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Thermal shock resistance of silicon nitrides is investigated
using an indentation—quench method. Four commercially
available silicon nitrides with different microstructures are
investigated. The extension of Vickers radial cracks is mea-
sured as a function of quenching temperature for each mate-
rial, up to the critical temperature for failure. An indentation
fracture mechanics analysis is used to account for the crack
responses, with due allowance for R-curve behavior. The
analysis confirms the important role of microstructure in
thermal shock resistance.

I. Introduction

HERMAL shock can limit performance in many ceramic appli-

cations. Formal fracture mechanics analyses of thermal shock
resistance were pioneered by Hasselman,™? implicitly for simple
ceramics with single-valued toughness. Swain® extended the frac-
ture mechanics to ceramics with R-curves. In conventional testing
thermal shock resistance is quantified by measuring the residual
strength of polished specimens after quenching. A more econom-
ical approach is to measure the extension of indentation precracks
as afunction of quench temperature,*~® where several data points
may be taken from one specimen surface at each quench
temperature.

Silicon nitride has been in the forefront of modern ceramic
applications as a durable high-temperature material with good
thermal shock resistance, as well as low susceptibility to fracture,
wear, and fatigue. Underlying its high performance are toughness
and hardness properties. These properties can be controlled by
tailoring the microstructure. Most prominent has been the produc-
tion of high-toughness silicon nitrides with elongate grains via
additives and heat treatments,”™* leading to R-curve behavior
associated with crack bridging and thence enhanced thermal shock
resistance.®

In this paper the relative thermal shock resistance of four
commercialy available silicon nitrides is investigated using an
indentation—quench method. Vickers indentations are made on
rectangular bars, which are then heated to predetermined temper-
atures and quenched into water. Crack extensions from the
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indentations are measured as a function of quench temperature
differential, and the critical temperatures for spontaneous crack
growth (failure) thereby determined for each material. A fracture
mechanics analysis taking into account measured R-curve func-
tions is used to account for the data trends.

Il. Experimental Procedure

Four commercialy available silicon nitrides with different
microstructures were examined. Figure 1 shows microstructures of
each material, and Table | lists thermomechanical properties. All
microstructures are bimodal with a mixture of fine, equiaxed
grains and coarse, elongate grains, and with bonding grain bound-
ary phase: (a) CFI3208 (Ceramic for Industry, Roedental, Ger-
many) has a relatively fine microstructure with a small percentage
of elongate grains; (b) SN235P (Kyocera, Vancouver, WA) is
coarser with a higher percentage of elongate grains, (¢) GS44
(Honeywell, Torrance, CA) is coarser till with an even higher
percentage of elongate grains; (d) AS800 (Honeywell, Torrance,
CA) consists mostly of coarse elongate grains. Note an apparent
correlation between the grain size in these microstructures and the
(long-crack) toughness values listed in Table I.

Specimens were prepared as bars 50 mm X 4 mm X 3 mm,
surface-finished with 1 wm diamond paste. Vickers indentations
with well-defined radial cracks™*® were made at prescribed loads
in the specimen top surfaces. A minimum of eight noninteracting
indentations at any prescribed load were placed along a center line
on any one surface, with the radial cracks aligned parallel to both
specimen edges.

The indented specimens were heated to temperatures up to
1000°C in laboratory atmosphere. The temperatures were held at a
specified maximum for 20 min, after which the specimens were
quenched in distilled water at room temperature. Final radial crack
lengths were then measured with an optical microscope in Nomar-
ski interference contrast. This procedure was repeated at increasing
guench temperatures, up to the critical value at which one radial
crack became unstable and the specimen failed.

Four-point flexure tests were conducted on unquenched bars
containing a single centered Vickers indentation, loading rate 30
MPas ™2, for toughness evaluation.*

I1l. Fracture Mechanics

Thermal shock treatments at quench temperature differentials
AT induce maximum tensile stresses o in the specimen surfaces: ™2

o = BEQAT/(1 — v) = AAT 1)

where « is the thermal expansion coefficient, E Y oung’'s modulus,
v Poisson’sratio, B adimensionless constant (value =< 1), and A =
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Fig. 1. SEM micrographs of silicon nitrides: (a) CFI3208, (b) SN235P,
(c) GS44, and (d) AS800. Dark regionsindicate silicon nitride grains, white
regions indicate grain boundary phases. Surfaces plasma-etched to reveal
grain boundaries.

BEa/(1 — v) a thermomechanical quantity. B is dependent on
severa factors, notably the Biot modulus B = rh/k, wherergisa
characteristic specimen dimension, h the heat transfer coefficient,
and k the thermal conductivity. We take the quantity A to be
comparable for most silicon nitrides used in this study (Table I).

Consider a specimen containing a Vickers indentation flaw in
the center top surface, induced at load P and with cracks of radial
dimension c¢. Suppose the material to have a monotonically
increasing crack-size-dependent toughness Kg(c) (R-curve). The
applied K-field acting on the indentation flaw subjected to thermal
stress o is?

Ka(c) = yocY2 + xP/c¥2 = Kg(c) 2

where s is a crack geometry constant and x is a coefficient
associated with residua elastic—plastic stresses around the Vickers
impression.*>*® The equality K,(c) = Kg(c) expresses the condi-
tion for the crack to extend in equilibrium. This extension is
initially stable with increasing AT, until instability is attained at
c = ¢, and AT = AT, (failure). Inserting o = AAT from Eq. (1)
into Eqg. (2) yields

AT = (Kg/WACY?)[1 — xP/Kgc¥?] 3

from which the thermal shock function c(AT), and thence the
critical quench temperature differential AT,, may be obtained,
once K(c) is determined.

