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bstract

n this study, silicon nitride ceramics for aluminum melts were prepared by nitrided pressureless sintering (NPS) process, which process is the
ontinuous process of nitridation reaction of Si metal combined with pressureless sintering. Mechanical, chemical and thermal properties of the
PS silicon nitride sintered with Al2O3, Y2O3 and Si additives were evaluated. Fully densed products show appropriate strength, ∼500 MPa, high

1/2
ardness, ∼13 GPa, and superior damage tolerances with high fracture toughness, ∼9.8 MPa m . Contact testing with spherical indenters is used
o characterize the damage response. Examination of the indentation sites indicates a quasi-plastic damage modes are observed. Bend tests on
pecimens containing quasi-plastic contact damages reveal those materials to be not susceptible to strength degradation. And it has a low thermal
xpansion coefficient of 2.9 × 10−6 ◦C, and good thermal conductivity of 28 W/mK.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon nitride (Si3N4) ceramics have been studied for sev-
ral decades about forming, sintering, and microstructure control
n high temperature and wear resistant applications because of
ttractive combination of mechanical and thermal properties.1–4

i3N4 can be used for bearing ball, motor valve, turbine rotor
nd cutting tool as an industrial structural component as well
s rocket propulsion components, jig for semiconductor indus-
ry, RF window, and nano probes are of high interest at the
resent.3,5–8 In the last several decades fully densified Si3N4
ave been achieved by various sintering techniques such as
eaction-bonding (RBSN), pressureless sintering (PS), hot press
HPSN), and gas pressure sintering (GPS).

Thermal, chemical and mechanical resistant ceramics includ-
ng non-oxide ceramics are required for aluminum (Al) industry.
egassing pipe and rotor are used to stir molten aluminum
nd bubble gases for removal of hydrogen, because detrimen-
al impurities remain such as H2, Na or Ca component in
he aluminum.9,10 Degassing is conducted at high temperature,
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700 ◦C in a refractory-lined box that contains 226.8–453.6 kg
f aluminum at a time. The degassing pipe has an impeller at the
nd and it is rotated (200–600 rpm). Therefore Si3N4 degassing
ipe and rotor blade are used in aluminum melts due to these
uperior thermal, chemical and mechanical properties.9–11 How-
ver, one of the drawbacks is high cost in the preparation of
i3N4 components. It is generally accepted that high quality
f structural Si3N4 ceramics can only be produced from sub-
icron raw powders, under 1 �m, with high purity (>99.9%).
xpensive conventional sintering process and diamond machin-

ng have restricted wider applications, especially in the molten
luminum industry. The other critical drawback is low reliabil-
ty due to inferior fracture toughness rather than a commercial

etal.
On the other hand, reaction-bonded Si3N4 (RBSN) is a way

f producing cost effective one using relatively cheap Si powder
nstead of expensive Si3N4 powder even though the enhance-
ent of mechanical properties are required.12 To improve the
echanical properties of RBSN, NPS is replaceable new pro-

ess because the mechanical properties of NPS silicon nitride

an be much improved by post sintering at 1800–1820 ◦C. More-
ver, the lower sintering temperature and almost no dimensional
hange in the 1st stage of sintering step have economical advan-
age. Even though several studies have been performed on the
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dx.doi.org/10.1016/j.jeurceramsoc.2007.09.032


1 an Ceramic Society 28 (2008) 1057–1063

N
o

s
c
t
m
c
i
s
r
u
t
m
b
t
a
m
i

2

n
w
t
r
(
(
G
f
w
w
m
a
s

F
i

Table 1
Batch compositions and relative densities of NPS silicon nitrides

Composition Si3N4

(wt%)
Si
(wt%)

Al2O3

(wt%)
Y2O3

(wt%)
Relative
density (%)

2A6Y5S 95 5 2 6 82
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PS Si3N4,9–11 there is no systematic study on the properties
f NPS Si3N4.

