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Abstract Processing plays an important role in deter-
mining the microstructure of silicon nitrides which in turn
influences the mechanical properties, such as hardness and
toughness. Sintering aids are an important processing
parameter. The influence of the chemistry of sintering aids
on properties of silicon nitrides is a well-explored subject.
Here the size of sintering aids used and its impact on
microstructure and mechanical properties is explored. Spe-
cifically the use of nano-scale versus micron-scale sintering
aids is examined. Microstructures and mechanical properties
for silicon nitrides hot-pressed with nano-sized sintering
aids are compared with a reference silicon nitride hot-pres-
sed with micron-sized sintering aids. Hardness and fracture
toughness are determined at room temperature using hard-
ness indents. Grain size and aspect ratio distributions are
determined for the two silicon nitrides and their impact on
mechanical properties are examined. Toughening behavior
is studied by experimentally determining R-curves. Both
toughness and toughening (R-curve) behavior are shown to
improve with the use of nano-scale sintering aids.

Introduction

The favorable mechanical, physical, and chemical proper-
ties of silicon nitrides make them very desirable for a
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variety of applications. Their hardness and wear resistance
make them suitable for bearing applications [1]. These
bearing-grade silicon nitrides possess a microstructure with
a mix of alpha and beta silicon nitride grains that simul-
taneously confers hardness and toughness. Silicon nitrides
are used as cutting tool materials too [2]. Here the
requirement is one of high fracture toughness which is
achieved with a microstructure of entirely beta phase grains
with an acicular morphology that leads to a self-reinforcing
structure. Silicon nitride—silicon carbide nanocomposites
have also been fabricated for cutting tool applications [3].

The mechanical behavior of liquid-phase sintered silicon
nitrides is dictated to a large extent by their grain structure
and the intergranular phase or film. The silicon nitride
starting powder characteristics, the amount and type of
sintering aids and secondary phase additives, and the sin-
tering process parameters [4, 5] all play a role in affecting
the microstructure. To obtain superior toughness and
strength, a fine-grained microstructure with a high pro-
portion of elongated beta grains is preferred [6, 7]. These
in situ grown beta silicon nitride grains can significantly
improve the fracture toughness over monolithic ceramics,
producing self-reinforced silicon nitrides. Ex situ tough-
ening of silicon nitrides is also accomplished with the
addition of fibers such as SiC and Carbon [8-11].

The role that sintering aids play in determining the
microstructure and properties of silicon nitrides has been
studied extensively [12—15]. The impact of chemistry of
sintering aids on the ensuing microstructure has been well
documented. For instance, Park et al. [16] show that the
addition of Yttria and Hafnia as sintering aids can result in
elongated beta silicon nitride grains conferring additional
fracture toughness. Strecker et al. [17] use a rare earth
oxide mixture as a sintering additive and show a cost
effective alternative to Yttria. However, the impact of the
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scale of sintering aids used, micron versus nano, on the
resulting microstructure and mechanical behavior, partic-
ularly the toughening, has not been sufficiently explored
and documented in the literature. Micron-scale sintering
aids have conventionally been mixed with silicon nitride
powder by techniques such as ball milling, planetary
milling, or attrition milling. As the scale of both the sin-
tering aid particle size and the silicon nitride powder size
shrinks, these conventional techniques can at times lead to
problems such as agglomeration and inhomogeneous dis-
tribution. This in turn can lead to imperfect densification
and less than acceptable mechanical properties. However
careful processing can prevent such agglomeration issues.

Several efforts have been directed toward using non-
conventional routes to achieving homogeneous mixtures of
nano-scale sintering aids with silicon nitride powders.
Chemical routes that incorporate nano-sized aids in situ
have been developed [18]. Wang et al. [18] report on the use
of a low temperature combustion process that creates nano-
scale Yttria and Alumina sintering aids in situ within silicon
nitride powders. The process results in a homogeneous
distribution of sintering aids leading to excellent densifica-
tion. A similar process was used by Bondanini et al. [19]
who used a chemical coprecipitation process to obtain a
nanodispersed amorphous sintering aid dispersion among
silicon nitride powder. Sintering aids chosen in the study
were Lanthanum Oxide and Yttrium Oxide. Herrmann et al.
[20] used a plasmachemical route to produce nano-scale
silicon nitride powder coated with Yttria and Alumina sin-
tering additives. The coating prevents further hydrolysis of
the silicon nitride powder thus reducing oxygen content.
They were able to demonstrate the formation of nanostruc-
tured silicon nitride from these coated powders. Similarly,
Bellosi et al. [12] utilized nano-scale silicon nitride powders
doped with sintering aids (Yttria and Alumina) by simulta-
neous vapor condensation using plasma technology.

