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Strength and dynamic fatigue of silicon nitride
at intermediate temperatures
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The flexure strength distributions and dynamic fatigue of GS44, NT551, and NT154 silicon
nitrides were determined at intermediate temperatures (<850°C) in ambient air. GS44 and
NT551 were fabricated by gas pressure sintering and had a larger volume fraction of
secondary phase than the hot-isostatically pressed NT154. The inert characteristic strength
for the GS44 and NT551 decreased with temperature while that for the NT154 was
statistically independent of temperature. The slow crack growth exponent, N, for the GS44
and NT551 exhibited a 70-80% decrease between 700 and 850°C while the strength of
NT154 was comparatively independent of stressing rate at 850°C. Associated with those
changes in mechanical performances, the coefficient of thermal expansion (CTE) for the
GS44 and NT551 sharply increased between 700 and 850°C while that for the NT154 did
not. Although the observed change in CTE (and the temperature range where it occurred)
did not have any obvious correlation with a change in inert strength at these intermediate
temperatures, its presence was an indicator of a threshold temperature where dynamic
fatigue resistance was compromised if the temperature exceeded it. The change in material
state (and the associated temperature region for which it occurs) is linked to the equilibrium

state of the secondary phase in the silicon nitride. © 2002 Kluwer Academic Publishers

1. Introduction

Silicon nitride ceramics have been targeted for valve
train materials in automotive and diesel industries since
the early 1980’s because of their excellent mechanical,
thermal, corrosion-resistance properties [1-11]. These
properties are expected to enable higher engine operat-
ing temperatures, lower wear rates, enhanced reliability,
and longer service lifetimes. The lighter weight of these
materials (about 1/3 the density of current production
alloys) subsequently leads to lower reciprocating mass
and improves fuel efficiency. Implementing these at-
tributes can potentially result in better engine economy
and lower emissions. For example, Rodgers et al. [9],
quantified this difference through the examination of a
2.8 liter overhead valve V-6 engine. A 20% increase in
engine speed, a 30% reduction in the maximum valve
forces, and a 30% reduction in valve train friction could
be realized with a change to silicon nitride valves, and
this would manifest itself into as much as a 5% increase
in fuel economy. Lastly, but perhaps most importantly,
silicon nitride’s good corrosion resistance is extremely
attractive for potential engine components and its ex-
ploitation is driving many near-term application goals.

One pressing issue is the design or predictability
of service performance of silicon nitride valves and
other thermomechanical-bearing components in diesel
engines. In order to perform such analyses, existing
probabilistic life prediction codes {CARES/LIFE [12]
and CERAMIC/ERICA [13]} can be readily used to
combine (1) probabilistic strength and fatigue data,
(2) a component’s modeled thermomechanical stress
state, and (3) a multiaxial failure criterion. For example,
such a method and analysis have been performed by
the authors with SiAION and silicon nitride valves
[14, 15].

A primary intent of this study was to generate (un-
censored) strength distribution data that could be used
to assess the utility of using the investigated silicon ni-
tride ceramics in a temperature range representative of
that for service for a diesel exhaust value. The intent
was not to generate (censored) Weibull strength distri-
bution design data that could be utilized in estimating
the service lifetimes of silicon nitride engines valves.
A pleasant outcome of this study was the identifica-
tion or revisitation of the usefulness of dilatometry as
a screening tool.
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TABLE I Description of the examined silicon nitrides

Material Fabrication
designation Manufacturer route Vintage
GS44 Honeywell Cold isostatically Late 1998—
(AlliedSignal) pressed (CIPed) early 1999
and gas pressure
sintered (GPS)
NT551 SGNIC Dry-pressed Late 1997
[12, 13] (Norton) and GPS
NTI154 SGNIC CIPed, pre-sintered, ~1991
(Norton) and hot isostatically

