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Abstract

Nine kinds of silicon nitrides with different microstructures were fabricated by controlling both sintering conditions and amounts of sintering
additives, Al,O3 and Y,0;. The wear behavior of the various Si3N, ceramics was investigated in sliding contact test without lubricant. The specific
wear rate varied notably from 6 x 107 to 4 x 10~* mm?® N~! m~! depending on the microstructures, whose ranking was difficult to predict directly
from the hardness or fracture resistance obtained by the indentation fracture (IF) technique as well as the single-edge-precracked beam (SEPB)
method. A good correlation was obtained between the specific wear rate and both mechanical properties when a lateral-crack chipping model
was applied as the material removal process. However, the correlation was lost when the fracture toughness obtained by the SEPB method was
employed, indicating that the conventional long-crack toughness is inappropriate for analyzing the wear behavior of SizNy4 exhibiting a rising

R-curve behavior.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon nitride is an attractive material for tribological
applications since it possesses superior wear resistance and
advantages such as light weight, high strength and tough-
ness, good corrosion resistance and a low thermal expansion
coefficient. Many studies have been conducted to improve its
mechanical properties through microstructural control, such as
“self-reinforcing” mechanism. Although there has been much
research on the tribological behavior of silicon nitride, many
of them have been focused on the relation between the slid-
ing environment and the wear resistance,! and relatively
fewer studies have explored the effect of microstructure on the
wear performance.*!%-13 However, the reported relationships
between microstructure and tribological performance are often
contradictory, leaving fundamental understanding of its wear
mechanism to be clarified. For example, Zutshi et al., Gomes
et al. and Dogan and Hawk found that the wear resistance
was improved when the grain size became smaller despite of
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a decrease in fracture toughness.'%12 By contrast, Carrasquero

et al. demonstrated that the “self-reinforced” microstructure
with elongated grains suppressed the propagation of cracks,
which not only improved both fracture toughness and strength
but also enhanced the wear resistance.'®> In the case of sil-
icon carbide whisker-reinforced silicon nitride composites,
Wang and Mao reported that the pullout mechanism of SiC
whisker made the composite more wear resistant than the
monolithic silicon nitride,!* while Gomes et al. and Dogan
and Hawk observed little difference between the wear perfor-
mances for them.'>1 In our previous studies, the influence of
microstructure on the friction and wear properties of various
SizNy4 ceramics was investigated in sliding contact test without
lubricant.!7-!3 Tt was found that the tribological properties var-
ied considerably depending on the microstructures. However, a
clear relationship between the tribological characteristics and
the grain size as well as the mechanical properties was not
obtained.

The complicated results from all these researches may be
attributable to the complexity of the experimental conditions,
especially to the diversity of the samples tested in these litera-
tures, that is, the chemical composition and crystallinity of the
intergranular phase as well as the ratio of a/f3 phase of silicon
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nitride were different besides variations in the grain size distri-
bution and morphology.'-!? In this study, in order to elucidate
the effect of the grain size and morphology on the tribological
property, nine silicon nitride samples were hot-pressed using
equal amounts of alumina and yttria as sintering additives to
yield an intergranular amorphous phase with almost the same
chemical composition, while the distribution of grain size was
controlled by both sintering conditions and total amounts of
additives. The samples were tested in unlubricated sliding test
at an ambient atmosphere to correlate the volume wear loss to
both microstructures and mechanical properties such as hard-
ness and fracture toughness. An indentation fracture model for
material removal process in abrasive wear, which was developed
by Evans and Marshall,!” was employed to explain the depen-
dence of the wear volume on an inverse function of the hardness
and fracture toughness.

