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ABSDACT:

Silicon nitride is sintered with the use 'of additives, such as

material is only'.' modestly affec~d'~by partial f.: grain, boundary

Y2~ and Al2~' in order to enhance densification. . After sinter.ing,
:::::0-- . .

these additives along with Si02, presen~on the s~arting Si3N4 powder,

form an intergranular amorphous phase. The presence ofa glassy phase

·is·generally thought to be detrimental to the high temperature creep

proPerties. In the material analyzed, KyoceraSN220, this intergranular

glassy phase partially devitrifies upon annealing. Thus the effect of

a fullyamorp.hous·or a partially crystalline intergranular phase on the

devitrific~tion in' .both fleJCural and compressive creep.

..:

"

..:.

However the

:;.

The creep resistance of the

creep life is reduc~d significantly.

creep pr~perties cou'ld' be " ass~ssed.
".~: ".

Extensive analytical microscopy was done on the amorphous and
.~.'

./

partially. crystalline material .in order to de~ermine:'what changes were

occurring due to anne~ling'·'and due to creep deformation. A qU~ntit.ative .J:

methodology was developed for electron~~ergY.loss spectroscopy to

analyze ,the intergranular~~phase composition..Using" this techniqUe
.~~

\"~

concentrations .of light::~lements, such as oxygen ~pd" nitro~en, .,and

',:.".

heavier elements could be determined. Different crystalline grain

boundary products were found near the surface of sa:nples annealed in air.. " ,
Ii

....

c
compared to the centre of these and throughout samples annealed in an '
" . ,:. . : ;: . . t~

inert' atmosphere. However 'the residual amorphous phase composition was
::',,_ ... . . .. ... ... ... ,0 c

the same regardless of annealing atmosphere or location. In addition,

phas~s prese~t aft~~'devitrifi~ationdidnot depend on the ~tress state.
. " ~

Extensive cavitation, a commonly' observed ef~ect of creep, did not; occur

in samples containi~g the maximum obtainable st~ain·in flexure of 2.7\.
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The observed microstructural information and creep data was '.:.

taken into consideration in developing a creep model. This model

describes creep due to «on-linear viscous flow of an _,amorphous

intergranular phase around ~ hexagonal array of grains. An "initial

constant strain rate is predicted at low strains, followed by a dacrease

in strain rate as the intergranular phase is squeezed out from between

grains. This decrease occurs at smaller strains in compression than in

tension or flexure.
:'

The creep behaviour observed experimentally .~ ~ :;.

-corresponds well with that predicted theoretically.
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PIGURES - AEM ANALYSIS pagel

?igure 2.1 ,EDS spectrum, from an intergranular' glass 32
phase in Si3N4 illustrating the overlap between Al';"K,
Si-K and Y-I; peaks. . .

Figure 2.2 EEL glass phase' spectra with extrapolated 33
background fits to illustrate the two combinations of
edges for quantification: .

(a) Si-L to O-K at 0.5 ev/ch{Method 1),
(b) N-K to Y-L at 2.0 ev/ch (Method 2).

Arrows indicate edge onset. C-K edge arises from a layer
deposited to preve~t specimen charging. Small N-K edge
verified by background extrapolation. Note the change in'
intensity scales at 240 and 1280 eVe

Figure 2.3 Extrapolated background fits for: 34
'(a) Si-L edge (Method 1) with log-polynoinial fitting"
regions as: A ~ 93 to 100 eV, B - 86 to 97 eV,' and C - 88
to 97 eV, producing Si/Y ratios. of 2.7, 2.2 and 1.1,
respectively. (EDS ratio = 1.0).
(b) O-K edge (Method 2) with inverse power law fitting
regions as: A - 475 to 520 eV and B - 490 to 520,ev, plus

(~ a log-polynomial fit of C - 450 to 520' eVe All 3
- integrated intensities for a 100 eV window are within 3%

of each other~ . .
,,.

Figure 2'~:'4 Spectrometer nonlinearity at higher channel 35
count "rates for a boron nitride standard.

Figure 2.5 Edge of foil showing disappearance of grain 36
boundary as a .result,of damage induced by ion thinning.

