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Effect of Seeding on the Microstructure and Mechanical Properties of
alpha-SiAION: I, Y-SiAION

Abstract

The effect of seeding on the microstructure and mechanical properties of single-phase Y-a-SiAION ceramics
with elongated grains has been studied. Seeds of the intended a-SiAION compositions but with different size,
shape, and number of grains have been compared for their effects. The microstructure, resistance (R-curve)
behavior, and Weibull modulus are strongly correlated to the number density of the seeds. The highest

fracture toughness reached is ~12 MPa-m!/2 and can be obtained with as little as 1% seeding. The
thermodynamic stability of seeds has been examined and is attributed to their chemical composition.
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Effect of Seeding on the Microstructure and
Mechanical Properties of a-SiAION: I, Y-SiAION

Misha Zenotchkine, Roman Shuba, Joo-Sun Kim, and |-Wei Chen*
Department of Materials Science and Engineering, University of Pennsylvania,

The effect of seeding on the microstructure and mechanical
properties of single-phase Y-a-SIAION ceramics with elon-
gated grains has been studied. Seeds of theintended a-SIAION
compositions but with different size, shape, and number of
grains have been compared for their effects. The microstruc-
ture, resistance (R-curve) behavior, and Weibull modulus are
strongly correlated to the number density of the seeds. The
highest fracture toughness reached is ~12 MPam*? and can
be obtained with as little as 1% seeding. The thermodynamic
stability of seeds has been examined and is attributed to their
chemical composition.

I. Introduction

Licon nitride solid solution of the «-SijN, structure (a-

iAION) is an attractive ceramic because of the combination of
high hardness and high toughness.*~" Compared with ceramics
based on B-Si;N,, which aso has high toughness but a lower
hardness, the microstructure of a-SIAION is more sensitive to the
composition, the processing conditions, and the starting pow-
ders.®™* As a result, only recently have o-SIAION ceramics with
elongated grains that enable in situ toughening been developed. In
view of the complexity of microstructure control, seeding seemsto
offer an attractive solution because it can effect templated growth
of elongated grains. Several reports on seeding in B-SizN, based
ceramics®™? clearly demonstrated the great potential of this
method in silicon nitride ceramics. Preliminary efforts for seeding
a-SIAION using pulverized ceramic fragments as seeds have aso
been reported.>** Most recently, we reported the growth of single
crystal seeds from liquid,** and observed a dramatic effect on the
enhanced resistance (R-curve) behavior of yttrium- and calcium-
containing a-SIAION ceramics.®™® Here we have systematically
examined the effect of the size, morphology, and number density
of seeds on the microstructure and mechanical properties of
«-SIAION ceramics. The results of yttrium-containing SIAION are
reported here and those of calcium-containing SIAION are re-
ported in a companion paper.*®

.

(1) Composition
The composition investigated here lies in the center of the
single-phase region of the Y-a-SIAION and is represented by the

formula Y, sSig3Alg30; 5N, 8 This has been referred to as
Y-1512 in our previous studies.>***> The notation indicates m =
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15 and n = 1.2 in the conventional designation of «-SIAION,
M 2S5 12— (e Al -y OnN (16— 1y IN Which M stands for an inter-
stitial cation of a valence (). This composition is known to be
rather stable and can be prepared using Si;N,, AIN, Y,0O,, and
Al,O,, as shown in Table I.