Chemical processes to coat silicon nitride powders with
the sintering aids can be expensive, time consuming, and
not amenable to scale-up for industrial production. More-
over, they can be difficult to apply to nano-scale silicon
nitride powders [12]. The alternative to these methods is to
return to conventional milling to mix silicon nitride pow-
ders and nano-scale sintering additive powders. Choosing a
suitable milling medium and an appropriate milling dura-
tion can reduce agglomeration and inhomogeneous mixture
problems.

In this investigation, the impact of the scale of the sin-
tering aids on the microstructure and resulting toughness
and toughening of beta silicon nitrides is studied. Con-
ventional ball milling is utilized to obtain a homogeneous
mix of silicon nitride powders with sintering aid powders.
A silicon nitride prepared with micron-scale sintering aids
is compared with a silicon nitride prepared with nano-scale
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sintering aids. A quantitative analysis of the grain structure
is conducted and the results of this analysis are correlated
with the measured mechanical properties. A comparison of
the toughening behavior is made by experimentally deter-
mining R-curves.

Experimental procedure

A “micron-sized” silicon nitride powder with a dsoq of
0.7 pm (>90% o-silicon nitride, H.C. Starck) was utilized in
preparing the samples. The reference silicon nitride powder
batch with Micron-scale Sintering Aids (MSA) (average
particle size = 0.7 microns) was prepared using the micron-
sized silicon nitride powder and conventional micron-scale
Al0O3, Y,03, and ZrO, sintering aids. A second batch with
Nano-scale Sintering Aids (NSA) was prepared using the
micron-sized silicon nitride powder and nano-scale Al,Os,
Y503, and ZrO, sintering aids (size range 20—40 nm). The
weight fraction of sintering aids in the two batches were
identical. The weight percent values of Al,O3, Y,03, and
ZrO, were 6, 4, and 1%, respectively. The powders were ball
milled inside a polyethylene jar with IPA for 24 h. The
slurries were dried and sieved through a 325 mesh screen.
The powders were placed inside a graphite die and uniax-
ially hot-pressed under a nitrogen atmosphere at 1,750 °C
for 1 h. A pressure of 30 MPa was applied.

The densities of the hot-pressed materials were mea-
sured in the usual way by the Archimedes principle. The
hardness and toughness of the samples were measured
using a macro Vickers hardness tester (LECO LV-100,
LECO Corporation, St. Joseph, MI) with a load of 10 kgf
used to make the indents. The toughness was calculated
using the Anstis formula [21]. Four-point flexure tests were
done in accordance with ASTM C-1161 to determine the
bend strengths.

Toughening ability was determined by R-curve mea-
surements which were performed on rectangular bars,
machined to dimensions of 50-mm length, 4-mm width, and
3-mm depth. The tensile surface of each specimen was
polished to a 1-micron diamond finish. Three uniformly
spaced indentations were placed on the tensile surface of
each specimen with an indentation load of 196 N (20 Kgf).
Care was taken to ensure one set of radial cracks at each
indentation was perpendicular to the tensile stress direction
in bending. After indentation, each of the samples was
annealed at 1,000 °C for an hour in a flowing nitrogen
atmosphere to eliminate residual stresses. Samples were
loaded in a four-point bend fixture with an inner span of
20 mm and outer span of 40 mm. Loading was performed in
a servohydraulic machine (MTS 810, MTS Systems Cor-
poration,Eden Prairie, MN) under displacement control with
a low crosshead speed of 0.05 mm/min. The sample was
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incrementally loaded by small load increments to achieve
stable crack propagation. Once the desired load level was
achieved, the load was held for about 20 s before being
quickly released. After each load step the increase in crack
length (Ac) was measured. The loading arrangement was
specially designed to generate a very stiff loading geometry.

