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Abstract

The cyclic fatigue behaviour of two silicon nitride
materials have been investigated. Both ceramics were
prepared under the same processing conditions from
two different types of silicon nitride powders. One of
the powders was obtained by self-propagation high
temperature synthesis (SHS), and the other by a
commercial route. Materials have been fully charac-
terized using conventional techniques of XRD and
SEM. Fatigue tests on double cantilever beam-type
specimens, at a frequency of 10 Hz and a load rate of
R = 0-125, have been performed under tension—ten-
sion cyclic fatigue, and under tensile static fatigue.
Crack growth was measured with a travelling
microscope focused on the specimen surface. Crack
growth parameters were obtained assuming a Paris
power law dependence. The results obtained from
these analyses and the study of fracture surfaces on
both materials have been correlated to the fatigue
mechanism. © 1997 Elsevier Science Limited.

1 Introduction

Silicon nitride is one of the most interesting mate-
rials for structural applications due to its excellent
strength retention at high temperatures, adequate
toughness and good thermal shock resistance. An
important characterisitic of silicon nitride ceramics
is the ‘in situ reinforcement mechanism’ produced
by their microstructure.! This toughening mechan-
ism is due to bridging and pull-out phenomena
induced by the whisker-like g-SizN, grains devel-
oped in the ceramic during the sintering process.
In recent years, the cyclic fatigue behaviour of
silicon nitride has been actively investigated®3
because mechanical degradation under cyclic load
conditions is relevant to the engineering applica-
tions of silicon nitride.*> The fatigue in Si3N, has
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been attributed to microstructural damage pro-
duced by the cyclic nature of the stress.®!? In the
present work, static and cyclic fatigue behaviour at
room temperature have been studied on two dif-
ferent silicon nitride powders densified by hot-
pressing techniques. One of the silicon nitride
powders was obtained by self-propagating high-
temperature synthesis (SHS), and the other was
from a commercial source, prepared by the tradi-
tional production/synthesis route. The aim of the
present work was to compare the fatigue behaviour
of both materials.

2 Experimental Techniques

2.1 Specimen design and fabrication

An experimental silicon nitride powder batch
obtained using SHS reactions by SHS-Espafia
(Paracuellos, Spain) and silicon nitride powder
(LC 12) commercialized by H. C. Starck (Ger-
many) were used as the starting raw materials. The
physical parameters of the powders are shown in
Table 1.

Both powders were mixed with the oxide additive
(10 mass % Y,0s) in an attrition mill for 1 h. Each
powder mixture was hot-pressed at 1750°C/90 min
and 50 MPa of pressure in a nitrogen atmosphere
(0-1 MPa), and disks of 50-mm diameter were
obtained. The density, calculated by Archimedes’
method, and Young’s modulus of the materials,
measured by ultrasonic techniques, are given in
Table 2. a-Si3N4 and Y4.67 013 Sl3 as secondary
phase were identified in the two materials. Samples
of both materials were polished and plasma-etched
to show the microstructure obtained after the sin-
tering process. The grain structure was bimodal
and similar in scale for both materials (Figs 1 and
2). The grain size of the equiaxed grains was typi-
cally 1 um. The aspect ratio of the whisker-like
grains was approximately 4.
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Table 1. Characteristics of the silicon nitride powders

Powders dso (Wwm) Sger (m’grl) O, (%mass)
LC12 (Starck) 0-8 2 19
SHS* 04 11-7 2.4

*Powder attrition milled with Si;Ny balls.

Table 2. Densities and Young’s Modulus in both nitrides

Material Density (g cc™!) Young’s Modulus (GPa)
HP-Starck 3-26 330
HP-SHS 322 326

The hot-pressed disks were machined to obtain
double cantilever beam-type specimens with the
geometry shown in Fig. 3. A notch (10-11 mm
long) was introduced in all the specimens. The HP—
SHS specimen was precracked by forcing a wedge
into the notch. The HP-Starck specimen was
cracked by fatigue loading.

2.2 Experimental procedure
Specimens were attached to the fixtures using
metal pins, which were held in position with epoxy
resin while a small tensile load was applied. The
notch opening displacement was measured using a
capacitance transducer with a resolution of 0-2 ptm
mV~!, attached at the back of the specimens. It
enabled load versus notch opening displacement
curves to be plotted during the tests. The crack
growth was measured with a travelling microscope
with a resolution of 10 yum.