pressed

2. Experimental descriptions

2.1. Materials and specimen geometry
Three silicon nitrides were tested in this study and are
listed in Table I along with their manufacturer and vin-
tage information. Polished microstructures of each are
shown in Fig. 1, and it is observed that their respec-
tive approximate average grain sizes are equivalent.
Two of the silicon nitrides, GS44 and NT551, were
gas pressure sintered (GPS) and the third, NT154, was
hot-isostatically pressed (HIPed). The silicon nitride
morphology in all three materials had a bimodal grain
size and shape distribution that was comprised of long
acicular grains mixed with smaller equiaxed grains.
The phase content of both GS44 and NT551 consisted
of 100% B-SizN4 and neither grade contained a crys-
talline secondary phase (at least as identified by x-ray
diffraction). The as-received NT154 was comprised of
approximately 10% «-SizN4 and 90% B-SizN4 and it
had polycrystalline yttrium disilicate as its secondary
phase [16]. The GS44 and NT551 had greater volume
fractions of secondary phase than NT154 because the
latter was HIPed and inherently required less sintering
aid for sintering and densification. Energy dispersive
X-ray fluorescence (XRF)® was used to qualitatively
identify that the GS44’s grain boundaries contained
yttrium and trace amounts (<1%) of iron, cobalt,
and ytterbium and that the NT551°s grain boundaries
contained neodymium and yttrium and trace amounts
(<1%) of calcium, cobalt, ytterbium, and lanthanum.
Yttrium was known to be an additive in NT154 [16]
and XRF was not used for further analysis of it.

Bend bar specimens (3 x 4 x 45-50 mm) of each ma-
terial were finish ground with 320-grit diamond wheels
per ASTM C1161 [17]. Transversely machined speci-
mens were primarily studied; however, their strength
distributions at a limited number of test conditions
were compared with strengths measured with longitudi-
nally machined specimens. All specimens were longi-
tudinally chamfered. By their nature, transversely ma-
chined bars tend to produce conservative strength data
that is perhaps more applicable for component design
while longitudinally machined bars is reflective of the
material’s upper strength capability.

2.2. Test facility and procedure

Flexure testing was conducted in ambient air (20°C,
relative humidity 240-60%) in four-point-bending us-
YLambda Research, Cincinnati, OH, USA.
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ing 20/40 mm, «-SiC, semi-articulating fixtures at a
minimum combination of two test temperatures and
two stressing rates. Initially tests were performed at
20 and 850°C; however, additional test temperatures
(e.g., 500 or 700°C or both) for the GS44 and NT551
were added to the matrix for reasons that are to be de-
scribed later. Flexure tests were performed at a stress-
ing rate of 30 MPa/s to compare inert strength! de-
pendence on temperature, while a stressing rate that
was several orders of magnitude slower, 0.003 MPa/s,
was used to assess dynamic fatigue susceptibility. Pneu-
matic actuators were programmed to produce the de-
sired loading (and corresponding stressing) rate and
a resistance-heated furnace provided the desired high
temperature. A linear variable differential transducer
(LVDT) was used to continuously monitor push-rod
displacement during testing. To assure the existence
of thermal equilibrium during testing, specimens were
soaked for 5-10 minutes at temperature prior to the
initiation of the monotonically increasing mechanical
loading (note—the LVDT reading stopped changing
during this short soak indicating the achievement of
thermal steady-state). Increasing load was continuously
measured as a function of time, and flexure strength was
calculated from the failure load and specimen and fix-
ture geometries using ASTM C1161 [17].

The distributions of the strength data were then
analyzed. An uncensored two-parameter Weibull dis-
tribution was fit to the experimental distribution of
strengths for each test set using the computer program
CERAMIC [6]. This program uses maximum likeli-
hood estimation that is advocated in ASTM C1239 [18].
Reported results were uncensored because fractogra-
phy was not performed to identify strength-limiting
flaws in all specimens. Lastly, the fatigue exponent of
each silicon nitride was determined through the exam-
ination of strength as a function of stressing rate per
ASTM C1369 [19].**

2.3. Supplemental characterizations
Reflected light optical microscopy (RLOM), scanning
electron microscopy (SEM), x-ray diffraction (XRD),
and differential thermal analysis (DTA or dilatometry)
were used in supplement to interpret if, and how, the
material state had changed and whether or not it af-
fected the each silicon nitride’s strength distribution
dependence on test condition.

Qualitative fractography and microstructural exam-
inations were performed using RLOM'! and SEM.*
Specimens were chosen for RLOM that had strengths
equivalent in value to the characteristic strength of
the test set that they were from. For example, if the
characteristic strength of a data set was 500 MPa, then

1 The description “inert strength” represents a strength value that is un-
affected by time-dependent fatigue effects. It was initially assumed in
this study that the stressing rate of 30 MPa/s would be sufficiently rapid
to measure each silicon nitride’s inert strength.