2. Experimental procedure
2.1. Materials

Two sets of silicon nitride ceramics (listed in Table 1) were
fabricated from SizN4 powder with Y,03 and Al,O3 as sin-
tering additives. The amounts of the sintering additives of the
first set of samples (A series) were fixed at 5 wt% Al,O3/5 wt%
Y;,0s3. In order to alter both grain size distributions and grain
morphologies of the silicon nitride samples, the combination
of the sintering temperature and soaking time was varied as
follows; 1750 °C for 1h, 1850 °C for 1h, 1950 °C for 2h and
1950°C for 8h. By contrast, the amount of additives of the
second set of samples was increased progressively from 1 wt%
Al,O3/1 wt% Y,03 to 10 wt% Al,O3/10 wt% Y,03 while the
sintering condition was set constant at 1950 °C for 2 h (B series).
The ratios of Y03 to Al,O3 in weight percent were kept at
unity for all compositions, so that the chemical compositions
of intergranular phases were considered to be almost identical.
However, the content of silica from the silica on the surface
of raw SizNy4 powder was supposed to decrease slightly with
an increase in the additives. The percentage of nitrogen in the

Table 1

glass phase might also vary depending on the compositions. The
starting powders were mixed in ethanol for 24 h. The slurry was
dried and passed through a 150-mesh sieve. The mixed powders
were hot-pressed in a graphite furnace at temperatures ranging
from 1750 to 1950 °C under a pressure of 30 MPa in a nitrogen
atmosphere. The detailed fabrication procedure was described
in our previous reports.!”!® The densities of the as-sintered
bodies were measured using the Archimedes technique. The
crystal phases in the specimens were identified by X-ray diffrac-
tion (XRD). The machined samples were polished and plasma
etched in CF4 gas before microstructural observation by scan-
ning electron microscopy (SEM). The diameter of each grain
was evaluated by the shortest grain diagonal in two-dimensional
images with magnifications of 10k and/or 5k. In order to count
coarse and elongated grains (major axis =8 wm) which occa-
sionally appeared in the samples sintered at higher temperatures,
the micrographs with the lower magnification of 1k were also
used. Aspect ratios of the normal grains were estimated from the
mean value of the 10% highest observed aspect ratios.? Aspect
ratios of the coarse grains selected from the micrographs at a
magnification of 1k were calculated by the same procedure as
mentioned above.

2.2. Test procedure

Young’s modulus was measured by the ultrasonic pulse echo
method as used in Japanese industrial standard (JIS) R 1602.21
Vickers indentations were made on the polished surface perpen-
dicular to the hot-pressing axis with a hardness tester (Model
AVK-C2, Akashi Corp., Yokohama, Japan). Both Vickers hard-
ness and indentation fracture resistance were evaluated at a load
of 294N with the dwell time of 15s. Eight impressions were
made for each sample. The lengths of the impression diagonals,
2a, and sizes of surface cracks, 2¢, were measured with a trav-
eling microscope (Model MM-40, Nikon Corp., Tokyo, Japan)
immediately after the unloading. A 10x eyepiece and a 50x
objective were used to observe the bright field images of the
indentations. The fracture resistance, Kr, was calculated using
the Miyoshi’s equation as follows,?>?? since it was reported that

Composition of the starting powders, sintering conditions, median grain diameter and aspect ratio of the silicon nitride samples hot-pressed with alumina and yttria

as sintering additives

Material Amount of sintering additives (wt%) Sintering condition Median grain Aspect ratio®
designation Al O3 Y,03 Temperature (°C) Soak time (h) diameter (um) Normal grain Coarse grain
Al 5.0 5.0 1750 1 0.23 45 -
A2 5.0 5.0 1850 1 0.28 4.9 -
A3 5.0 5.0 1950 2 0.52 49 12.0
A4 5.0 5.0 1950 8 0.91 55 9.3
Bl 1.0 1.0 1950 2 0.35 4.1 52
B2 1.75 1.75 1950 2 0.34 4.7 5.6
B3 2.5 2.5 1950 2 0.40 47 10.4
B4 3.34 3.34 1950 2 0.32 45 104
B5 10.0 10.0 1950 2 0.59 5.9 11.3

