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Four kinds of silicon nitride based ceramic materials have been hot pressed, Effect of the sintering additives on
the phase transformation, microstructural development and mechanical properties was investigated. While sint-
ering under the same condition produced a big difference among the microstructures of the specimens, they ap-
peared alike if sintered to have a similiar o-B phase ratio. The specimen of the stoichiometrie c-f§ sialon com-
position showed very limited amount of the intergranular glassy phase and a significant degree of the residual
stress. [t exhibited almost no strength degradation up to 1300°C, and the strength of the specimen degraded more

as its composition deviated from the stoichiometry.
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I. Introduction

S ilicon nitride based ceramics have been extensively
studied for the structural applications because they
showed good and balanced mechanical properties like
gardness, fracture toughness, strength, high temperature
strength, thermal shock resistance ete. among the ceram-
ic materials.

It has been well extablished that the silicon nitride
ceramics experience o to § phase transformation during
sintering. The phase transformation and the mi-
crostructural development of them take place via solutin-
reprecitation process, and the idea of the applieation of
the phase transformation to the microstruetural control
seems feasible as long as the material showed a sign of
changing in phase composition.

One of major advantages of the ceramic materials over
the other engineering materials would be the excellent
high temperaturem mechanical properties. The o-p
sialon ceramics have been attracting a lot of attention
since Ukyo and Wada reported the excellent high tem-
perature strength of the one with a particular stoichiome-
tric composition.” They reported higher than 1 GPa
strength even at 1400°C. Their TEM micrographs show-
ed that the microstructure consisted of fine a and b
sialon grains with small triple peints and very limited
amount of grain boundary glassy phase. Komeya et al. re-
ported a very impressive high temperature strength of
the silicon nitride ceramics containing Y.0; AIN and
H{0,* They attributed the excellent high temperatjre
strength to the grain boundary crystallization promoted
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by Hf0Q, TiN particles have heen successfully in-
corporated in the silicon nitride ceramiecs and improved
the fracture toughness of them,*”

In the current study, the silicon nitride ceramics in-
cluding -} sialon and the composite containing TiN
have been hot pressed. Then, microstruetural control via
phase transformation was attempted, " the mi-
crostructures were observed by SEM and TEM and the
mechanical properties of the specimens with similiar
phase ratio (o/B) were measured.

II. Experimental

The powders used for this study were Si;N, (E10), Y0,
(grade fine), AIN (grade B’), 8i;N, was the product of Ube
Co,, Japan and the other ceramic powders were the pro-
ducts of H.C.Stark Co., Germany. Four kinds of the silicon
nitride-hbased ceramics were hot pressed. They were la-
beled A, B, C, and D. Table 1 shows the compositions of
the specimens. The powders were ball milled for 72 hours
by using ethanol, silicon nitride ball (¢ 5 mm, SUN 11, Nik-
kato Co., Japan} and ‘Acetal'plastic jar. They were hot
pressed in flowing N, atmosphere after the usual powder
preparation procedure.

In order to measure the o/ phase ratio, the hot pressed
specimens were subjected to XRD analysis. The ratio was
obtained accordint to Gazzara and Messier's method.® Hot
pressing variables (temperature and time} were chogen
to make the phase ratio about 10/90. The specimens
with the o/p ratio close to 10/90 have been further em-
ployed to surdy the mechanical properties as well as the
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Table 1. Compositions of the Specimens (in wt %)
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Table 2. Hot Pressing Conditions vs. ¢/ Phase Ratio
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H.P. condition
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specimen specimen\ TCC)timethr)/P(MPa) B
A 95 1.9 31 A 1820/1/30 10/90
B 93 4 3 B 1820/1/30 12/88
C 9.29 3.88 2.91 292 C 1720/1/30 13/87
D 71.61 3.13 2.26 23 D 1680/1/30 9/91
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Fig. 1. The results of XRD analysis for specimen.D gsintered o
at {a) 1650°C, (b) 1680°C, and (c) 1720°C; a: w-sialon, b: - 1600 1_””]‘ - 1800 1900

sialon, t: TiN.