** The determination of the fatigue exponent using this ASTM standard
implicitly assumes that the dominant fatigue mechanism is the same
at all stressing rates (i.e., time-independent).

1 Model SZH10, Olympus, Lake Success, NY, USA.

15-4100 FE-SEM, Hitachi Ltd., Tokyo, Japan.
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Figure 1 Comparison of the polished silicon nitride microstructures (SEM-SEI).
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a specimen from that set that had a strength approxi-
mately equal to 500 MPa was examined with RLOM.
Qualitative fractography was conducted with RLOM
and SEM was used to investigate microstructural fea-
tures of the silicon nitrides at or near the tensile surface
of each examined fractured bend bar.

Qualitative phase analysis was conducted using
XRD. The intent of this analysis was to identify whether
or not phase changes had occurred as a consequence of
the high temperature exposure/testing. The phases in
as-received specimens were examined and compared to
those in specimens that resulted from the longer-term
testing (i.e., specimens tested at 0.003 MPa/s) at ele-
vated temperatures (700 or 850°C or both). The spec-
imens were scanned at a rate of 1°/min with Cu Ko«
radiation (A = 1.54052 A). The power level of the gen-
erator was 1.8 kW (45 kV and 40 mA). A continuous
scan mode was employed with a step size of 0.02° over
a 260 range of 10 to 70°. Graphical analysis was only
performed though in the range of 20 to 40° because the
primary peaks and profile information of interest for
both the Si3N4 and any anticipated secondary phases
existed in this range.

Differential thermal analysis was conducted on all
three silicon nitride specimens up to 900°C at a constant
nominal heating rate of 1.7°C/minute. This analysis was
added to the present study (while in progress) to further
investigate observed strength distribution dependencies
on temperature and stressing rate that were apparent
prior to the completion of the mechanical testing. Each
materials dilatation as a function of temperature was

measured®® using a vitreous dilatometer as described in
ASTM E228 [20], and referenced against a NIST stan-
dard reference material (fused silica). The continuous
coefficient of thermal expansion (CTE) was determined
by taking the derivative of a ninth-order polynomial fit
of the elongation/temperature data and analyzed as a
function of temperature. Data was collected at a rapid
acquisition rate and testing was performed to a tem-
perature (900°C) that exceeded that of primary interest
(850°C); this allowed the authors to avoid misleading,
high-order-polynomial-regression artifacts that can re-
sult at the extremes of the values of the independent
parameter.

3. Results and discussion
3.1. Strength dependencies on temperature
and stressing rate
3.1.1. Uncensored Weibull strength
distributions
The fitted uncensored Weibull strength distributions for
the GS44, NT551, and NT154 are shown in Fig. 2a—e),
Fig. 2f-h, and 2i, respectively, along with each set’s
flexure strength data and +95% confidence intervals
about the maximum likelihood estimated fit. Five hun-
dred and ninety test specimens comprised the examined
matrix, and confidence estimates about the two param-
eters were determined, so any observed differences are
reported with statistical significance. A summary of
their descriptions is listed in Table II.

$¥Holometrix Micromet, Bedford, MA, USA.

TABLE II Summary of uncensored Weibull strength distributions (ASTM C1161-B)

+95%
Stress No. of +95% Characteristic Characteristic
Mach. Temp. rate specimens Weibull Weibull strength strength
Material direct. °O) (MPa/s) tested modulus modulus (MPa) (MPa)
GS442 Tran 20 30 12 28.9 17.5,43.0 793 775, 811
GS442 Tran 20 0.003 12 30.8 18.6,45.9 673 658, 687
GS442 Tran 500 30 15 19.1 12.6, 26.6 734 712,756
GS442 Tran 500 0.003 15 23.8 15.6, 34.0 642 626, 657
GS442 Tran 700 30 15 29.8 19.5,42.1 694 680, 709
GS442 Tran 700 0.003 15 222 14.6,31.2 632 616, 648
GS442 Tran 850 30 11 23.7 14.0,36.2 748 726, 770
GS442 Tran 850 0.003 15 25.8 16.6, 37.0 545 532,556
GS44> Long 20 30 30 222 16.3,29.0 959 941, 975
GS44° Long 850 30 30 19.1 14.5,24.2 776 759, 791
GS44° Long 850 0.003 21 20.5 13.8,29.0 590 576, 603
NT551 Tran 20 30 30 9.4 7.0,12.3 805 772, 839
NT551 Tran 20 0.3 30 10.9 8.1,13.9 705 679, 730
NT551 Tran 20 0.003 29 11.6 8.4,15.3 605 584, 625
NT551 Tran 700 30 15 9.6 6.0, 14.1 593 558, 629
NT551 Tran 700 0.3 14 7.7 48,114 530 489, 571
NT551 Tran 700 0.003 15 9.0 57,132 532 498, 566
NT551 Tran 850 30 30 8.5 6.3, 10.9 576 550, 602
NT551 Tran 850 0.3 30 5.2 39,6.7 517 479, 556
NT551 Tran 850 0.003 30 44 35,55 380 352,410
NT551 Long 20 30 32 11.9 8.6, 159 1038 1006, 1071
NT551 Long 850 30 27 6.3 4.6,8.2 558 521,595
NT154 Long 20 30 30 9.0 6.7, 11.7 706 675, 736
NT154 Long 850 30 30 9.3 69,119 685 656, 714
NT154 Long 850 0.003 27 5.9 45,74 618 576, 662
Lot C99091. ®Lot C98236.
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Figure 2 Probability of failure as a function of failure stress for (a—e) GS44, (f~h) NT551, and (i) NT154 at different test temperatures and stressing

