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Mixed-mode high temperature toughness

of silicon nitride
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Both opening-mode and mixed-mode fracture toughness tests were carried out

at 1200 and 1300 °C on a sinter/HIP grade of silicon nitride. Data for pure opening
loading (Kic) agree well with other experiments on the same material, which showed
that the toughness was lower at 1000 °C than at room temperature, but increased as
temperature increased above 1000 °C. The ratio of Kiic/Kic was sufficiently insensitive

to temperature that it can be considered to be constant. Results are discussed

in the context of mechanisms that have been proposed to explain fracture toughness in

silicon nitride.

1. Introduction

Statistical descriptions of the size and loading-pattern
dependence of ceramic strength require knowledge of
the orientation dependence of fracture toughness [1].
This requirement arises because there is a finite prob-
ability that the critical flaw will be oriented at an angle
to the maximum principal stress. As a result, the flaw
will be subjected to a combination of opening and
shear loadings (Mode I and Mode 1I, in fracture
mechanics terminology).

The objective of this paper is to report the effect
of shear loadings on the value of fracture toughness
at high temperature for silicon nitride. In contrast,
all previous high-temperature toughness data have
been obtained using bend specimens and all such
data are values for the opening-mode toughness
Ki.. As part of the research, we have compared
the opening-mode toughness values obtained at two
different laboratories using two different specimen
designs.

The choice of silicon nitride was based on its poten-
tial for reducing energy requirements of advanced
engines by allowing higher inlet temperatures, which
optimize fuel consumption while increasing perfor-
mance. The specific ceramic was a hot-isostatically
pressed commercial grade (PY6 Silicon Nitride, GTE
Laboratories, Inc., Waltham MA, USA), containing
six percent yttria as a sintering aid. The microstruc-
ture [2] typically consisted of one to six microm-
etre-long acicular grains having diameters of 0.1 to
1.0 um. The grains were predominantly B-Si;Ny, sep-
arated by partially-crystalline yttrium disilicate grain
boundaries.
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2. Experimental procedures

2.1. Opening-mode experiments
Opening-mode toughness was measured in ambient
air up to 1400 °C using chevron-notched bend bars.
Procedures and results are described elsewhere [3].

2.2. Mixed-mode experiments

Mixed-mode fracture toughness measurements were
performed to evaluate both opening-mode and longit-
udinal-shear-mode fracture toughness. Two tech-
niques were used; one technique employed bend bars
containing cracked indentations which were formed
using a Vickers Hardness tester. The diagonal of each
indentation was made at a predetermined angle to the
long axis of the bend bar and the bar was loaded to
failure at a slow rate in a specially-designed four-
point-bend fixture which minimizes experimental
errors [4]. Failure originated at the indentations on
all specimens, with most cracks running either along
the indentation diagonal or very close to the diagonal.
Chantikul ez al.’s equation for strength of an indented
specimen [ 5] was used to calculate toughness.

The diametrally-compressed disc, whose room-tem-
perature application was reviewed recently [6], was
used to obtain more detail on the relation between
opening-mode and shear-mode fracture toughness
(the mixed-mode failure envelope). This test involves
compression loading of a thin cylindrical specimen
containing a central notch along a diameter. This
configuration is inexpensive and simple to use and has
the virtue that it can be employed to obtain fracture
toughness in tension, in shear, and in any combination
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of these two modes. At roqm temperature notches
were oriented at several different angles to the com-
pression axis to obtain a complete failure envelope. It
has been shown [6] that the tension, or opening-mode
toughness, (K.) measured with this specimen is the
same as that measured using alternate procedures and
that the shear toughness (K, ) varies from one to two
times Kj,, depending on the roughness of the oppos-
ing crack faces.

To obtain the high-temperature failure envelope,
the same notched diametral-compression procedures
were used as for room temperature, except for fixtur-
ing. The specimens were heated by convection and
radiation using a Glowbar tube as a susceptor, an
arrangement that allowed testing up to 1300°C. The
loading platens were made from silicon carbide. The
specimen was placed in the fixture with the notch at
either a 0 or 23° angle to obtain either pure opening or
pure shear loading, and a slight load was placed on it
to maintain the angle during both heating and temper-
ature stabilization, prior to loading to failure. In some
cases the specimen was held at load for a period,
unloaded, and examined microscopically for crack
growth. However, no stable crack growth was detec-
ted in any of these cases. _

Mixed-mode behaviour was characterized in two
ways. Toughness results were fitted to the equa-
tion [7]

Kig/Kic + (Kig/cKi? = 1 (1)

where K,; and K, are the opening and shear
fracture toughness components in mixed-mode load-
ing, while c is the ratio of stress intensity at failure in
pure shear (Ky,.) to pure-opening-loading toughness
(KIC)'

An alternative technique for presentation of
mixed-mode fracture-toughness data, which has re-
ceived attention recently [8], involves relating strain
energy release rate (G) to a quantity called mixity (),
where:
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and mixity is given by

Vv = tan”'(Kyq/Kiq) 3)
One possible relation between these two quantities is
G/Ge = sec’(Y/ Vo) )

Evaluation of either K, and ¢ or of Gy and Vq is
sufficient to generate a mixed-mode failure envelope.

3. Results

Fig. 1 illustrates the failure envelopes generated at
room temperature using the disc specimen. This figure
shows that the data do obey Equations 1 and 4. Since
the high-temperature data, discussed below, were ob-
tained only at the end points of Fig. 1a, it is assumed
that the forms of these equations are temperature
independent.

Table I reports the temperature dependence of
mean fracture toughness. The standard deviations
were 15%, or less, of the means for both uniaxial and
biaxial tests. Diametral compression values of ¢ and
Ky were obtained from Equation 1 while ¥, was
calculated from Equations 2 to 4. The value of ¢ for the
surface-cracked bend bars was obtained using the
analysis of Chao and Shetty [1].