The cyclic loading was carried out in a servohy-
draulic machine at room temperature at 50+ 10%
relative humidity. The load ratio R (R = Pyjn/Pmax)

Fig. 1. Microstructure of the HP-SHS material hot-pressed.

was 0-125 and the frequency was 10 Hz. The static
fatigue tests were performed on each specimens
after the cracks had grown 7-8 mm during the
cyclic fatigue tests.

The applied stress intensity factor (K) was deter-
mined from the Wilson-Newman expression.!!

KBw'?  2+ajw
P (1—a/w)”?
—30-32(a/w)* + 41-088(a/w)’
—24-15(a/w)* + 4-915(a/w)°]

x [0-8072 + 8-858(a/w)

where P is the applied load, B is the specimen
thickness, W is the width of the specimen and a is
the crack length from the centre of the load line to
the crack tip. The Wilson-Newman expression is
valid in the range 0-2 < a/w < 1.1! The accuracy of
fit is better than 0-5%.

3 Experimental Results and Discussion

The results of the fatigue tests on both materials
are shown in Figs 4 and 5, where the normalized
crack length is plotted as a function of time for the
different cyclic and static loading conditions. At
the beginning of test the precrack (a/w = 0-095) in
the HP-SHS specimen had a different length on
each side of the specimen; they eventually became
equal after growing a few millimeters (a/w = 0-147)
during cyclic loading. The initial normalized notch
length in the HP-Starck specimen was 0-104.
Figures 4 and 5 also show the value of the maxi-
mum applied load used during the testing. The
load amplitudes were chosen so as to obtain stable

Fig. 2. Microstructure of the HP-Starck material hot-pressed.
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Fig. 3. Geometry of the test specimens.

crack growth rates and they were reduced when the
cracks began to grow too fast (>10%m sec™!) to
be measured accurately. The maximum cyclic load
had to be increased to + 700N to initiate a crack in
the HP-Starck material. The precrack in the HP—
SHS material required a similar maximum cyclic
load to cause it to propagate.

Plots of crack growth rates (da/dt) versus maxi-
mum applied stress intensity factor (Ky.x) are
shown in Figs 6 and 7 for both silicon nitride
materials. The V-K data do show a small depen-
dence on crack length, something that has also
been reported for other materials.!? To distinguish
this difference, the cyclic data have been plotted in
two data sets, zones A and B corresponding to
relatively short and long crack lengths, respectively.
In the HP-SHS material, the zone A represents a/w
values between 0-21 and 0-25 and, in the HP-
Starck material, it represents crack lengths between
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Fig. 4. Normalized crack-length (a/w) versus cycles for the

HP-SHS material. Numbers with + sign indicate tension—

tension cycling loading and numbers without sign + indicate
static loading.

0-21 and 0-26. The zone B in the HP-SHS has a/w
values between 0-26 and 0-31, and in the HP-
Starck, the values of a/w are 0-27 and 0-34.

Linear fits for the log-log plots of the V-K data
yielded values for the exponent in the Paris power
law relation da/dt = A(Kax)". For the HP-SHS
material the n values are 31 and 27 for the cyclic
fatigue data sets and 142 for the static data (Fig. 6).
For the HP-Starck material, the n values are 30
and 27 for the cyclic data sets and 101 for the static
data (Fig. 7). The results for both materials are
similar within the uncertainty of the measurement.
Figures 6 and 7 show different threshold values of
Kmax for crack growth under cyclic and static
loadings. For both the HP-Starck and HP-SHS
materials, the crack stopped propagating when
Kmax was lower than 4.6 MPam!/2 and 6.2 MPam!/?
for cyclic and static loading, respectively. The
higher values of K., required in static fatigue to
achieve the same growth rate as in cyclic fatigue
and the larger stress exponents for static fatigue
compared to cyclic fatigue is common for a num-
ber of ceramic materials.!3

The evolution of load versus the notch opening—
displacement curves as a function of increasing
length are illustrated in the plots of Figs 8 and 9.
No hysteresis loops were observed in any of the
materials under study, even for the longest crack
lengths. The fatigue cracks can be characterised
using the analysis of crack hysteresis curves devel-
oped by Guiu et al. and originally applied to alu-
mina materials.'# Figures 10 and 11 show ‘relaxed
compliance’ compared with ‘calibrated compliance’
at each crack length. The ‘relaxed compliance’ was
measured from the slope of the tensile part of the