Crack growth resistance, Kz, was plotted against the half
surface crack length, ¢, to produce the R-curves. The crack
growth resistance, Kg, is the maximum applied stress
intensity factor at the tip of the indentation crack for each
loading—unloading cycle.

KRZYO'\/E (1)

Here, o is the peak bending stress in each loading—
unloading cycle. The shape (geometry) factor, Y, is cal-
culated using the empirical equation of Newman and Raju
[22] and the procedure described in [23] for determining
the ellipticity ratio of the crack. Loading—unloading cycles
were continued until the specimen fractured.

Ramachandran and Shetty [24] proposed the following
function for modeling experimental R-curves.

Ki = Koo — (Koo — Ko) exp{_(cf_co)} (2)
Here K., and K, are the upper and lower bound crack
growth resistances for the long and short crack limits, while
A is a crack-length normalizing parameter. This model
provides useful parameters to characterize the R-curves
and is used to model the experimental R-curves for the
MSA and NSA silicon nitrides.

Specimens for microstructure characterization were
polished and etched. Etching was performed with a gas mix
of 8% 0,-92% CF, in a plasma etcher (Plasma Prep II,
Structure Probe Inc., West Chester, PA). Microstructures of
etched specimens were imaged using a Field Emission
Scanning Electron Microscope (Hitachi S-4800-1, Hitachi
HTA, Pleasanton, CA)). SIMAGIS Smart Imaging
Spreadsheet (Smart Imaging Technologies, Houston, TX)
was used to calculate grain size and aspect ratio distribu-
tions. Fracture surfaces were directly observed in the
Scanning Electron Microscope. Powder diffractometry was
performed using a Philips Powder Diffractometer (Philips
PW1050, PANalytical Inc., Natick, MA) to ascertain pha-
ses in the specimens.

Results and discussion

Densities of the reference silicon nitride (MSA) and the
NSA materials are shown in Table 1. Near theoretical
density was achieved for both MSA and NSA silicon
nitrides. Clearly, the use of nano-scale sintering aids has
not hampered the densification of the NSA silicon nitride.

Table 1 Densities of MSA and NSA silicon nitrides

Specimen Relative density (%)
MSA 99.7 £ 0.8
NSA 99.6 £ 0.2

Average HV10 hardness and toughness for these mate-
rials are reported in Table 2. While the hardness of the two
materials are about the same, the toughness of the material
with nano-sintering aids (NSA) is clearly superior. The
toughness results were based on the size of the indentation
cracks and were calculated using the Anstis formula [21].
The superior toughness is related to the microstructures
exhibited by this material as will be described later. Four-
point bend strengths are reported in the same table. A
significant difference was observed in the flexure strength
of MSA and NSA samples. The four-point bend strength
was found to be 17% higher in samples prepared with
nano-sized sintering aids.

Figure 1 shows the X-ray diffraction pattern from the
NSA material. The dominant phase is f silicon nitride.
There are no signs of any « peaks. It is clear that the o to f§
transformation has been completed. The diffraction pattern
from the reference MSA material (Fig. 2) too shows the
same [} silicon nitride peaks, and therefore the MSA
material too has undergone the complete transformation.

Table 2 HV10 macro Vickers hardness, indentation toughness, and
bend strengths

Specimen Hardness Toughness 4-point bend
(GPa) (MPay/m) strength (MPa)
MSA 15.0 £ 0.2 55+04 884 + 44
NSA 15.1 £0.2 72 £09 1038 £ 17
B
P p
B

Relative Intensity (arbitrary units)

o

25 30 35 40 45 50 55
20, degrees

[\
o

Fig. 1 X-ray diffraction pattern for the NSA silicon nitride shows f
silicon nitride peaks
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Fig. 2 X-ray diffraction pattern for the reference MSA silicon nitride
shows f silicon nitride peaks