IV. Results
Micrographic examination of thermally shocked specimens

with Vickers indentations showed a reproducible, well-defined
radial crack pattern. These cracks increased monotonically in size
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Fig. 2. Kg(c) curves for silicon nitrides, deconvoluted from Vickers
indentation—strength data.

¢ with increasing AT, but always reached instability at AT = AT,
first in thelongitudina direction (i.e., parallel to the long specimen
edge). This indicates a dightly higher tension in the transverse
direction, consistent with some edge effect in the thermal transfer
process (viar, in the Biot coefficient in Eq. (1)).

Figure 2 plots toughness curves for al silicon nitrides, here
deconvoluted directly from indentation-strength o-(P) data*
Only CFI3208 showed classical o = P~Y® dependence for
materials with single-valued toughness'®**— departures from this
dependence for the other materials are reflected as Ki-curves in
Fig. 2.

Indentation—quench tests on CFI3208 were thereby made to
determine controlling parameters in Eq. (3). Figure 3 plots c(AT)
for longitudina radial cracks at four indentation loads. Three
distinct stages characterize the crack evolution: (i) an initial stage
of zero extension; (ii) a subsequent stage of precursor stable
extension; and (iii) a fina stage of unstable extension to the
longitudinal specimen edges. The precursor growth reflects the
stabilizing influence of residual elastic—plastic indentation stresses
in the fracture mechanics,*** and signals impending failure. The
initial passive stage is attributable to some postindentation, pre-
quench relaxation of these residual contact stresses.*® The final,
unstabl e stage determines the failure condition. The CFI3208 data
in Fig. 3 may be represented by Eq. (3) with Kz = K, = constant.
Simultaneous best fits to the data in Fig. 3 and the CFI3208
indentation-strength data yielded A = 0.52 MPa°C™?, Ky/ify =
5.14 MPam™2, and K/xy = 100 MPam™2. Solid curves regener-
ated in Fig. 3 from Eq. (3) using these parameters follow essential
data trends. Taking ¢ = 0.77 for the material-independent crack
geometry constant from a previous parameter evaluation™**”
yields Ko, = 4.0 MParm™? for CFI13208 silicon nitride, thence y =
0.040. Strictly, y = (E/H)Y2, where E/H is the ratio of Young's

Table|. Properties of Silicon Nitride Used in This Study

Silicon nitride CFI3208 SN235P Gs#4 ASB00
Grain dimensions (um)* 02X 15 0.8 X 4.0 0.9 X 55 18X 75
Strength (MPa) 730 790 959 707
Toughness (MPamY?) 4.0 5.2% 6.2 5.8*
Hardness (GPa) 15.2 15.5 15.2 14.8
Young's modulus (GPa) 310 300 310 305
Poisson’s ratio 0.28 0.28 0.28 0.28
Thermal expansion coeff (1076 K1) 3.2 35 35 3.7
Thermal conductivity (W-m~ %K ~%) 30 31 25 41

TElongate grains. *R-curve, long-crack toughness.
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Fig. 3. Effect of indentation load P on radial crack evolution c(AT) for
CFI3208 silicon nitride. Symbols are means and standard deviations of
experimental data points for a minimum eight indentations per point,
curves are fits to Eqg. (3). Note reduction in critical quench temperature
differential with increasing P.

modulus to hardness'®>—however, since E/H does not vary
strongly in Table I, we assume it to have the same value for al of
the silicon nitrides.

Plots of c(AT) for the four silicon nitrides are shown in Fig. 4,
for a fixed indentation load P = 70 N. The solid curves are
predictions from Eq. (3), using A, ¢, and x as evaluated above. The
curves fit most of the data within the standard deviation error bars,
except for the AS800 material, where the experimenta thermal
shock resistance is higher than predicted. The intermateria trends
in Fig. 4 reflect the relative toughness values in Fig. 2 in the crack
size range 75-150 pm.

V. Discussion

The therma shock resistance of four commercialy available
silicon nitrides has been evaluated using an indentation—quench
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Fig. 4. Longitudina radia crack evolution c(AT) for different silicon
nitrides, for indentations at P = 70 N. Symbols are means and standard
deviations of experimental data points for a minimum eight indentations
per point, curves are predictions from Eq. (3).
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method. The method monitors the extension of Vickers precracks
as a function of quench temperature differential AT. A basic
fracture mechanics description, with allowance for R-curve behav-
ior in the material toughness characteristics, accounts for the main
features in the crack evolution to failure, notwithstanding some
quantitative discrepancies for one material (AS800). Given a
suitable parameter calibration on one, reference silicon nitride, we
were able to predict the thermal shock resistance of the other
silicon nitrides.

The results in Fig. 3 confirm an expected effect of initial flaw
size on thermal shock resistance—larger surface flaws (higher
indentation loads) result in a lower AT,. Figure 4 demonstrates
that AT, is enhanced by coarsening and elongating the silicon
nitride microstructures, viathe influence on toughness and R-curve
behavior. In practice, this advantage has to be balanced against a
greater susceptibility of tougher silicon nitrides to fatigue and
wear.'®

The indentation—strength test method provides certain experi-
mental advantages. The number of specimens that need to be
studied is relatively small compared to more conventiona test
methods. Some assumptions in the fracture mechanics, specifically
that the constant A is material-, geometry-, and temperature-
independent, may need closer scrutiny in any more detailed
analysis or in intercomparisons between unlike material types and
different specimen geometries.
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