rates. (Continued.)

The characteristic strengths of GS44 tested at 30 and
0.003 MPa/s are statistically different for each of the
five test conditions it was evaluated at, as shown in
Fig. 2a—e. Graphically, this is portrayed by the appar-
ent shifting of the curves between the two rates with the

characteristic strength always being larger-valued when
the set was tested at 30 MPa/s. Although there is a statis-
tically significant decrease (to varying degrees) in char-
acteristic strength for GS44 when tested at 0.003 MPa/s
at all the investigated conditions, the slopes for all their
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Figure 2 (Continued.)

conditions are statistically equivalent; namely, the un-
censored Weibull modulus is apparently independent
of temperature, stressing rate, and grinding orientation.
Although the comparison of grinding orientation ef-
fects in Fig. 2d—e resulted from the testing of different
processing lots of GS44, they still illustrate that the
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uncensored characteristic strength is significantly less-
ened when tested at 0.003 MPa/s and that perhaps the
state of the material is causing this effect and that this
effect is not dependent on how the specimens were ma-
chined. Furthermore, the lessening of GS44’s charac-
teristic strength at 850°C between 30 and 0.003 MPa/s
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Figure 2 (Continued.)
is much more significant than at 700°C; this suggests The uncensored Weibull moduli for NT551 at 20 and
that GS44 may be undergoing some change of state be-  700°C, and at all investigated stressing rates, were sta-

tween 700 and 850°C, and that it is further exploited tistically equivalent. Additionally, there was a general
when GS44 is strength-tested at different stressingrates  trend of characteristic strength decrease when NT551
at 850°C. was tested at slower stressing rates at both temperatures.
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Figure 3 Inert characteristic strength as a function of temperature.

However, at 850°C, both the uncensored Weibull modu-
lus and characteristic strength of NT551 changed when
slower stressing rates were tested. These trends are
graphically portrayed in Fig. 2f-h. These observations
regarding the Weibull distribution changes suggest that
NT551, like the GS44, may be undergoing a change
in material state between 700 and 850°C, and that that
change is further exploited when NT551 is strength-
tested at different stressing rates at 850°C.

Unlike GS44 and NT551, there was only a statisti-
cally subtle change in the uncensored Weibull modu-
lus and characteristic strength at 850°C when NT154
was tested at 30 and 0.003 MPa/s as shown in Fig. 2i.
This suggests that if there was a change of state within
NT154 at 850°C then its extent was not as dramatic as
the change of state in GS44 and NT551 at the same
temperature.

The uncensored inert characteristic strength as a
function of temperature (see Fig. 3) showed a depen-
dence on the grinding orientation for the GS44 and
NT551. Longitudinally ground GS44 and NT551 show
a large drop in their inert characteristic strength be-
tween 20 and 850°C. Transversely ground GS44 spec-
imens showed a subtle decrease and NT551 showed a
relatively large decrease in inert characteristic strength
over the same temperature range. Although transversely
ground NT154 bend bars were not examined, its in-
ert characteristic strength measured with longitudinally
machined bend bars showed insensitivity to tempera-
ture between 20 and 850°C. The dependencies of inert
characteristic strength on temperature and grinding ori-
entation for the GS44 and NT551; the lack of such a de-
pendency on temperature for the NT154; and the trends
described in the preceding paragraphs indicated that the
strength distributions of GS44 and NT551 were some-
what similar, while those for the NT154 were different.