microstructrues, The specimens for the mechanical test-
ing were finished with 1mm diamond paste. Vickers
gardness of the specimen was obtained by using 500 g
load and 15 sec duration. Fracture toughness was ob-
tained according to Evans and Charles' equation after
measuring the crack length caused by Vickers in-
dentation under 10kg load.® Three point flexural
strength of the specimens, 3 mm x4 mm»34 mm in di-
mension, was measured with 20mm gspan at RT.
Thehigh temperature strength measurements at 1400°C
were performed with 30 mm span in open airl Ten data
and three data were collected for RT and high tem-
peratur strength, respectively. Some of the specimens
have been annealed at 1250°C for 12 hrs in flowing N,
and furnace cooled prior to the mechanical testing.

The micorstructure was observed hy SEM after etching
in molten NaOH-KOH salt. TEM specimens were pre-
pared according to the standard procedure, ie. grinding-
dimpling-ion milling. The perforated 3 mm disk after ion
milling was carbon-coated to prevent charging. Jeol 2000
CX TEM equipped with EDS was employed for the ob-

servation.
II1. Results and Discussions

1. Phase transformation during hot pressing.

The phase trans formation of the silicon nitride ceram-
ics form o to B depedns on the chemical eomposition as
well as the sintering temperature.” Fig. 1 shows the XRD
results obtained from specimen D at various hot pressing
temperatures. As expected, the phase transformation

Temperaiure, C

Fig. 2. Variation of o/(o+f) ratio according to the hot press-
ing temperature; the specimens showed very different phase
transformation behaviors from one antother,

from o to P heavily depended on the temperature. In case
of specimen D, the o/B ratio was about 1/2 at 1650°C and
it dropped very rapidly down to 1/9 only at 1680°C. No o
phase was detected after hot pressing for 1.5 hrs at
1720°C. The differnece of chemical compositions of the
four specimens would affect the nature {chemical charac-
teristics, viscostiy and etc.) and the amount of the lguid
present. Therefore, the phase transformation during hot
pressing was expected to be different form each other. Fig.
2 shows the variation of the o/(u+f) ratio as a function of
hot pressing temperautre. The specimens showed a dif-
ferent phase transformation hehavior; the phase transfor-
mation of specimen A and B occurred more sluggishly
than the others. The chemical nature of the liquid
present at sintering temperature would be critical to the
phase transformation of the gilicon nitride hased ceramics.
Kang et al, reported the phase transformation from a to
B sialon taking place by the reaction between sintered o
sialon and the liguid stablizing B sialon.? Mandal and
Thompson reported the reversible o-f sialon transfor-
mation in geat-treated sialon ceramics and more a sialon
forming at high temperature.” Ukyo et al. also reported
more a sialon at high temperature.” These reports are
quite different from the result of the current study which
is showing the decreasing amount of a sialon as tem-
perature increased. Ukyo et al. suggested that there were
two kinds of a sialon; unstable and stable.’ According to
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them, the o sialon obtained in this study must have been
unstable and would disappear if kept at high tem-
perature. Therefore, the liquid surrounding the o phase
grain was stablizing B phase in this study. It is amazing
that specimen B containing exeess Y,0, to the stoichiome-
tric composition showed a similiar o/c+p) ratio to what
specimen A of stoichiometric composition did after hot
pressing at 1820°C; this was due to the liquid of different
chemistry and, therefore, of different reactivity with the
o phase. Specimen C containing HfQ, in addition to Y,0,
and AIN showed a faster phase transformation than A or
B. This implies that a part of HfQ, was involved in the li-
quid at the hot pressing temperature, and changed the
chemistry. This change in the chemistry of the liquid
triggered faster phase transformation from o to p. Ae-
tually, there was no © sialon detected for specimen C hot
pressed at 1B820°C, which was quite different from the
XRD result of specimens A and B. HfO, was incorporated
to facilitate the crystallization of the grain boundary
phase by acting as the nuclei®. Specimen C was annealed
at 1250°C for 12 hrs in N, atmosphere, but there was no
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other crystalline phase detected by XRD except o. and f
sialon. Heat treatment might need an optimization.