Therefore, in this study, we utilized NPS (nitrided pres-
ureless sintering) one-step process,9–11 which can make
ost-effective Si3N4 product using reaction-bonding process up
o certain temperature, and obtain the dense sample with high

echanical properties by consequent pressureless sintering pro-
ess at the final stage of heat treatment. In the present study, we
nvestigate the mechanical properties such as four-point flexural
trength, hardness, and fracture toughness. The contact damage
esponse and strength degradation of the NPS Si3N4 are eval-
ated using spherical indenter.13–18 Thermal properties such as
hermal expansion coefficient and thermal conductivity are also

easured. Additionally, the strength degradations of the NPS
y corrosion medium are also checked. The results indicate
hat Si3N4 prepared by NPS process suggest the prospect of the
pplication for degassing pipe and rotor blade with high ther-
al, mechanical and chemical resistance for molten aluminum

ndustry.

. Experimental

Experimental procedures for the fabrication of NPS silicon
itride (Si3N4) are shown in Fig. 1. The starting Si3N4 powders
ere relatively coarse �-Si3N4 (Saint-Gobain, China, mean par-

icle size 2 �m, purity 95%). The starting Si powders used were
ecycled powders from semiconductor industry with high-purity
>99.9%) and consisted of 6 �m of mean particle size. Al2O3
AKP-50, Sumitomo Chemical Co. Ltd., Japan) and Y2O3 (Fine
rade, H. C. Starck GmbH, Germany) powders were added

or sintering additives. Sintering additives, Y2O3, Al2O3, Si
ith various compositions, 2A6Y5S, 4A6Y5S, and 5Y5A5S,
ere mixed with each starting powder. The powders were ball-

illed in distilled water for 24 h. The milled powder was dried

nd sieved with a 150 �m screen. The detailed compositions of
tarting materials are summarized in Table 1.

ig. 1. Schematic diagram of the NPS process for preparing silicon nitride using
n molten aluminum industry.
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A6Y5S 95 5 4 6 88.5
A5Y5S 95 5 5 5 99

The sieved powder was then pressed at a pressure of 30 MPa
n a mold with a dimension 60 mm × 60 mm. During nitrida-
ion a heating rate of 3 ◦C/min was applied up to 1100 ◦C and
hen 0.5 ◦C/min to 1400–1450 ◦C. After that, the preforms were
eated up to 1800–1820 ◦C at a rate of 5 ◦C/min and held
or 3 h. In all of the runs, no packing powder was used. A
itrogen(N2) gas with 99.9% of purity was used for nitriding
nd constant gas pressure of 102.7–105.3 kPa was maintained.
he sintered bodies were machined into rectangular bars of
mm × 4 mm × 25 mm for evaluating mechanical, thermal and
hemical properties.

The sintered densities were measured using the Archimedes
ethod. The phase of sintered products, were analyzed by X-ray

iffractometer. The microstructure was examined by scanning
lectron microscopy (SEM, JEOL, JSM-6700F, Japan). The
rain sizes were analyzed by linear intercepting method.

Strength tests were conducted on bar specimens in four-
oint flexure. A minimum of 10 specimens were cut, edge
hamfered, and then fractured at a constant cross-head speed.
onventional Vickers indentations were performed for measur-

ng hardness and toughness at load P = 50 N, on the polished
urfaces.

Hertzian indention tests were carried out using a tungsten car-
ide (WC) spheres of radii r = 1.98, 2.38, 3.18 or 3.56 mm.13–17

ndentation stress–strain curves were obtained from measure-
ents of contact radius at each value of P and r, with varying the

oad from 30 to 4000 N. Then the indentation stress, po = P/πa2,
nd indentation strain, a/r were calculated.14,18 Strength degra-
ation was evaluated by four-point flexural bending test after
ertzian indentation as shown in Fig. 2.13 The contact damages
ere observed by optical microscopy in Nomarski illumination

nd SEM.
The NPS specimens were immersed in the corrosive condi-

ion separately, H2SO4, HCl, HNO3, or NaOH solution (NaOH:
2O = 1:1) for a constant time. The exposed time was changed