The increasing load as a function of LVDT displace-
ment values were examined at all stressing rates and
temperatures for all three materials, and it was consis-
tently observed that all bend bars specimens only ex-
hibited linear elasticity to their fracture. This indicates
that none of the specimens underwent plastic deforma-
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tion nor could plastic deformation have accounted for
the observed strength distribution changes that were
described in the preceding paragraphs. Plastic defor-
mation of bend bars can produce an apparent lessening
of flexure strength [21]; however, that influence was not
present in these results.

3.1.2. Fatigue susceptibilities
The fatigue susceptibilities of GS44 and NT551
changed as a function of temperature, and their fa-
tigue exponent values are listed in Table III along with
95% confidence intervals. The uncensored character-
istic strength for the three examined silicon nitrides
are shown in Fig. 4 as a function of stressing rate.
Qualitatively, the slopes of the curves for the GS44
and NT551 generally decreased (i.e., an increase in the
fatigue exponent—see Fig. 5) between room tempera-
ture and 700°C while the slopes had increased (i.e., a
decrease in the fatigue exponent—Fig.5) at 850°C.
The apparent increase in the fatigue exponent at
700°C from that at 20°C for GS44 and NT551 is
not fully understood by the authors; however, there
is a process that perhaps contributes to such apparent

TABLE III Summary of uncensored dynamic fatigue exponents

Fatigue

Machining Temp. exponent
Material orientation® [§©)] (£95% conf.)
GS44b Transverse 20 42 (35,52)
GS44b Transverse 500 70 (53, 103)
GS44P Transverse 700 93 (69, 138)
GS44b Transverse 850 28 (25, 33)
GS44¢ Longitudinal 850 32(28,37)
NT551 Transverse 20 28 (22, 39)
NT551 Transverse 700 86 (399)
NTS551 Transverse 850 18 (14, 24)
NT154 Longitudinal 850 75 (47, 184)

4320-grit per ASTM C1161. All edges longitudinally chamferred.
®Lot C99091.

‘Lot C98236.

dUpper bound value undefined (i.e., negative value).
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Figure 4 Characteristic strength as a function of stressing rate.

behavior. At 20°C, the relief of machining-induced
residual stresses would either be non-existent or at least
equally occurring when the bend bars were tested at
30 or 0.003 MPa/s. At 700°C though, the tempera-
ture may be sufficient to cause residual stress relax-
ation in the secondary phase and testing at 0.003 MPa/s
may provide substantially more time for a (albeit vis-
cous) secondary phase to relax greater amounts of ten-
sile stresses. Such a process would obviously be time-

dependent in this instance, and the net effect would
be that the apparent fatigue resistance would be bet-
ter owing to stress superposition and the situation
where less tensile stress was contributing to fracture
at 0.003 MPa/s than at 30 MPa/s.

The fatigue resistances of both GS44 and NT551
markedly decreased at 850°C by approximately 70—
80% from that at 700°C. The dramatic change in fa-
tigue resistance between 700 and 850C is illustrative of
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Figure 5 Slow crack growth exponent, N, as a function of test condition.

a change in material state and a change in the dominant
failure mechanism in both ceramics. The fatigue expo-
nent for NT154 was relatively large-valued compared
to GS44 and NT551 indicating that such a change in
material state was not a prevalent in it as for the two
GPS silicon nitrides.

The authors exercise caution here in the interpreta-
tion of the quantified fatigue exponent values at 850°C.
Because the dominant strength-limiting flaw apparently
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changed (was a function of stressing rate) at 850°C, the
fatigue exponent using ASTM C1368 [19] is somewhat
meaningless because its determination is predicated on
the assumption that the fatigue mechanism is not depen-
dent on the stressing rate. However, its value provides
qualitative insight nonetheless, and its change between
700 and 850°C in of itself is illustrative of the change
in fatigue mechanism.

Possible causes of these changes in dynamic fatigue
susceptibility as a function of temperature were ex-
plored (to be described in Section 2.3.) with studies in-
volving the use of RLOM and SEM, and XRD and DTA.