Specimen D was a composite material containing 15 v/o
TiN. TiN has a surface oxide like other non-oxide ceramic
powders. The surface oxide was thought to he involved in
and change the nature of the liquid. The specimen ex-
hibited the fastest phase transformation as shown in Fig.
2. From the XRD results, the hot pressing temperature
and was determined to make the o/p ratio close to 10/90.
The conditions are shown in table 2.

2. Microstructural analysis

The specimens used for the miecrostructural analysis
and the mechanical property measurements were fully
dense (relative density > 99.4% of theoretical density).
Fig. 3 shows the micrographs of the specimens A, B, C
and D with o/f ratio about 10/90. Even though C ap-
peared to have slightly finer grains, it can be well un-
derstood that the microstructures of the specimens were
very close to each other considering that the micor-
graphs were taken under high magnifieation (X10,000).

(c)

(d)

Fig. 3. SEM microgrphs of the specimens with o/f of about 10/90; (a) A, (b) B, (@) C and (@) D showing similiar matrix grain

sizes despite the big difference in the hot pressing temperatures.
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Fig. 4. SEM microgrphs of the specimens hot pressed und-
er the same condition: (a) B, (b) C and (¢) I, showing the
big difference in the matrix grain sizes.

For comparison specimen C and D were hot pressed at
1820°C for lhr as specimens A and B were, and the
resulting microstructure are shown in Fig. 4. Much bigg-
er grain sizes were observed for specimen C and D than
for B. This proves that the phase transformation of ¢ to
B sialon can be used for better microstructural control of
the ceramic. Depending on ihe chemical composition,
each specimen was Influenced by the sintering tem-

Vol.l, Nol

perature and time in different wavse. In other words,
gven if the same sintering conditions were applied, each
specimen showed its own phase transformation behavior
and microstructural development. From the current
study, the phase transformation of a specimen was found
to be in close reationship with the microstructural de-
velopment, which was obszerved from the similiar mi-
crostructures of the specimens with similiar o/p phase ra-
tio. It is the degree of heat to which each material sys-
tem felt that dictated both the phase transformation and
grain growth.

Fig. 5 shows the TEM micrographs of specimens A, B
and C. Specimen A contained a significant amount of
residual stress which was expressed by the complex
fringes over the entire field of view. This also strongly
supmests that the specimen contained a very limited
amount of the intergranular stress-relieving layer. Speci-
men B had excess Y,0 and its TEM micrograph showed
that it had the sress-relieving intergranular phase. The
micrograph does not exhibit the extensive complex
fringes and the very ‘clean’ image, expressing a very low
level of the residual stress present, if any. Also, the
small grains of B exhibited more elongated shapes
(higher aspect ratio} than those of A. More liquid at the
sintering temperature facilitated the anisotropic growth
of the grains in B compared with the restrained grain
growth in A. Therefore, the increased amount of the li-
quid can explain the absence of the complex fringes as
well as the higher apect ratio of the smaller grains of B.

Specimen C exhibited larger amount of the liquid
phase than B as shown in Fig. 5 (¢). The matrix con-
sisted of the large elongated grains and the very small e-
quiaxial grains. In spite of the larger amount of liquid in
C than in B, the former showed equiaxial grains smaller
than thoese of the latter. This was possibly due to the low-
er sintering temperature and slightly higher content of a
phase of C. Also, HfO, particles appeared as dark spots
scattered on the micrograph, some of which were en-
trapped in much bigger matrix grains. There were two
purposes of adding HfO, o specimen C; the first was the
possible nucleation sites for the crystallization of the
grain boundary glassy phase and the second was the pos-
sible sink for the excess Y20, to make Y,0, stablized HfO,.
Fig. 6 (a) shows the phase next to the HfQ, particle. The
inset pattern reveals tht the region was amorphous.
Therefore, HfQ, did not help the expected crystallization
of the grain houndary glassy phase. Since one heat treat-
ment schedule was performed, it might need further ef-
forts for optimization. Fig. 6 (b) exhibits the triple point.
EDS result on the area revealed that it was composed of
Y, 8i, Al, O and N and no Hf was detected. It means
that HfO, particles precipitated back from the liquid dur-
ing cooling and left the Hf-free glass. Also, Fig. 6 (c)
showed the HfO, particle entrapped in the bigger matrix
grain. Therefore, some of the HfO, particles did not dis-
solve in the liquid phase during sintering and not all of
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Fig. 5. TEM micrographs of specimens A, B and C: (a) &
showing the extensive fringe pattern implying a significant
amount of residual stess present, (h) B showing much clean’
image and more elongated gramns than A, (¢) C showing rich-
ness of the liquid and hf0, particles scattered over the speci-
men

them would have reacted with the liqguid. The EDS
analysig on the particle revealed no Y, which means that
¥.0, did not dissolve in Hf(, to stabilize it.
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3. Mechanical properties.