Fig. 3 Microstructure of the MSA silicon nitride

Microstructures of the reference MSA and the NSA
silicon nitrides are shown in Figs. 3 and 4, respectively.
Each of these microstructures shows characteristic beta
silicon nitride grains with acicularity. Quantitative grain
size (average diameter) and aspect ratio (major diameter/
minor diameter) distributions were determined for these
microstructures. More than 1,000 grains were used to
compile statistics for each of the microstructures. The
histograms of grain size distributions for the MSA and
NSA silicon nitrides are shown in Fig. 5. The NSA silicon
nitride shows a measurable increase in the numbers of
grains of average diameter (.2 microns and smaller in
comparison to the reference MSA silicon nitride. Figure 6
presents the grain aspect ratio (major diameter/minor
diameter) distributions in the two microstructures. Again,
NSA shows a slightly higher fraction of grains of aspect
ratio 2.0 and higher in comparison to the reference MSA.
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Fig. 4 Microstructure of the NSA silicon nitride

I MsA
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Average Diameters, um

Fig. 5 Grain size (average grain diameter) distributions for the NSA
and MSA silicon nitrides

C_INsA

Relative Frequency, %
>
T
L

>10 5.0-10.0 3.3-5.0 25-33 2.0-25 1.7-2.0 14-1.7 125-14 1.0-1.25
Aspect Ratio

Fig. 6 Grain aspect ratio (major diameter/minor diameter) distribu-
tions for the NSA and MSA silicon nitrides

These would be the acicular grains that potentially con-
tribute to toughness and toughening, giving rise to a self-
reinforcing microstructure.

The use of nano-sintering aids has caused some refine-
ment in the grain structure. Their use has increased the
fraction of acicular grains marginally and has also caused
an increase in the number of fine (low average-diameter,
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0.2 microns and less) grains. These silicon nitrides densify
by a liquid phase sintering mechanism, wherein the sin-
tering aids combine with the silica on the surface of the
silicon nitride powders and form a eutectic melt that
facilitates particle rearrangement and solution-reprecipita-
tion processes. Nano-scale sintering aids tend to be more
active and melt at lower temperatures. As a result the liquid
phase exists over a wider temperature range and a more
prolonged time duration. Also because of the smaller size
of nano-scale sintering aids in relation to micron-scale
sintering aids, the ball milling process should produce a
more homogeneous distribution of the nano-scale sintering
aids. Hence the liquid phase in a silicon nitride with nano-
scale sintering aids should be more homogeneously dis-
tributed thus providing a uniform distribution of sites for
solution-reprecipitation processes. These factors should
lead to a refinement of grain structure with the NSA silicon
nitride exhibiting more numerous fine grains as well as
more acicularity in the grain aspect ratios in comparison to
the MSA silicon nitride.

The refinement in the microstructure of the NSA silicon
nitride contributes to its improved fracture toughness
(Table 2) as measured by the Vickers Indentation method.
The increased presence of acicular grains and their distri-
bution in a fine-grained matrix in the microstructure is a
contributing cause to a self-reinforcement effect. The
higher strength of the NSA silicon nitride (Table 2) could
also be attributed to this refined grain structure. While the
grain structure plays an important role in influencing
mechanical properties, another key variable is the nature of
the intergranular phase or film in liquid-phase sintered
silicon nitrides. The chemistry and thickness of this inter-
granular film affects its strength, thereby influencing the
strength and toughness of the silicon nitride. A number of
studies have looked at the effect of the strength of this film
and its role in influencing intergranular fracture. However,
the role of the intergranular film in influencing the prop-
erties of the NSA silicon nitride is not considered here.

Figure 7 shows R-curves for the NSA material. Results
are reported for three different test specimens of the same
material. From the graphs it is evident that NSA exhibits
classic toughening behavior. The Kz—c relationship of
Eq. 2 was fit to the experimental results for NSA using a
nonlinear least-squares method. These curvefits are shown
in Fig. 7. The Ramachandran and Shetty [24] parameter
values for the curve fits are shown in Table 3. NSA shows
classic toughening curves with an initial steep increase in
crack growth resistance with crack length followed by the
development of a plateau. R-curves for the reference MSA
silicon nitride are shown in Fig. 8. Parameters for the
curvefits based on Eq. 2 are shown in Table 3. Again, three
specimens of the MSA material were tested. While the
MSA silicon nitride shows classic toughening behavior as

