opportunity to retain the fine tering aid. The powder was obtained from Cerac Specialty
microstructure of the powders. Groza e4f*25 reported ~ Inorganic, USA, and has a purity of 99.9%. Samaria con-
plasma activated sintering of additive free sub-micron LAN tents of 1 and 3wt.% are used for the AIN-803 system.
powders to near theoretical density with clean boundaries To prepare the AIN-SgOs system, the powders were added
in 5min. The rapid activation and concentrated heating of in the required concentration in a plastic milling jar, and the
the powder particle surfaces due to sparking may be very mixture was dry-mixed by ball milling for 24 h at 30 rpm.
effective in debunking the surface oxides and C|eaning the The particle size distribution of the milled powder is shown
sintering particle surfaces, thereby creating activated Aln in Fig. 2(a) and the morphology of the milled powders is
surface€226.27 The freshly cleaned and activated surfaces Shown inFig. 2(b)
enhance diffusion and shrinkage during subsequent densifi- The spark plasma sintering of pure AIN and AIN-ZDa
cation. In a previous study}, the SPS technique was applied Powder system was carried out using the Dr. Sfhteiodel
to sinter Cag-doped AIN, and the result is promising. A 1050 SPS system by the Sumitomo Coal Mining (SCM)
thermal conductivity value of 129 Wnt K—1 was obtained Pte. Ltd. SPS is performed in low vacuum for 1 and 3 min,
for a 3wt.% Cak sample sintered at 180C for 5 min. and at 1500 and 160C. Both the heating and cooling

In this paper, relatively low temperature (1500 and rates of 100C/min are used, and up to two SPS cycles are
1600°C), and rapid densification of Si®s-doped AIN is employed in the SPS study. The SPS conditions for dif-
carried out using the SPS technique. The objectives of theferent powder systems are listed Table 1 The densities
article are: to prepare dense AIN ceramics with high ther- Of the samples were measured using the density measure-
mal conductivity through the SPS technique, and to study ment apparatus. The dielectric constant is measured with
the effect of various SPS conditions on the properties like the Impedance/Network analyzer to obtain the parallel ca-
microstructure, relative density, thermal conductivity and Pacitance of the sample. The thermal diffusivity of the sam-
dielectric constant of the sintered AIN samples, where dif- ple was measured by the laser flash method, which was
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Fig. 1. Particle size distribution and morphology of AIN powder.
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Fig. 2. Particle size distribution of AIN-1wt.% S5 system.
Table 1 3. Results and discussion
SPS conditions for various powder systems
Sample SPS temperature  Soak time SPS Fig. 3 shows the effect of the variation of temperature
¢S (min) cycle and SPS cycle on the relative density of pure AIN and
AIN, single 1500, 1550, 1600 3 1 1wt.% SmpO3-doped AIN samples. Densification increases
AN, 1 +1 1500, 1550, 1600 1 2 significantly with increasing sintering temperature for pure
AN, 3 +3 1500, 1550, 1600 3 2 AIN samples, with a relative density about 96% achieved
1% SmOs, single 1500, 1550, 1600 3 1 hi lue is higher th | | : d
1% SmOs, 1 + 1 1500, 1550, 1600 1 5 at 1600°C. This value is higher than AIN samples sintere
1% SmOs, 3 + 3 1500, 1550, 1600 3 2 by conventional N protected process, which is about 75%
3% SmOs, single 1500 3 1 at 1800°C for 3h28 Furthermore, conventional sintering
3% SmOz, 1 + 1 1500 1 2

performed at an average room temperature of@5X-ray

diffraction (XRD) analysis (MPD 1880, Philips Analyti-
cal, The Netherlands) was performed to identify the phasesplasma generated by pulsed high dc current and resistance
present in the samples. And scanning electron microscopyheating together with pressure applicatfon.

(SEM), through JSM 5600LV (JEOL Co., Japan) was used
to evaluate the microstructure of the samples.

of AIN resulted in a final relative density of about 95% at
1930°C for 30 h?° These comparisons clearly indicate that
superior densification can be achieved through the SPS pro-
cess. It has been suggested that the high density achieved
in the process may be attributed to high temperature spark

Fig. 3 also shows that, for a given temperature, higher
density was attained in the double (3 mi8 min) SPS cycle
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Fig. 3. Relative density as a function of sintering temperature, SPS cycle agfd;Saddition (1 wt.%). The theoretical density for pure AIN and 1 wt.%
Smp03 doped AIN is 3.261 and 3.299 g/Gmrespectively.
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100 Apparently, peaks of SmAI©were not found in the sam-
ple prepared by single SPS cycle, indicating that the amount
9 of the secondary phase was probably too minute in these
= ' samples. The formation of the second phase is due to the
T 0 : reaction between Spd; and AbOs3 on the particle surface.
g Hence, significant amount of AD3 would have been elim-
§ 8o : inated if the amount of secondary phase present in the sin-
£ : tered bulk were high. Consequently, thermal conductivity
Z : would correspondingly be enhanced significantly due to the
= precipitation of the AlO3 compounds.
75 During the sintering of AIN, the use of Si©; leads to
' formation of a liquid phase in the Si@3—Al>,03—AIN sys-
0 tem. These liquid phases facilitate densification by liquid
AIN 1°.ﬁthm203 3%wl8m203 . . . . .
phase sintering. It is known that the presence of the liquid
Fig. 4. Relative density of various powder systems sintered at AG@or phase improves mass transport rates during sintéfirig.