3.2. Change in material state or dominant
failure mechanism

Fractography results generated with RLOM and SEM
showed that a change in fracture behavior and mi-
crostructure occurred between 700 and 850°C for the
GS44 and NT551: this coincided with the dramatic de-
crease in dynamic fatigue exponent for these two mate-
rials between the same temperature range. NT154 did
not undergo an obvious change in fracture behavior be-
tween 20 and 850°C, and the authors believe that this
is not a coincidence due to the fact that its fatigue ex-
ponent did not appreciably change in this temperature
range either. These observations were the first evidence
the authors observed that suggested that changes in ma-
terial state (or change in dominant failure mechanism)
were occurring in the GS44 and NT551 between 700
and 850°C, and that no change was occurring in the
NT154 below 850°C.

These changes in fracture behaviors and microstruc-
tures for the GS44, NT551, and NT154 are shown in
Fig. 6a—c, respectively. The upper four RLOM images
in Fig. 6a and b and upper two in Fig. 6¢ show a com-
parison of the original fracture surfaces of the bend bar
specimens which had strengths approximately equal to
the characteristic strength for their respective test sets.
For example, the GS44 had a characteristic strength of
694 MPa when it was tested at 700°C and 30 MPa/s;
the shown GS44 specimen in Fig. 6a had a strength of
696.6 MPa. This approach to facilitate comparisons was
deemed logical and was chosen to qualitatively com-
pare fracture surfaces because their generated surfaces
could then be referenced against a comparable strength
(i.e., characteristic strength) among each set. Changes
in fatigue exponent were a consequence of strength re-
duction occurring when specimens were tested at the
slowest stressing rate (0.003 MPa/s), so microstructures
on the surfaces of fractured bend bars were explored
by the authors at this slow stress rate; their inspections
were believed to offer the best opportunity to view any
evidence of microstructural changes that were a con-
sequence of a change in material state. In-depth com-
parisons of specimens tested at 20°C were deemed un-
necessary as their fracture surfaces and microstructures
from bars tested at 30 and 0.003 MPa/s were indistin-
guishable. The lower two images in Fig. 6a and b and
bottom image in Fig. 6¢ show high magnification SEM
images of the grain and grain boundary structures that
resulted from testing at 0.003 MPa/s at 700°C or 850°C
or both.



700C - 30 MPa/s

850C - 30 MPa/s

Figure 6 Bend bar fracture surfaces of (a) GS44, (b) NT551, and (c) NT154 as a function of test condition, and their microstructures at failure when
tested at 0.003 MPa/s. The tensile surfaces of all the bend bars are oriented at the bottom as shown. Arrows in the top pictures of (a—c) indicate location

of failure initiation. (Continued.)

The primary fracture surfaces of GS44 and NT551
bend bars tested at 700°C show a subtle increase in the
mirror size upon comparison of bars tested at 30 MPa/s
versus 0.003 MPa/s, while the mirror size on frac-
ture surfaces of bars tested at 850°C were dramati-

cally larger (and the qualitative fracture patterns in gen-
eral were different too) for those tested at 0.003 MPa/s
than at 30 MPa/s (see Fig. 6a and b). These trends in
changing mirror sizes are representative of the strength
decreases and are further reflective of the change in
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700C - 30 MPa/s

850C - 30 MPa/s

Figure 6 (Continued.)

material state in GS44 and NT551 that occurred be-
tween 700 and 850°C.

When those trends in mirror sizes on original frac-
tures of GS44 and NT551 bend bars are compared to
mirrors on NT154 fractured surfaces (see Fig. 6c), it
is observed that the mirrors on fracture surfaces gener-
ated at 850°C are not dissimilar at 30 and 0.003 MPa/s
for the NT154. This independence of fracture processes
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on the stressing rate at 850°C is illustrative of NT154
not undergoing a similar degree of change-in-material
state that the GS44 and NT551 silicon nitrides exhibited
below 850°C.

Microstructural investigations of the specimens
shown in Fig. 6a—c revealed that the physical appear-
ance of the secondary phase in GS44 and NT551 had
changed as a consequence of increased test temperature



850C - 30 MPa/s

Figure 6 (Continued.)

to 850°C from 700°C when tested at 0.003 MPa/s, and
that that for NT154 had not. The grain boundary phase
in GS44 typically had imprinted or skeleton markings
like that shown in Fig. 6a in bend bars tested at 850°C
and 0.003 MPa/s, but did not when tested at 700°C.