(2) Seed Crystals

Y-a-SIAION seed crystals of Y-1512 composition were pre-
pared using the method described elsewhere.®® Briefly, these
crystals were grown from aliquid that was contained in a powder
mixture of various appropriate compositions and fired at 1700°C in
anitrogen atmosphere. Seed crystals were harvested by separating
them from the mixture using a procedure involving mechanical
separation and chemical treatment. X-ray powder diffraction was
used to verify that these crystals were single-phase a-SIAION with
lattice parameters that were essentially the same as those of
Y-1512 ceramic. The size (width and length) and morphology
(aspect ratio) of seed crystals were analyzed for more than 200
crystals using micrographs obtained from scanning electron mi-
croscopy (SEM).
(3) Powder and Ceramic Preparation
Starting powders of «-SigN, (SN-E-10, UBE Industries,
Y amaguchi, Japan), AIN (type F, Tokuyama Soda Co., Menlo
Park, CA), Al,O; (AKP50, Sumitomo Chemical America, New
York), and Y ,O4 (P3598, Alfa Aesar/Johnson Matthey Co., Ward
Hill, MA) were used to prepare Y-1512 ceramics (see powder
composition in Table I). The residual oxygen content in a-SizN,
and AIN were considered in the formulation. Powder mixtures
were attrition milled in isopropyl alcohol for 2 h with high-purity
SisN, milling media in a Teflon-coated jar. Charges of seed
crystals of a certain weight percent were then added and milled for
an additional 10—15 min. Powder slurries were subsequently dried
in a polyethylene beaker under a halogen lamp while being stirred.
Charges of 20 g of powders were hot pressed in a graphite
resistance furnace at 1900°C for 1 h in a nitrogen atmosphere,
under a uniaxial pressure of 30 MPa. Full densification was
achieved in all experiments. The phase purity and the composition
were assessed using X-ray diffraction (XRD) by comparing peak
positions with the published data of lattice parameters.*” In all
cases, the pulverized powders of the ceramics revealed the
single-phase diffraction pattern of «-SIAION with the lattice
parameters given in Table |. These parameters are essentially the
same as those of other Y-1512 ceramics reported in the literature.

(4) Ceramic Characterization

Microstructures of ceramic samples were observed on polished
sections after etching in boiling solution of 20 g NH,F in 50 mL
HNO,.*® SEM and optical microscopy were used for microstruc-
ture observations. Stetistical data of the microstructure were
collected on the cross section normal to the hot-pressing axis.
Vickers hardness and indentation fracture toughness'® were ob-
tained at 10 kg load. (Shimadzu-HSV-20, Shimadzu Corp., Kyoto,
Japan). R-curve was measured in four-point bending. Bars of 30
mm X 4 mm X 2 mm, with their tensile surface lying paralel to
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Tablel. Composition and Lattice
Parameters of Y-1512 Ceramics

Parameter Value

Composition of starting powder

Si;N, (1.24% oxygen) 72.25

AIN (0.88% oxygen) 18.12

AlL,Oq 0.29

Y,0, 9.33
Lattice parameters of ceramics

a(h) 7.827 (1)

c (A) 5.705 (1)

the hot-press plane, were used. The initial crack of ~0.1-0.2 mm
long was introduced using a thin blade followed by wire sawing to
achieve atip radius of 10 pm. Crack length was measured in situ
under amicroscope with aresolution of 2-5 pm. Further details of
this procedure are available elsewhere.™®

Strength was measured in three-point bending using samples of
adimension 30 mm X 4 mm X 1 mm. An outer span of 13 mm
and a crosshead speed of 0.5 mm/min were used. Samples were
mounted in silicon carbide or silicon nitride fixtures and loaded in
a digitally controlled servohydraulic testing machine (MTS-810,
MTS Systems Corp., Minneapolis, MN). Strength was calculated
from the following formula

3Prsnax
7 2ow?

Here P, is the maximum load at fracture, sis the span, b is the
width, and h is the height of the bend bar.

1. Results

(1) Seed Crystals

Three types of Y-1512 seed crystals were used to compare their
effect on the microstructure and properties of the seeded ceramics.
These included two types of elongated seed crystals, denoted as
S-1and S-2 (Figs. 1(a) and (b)) and one equiaxed type, denoted as
S-3(Fig. 1(c)). Asshown in Fig. 1 and Table I, S-1 and S-2 have
very similar aspect ratios (AR), but S-2 is nearly twice as large in
area as S-1. This means that, at the same weight, the areal number
density of S-1 is twice that of S-2. The equiaxed type, S-3, has
nearly the same area as S-1. These seeds have essentialy the same
composition. (See Table Il for lattice parameters of seeds. These
values are essentially the same as the ones for the ceramics of the
overall composition, m = 1.5 and n = 1.2; see lattice parameters
givenin Tablel). Therefore, a comparison of the seeding effect of
S-1 and S-2 would revea the influence of crystal size, whereas a
similar comparison of S-1 and S-3 would reveal the influence of
aspect ratio.

(2) Microstructure

Microstructures of unseeded and some seeded ceramics are
shown in Fig. 2. Unseeded ceramic (Fig. 2(a)) contains mostly
small and equiaxed grains; large grains are relatively few and not
always elongated. Seeding at 1% led to the formation of many
large elongated grains (Fig. 2(b)-(c)). The microstructures are
rather similar no matter whether elongated (S-1, Fig. 2(b)) or
equiaxed (S-3, Fig. 2(c)) seeds were used. The largest numbers of
highly elongated grains were observed in samples with 1%-2% of
seeds. With a further increase of the seed amount, both grain size
and AR tend to decrease, indicating a mutua hindrance effect
among seeds (Fig. 2(d) where 5% of S-2 was used). In addition,
porosity was observed in some samples at 5% seeding. Qualita-
tively similar microstructures (not shown) were also obtained
using the larger (S-2) seeds.