2 The aspect ratios of the normal grains were obtained from the Sk and 10k magnification images, whereas those of coarse grains were calculated using the selected

grains with major axis >8 wm in micrographs of 1k magnification.
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the Miyoshi’s equation gave the closest value to that obtained
by the SEPB technique for silicon nitride ceramics with almost
flat R-curve behavior.>*27

Kr = 0.018(E/H)"/?> pc=3/? (1)

where E is Young’s modulus and H is the Vickers hard-
ness. P is the indentation load and c is the half-length of
as-indented surface crack length. For fracture toughness, Kic,
measurement, rectangular specimens (4 mm in width x 3 mm
in breadth x ~40 mm in length) were machined from each sin-
tered sample. The SEPB test was conducted in accordance with
Japanese industrial standard (JIS) R 1607 with a pop-in crack
depth of about 2 mm.*?

Tribological properties were evaluated using an unlubricated
ball-on-disk experiment. The samples for wear analysis were cut
and grinded into plates of dimensions 30 mm x 27 mm x 5 mm
and polished to surface roughness of R; =0.005 pm. A com-
mercial Si3Ny ball (Nihon ceratec Co. Ltd.) with diameter
of Smm was pushed against the sample plate with a nor-
mal load, F,, of 49 N. Wear test conditions were as follows:
sliding speed=0.18 m s~ sliding distance, L= 108 m; atmo-
sphere = air; temperature =22-28 °C; relative humidity during
testing =20-30%RH. Wear volumes, V, were measured using a
surface profilometer and calculated according to the method of
JIS R 1613.28 Specific wear rates, Wy, were obtained by dividing
V by FypL. Two to three specimens were tested for each sample
to give the average of W.

3. Results
3.1. Microstructure

The porosities of all the samples were less than 2%, indi-
cating that these ceramics were almost fully densified. Fig. 1
shows SEM micrographs of the plasma-etched A-series sam-
ples sintered at different conditions using additives of 5 wt%
Al,O3/5 wt% Y203. When the sintering temperature was 1750
and 1850 °C, the microstructures of both samples were fine and
uniform (Fig. 1 A2). The grain size increased and some elon-
gated grains appeared in the A3 sample which was sintered
at 1950 °C for 2 h. Grains grew markedly and large elongated
grains were formed after heating at 1950 °C for 8 h (A4 sample).
In the case of B1-B5 samples which were sintered at 1950 °C
for 2h, the microstructures were almost the same except the
B5 sample which consisted of large elongated grains (Fig. 2).
All these microstructural characters were quantitatively evalu-
ated by the image analysis using the SEM photographs. The
resultant distributions of grain size and median diameters for
those samples are shown in Fig. 3 and Table 1, respectively.
The widths of grain size distribution of the Al and A2 sam-
ples were almost the same and very narrow, 0.05-0.8 pm, while
the distributions for the A4 sample shifted much higher side
in X-axis, accompanied by the broadening of the distribution
from 0.3 to 5 wm. The A3 sample showed the intermediate dis-
tribution. These features were reflected in the median diameter
values listed in Table 1. By contrast, although the median diam-

Fig. 1. SEM micrographs of Si3N4 hot-pressed with addition of 5wt%
Al,O3/5wt% Y,03 as sintering aids. The sintering condition for each sam-
ple was as follows: 1850 °C for 1 h (A2); 1950 °C for 2 h (A3); and 1950 °C for
8h (A4).

eters for B1, B2, B3 and B4 samples in Table 1 showed similar
values, the differences appeared in the upper parts of the distri-
butions; the more the amounts of additives increased, the larger
the maximum grain size became (Fig. 3). The curve of grain
size distribution for the BS sample resided in the highest side in
X-axis, which was corresponding to the coarse microstructure
observed in the SEM micrographs (Fig. 2). The aspect ratios
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Fig. 2. SEM micrographs of Si3Ny4 hot-pressed at 1950 °C for 2 h with addition
of various amounts of sintering aids. The amounts of Al,O3 and Y,03 as sin-
tering additives were 1.0 and 1.0 wt% (B1); 3.34 and 3.34 wt% (B4); 10.0 and
10.0 wt% (BS5); respectively.

of the coarse grains selected from the micrographs of 1k mag-
nification images were mostly ~10 as listed in Table 1, while
other normal grains showed the aspect ratio of 4-6, indicating
that only small number of grains experienced unidirectional and
noticeable grain growth.