. - ~~ -.

Figure 2 •6 "Beam damage' in glass phase (a) after a f~w
minutes with. the defocused beam and (b) after 100 sec of
focused nanoprobe beam (Method 2 analysis) •

37

"

Figure 2.7 Crystalline intergranularphase
Si R :
(ai l:DS spectrum with apparent 15 at' Si, "
(b) EEL spectrum with no significant Si.

in annealed 38

t'
Figure 2.8 partially transformed glass phase in annealed
Si3R4. Arrows indicate locations of focused beam
analysis which 'showed no detectable Al in the crystalline
phase near the interface. .~ ,
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figures (cont) MICROSTRUCTURE OF SN220 pagel

Figure 3.1. Polished and etched SN220 surface. Bar is 10 83
microns.

Figure 3.2. (a) Bright field micrograph of as sintered 84
SN220. Si3N4 grains surrounded by an amorphous
intergranular phase. Some grains contain impurities.
Si3N4 grains at upper left contain dislocations. Ceritre
dark grain is WSi2 • (b) Dark field micrograph clearly
showing distribut~on of amorphous phase. .

Figure 3. 3 ~ Bright and dark field micrographs of a 85
single YAG crystal surrounding several Si3N4 grains.

Figure 3.4. Faulted YzSiz0 7 crystal in SN220 86
intergranular pocket.

Figu:ce 3.5. TEM micrograph from near compressive surface 87
of a bend bar crept at 1200°C for 28 hours. Fracture
strain was 1.3%. Bend contours indicate presence of
internal strain· despite amorphous pockets seen in centre.

Figure 3.6.'CBED (convergent beam electron diffraction) 88
pattern ofliY2SiZ0 7 from sample annealed at l2000c for 300
hours. The presence of two mirror planes (labeled m) as
seen in 'the'HOLZ, indicate the phase has a whole patern
symmetry of 2mm. Therefore there are at least two
orthogonal axis (i.e. it is not monoclinic like gamma or
YYzSi20], ~, or Xa YzSiOs or triclinic li~e a YzSi2Ci7).
Zone ax~s ~s [010j. ~)

Figure 3. 7a. Amorphous phase compositions as determined 89
by EELS. Samples are SN220 in the as sintered condition
and after annealing ,at 12500C from 200 to 500 hours.
Annealed data includes material near the surface of
samples annealed in air and material in the centre of
samples annealed either air or an inert atmosphere.

Figure 3.7b. Amorphous phase compositions in SN220 after 90
creep testing at 12000 C for 28 hours. Samples taken from
tensile and compressive sides are indicated.

Figure 3.7c. Amorphous phase compositions inSN220 from 91
centre of samples annealed at 1200 0 C for 200 hours and
from centre of sample crept at 1200 0 c for 286 hours after
a 400 hour anneal. . '

Figure 3.8. Fraction yttrium· in amorphous phase as 92
determined by EDX as a function of annealing time at
12S0 oC.

-'
Figure 3.9. Surface of" SN220 after annealing, in an
alumina .tubefurnacefor 400 hours at (a) 1200 0 C and (b)
12S0 oC. Bar is 10 microns· in both cases. samples-
annealed'while sitting on a SiC support.

93



94Figure 3.10. Surface of SN220 after annealing in an
alumina tube furnace for 200 hours at l250 0 C. sample
annealed while sitting on an Alz03 boat.

Figure 3.11. Surface of bend bar after l20QoC (a) 218 95
hour creep test (b) 400 hour anneal, surface polished,
followed by a 286 hours creep test.

Figure 3.11 c. Higher magnification of pit shown in lIb. 96

Figure 3.12. Fracture surface of .sample polished, 96
annealed at 12000 c for 25 hours, following by a creep
test at1200oC. Sample fractured in 4.25 hours.

Figure 3.13. Fracture surface of bend bar showing extent 97
of slow crack growth region.

Figure 3.14. Crack below the fracture surface. 97

Figure 3.15. (a) White 'bubble' border as seen on 98
fracture surface. (b) Higher magnification of edge of
border.