rom 0 to 2000 h. Thermal expansion coefficients were measured
sing dilatometer (DIL 402C, Netzsch, Germany) in temperature
ange of 30–1400 ◦C. The thermal conductivity was calculated
rom measuring thermal diffusivity coefficient, α, and spe-
ific heat Cp measured using thermal diffusivity measurement
nstrument (TC-7000, Shinku-Riko, Japan) and specific heat

easurement instrument (DSC-404C, Netzsch, Germany). The
intered bar specimens were also thermal shocked from 1300 ◦C
o room temperature in air rapidly and maintained for 2 min. and

hen heated up to 1300 ◦C again and maintained for 2 min. Cool-
ng fan was blown during the holding time in air. This cycle was
epeated to 1000, 2000, 5000, 10 000 and 20 000 cycles for each
ample. The flexural strength tests were run on the sintered bar
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ig. 2. Schematic diagram of Hertzian indentation and strength degradation test
gainst damages produced by spherical indentation, (a) experimental set up and
b) stress acted on the microcracks on shear fault.

pecimens before and after the exposure in the corrosive and
hermal shock condition.

. Results and discussion

.1. Characteristics of NPS silicon nitride

Table 1 shows relative density data of the sintered NPS Si3N4
ith different compositions of Al2O3 and Y2O3 additive at con-

tant 5 wt% of Si content. The Si3N4 sintered with 2A6Y5S
hows the lowest sintered density due to Y2O3 rich composition
f the additive. On the other hand, it is noteworthy that the den-
ity increases by the increasing fraction of Al2O3 in the sintering
dditive. 5 wt% of Si addition in 5A5Y composition indicates
hat fully densified samples can be obtained using NPS pro-
ess. The relative higher density in the NPS Si3N4 with 5A5Y5S
dditives are closely related with no weight change during the

PS reaction. It is conjectured that the oxide additives act as
itridation promoters of Si. The composition 5A5Y5S has the
owest eutectic point (higher diffusion of nitrogen), from that
eason the conversion of Si to Si3N4, density and �–� phase

h
σ

N
c

ig. 3. SEM micrographs of the NPS Si3N4 with different amounts of sintering addit
ndicated in Table 1.
ig. 4. XRD pattern of the NPS Si3N4 (5A5Y5S). Each peak is designated by
�-Si3N4 and � Al–Si–O–N.

ransformation is the highest. On the other hand, the 4–5 wt%
f weight loss found in 2A6Y5S and 4A6Y5S compositions
ndicate the Si may be vaporized for the compositions by the
eaction of N2 gas with SiO2 existing on the Si3N4 or Si pow-
ers before solution-reprecipitation mechanism occurs during
eaction sintering.

Fig. 3 represents SEM micrographs of the NPS Si3N4
ith different types of sintering additives, 2A6Y5S, 4A6Y5S,
A5Y5S. While the porous microstructures were observed
or the Si3N4 with 2A6Y5S and 4A6Y5S compositions, the
i3N4 with 5A5Y5S composition showed uniform and dense
icrostructure by increasing the fraction of Al2O3 in the start-

ng composition. After NPS process, this material reveals a
icrostructure with prismatic � elongated grains as shown in
ig. 3(c). The micrograph implies that the sintered products
y NPS process have uniform microstructure that containing
imilar sizes of � elongated grains.

Fig. 4 shows the XRD pattern of 5A5Y5S sample with major
-Si3N4 phase and with minor peaks of Al–Si–O–N crystalline
hases.

.2. Mechanical properties and contact damages of NPS
ilicon nitride

We have evaluated the mechanical properties and contact
amage tolerance of the 5Y5A5S NPS Si3N4 because the results
f sintered density, XRD and SEM analysis indicate these mate-
ials are highly dense and contain elongated � grains (Table 2).