Though not as dramatic, the secondary phase in NT551
showed similar markings in bend bars tested at 850°C
but too not at 700°C. The NT154 was not tested at
700°C; however, the physical appearance of its sec-
ondary phase was essentially unchanged from that gen-
erated during 20°C fractures. The changes in the ap-
pearance of the secondary phases in GS44 and NT551
between 700 and 850°C indicate that the material state
of these two silicon nitrides had changed between those
temperatures, and that that for the NT154 had not. The
nature of the changes in 850°C testing at 0.003 MPa/s
suggest softening of the secondary phase had occurred;
however, if it indeed had occurred, then it did not have
a structural effect on the GS44 and NT551 at 850°C be-
cause its effect did not manifest itself in non-linearity
of the load-displacement curves for their tests (all such
curves were linear to fracture).

The changes-in-material-state was not a consequence
of any observable phase changes. X-ray diffraction
spectra are shown in Fig. 7 for the GS44, NT551, and
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NT154 tested at 20 and 850°C, and for the former two
materials tested at 700°C. The spectra for the GS44 at
20, 700, and 850°C are the same as are those for the
NT551. This shows that the changes in material state
for the GS44 and NT551 to 850°C are not indicated by
XRD. There was no longer «-SizNy in the NT154 as a
consequence of testing at 850°C; however, its change
did not appear to have any correlation or effect on dy-
namic fatigue susceptibility in NT154 (as it did not
appreciably change).

A probable contributor to the change in material
state (or change in failure mechanism) is oxygen dif-
fusion into the silicon nitride via the grain boundaries
and its effect on viscosity. Oxygen diffusion into the
amorphous oxynitride grain boundaries increases the
oxygen-to-nitrogen ratio and that acts to decrease its
viscosity [22-24] at a given temperature. Because the
diffusion process is active through the surface, the level
of oxygen concentration is greatest at the surface and
decreases toward a steady-state amount in the bulk.
Flexure testing applies the greatest amount of tensile
stress at the surface; consequently; changes in sec-
ondary phase viscosity and its effects are well exploited,
even exaggerated, via this mechanical test. Effects of
such oxidation, at least at high temperatures, have been
deterministically studied in uniaxial tension and con-
clusively can be a lifetime limiter in silicon nitride [25].
The GS44 and NT551 had amorphous secondary phases
in their grain boundaries, while the NT154’s secondary
phase was crystalline; therefore, if oxygen diffusion
was a contributor to near-surface-viscosity-decreases
in the grain boundaries, then that effect would be more
marked in the GS44 and NT551 than in the NT154. A
less viscous secondary phase will locally increase the
material compliance and affect how crack propagation
occurs, and conceivably can activate a different, locally
non-elastic, failure process. Such a process would prob-
ably not be detectable in a load-displacement curve (es-
pecially in load control), nor would it manifest itself in
macroscopic specimen curvature unless the viscosity
was extremely low.

Although the effect of oxygen diffusion on mate-
rial state (and subsequent time-dependent strength re-
duction) in silicon nitride at the temperatures explored
in this study is speculative, it is not without ground.
Oxidation processes at higher temperatures of several
hundred degrees in silicon nitrides have been shown to
lessen fatigue resistance [26, 27]. When those silicon
nitrides were tested in non-oxidizing environments at
equivalent temperatures, the detrimental effects associ-
ated with oxidation were non-existent [27]. Clearly the
kinetics of oxidation (and the deleterious effects asso-
ciated with it) are much more rapid as temperature is
increased; however, the authors believe those kinetics
are active at 850°C albeit much more sluggish.

The interpretation or validity of “inert strength” was
perhaps compromised by the observed change in ma-
terial state. Although 100% fractography was not per-
formed, machining damage tended to be the dominant
strength-limiting flaw for all specimens tested at 20,
700, and 850°C at 30 MPa/s (inert test condition). How-
ever, the authors speculate that a mechanism associ-
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ated with oxidation and viscous deformation of the sec-
ondary phase at 850°C and 0.003 MPa/s was the dom-
inant strength-limiting flaw in the GS44 and NT551.
This change in mechanism did not alter the Weibull
modulus in GS44; however, such a change in mecha-
nism often does indeed cause the Weibull modulus to
change with other silicon nitrides [28, 29]. The fact
that a change in mechanism occurred also suggests that
30 MPa/s testing at 850°C perhaps did not yield an
“inert” strength; however, a faster test rate was not ex-
amined so this cannot be concluded.