3min, single cycle. The theoretical density for pure AIN, 1 and 3wt.% gddition, the liguid phase exerts a capillary pull on the par-
SmyO; doped AIN is 3.261, 3.200 and 3.367 gltnmespectively. ticles that is equivalent to a large external pressrand
higher density can be achieved in the samples prepared un-
than in a single SPS cycle. This is because, in the doubleder the same sintering conditions with the use 0L6g
SPS-cycle process, the powder compact is exposed to elec- It is worth noting that the SPS processing temperature
tric field activation for a longer period of time. It is thought applied in this research is decidedly lower than the lig-
that the high temperature plasma helps the purification of the uidus temperature in the conventional AIN-8k—SnpO3
powder surface and the bulk mass transport between pow-phase diagram. It is reported that the AIN>8k—Y,03
ders, and hence contributes to further densification. There-system has a liquidus temperature of 1685 while the
fore, in this case, double SPS cycle has shown improvementAl,0O3-Y203 system has a solid—liquid line at 17%30.
in the final density of AIN. But for pure AIN samples, single As the SmO3—Al,O3 system has a solid—liquid line at
SPS cycle process with longer isothermal treatment (3 min) 1825°C, it is expected that the liquidus temperature of the
still gives a higher densification than the double SPS cy- AIN-Al,03—Snp0O3 is higher than 1680C. But, from the
cle process with shorter isothermal treatment (1 min). This XRD results, it is obvious that the liquid secondary phase
tendency is changed for 1 wt.% $@s doped sample. The  AISmO; is formed at 1500C in the SPS process. This ab-
double SPS cycle process with shorter isothermal treatmentnormal phenomenon may be caused by two mechanisms:
(2 min) gives higher densification than the single SPS cy- first, SPS is carried out under reduction vacuum atmosphere
cle process with longer isothermal treatment (3 min) at the (~5 Pa), the solid—liquid line may be depressed in this at-
sintering temperature of 1550 and 16@ This indicates mosphere; second, the existence of high temperature plasma
that multiple SPS cycles can enhance further densificationgenerated by pulsed dc current may further push down the
of highly densified AIN samples. solid—liquid line of the system, so that the liquidus tempera-
Fig. 4 demonstrates the effect of $@y sintering aid on ture of the AIN-AbO3—-SmpO3 system is below 150TC in
relative density. It can be seen that the addition oL, SPS process.
as sintering aids improved the relative density at the same In order to quantitatively estimate the amount of SmAIO
sintering temperature of 150€. Compared to the relative in the sintered sample, the Rietveld refinement is carried
density of pure AIN, the greatest improvement of 13.1% in out for the XRD result of 1 wt.% Sp©3-doped and 3 wt.%
relative density was observed in the 1wt.% &g-doped SmpOs-doped AIN samples sintered at 1500 with 1 min
AIN sample sintered at 150€. This clearly demonstrates for double SPS cycle, as shown kig. 5 The refinement
that a mere 1wt.% addition of S0z greatly improves the  result is given inTable 2 It is shown that the concentration
sinterability of AIN. The further additional amount of addi- of SmAIQOs in the sample is still less than the concentration
tive (3wt.% SmO3) did not result in substantial increase in  of SmpyO3 added into the powder systems.
the final density of the sample. Fig. 6 shows the thermal conductivity of both AIN and
The XRD results for 1wt.% Sp©3 doped AIN sample 1wt.% SmOs-doped AIN as a function of sintering tem-
sintered at 1500C with both single and double SPS cy-
cle shows that, no observable peaks of the secondary phase,, . ,
(SmAIG3) were identified for the 1 wt.% Spz sample sin- Phase composition of Si®s-doped AIN system after double-cycle spark
tered in single SPS cycle whereas peaks of SmAién be plasma sintering with sock time of 1 min for each cycle
seen in the pattern derived from the double SPS cycle of the

- P : ; 1wt.% SpOz, 1+ 1 3wt.% SmO3, 1 + 1
sample. Similar observation was obtained for the patterns of
. . . 0, 0,
3wt.% SmOz doped sample sintered at 158D with sin- AN 99.5 & 0.1% 98.1+ 0.2%
SMAIO; 0.5+ 0.2% 1.9+ 0.5%

gle and double SPS cycles.
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Fig. 5. Reitveld refinement of XRD result of (a) 1wt.% Sy-doped and
double SPS cycle.

perature. The thermal conductivity of 3wt.% ZB3-doped
AIN sintered at 1500C for 3min (single SPS cycle) is as
shown inFig. 6. It can be seen that the thermal conduc-
tivity of samples increased with sintering temperature. AIN
samples exhibited thermal conductivity ranging from 47 to
56 Wm 1K~1. On the other hand, 1wt.% Si@s-doped
AIN samples showed significantly higher thermal conduc-
tivity as compared to that of pure AIN samples for a given
temperature. The 3wt.% Si@3-doped AIN sample shows

50 65 70 75

Theta

55 60

0,1+,

(b) 3wt.% Sps-doped AIN samples sintered at 150D with 1 min for

a thermal conductivity value as high as 118 Whk—1 af-
ter SPS at 1500C for 3 min, one SPS cycle. This confirmed
that SmOs is effective in improving the thermal conductiv-
ity of AIN by low temperature SPS.