Fig. 7 shows the results of microhardness and K meas-
urements. Vickers microhardness values of the specimens
were similiar to one another and in the range of 16-17
GPa. The K- values of specimens A, B, C and D were 5.64
MPavym, 6.13 MPavm, 6.0 MPaym and 6.45 MPaym, respec-
tively. They were consistent with the expectation from the
microstructural observation; Specimens B and C provided
the weak grain houndary for crack propagation and the
crack detourred around the grains o improve Ki; in con-
trast, there was a very limited amount of weak grain boun-
dary in A and the crack would cut straight the grains to
make K lower. The existence of TiN was contributed to
improving Kj; as expected.

Fig. 8 exhibits the three point flexural strength of the
specimens. The strength was measured at RT and at
1300°C. At RT, specimen C exhibited the highest
strength of 1200 MPa and A, B and D showed 1106 MPa,
945 MPa and 1028 MPa, respectively. As well known,
the microstructure has a strong influence upon the
strength of the ceramic materials. But the specimens of
the current study showed quite different values in
strength in spite of the similiar microstructures. The Tea-
son for higher strength of specimen A than that of speci-
men B was closely related to the residual stress as men-
tioned by Sun et al.,” The residual stress was already
mentioned based on TEM micrograph (Fig. 5) of speci-
men A. At 1300°C, the strength of the specimen de-
creased as its eomposition deviated from the stoichiome-
try. Specimen A of the stoichiometric compogition was
shown to have a very limited amount of the glassy phase
and it suffered almost no stdength dearadation even at
1300°C. Congidering that the high temperature flexural
strength was obtained with 30 mm span while the RT
strength was with 20 mm span, 1075MPa at 1300°C was
almost the same as the value obtained at RT. Specimen
B exhibited 820MPa at 1300°C which was about 130MPa
lower than the strength at RT. Specimen C showing the
highest strength at RT suffered about 500MPa decrease
at 1300°C. The decrease was expected from the TEM ni-
crograph (Fig. 5(c)) which disclosed a lot of glassy phase
present in specimen C and HfO, did not help cry-
stallization of it.

However, the high temperature strength of specimens
A, B and C was higher than that of the silicon nitride
sintered with Y:0, and Al,Q, Fig. 9 shows the fracture
surface of specimen C after the high temperature
strength measurement. It was covered with a glassy lay-
er except the small area at the fracture origin shown in
Fig. 9(b). While Fig. 5(c) and the high temperature
strength degradation supported the fact that a lot of li-
quid phase was present at hot pressing temperature.
The liguid did not wet the grains well enough and the
non-gsintered atea was left to be the fracture origin.

Specimen D showed the lowest high temperature
strength; 300MPa at 1300°C. TiN, when incorporated in
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Fig. 6. TEM micrographs of specimen C; (a) amorphous in-
tergranular region (inset pattern) next to HEO; particle
(large dark contrast), (h) triple point region comtaining no
Hf and (¢) HfO, particle entrapped in sialon grain showing
it was inert to the liquid at the pressing temperature.