XRD analysis identified only (3-phase for all the samples
with the exception of the Al sample in which the slight amount
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Fig. 3. Distributions of grain diameter for Si3Ny4 ceramics hot-pressed with
Al,O3 and Y,0s3 as sintering aids. The letter by every curve represents the
sample designation listed in Table 1.

of residual o phase was detected. The absence of secondary
crystalline phase in these samples indicated that the sintering
additives formed intergranular glassy phases.

3.2. Hardness, fracture toughness and wear behavior

Table 2 summarizes the basic mechanical properties such as
Young’s modulus, hardness and fracture toughness as well as
specific wear rate for the silicon nitride samples with differ-
ent microstructures. The change in Young’s modulus among
the samples in the A group was negligible. By contrast, the
Vickers hardness, H of the samples in the A group showed
decreasing tendencies with an increase in the sintering temper-
ature and soaking time, which may be partially attributable to
the size effect as reported in other hot-pressed silicon nitride
ceramics.'%2%30 In the case of B samples, both Young’s modu-
lus and H decreased gradually with an increase in the amount of
additives, which can be explained by the increase in the volume
fraction of intergranular phase that is softer than pure SizNg4
phase. Both fracture toughness, Ki. measured by the SEPB
method and fracture resistance, Kr calculated from the IF tech-
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Table 2
Mechanical properties and average of the specific wear rate for silicon nitride samples with different microstructures
Material Young’s Vickers hardness Fracture toughness Fracture resistance Specific wear rate
designation modulus (GPa) (H, GPa)* (Kie, MPam'/?) (Kr, MPam!/2)b (x107*mm* N~ m—1)
Al 299 152 £ 0.1 52 £0.1 49 + 0.1 4.40
A2 299 14.8 £ 0.1 5.7 £ 0.04 54 +£0.1 1.90
A3 300 14.1 £ 0.1 7.0 £ 0.1 59 £0.1 0.28
A4 306 13.6 £ 0.1 83+ 0.2 6.6 £ 0.1 0.45
B1 315 159 £ 0.3 45 +0.1 42 +0.1 4.00
B2 312 157 £ 0.2 49 £0.2 47 £ 0.1 2.10
B3 309 14.8 £ 0.2 6.5 £ 0.1 5.7+0.1 0.06
B4 307 14.8 £ 0.1 6.5 + 0.2 59 £0.1 0.06
B5 280 13.6 £ 0.1 7.0 £ 0.3 6.0 £ 0.1 0.75

* Vickers hardness was measured at an indentation load of 294 N.

b Fracture resistance was obtained by the indentation fracture (IF) method at a load of 294 N. Uncertainties are one standard deviation.
nique increased with the sintering temperature and holding time 5
for the samples in the A group. The samples in B group showed
an increase in both Kj. and Kg with the content of additives. 'g %
It is rational to expect that the crack bridging mechanism is Y, AT
responsible for the enhanced K. and KR in the samples sin- e
tered at higher temperatures and with large amount of additives E 3l
since the volume fraction of the coarse and elongated grains %
increased in these samples as mentioned above (Figs. 1-3).31-32 ;
It should be noted that the discrepancy between Kj. and Kr g sl %
became evident when the large needle-like grains dominated o %*
the microstructure of those samples sintered at high tempera- Z
ture and/or with abundant additives (A3, A4 and B5 samples). '§ 1+
This phenomenon was reported previously by the authors and ) HEH )_%_1
was discussed in conjunction with the difference in the effective &
crack-bridging length,0?7 that is, Ki. represents the fracture 03 4 5 6 7

resistance at the relatively long bridging length in the R-curve
plots, whereas IF method measures the Kr value at the shorter
bridging length.