To ascertain that the aspect ratio of seeds is not an important
parameter for microstructure development, we have quantitatively
compared the statistics of elongated grains in Figs. 2(b) and (c).

Effect of Seeding on the Microstructure and Mechanical Properties of «-SAION: | 1255

Fig. 1. SEM micrographs of (a), ( b) elongated and (c) equiaxed seed
crystals. They correspond to S-1, S-2, and S-3, respectively, in Table I1.

For thisanalysis, weincluded all the grainswith awidth (W) larger
than 1 wm, and measured their width and length (L) to compute the
AR and grain area (A = WL). More than 650 grains were taken
into account in this analysis for each sample. As shown in Table
111, the average measures for the two microstructures are quite
similar. This is also true with their distributions. For example,
Fig. 3 shows very similar grain length distributions in the two
microstructures.

(3) Core-Shell Microstructure

Direct evidence for the presence of seed crystals in the fina
ceramics was found in the above microstructures. A close view of
large, elongated grains in Figs. 2(b)—(d) clearly shows small
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TableIl. Lattice Parameters and Average Dimensions of

Vol. 85, No. 5

Table lll. Microstructure Characteristics of Two Seeded

Seed Crystals Y-a-SIAION Ceramics
Vaue Vaue
S1 s2 Y-1512 + 1% elongated Y-1512 + 1% equiaxed
(Small (Large S3 Parameter S-1 seeds S-3 seeds
Parameter elongated) elongated) (Equiaxed)
) W (um) 1.85 = 0.50 1.74 = 0.49

Lattice parameters L (um 434 + 239 3.82 +2.05

a(A) 7.827 (2) 7.829 (2) 7.830(2) A (pm 8.03 6.64

cA) 5.705(2) 5.705 (2) 5.705(2) AR 232+ 101 2.18 + 0.93
Average dimensions

W (m) 0.36 = 0.09 054+ 0.29 0.55=*0.26

L (nm) 1.06 = 049 139+ 0.85 0.77 = 0.39
AR 252+ 102 248=103 140+ 031
A (wm?) 0.38 0.75 0.42

“cores,” marked by arrows in Figs. 2(b) and (c), in the centers of
large grains. These cores retain the shape of the original seeds,
elongated in the case of S-1 (Fig. 2(b)) and equiaxed in the case of
S-3 (Fig. 2(c)). This indicates that large elongated grains were
grown from the seed crystals.

Another direct evidence of the heterogeneous nature of crystal-
lization of a-SIAION onto seed crystals was provided by the
following model experiment. A Yb-a-SIAION (Y b-1512) ceramic
was prepared with 1% S-2 seeds (Y-1512) following the same
procedure as described earlier, giving the microstructure shown in
Fig. 4. Because the atomic number of ytterbium (70) is much

higher than that of yttrium (39), the back-scattering-electron
contrast between yttrium and ytterbium revealsin Fig. 4 dark cores
of Y-a-SIAION seed crystals in the centers of bright Yb-a-
SIAION grains.

(4) R-curve

Fracture R-curves obtained for unseeded and seeded ceramics
are shown in Fig. 5. Compared with the unseeded ceramic, seeded
ceramics have much higher fracture toughness in al cases. The
highest toughness achieved is between 10 and 12 MPam."? Note
that the toughness increase is not a monotonic function of the
amount of seed. Thisis best illustrated in Fig. 6, which plots the
values of peak toughness (taken at a crack length of 1200 pwm) and
minimum toughness on the R-curve as a function of seed content.
They suggest that S-1 and S-3 seeds have a similar effect, in that

Fig. 2. SEM micrographs of Y 1512 ceramics; (a) unseeded, (b) seeded by 1% elongated S-1 seeds, (c) seeded by 1% equiaxed S-3 seeds, and (d) seeded
by 5% elongated S-1 seeds. Arrows indicate core-shell microstructures.
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Fig. 3. Lengthdistributionsof large grains (width over 1 wm) in ceramics
with 1% seeding of elongated (S-1) seeds and equiaxed (S-3) seeds.

the pesk toughening is achieved at ~1% of seeding. This obser-
vation is consistent with their effects on the microstructure, which
are also similar. Ceramics seeded by S-2 reach pesk toughening at
a higher seed content, ~2%. This may be related to the fact that,
at the same weight percent, the areal number density of S-2 seeds
is nearly half of that for S-1 and S-3 seeds.