The data in Table I are believed to be reasonable
since the room temperature K, values obtained using
different specimens are quite similar, while the value of
¢ = Ky./Kj. 1s in the mid-range of brittle material
values [6]. Similarly, G, = 128 Im~2, while , is
found to be 1.78, which is within the range reported
for other monolithic ceramics [8] assuming typical
values: E = 300 GPa, v = 0.24.

Fig. 2 compares all of the K|, data and shows that
the room temperature values are greater than most of
the high temperature data. A dashed line has been
drawn through the high-temperature points as a pre-
liminary toughness equation, based on a curve fit
which included the room temperature data

K. = 659 — T/126 + (T/422) (5)
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Figure | Mixed-mode fracture toughness of sinter/HIP silicon nitride. (a) Fracture toughness. (b) Strain energy release rate.
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TABLE I Opening and shear toughness

chs Kllm Glc’

Temperature, °C MPam'/? MPam!/? ¢ = Kye/Kic Jm™? Vo
202 6.7 9.5 142 140 243
20° 6.4 n.a. n.a. 128 n.a.
20¢ 6.4 10.1 1.57 128 1.78

1000° 4.6 n.a. n.a. 66 n.a.

1200° 4.5 n.a. n.a. 63 n.a.

1200° 5.0 6.5 1.31 78 227

1300° 6.5 n.a. n.a. 132 na.

1300¢ 5.4 8.0 1.47 91 1.89

1400° 6.5 n.a. n.a. 132 n.a.

?Bend bar containing surface crack
5Chevron-notched bend bar; n.a. = not applicable
¢ Diametral compression
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Figure 2 Mode-1 fast fracture of sinter/HIP silicon nitride. <,
uniaxial through crack, Allison (mean); O, uniaxial surface crack,
Battelle (mean); O, biaxial through crack, Battelle.
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Figure 3 Shear-mode/opening-mode fracture toughness ratio. x,
uniaxial bending, surface cracks; O, diametral compression, through
cracks.

where K| is expressed in MPam'/? and T in degrees
C. The standard deviation of the K|, residuals from
Equation 5 is 0.45MPam'/?. This temperature
dependence, incorporating a toughness minimum, is

in qualitative agreement with the data of Salem et al.
[9] and of Yeh and Feng [10].

Fig. 3 reports the effect of temperature on the ratio
¢ = Kyo/Kj.. The solid line is an averaged value of
1.42, while the dashed lines represent an estimated
standard deviation of 0.13. In contrast, Tsuruta et al.
[11] reported that ¢ = 1.1 using asymmetric bending
on a sintered, but not HIP’ed, grade of silicon nitride.
Whether the difference from the present results is due
to the test technique or to the material is not clear.
However, material-dependent effects on ¢ can be infer-
red from a later paper [12]. It is seen in Fig. 2 that ¢ is
lower at 1200 °C than at either room temperature or at
1300°C. However, for simplicity it is recommended
that an average temperature-independent value,
¢ = 1.42, be employed for modelling, since any error in
predicted failure load will be small because failure
strength in mixed-mode loading is fairly insensitive to
the choice of the value of the ¢ parameter [12].

4. Discussion

As noted above, the minimum in the fracture-tough-
ness versus temperature curve has been reported be-
fore. The explanation given by Wereszczak et al. [3]
invokes two mechanisms coming into play as temper-
ature increases. The toughness decrease from room
temperature to about 1200°C is believed to be asso-
ciated with softening of the amorphous grain bound-
ary phase, leading to a macroscopically-brittle mater-
ial containing easy fracture paths. As the temperature
increases above 1200 °C, the silicon nitride starts to
soften, leading to the usual increase in toughness asso-
ciated with increased ductility. Oxidization of the
silicon nitride also occurs at 1300 and 1400 °C, but
its influence on toughness is unclear.

The temperature dependence of Ky, is similar to
that of K|, since Fig. 3 suggests that the ¢ ratio is
fairly insensitive to temperature. This result implies
that shear loadings have the same qualitative effect on
toughness as tensile loadings, which is not unexpected
for an elastic material, since shear loadings induce an
asymmetric tensile stress field at the crack tip whose
magnitude is comparable to the opening-mode stress
field. These shear-induced tensile stresses also are
the cause of the apparent decrease in opening-mode
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fracture toughness with an increasing shear compon-
ent of loading.

Two other mechanisms affecting toughness should
be mentioned: rubbing and bridging. Both effects
decrease the crack-tip stress intensity. Rubbing occurs
when the crack-opening displacement is smaller than
the asperities on the opposing crack faces [13]. This
effect comes into play at low Mode-I/Mode-II ratios
and causes Kj;, values associated with low K, levels
to be higher than they would be in the absence of
rubbing. If rubbing were absent, the Ky /K. ratio
would be closer to unity than the values reported here.
The occurrence of bridging at 1000 °C, and above, has
been suggested by Wereszczak et al. [ 3] to account for
rising R curves. This mechanism occurs when the
crack bypasses some grains, leaving behind an island
of unbroken material, which restrains crack opening
and further crack advance. Like rubbing, this mechan-
ism reduces the stress intensity and increases the
apparent toughness.

5. Conclusions

1. The K fracture toughness of silicon nitride is
lower at 1000 °C than at room temperature, but in-
creases as temperature is raised above 1000 °C. This
behaviour is associated with successive softening of
the grain boundary phase and the silicon nitride
grains.

2. The ratio Ky /K, is sufficiently insensitive to
temperature that it can be considered to be constant
for practical purposes over the temperature range
investigated.
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