*  NSA-1 expt.
—6— NSA-1 fit

0 NSA-2expt.
—O— NSA-2 fit

K_ (MPam®®)
~

v * v NSA-3 expt.
25 4 * —— NSA-3 fit ]
2 . . . . . . .
0.18 0.2 022 024 026 028 0.3 032 034
¢ (mm)

Fig. 7 Experimental R-curves for the NSA silicon nitride and curve
fits based on Eq. 2

Table 3 Ramachandran and Shetty [24] parameters for MSA and
NSA silicon nitrides

Specimen K, (MPay/m) K, (MPay/m) c¢o(mm) A (mm)
MSA-1 4.86 2.48 0.22 0.021
MSA-2 4.96 2.48 0.20 0.03
MSA-3 5.06 2.51 0.20 0.056
NSA-1 52 2.47 0.22 0.026
NSA-2 5.83 2.52 0.18 0.070
NSA-3 5.50 2.49 0.20 0.054
5.5 T T T

*  MSA-I expt.
—6— MSA-I fit %
5T o MSA-2expt. x|
—o— MSA-2 fit d
45H VvV MSA-3expt.
—>— MSA-3 fit

:E 4t 4
<
By
2
 35F 1
N
3 | 4
251 \v4 4
2 1 1 1 1 1
0.18 0.2 0.22 0.24 0.26 0.28 0.3

¢ (mm)

Fig. 8 Experimental R-curves for the MSA silicon nitride and curve
fits based on Eq. 2

well, the plateaus of the R-curves of MSA are lower than
those of NSA. Evidence of this is also seen in the K,
values seen in Table 3. The average K, value for the NSA
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Fig. 9 Crack propagation through the grain structure of the NSA
silicon nitride

Fig. 10 Crack propagation through the grain structure of the MSA
silicon nitride

silicon nitride is 5.51, while the corresponding value for the
MSA silicon nitride is 4.96, an increase of about 11%. This
is consistent with the findings on the indentation fracture
toughness reported in Table 2. There is no discernible
difference in the remaining parameters of Table 3 between
the two materials.

Crack propagation paths were established for NSA.
These cracks emanated from the additional indentations
placed on the R-curve test bars, adjacent to the fracture-
causing indentation crack. The fractured piece of the
R-curve bar, containing this additional indentation, was
plasma etched to reveal the grain structure surrounding the
grown, subcritical indentation crack. Figure 9 shows crack
propagation paths in NSA. There is clear evidence of
crack-path deflection in NSA as a toughening mechanism.
This deflection mechanism of toughening is due to the
presence of acicular grains. A similar mechanism is seen in
Fig. 10 for the MSA silicon nitride. The refined micro-
structure of NSA should promote crack-path deflection as a
toughening mechanism.

@ Springer

Conclusions

The role of the scale of the sintering aids on the resulting
microstructure and toughening behavior of hot-pressed
silicon nitrides has been studied. Silicon nitrides prepared
with nano-scale sintering aids were compared with silicon
nitrides with micron-scale sintering aids. Conventional ball
milling was used to disperse the sintering aids. Micro-
structure analysis indicates that the use of nano-scale
sintering aids has caused a refinement of the microstructure
when compared with micron scale aids. The NSA material
has a finer grain size as well as a marginally increased
acicularity of grain shapes. Densification is not negatively
impacted by the use of the nano-scale sintering aids. In
fact, near theoretical density was achieved for both MSA
and NSA materials. There is little change in hardness but a
significant gain in toughness and strength due to the nano-
scale sintering aids. Silicon nitride with nano-scale sinter-
ing aids shows a classic toughening (R-curve) behavior
with a sharp rise in the crack growth resistance with crack
length followed by a plateau. The plateaus achieved with
the NSA material are higher than for the MSA silicon
nitride, indicative of the fact that nano-scale sintering aids
are improving toughening behavior. Crack propagation
paths through the microstructure of both NSA and MSA
silicon nitrides show that crack-path deflection is the
dominant toughening mechanism in both.
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