Table 3 summarizes the mechanical properties of the NPS
i3N4. The strength and hardness of the NPS Si3N4 is

igh enough for application as degassing pipe and rotor,
o,max > 500 MPa and Hmax = 12.6 GPa. It is noteworthy that
PS Si3N4 shows high fracture toughness, relative to commer-

ial Si3N4, which shows 3.9–7.0 MPa m1/2.

ives, (a) 2A6Y5S, (b) 4A6Y5S and (c) 5A5Y5S. The detailed compositions are
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Table 2
NPS silicon nitride (5A5Y5S) data for evaluation of mechanical properties

Description Data

Sintering additive 5 wt% Al2O3 5 wt%Y2O3 5 wt% Si
(5A5Y5S)

Nitridation/sintering condition 1450 ◦C, 1 h/1820 ◦C, 3 h in N2

770–790 mmHg
Relative density(%) 99
Grain morphology Elongated
Grain size, diameter/length(�m) 0.54 ± 0.06/3.5 ± 0.3
�-Phase (vol%) 100

Table 3
Mechanical properties of NPS silicon nitride (5A5Y5S)

Description Data Max data

Hardness, H (GPa) 1214 ± 47 1261
Toughness, T (MPa m1/2) 7.8 ± 2.0 9.8
S

F
T
c
i
s

F
5

l
t
s
sites. Dark symbols represent symbols that broke at inden-

F
f

trength, σo (MPa) 442 ± 58 500

Indentation stress–strain data of NPS Si3N4 is shown in
ig. 5. In this figure the solid curve is best curve fit from data.
he NPS Si3N4 shows slight nonlinearity in the stress–strain

urve. The indentation stress–strain curve showed similar behav-
or with samples fabricated using hot pressing sintering process
hown in our previous study.1

t
c
a

ig. 6. Strengths of NPS Si3N4 after spherical indentation using different radius of W
rom strength degradation model13 are included in each graph.
ig. 5. Indentation stress–strain curves of the NPS Si3N4 with 5 wt% Al2O3,
wt% Y2O3 and 5 wt% Si additives (5A5Y5S).

Data for the strengths σF are plotted as a function of contact
oad P in Fig. 6. The horizontal solid lines denote, “labora-
ory” or “inert” strengths, σo, of unindented specimens. Open
ymbols indicate specimens that broke away from indentation
ation sites. It is reported that the mode of contact damages
hange as the grain sizes of ceramic material become coarser
nd more heterogeneous, and consequently tougher, undergo-

C sphere, (a) 1.98 mm, (b) 2.38 mm, (c) 3.18 mm and (d) 3.56 mm. The lines
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Fig. 9(b). This good thermal conductivity is related with micro-
sized pores in the sintered body as shown in Fig. 3. The strengths
after longtime thermal shock tests plotted in Fig. 10 suggests
ig. 7. Surface views of contact failure sites after spherical indentation with
= 4000 N, in the NPS Si3N4. The views are observed in Nomarski illuminatio

ng a “brittle-to-quasi-plastic” transition13,14,16,17: in coarse-�
rain heterogeneous microstructures exhibit diffuse microdam-
ge forms in the region of strong compression-shear stress
eneath the contact point rather than ring or cone cracks. In
eterogeneous microstructures, failure occurs from single shear
ault/wing cracks within the damage zone as shown in Fig. 1(b),
hereas the strength degradation is gradual than in homoge-
eous ceramics, where abrupt strength losses occur beyond the
ritical load for cone crack initiation. The model13 implies that
trength can be evaluated from PD, the load when the strength
egradation starts, PY, the load when the quasi-plasticity begins,
nd each indentation load, P. The strength correspond to the
ean laboratory strength σo at P < PD, but at P ≥ PD,

F = σo

[
P

1/3
D − P

1/3
Y

P1/3 − P
1/3
Y

]1/3

(1)

he solid lines are theoretical fits from the strength degradation
odel by Eq. (1). The data of strength shows slight strength

egradation occurs by quasi-plastic damage. It is notable that
he experimental results are comparatively coincided with the
heoretical fits as the blunt spheres are used. Thus the quasi-
lasticity mode happened in the NPS Si3N4 is less deleterious
o strength than commercial Si3N4.2,14,17