The specific wear rate, W, in this study showed a signifi-
cant variation of about two orders of magnitude (from 6 x 1076
to ~4 x 1074 mm3 N~! m~!) (Table 2). Fig. 4 shows the rela-
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Fig. 4. Specific wear rate versus median grain diameter for Si3 N4 ceramics hot-
pressed with Al,O3 and Y,Os3 as sintering aids. Vertical error bars indicate the
ranges of measured values.

Kg(MPa-m'?)

Fig. 5. Specific wear rate versus fracture resistance, Kr for SizNy ceramics
hot-pressed with Al;O3 and Y,O3 as sintering aids. Kr was obtained by the IF
method at an indentation load of 294 N. Horizontal error bars are £1 standard
deviation. Vertical error bars indicate the ranges of measured values.

tionship between the specific wear rate, Wy and median grain
diameter of the samples. The specific wear rates are also plot-
ted against the Vickers hardness and the fracture resistance in
Figs. 5 and 6, respectively. It is obvious that there were no
correlations between them.

4. Discussion

Evans and Marshall developed a lateral-crack chipping model
to quantitatively analyze the mechanism of material removal
in abrasive machining of brittle ceramics,® in which material
removal rate, AV caused by a passage of each grinding particle
is related to the peak normal penetration forces, P,, Vickers

hardness, H and fracture toughness, Kj. as follows:

9/8
n

Py @)

AV x
(K" H3/8)

In this study, there were no grinding particles which are used
in their model. However, our previous studies observed the typ-
ical morphology of abrasive wear with particulate debris on the
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Fig. 6. Specific wear rate versus Vickers hardness, H for SizNy4 ceramics hot-
pressed with Al,O3 and Y, O3 as sintering aids. H was obtained at an indentation
load of 294 N. Horizontal error bars are £1 standard deviation. Vertical error
bars indicate the ranges of measured values.

worn surfaces for all of the samples in this study.!”-1® It is likely
that the a large piece of SizNy debris was formed by a grain drop-
ping due to the abrasive wear and acted as a sharp indenter since
the rough surfaces of the worn areas for all the samples were
indicative of abrasive wear. If this is the case, the model can be
reasonably applied to this study. The peak normal force for each
grinding particle, Py, can be estimated by dividing the normal
load, F,, by the number of such a large piece of SizNy debris,
N. The total wear loss, V is derived by the products of AV and
N. The specific wear rate, W, is given by V/(F,L) where normal
load, F, and sliding distance, L are constants in this study. Then,
the next equation is obtained.

_ (AVN)

(R
N _(FE/NVE T @
n

S

(Fo/N)"/®
bk Ui AV S Sl o AVl
KIIC/2H5/8 FyL KIIC/2H5/8 L

In this study, it is assumed that the number of large SizN4
debris, N is almost the same among the samples. Thus, Eq. (3)
is simplified as follows:

o

Wy X ———— 4
R @
where « is constant (o = N’I/SF,}/SL’I).
In Fig. 7, the specific wear rates, W, are plotted against

1/ (Kllz/ 2[5/ 8) using the fracture resistance measured by the IF

method. A clear correlation between the Wy and 1/ (K]lz/ 2H5/8)
was obtained. By contrast, the good correlation was lost when
the fracture toughness, K, obtained by the SEPB method was
used instead of KR (Fig. 8). When Fig. 8 is compared with Fig. 7,
the shifts of the data points in the X-axis for the A3, A4 and B5
samples were much distinct than those of other samples, which
made the correlation worse. The large shifts in the X-axis for the
A3, A4 and B5 samples were originated from the discrepancies
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Fig. 7. The relationships between the specific wear rate and 1/ (K}l{/ ik 8) for