SmpO3 can react with AlO3 on the surface of AIN
powder to form aluminium samarium oxide (SmAJO
As a result, the amount of dissolved oxygen in AIN
lattice is reduced and this leads to higher thermal con-
ductivity in the sintered sample. Thermal conductivity is
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Fig. 6. Thermal conductivity as a function of sintering temperature, SPS cycle, ap@s;Smddition.

expected to improve when greater amount of additive is  Fig. 7also shows the effect of SPS cycle on the dielectric
added. constant of pure AIN and AIN with 1wt.% Si@3. The

The effect of SPS cycle on the thermal conductivity of dielectric constant slightly increased with double SPS cycles.
1wt.% SmOs-doped AIN is also shown ifrig. 6. The en- Fig. 8 show the dependence of elastic modulus of 1 wt.%
hancement in thermal conductivity by double SPS cycle is SnpOs-doped AIN on sintering temperature and SPS cycle.
evident in the sintering of 1 wt.% Si®s. It can be seen that the elastic constant generally increased

The dielectric constant of 1wt.% Si@3-doped AIN with temperature expect those sintered by single SPS cycle.
samples exhibited is a bit higher than that of pure AIN Samples prepare by single SPS cycle showed no significant
sample at a given temperature, as can be sedfign?7. difference in the measured values for the studied tempera-
The dielectric constant of 1wt.% S03 increased with ture. On the other hand, the elastic modulus increased with
sintering temperature, attaining a value of 9.77 at 1600 temperature for samples prepared by double SPS cycle. In
This value is relatively high as compared to the earlier the case of 1 mir- 1 min SPS cycle, the elastic modulus at-
specified range. Although dielectric constant is depen- tains a value of 338 GPa at 1600. The above observation
dent on the second phase, the additive content of 1% could probably be explained by the dependence of elastic
in weight is relative low and its effect is considered modulus on the relative density of the sample. The decrease
negligible. in the measured value could be due to the surface porosity
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Fig. 7. Dielectric constant of AIN and 1wt.% $@3 as a function of temperature and SPS cycle.
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induced by the volatilization of the liquid phase. The pres- 5.
ence of such porosity reduced the effective resistance of the
sample to the applied load exerted by the indenter tip, and 6
thus it leads to a lower elastic modulus. '
Fig. 9 presents the effect of temperature, £ additive
and SPS cycle on the microstructure of AIN samples. It can 7.
be seen that porosity and pore size decreased as the sinter-
ing temperature and the number of SPS cycles increased.
Fig. 9(d)shows the SEM micrographs of 3 wt.% $0% sin-
tered at 1500C. The microstructure contained rather fine
grains with an average particle size ofi. The density is
greatly improved by the addition of additive. The distinct
faceted features of the grains clearly demonstrate the sinter-
ing in the presence of liquid phase. The well faceted nature
of the AIN grains leads to a better planar contact between
the AIN grains. It is expected that the high planarity of the
grain lead to the flattening of the AIN—AIN grain contacts,
which can result in an increase in thermal conductitty.
This improvement in the topological feature of the grain,
coupled with the elimination of the oxide layer by the liquid
phase could probably account for the high thermal conduc-
tivity (~118 W n1T1K~1) achieved in this sample.

9.

13.

4. Conclusion remarks

14.

Spark plasma sintering (SPS) of aluminum nitride (AIN)
is carried out with 1-3wt.% samarium oxide (8D3) as
sintering additive. The effect of SPS temperature and SPS
cycle on the microstructure, density, thermal conductivity

and dielectric constant of AIN is studied. The result shows 4

that, SPS process is capable of producing dense AIN ceram-

ics at a low sintering temperature in a relatively short sinter- 17.

ing time. Increasing temperature and SPS cycle number have
been shown to directly increase the density of the sintere
samples. The addition of 1wt.% $M@3 improves density
of AIN significantly. Thermal conductivity of AIN samples
improves with increasing SPS cycle and sintering tempera-
ture. Addition of SmOg3 greatly improves the thermal con-
ductivity of AIN sample, with the 3 wt.% Sp®O3-doped AIN
sample giving a thermal conductivity about 118 WhiK —1

at a sintering temperature of 1500 for 3 min. Dielectric

constant of the sintered AIN samples is dependent on the21.

relative density of the samples.

22.
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