Figure 3.16. Auger spectrum
concentration increases after a
approximately 30 minutes.

indicating
sputtering

nitrogen 99
time of

i.',Y·

Figure 3.17a. weight gain of samples annealed in an lao
alumina tube furnace (while sitting on a SiC plate), in
air at 1200 and 12500 c as a function of annealing time.

Figure 3.17b. Data of fig. 17a. plotted as weight gain 101
squared as a function of annealing time. (.

Figure 3.18a. Change in density with annealing time at 102
1200 and 12S0oC. Density measurements are relative to a

.dummy t. unan~ealed ·s~ple. :~:.._ ,-,

Figure 3.~8b. Change in d~cii1ity (normalized to density 103
of sample before annealing) with annealing time.

//
I" .'

Figure 3.19. Density ch..nge measured after removal of 0, 104
50 and 100 microns of surface oxide for samples annealed
600 hours at 1200 and 1250o C.

Figure 3.20. XRD spectra 'of fabricated glasses after 2 105
hour anneal at 1250C and JCPDS standard flles of
identified phases. (a) High silica glass. (b) Low silica,
glass. .

xii



Figure 3.21. Experimental behaviour diagram from O'Meara 106
et al, 1987. All compositions indicated formed all the
products expected from the compatibj,.lity triangles. Also
shown are two compositions investigated by Hyatt and Day
(1987). YAS-7 crystallized forming mullite (3Al2~·25i02)
and Y2~· 25i02; YAS~2 forming Y2~·5i02 and 3Y203· !iA12~.
Figure 3.22. Phase diagram from Bondar and Galakhov 107
(1964) and binary phase diagrams from O'Meara et al 1987.
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figures (cant) CREEP IN SN220 pagel

" ....:..•.
" .,'

'.:"

Figure 4.1. Dependence of rupture strain and rupture 176
time on applied stress indicating a threshold stress
exists below which atmosphere influences rupture
behaviour of Si3N4 (Grathwohl 1983).

Figure 4.2. Rupture strain dependenc'e on applied stress 177
for different pretreatments. Below a threshold stress
the behaviour of precracked hot-pressed Si~N~ approached
that of the machined samples (Grathwohl 19"84).

, '~~:" Figure 4.3. creep curves of Si3N4 material showing a 178
~"~ ~'-::region 'of m1.nunwn strain rate and tertiary creep.
',,,Minimum strain rate varies as a function of stress to the
'~;"pO~r n = 1.9 (Grathwohl 1983) •

.~~~. ~,~~~~,~ '. -

Figw;e,;;.,,4 ..4. Example of creep data from one of four 176
different"Si3N4 materials all showing the same behaviour,.
Bending>~t~ess is 160MPa (Ernstberger et al 1986). .

. .~\;;:;~.~.....~ ." .

Figure 4. 5.",: F~acture map for HPSN. Solid lines indicate 179
behaviour of':':'aJ::tificially flawed material and dotted
lines, that of as~machined material. Loci of con8t~nt

failure time 'in hours'are shown.' Overlap of thet'Wo
curves indicate the'cree.p,Jracture regime. (Quinn 1986b)

/ ':~.;;~:." .
Figure 4.6.. Flexural stresifrup~ure in' air for HPSN (as- 180
machined Bp(lcimenS). The ch~ng'e.:.;of slope, as drawn in
for clarity, indicate the creep~frac;:~.~re regime. (Quinn
1986a) .""." ...~,":, .>':;':,;~~: '.
Figure 4. 7 ~'''' Nucleation and growth process':for"oblate 180
holes in thin glass films and spherical holes '1.n~'thr~e
grain pockets~'.Oblate holes form a full facet cavity'ny:,::.:>
coalescence. Spherical holes gr~w to full facet, size by'"
viscous flow at high local stresses and by solution/rep
recipitation at low loca1 stresses. (Karion et a1 1983)

~'" '," 1" ••: :••

Figure 4.8. Stress distribution in a bend bar (1) for
the elastic case, (2) for n = 2, (3) for n = 2, 5 = 10
(Cohrt et al 1981).

Figure 4.9. stress~redistributionas a function of time
for asymmetrical material behaviour (Cohrt et al 1984).
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