Si;N, based ceramics, was reproted to badly deteriorate
not only the oxidation resistance of the matrix but also
the high temperature sirength.”* The observed low
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Fig. 7. Vickers microhardness (a) and fracture toughness (b)
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chemical composition and the microstructure.
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strength at 1300°C can be interpreted as a result of the
bad oxidation resistance which deteriorated the surface
roughnes and the low viscosity of the liguid including
TiO,. Fig. 10 shows the fracture surfaces of specimens A
and D. Both of them exhibiled exlensive oxidation pro-
duct covering the surface, While specimen A was covered
with the layer containing many tiny (smaller than 1 mm
dia.) pores, specimen D was with the layer containing
large particles (about 3 mm big) and big pores. Apart
from the surface appearance, the contact between the ox-
idation product layer and the substrate was very loose
and the layer was easily wiped off by touching. Five of
each specimens were annealed for 12hrs at 1250°C in
flowing N, and tested for the flexural strength at RT.
There was little change of the strength occured to spect-
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Fig. 8. Three point flexural strength of the specimens at
RT and 1300°C; span for strength was 20mm and for
1300°C was 30 mm, measurements conductedin open air
and crosshead speed was 0.5 mm/min. Note the high tem-
perature strength retention of specimen A as well as the eft
fect of the chemical composition deviating from the
stoichiometry of the high temperature stength degradation.

(b)

Fig. 10, Fractue surface of (a) specimen A and (b) specimen
D after the three pojint bend test at 1300°C; the surface
was covered with an oxide layer containing eityer tiny pores
{a) or big grains and pores (b).
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{b) Specimen
Fig. 9. SEM micrographs of the fractured surface of speci-
men C tested at 1300°C ; (a) at a low mag. showing hackles Fig. 11. Three paint flexural strength measurements before

pointing to the fracture origin and (b) an enlarged view of and after the heat treatment at 1260°C for 12hrs in N,; note
the fracture origin exgibiting non-sintered area, a significant strength degradation of specimen D.



52 The Korcan Journal of Ceramics - 1 -5. Park ef al.

(b)
Fig. 12. Optical micrographs of specimen D {a) before and
(b) after the heat treatment at 1250°C for 12hrs in flowing,
N, gas environment; note TilN particles fell off during the
heat treatment cycle and caused the strength degradation
measured in fig, 11,

mens A, B and C. Specimen D experienced a significant
amonunt of strength reduction, about 140MPa, caused by
the heat treatment (Fig, 11). The strength decreasze can
be explained by Fig. 12 which shows the TiN particles
(bright contrast spots in (a)) fell off the specimen and left
the surface flaws {dark contrast spots in (b)), These sur-
face flaws were the causes for the strength degradation
after the geat treatment. Metal nitride ceramic particles
including TiN have been considered as a toughening agent
for Si;N, hased ceramics by many investigators.>*#'%* They
might be contributed to the reinforcement at RT. Woydt
et al. reported a lower friction coefficient and wear rate
for the SizN.-TiN composite than for the monolithic sil-
icon nitride.” However, the particulate composites like
D were very vulnerable to the exposute to high tem-
perature, They suffered from severe oxidation and
strength degradation. Algo, they exhibited the strength
degradation after a simple heat treatment even in N,.
Therefore, silicon nitride ceramics containing TiN are
thought to perform well as a struetural ceramic material
at low temperature, but there needs a precaution for ap-
plying them for the high temperature purposes even in

fol.1, No.l

inert atmosphere.
IV. Conclusions

The following conclusion were reached.

1. The o to B phase transformation of the silicon ni-
tride based ceramics critically depended on the chemical
species involved in the ceramics and the composite ma-
terial containing TiN showed the [astest transformation
among the specimens studied.

2, Microstructures of the silicon nitride based ceramics
were cantrolled better hy taking advantage of the phase
transformation than hy sintering conditions.

3. Specimen A with stoichiometric o-ff sialon com-
position showed wvery limited amount of the in-
tergranular glassy phase and significant amount of the
residual stress present, and excess Y (), in specimen B
formed enough intergranular glassy phase to relieve the
residual stess.

4. Some of HfO, added to specimen C wag not involved
in and stayed inert to the liquid al the hot pressing tem-
perature and it neither worked as nueclei for the cry-
stallization of the grain boundary phase nor aec-
comodated the excess Y,0,.

5. Specimen A ol the stoichiometric composition for o-
B sialon showed almost no strength degradation up to
1300°C and the specimens exhibited more strenpth de-
gradation as they deviated from the stoichiometry as ex-
pected from the microstructural analysis.

6. TiN was helpful in improving K at RT of the
ceramic, but it caused a significant strength degradation
at 1300°C and after heat treatment at 1250°C in flowing
N..
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