SizNy ceramics hot-pressed with Al;O3 and Y03 as sintering aids. Fracture
resistance, Kr was obtained by the IF method at an indentation load of 294 N
(KR is given in MPam'? and H is given in GPa). Horizontal error bars are 41
standard deviation. Vertical error bars indicate the ranges of measured values.
The letter by each data point represents the sample designation.

between the values of Kj. and KR, which can be explained by the
steep rising R-curve behavior for these samples. It is clear that
the K. obtained at long crack length was inappropriate to ana-
lyze the wear behavior with this model. By contrast, Kr obtained
by the IF method was preferable to correlate the wear properties
with H and Kr. The crack length of indentation at 294 N ranged
between 250 and 310 pm, which was significantly smaller than
that of SEPB, ~2 mm. Dogan and Hawk reported that the sub-
surface cracking parallel to the surface in the silicon nitride after
the abrasive test was ~100 wm.!? Although the crack size mea-
sured by the IF method was still larger than the length of the
subsurface cracking reported by Dogan and Hawk, it is reason-
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Fig. 8. The relationships between the specific wear rate and 1/(K; 1l¢/ 2y 8) for
SizNy4 ceramics hot-pressed with Al;O3 and Y,O3 as sintering aids. Fracture
toughness, Kj. was obtained by the SEPB method (K| is given in MPa m'2 and
H is given in GPa). Horizontal error bars are £1 standard deviation. Vertical
error bars indicate the ranges of measured values. The letter by each data point
represents the sample designation.
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able to deduced that the Kr from IF is superior in analyzing the
localized damage to the Kj. from SEPB.

It seems that the material removal process in this wear study
can be explained by the lateral fracture mechanism. However,
when you look closer at Fig. 7, it appears that most of the data
points of samples in the A group located left side of the thick
gray line, whereas those for the B samples resided in the oppo-
site side. And furthermore, the line in Fig. 7 did not intercept
the origin. Xu et al. successfully applied the lateral-crack chip-
ping model to predict the abrasive wear behavior by using the
short-crack toughness.>? They found a correlation between the
normal grinding force and the inverse function of fracture resis-
tance and hardness. However, the extrapolations of the best-fit
lines did not go through the origin. Other researchers have shown
that the Evans—Marshal model failed to adequately describe
the tribological behavior of some silicon nitrides with differ-
ent microstructures.'%!12 For example, it was reported that the
volume wear loss of a silicon nitride sample whose grain bound-
ary phase was fully crystallized was much larger than those of
silicon nitrides with intergranular glassy phase.!?> Dogan and
Hawk attributed the difference to the severe residual stress in
the former sample caused by the mismatch of thermal expan-
sion between the matrix and the second crystalline phase.!?
Theses suggests that a term which deals the residual stress
between grains may be necessary in Eq. (2) and/or that the
exponents for hardness and fracture resistance for the microfrac-
ture process may be different from those for the lateral-crack
chipping model in Eq. (2). Therefore, a new comprehensive
model for wear mechanism in the unlubricated slicing test
is needed to clarify the effect of microstructure on the wear
behavior.

5. Summary

The effect of fracture resistance on the tribological behav-
ior of silicon nitride ceramics was studied using nine samples
with progressively coarsened microstructures. Both hardness
and fracture resistance did not show any direct relation-
ship to the specific wear rate measured in the ball-on-disk
test, individually. An indentation fracture model for mate-
rial removal process was used to correlate the wear behavior
with the inverse function of fracture resistance and hard-
ness of the materials. An agreement was obtained between
the experimental results and the indentation model when the
indentation fracture resistance was employed instead of the
fracture toughness obtained by the SEPB method. This sug-
gested that both indentation fracture resistance and hardness is
useful for ranking the wear resistance of Si3zNy with various
microstructures.
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