(5) Indentation Toughness and Hardness

Data of indentation toughness are also shown in Fig. 6. While it
underestimates the peak toughness because of the short crack
length generated by the indent, the indentation toughness, perhaps
fortuitously, follows the same trend as peak R-curve toughness
shown in the same figure. In our previous work, we have used
pulverized fragments of «-SIAION ceramics as seeds.? These
fragments ranged from 1-3 pm in size, and the “cores’ observed
in thefinal ceramic microstructure were of the same size. The data
of indentation toughness of those samples showed a peak at 5%
seed content, with atoughness value of 4.8 MPam2.2 Comparing
these data, we can state that the smaller single crystal seeds are
more effective because a smaller amount of them is needed to
achieve peak toughening.

Vickers indentation hardness measured at 10 kg load was ~21
GPafor this series of ceramics. This suggests that the hardness is
independent of the microstructure, which is acommon observation
for ceramics.*?*

(6) Strength and Weibull Modulus

Preliminary bend strength data of unseeded and seeded ceram-
ics (using S-2 seeds) are ~800 MPa. A small increase of strength
with the amount of seed was observed, although at 5% seeding the
strength deteriorated slightly because of increasing porosity. The
Weibull modulus for each microstructure was calculated from
strength distributions (Fig. 7). The results illustrate a significant
improvement of the reliability of ceramics with coarse elongated
microstructure, which is similar to the reported results for 8-SigN,

Effect of Seeding on the Microstructure and Mechanical Properties of «-SAION: | 1257

Fig. 4. SEM micrograph of Yb-SIAION showing elongated grains grown
around Y-SIAION seeds (dark).

ceramics.>® Further investigation of the strength-microstructure
relationship is under way and will be reported in the future.

IV. Discussion

The present study reaffirms the utility of seeding as a means for
microstructure control in silicon nitride ceramics. Seeding allows
templated growth of elongated grains and is most effective when
the concentration of seeds is optimized to maximize the concen-
tration of elongated grains in the final microstructure. This
optimization depends on the number of initial seed crystals that
survive processing and serve as the nucleation sites for a-SIAION
precipitation during liquid-phase sintering. As this number in-
creases, more elongated grains should be found until they impinge
on each other. Following this thinking, we suggest that the single
crystal seeds used in this study are more effective than the ceramic
fragments used in our previous work, because the latter are larger
in size (W from 1-3 pm). As aresult, more weight percentage of
fragments than that for single crystal seedsis needed to achieve the
same number density. The fact that large single crystals (S-2) are
less effective than small single crystals (S-1) also supports this
notion: the number density of seedsisimportant for microstructure
control. Indeed, both equiaxed (S-3) and elongated (S-1) crystals,
which have the same cross-sectional area on average, are about
equally effective in producing the desired microstructure and in
achieving peak fracture toughness.

The above results can be rationalized if we assume that all the
seed crystals used here are thermodynamically stable, that none
dissolves during liquid-phase sintering, and that every one of them
is an effective nucleation site for a-SIAION precipitation. This
hypothesis is difficult to prove given the complicated phase and
microstructure evolution in forming the final a-SIAION ceramics,
but it seems to be supported by the following crude estimation.
From the average dimensions of seedsin Table Il and the average
dimensions of elongated grains in Table I1I, we can calculate the
average volume, V = WZL, for the seeds and the grains. The ratio
of such volumesis ~100 for S-1 seeding and ~50 for S-3 seeding.
Because the ceramics in Table Il contain 1% seeds, a one-to-one
correspondence between the seed crystal in the starting powders
and the large elongated grain in the final ceramic would yield a
ratio of 100, which is of the same order of magnitude as observed.
This suggests that a large fraction, if not al, of seed is an effective
nucleation site for a-SIAION precipitation.