Perhaps the most striking observation of the supple-
mental characterizations was an ability of dilatometry
to identify a transition that correlated to a change in
material state and the observed changes in strength dis-
tribution. Specimen elongation and continuous CTE are
shown as functions of temperature in Fig. 8 for GS44,
NT551, and NT154. The transient change in the CTE
of the GS44 and NT551 below approximately 400°C
may be illustrative of that residual stress relief that was
described in Section 3.1.2. A strong inflection in the
CTE curve exists for the GS44 and NT551 at temper-
atures between 700 and 850°C, yet, such an inflection
is absent from the CTE curve for NT154. Based on the
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strength distribution and microstructural changes that
occurred in GS44 and NT551 between 700 and 850°C,
the authors believe that the measurement of this CTE
inflection is an indicator of those changes in material
state that occurred in GS44 and NT551 which conse-
quently affected their strength and fatigue susceptibil-
ity. The absence of such a CTE inflection below 850°C
for NT154 and the fact that it was largely insuscepti-
ble to dynamic fatigue at 850°C is consistent with that
observation.

Other commercial silicon nitrides having secondary
phases and processed similar to GS44 and NT551 (both
in silicate chemistries and volume fraction, and being
gas pressure or pressureless sintered) examined by the
authors show a decrease in uncensored inert character-
istic strength with increasing temperature between 20
and 850°C too [30, 31]. Additionally, those same sil-
icon nitrides exhibited a CTE inflection below 850°C
like that shown in Fig. 8 for GS44 and NT551. Con-
versely, the silicate secondary phase in NT154 silicon
nitride: was fully crystalline and stable in an ambient
environment; was non-continuous and fully segregated
at multigrain junctions, and; comprised a relatively low
volume fraction of the whole material (compare its
microstructure to that of GS44 and NT551 shown in
Fig. 1). NT154 was hot isostatically pressed, and many
of these secondary phase characteristics can only be
achieved when silicon nitride is processed via this route.
In further support of the existence of a correlation be-
tween the presence of a significant CTE inflection and
a decrease in fatigue resistance, there was not a signif-
icant change in CTE in HIPed SN235 silicon nitride
below 850°C and it exhibited high slow crack growth
resistance to that temperature [31].

Govila [32] observed a similar strength decrease
in an yttria-doped silicon nitride at these intermediate
temperatures and attributed it to oxidation-induced
microcracking; however, that silicon nitride’s grain
boundaries contained crystalline yttrium silicates that
have been shown to undergo relatively large volumetric
changes when oxidized [33, 34]. None of the examined
silicon nitrides in this study contained these same grain
boundary phases.

We therefore conclude that such CTE analysis is an
effective, quick, and inexpensive screening test to pre-
dict whether or not a prospective candidate silicon ni-
tride will be susceptible to dynamic fatigue or changes
in material state up to a prospective use temperature.
Based on the results in the present study, we assert that
the vintage of GS44 tested in the present study could
be confidently used to approximately 750°C, that the
vintage of NT551 examined could be confidently used
to approximately to 780°C, and that the NT154 tested
could be confidently used to at least 900°C without a
dramatic increase in fatigue susceptibility.

4. Conclusions

The flexure strength distributions and dynamic fatigue
of GS44, NT551, and NT154 silicon nitrides were de-
termined at intermediate temperatures (<850°C) in am-
bient air. The inert characteristic strength for the GS44
and NT551 decreased with temperature while that for

the NT154 was statistically independent of tempera-
ture. The slow crack growth exponent, N, for the GS44
and NT551 exhibited a 70-80% decrease between 700
and 850°C while the strength of NT154 was compar-
atively independent of stressing rate at 850°C. Asso-
ciated with that, the coefficient of thermal expansion
(CTE) for the GS44 and NT551 sharply increased be-
tween 700 and 850°C while that for the NT154 did not.

Although the presence of a relatively large change in
CTE (and the temperature range where it occurred) did
not have any obvious correlation with a change in inert
strength at these intermediate temperatures, it appears
to occur at a temperature where there is an associated
change in: dominant failure mechanism; the uncensored
characteristic strength or uncensored Weibull modulus
or both, and; the fatigue exponent. This inflection in
the CTE dependence on temperature occurs at a tem-
perature where there is a change in material state that is
linked to the equilibrium state of the secondary phase
in silicon nitride.
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