0.40
500 - 580 _
550 - 600 Static
- +530 + 660 + 560
+500 +530
+610
3 |
£ o020
0.00 I T
0 40000 80000 120000

Time (s)

Fig. 5. Normalized crack-length (a/w) versus cycles for the

HP-Starck material. Numbers with + sign indicate tension—

tension cycling loading and numbers without sign + indicate
static loading.
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Fig. 6. Crack growth rate (da/dt) versus K.« applied in HP-

SHS material.
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Fig. 7. Crack growth rate (da/dt) versus K., applied in HP-
Starck material.

load- displacement curves. The ‘calibrated compli-
ance’ was obtained experimentally using a speci-
men into which notches or variable length were
cut. Therefore, the calibrated data is not influenced
by the effect of bridging ligaments or any other
crack closure effects. The results clearly show that
the relaxed compliance is always smaller than the
calibrated compliance for the same crack length.
This indicates that the fatigue cracks in silicon
nitride are restrained by closure forces probably
produced by crack bridging ligaments in the crack
wake.

The applied load, P, is the sum of three compo-
nents, Py = P, + Py + P4, P, is the total load car-
ried by the elastic bridging ligaments; Py is the total
frictional force of the sliding ligaments (given by
half the vertical width of hysteresis loop); and P is
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Fig. 8. Load-crack opening displacement curves from the
HP-SHS material.
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Fig. 9. Load-crack opening displacement curves from the
HP-Starck material.

the load needed to produce the same crack opening
displacement in an unbridged free crack. For the
silicon nitride materials in this study, Py =0, as
indicated by the absence of hysteresis loops in
Figs 8 and 9. P, can be calculated from the relaxed
and calibrated compliance for each crack length.
Figures 12 and 13 show the normalized elastic brid-
ging load, P, with respect to the total applied load,
P.ax, against the crack length. The contribution of
P. increased with increasing crack length as the
number of bridging ligaments initially increased.
Eventually, the effective bridging length saturated
and the elastic contribution plateaued at 30% of
the applied load. Similar magnitudes for the nor-
malised elastic bridging contribution to crack
shielding have been reported for silicon nitride!?
and alumina.!416
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Fig. 10. EUB/P versus crack length results for the HP-Starck
material.
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Fig. 11. EUB/P versus crack length results for the HP-SHS
material.

The degradation of the elastic and frictional
bridging ligaments is a potential mechanism for
cyclic fatigue damage in ceramics. The reduction of
the closure forces that this produces increases the
K experienced by the crack tip, causing a crack
growth increment. This is accompanied by the
development of a new bridged section of crack
wake at the crack tip. This continual development
of the bridged crack wake stabilizes the crack
giving rise to fatigue crack growth. Therefore,
the effect of cyclic fatigue is only observed in
materials that have an intergranular crack path
which can produce geometric bridging ligaments.
Horibe and Hirahara showed that, in sintered
silicon nitride which was produced without addi-
tives, fatigue cracks propagated transgranularly
and no true cyclic fatigue effect was observed.!”
When silicon nitride was sintered with additives,
the crack path propagated intergranularly and
cyclic fatigue effects were observed. Microstruc-
tural observation of fracture surfaces on the silicon
nitride materials (Figs 14 and 15) show the inter-
granular fracture and the pull out of B-SizN4
grains.

The frictional contribution to the crack shielding
in the silicon nitride materials is relatively small, as
is evidenced by the narrow hysteresis loops. In
alumina materials, including fine grain size alu-
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Fig. 12. Evolution of the different components of the load
with a/w in the HP-SHS material.
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Fig. 13. Evolution of the different components of the load
with a/w in the HP-Starck material.

mina (4 um)'* and some silicon nitrides,'® a mea-
surable frictional component has been detected. In
all cases, the frictional component was significantly
smaller than the elastic component. Considering
the intergranular fracture surface of our materials
and the observation of the pull out of elongated
grains, the lack of a measurable frictional compo-
nent is surprising. One possible explanation for
this is that the effective bridging ligaments that
shield the crack tip are highly constrained and are
close to the crack tip. They would then produce
large closure forces without necessarily producing
a significant frictional effect. The mechanism of
fatigue would then require the fracture of these
ligaments under the closure forces during cyclic
loading.
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