To survive liquid-phase sintering, seed crystals must be ther-
modynamically stable compared with other particlesin the starting
powders. Stabilization can be attributed to either a size advantage
or achemical advantage. Large crystals are more stable because of



1258 Journal of the American Ceramic Society—Zenotchkine et al. Vol. 85, No. 5
12 ; 14 10 . ; :
o (a) = 1% F (b) & (C) Lee0eceo0 1%
. o veen0.5% = 12} 2 atat2% =
E 10+ g _'. ¢ E Amﬁ‘cﬂ‘;“u‘“u“l% E 8 D”u e Ea (0.5%
. L hececess 25% U R 7 F L 1
g m”u " .'. 0 ’ g 10r ﬁ 0‘09%5._&2005% ’ D(_U a"'. o s e s * . 2.5%
E sl __..'-..--Pa'ooo o 00000 © 0 5% E .355: 0::. s 0.5% l".‘ ......oaoeooooo 5%,
s = of s
3 G_Ooo ahka 442 2 0% il
O 6 adda A2 2 0% =1 14 0, x o
— AAAAA ! 6+ ‘AAAAAA aaa 2 0% AA““‘
X ey pamsesnes | h. 4 e
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500

Crack growth (um)

Crack growth (um)

Crack growth (um)

Fig. 5. R-curves of Y1512 ceramics seeded by different amounts of (a) S-1, (b) S-2, and (c) S-3 seeds.

14 — ——t ,
< P! )
= = 10 E
© © ©
: £ g
= ] L = '
o '+, Indentation 6 4/ , ~ Indentation
— - e Q / Indentation ) 7
S N R B S RV —
°o 1 2z 8 4 05 o 1 2 3 4 5 o 1 2 8 4 5
Amount of seed (%) Amount of seed (%) Amount of seed (%)

Fig. 6. Peak and initial fracture toughness on R-curves for Y 1512 ceramics seeded by different amounts of (a) S-1, (b) S-2, and (c) S-3 seeds. Indentation

toughness also shown.

m:7.1 7.8 13.5 19.3 14.3

Ln(Ln(1-P)™)

1% 2.5% 5% : Amount of seed

10% 0.5%

63 64 65 66 67 68
Lno

Fig. 7. Strength distribution as function of amount of S-2 seeds for
Y1512 ceramics.

asmaller surface tension. For arod-like silicon nitride crystal that
is not necessarily at equilibrium, the chemical potential is difficult
to estimate for the side surface where interface control may cause
deviations from thermal equilibrium.>® However, the chemical
potential at the end surface, which is usually atomically rough, can
be evaluated by computing the increase of the (side) surface
energy when the end grows by one atomic layer. The chemical
potential thus evaluated is independent of the length of the crystal
but is related to its radius by 2yQ/R2* Here v is the interfacial
energy per unit area of the side surface, () is the atomic volume,
and R is the radius of the rod (taken to be W/2). In the present
study, the width of our seed crystalsis ~0.5 wm, and the width of
the starting (equiaxed and mostly «-Siz;N,) powders is from
0.5-1.5 wm according to the manufacturer. Thus, the width of the
seed crystals is roughly comparable to that of the starting powders
and offers no special size advantage. So the reason that our seeds
are effective must be attributed to their chemical stability. Thisis
plausible because our seeds have the intended composition and

structure of Y-1512 «-SIAION, whereas the starting «-SigN,
powders are unstable at this overall composition. (The dissolution
of a-SizN, before a-SIAION formation was documented by XRD
study by Rosenflanz and Chen.?)

The fact that both elongated and equiaxed seeds are nearly
equally effective suggests that their thermodynamic stability is
similar as a result of their similar chemical compositions. The
small difference between their seeding effectiveness (e.g., the
different ratio of grain volume to seed volume in the microstruc-
ture) may be caused by the larger width of the S-3 seeds (0.55 pm
on average) compared with the S-1 seeds (0.36 wm on average).
This will make the latter seeds less stable, which may cause some
smaller S-1 seeds to dissolve and the remaining ones to grow
further with less competition.

V. Conclusions

(1) Singlecrystal seeds of a-SIAION compositions have been
used for microstructure control of in situ toughened «-SIAION. As
little as 1% seeding is sufficient to yield high-toughness ceramics,
with a peak toughness reaching 12 MPam®? with improved
strength and Weibull modulus.

(2) Seed crystals of a-SIAION composition are more stable
than starting powders even though their sizes are comparable.
During liquid-phase sintering, a large fraction of seed crystals
survives and provides the sites for «-SIAION precipitation.

(3) Thenumber density of stable seed crystalsis the dominant
factor for microstructure control, regardless of the shape and size
of the crystals.
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