Fig. 7 shows the representative fracture origins produced
n the NPS Si3N4. The figure shows failure origins on bro-
en strength test specimens containing indentation damages
rom WC spheres, (a) r = 1.98 mm, at load P = 2250 N and (b)
= 3.56 mm, at load P = 4000 N. Failure modes are indicated by
eripheral fracture paths tangent to the damages. All fracture
aths in the NPS Si3N4 pass through the damaged quasi-plastic
ielded zone. This phenomenon indicates that fracture origi-
ated from the flaw in the subsurface damage zone as shown in
he schematic diagram of Fig. 1(b).

Therefore the results in Figs. 6 and 7 indicates that the failure
ehavior of the NPS Si3N4 is quasi-ductile behavior found in
eterogeneous microstructures,13,14,16,17 indicating the strength
oes not degraded abruptly during indentation.
.3. Chemical and thermal properties of NPS silicon nitride

The results of strength degradation tests by immersing in cor-
osive fluids, are shown in Fig. 8. The graph plots the strength

F
t

C sphere radius r = 1.98 mm at load P = 2250 N and (b) r = 3.56 mm at load
ptical microscope.

ata as a function of holding time for corrosion tests, at room
emperature in the selected solution as indicated in the graph,

2SO4, HCl, HNO3 or NaOH. The exposure time was varied
o 2000 h. Data points are the average value of three data. It is
mportant to study the effect of corrosive component because
he component can be exposed in degassing process of molten
luminum industry. It is found that the strength falls off slightly
t an initial cycle by corrosion. However, it is noteworthy that
he strength degradation is not significant relative to the inert
aboratory strength of the NPS Si3N4 before corrosion tests.
s degassing pipe and rotor component is operated at high

emperature,8–11 hot corrosion study is currently investigated.
The thermal expansion coefficient for the NPS Si3N4,

A5Y5Si composition, is shown in Fig. 9(a). Low thermal
xpansion coefficients, 2.23–2.89 × 10−6 K−1 were measured,
espectively. Low thermal expansion coefficient does not build
p residual tensile stress by mismatch with that of aluminum
elts during repetitive heating and cooling cycle. Thus, it is

xpected that the NPS Si3N4 can be stably used even at high
emperature.

The maximum thermal conductivity of the Si3N4 prepared
y NPS with 5A5Y5Si additive was 28 W/m K as shown in
ig. 8. Flexural strength of the NPS Si3N4 (5A5Y5S) as a function of holding
ime in corrosive fluid at room temperature.
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Fig. 9. Thermal properties of the NPS Si3N4, (a) thermal expansion coefficien
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ig. 10. Flexural strength of the NPS Si3N4 as a function of thermal shock
ycles, after thermal shock tests are conducted on 5A5Y5S.

igh thermal stability of the Si3N4 prepared by NPS in this study.
he graph indicates that the Si3N4 with 5A5Y5Si composition
ave superior thermal stability in the thermal shock condition,19

etween 30 and 1300 ◦C, up to 20 000 cycles.

. Conclusions

Si3N4 ceramics have been prepared by low cost nitrided
ressureless sintering (NPS) process using different amounts
f Si, Al2O3 and Y2O3 additives. Mechanical, chemical and
hermal properties of fully dense 5A5Y5S sample were evalu-
ted. The evaluation of mechanical properties indicate that the
PS Si3N4 showed appropriate mechanical properties, strength
00 MPa, hardness 12.6 GPa, and superior fracture toughness
.8 MPa m1/2. Contact damages by spherical indentations and
he strength degradation tests showed high damage-tolerant

roperties with slight strength degradation by quasi-plastic con-
act damages. It was confirmed that the NPS Si3N4 has high
hermal stability in the thermal shock condition up to 20 000
ycles due to lower thermal expansion and good thermal con-
uctivity.

1

ts and (b) thermal conductivity of 5A5Y5S as a function of temperature.
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